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PUBLISHER'S NOTE

Lucan’s famous dictum that those standing on the shoulders of giants
see farther than the giants themselves applies to no human endeavor more
thoroughly than to the “pure” sciences: astronomy, chemistry, biology, ge-
ology, mathematics, physics, and the many subdisciplines they have
spawned. The three volumes of Science and Scientists documents 245 of the
most important breakthroughs in the history of science, cross-referenced to
link those that built on others, from ancient times to the present day. These
essays are accompanied by biographical sidebars on many of the giants be-
hind the discoveries, as well as charts and schematics illustrating many of
the basic concepts.

The disciplines covered here are broad, including Anthropology, Ar-
chaeology, Astronomy and Cosmology, Biology, Chemistry, Computer Sci-
ence, Earth Science, Environmental Science, Evolution, Genetics, Mathe-
matics, Medicine, Meteorology, Methods, Paleontology, Physics,
Psychology, and Space Science. Arranged alphabetically, these essays ad-
dress the most important breakthroughs in these fields, ranging from Ab-
stract Algebra to Quantum Mechanics, from the Big Bang to X-Ray Astron-
omy, from Antisepsis to Viruses.

Accompanying the essays are 125 sidebars highlighting the scientists
and their accomplishments. An additional 62 charts, diagrams, and draw-
ings illustrate the scientific concepts presented. It is important to note that
technological advances and inventions—such as the telephone, the light
bulb, and the airplane—are not addressed here but are covered in the com-
panion Magill’s Choice set Inventions and Inventors (2 vols., 2002). How-
ever, a few “crossover” achievements—such as the Personal Computer, the
Internet, and Vaccination—are included in these pages for having had as
great an impact on the “pure” sciences as on everyday life. The core
achievements in space science also appear here, from the Apollo Moon
landing to the International Space Station.

Each essay opens with a brief definition of the topic and a summary of
its significance, followed by a list of the central scientific figures. The text of
each essay is broken into sections with concise subheads. “See also” cross-
references to other essays in these volumes follow, and each essay ends
with a listing of core resources for “Further Reading.” All essays were writ-
ten by scholars of history or the sciences.

At the end of the third volume students and general readers will find a
list of the Nobel Prize winners in science (Chemistry, Medicine, and Phys-
ics) and a list of useful Web Sites. Indexes arrange the essays by Category,
list Personages discussed, and end with a comprehensive Subject Index.

ix
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ABSTRACT ALGEBRA

THE SciENCE: Ernst Steinitz’s studies of the algebraic theory of mathemat-
ics provided the basic solution methods for polynomial roots, initiating
the methodology and domain of abstract algebra.

THE SCIENTISTS:
Ernst Steinitz (1871-1928), German mathematician
Leopold Kronecker (1823-1891), German mathematician
Heinrich Weber (1842-1913), German mathematician
Kurt Hensel (1861-1941), German mathematician
Joseph Wedderburn (1882-1948), Scottish American mathematician
Emil Artin (1898-1962), French mathematician

NINETEENTH CENTURY BACKGROUND

Before 1900, algebra and most other mathematical disciplines focused
almost exclusively on solving specific algebraic equations, employing only
real, and less frequently complex, numbers in theoretical as well as practi-
cal endeavors. One result of the several movements contributing to the so-
called abstract turn in twentieth century algebra was not only the much-
increased technical economy through introduction of symbolic operations
but also a notable increase in generality and scope.

Although the axiomatic foundationalism of David Hilbert is rightly rec-
ognized as contributing the motivation and methods to this generalization
by outlining how many specific algebraic operations could be reconstructed
for greater applicability using new abstract definitions of elementary con-
cepts, the other “constructivist” approaches—of Henri-Léon Lebesgue,
Leopold Kronecker, Heinrich Weber, and especially Ernst Steinitz—had
an equally concrete impact on the redevelopment and extensions of mod-
ern algebra.

KRONECKER’S CONTRIBUTIONS

Kronecker had unique convictions about how questions on the founda-
tions of mathematics should be treated in practice. In contrast to Richard
Dedekind, Georg Cantor, and especially Karl Weierstrass, Kronecker be-
lieved that every mathematical definition must be framed so as to be tested
by mathematical constructional proofs involving a finite number of steps,
whether or not the definitions or constructions could be seen to apply to
any given quantity. In the older view, solving an algebraic equation more
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or less amounted only to determining its roots tangibly via some formula
or numerical approximation. In Kronecker’s view, the problem of finding
an algebraic solution in general was much more problematic in principle
since Evariste Galois’s discoveries about (in)solvability of quartic and
higher-order polynomials. For Kronecker, it required constructions of “al-
gorithms,” which would allow computation of the roots of an algebraic
equation or show why this would not be possible in any given case.

GRroOUP AND FIELD THEORY

The question of finding algebraic roots in general had been of funda-
mental import since the prior work of Galois, Niels Henrick Abel, and Carl
Friedrich Gauss. In particular, these efforts led Abel and Sophus Lie to for-
mulate the first ideas of what is now known as the “theory of groups.”
Later, Dedekind introduced the concept of “field” in the context of deter-
mining the conditions under which algebraic roots can be found. Kro-
necker was the first to employ the idea of fields to prove one of the basic
theorems of modern algebra, which guarantees the existence of solution
roots for a wider class of polynomials than previously considered.

The novelty of the field approach is seen from the introduction to
Weber’s contemporaneous paper “Die allgemeinen Grundlagen der
Galois’chen Gleichungstheorie” (the general foundations of Galois the-
ory). Weber first proved an important theorem stated by Kronecker, which
relates the field of rational numbers to so-called cyclotomic, or Abelian,
groups, a subsequently important area of the development field theory.
Weber also established the notion of a “form field,” being the field of all ra-
tional functions over a given base field F, as well as the crucial notion of the
extension of an algebraic field. Although the main part of Weber’s paper
interprets the group of an algebraic equation as a group of permutations of
the field of its algebraic coefficients, Weber’s exposition is complicated by
many elaborate and incomplete definitions, as well as a premature attempt
to encompass all of algebra, instead of only polynomials. In his noted 1893
textbook on algebra, Weber calls F(a) an algebraic field when a is the root of
an equation with coefficients in F, equivalent to the definition given by
Kronecker in terms of the “basis” set for F(a) over a.

A central concern of Weber and other algebraists was that of extending
the idea of absolute value, or valuation, beyond its traditional usage. For
example, if F is the field of rational numbers, the ordinary absolute value
lal is the valuation. The theory of general algebraic valuations was origi-
nated by Kronecker’s student Kurt Hensel when he introduced the concept
of p-adic numbers. In his paper “Uber eine neue Begriindung der alge-
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braischen Zédhlen” (1899; on a new foundation of the algebraic numbers),
Weierstrass’s method of power-series representations for normal algebraic
functions led Hensel to seek an analogous concept for the newer theory of
algebraic numbers. If p is a fixed rational prime number and 4 is a rational
number not zero, then a can be expressed uniquely in the forma = (r/s) p",
where r and s are prime to p. If ¢(a) = p™, for a # 0, ¢(a) is a valuation for the
field of rational numbers. For every prime number p, there corresponds a
number field that Hensel called the p-adic field, where every p-adic num-
ber can be represented by a sequence.

At this time, the American mathematician Joseph Wedderburn was in-
dependently considering similar problems. In 1905, he published “A Theo-
rem on Finite Algebra,” which proved effectively that every algebra with
finite division is a field and that every field with a finite number of ele-
ments is commutative under multiplication, thus further explicating the
close interrelations between groups and fields.

STEINITZ ON ALGEBRAIC FIELDS

Two years after Hensel’s paper, Steinitz published his major report,
“Algebraische Theorie der Kérper” (1909; theory of algebraic fields), which
took the field concepts of Kronecker, Weber, and Hensel much further.
Steinitz’s paper explicitly notes that it was principally Hensel’s discovery
of p-adic numbers that motivated his research on algebraic fields. In the
early twentieth century, Hensel’s p-adic numbers were considered (by the
few mathematicians aware of them) to be totally new and atypical mathe-
matical entities, whose place and status with respect to then-existing math-
ematics was not known. Largely as a response to the desire for a general,
axiomatic, and abstract field theory into which p-adic number fields would
also fit, Steinitz developed the first steps in laying the foundations for a
general theory of algebraic fields.

Steinitz constructed the roots of algebraic equations with coefficients
from an arbitrary field, in much the same fashion as the rational numbers
are constructable from the integers (a X = b), or the complex numbers from
real numbers (x* = -1). In particular, Steinitz focused on the specific ques-
tion of the structure of what are called inseparable extension fields, which
Weber had proposed but not clarified. Many other innovative but highly
technical concepts, such as perfect and imperfect fields, were also given.
Perhaps most important, Steinitz’s paper sought to give a constructive def-
inition to all prior definitions of fields, therein including the first system-
atic study of algebraic fields solely as “models” of field axioms. Steinitz
showed that an algebraically closed field can be characterized completely
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by two invariant quantities: its so-called characteristic number and its tran-
scendence degree. One of the prior field concepts was also clarified.

ImpacT

Although Steinitz announced further investigations—including appli-
cations of algebraic field theory to geometry and the theory of functions—
they were never published. Nevertheless, the import and implications of
Steinitz’s paper were grasped quickly. It was soon realized that general-
ized algebraic concepts such as ring, group, and field are not merely for-
mally analogous to their better-known specific counterparts in traditional
algebra. In particular, it can be shown that many specific problems of mul-
tiplication and division involving polynomials can be simplified greatly by
what is essentially the polynomial equivalent of the unique-factorization-
theorem of algebra, developed directly from field theory in subsequent
studies.

In 1913, the concept of valuation was extended to include the field of
complex numbers. An American algebraist, Leonard Dickson (1874-1957),
further generalized these results to groups over arbitrary finite fields. Per-
haps most notably, the French and German mathematicians Emil Artin
and Otto Schreier in 1926 published a review paper, which in pointing out
pathways in the future development of abstract algebra, proposed a pro-
gram to include all of extant algebra in the abstract framework of Steinitz.
In 1927, Artin introduced the notion of an ordered field, with the important
if difficult conceptual result that mathematical order can be reduced opera-
tionally to mathematical computation. This paper also extended Steinitz’s
field theory into the area of mathematical analysis, which included the first
proof for one of Hilbert’s twenty-three famous problems, using the theory
of real number fields.

As noted by historians of mathematics, further recognition and adop-
tion of the growing body of work around Steinitz’s original publication
continued. Major texts on modern algebra, such as that by Bartel Leendert
van der Waerden in 1932, already contained substantial treatment of
Steinitz’s key ideas. As later pointed out by the “structuralist” mathemati-
cians of the French Nicolas Bourbaki group, the natural boundaries be-
tween algebra and other mathematical disciplines are not so much ones of
substance or content, as of approach and method, resulting largely from
the revolutionary efforts of Steinitz and others such as Emmy Noether.
Thus, the theory of algebraic fields after the 1960’s is most frequently pre-
sented together with the theory of rings and ideals in most textbooks.

The theory of algebraic fields is not only an abstract endeavor but also,
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since the late 1940’s, has proven its utility in providing practical computa-
tional tools for many specific problems in geometry, number theory, the
theory of codes, and data encryption and cryptology. In particular, the use-
fulness of algebraic field theory in the areas of polynomial factonization
and combinatorics on digital computers has led directly to code-solving
hardware and software such as maximal length shift registers and signa-
ture sequences, as well as error-correcting codes. Together with Noether’s
theory of rings and ideals, Steinitz’s field theory is at once a major demar-
cation between traditional and modern theory of algebra and a strong link
connecting diverse areas of contemporary pure and applied mathematics.

See also Axiom of Choice; Bell Curve; Boolean Logic; Bourbaki Project;
Calculus; Chaotic Systems; D’Alembert’s Axioms of Motion; Decimals and
Negative Numbers; Euclidean Geometry; Fermat’s Last Theorem; Fractals;
Game Theory; Hilbert’'s Twenty-Three Problems; Hydrostatics; Incom-
pleteness of Formal Systems; Independence of Continuum Hypothesis; In-
tegral Calculus; Integration Theory; Kepler’s Laws of Planetary Motion;
Linked Probabilities; Mathematical Logic; Pendulum; Polynomials; Proba-
bility Theory; Russell’s Paradox; Speed of Light.
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AIDS

TrE ScieNcE: The AIDS epidemic began to gain attention in 1981, when the
U.S. Centers for Disease Control first cited cases of pneumocystis pneu-
monia in various American cities.

THE SCIENTISTS:
James W. Curran (b. 1944), epidemiologist
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Joel Weisman (b. 1928), physician who, with Dr. Michael Gottlieb,
identified the first cases of AIDS

Grete Rask (d. 1977), Danish surgeon practicing in Zaire who became
the first documented European to be infected with the AIDS virus

A MYSTERIOUS AFFLICTION

In 1976, people in a village along the Ebola River on the border of the
Sudan and Zaire (later renamed Congo) experienced a virulent and horri-
fying disease that came suddenly. A trader from the nearby village of
Enzara, suffering from fever and profuse and uncontrollable bleeding, was
admitted to the teaching hospitals in Moridi. Within days of his admission,
40 percent of the nurses and several doctors were stricken. By the time the
World Health Organization officials and U.S. Centers for Disease Control
(CDC) staff arrived, thirty-nine nurses and two physicians had died from
what was being referred to as Ebola fever. Later that year, another insidi-
ous disease, manifested by malaise, unrelenting pneumonia, skin lesions,
and weight loss, was making its rounds in the village of Abumombazi,
Zaire, close to the Ebola River.

Notable among the first affected in Africa was a Danish surgeon, Grete
Rask, who had devoted much of her professional life in medical service to
the people of the former Belgian Congo. Sterile rubber gloves, disposable
needles and syringes, and adequate blood banking systems were almost
nonexistent in the village hospital. As the only surgeon in a Zairian village
hospital, Rask often operated on her patients with her bare hands, using
poorly sterilized equipment.

In 1976, Rask developed grotesquely swollen lymph glands, severe fa-
tigue, and continuous weight loss and was suffering from diarrhea. Later,
she labored for each breath and finally decided to return to her native Den-
mark to die. For months, doctors tested and examined the surgeon but
were unable to explain what was making her sick. Doctors could not un-
derstand why several health problems were afflicting the frail woman. Her
mouth was covered with yeast infections, staphylococcus bacteria had
spread in her bloodstream, and her lungs were infected with unknown or-
ganisms. Serum tests showed her immune system as being almost non-
functional. She died at the end of 1977.

The autopsy revealed that millions of organisms identified as Pneu-
mocystis carinii had caused the rare pneumonia that had slowly ravaged
and suffocated Rask. That particular protozoan became the landmark or-
ganism in the identification of the new disease. Questions were raised as to
where and how she became infected, but answers were not forthcoming.
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Kxnown AIDS-RELATED DEATHS IN THE U.S.
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About all that was known of this strange new disease was that it depleted
the patient’s immune system, leaving the patient’s body vulnerable to un-
usual and rare infections. It would soon become known universally as ac-
quired immunodeficiency syndrome (AIDS).

INVESTIGATING THE HisTORY OoF AIDS

Clinical epidemics of cryptococcal meningitis, progressive Kaposi's
sarcoma, and esophageal candidiasis were recognized in Zaire, Zambia,
Uganda, Rwanda, and Tanzania. This syndrome was termed “slim dis-
ease” in these countries because of the sudden unintentional weight loss of
the affected individuals, resulting in a severely emaciated appearance.
Kaposi’s sarcoma, a kind of skin cancer, had become an especially com-
mon finding in the affected patients. During the same period, similar clini-
cal manifestations were noted in the United States, primarily in homosex-
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ual males in New York City and San Francisco. These men had developed
Kaposi’'s sarcoma of the skin, oral candidiasis, weight loss, fever, and
pneumonia.

One of the first identified cases in North America was a Canadian flight
attendant, Gaetan Dugas, who would later become known as “patient
zero.” In 1978, he developed purplish skin lesions and was informed that
he had Kaposi’s sarcoma and that it was nonmalignant. He went about his
regular routines with no further concern. After hearing news of more cases
of Kaposi’s sarcoma in the homosexual population, he contacted doctors
Alvin Friedman-Kien and Linda Laubenstein at New York University. His
affliction then was rediagnosed as malignant cancer. In desperation, he
went to bathhouses and engaged in anonymous sex.

In Europe, signs of the mysterious disease began to appear among ho-
mosexual men who had visited the United States or whose sexual partners
had visited that country. The outbreak had also afflicted a number of im-
migrant Africans.

The CDC embarked on a major investigation to track patients and their
sexual partners in an effort to determine the disease’s causes, its origin, the
way it was being spread, and why it was focused on homosexual men.
European and African doctors, with assistance from major international
agencies, were involved, likewise, in the search for answers and to deter-
mine why women in Africa were getting sick as fast as the men were.

ImpracT

The virus that causes AIDs would be called the human immunodefi-
ciency virus, or HIV, because it attacked the body’s ability to fight infec-
tions. It was found in the blood and was transmitted through blood trans-
fusions. It would also be found in the umbilical cord and passed from
mother to fetus. The virus could be passed through hypodermic needles,
endangering the lives of intravenous drug abusers. The virus would also
be found in semen and become a threat to the sexual partners of affected in-
dividuals, both men and women. In short, the virus with the opportunistic
infections producing AIDS would become the most feared and dreaded
epidemic of the twentieth century. AIDS came at a time when the priority
of the U.S. government was to cut spending on domestic affairs.

After the first public report of AIDS in 1981, the number of affected indi-
viduals began to multiply rapidly. Added to the global estimates of per-
sons diagnosed with AIDS are an unknown number of dead victims.

The virus has now well established itself in the general population, with
young persons and heterosexual women particularly at risk. The estimates
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of HIV-positive cases worldwide are in the millions. Although the number
of persons living longer with HIV in developed countries, where mitigat-
ing drugs are available, has risen, the death toll worldwide has increased,
especially in Africa and Eastern Europe. The epidemic of infection and
deaths in Africa—where in some nations it is estimated that a third or more
of the population has been exposed to the disease—is a grim reminder of
how AIDS can ravage those struggling with ignorance of the disease and
lack of access to education and appropriate medical care. Even in the
United States, where mortality from AIDS decreased in the late 1990’s, the
death toll is again on the rise—a grim reminder that there is no cure, that
available therapies do not allow a “normal” lifestyle, and that vigilance is
essential to avoid placing oneself, and others, at risk.

See also Human Immunodeficiency Virus; Immunology; Oncogenes;
Viruses.

FurRTHER READING

Check, William A. AIDS. New York: Chelsea House, 1988.

Drotman, D. Peter, and James W. Curran. “Epidemiology and Prevention
of Acquired Immunodeficiency Dyndrome (AIDS).” In Public Health
and Preventive Medicine, edited by Kenneth Fuller Maxey. 12th ed. East
Norwalk, Conn.: Appleton-Century-Crofts, 1985.

Gottlieb, Michael S., et al. CDC Mortality and Morbidity Weekly Review—]June
5,1981. Atlanta, Ga.: Atlanta HHS Publication, 1981.

Ma, Pearl, and Donald Armstrong, eds. AIDS and Infections of Homosexual
Men. 2d ed. Stoneham, Mass.: Butterworth, 1989.

Medical World News—The News Magazine of Medicine—November 23, 1987.
San Francisco, Calif.: Miller Freeman, 1987.

Shilts, Randy. And the Band Played On: Politics, People, and the AIDS Epi-
demic. New York: St. Martin’s Press, 1987.

—Margaret 1. Aguwa, updated by Christina |. Moose

ALPHA DECAY

THE SciENCE: George Gamow applied the newly developed quantum me-
chanics to the atomic nucleus to explain alpha decay and founded the
field of nuclear physics.
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THE SCIENTISTS:
George Gamow (1904-1968), Russian American physicist
Fritz Houtermans (1903-1966), Austrian physicist
Ernest Rutherford (1871-1937), British physicist

MYSTERIES OF THE ATOM

In 1911, Ernest Rutherford’s experiments, in which he bounced alpha
particles off the atoms of a very thin gold foil, showed that all the positive
charge and more than 99 percent of the mass of atoms is concentrated in a
tiny central region of the atom called the “nucleus.” The diameter of the
nucleus is one one-hundred-thousandth of the diameter of the atom. By
1913, Niels Bohr had developed a model of the atom in which the nega-
tively charged electrons orbited the nucleus in specific allowed orbits.
Bohr’s model explained Rutherford’s results and accurately predicted cer-
tain atomic spectra.

Bohr’s theory left an unanswered question: Why are electrons allowed
only in certain orbits? Answering this question showed that electrons must
behave sometimes like waves and sometimes like particles. The laws of
physics that govern objects that behave like waves and particles at the
same time are called quantum mechanics.

In 1928, physicists had just developed mathematical techniques for do-
ing calculations using the newly developed rules of quantum mechanics.
In major European universities, young physicists eagerly applied quan-
tum physics to the behavior of atoms in emitting light and in forming mol-
ecules. The university at Géttingen in Germany was the center of this activ-
ity. Waiters in local cafés had standing instructions not to send tablecloths
to the laundry until someone had checked to see that no valuable equa-
tions were written on them. Study at Gottingen became essential to any
student who hoped to become a theoretical physicist.

THE NUCLEAR VALLEY

George Gamow came to Gottingen with a quick mind and a formidable
sense of humor. He already understood the basic principles of quantum
mechanics and was fascinated by its power to predict atomic behavior. An
individualist to his toes, however, Gamow disliked working in crowded,
fashionable fields of physics. Since most of Gottingen was working on the
application of quantum mechanics to atoms, he looked for a new problem.

Unlike the atom, the nucleus had been little studied. Physicists realized
that it had positive charge and mass. Certain nuclei also spontaneously
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GEORGE GAMOW: PHYsICIST, COSMOLOGIST, GENETICIST

Born March 4, 1904, in Odessa, Russia, George Gamow started his
scientific career as a boy, when his father gave him a telescope for his
thirteenth birthday. Little did his father know that his son would one
day become one of the greatest scientists of the twentieth century.

After graduating from the University of Leningrad in 1926, Gamow
went to Gottingen, a center for the study of the new quantum mechan-
ics. At this time, natural radioactivity was the focus of research of many
of the great physicists of the day, from the Curies to Lord Rutherford,
and Gamow was particularly interested in
its relationship to the atomic nucleus. In
1928, he made his first great contribution
when he described quantum tunneling of
alpha particles to explain the radioactive
process of alpha decay. His investigation of
the atomic nucleus would take him to Co-
penhagen, where he worked under Niels
Bohr laying the theoretical groundwork for
nuclear fusion and fission. Im age Not Available

During the 1930’s, Gamow taught at uni-
versities in Copenhagen, Leningrad, Cam-
bridge, Paris, and the United States. In
Washington, D.C., he and Edward Teller
worked on the theory of beta decay. He also
turned his attention to astrophysics and the
origin of the elements. This work led to his
1948 proposal of the “big bang” theory of
the universe, for which he is best known.

Gamow was more than a theoretical
physicist, however: Known for his sense of humor and revered by his
students, he was also devoted to education. His “Mr. Tompkins” series
used science fiction to explain difficult science in a way that anyone—
including Tompkins, whose attention span was notoriously short—
could understand. In 1954, inspired by the Watson-Crick DNA model,
he theorized that the order of the DNA molecules determined protein
structure. The problem, as he saw it, was to determine how the four-
letter “alphabet” of nucleic acid bases could be formed into “words.”
His “diamond code” paved the way for Marshall W. Nirenberg to
crack the genetic code in 1961.

In 1956, Gamow settled in Boulder to teach at the University of Col-
orado. That year, he received UNESCO's Kalinga Prize for his popular-
ization of science, and two years later he was married (a second time)
to Barbara “Perky” Perkins, who initiated the George Gamow Lecture
Series after his death, in 1968.
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emitted nuclear radiation of various kinds. One kind of emission, alpha
particles, had been extensively studied by Rutherford and his collabora-
tors. They had shown that alpha particles are the nuclei of helium atoms
and that they carry two units of positive charge. Although it is impossible
to predict when any given nucleus will emit an alpha, the rate at which a
sample of a particular kind of nucleus emits alphas is characteristic. All the
alphas emitted from one type of nucleus have a unique energy. Further-
more, the rate at which alphas are emitted increases as the energy of the al-
pha particle increases.

Gamow recognized that the large positive charge of the nucleus means
that an alpha particle is electrically repelled by the nucleus. The only way
that alphas can stay inside a nucleus is if they are held in place by a very
strong nuclear force that is not in effect beyond the edge of the nucleus. The
situation is analogous to that of a ball trapped in a valley that rolls up one
side of the hills that trap it. Unless it has enough energy to go over the top
of the hill, the ball rolls up hillside and rolls back down. If, however, the
ball could suddenly dig a tunnel through the hill, it would be free of the
valley and would roll down the other side of the hill and out into the coun-
tryside. The alpha particle is the ball trapped in the nuclear valley by the
hills of the nuclear force. The electrical repulsion is the other side of the hill
down which the alpha coasts, gathering speed as it goes.

ALPHA TUNNELING

Quantum mechanics predicts that the wave nature of certain particles
allows them to penetrate regions of space where an ordinary particle is ex-
tremely unlikely to go. In the case of an alpha particle bouncing back and
forth inside a nuclear valley, Gamow realized, each time the alpha collided
with the nuclear energy wall, there was a small probability that its wave
nature would allow it to penetrate the nuclear energy wall and escape from
the nucleus down the electrical hill. The probability of penetration in-
creased as the energy of the alpha particle increased. Gamow put numbers
into this quantum model of the nucleus and predicted the rate at which
alphas were emitted and the way that rate should increase as the energy of
the alpha increased. Like the atom, the nucleus obeyed the laws of quan-
tum mechanics.

ImpAaCT

Gamow’s explanation of alpha decay triggered an idea in the mind of
another Gottingen physics student, Fritz Houtermans. Houtermans asked
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himself the following question: If alphas can escape from nuclei by tunnel-
ing through the energy wall of the nucleus, cannot nuclei be built from
lighter nuclei when alphas tunnel into heavy nuclei? He realized not only
that the alpha could be absorbed into the nucleus but also that energy
would be emitted in the process. At the very high temperatures inside
stars, this process could provide a tremendous source of energy and liter-
ally make the stars shine. It also determined the types of elements that
were formed from hydrogen and deuterium in stellar interiors. Thus,
Gamow’s mechanism helped to determine the overall structure of the uni-
verse.

Gamow’s success in using quantum mechanics to explain alpha decay
opened the field of nuclear physics because it showed that nuclei could be
treated by the logic of quantum physics. The fact that one nucleus emitted
a lighter nucleus indicated that there must be a complex inner structure to
the nucleus. Modern physicists are still working to understand that struc-
ture.

See also Atomic Nucleus; Atomic Structure; Atomic Theory of Matter;
Compton Effect; Cosmic Rays; Electron Tunneling; Electrons; Electroweak
Theory; Exclusion Principle; Grand Unified Theory; Heisenberg’s Uncer-
tainty Principle; Isotopes; Neutrons; Nuclear Fission; Photoelectric Effect;
Plutonium; Quantized Hall Effect; Quantum Chromodynamics; Quantum
Mechanics; Quarks; Radioactive Elements; Wave-Particle Duality of Light;
X Radiation; X-Ray Crystallography; X-Ray Fluorescence.
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AMINO ACIDS

TrE Science: The discovery of amino acids in rocks as old as 3.1 billion
years changed scientists” understanding of chemical evolution and the
fundamental nature of biological systems.

THE SCIENTISTS:
Elso Barghoorn (1915-1984), American paleontologist and member of
the United States National Academy of Sciences
J. William Schopf (b. 1941), American paleontologist and consultant on
extraterrestrial life to the U.S. space program
Keith Kvenvolden (b. 1930), American organic geochemist and geologist
Stanley Miller (b. 1930), American chemist

LirE IN ANCIENT RoCKs

On November 16, 1967, J. William Schopf and Elso Barghoorn of Har-
vard University and Keith Kvenvolden of the U.S. Geological Survey pre-
sented a paper to the National Academy of Sciences summarizing their
search for traces of amino acids (the proteins that form the basis of life) in
the oldest known sedimentary rocks. This team of scientists had analyzed
organic material leached from pulverized black chert (a type of rock) from
three formations: the 1-billion-year-old Australian Bitter Springs forma-
tion, the 2-billion-year-old Canadian Gunflint chert, and the 3-billion-year-
old Fig Tree chert from South Africa. The latter was the oldest undeformed
Precambrian sedimentary rock known at the time. (The Precambrian era
began about 4.6 billion years ago and ended about 570 million years ago.)

The Gunflint locality had already yielded abundant evidence of early
life in the form of many examples of structurally preserved microorgan-
isms. Gunflint was the subject of a classic 1954 paper in the journal Science
by Barghoorn and Stanley Tyler, which announced the first indisputable
reports of early Proterozoic microfossils. (The Proterozoic is the later of
two divisions of Precambrian time.) Well-preserved microorganisms were
reported in the Bitter Springs formation by Barghoorn and Schopf in 1965.
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The fossil evidence for life in the Fig Tree chert was not as compelling, but
Schopf and Barghoorn were in the process of examining this material and
saw bacterial microfossils using an electron microscope; they reported
these findings in 1966.

The types and quantities of amino acids present in the samples were de-
termined by pulverizing carefully cleaned samples of hard, virtually im-
permeable chert and leaching any organic material present with various
solvents. The nature of the organic material was determined by gas chro-
matography, a method of separating the individual elements in a chemical
mixture. Twenty amino acids were identified in all the samples; a twenty-
first occurred only in the Bitter Springs formation. Concentrations were ex-
tremely low and decreased with increasing geologic age. Barghoorn and
his colleagues noted that the concentrations of various amino acids in all

PSEUDOFOSSILS?

In 2002, paleobiologists Martin D. Brasier and Owen R. Green of the
University of Oxford published a paper in Nature in which they ques-
tioned the widely accepted view that the oldest microfossils—evi-
dence for microorganisms capable of photosynthesis about 3.465 bil-
lion years ago—are located in the Apex chert in Western Australia’s
Warrawoona group. If this is true, as many paleobiologists believe,
then oxygen-releasing life would have changed Earth’s atmosphere
during this period, setting the environmental conditions for life ever
since.

Brasier and Green described the use of new geochemical and other
techniques that encouraged a reevaluation of previous assumptions.
Brasier’s group demonstrated that structures similar to microfossils
can be formed through abiotic (inorganic) reactions involving amor-
phous carbon. They postulated that microfossils were actually
“pseudofossils” and that J. William Schopf and his colleagues should
reconsider their conclusions. According to Brasier, “The shapes are far
too complicated to be bacteria. . . .” It is far more likely, he contends,
that the squiggles thought to be microfossils were really caused when
rocks formed from reactions between the carbon dioxide and monox-
ide released by hot, metal-rich hydrothermal vents. These reactions
may even have jump-started the amino acids that are the basis of ter-
restrial life.

Schopf’s group countered that, if Brasier were correct, the
microfossils would have been found throughout the world. The two
camps are still analyzing their data. New studies, on both sides, under-
score that the mysteries of early life still remain to be revealed.
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three samples corresponded to the distribution of amino acids in living or-
ganismes.

Because the amino acids occurred with microfossils in samples high in
organic matter, the scientists concluded that microfossils developed at the
same time that chemical evolution produced life, and that this proved the
existence of life as early as 3 to 3.1 billion years ago. This also provided evi-
dence that amino acids, the fundamental chemical building blocks of cells,
had remained essentially unchanged throughout history.

THE MILLER-UREY EXPERIMENT
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It has been shown many times that organic compounds, the beginnings of life, including amino acids,
are produced readily within water in sealed flasks containing reducing gases such as carbon dioxide en-
ergized by electrical discharges, ultraviolet light, or even shock waves. The most famous of these experi-
ments, shown here, was conducted in 1953 by Stanley L. Miller and Harold C. Urey.
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CaemicaL EvoLuTioNn

All life on Earth shares a unique carbon-based chemistry. The presence
of deoxyribonucleic acid (DNA) and amino acids is a primary indicator of
the presence of life. When examining meteorites and lunar samples, for ex-
ample, scientists routinely look for these chemicals or the products left
over when these chemicals decompose. By studying closely the chemistry
of the microfossil samples, therefore, scientists learned much about the
evolutionary history of life, especially life in its earliest stages.

The theory that a period of chemical evolution preceded the emergence
of the earliest true life-forms was first suggested by the Soviet biochemist
Aleksandr Ivanovich Oparin in the 1920’s and 1930’s. In the early 1950’s,
the American chemists Harold C. and Stanley Miller expanded this theory
for the early evolution of life, postulating a “soup” of organic chemicals
that existed in bodies of water on the primordial Earth. Heat, electrical dis-
charge, and cosmic rays acted upon this soup to produce a broad spectrum
of organic compounds, including those that characterize living systems.

On a global scale, over millions of years of geologic time, chemical reac-
tions led to increasingly complex molecules. These reactions eventually
produced a prototype DNA molecule that was able to make copies of itself
and to direct the synthesis of other complex compounds. Finally, the abil-
ity to create a membrane to enclose the replicating genetic material was a
crucial step in the evolution of simple cells.

ImracT

The discovery of amino acids in ancient Precambrian sediments at-
tracted attention throughout the scientific community because it con-
firmed predictions about the nature of early evolutionary events. The va-
lidity of the discovery, however, was questioned almost immediately.

Since 1968, several sedimentary formations older than the Fig Tree chert
have been identified, including the Onverwacht formation (which under-
lies it), the 3.5-billion-year-old Warrawoona group in Australia, and the
3.8-billion-year-old Isua formation in Greenland. The Warrawoona group
contains stromatolites, simple filamentous microfossils that Schopf ac-
cepted as the oldest plausible microbial microfossils known. Information
on the chemical composition of the microorganisms in this formation
would be tremendously useful to scientists studying evolution. Had pho-
tosynthesis already evolved at this early date, or did these organisms rely
on a chemical energy source? How did the basic building blocks of life 3.5
billion years ago compare to those today?
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The origins of life on Earth and the age of the oldest microfossils remain
unclear. The organic material in the Warrawoona group, it has been ar-
gued, may have formed through abiotic reactions under hydrothermal
conditions. Scientists studying evolution continue to rely on the biochem-
istry of living forms, mathematical models of the life process, and labora-
tory experiments to unravel the story of the emergence of the unique chem-
ical processes that characterize life on Earth.

See also Double-Helix Model of DNA; Fossils; Genetic Code; Geologic
Change; Microfossils; Ribozymes.
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ANESTHESIA

THE ScIENCE: Anesthesia saved lives by making formerly painful surgical
procedures possible.
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THE SCIENTISTS:

Charles Thomas Jackson (1805-1880), eccentric Boston physician and
scientist who claimed full credit for Wells’s and Morton’s work

Crawford Williamson Long (1815-1878), Georgia physician who first
used ether in surgery

William Thomas Green Morton (1819-1868), Boston dentist who first
demonstrated surgical anesthesia for the public

Horace Wells (1815-1848), Boston dentist who attempted to use nitrous
oxide as an anesthetic

SURGERY BEFORE ANESTHETICS

On October 16, 1846, in the Massachusetts General Hospital, William
Thomas Green Morton, a Boston dentist, gave the first public demonstra-
tion of the successful use of surgical anesthesia. Although surgery had
made considerable progress during the previous two centuries as anato-
mists had gradually delineated the major outlines of gross anatomy, the
surgical patient still faced excruciating pain and the virtual certainty of sec-
ondary infections. Without anesthetics, the agonies of the patients forced
surgeons to operate as quickly as possible, and the shock and pain often
proved disastrous. Dreaded diseases, such as hospital gangrene or blood
poisoning, often hastened the patient’s death. In the 1840’s, U.S. ingenuity
solved the problem of anesthesia. Control of infection, however, had to
await the bacteriological revolution in the last half of the nineteenth cen-
tury.

By 1840, the stage was set for the advent of anesthesia. Surgeons, as
deeply troubled by the agonies of their patients as by the difficult logistics
of operating on a screaming, writhing patient, were eager for help. A grow-
ing humanitarian spirit, with its acute sensitivity to human suffering,
made the public more receptive to innovations. Yet, it was the rapid devel-
opment of dentistry in America that created a strong demand for some sort
of pain reliever. By this time, three anesthetic agents were available: ni-
trous oxide, sulfuric ether, and chloroform. The exhilarating effects of the
first two gases were well known, and “ether frolics” and “laughing gas”
parties had become common indoor pastimes. In the course of these par-
ties, it had been observed that individuals under the influence of the gases
appeared to feel no pain.

The first professional man to see the significance of these agents in re-
lieving pain was Crawford W. Long, a Georgia physician. He had wit-
nessed the effect of sulfuric ether during ether frolics and determined to try
itas an aid to surgery. Between 1842 and 1846, Long performed eight oper-
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THE ETHER DEBATE

In November, 1846, after his public demonstration of etherization
as anesthesia, William Thomas Green Morton secured patent rights to
his ether preparation as “Letheon.” He hoped to control the anesthetic
for two reasons: to prevent its misuse and to provide himself with
an income. That hope was quickly dashed

when physicians realized that ether was
readily available in unpatented form. By
year’s end, etherization was being used in
American, English, and French hospitals,
and by 1848, anesthesia was a tool of den-
tistry, obstetrics, and therapeutics, as well
as surgery.

However, there was a debate over who,
exactly, should take credit for the “discov-
ery” of ether as an anesthetic: the dentist
Morton; Morton’s partner Horace Wells;
the chemist Charles T. Jackson, who had in-
formed Morton of how physicians used
ether drops; or the surgeon through whom
Morton had arranged his public demon-
stration, Henry Jacob Bigelow. This debate
proved to be one of ugliest in medical his-

tory. Morton—considered a lower-class
“tooth puller” in a time when dentistry was
an occupation of questionable repute—suffered from attacks on his
character and ability. Jackson took advantage of Morton’s lack of med-
ical education to make him out to be an unscrupulous profit-seeker.
Morton soon lost his dental practice and was ruined financially.

Supporters petitioned Congress to give Morton adequate compen-
sation for his discovery of anesthesia. In the 1850’s, Congress intro-
duced two bills appropriating $100,000, but active supporters of Jack-
son, Wells, and several other claimants prevented any appropriation.
A direct appeal by Morton to President Franklin Pierce led to a promise
of a reward, but the cause was lost with the advent of the Civil War
(1861-1865). During that war, Morton served with distinction as an an-
esthetist in field hospitals.

In 1868, Morton went to New York in an agitated state over a pro-
Jackson article in The Atlantic Monthly, determined to defend himself
with a reply. While there, he suffered a fatal stroke. Following his inter-
ment, Boston citizens donated a monument bearing a moving tribute
to him as the inventor of anesthetic inhalation. In 1873, Jackson visited
the site and, still obsessed with Morton, began to scream and flail
wildly. He had to be restrained, and he remained confined to a mental
institution until his death in 1880.
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ations using sulfuric ether on human patients. However, he made no effort
to publish his work until after Morton’s demonstration of the anesthetic
properties of ether in 1846.

ETHER vs. CHLOROFORM

Among the many discoveries in the history of medicine, few have pro-
voked so much controversy as that of anesthesia. No fewer than four
American claimants to the honor of introducing this benevolent contribu-
tion to humanity vied with each other for recognition during their life-
times. Subsequently, the controversy acquired an international flavor. Si-
multaneous events in England further blurred the claim to discovery. The
argument quickly focused on the superiority of ether versus chloroform.
The struggle has since been carried on by historians. The American contest,
however, now rests largely between Crawford W. Long, who was the first
to use surgical anesthesia, and William Thomas Green Morton, who first
publicly demonstrated its use.

A Boston dentist, Horace Wells, also experimented with anesthesia. He
had observed the results of nitrous oxide during laughing gas parties and
decided to see if it could provide the basis for painless extraction of teeth.
After several successes, he arranged for a public demonstration of his tech-
nique at the Harvard Medical School. Precisely what happened there is un-
clear. Apparently the nitrous oxide had not taken its full effect on the pa-
tient. When Wells began to pull a tooth, the patient let out a terrified yell,
and the students began to laugh and hiss. Wells fled, leaving his instru-
ments behind. After this humiliation, he arranged another demonstration,
but this time he gave too large a dose and the patient nearly died. Wells re-
tired in disgrace, giving up all attempts to use nitrous oxide as an anes-
thetic.

Meanwhile, William Morton, another Boston dentist, was investigating
the problem of surgical anesthesia. At the suggestion of Charles Thomas
Jackson, a well-known physician, geologist, and chemist, Morton experi-
mented with ether. When he felt confident, Morton persuaded John Collins
Warren to allow him to anesthetize one of the famous surgeon’s patients. It
was Morton’s use of anesthesia during this operation in 1846 that intro-
duced anesthesia to the world. Jackson later demanded credit for the discov-
ery, but his claim was rejected by the public and the academic community.

Ironically, misery was the lot of the three persons chiefly responsible for
the introduction of anesthesia: Wells committed suicide soon after his un-
happy appearance before the Harvard students; Morton sacrificed his ca-
reer while fighting for recognition as the rightful discoverer of ether as an
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anesthetic and died a frustrated and bitter man; and Jackson was ulti-
mately committed to an insane asylum. Long escaped the litigation and
public quarreling in which Jackson and Morton became embroiled. He sur-
vived the Civil War and died a respected and successful practitioner in
Georgia. His failure to publish the results of his early experiments de-
prived him of credit for the discovery of anesthetic surgery, and had he not
encountered the publicity given to Morton’s successful demonstration in
1846, Long might never have made mention of his work.

ImpACT

News of Morton’s demonstration of painless surgery spread rapidly
throughout the world, and the use of anesthesia (a name suggested by Oli-
ver Wendell Holmes) for surgical and obstetrical purposes quickly became
general. In 1869, an acrimonious debate erupted between English obstetri-
cian Sir James Young Simpson and Jacob Bigelow, a Boston physician. The
controversy focused more on whether Simpson had taken more credit than
he was due for the discovery of a safe anesthetic than on the superiority of
ether over chloroform. As the number of surgical operations increased, so
did the incidence of secondary hospital infections; it took another twenty
years for the work of the Englishman Lord Joseph Lister in antiseptic, and
later aseptic, techniques to alleviate this problem in American hospitals.

As a result of the use of anesthesia, surgery eventually became a health-
ier and relatively painless procedure for the patient. The successful use of
anesthesia also permitted the development of better surgical techniques
and a more sophisticated understanding of anatomy. Nevertheless, as
knowledge of anesthesia and bacteriology steadily widened, the way was
being prepared for making the twentieth century the age of the surgeon.

See also Antisepsis.
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ANTISEPSIS

THE Sc1ENCE: Joseph L. Lister promoted antisepsis, challenging physicians
and surgeons to adopt antiseptic procedures that saved lives after sur-

gery.

THE SCIENTISTS:
Joseph L. Lister (1827-1912), English surgeon
Louis Pasteur (1822-1895), discoverer of the germ theory of disease
Ignaz Philipp Semmelweiss (1818-1865), Hungarian physician and early
discoverer of the principle of antisepsis
Sir James Young Simpson (1811-1870), Scottish physician opposed to
Lister’s principles

PrE-LisTERIAN HOsPITALS

Surgery in the nineteenth century was a precarious undertaking. The
problem of pain during operations had been solved by the introduction of
anesthetics such as chloroform and ether. There remained, however, the
dreaded hospital diseases, often fatal infections that commonly appeared
in a very short period after successful surgery. Surgeons did not know
what caused these diseases, but many assumed that death was inevitable.
(Surgical texts often label this period pre-Listerian; the following period,
after the acceptance of antiseptic procedures promoted by Lister, Louis
Pasteur, and Ignaz Philipp Semmelweiss, is called Listerian.)

Not counting tetanus, the hospital diseases were gangrene, erysipelas,
pyemia, and septicemia. All four often caused death or left the patient per-
manently debilitated or crippled. They were all epidemic. During the so-
called erysipelas season in America, which lasted from January until March,
no surgery was performed. In England, all surgery came to a complete halt
when gangrene became epidemic in a hospital. In addition to these diseases
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that followed surgery, there was puerperal fever, which often affected
women who gave birth to their children in hospitals; it was usually fatal.

SEMMELWEISS AND EARLY ANTISEPSIS

Semmelweiss, a doctor who joined the Lying-In Hospital in Vienna in
1846, concluded that puerperal fever came from within the ward rather
than from outside. He further concluded that the fever was carried by doc-
tors and medical students, who transmitted it to mothers during prenatal
examinations. The answer was cleanliness and the disinfecting of the ex-
aminer’s hands.

Semmelweiss was astute in his judgment. In 1847, he insisted that all
who attended surgery wash their hands in chloride of lime. This procedure
reduced deaths from 15 percent to 3 and then to 1 percent. Semmelweiss
had made enemies, however, and although his mortality statistics showed
that his antiseptic methods worked, these methods failed to gain accep-
tance. Lister apparently did not find out about the work of Semmelweiss
until years after his own discovery.

PUuTTING PASTEUR INTO PRACTICE

In 1864, a young doctor, Joseph L. Lister, was lecturing and practicing
surgery in Glasgow when he first became acquainted with Pasteur’s work
on putrefaction. He believed that some of his own research might be ad-
vanced by a study of Pasteur’s works.

Lister replicated for his own satisfaction the Pasteur experiments and
realized that Pasteur’s germ theory applied to hospital diseases. What Lis-
ter now needed was an agent that would kill microbes before they had a
chance to penetrate deeply into body tissues. The word “microbe” was not
formally introduced to the medical community until February 26, 1878, by
Dr. Sedillot, a military surgeon, in a treatise on the treatment of purulent
infection, a very common problem in military surgery. In this same paper
Sedillot says,

We shall have seen the conception and birth of a new surgery, a daughter of
Science and of Art, which will be one of the greatest wonders of our century
and with which the names of Pasteur and Lister will remain gloriously con-
nected.

Lister obtained some carbolic acid, which he knew had been used suc-
cessfully to treat garbage in the city of Carlisle. One of its remarkable ef-
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L1sTER AND THE LONG RoAD TO CLEANLINESS

A combination of Joseph Lister’s humble personality, the conserva-
tism of the medical profession, and occupational jealousy made the
adoption of his antiseptic methods much slower than that of other
medical advancements of the day, such as anesthesia. In 1867, The Lan-
cet carried reports of Lister’s success in treating compound fractures
aseptically, but because of Lister’s modest claims and the profession’s
skepticism about innovation, antiseptic sur-
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gery was initially perceived as a method for
the specific treatment of compound frac-
tures rather than a general principle.

Over the next twenty years, Lister strug-
gled to convince his skeptical and some-
times self-serving colleagues to adopt anti-
sepsis. By the early 1870’s, he was using a
spray made with carbolic acid to keep the
air clean any time a wound was exposed,
and by the 1880’s he was using gauze im-
pregnated with cyanide of mercury and zinc
as an antiseptic dressing. Lister’s wards
were the healthiest in Edinburgh, and he
successfully applied his methods to cases
that would not even have been accepted a
few years before.

Nevertheless, his fame spread on the

European continent long before his British
colleagues took his techniques seriously.
One of his opponents at home was Dr. James Simpson, respected for
his introduction of anesthesia into the British Isles. Instead of anti-
sepsis, Simpson advocated quickly built wooden hospitals that could
be abandoned when infections became rampant, and he not only
pushed his own ideas but also deprecated those of Lister. Other physi-
cians investigated the use of antiseptics but failed to conduct their ex-
periments correctly, and it appeared that antisepsis would not work.
The annoyed Lister then resisted publication of much of his work lest it
lead to more harm than good.

Lister’s students, however, personally began to spread the correct
antiseptic technique, and the tide began to turn. In 1877, Lister was in-
vited to become professor of clinical surgery at King’s College in Lon-
don. He was reluctant to leave Edinburgh, but he felt duty-bound to
go: If he succeeded in London, his antiseptic techniques would gain a
wide audience. He accepted the position, and within a decade he was a
dominant figure in British medicine. The reserved and strictly honest
physician whose students had dubbed him “the Chief” had finally per-
suaded the medical world of the importance of antisepsis.

(Library of Congress)
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fects had been to stop the sickening of cattle who grazed in fields near the
city’s garbage dumps. In 1865, he used it on his first patient, but the man
died. The next four cases were all very serious surgical problems, but they
all survived because they did not develop any of the hospital diseases. Lis-
ter continued to treat surgical cases with carbolic acid solutions and ban-
dages. Lister soaked his bandages and cotton wool in carbolic acid, and a
carbolic vapor was blown over the surgeon’s hands and the wound during
surgery. The wound was surrounded by carbolic-soaked towels and the
instruments kept in a carbolic solution. He presented the evidence in 1867
in an article published in The Lancet, the journal of British medicine: “On a
New Method of Treating Compound Fracture, Abcess, Etc.”

A considerable opposition was mobilized against Lister, particularly by
Dr. James Y. Simpson. As more and more physicians adopted his methods,
however, the opposition collapsed, and antiseptic surgery gained general
acceptance. The work of Louis Pasteur from 1844 to 1895 was to affect the
medical field in England, Germany, and France. In the United States, the
Mayo clinic used the surgical and antiseptic techniques developed by Pas-
teur and refined by Lister.

ImpracT

After centuries of losing casualties to infection, Listerian methods made
it possible to save lives and limbs. Much was to be learned from analysis of
wounds received on the battlefields of the day. Pre-Listerian surgeons had
to learn different methods of wound treatment to suit the site of war. Re-
searchers noticed that bacteria flourished in damp conditions but dimin-
ished in arid lands. Methods were argued, and as bacteria were identified,
the doctors who were persuaded that bacteria caused infection used anti-
septic methods that eventually prevailed.

See also Antisepsis; Contagion; Galen’s Medicine; Germ Theory; Im-
munology; Microscopic Life; Penicillin; Streptomycin; Viruses.
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ARTIFICIAL INTELLIGENCE

THE SciencE: Alan Turing developed the basic principles governing the
design of programmable computers and proposed that a programma-
ble computer could simulate human thinking.

THE SCIENTISTS:
George Boole (1815-1864), English logician and mathematician
David Hilbert (1862-1943), German mathematician
Alan M. Turing (1912-1954), English mathematician
John von Neumann (1903-1957), Hungarian American mathematician

MECHANIZING MATHEMATICS

At one level, mathematics can be viewed as a method of rearranging
symbols according to a set of rules to obtain true statements about the
things represented by the symbols. In elementary algebra, for example,
one learns how to separate the unknown terms from the known terms in an
equation to find values for those unknown terms. In a book titled An Inves-
tigation of the Laws of Thought, published in 1854, George Boole showed that
conclusions about the truth or falsity of a combination of statements could
be determined by using similar methods. Boole had opened up the field of
mathematical logic. By the end of the nineteenth century, mathematicians
were excited by the possibility that all mathematical ideas could be trans-
lated into a system of symbols in such a way that the truth of any idea
could be determined by the manipulation of the symbols in which it was
expressed.

In 1928, the German mathematician David Hilbert posed what most
mathematicians considered to be the major questions about such a sym-
bolic system for mathematics. One of these was the issue of decidability:
Could the truth of any statement be determined by the mechanical manip-
ulation of symbols in a finite number of steps?
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TURING’S BRILLIANT CAREER

Alan Mathison Turing’s brilliant career was not restricted to mathe-
matics and computation, although he is now known as one of the fa-
thers of modern computer science.

During World War II, he volunteered his services to the Govern-
ment Code and Cypher School in Bletchley, a small town between Ox-
ford and London, where a massive effort was

under way to construct calculating machines ca-
pable of decoding machine-encrypted German
diplomatic and military messages. Turing played
a crucial role in the design of this equipment and
in the development of procedures for breaking
the codes: The work at Bletchley was critical to
the Allied successes in Europe, and Turing was
highly decorated for his contributions.

This wartime experience gave Turing a famil-
iarity with electronics that complemented his
mathematical training. In 1945, he moved to the
National Physical Laboratory in Teddington,
where he was given the responsibility for design-
ing an electronic, stored-program computer for

use in government work. What Turing designed
was a physical embodiment of his universal Tu-
ring machine. The plans he drew up called for an ambitious modern
computer using vacuum tubes for logical switching and mercury delay
lines for storing information. A scaled-down version, known as Pilot
Automatic Computing Engine (ACE), was completed in 1950—one of
the first modern computers placed in operation—and was used for im-
portant government and industrial research, including aircraft design.
From there Turing went to Cambridge and then Manchester Univer-
sity as the chief programmer for a powerful new computer, the Mark I,
where he did the work for which he became most famous.

Turing’s life came to a sudden end in 1954 as the result of a fatal
dose of cyanide poisoning. He was not yet thirty-two years old. A few
months earlier, he had been convicted of homosexual activity, a felony
in Great Britain at that time. He had been sentenced to mandatory es-
trogen treatments, which caused strong physiological and psychologi-
cal changes in him. These changes severely depressed Turing, and
many people believe they caused him to take his life. At the time of his
death, Turing had begun an ambitious investigation of the chemical
basis of morphogenesis, the process in living organisms that deter-
mines why and how single cells grow into differentiated organs with
specific functions. Such cells are today known as stem cells. This line of
research was simply one more in an extraordinarily creative and pro-
ductive scientific career.
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THE TYPEWRITER PROVIDES A KEY

As a young boy, Alan Turing thought a lot about machines, and he de-
veloped several designs of his own—none of which was very good—for a
typewriter. In 1936, when he was a research student in mathematics at
Cambridge University, it was perhaps natural that he would see the im-
portant part of Hilbert’s question as the need to identify exactly what is
meant by a mechanical procedure as performed by a human mathemati-
cian. In a paper published in 1936 in the Proceedings of the London Mathemat-
ical Society, Turing described the simplest type of machine that could per-
form the same manipulation of symbols that mathematicians do.

Turing’s device, which is now referred to as a “Turing machine,” was
similar to a typewriter in that it could print out a string of symbols, but dif-
ferent in that it could also read symbols and erase them; in addition, its be-
havior would be controlled by the symbols read by it rather than by a hu-
man operator. For simplicity, Turing envisioned the machine as acting not
on a sheet of paper but on an endless paper tape that could be read only
one symbol at a time. The internal workings of the Turing machine in-
volved a memory register that could exist in only a limited number of
states and a set of rules that determined, on the basis of any symbol that
could be read and the state of the internal memory, what symbol would be
printed to replace it on tape, what the new state of the internal memory
would be, and whether the tape would be moved a space to the right or left
or not at all.

In this same important paper, Turing also showed that one could build
a programmable calculating machine that could first read in, from the tape,
a description of the rules of any other Turing machine and then behave as if
it were that machine in manipulating the symbols that followed on the
tape. Using the properties of such a programmable, or “universal,” Turing
machine, Turing was able to prove that the answer to Hilbert’s “decision
problem” was a definite no. There was no mechanical procedure that
would directly demonstrate the truth or falsity of a mathematical state-
ment.

The most important consequence of Turing’s paper, however, may be
his reduction of the manipulations and mental processes of a human math-
ematician to operations that could be performed by a machine that could
be built. If the thinking involved in solving mathematical problems was
not very different from that used by humans in planning and in the other
types of problem-solving behavior that constituted human intelligence,
there was no fundamental reason that a large enough, suitably pro-
grammed machine could not be programmed to display intelligence.
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ImracT

Although mechanical aids to computation such as the abacus and the
slide rule existed long before Turing’s work, the first large programmable
computer was built during World War II to meet military needs. The first
machine, the Electronic Numerical Integrator and Calculator (ENIAC),
was built at the University of Pennsylvania under the direction of another
great mathematician: John von Neumann. Turing, whose own contribu-
tion to the war effort involved creating machines for breaking secret codes,
rejoined the machine intelligence debate in 1950 when he proposed what
has become known as the Turing test, in the simplest form of which a hu-
man is restricted to typewritten communication with both a human and a
computing machine. If the human cannot determine which correspondent
is the computer, then Turing felt that the computer could be considered to
possess intelligence. It should be noted that intelligence, in this sense, does
not necessarily imply that the computer is conscious, is alive, or experi-
ences feelings and emotions.

The term “artificial intelligence” was not used until 1956, when John
McCarthy, a young mathematics professor at Dartmouth College, along
with three other scientists, arranged the first official conference on the sub-
ject. Interest in artificial intelligence has grown as computers have become
smaller, faster, and much more reliable. Today computers can be pro-
grammed to read stories and answer questions about them, to assist medi-
cal doctors in diagnoses, to play chess at the expert level, and to assist hu-
mans in numerous other information-processing tasks that have become
commonplace in modern society.

See also Internet; Personal Computers.
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ASPIRIN

THE ScIENCE: In 1897, while researching therapeutics that might relieve the
pain of arthritis, Felix Hoffman, a chemist with Friedrich Bayer and
Company, “rediscovered” Charles Gerhardt’s earlier work with acetyl-
salicylic acid. Hoffman developed a method to efficiently synthesize a
less irritating, more stable form of the drug.

THE SCIENTISTS:

Edward Stone (1702-1768), British clergyman who reported the ability
to treat various ailments using willow extracts

Charles Frederick von Gerhardt (1816-1856), French chemist who
synthesized the earliest formulation of what would become aspirin

Felix Hoffman (1868-1946), German chemist who modified Gergardt’s
formula to produce a stable form of aspirin

Hermann Kolbe (1818-1884), German chemist noted for demonstrating
that organic molecules could be derived from inorganic sources

John Robert Vane (1927-2004), British pharmacologist who discovered
the pharmacological basis for the activity of aspirin

EARLY ANALGESICS

The earliest “medical text” known to exist can be traced to the Sumerian
city-states during the period around 3000 B.Cc.E. Among the extant “pre-
scriptions” discovered from this period is a transcribed stone, known as
the Ur III tablet, listing plants such as myrtle or willow for the treatment of
illness. On a contemporary Middle Eastern papyrus discovered in the
1860’s by George Ebers, the Ebers Papyrus, is an additional reference to the
use of willow in the treatment of ear infections as well as its use in a salve
for allowing muscles to become more supple.
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While the precise meaning of the writings is unclear, the general inter-
pretation is that it describes the use of willow for treatment of pain. Since
willow is among the plants that contain salicylates, the active ingredient of
aspirin, the assumption is this represents the earliest description of the
chemical to treat inflammation. The relationship between the Ur III tablet
and the Ebers Papyrus, other than apparently originating during the same
period, is unknown. Both economic trade and exchange of knowledge
among the states of the Middle East was common, but it is certainly possible
the palliative effects of willow could have been discovered independently.

Hippocrates (c. 450 B.C.E.), in his cornucopia of medical treatments, also
included willow tree bark for relief of headaches and even the pain of
childbirth. Willow bark continued to be used by the Romans around 100
B.C.E.-100 c.E. for treatment of various forms of pain, including muscle
pain, joint aches, and ear infections. Most of these remedies included di-
verse mixtures of various agents, but clearly there existed a strong and per-
sistent belief in the analgesic (pain-relieving) properties of plant extracts.

Much of the knowledge associated with plant or herbal medicine re-
mained anecdotal until the mid-seventeenth and eighteenth centuries. In
1633, a Spanish monk in Central America described a “fever tree,” a cin-
chona, the bark of which, when made into a powder, would relieve the
symptoms of malaria. The extract, named quina or quinine after the Peru-
vian name king, represented the first remedy that could actually be studied.

Others followed. In the mid-1750’s, Edward Stone, a British religious
clergyman as well as an amateur naturalist, observed that the bitter taste of
the willow bark was similar to that of the cinchona. He also noticed that by
chewing ground powder from the willow, one could relieve the pain asso-
ciated with ague, a general condition often marked by headache or muscle
pain. Stone reported his findings to the British Royal Society, a collection of
naturalists and mathematicians. While Stone’s work was acknowledged,
the true significance of his discovery was overlooked.

SALICYLIC ACID

Isolation of the active ingredient from willow, salicylic acid, would not
occur until the 1820’s. In 1826, the Italian scientist Luigi Brugnatelli par-
tially purified what he called salicin, a highly impure form of salicylic acid.
Several years later, the Frenchman Henri Leoux was able to prepare sev-
eral grams of a crystalline form of the chemical. In 1838, Raffaele Piria
named the crystal salicylic acid. The purified form was found to contain
pain-relieving benefits and joined the list of treatments available in some
European apothecary shops.
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Salicylic acid, because it was an acid, had a number of unpleasant side
effects, chief among them that it was often irritating to the stomach. Aware
that it was a possible therapeutic agent and an organic one as well, French
chemist Charles Gerhardt began to study its molecular structure. Tech-
niques in chemistry during the mid-nineteenth century were crude, and
Gerhardt’s initial interest was first to classify the molecule. He observed
that the basis for salicylic acid’s irritating properties was in the hydroxyl
(~OH) group attached to the side of a ring. Gerhardt modified the structure
by replacing the hydrogen with an acetyl group, thereby creating acetyl-
salicyclic acid, tantalizingly close to the structure found in today’s aspirin.
Gerhardt’s primary challenge was to accomplish the process in a timely
and relatively simple procedure, something he never was able to achieve.
After several largely unsuccessful attempts, Gerhardt moved on to other
endeavors.

Others attempted to continue Gerhardt’s work in developing more effi-
cient means of synthesizing modified forms of salicylic acid. In part, the
impetus for the work was the belief that the compound could serve as a
food preservative, despite its taste. Among the more successful chemists
was Hermann Kolbe. Best known for his research on structural theory re-
lated to inorganic and organic molecules, Kolbe found he could efficiently
synthesize various forms of salicylic acid from relatively simple molecules.
The ability to synthesize large quantities of acetylsalicylic acid was applied
by one of Kolbe’s students, Friedrich von Heyden, whose chemical factory,
Heyden Chemical, was founded in 1874, in part specifically to produce the
molecule. The production of salicylic acid by the company represented the
first artificially produced pharmaceutical substance; ironically, its applica-
tion was in part based on assumed antiseptic properties—properties it did
not possess.

HorrmAaN AND BAYER

In 1894, Felix Hoffman was hired by Friedrich Bayer and Company.
Born in 1868, Hoffman had shown an early interest in science and had been
trained as a pharmaceutical chemist. Anecdotal evidence suggests that
Hoffman began looking into the development of pain relievers as a means
to relieve the arthritis suffered by his father. While his father in all likeli-
hood did suffer from arthritis, the reality of Hoffman’s work suggests other
reasons for his research.

By the 1890’s, it was clear that salicylic acid provided benefits as an an-
algesic. What was needed was a more efficient method of production, as
well as a means to modify the chemical structure to increase its stability
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and eliminate the side effects, all in keeping with the role of Bayer as a
pharmaceutical company.

Hoffman was assigned the task. While researching the background of
the chemical, Hoffman came upon Gerhardt’s original paper. By treating
the acid with various chemicals, Hoffman found a method to neutralize
the acidic properties without inhibiting its analgesic properties; ironically,
using the same modification procedure on a different chemical, Hoffman
also discovered morphine at the same time.

The product, acetylsalicylic acid (ASA), quickly underwent simple field
trials. Given to dentists, ASA was found to relieve the pain of toothaches.
In 1899, it was time to introduce a trade name for the drug, which would
soon be marketed. Because ASA could also be obtained from the meadow-
sweet plant, genus Spiraea, it was named a-spirin (for acetylation-spirin),
or aspirin. The following year, it was marketed in tablet form. Aspirin was
the first such drug to be sold in such a manner.

ImpACT

Aspirin can rightly be considered one of the earliest “wonder drugs,”
certainly the first to be artificially synthesized in large quantities. Initially
manufactured by Bayer as an analgesic, acetylsalicylic acid is more com-
monly known by the trade name, registered by Bayer: aspirin. It has been
utilized for its anti-inflammatory activity, as a means to treat or help prevent
heart attacks or certain forms of stroke due to its anticlotting ability, and
more recently as a potential preventive for certain forms of colon cancer.

A variety of companies today market generic forms of the drug under
several trade names. However, the firm Bayer AG remains the most promi-
nent drug manufacturer of aspirin: Approximately 50,000 tons of acetyl-
salicylic acid are produced each year. Estimates are that 137 million tablets
are consumed in the world every day.

Ironically, the pharmacological basis for the function of ASA was deter-
mined only in the 1970’s. John Vane at the University of London observed
that the active ingredients in aspirin could prevent the action of prosta-
glandins, molecules released in the body during inflammatory activity.
With the determination of the role played by prostaglandins in actions as
diverse as inflammation and blood clotting, it finally became possible to
understand how aspirin plays an inhibitory role in a variety of functions in
the human body.

See also Diphtheria Vaccine; Penicillin; Polio Vaccine: Sabin; Polio Vac-
cine: Salk; Smallpox Vaccination; Streptomycin; Yellow Fever Vaccine.
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ATMOSPHERIC CIRCULATION

THE SciENCE: George Hadley observed that global atmospheric circulation
is driven by solar heating and the rotation of Earth. He was the first per-
son to explain the patterns of atmospheric circulation seen in the tropics
and subtropics.

THE SCIENTISTS:

George Hadley (1685-1768), English lawyer and amateur scientist

Vilhelm Bjerknes (1862-1951), Norwegian meteorologist and founder of
the Bergen Geophysical Institute

Gustave-Gaspard de Coriolis (1792-1843), French mathematician and
physicist

Edmond Halley (1656-1742), second Astronomer Royal of England,
1722-1742, who published the first weather map

Carl-Gustav Arvid Rossby (1898-1957), Swedish meteorologist and a
student of Bjerknes

THE TRADE WINDS

Many astute fifteenth century European navigators were familiar with
the overall westerly winds of the midlatitudes, the easterly winds of the
lower latitudes, and the doldrums of the equatorial regions. Christopher
Columbus first demonstrated the importance of these zonal winds in
transoceanic travel. Instead of sailing west from the Iberian Peninsula, he
first sailed the three Spanish ships under his command south to the Canary
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A weather satellite image of
the Earth showing atmospheric
circulation and weather fronts.
(NASA/GSFC)

Islands before crossing the Atlantic in 1492. Then he made use of a brisk
tailwind to sail from the Canary Islands to the Bahamas in thirty-six days.
This southerly route allowed Columbus to cross the Atlantic sailing within
the low-latitude easterlies, and he is thus frequently credited with having
“discovered” the trade winds. Columbus returned to Europe at higher lati-
tude, stopping at the Azores as he sailed in the favorable westerlies.

In the sixteenth century, the easterly trade winds in the low latitudes
north and south of the equator became the preferred engine between Eu-
rope and the Western Hemisphere. There was a consensus that these
winds arose as the Earth rotated from west to east, but many mathemati-
cians and astronomers realized that the Earth’s rotation was insufficient to
power the trade winds. British scientists became interested in providing a
solid scientific explanation for these winds, and in 1686 Edmond Halley
published a study of the trade winds in the Royal Society’s Philosophical
Transactions. He stated that solar heating was responsible for atmospheric
circulation and, in the first weather map published, showed average winds
over the oceans.

SYMMETRICAL CIRCULATION

George Hadley, a barrister by training and brother of the astronomer
John Hadley, became interested in weather phenomena and in providing a
scientific explanation of the midlatitude westerlies and the easterly low-
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latitude trade winds. Hadley realized that the trade winds could be ex-
plained only using a rotating coordinate system under the influence of so-
lar heating. Hadley used Halley’s work on trade winds as a starting point
and concluded that solar heating of the atmosphere is at its maximum at
the equator, causing warm equatorial air to rise at low latitudes and move
poleward aloft. Upward air movement occurs in the doldrums, and cooler
surface air is constantly moved eastward toward the equator to be warmed.
(This explanation only roughly conserves angular momentum.) Hadley
envisioned this atmospheric circulation system as zonally symmetric, with
the Northern and Southern Hemispheres having mirror-image latitudinal
wind systems.

Hadley’s explanation of the trade winds was generally accepted when
he presented his work to the Royal Society in London in 1735. About fifty
years later, Hadley’s explanation had been forgotten, and John Dalton and
Immanuel Kant independently proposed explanations similar to Hadley’s.
Eventually meteorologists determined that Hadley’s assumption of con-
servation of velocity instead of conservation of angular momentum was
incorrect.

TaE Coriovris EFFeCT

A century after Hadley advanced his explanation for the trade winds,
Gustave-Gaspard de Coriolis explained mathematically the apparent de-
flection (commonly referred to as the Coriolis effect) of winds to the right
in the Northern Hemisphere and the left in the Southern Hemisphere. The
amount of deflection is a function of wind speed and latitude; the Coriolis
effect is zero at the equator.

ImpacT

Sailing ships gave way to steam-powered vessels, lessening the impor-
tance of the trade winds to commerce. By the mid-1850"s, American meteo-
rologists William Ferrel and Matthew Maury and the British mathemati-
cian James Thomson all independently proposed a three-cell meridional
circulation structure in each hemisphere. This concept maintained the low-
latitude Hadley cell, with the midlatitude cell being called a Ferrel cell. The
Ferrel cell was envisioned to have a rising motion at about 60° latitude. The
Hadley cell was still credited with supplying a westerly momentum to the
midlatitudes. This structure (even when known to be scientifically inaccu-
rate) continued to be used as a simplistic illustration of the global atmo-
spheric circulation through most of the twentieth century.
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With the proliferation of meteorological observations in the centuries
following Hadley’s work, atmospheric circulation was determined not to
be zonally symmetric. Even though it was obvious that the trade winds
were adequately described by zonal averages, observations had clearly es-
tablished that large departures from zonal means were common. These
departures were called “eddies” by scientists. In 1937, the Norwegian me-
teorologist Vilhelm Bjerknes suggested that a Ferrel-Thomson three-cell
circulation was feasible only if the atmosphere had no eddies. Subsequent
research into the general circulation of the atmosphere has concentrated on
how eddies arise and propagate.

With the growth of observational meteorology in the late nineteenth
century and satellite meteorology in the twentieth century, scientific un-
derstanding of the atmospheric circulation patterns grew. Investigation of
atmospheric instabilities using data from upper-air observations collected
by radiosondes (“weather balloons”) and aircraft revealed the existence of
large waves in the atmosphere arising from a wide variety of causes, in-
cluding thermal and gravitational forcing.

Satellite imagery clearly defines the region where the trade winds con-
verge. Viewed from space over the oceans, this convergence is visible as a
band of clouds caused by thunderstorm activity. This band of cloudiness
arises in the region where Hadley concluded that warm, moist air ascends
and is now known as the Intertropical Convergence Zone, or ITCZ. The
northern and southern borders of the trade winds, where air descends
from aloft, are found roughly at 30° north and 30° south of the equator and
are seen in satellite imagery as cloud-free areas.

By the late twentieth century, zonally averaged atmospheric circulation
was accepted as a convenient “subset” of the total atmospheric circulation.
The term Hadley cell continues to be commonly used to refer to the zonally
averaged low-latitude winds. With increased mathematical knowledge
and the development of high-speed computers in the late twentieth cen-
tury, numerical modeling of atmospheric dynamical processes became
possible. A student of Bjerknes, Carl-Gustav Rossby, was among the first
to work on numerical models of the general circulation soon after comput-
ers were invented.

See also Atmospheric Pressure; Chaotic Systems; Weather Fronts.
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ATMOSPHERIC PRESSURE

THE ScieENcE: Evangelista Torricelli was first to offer a clear definition of
the fundamental concept of “atmospheric pressure,” confirming that air
has weight. His work supported Galileo’s idea that the Earth could
move through space without losing its atmosphere, and he also noted
the day-to-day variation in the height of mercury in a column, thus initi-
ating the scientific study of meteorology.

THE SCIENTISTS:

Evangelista Torricelli (1608-1647), Italian mathematician and physicist

Galileo Galilei (1564-1642), Italian physicist and astronomer

Benedetto Castelli (1577 /1578-1643), student of Galileo and teacher of
Torricelli

Blaise Pascal (1623-1662), French philosopher, mathematician, and
physicist

Otto von Guericke (1602-1686), German engineer

Robert Boyle (1627-1691), Irish physicist

Robert Hooke (1635-1703), English experimenter and associate of
Boyle

HEIR TO GALILEO

Evangelista Torricelli studied the work of Galileo in Rome as a student
of Benedetto Castelli, Galileo’s favorite student, who recommended him to
Galileo. Torricelli invented the mercury barometer two years after serving
as Galileo’s secretary and assistant for the last three months of his long life.
After Galileo died, Grand Duke Ferdinand II de” Medici of Tuscany ap-
pointed Torricelli to succeed Galileo as court mathematician at the Floren-
tine Academy.

The invention of the mercury barometer followed a question raised by
Galileo, who was curious why the grand duke’s pump makers could raise
water by suction to a height of only 34 feet. Ironically, Galileo had ap-



40 / Atmospheric Pressure

pealed to the Scholastic idea that “nature abhors a vacuum” to suggest that
the “horror” extends to only about 34 feet. It occurred to Torricelli that Ga-
lileo’s concept of gravity—applied to air—was the true explanation, sug-
gesting that the weight of the air raises the water being pumped. He pro-
posed that humans live at the bottom of a “sea of air,” which extends up
some 50 miles.

To test this idea, Torricelli sealed one end of a 40-inch glass tube and
filled it with mercury. When he inverted the tube with the open end in a
bowl of mercury, the column did not empty completely, but instead fell to
a height of only about 30 inches. Torricelli maintained that this 30-inch col-
umn of mercury, weighing about the same as 34 feet of water in a column
of the same diameter, is held up by the weight of the air.

Torricelli expected this result because he knew that mercury is 13.6
times heavier than water and, thus, 34 feet of water divided by 13.6
matches the 30 inches of mercury needed to counterbalance the weight of
the air. Since a 30-inch column of mercury with one square inch of cross-
sectional area weighs about 15 pounds, the air pressure is about 15 pounds
per square inch, or 2,100 pounds per square foot at sea level. Torricelli also
observed that the height of the mercury column varied from day to day be-
cause of changes in atmospheric pressure. These ideas later became impor-
tant in the development of meteorology and of the steam engine.

Torricelli maintained that the space above the mercury column is a vac-
uum, contrary to the Scholastic opinion of the day, which held to Aris-
totle’s argument that a void is logically impossible. The “Torricellian vac-
uum” was the first sustained vacuum. Torricelli’'s demonstration of two
concepts—that a vacuum can exist and that the sea of air is held to the
Earth by provided critical support to the idea that the Earth moves through
the vacuum of space.

The first description of the mercury barometer was in a letter that
Torricelli wrote on June 11, 1644, to his friend Michelangelo Ricci in Rome,
a fellow student of Castelli. (Torricelli’s letters on atmospheric pressure are
translated into English in a volume of his Collected Works.) Later in 1644, he
published in Florence his Opera geometrica (geometric works), which in-
cluded original geometric theorems on the cycloid, his studies on projec-
tile motion, and his work on fluids that led to his equation, known as
Torricelli’s law, to determine the speed of fluid flow from an opening in a
vessel.

Torricelli died of typhoid fever on October 25, 1647, at the young age of
thirty-nine. He is honored in low-pressure research by the unit for pressure
called the torr, equivalent to the pressure of one millimeter of mercury.
Standard atmospheric pressure is defined as 760 torrs (76 cm of mercury).
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PascAL’s EXPERIMENT

Torricelli’s ideas on atmospheric pressure and the vacuum were
quickly confirmed and extended by other experimenters. In France, Blaise
Pascal recognized that if air has weight, it should diminish with altitude. In
1646, he engaged his brother-in-law to climb the Puy-de-Déme with a mer-
cury barometer, finding that the mercury level dropped from its sea-level
value of 76 centimeters to about 70 centimeters at a height of about one
mile. In addition to inventing this altimeter concept, he suggested using
the barometer to predict weather after noting that stormy conditions were
usually preceded by falling air pressure.

In a famous experiment, Pascal refuted the idea that the mercury col-
umn is held up by vapor at the top of the column, thereby preventing a vac-
uum. He repeated Torricelli’s experiment with red wine in a 14-meter tube.
If the gap at the top of the column indeed were made of vapor instead of
being a vacuum, then the volatile wine should fall lower than water; but if
it were a vacuum, the lower-density wine should fall less than water to bal-
ance the weight of the air, as was observed. Pascal is honored by the Inter-
national System of Units and the meter-kilogram-second (MKS) system for
pressure called the Pascal.

ImpacCT

Torricelli’s invention of the mercury barometer introduced the concept
of “air pressure” and demonstrated the existence of a vacuum. His ideas
solved one of the problems raised by the Copernican theory and Galileo’s
emphasis on a moving Earth: If the Earth is in motion, it must carry its “sea
of air” with it. Gravity acting on the air and producing air pressure holds
the air in its place around the Earth, and the surrounding space must be a
vacuum if the atmosphere is not to be stripped away.

The ideas of “air pressure” and “the vacuum” led to the invention of the
air pump in 1650 by the German engineer Otto von Guericke, the burgo-
master of Magdeburg. He showed that a close-fitting piston in an evacu-
ated cylinder could not be removed by the effort of twenty men. In 1654, he
gave a public demonstration of the power of a vacuum by evacuating two
large metal hemispheres fitted together along a greased flange. Air pres-
sure held these “Magdeburg hemispheres” together so tightly that even a
team of sixteen horses could not pull them apart.

At Oxford University in England, Robert Boyle engaged Robert Hooke
in 1657 to build an improved version of the air pump, and together they be-
gan to experiment with reduced air pressures. They showed that a ringing
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bell produced no sound in a vacuum and that a feather and lead ball fall at
the same rate in an evacuated jar. In his first scientific work, New Experi-
ments Physico-Mechanicall, Touching the Spring of the Air and Its Effects (1660),
Boyle described his experiments in both physics and the physiology of res-
piration. By gradually exhausting the air in a jar containing a mouse and a
candle, he observed the resulting expiration of the candle at about the
same time as the mouse.

In 1662, Boyle found the pressure-volume law now known by his name.
He showed that the volume of a gas is inversely proportional to the ap-
plied pressure. The same law was discovered independently several years
later by the French physicist Edmé Mariotte, who, in his Discours de la na-
ture de I'air (1676; discourse on the nature of air), was the first to coin the
word “barometer.”

See also Atmospheric Circulation; Chaotic Systems; Weather Fronts.
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ATtomic NUCLEUS

THE SciENCE: Ernest Rutherford discovered the nucleus of the atom during
experiments with radioactive elements. In the process, he deduced the
true, divisible nature of the atom.



Atomic Nucleus / 43

THE SCIENTISTS:

Ernest Rutherford (1871-1937), English physicist who won the 1908
Nobel Prize in Chemistry

Sir Joseph John Thomson (1856-1940), English physicist who won the
1906 Nobel Prize in Physics

Hans Geiger (1882-1945), German physicist

Ernest Marsden (1888-1970), Rutherford’s assistant

Niels Bohr (1885-1962), Danish physicist who won the 1922 Nobel
Prize in Physics

FroM PHILOSOPHY TO SCIENCE

Until the beginning of the twentieth century, nearly all atomic theory
had come straight from philosophers. The early Greeks assumed that one
could divide matter no farther than into tiny particles they called atomos,
meaning indivisible. In English, atomos became “atom.” Atomic theory
was made more or less respectable by the British physicist and chemist
Robert Boyle in the seventeenth century, but from a modern perspective it
was still philosophy without hard scientific evidence.

On April 29, 1897, atomic science was transformed from philosophy to
hard science. That evening, Sir Joseph John Thomson announced that he
had discovered tiny subatomic particles, which he called “corpuscles,”
that were much smaller than the atom. They were later renamed “elec-
trons.” Thomson’s discovery confirmed not only that atoms existed but
also that they were probably made up of even smaller particles. According
to Thomson'’s theory, the atom comprised a positively charged, fluidized
interior of great volume and tiny, negatively charged electrons enclosed in
the fluid. Thomson described the aggregate as similar to “plum pudding.”

In 1907, Ernest Rutherford accepted a position at Manchester, England.
He had been experimenting with the particles that appeared to emanate
from the radioactive atom. These efforts had been narrowed to a series of
experiments that he hoped would finally identify these particles and their
nature. Assisting him were Hans Geiger and an undergraduate student
named Ernest Marsden.

Enough data from Thomson’s work had filtered in that Rutherford and
his assistants knew that the electron was a piece of the atom and that it was
both lighter and smaller than the whole atom. They also knew its charge
was negative; whatever was left of the atom had to be much heavier and
have a net positive charge. Yet the particles that were emitted by the radio-
active material Rutherford was examining—called alpha particles—were
much heavier than electrons but still smaller than a whole atom. The ques-



44 /  Atomic Nucleus

tion that perplexed Rutherford was whether, like the electron, these were
also a part of the atom.

THROWING OUT THE “PLUM PUDDING”

The experimental apparatus that Rutherford set up was quite simple
compared with the multimillion-dollar devices used by physicists a cen-
tury later. It consisted of a glass tube that held an alpha particle emitter at
one end. At the other end was a target of gold foil and beyond that a fluo-
rescent screen that acted as the detector.

The theory behind Rutherford’s experiments was that the alpha particle
from the radioactive element would race down the tube from its source
and strike the atoms in the gold foil. If the atoms were made up of Thom-
son’s “plum pudding,” then as the massive alpha particle struck the elec-
trons, they would be deflected
Atomic NUCLEI only slightly or not at all. By mea-
suring where the tiny blips of
Hydrogen: light struck the gold foil, Ruther-
Nucleus is a single proton ford could calculate the angle of
deflection and indirectly deter-
Electron mine the mass of whatever the
alpha particle had struck on its
Proton way down the tube. He reasoned
that the deflections of the more
massive alpha particles striking
tiny electrons would be minimal,
Lithium: but that if, by the most bizarre of
Nucleus is 3 protons, 4 neutrons circumstances, one of these par-
Electrons ticles should encounter a series
of electrons on its way through
an atom, the deflection might reg-
ister as much as 45°.

The experiments began in 1910
with Geiger assisting Marsden,
counting the almost invisible
flashes of light on the fluorescent
screen through a magnifying lens
in a completely blackened labo-
ratory. They immediately found
Nucleus an astonishing effect. One out of
about eight thousand alpha par-
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ERNEST RUTHERFORD, MODERN ALCHEMIST

Born to a rural New Zealand family with twelve children, Ernest
Rutherford depended on scholarships to pay for his education. He
won many, finally reaching the prestigious Caven-
dish Laboratory in Cambridge, England, in 1895.

There he worked alongside such eminent scientists
as James Clerk Maxwell, John William Rayleigh, and
his mentor J. J. Thomson.

It was the era when X rays were discovered, a sci-
entific development that was to point the way to
Rutherford’s future work. His discovery of a curious
“emanation” from thorium (radioactivity) was over-
shadowed by the discovery of radium by Iréne and
Frédéric Joliot-Curie, who were credited with the
discovery of radioactivity. However, Rutherford and
chemist Frederick Soddy recognized that radiation
arose from the transformation of one element into
another—an outrageous suggestion, with overtones
of alchemy, but soon accepted by the scientific community. In 1908,
Rutherford was awarded the Nobel Prize in Chemistry for his work on
radioactivity.

By 1914 Rutherford had achieved international standing and was
honored at home by a knighthood. He next began to use radioactivity
to determine the nature of the atom itself. Max Planck and Neils Bohr
separately pushed out the theoretical boundaries of atomic physics
into quantum mechanics; Rutherford and his colleagues supplied the
experimental verifications. When Rutherford smashed the atom in
1917 and the predicted particles were emitted, Bohr’s theory was dem-
onstrated beyond doubt. During this period World War I was raging,
and Rutherford was called to discover ways of detecting submarines
under water, concentrating on sonic methods. His talent for diplomacy
was engaged to construct a team of scientists and naval officers to
work together under difficult and sometimes hostile circumstances. In
1919, Thomson resigned as head of the Cavendish Laboratory and
Rutherford was asked to take his place. Under his direction, the Caven-
dish led the world in atomic physics, and in 1925 he was elected presi-
dent of the Royal Society.

Perhaps the greatest tribute to Rutherford’s character and convic-
tions can be seen in his efforts on behalf of those living under totalitar-
ian regimes. In the 1930’s, when many Jewish scientists had to flee
from Nazi Germany, Rutherford became their champion. He enabled
the Nobel Prize winner Max Born to work at the Cavendish, and he
worked tirelessly on behalf of the brilliant Soviet physicist Peter
Kapitsa when he was detained in Leningrad. For Rutherford, science
was an international pursuit without geographical boundaries.

/ 45
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ticles was deflected at an angle, varying from greater than 45° to 180°.

It was obvious to Rutherford that plum pudding could never account
for such wild deflections. He considered that perhaps the nucleus held a
charge vastly greater than any hypothesized and that the alpha particle
was being whipped around the interior of the atom like a comet tossed
back into the deep solar system by the Sun.

The only other plausible explanation, which Rutherford eventually ac-
cepted, was that the atom contained a tiny, pinpoint nucleus that occupied
only a minuscule portion of the total volume of the atom but, at the same
time, itself contained nearly all the atom’s mass. The electrons, he sup-
posed, orbited like tiny, flyweight particles at huge distances from the
densely packed core. On March 7, 1912, Rutherford presented his theory at
the Manchester Literary and Philosophical Society.

Rutherford had the correct idea of the nucleus. Electrons do not “orbit” in
the classical sense, however; they “exist” in a quantum state, as Niels Bohr
would later prove. In the process, Bohr would change the face of physics.
Rutherford’s discovery would be the last major finding of classical physics.
By 1913, Rutherford’s vision would be replaced by Boht’s quantum view.

ImpracT

From the time of classical Greece, people had viewed matter as made
up of tiny, indivisible particles. The notion was nothing more than an edu-
cated guess. It held through thousands of years not because of its inherent
accuracy but because it was a useful paradigm and because of the lack of
technology to prove otherwise. This idea became so firmly implanted that
it became a kind of theology of reason without implicit cause. When Ruth-
erford proved the notion of the indivisible atom wrong, he was met with
immediate disbelief. At least Thomson’s atom had substance; according to
Rutherford, atoms were made up mostly of space.

Bohr would soon redefine the atom in new and innovative terms. Bohr
described everything equal in size or smaller than the atom in terms of
quantum mechanics, which deals with the interaction of matter and radia-
tion, atomic structure, and so forth. Rutherford explored as deeply inside
the atom as one could go within the framework of knowledge current at
that time. A new science had to be developed to go even deeper. Quantum
mechanics would join with Albert Einstein’s work on relativity to reorder
physics and redefine the nature of all matter and energy.

See also Atomic Structure; Atomic Theory of Matter; Compton Effect;
Electrons; Isotopes; Neutrons; Nuclear Fission; Quarks.
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ATOMIC STRUCTURE

THE Science: Niels Bohr applied Max Planck’s quantum theory to Ernest
Rutherford’s nuclear model of the atom, providing a theoretical expla-
nation for a large number of atomic phenomena.

THE SCIENTISTS:
Niels Bohr (1885-1962), Danish physicist
Ernest Rutherford (1871-1937), founder of nuclear physics
Sir Joseph John Thomson (1856-1940), discoverer of the electron

EARLY MODELS OF THE ATOM

At the beginning of the twentieth century, physicists were learning
about the structure of the atom. In 1897, Sir Joseph John Thomson had dis-
covered the part of the atom that became known as the electron, and he de-
veloped a model of the atom. It consisted of a central sphere, or “nucleus,”
that carried a positive electrical charge; around this sphere orbited the elec-
trons, which carried a negative charge. All the electrons traveled in the
same planar “shell”; moreover, the electrons accounted for a large portion
of the atom’s mass. At the time, this model was accepted by most scientists.



48 / Atomic Structure

In 1911, both Niels Bohr and Thomson were at Cambridge University,
where Bohr was completing his doctoral dissertation on the electron the-
ory of metals. Bohr then went to Manchester, where he joined Ernest Ruth-
erford, who had recently proposed a different model of the atom—one in
which the positively charged nucleus was much smaller than the atom as a
whole. At the same time, even though the size of this nucleus was very
small, its mass was very great. There appeared to be a problem with
Rutherford’s model, however: It was not stable according to the laws of
physics that were known at that time, which were governed by Sir Isaac
Newton’s laws of mechanics.

BoHR’Ss MODEL: STATIONARY ORBITS

Bohr became interested in this problem after reading a paper by Charles
Galton Darwin and noticing some errors in it. Because classical mechanics
could not explain how the atom could remain stable, Bohr decided to turn
to Max Planck’s quantum theory. He assumed that an electron must have a
certain, exact amount of energy

in order to maintain a stable orbit BOHR’S MODEL OF THE ATOM
around a nucleus. This amount
of energy, which was defined by Photon (energy)

a ratio discovered by Planck, is
called Planck’s constant. Bohr
called such stable orbits “station-
ary states.”

This theory allowed Bohr to | Electron
explain the relationship of many
different chemical elements to one
another and to position them on
the periodic table of elements. He
suggested that the radioactive
properties of an element (which
determine how unstable it is) de-
pend on the atom’s nucleus, and
the chemical properties of an ele-
ment (which determine how it
combines with other elements to
form mOIeCUIeS’ for example) de- In Bohr’s model of the atom, electrons orbit the nu-
pend on the number of electrons cleus in discrete energy states. When an electron
in the atom. Bohr also considered  moves from a higher-energy orbit to a lower-energy
how atoms would actin different  orbit, the extra energy is released as a photon of light.
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energy states and explained some
of the phenomena that had been
observed concerning the spectral
lines emitted by atoms.

Bohr discovered that electrons
could travel in various stable or-
bits, or stationary states, around
an atomic nucleus, not only in
a single stable orbit, as Thomson
had thought. It was possible for an
electron to move from a higher-
energy orbit farther from the nu-
cleus to alower-energy orbit closer
to the nucleus, or vice versa. The
electron could move to a higher-
energy orbit if it received energy
from outside the atom, and it

Niels Bohr. (The Nobel Foundation) could move to alower-energy or-

bit if it gave off energy. The en-

ergy given off or received by the electron could be seen as a “spectral line,”

a light or dark line in the spectrum of light given off by the atom. Such a

line would be either an “absorption line” (if the electron received the en-
ergy) or an “emission line” (if the electron gave off the energy).

Bohr presented his ideas about the atom in a trilogy of papers published
over the course of the year 1913. Reactions were mixed, because most
physicists at the time still doubted that Planck’s quantum theory could
have any effects on observed physical phenomena. This changed, how-
ever, when Bohr’s theory began to explain the details of the spectra emitted
by atoms, which had not been satisfactorily explained before. More physi-
cists began to accept the new atomic model.

ImpACT

One part of Bohr’s theory, called the “correspondence principle,” be-
came especially important in the overall development of quantum theory,
which in turn shaped all of modern physics. According to the correspon-
dence principle, the results of quantum mechanics do not conflict with
those of classical mechanics in the realm of physical phenomena, where
classical laws are valid. Bohr’s original theory was therefore extended to
other areas of physics.

Bohr’s theory was able to make remarkably accurate predictions for at-
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oms with a single electron; it was less reliable, however, when it was ap-
plied to atoms with more than one electron. In 1920, Bohr focused on this
problem and presented an improved and consistent theory.

Bohr’s groundbreaking trilogy of 1913, although flawed, paved the way
for quantum mechanics, which would ultimately dominate twentieth cen-
tury physics. Bohr himself not only continued to contribute to physics but
also educated a new generation of physicists who went on to develop
quantum mechanics. Although he never became as famous as Albert Ein-
stein, his work is among the most important in the history of physics.

See also Atomic Nucleus; Atomic Theory of Matter; Compton Effect;
Electrons; Isotopes; Neutrons; Nuclear Fission; Quarks.
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AToMIC THEORY OF MATTER

TrE Science: The formulation of the atomic theory of matter and the first
tabulation of atomic weights by John Dalton had a profound effect on
the development of chemistry and established the basis for quantitative
chemistry.

THE SCIENTISTS:
John Dalton (1766-1844), English chemist and meteorologist
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Thomas Thomson (1773-1852), Scottish chemist and medical doctor
Antoine-Laurent Lavoisier (1743-1794), French chemist

Joseph-Louis Proust (1755-1826), French chemist

Jons Jakob Berzelius (1779-1848), Swedish chemist

Joseph Louis Gay-Lussac (1778-1850), French chemist and physicist

Atomic Mass

In 1803, John Dalton wrote a classic paper titled “The Absorption of
Gases by Water and Other Liquids,” which was published in 1805. Near the
end of the paper, he proposed an atomic theory of matter that also included
the first published tabulation of atomic weights. His concept of atoms was
directly related to the measurable property of mass. He had determined the
relative weights of a number of atoms from chemical analyses that were
available for water, ammonia, carbon dioxide, and a few other substances.

Dalton assumed that chemical combination always occurred in the sim-
plest way possible with the smallest number of atoms. This insight led him
to the principle that particles of different mass can combine chemically. It
also led him to assume, incorrectly, that only one atom of hydrogen com-
bines with oxygen to form water. As a result, he concluded that oxygen at-
oms weighed eight times as much as hydrogen atoms.

Experiments conducted later by Joseph Gay-Lussac showed that two at-
oms of hydrogen combine with oxygen to form water, which required a
change in Dalton’s table of atomic weights. Since Dalton was a very inde-
pendent scientist who feared that others might misguide him in his re-
search, he was reluctant to accept the findings of Gay-Lussac.

Dalton continued the development of his atomic theory of matter in a
series of lectures that he presented in London in 1803, in Manchester, En-
gland, in 1805, and in Edinburgh, Scotland, in 1807. The motivation that led
Dalton to his atomic theory was discovered by chemist Henry Roscoe after
Dalton’s death. Roscoe carefully studied Dalton’s notebooks and concluded
that Dalton had formulated his atomic theory of matter from his observa-
tions that gases with different densities mix together instead of separating
into layers. It was also motivated by an idea proposed by Joseph Proust in
1800 that elements combine in definite proportions to form compounds.

Proust’s concept enabled Dalton to associate the idea of an atom with
the concept of an element. Although Dalton’s scientific experiments were
carried out with crude, homemade experimental equipment that produced
rather imprecise data, they were of high enough quality to provide the nec-
essary clues that Dalton’s creative mind needed to formulate the explana-
tion for the observed data. However, because of the many revisions that
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Dalton made in his lab notebooks, as well as the lack of dates on many of
the pages, it is almost impossible to determine the exact time when he for-
mulated the atomic theory of matter.

F1ve Basic PRINCIPLES

In 1808, Dalton published the details of his atomic theory in New System
of Chemical Philosophy. His atomic theory can be summarized by five basic
statements:

(1) All matter is composed of small particles called atoms.

(2) Atoms are the smallest entities that make up matter. They cannot be sub-
divided, created, or destroyed.

(3) The atoms of a specific element are identical in size, mass, and all other
properties. The atoms that make up different elements differ in size,
mass, and other properties.

(4) The atoms of different elements can combine in simple, whole-number
ratios to form chemical compounds.

(5) Atoms are combined, separated, or rearranged in chemical reactions.

Dalton defined an element to be a substance composed of only one kind of
atom. His theory provided a natural way to represent chemical com-
pounds. After inventing a set of elemental symbols, he used them to com-
bine different elements to provide schematic representations of what he
believed were the molecular structures of a variety of compounds.

Dalton constructed the first periodic table of elements. He used letters
and symbols arranged inside of circles for his scheme. Later, Jons Jakob
Berzelius pointed out that the circles were not needed and recommended
the one- or two-letter symbols currently used in the periodic table of ele-
ments.

ImpACT

Although Dalton’s atomic theory did not initially attract much atten-
tion from other scientists, his publication of New System of Chemical Philoso-
phy (1808), along with Thomas Thomson’s A System of Chemistry (1807),
stirred great interest in Dalton’s theory. The atomic theory of matter al-
lowed Dalton and others to explain many principles of chemistry with
simplicity. Dalton’s theory explained the fact that mass can be neither be
created nor destroyed in chemical or physical reactions. This is known as
the law of conservation of mass, a principle first discovered by Antoine-
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Laurent Lavoisier around 1789. Dalton’s theory also explained the law of
definite proportions, which states that every chemical compound has a
definite composition by mass. The amounts of products and reactants in
any particular chemical reaction always occur in the same definite propor-
tions by volume of gases or by numbers of molecules.

JoHN DALTON: FROM ATMOSPHERE TO ATOM

From the time that he was a young boy, John Dalton showed a keen
interest in scientific observations. A poor, mostly self-taught individ-
ual, Dalton developed an intuitive ability to formulate a theory that
could explain a collection of data. Between 1787 and 1844, he kept a
daily record of the weather, recording more than two hundred thou-
sand meteorological observations in his notebooks.
This interest led him to investigate the composi-
tion and properties of gases in the atmosphere.
He realized that water could exist as a gas that
mixed with air and occupied the same space as air.

Dalton was deeply influenced by the British
tradition of popular Newtonianism, a way of vi-
sualizing the world through the internal makeup
of matter and the operation of short-range forces.
Sir Isaac Newton had shown that these forces
could be described mathematically. Dalton was
also interested in scientific applications: barome-
ters, thermometers, rain gauges, and hygrome-
ters. He wrote essays on trade winds, proposed a
theory of the aurora borealis, and advanced a the-
ory of rain. His meteorological investigations caused him to wonder
how the gases in the air were held together: Were they chemically
united, or were they physically mixed together just as sand and stones
were in the earth? He concluded that gases, composed of particles,
were physically mixed together, and this led him to deduce that in a
mixture of gases at the same temperature, every gas acts indepen-
dently (Dalton’s law of partial pressures).

It is ironic that in trying to provide a proof for his physical ideas,
Dalton discovered the chemical atomic theory. What started as an in-
terest in meteorology ended up as a new approach to chemistry. When
he published his table of atomic weights in a Manchester journal, his
theory initially provoked little reaction, and Humphry Davy at the
Royal Institution rejected Dalton’s ideas as mere trivial speculations.
Dalton persevered, and in 1804 he worked out the formulas for differ-
ent hydrocarbons. By 1808, he had published the first part of his sys-
tem of “chemical philosophy.” With this publication, the chemical
atomic theory was launched.

(Library of Congress)
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In the latter part of 1808, Dalton once again concentrated his efforts on
meteorological research and associated investigations. He also frequently
defended his atomic theory of matter in private conversations and in scien-
tific meetings. Since he pictured atoms as hard, indivisible spheres, his the-
ory provided no insight into the structure of atom or its components; con-
sequently, the theory cast no light on the way atoms of different elements
can bond together. Dalton’s theory, however, laid the foundation for other
scientists to pursue and eventually explain these phenomena.

John Dalton is referred to as the father of modern atomic theory. Until
Dalton proposed the atomic theory of matter, the concept of atoms that
was originally stated by Leucippus and Democritus in the fourth century
B.C.E. remained a very simplistic idea. Dalton’s atomic theory provided
chemists with a new, enormously fruitful model of reality. It led to two
fundamental laws of nature—the law of conservation of mass and the law
of definite composition—which eventually led to the periodic table of ele-
ments. In addition, his theory of the existence of atoms led to the explana-
tion of many confirmed experimental results.

Nevertheless, Dalton’s theory is still used to explain the properties of
many chemicals and compounds today. His theory has been expanded to
explain new observations, including the existence of elementary particles
that make up the internal structure of atoms and the existence of isotopes
of atoms. A variety of isotopes can be used to trace the various steps in
chemical reactions and metabolic processes in the human body. Tracer
techniques have proven invaluable in the clinical diagnosis of many disor-
ders in the body.

Because Dalton’s theory formed the foundation for the science of chem-
istry, Dalton is also considered to be the father of modern chemistry (al-
though Lavoisier also vies for that distinction). Dalton’s atomic theory has
led to many significant applications, including the development of the best
model of the atom, the description of different phases of matter, the har-
nessing of atomic energy, the development of atomic weapons, the quanti-
tative explanation of chemical reactions, and the chemistry of life. Dalton’s
theory established the framework for the development of biochemistry
and the understanding of the bonding of carbon atoms to form chains and
branching structures that are essential in the formation of sugars, fatty ac-
ids, nucleic acids, carbohydrates, proteins, and other molecular structures
on which life is based.

See also Atomic Nucleus; Atomic Structure; Atomic Theory of Matter;
Compton Effect; Electrons; Isotopes; Neutrons; Nuclear Fission; Quarks.
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Australopithecus

THE ScieNcE: Raymond Dart discovered the first australopithecine, or link
between ape and human, cast in limestone recovered from a quarry in
Taung, South Africa.

THE SCIENTISTS:
Raymond Arthur Dart (1893-1988), anatomist who discovered the first
“missing link” between apes and humankind
Robert Broom (1866-1951), Scottish physician

Earry HoMmiNiD FINDS

In 1871, Charles Darwin suggested in The Descent of Man and Selection in
Relation to Sex that it was quite likely that Africa would prove to be the con-
tinent where humankind first appeared. Darwin’s suggestion was to be-
come the center of a debate that greatly influenced the field of paleoan-
thropology. He made his suggestion despite the fact that the only human
fossils known at the time had been found in Europe; for example, the first
paleontological human remains were those of Neanderthal man, found in
Germany in 1856. Indeed, the first hominid remains discovered outside
Europe were those from Java found in 1891 by Eugéne Dubois, which
prompted Western scientists to believe that humans first appeared in Asia,
not Africa. Dubois’s find, better known as Java man, has since been reclas-
sified into the genus and species Homo erectus.

In 1907, a fossil known as the Heidelberg man was discovered in Ger-
many. The next hominid remains believed to be of major significance were
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those found by Charles Dawson in 1911 in Sussex in southern England.
This fossil was placed into a new genus and species known as Eoanthropus
dawsoni, meaning “Dawson’s dawn man.” The fossil is perhaps best
known as Piltdown man. While most fossil discoveries that are given a
new name create controversy, this was not true of Dawson’s find, because
it looked the way most anthropologists of the time thought it should. In
other words, the cranium was large and modern-looking, and the face was
primitive and apelike. At the time, it was widely believed that intellect was
an important step in the evolution between humans and apes, an idea sup-
ported by the large cranium. Additionally, since a human ancestor would
need to possess some primitive traits, these might be found in the face and
lower jaw.

TauNG BaBY

In 1924, Raymond Arthur Dart was a young professor of anatomy in his
second year of teaching in the Medical School at the University of Witwa-
tersrand in Johannesburg, South Africa. Early during that summer, a fos-
sil was brought to him from the Taung quarry by a student, Josephine
Salmons. While Dart determined that the fossil was that of a previously
found extinct form of baboon, it prompted his interest in the limestone
quarry at Taung. He made arrangements to receive any other fossils the
workers might find in the quarry, and he later received some boxes from
Taung that contained more fossils. In one box was an unusual endocast, or
fossilized cast, representing the interior of a cranium, notable for its size
and unique structure. Dart recognized the anatomy as that of a higher pri-
mate, but unlike that of any living ape by virtue of its increased size. Also
included was a single large fragment of a fossilized facial skeleton. The
endocast and face were portions of the same animal. To Dart, the remains
revealed a never-before-seen combination of traits, suggesting an anthro-
poid halfway between man and ape.

In February, 1925, Dart introduced his find to the scientific community
with a brief article in the British journal Nature. He described the fossil as a
juvenile member of a new genus, Australopithecus, and new species, afri-
canus. Australo means “of the Southern Hemisphere,” pithecus means “sim-
ian” or “apelike,” and africanus means “of Africa.” Thus, Australopithecus
africanus literally means “the South African ape.”

Except for Robert Broom, a Scottish physician who had become a well-
known paleontologist as a result of his South African discoveries bridging
the gap between reptiles and mammals, the scientific community immedi-
ately opposed the acceptance of Dart’s discovery. A major criticism was re-
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A GI1rT BEFORE THE WEDDING

On a Saturday afternoon in 1924, Raymond Dart was dressing for a wed-
ding reception when he received a shipment of fossils from Taung and decided
to take a peek before leaving:

... a thrill of excitement shot through me. On the very top of the rock
heap was what was undoubtedly an endocranial cast or mold of the
interior of the skull. Had it been only the fossilised
brain cast of any species of ape it would have
ranked as a great discovery, for such a thing had
never before been reported. But I knew at a glance
that what lay in my hands was no ordinary anthro-
poidal brain. Here in lime-consolidated sand was
the replica of a brain three times as large as that of a
baboon and considerably bigger than that of an
adult chimpanzee. The startling image of the con-
volutions and furrows of the brain and the blood
vessels of the skull were plainly visible.

It was not big enough for primitive man, but
even for an ape it was a big bulging brain and, most important, the
forebrain was so big and had grown so far backward that it completely
covered the hindbrain.

But was there anywhere among this pile of rocks, a face to fit the
brain? I ransacked feverishly through the boxes. My search was re-
warded, for I found a large stone with a depression into which the cast
fitted perfectly.

I'stood in the shade holding the brain as greedily as any miser hugs
his gold, my mind racing ahead. Here I was certain was one of the most
significant finds ever made in the history of anthropology.

Source: Raymond A. Dart, Adventures with the Missing Link (New York: Harper and
Brothers, 1959).

lated to Dart’s introduction of the new name based on a juvenile specimen.
There was no question that the fossil was that of a juvenile, since the speci-
men retained some of its deciduous, or baby, teeth. As a result, Dart’s dis-
covery has frequently been called Taung child, Taung baby, or Taung boy.
Some critics seized this issue and argued that new names should not be
based on juvenile specimens because dramatic differences between juve-
niles and adults of the same species might exist. Some argued that Dart
may have simply found a juvenile member of an already documented fos-
sil primate. Criticisms also were based on the fact that the discovery was
made in South Africa and not Asia, where the world’s attention had be-
come focused since Dubois’s discovery in 1891. Additionally, Dart’s dis-
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covery possessed a small brain and a relatively modern-looking face and
dentition, unlike Dawson’s Piltdown man.

A NEW SPECIES

By the mid-1950’s, however, the discoveries of adult forms of Australo-
pithecus and other intermediate forms in the same area compelled many of
Dart’s critics to accept his 1924 discovery. Many critics were converted to
Dart’s ideas as a result of the 1947 Pan-African Congress of Prehistory held
in Nairobi, Kenya. The congress, organized by Louis S. B. Leakey, allowed
several widely respected physical anthropologists to examine some of the
early African hominids firsthand.

The last barrier to acceptance was torn down in the early 1950’s. In 1953,
Kenneth Page Oakley and others began a reexamination of Eoanthropus
dawsoni. A new dating technique, fluorine dating, revealed that the cra-
nium was from the late Pleistocene epoch, while the mandible belonged to
a modern orangutan. Both portions had been modified and stained in or-
der to appear as though they had come from the same animal. Piltdown
man was thus exposed as a fraud, and its existence could no longer hinder
the acceptance of the South African australopithecines as the link between
modern Homo sapiens and living apes.

ImpracT

While the limestone and sedimentary contexts from which the South
African fossils were recovered did not lend themselves to accurate geologi-
cal dating, one could suggest that the fossils were from the lower Pleisto-
cene epoch, approximately 1 million years ago. Moreover, the South Afri-
can discoveries led paleoanthropologists to conclude that early hominids
first appeared in a grassland or savannah environment, as opposed to the
tropical forests others were suggesting. In addition, Australopithecus afri-
canus and the remaining australopithecines provided clear evidence that
human ancestors possessed more or less modern jaws and were walking
upright before the expansion of the brain. This idea contradicted the previ-
ous notions about the significance of increased cranial capacity during hu-
man evolution.

Some have called Dart’s discovery of the first Australopithecus one of the
most significant scientific events of the twentieth century. Though such
claims are debatable, there can be little question that the discovery must
rank near the top of any list of important events in the fields of anthropol-
ogy, paleontology, and prehistory.
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See also Cro-Magnon Man; Gran Dolina Boy; Human Evolution;
Langebaan Footprints; Lascaux Cave Paintings; Lucy; Neanderthals; Pe-
king Man; Qafzeh Hominids; Zinjanthropus.
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AxiomMm orF CHOICE

THE SciENCE: Beppo Levi acknowledged and criticized the axiom of choice
in set theory and attempted to justify and carry out infinite choices.

THE SCIENTISTS:
Beppo Levi (1875-1961), Italian mathematician
Giuseppe Peano (1858-1932), Italian mathematician and logician
Felix Bernstein (1878-1956), German mathematician
Georg Cantor (1845-1918), German mathematician

AcTUAL AND POTENTIAL INFINITIES

The notion of infinity has been a perennial problem in both mathemat-
ics and philosophy. A major question in (meta) mathematics has been
whether and in what form infinities should be admitted. The debate of
Gottfried Wilhelm Leibniz and Sir Isaac Newton on the use of the “infini-
tesimal” in seventeenth century differential calculus is only one of many
possible examples of this problem. In most pre-twentieth century mathe-
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matics, infinities occur only in what might be called a “potential” (inactual,
implicit) form.

Potential infinity can be illustrated readily by considering a simple ex-
ample from limit theory. There is no question of an actually infinitely great
or infinitesimally small quantity to be computed or otherwise arrived at.
As set theoretician Abraham A. Fraenkel remarked in Set Theory and Logic
(1966), many nineteenth century mathematicians—such as Carl Friedrich
Gauss and Augustin-Louis Cauchy—considered infinity in mathematics
to be largely a conventional expression showing the limits of ordinary lan-
guage when pressed into trying to express pure mathematical concepts.

In addition to the less problematic notion of potential infinity, an
equally old problem of “actual” infinity had long been faced in speculative
philosophy and theology, including that of Saint Augustine, Saint Thomas
Aquinas, René Descartes, and Immanuel Kant, among many others. A ma-
jor thematic front throughout nineteenth century mathematics and logic
was precise clarification of the boundary and relations between actual and
potential infinities, in foundational as well as applied mathematics. One of
the earliest such efforts was that of Bernhard Bolzano, whose Paradoxien des
Unendlichen (1851; Paradoxes of the Infinite, 1950) cataloged a large number
of extant and novel conundrums, as well as unclear and unusual proper-
ties of actual infinities in mathematics. A particular emphasis, to recur re-
peatedly in later set theory and logic, was the apparent paradox of the
equivalence of an infinite set to a
proper part or subset of itself—
which counterintuitively implies
different levels or kinds of infin-
ity where previously only one in-
finity was supposed. The term
“set” was first employed in Bol-
zano’s text as an important math-
ematical concept.

CANTOR’S SET THEORY

The first major developments
in forming a consistent and com-
prehensive theory of actual infin-
ities in mathematics were pri-
marily the work of Georg Cantor.
Between 1873 and 1899, Cantor
Georg Cantor. (Library of Congress) sought to lay systematically the
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foundations for a new branch of mathematics—called the theory of aggre-
gates or sets—which would not only formalize the mathematically accept-
able concepts of infinity but also serve as the foundation for every other
mathematical theory and discipline employing infinities. Cantor’s set the-
ory did not begin with philosophical speculations about infinity but with
the problem of actually distinguishing finitely and infinitely many “speci-
fied” points—for example, the points of discontinuity in the theory of func-
tions. Yet, despite many strenuous efforts, Cantor, as well as Richard
Dedekind, Giuseppe Peano, and many other mathematicians, blurred (or
passed over unawares) the distinction of choices implicitly or explicitly
made by some kind of a rule or algorithm, from which a given denumer-
able or indenumerable (uncountable) point set was defined.

In particular, although the first » members of a subset were seen clearly
as selected specifically by a selection- or generative-rule, neither Cantor
nor anyone else explained how such a rule could actually be extended to
define likewise the entire (actually infinite) subset. This problem was com-
plicated by the fact that many mathematicians of the era frequently made
an infinity of arbitrary selections, not only independently but also where
each given choice depended on the choices previously made. These ques-
tions not only undercut the proof method of using “one to one” mappings
or correspondences between different sets but also underscored the then-
formulating foundational questions of whether “in the last analysis” math-
ematical entities such as sets are discovered or are defined/created.

BeyonND INFINITY

In 1882, particularly, Cantor argued to Dedekind and others that his
means of extending the (infinite) sequence of positive numbers by intro-
ducing symbols for infinity (such as e, o + 1, oo + 2, and the like) was not
merely conventional but a legitimate number choice.

Perhaps the simplest example of Cantor’s transfinite numbers is the
model suggested by Zeno’s paradoxes of motion. Here, a runner uniformly
traverses a road divided into intervals. Although the number of intervals is
oo, the time taken to traverse them is finite (hence, the paradox). If the first
interval is designated the ® — th interval, the subsequent intervals will be
the ® + 1 —th, ® + 2—th, and so on. These numbers ®, ® + 1, ® + 2, and so on,
are the transfinite ordinal numbers first designated by Cantor.

Also called into question was Cantor’s related continuum hypothesis,
which asserts that every infinite subset of the real numbers either is
denumerable (countable via a finite procedure) or has the degree of infinity
of the continuum. In Cantor’s sense, the continuum is defined by the as-
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sumption that, for every transfinite number t, 2" is the next highest number.
Equivalently, the continuum hypothesis proposes that there is no (trans-
finite) cardinal number between the cardinal of the set of positive integers
and the cardinal of the set of real numbers.

These developments, and other related developments, left early twenti-
eth century set theory with a network of fundamental, interlinked, and un-
solved problems, all of which somehow involved the notions of selection
or choice, linking well-known finite mathematics with the newer mathe-
matics of actual infinities. Nevertheless, very few, if any, mathematicians
explicitly considered all these questions from this viewpoint.

JusTIFYING INFINITE CHOICES

Peano, an Italian mathematician responsible for the first symbolization
of the natural number system of arithmetic, was coming up against similar
inconsistencies in his investigations of the conditions for existence and
continuity of implicit functions. In 1892, one of Peano’s colleagues, Ro-
dolfo Bettazzi, investigated conditions under which a limit-point was also
the limit-point of a sequence. Bettazzi underscored the same underlying
issue as Peano. The third mathematician to consider this problem of how
to justify or actually carry out infinitely many choices was Peano and
Bettazzi’s colleague, Beppo Levi.

Levi was completing his dissertation research, inspired by René
Baire’s work in set theory. Baire had developed the novel notion of “semi-
continuity” for point sets. In 1900, Levi published a paper extending
Baire’s investigations of fundamental properties satisfied by every real
function on any subset of the real numbers. Without proof, Levi proposed
that every subset 1 is equal to the union of subsets 2 and 3 minus subset 4,
where 2 is any closed set, and 3 and 4 are “nowhere-dense” sets. Levi also
asserted that every uncountable subset of the real numbers has the power
of the continuum, essentially Cantor’s continuum hypothesis.

In another dissertation of 1901, a student of Cantor and David Hilbert,
Felix Bernstein, sought to establish that the set of all closed subsets of the
real number system has the power of the continuum. In 1897, Bernstein
had given the first proof of what is known as the equivalence theorem for
sets: If each of two sets is equivalent to a subset of the other, then both sets
are mutually equivalent. In his 1901 work, Bernstein remarked that Levi’s
1900 results were mistaken. As a response, in 1902 Levi published a careful
analysis of Bernstein’s dissertation, in which his use of choices in defining
sets came into sharp and explicit critical focus.

In Levi’s broad analysis of then extant set theory, he questioned Can-
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tor’s assertion that any set can be well-ordered. Well-orderedness is the
property whereby a set can be put systematically into a one-to-one corre-
spondence with elements of another set. Levi pointed out that even though
Bernstein had openly abandoned the well-ordering principle, Bernstein
had, nevertheless, employed an assumption that appeared to be derived
essentially from the same postulate of well-orderedness. This questionable
assumption was Bernstein’s so-called partition principle; that is, if a set R
is divided or partitioned into a family of disjoint (nonintersecting) non-
empty sets S, then S is less than or equal to R. Following Levi’s proof
that Bernstein’s partition principle was valid only whenever R was finite,
Levi critically remarked that the example was applicable without change
to any other case where all the elements s of S are well-ordered, or where
a unique element in each s can be distinguished. This statement is, essen-
tially, a summary of what would be explicitly termed the axiom of choice.

ImpacT

Although Levi’s axiom of choice proved to be a catalyst for subsequent
work by Bernstein, Hilbert, Ernst Zermelo, and many other mathemati-
cians, the direct response to and recognition of Levi’s 1902 paper was lim-
ited. Basically, although Levi explicitly recognized the axiom of choice em-
bodied in the work of Cantor and Bernstein, he rejected its use in its then
current form. This led ultimately to Zermelo’s 1904 publication, proving
the well-ordering principle by use of the axiom of choice.

In his 1910 seminal paper on field theory foundations in algebra, Ernst
Steinitz summarized the widespread attitude toward the axiom of choice
in algebra, topology, and other disciplines. Thus, although explicit exami-
nation of the axiom of choice was largely ignored for some time, beginning
in 1916 the Polish mathematician Vacvaw Sierpinski issued many studies
of implicit as well as open applications of the axiom of choice. Although
Levi in 1918 offered what he called a “quasi-constructivist” improved al-
ternative to the axiom, his effort was considered too limited and unwieldy
by most mathematicians. In 1927, American logician Alonzo Church
sought unsuccessfully to derive a logical contradiction from the axiom. No
alternative was developed until 1962, when two Polish mathematicians,
J. Mycielski and H. Steinhaus, proposed their axiom of determinateness.
Since then, it has been shown that a number of other propositions are
equivalent to varyingly weaker or stronger forms of the axiom of choice,
as originally recognized by Levi and positively employed as such by
Zermelo.
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See also Abstract Algebra; Bell Curve; Boolean Logic; Bourbaki Project;
Calculus; Chaotic Systems; D’Alembert’s Axioms of Motion; Decimals and
Negative Numbers; Euclidean Geometry; Fermat’s Last Theorem; Fractals;
Game Theory; Hilbert's Twenty-Three Problems; Hydrostatics; Incom-
pleteness of Formal Systems; Independence of Continuum Hypothesis; In-
tegral Calculus; Integration Theory; Kepler’s Laws of Planetary Motion;
Linked Probabilities; Mathematical Logic; Pendulum; Polynomials; Proba-
bility Theory; Russell’s Paradox; Speed of Light.
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BALLISTICS

THE SciENCE: Sixteenth century theories on bodies in motion gave rise to a
generation of scientific investigation into the science that came to be
known as ballistics. Niccold Tartaglia’s observation-based theories
helped pry sixteenth century physics away from Aristotelian thinking,
which was entrenched in the Church-supported schools and universi-
ties, and toward an empirical, experimentally based physics approach-
ing the modern scientific method.

THE SCIENTISTS:
Niccolo Fontana Tartaglia (c. 1500-1557), Italian mathematician
Gerolamo Cardano (Jerome Cardan; 1501-1576), Italian mathematician
and astrologer
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Giovanni Battista Benedetti (1530-1590), Italian mathematician and
physicist

ARISTOTELIAN MOTION

The influence of the Greek philosopher Aristotle’s theory of motion and
other scientific concepts, left over from the study of the physical world in
classical Greece, was pervasive throughout the Middle Ages. Attempts to
devise new theories of motion took the form of commentaries on the works
of Aristotle rather than observation and description of the physical world.
The mathematics used in these descriptions could be found in the geome-
try of Euclid’s Stoicheia (compiled c. 300 B.C.E.; Elements, 1570). Then, work
in Italy in the middle of the sixteenth century led to a reevaluation of the
basis for mathematical models of motion in the physical world.

FroM ARISTOTLE TO TARTAGLIA

Aristotle (384-322 B.c.E.) had devoted a certain number of the works
that circulated under his name to questions having to do with physics, al-
though they were usually addressed from the standpoint of what might be
called philosophy instead of mathematics or science. His concern was pri-
marily to understand how motion and change were possible, in resisting
the arguments of many of his contemporaries, who denied that possibility.
By contrast, the tradition associated with the Greek mathematician Archi-
medes (c. 287-212 B.C.E.) started from the reality of certain physical pro-
cesses and then tried to analyze them in terms of the mathematics known
at the time, especially the geometry of Euclid. Both approaches to the
study of motion continued through the Middle Ages, although the Aristo-
telian ideas received a larger share of attention and blessing from the
Church. Those who studied questions of motion in the universities of
Western Europe could be guaranteed a fair dose of Aristotelian doctrine.

It is therefore not surprising that the originator of the most lasting revo-
lution in the study of motion outside the tradition of Aristotle was not the
product of a university. Niccolo Tartaglia came from a family unable to
bear the cost of formal education, so he was largely self-educated. That did
not mean that he was unfamiliar with the extensive classical literature sur-
rounding issues of motion, but he had no particular predisposition in favor
of the Aristotelian view. Throughout the early part of the sixteenth cen-
tury, various treatises, from both classical and medieval times, appeared in
Italy, and Tartaglia was involved in bringing the work of Archimedes be-
fore the public. Tartaglia’s approach to the science of mechanics, which in-
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cluded the laws of motion, was based partly on his independence from tra-
dition and partly on the need to try to resolve questions of pressing interest
to those who had resources with which to support scholars.

PROJECTILES IN MOTION

Tartaglia’s La nova scientia (1537; The New Science, partial translation in
Mechanics in Sixteenth-Century Italy: Selections from Tartaglia, 1969) first ap-
peared in Latin in 1537 and then appeared in the vernacular within fifteen
years afterward. In it, Tartaglia addressed one of the most compelling prac-
tical problems of the time: the study of the behavior of projectiles in motion,
which came to be known as ballistics. These questions were key to under-
standing the operations of siege weapons, cannon, and firearms, or guns.

There had been plenty of practical discussion of gunnery previously,
but not much of it had aspired to the dignity of a science. Tartaglia did not
see any reason that the methods of mathematics could not be used to find
solutions for the problems of gunnery, of which the most notable was the
relationship between the angle at which a projectile was launched and the
trajectory it followed. This was not an idle matter, with city walls to be
bombarded in sieges, but it also could be fit into a mathematical frame-
work. In Aristotelian accounts of motion, the fundamental curves were the
straight line and the circle, so it had been assumed that the motion of a pro-
jectile could be analyzed as a mixture of those two. Just as the Aristotelian
version of mechanics had been built into the system for planetary motion
developed by the Greek astronomer Ptolemy (c. 100-c. 178 c.E.), only to
be replaced in 1543 by the system developed by the Polish astronomer
Nicolaus Copernicus, so the Aristotelian theory of motion as applied to
projectiles was rejected by Tartaglia, who recognized that circles and
straight lines were not the best constructs for analyzing motion.

Tartaglia’s mathematical treatment of the path of a projectile arose from
empirical observation. He observed that, even if the projectile started off in
a straight line, it began to curve and followed that curve for the rest of its
flight. The curve was clearly not a circular arc, which left Tartaglia with the
problem of determining what angle would produce the maximum range.
Even though there was an error in Tartaglia’s mathematical analysis, he
did obtain the correct value, namely, 45° as the angle of inclination. Tarta-
glia did not have a theoretical model that explained the deviations from a
straight line, but his empirical approach allowed the application of mathe-
matics to this practical problem.

Gerolamo Cardano, a professor of mathematics in Milan and a rival of
Tartaglia, held views on motion that were similar to those of Tartaglia. Un-
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like Tartaglia, however, Cardano was the product of the Italian university
system and did not express his ideas as explicit deviations from Aristotle.
Cardano asserted that if two spheres of different sizes were released at the
same time, they would reach the ground at the same time. His mathemati-

THE SECRET OF CuBIC EQUATIONS

In addition to establishing the field of ballistics, Niccolo Tartaglia
was a great mathematician who succeeding in solving cubic equations.
Tartaglia was not the first to approach the problem. Ancient mathema-
ticians tried to extract cube roots, and so even the Greeks considered
the issue of whether they could handle such calculations with Euclid-
ean methods. In medieval Islamic mathematics, trigonometry afforded
a new set of techniques for looking at algebraic equations. It was not
clear how much Islamic material was brought back to Europe, along
with the text of Euclid used by mathematicians in the Near East.

The mathematician Scipione del Ferro had devised a method for
solving cubic equations in which there
was no quadratic term. Del Ferro passed
his along to a student, Antonio Fiore, who
challenged Tartaglia to a mathematical
duel. Tartaglia had managed to go be-
yond the technique of del Ferro and could
solve cubic equations even when they in-
cluded a quadratic term. As a result, he
emerged victorious, becoming the “star”
among mathematicians of the time.

Tartaglia was reluctant to let the de-
tails of his method enter the public realm.
He had, however, discussed them with
mathematician Gerolamo Cardano, whom
he swore to secrecy. Cardano subsequently

claimed to have found a way to solve a
quartic equation (solving with a fourth
power of the variable) but went beyond the cubic equation of Tartaglia
and so felt that he was released from his vow of secrecy. The heated con-
troversy that resulted when Cardano published Tartaglia’s method—
even though he gave Tartaglia credit by name—is an indication of the
extent to which intellectual property was an important issue in the It-
aly of the Renaissance. Tartaglia had no shortage of strong language to
use when he was indulging in acrimonious debate, and he was not al-
ways able to make the same impression in public confrontations as he
had done with Fiore. This probably contributed to his relative isolation
later in life. He died with relatively little to show for his success in solv-
ing cubic equations.

(Library of Congress)
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cal argument for this theory was unconvincing, however, and Tartaglia—
incensed over Cardano’s intellectual theft—impugned both his character
and his mathematical competence. History, however, has recognized Tar-
taglia’s achievement and credits him as the father of ballistics.

The third member of the school of northern Italians who created the
new science of ballistics was Giovanni Battista Benedetti, who claimed to
have been a student of Tartaglia. He shared with Tartaglia the lack of a uni-
versity education and in 1553 published a work on mechanics, De
resolutione, that included a letter of dedication in which he asserted the
“law of equal times of fall” that had been presented less clearly and argued
for less effectively by Cardano. This law asserts that the time of descent for
a body depends on the vertical distance traveled rather than the distance
covered in other directions. The fact that the letter of dedication was to a
priest is typical of the extent to which Tartaglia and Benedetti managed to
stay on good terms with the Church in presenting notions contrary to the
teachings of Aristotle. It is interesting to note that Cardano, by contrast,
did spend some time in prison at the behest of the Inquisition. Perhaps his
efforts to give an Aristotelian flavor to his novelties in the theory of motion
were regarded with more alarm by the Church than the more practical
speculations of Tartaglia and Benedetti.

ImpacT

The appearance of Tartaglia’s work and its influence on the school that
included Cardano and Benedetti indicates a change from the intellectual
and mathematical traditions of the past. Even though Tartaglia was familiar
with the works of Euclid, he had a stronger interest in trying to predict the
motion of projectiles than in trying to fit his observations into the geometry
that Euclid presents. In particular, the idea that motion requires more than
lines and circles for its analysis helped to remove the Aristotelian qualitative
discussions from the center of the stage in favor of mathematical models.

As for the influence of Tartaglia’s work on the generations ahead, the
outstanding example is certainly Galileo. In fact, Galileo in many ways was
trying to perfect the ideas roughly sketched out by Tartaglia, Cardano, and
Benedetti, by fitting them into a full world system. It was perhaps the at-
tempt to make a world system out of his calculations that caused Galileo to
follow Cardano into the clutches of an Inquisition reluctant to allow quite
so much of Aristotelian physics to be abandoned. It is also clear that politi-
cal protection was an important consideration for research into the motion
of projectiles, with safety coming to those whose mathematical models
helped their patrons to remain the victors.
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See also D’Alembert’s Axioms of Motion; Falling Bodies; Gravitation:
Newton; Medieval Physics.
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BELL CURVE

THE ScIENCE: Abraham de Moivre was the first person to describe the so-
called normal curve, a symmetrical bell-shaped graph that symbolizes
probability distribution. This graph of the average distribution of
events resolved a serious issue that had been left hanging by the previ-
ous generation of mathematicians.

THE SCIENTISTS:
Abraham de Moivre (1667-1754), French-born English mathematician
Jakob I Bernoulli (1655-1705), Swiss mathematician
Nikolaus Bernoulli (1687-1759), Swiss mathematician, lawyer, and
editor of Jakob’s posthumous text

GAMES OF CHANCE

The earliest mathematical work on probability involved problems with
dice. Throws of the dice could be described by a function called the bino-
mial distribution, which provided the probability of any given result com-
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ing up a set number of times given a set number of tosses of the dice. For
example, given thirty-six tosses, 7 is most likely to come up six times; the
next most likely outcomes are five times or seven times, then four times or
eight times, and so on. The binomial distribution provides the exact proba-
bility of each result.

Problems relating to the binomial distribution proved difficult to an-
swer until the mathematician Abraham de Moivre found a graphical way
to approximate the function. The approximation had the shape of a bell—
so, to continue the example of the dice, rolling six 7’s would form the high-
est point on the bell, which would then slope downward to either side.
This approximation enabled de Moivre to answer important questions
about games of dice and other situations in which probability could be rep-
resented by the binomial distribution.

De Moivre developed an interest in probability by reading some of the
earliest treatments of the subject, which had acquired mathematical re-
spectability only in the middle of the seventeenth century with the work of
Blaise Pascal and Pierre de Fermat. He probably first read a treatise on
probability by the Dutch mathematician Christiaan Huygens and shortly
thereafter wrote one of the first English accounts of the subject, “De
Mensura Sortis” (1711; on the measurement of chance), published in the
Philosophical Transactions of the Royal Society. The progress of de Moivre’s
subsequent work on probability can be measured by the later editions of
this text, which appeared in English as the textbook The Doctrine of Chances:
Or, A Method of Calculating the Probability of Events in Play (1718, 1738, 1756).
De Moivre also had a strong philosophical interest in the application of
probability, which led him to draw philosophical conclusions from his
mathematical results.

BeErNOULLI AND THE LAW OF LARGE NUMBERS

After the appearance of de Moivre’s Latin text in the Royal Society’s
Philosophical Transactions, the foundations of probability theory were trans-
formed by the posthumous appearance of Jakob I Bernoulli’s Ars Con-
jectandi (1713; the conjectural arts). The work was prepared for the press by
Bernoulli’s nephew, Nikolaus Bernoulli. Nikolaus himself had used his
uncle’s theories in a dissertation he submitted to the Faculty of Law at the
University of Basel. The work was intended to illustrate the applications of
probability to law, although it seems to have been of more interest to math-
ematicians than to lawyers.

One of the advances in Jakob I Bernoulli’s treatment of probability was
his formulation of the binomial distribution. The distribution was pro-
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ABOUT ABRAHAM DE MOIVRE

Abraham de Moivre was born in France to a Protestant family. He
received his education in France but then left the country at the time of
the revocation of the Edict of Nantes (1685)—which since 1598 had
provided French Protestants with a measure of religious freedom—in
view of the prospective danger to Protestants represented by Louis
XIV’s abandonment of the policy of tolerance.

De Moivre’s mathematical work was all done in England. Al-
though he was a distinguished mathematician, however, he never fit
into the English mathematical world. Most of his life he had to eke out
a living by tutoring students and answering questions about the prac-
tical applications of probability.

Nevertheless, de Moivre was highly esteemed by his contemporar-
ies, including Sir Isaac Newton, the most eminent mathematician of
the period. Newton is said to have told students with questions to ask
de Moivre on the grounds that de Moivre knew the material better
than Newton did. There is no evidence that Newton was being ironical
in making such a strong claim, and de Moivre’s name is still attached
to an important theorem about powers of complex numbers.

duced by looking at a sequence of identical experiments, where each had
one possible target outcome (called a success) and one or more other out-
comes (which would be collected together and called a failure). For exam-
ple, if one throws a die a number of times, one could call a 6 a success and
any other number a failure.

Bernoulli showed that the relative frequency of an event with probabil-
ity p in n independent trials converges to p as n gets bigger. In other words,
the odds of rolling a 6 are one in six: One could easily roll a die six times
and not roll a 6; however, if one were to roll the same die one thousand
times, it would be surprising if 6 did not come up about one-sixth of the
time (approximately 167 times), and if one were to roll the die 1 million
times, it would be extremely surprising if roughly one-sixth of the rolls did
notresultin 6’s. The more times the die is rolled, the closer to the average or
ideal theoretical results one’s actual results will be. This is known as the
law of large numbers, and it furnished a basis for the application of proba-
bility theory to practical situations in the physical world.

STIRLING’S FOrRmMULA

Despite demonstrating the law of large numbers theoretically, Ber-
noulli was unable to find a manageable way to perform the necessary
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arithmetic calculations to determine the probability of specific ranges of
outcomes when the number of trials became large. For example, it was
easy to calculate what the probability was of two successes in six trials, but
it was much harder to figure out the arithmetic in the case of two hundred
successes in six hundred trials. (In both cases, the probability is close to one
in three, butitis actually slightly smaller. One needs to crunch the numbers
to find the exact probability.) The difficulty of performing extended arith-
metical calculations made it difficult in turn to extend the general results
Bernoulli had obtained to any specific situation. The algebra of dealing with
the sum of many terms of a polynomial did not have an obvious solution.

De Moivre recognized both the importance of Bernoulli’s problem in
this regard and the most fruitful direction to explore in order to find a solu-
tion. Earlier in his career, de Moivre had found a way to approximate fac-
torials of large numbers. (Factorials are products of all the positive inte-
gers from 1 up to a certain number, so that 5 factorial, written 5!, is equal to
5 x4 x 3 x 2 x 1). De Moivre had given credit for his method to the Scottish
mathematician James Stirling, even though de Moivre had figured it out
before Stirling did. The use to which de Moivre put the so-called Stirling’s
formula altered the course of probability theory thereafter. Indeed, de
Moivre felt that the work was of such importance that he published it at his
own expense.

THE NORMAL DISTRIBUTION

De Moivre’s application of Stirling’s formula was published first in
Latin as a pamphlet supplementing his Miscellanea Analytica (1730), Ap-
proximation ad summam terminorum binomii (a + b) in seriem expansi: Supple-
ment to “Miscellanea Analytica” (1733; approximation to the sum of the
terms of a binomial [a + b] expanded in a series). It was later incorporated
in English into subsequent editions of The Doctrine of Chances. What de
Moivre accomplished in this pamphlet was the introduction of a curve
known to mathematicians as the normal distribution and more popularly
as the “bell-shaped curve,” or simply the “bell curve.” This curve would
have been impossible to conceive without calculus, but de Moivre was able
to use the techniques of the calculus to make a number of statements about
what the curve was like. He did not actually write down what mathemati-
cians now regard as the strict mathematical definition of the curve, but his
results indicated that he understood it well enough to use it.

The bell-shaped curve enabled de Moivre to come up with a good ap-
proximation of the probability of ranges of outcomes in the binomial distri-
bution, thereby solving the problem that had plagued Bernoulli. One of the
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major consequences of the curve was that it made it possible accurately to
determine the rough probability of a range of outcomes clustered around
the center of the distribution for large numbers of trials. For example, if one
flipped a coin 600 times, one could use de Moivre’s technique to determine
the likelihood of getting a number of heads between 250 and 350. Even
more important, de Moivre’s curve enabled the work of Bernoulli to be ex-
pressed in a more concrete, quantitative form. In evaluating the series that
he obtained at values that were multiples of the square root of the number
of trials, de Moivre concluded that the natural unit for measuring the devi-
ation from the center would be that square root.

ImpAcCT

The appearance of the normal distribution in the work of de Moivre
permanently altered the emerging science of probability theory and its ap-
plications. One of the difficulties that Jakob Bernoulli had encountered is
his work was in trying to apply his results to statistical inference. The bino-
mial distribution was the easiest distribution to describe mathematically,
making it the best suited for creating a mathematical theory of statistical in-
ference. De Moivre’s curve was a necessary stepping stone to such a the-
ory, which was created in the next generation by Pierre-Simon Laplace.
Laplace also added a few details that de Moivre had omitted (such as a for-
mal proof of his main result).

The bell-shaped curve has made its appearance in all sorts of investiga-
tions and has been liable to misuse as much as to use. The conditions un-
derlying the proper application of the curve have been studied at length
and just as studiously ignored by those who saw it as the one necessary in-
gredient for a probabilistic analysis. The normal distribution has probably
been cursed by students who are under the impression that it was respon-
sible for “grading on a curve.” Nevertheless, the language for measuring
errors and deviations from a set standard has depended for many years on
the normal distribution.

See also Abstract Algebra; Axiom of Choice; Boolean Logic; Bourbaki
Project; Calculus; Chaotic Systems; D’Alembert’s Axioms of Motion; Deci-
mals and Negative Numbers; Euclidean Geometry; Fermat’s Last Theorem;
Fractals; Game Theory; Hilbert's Twenty-Three Problems; Hydrostatics;
Incompleteness of Formal Systems; Independence of Continuum Hypoth-
esis; Integral Calculus; Integration Theory; Kepler’s Laws of Planetary Mo-
tion; Linked Probabilities; Mathematical Logic; Pendulum; Polynomials;
Probability Theory; Russell’s Paradox; Speed of Light.
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Bic BANG

THE SciENcE: George Gamow proposed that the observable universe re-
sulted from the explosion of a hot, dense primordial fireball, which later
expanded and condensed into galaxies and then suns.

THE SCIENTISTS:

George Gamow (1904-1968), Russian-born American nuclear physicist
and cosmologist who developed the big bang theory

Ralph Asher Alpher (b. 1921), American physicist and collaborator
with Gamow who calculated the formation of heavy elements
during the big bang

Robert C. Herman (b. 1914), American physicist who worked with
Alpher on the calculations of heavy element formation

Georges Lemaitre (1894-1966), Belgian Jesuit priest, astronomer,
and cosmologist who proposed the concept that the universe
expanded from an original “cosmic egg” of super dense matter

Fred Hoyle (1915-2001), English astronomer who proposed a
“steady-state” model of the universe, which was the chief
cosmological competitor of the big bang during the 1950’s
and 1960’s
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Robert H. Dicke (1916-1997), experimental physicist at Princeton
University

AN ExPANDING UNIVERSE

In the late 1920’s and early 1930’s, Edwin Powell Hubble and others had
established that the universe was expanding. After World War II (1939-
1945), George Gamow, a professor at George Washington University in
Washington, D.C., began a series of calculations demonstrating that re-
versing the galactic expansion pointed to a time when all the matter was
confined to an extremely small space (perhaps thirty times the Sun’s diam-
eter) at a temperature of thousands of trillions of degrees. He presumed
that the density of the radiation was greater than the density of the matter,
a condition that caused the explosion leading to the formation of the pres-
ent universe, known as the big bang theory.

Gamow’s big bang theory was based on the cosmological implications
of Hubble’s discovery in 1929 of the directly proportional relationship of
distance and velocity of recession for the distant galaxies. This relationship
implied that the universe was expanding, which had an immediate effect
upon Albert Einstein’s preferred static cosmological model, which had
dominated thought since his publication of the general theory of relativity
in 1916. Einstein had been forced to introduce a “constant of repulsion” to
counteract the force of gravity in a static universe. Willem de Sitter found a
second static solution that implied near zero density and also that the light
of distant stars would be redshifted. In Russia, Aleksandr A. Friedmann
discovered a dynamic solution that implied an expanding universe. Geor-
ges Lemaitre, unaware of Friedmann'’s solution, proposed in 1927 that a
homogeneous and isotropic universe originated from a “cosmic egg.”
Lemaitre unfortunately had to retain Einstein’s constant of repulsion to ex-
plain the expansion in his model since he did not envision an initial explo-
sion.

FormMmAaTION OF THE HEAVY ELEMENTS

The primary motive for Gamow’s proposal was not to resolve the issue
of a static versus a dynamic universe but to explain how the heavier ele-
ments could be formed in their observed relative abundances. Hydrogen
and helium were presumed to constitute approximately 99 percent of the
matter in the universe. The other 1 percent consisted of the heavier ele-
ments, which decline in abundance through the periodic table until zinc is
reached. At this point, roughly halfway down the periodic table, the abun-
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dance flattens out and approximately the same amount of all the remain-
ing elements occur.

Gamow, in these early days, reasoned that this pattern could not be the
result of the stellar formation of the heavy elements. He proposed that they
were formed in the first thirty minutes of the initial explosion, before the
temperature had cooled too much. He believed he could explain how deu-
terium (heavy hydrogen) could be formed in the big bang, while he was
convinced that it would be destroyed only in stellar interiors. He also be-
lieved that helium was too abundant to be formed in the stars and had to
result from the initial explosion. Finally, the uniform distribution of the he-
lium implied that it was not the consequence of stellar activity. This por-
tion of his initial ideas has stood the test of time. Gamow also devoted ex-
tensive attention to stellar dynamics in his 1940 book The Birth and Death of
the Sun. At this time, however, he still did not have an adequate explana-
tion for how the heavy elements could be formed during stellar evolution,
so he proposed the big bang as a means of resolving that problem.

Gamow enlisted the aid of two physicists to calculate the mathematics
involved in heavy element formation: Ralph Asher Alpher, a Ph.D. candi-
date at The Johns Hopkins University, and Robert Herman, enlisted be-
cause of his skills with the early computers in use by the Bureau of Stan-
dards. A major element of their theory came from a surprising source.
During World War II, Donald Hughes at Brookhaven National Laboratory
had measured the neutron-capture characteristics for several atoms and
found that capture increased during the first half of the periodic table and
then flattened out, the inverse of the pattern of abundance of the elements.
On this basis, Alpher proposed that neutron capture explained Gamow’s
element formation during the first thirty minutes of the big bang.

Although Alpher and Herman devoted extensive efforts to demonstrat-
ing how the elementary particles could combine under extreme conditions,
serious problems remained with the formation of the heavy elements if the
temperature dropped below a billion degrees, which implied that all the
heavy elements had to form during the first thirty minutes of the big bang.
There were no stable elements with atomic number 5 or 8, which meant
that there would be a gap in the buildup of atoms of the heavier elements
between helium and lithium. Other astronomers regarded the gap as evi-
dence that the buildup would result only in the formation of hydrogen and
helium in the initial big bang, a position that has become generally ac-
cepted. While Gamow devised a theoretical means of bridging the gap, the
low probability of his proposed sequence of events led to a severe time
constraint in the cooling state of the early universe. He conceded eventu-
ally that the heavy elements were not created in the initial big bang.
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ReAcTION: HOYLE AND “STEADY STATE”

While assumption that the dynamics of self-gravitating gaseous clouds
caused condensation of the cooling gases into galaxies and stars presented
difficulties, Gamow believed that the outline of the theory was firm
enough to present it publicly in 1948. It was popularly presented in 1952 in
the book entitled The Creation of the Universe.

Many astronomers were troubled by Gamow’s proposal, especially the
implications of a beginning and an ending to the universe. By 1950, Fred
Hoyle of the University of Cambridge proposed what came to be called the
“steady-state” universe, in which hydrogen was continuously originating
in intergalactic space and then coalescing into gaseous clouds that eventu-
ally gave birth to new stars. In such a universe, there need be no beginning,

FRED HOYLE AND THE STEADY-STATE THEORY

Troubled by the problems presented by George Gamow’s early the-
ory of the big bang, Fred Hoyle and the University of Cambridge de-
veloped an alternative and well-respected proposal: the “steady-state”
theory.

Ironically, the term “big bang” had been coined by its main adver-
sary—Hoyle himself—during one of his series of BBC radio talks.
Hoyle used the term to belittle Gamow’s theory. Hoyle favored a dif-
ferent view: that the universe, although currently expanding, was infi-
nitely old and in the long term existed in a steady state. Galaxies were
not receding from each other as the aftermath of a primordial explo-
sion (which defenders of the big bang held). Rather, space was being
created between galaxies at a constant rate, and hydrogen was being
created to fill that space, coalescing into nebular clouds that then
formed young stars and galaxies among the old.

The problem with this theory was that it contradicted the law of the
conservation of matter: namely, that matter could neither be created
nor be destroyed without being converted into energy. In the 1950,
the discovery of radio galaxies by Sir Martin Ryle revealed that galax-
ies had evolved billions of years ago, supporting the big bang theory.

Once Arno Penzias and Robert Wilson discovered the cosmic mi-
crowave background radiation, Hoyle’s steady-state theory was largely
abandoned in favor of the theory he himself had named: the big bang.
Although Hoyle revised his theory to account for the background radi-
ation, his once dominant view of the universe was out of favor. Hoyle,
however, remained philosophical to the end: “The Universe eventu-
ally has its way over the prejudices of men, and I optimistically think it
will do so again.”
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but it contradicted the physical concept of the conservation of matter—
namely, that matter could neither originate nor be destroyed without be-
ing converted into energy.

MicROWAVE BACKGROUND RADIATION

While Gamow’s presentation of the big bang was accepted by many as-
tronomers as a proper interpretation of the astronomical evidence, the spe-
cific proof of the theory was slower in coming. Alpher and Herman
pointed out in 1948 that the level of radiation had steadily declined since
the big bang to a level that they estimated to be 5 Kelvins (above absolute
zero). They thought that it might still be detectable not as light but perhaps
as a low-level microwave radiation.

In 1965, Robert Henry Dicke, unaware of Alpher’s and Herman’s work,
calculated that the residual radiation should be apparent at about 5 Kel-
vins and would emanate from all parts of the sky. He believed so firmly in
his prediction that he began to construct equipment large enough and so-
phisticated enough to detect the radiation. Unknown to him, Arno Penzias
and Robert Wilson of the Bell Laboratories had already discovered the mi-
crowave radiation in their efforts to study sources of background radiation
causing static in radio transmission. A friend who heard a lecture about
Dicke’s prediction mentioned it to them, whereupon they realized they
had detected the radiation and contacted Dicke for verification.

The discovery of this background radiation—corrected to 3 (instead of 5)
Kelvins—provided major confirmation of the hot big bang. The big bang
more aptly explained the expansion of the universe than other theories and
has gradually become the accepted understanding of the origin of the uni-
verse.

ImpracT

The expansion of the universe, combined with a reasonable explanation
of the manner in which it has evolved, changed conceptions of a static uni-
verse that prevailed in the 1920’s. The big bang cosmology has been suc-
cessful as a means of stimulating cosmological theory and research. As a
means of explaining the relative abundance of the elements as Gamow
originally proposed it, however, the theory was only partially successful.
The formation of the heavier elements is now presumed to take place in the
stars themselves, rather than during the big bang, where hydrogen and he-
lium are assumed to have been the result.

Because of the problem of the heavy elements, there was some early ne-
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glect of the success of the theory in explaining the buildup of helium and
the abundance of hydrogen and helium compared with the rest of the ele-
ments. Gamow’s team was also successful in identifying the process of
heavy element formation through neutron capture. They merely had the
wrong location—the big bang—instead of in the interiors of massive stars.

One attractive feature of Gamow’s theory was that the original explo-
sion was of such force that he did not have to hypothesize a “constant of re-
pulsion,” as Einstein had done in his gravitational field equations in order
to counterbalance gravitation to maintain a static universe.

The clear implication of the big bang is that the universe had a begin-
ning and that it will die a cold and isolated death as the galaxies become
farther apart, with the individual stars eventually burning out as a result of
an insufficient rate of birth of new stars. Some cosmologists have proposed
a coming collapse of the universe (an idea Gamow described in 1952), with
perhaps an oscillation of big bangs and collapses.

Gamow’s general outline has become the standard cosmology, although
the level of sophistication of the theory and its mathematical foundations
have dramatically changed. The principal difficulty of his theory eventually
forced Gamow to accept Fred Hoyle’s explanation of heavy element forma-
tion in the interiors of stars. The success of this portion of Hoyle’s theory ex-
plained why the rest of his steady-state cosmology enjoyed some temporary
success in opposition to Gamow’s proposal. Heavy element building from
fundamental particles during the radiative life of massive stars, and dispersal
into space through supernova explosions, is now the widely accepted view.

See also Black Holes; Cosmic Microwave Background Radiation; Ex-
panding Universe; Galaxies; Inflationary Model of the Universe; Quarks;
String Theory; Wilkinson Microwave Anisotropy Probe.
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BiNnoMIAL CLASSIFICATION

THE ScieNcE: Carolus Linnaeus designed a hierarchical taxonomic system
for naming and classifying plants and animals. His system gave each or-
ganism a two-term name that was derived from its unique defining
characteristics and its position within the hierarchical system. Lin-
naeus’s classification system brought an intellectual order to biology
that persists to this day.

THE SCIENTISTS:
Carolus Linnaeus (Carl von Linné; 1707-1778), Swedish physician and
botanist
Joseph Pitton de Tournefort (1656-1708), French physician and botanist
John Ray (1627-1705), English Protestant cleric and naturalist
Andrea Cesalpino (1525-1603), Italian physician, philosopher, and
botanist

THE NEED FOR A SYSTEM

In the fourth century B.C.E., the Greek philosopher Aristotle (384-322
B.C.E.) formulated the earliest known system of biological classification by
grouping organisms according to their habitat or means of transporta-
tion—air, land, or water. Classical Greek and Roman botanical works by
Theophrastus (c. 372-287 B.C.E.) and Pedanius Dioscorides (c. 40-c. 90 C.E.)
served as foundational references for medieval herbalists, who expanded
the lists of medically useful plants but offered few systematic means to dis-
tinguish them other than descriptions or portraits of their specimens. Or-
dering plants according to their purported medicinal value was common;
a few reference books listed animals in alphabetical order.

During the Renaissance, explorers to distant lands introduced natural-
ists to a flood of new plants and animals, and this new material provided the
impetus for classifying plants and animals according to their relationships
to one another rather than their usefulness to humans. Italian physician and
botanist Andrea Cesalpino utilized the Aristotelian criteria ofessential char-
acteristics (such as reproductive organs) and accidental characteristics (such
as taste, smell, or color) to specify features important to plant classification.
This approach deeply influenced later naturalists. English Protestant cleric
John Ray and French botanist Joseph Pitton de Tournefort helped define
the concept of “species” as the most fundamental unit of biological classifi-
cation, and Tournefort was the first to recognize the “genus” as a basic cat-
egory of classification, falling between species and families.
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However, the discipline of biological classification, otherwise known as
taxonomy, suffered from a lack of standardization. The names given to or-
ganisms varied from one naturalist to another. To make matters worse, the
classification system of Tournefort squeezed the approximately 10,000
known species of plants into 698 genera that botanists had to memorize.
Such classification systems were impractical, difficult to use, and detrimen-
tal to the effective analysis of the exotic material being supplied by explorers.

FLEXIBILITY AND STANDARDIZATION

Although trained as a physician, Carolus Linnaeus spent the vast ma-
jority of his scientific energy on taxonomy. Linnaeus greatly simplified the
conventions that governed the naming of plants and animals by using a
standardized binomial nomenclature in his seminal work, Systerma naturae
(1735; A General System of Nature: Through the Three Grand Kingdoms of Ani-
mals, Vegetables, and Minerals, 1800-1801). Gaspard Bauhin (1560-1624) had
developed binomial nomenclature almost two hundred years earlier, and
Linnaeus used this naming technique to replace the cumbersome descrip-
tions of his day with a double name in Latin called a binomen.

The first half of the binomen consisted of a capitalized genus name, desig-
nating a group composed of several species. The second part, a specific epi-
thet, designated the species name. Linnaeus used Latin binomens to replace
the long, unwieldy descriptions in Latin used by naturalists at this time.
For example, the wild briar rose was known as Rosa sylvestris inordora seu
canina (odorless woodland dog rose) or Rosa sylvestris alba cum rubore, folio
glabro (pinkish white woodland rose with smooth leaves). Linnaeus sim-
plified these rambling descriptions to Rosa canina. In the tenth edition of A
General System of Nature (1758), Linnaeus became the first person to employ
binomial nomenclature consistently and without exception to name plants
and animals. Because of the simplicity of this naming system, naturalists
not only could remember names but also could agree on them.

In A General System of Nature, Linnaeus also described a simple hierar-
chical system of plant classification anyone could use. He arranged plants
into twenty-four “classes” according to the number and relative positions
of their male reproductive organs, or stamens. He further divided these
classes into sixty-five “orders,” based on the number and position of the fe-
male reproductive organs, or pistils. The orders were then divided into
genera, or sets of species that shared similar characteristics.

Because of the ease of using Linnaeus’s taxonomic scheme, amateurs,
travelers, or gardeners could employ the Linnaean system for themselves
and arrive at the same conclusions. Linnaeus also demonstrated the utility
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LINNAEUS’S SEXUAL SYSTEM

Carolus Linnaeus was interested in a wide range of topics in natu-
ral history, but his primary interest was classification. His goal was to
produce a system by which one could correctly identify organisms,
and his method was to use the common Aristotelian technique of
downward classification.

This method involved taking a class of objects, dividing it into two
groups (for example, the class of living organisms can be divided into
animals and nonanimals), and con-

tinuing the process of dichotomous
divisions until there was only the
lowest set, the species, which could
not be further divided. Such a sys-
tem was highly artificial, since the
basis for many of the divisions was
arbitrary. However, based on his
philosophical and theological com-
mitment to the argument from the
Creator’s design, Linnaeus believed
that if the correct characteristic was
chosen as the basis of division, nat-
ural relationships would be revealed.
In his typically arrogant manner, he
claimed to have discovered that trait
and built his system around it. He
called it his “sexual system.”
Linnaeus’s system was more
adapted to botany than to zoology.

With his system, he was personally
able to classify more than eighteen
thousand species of plants, but his attempts to classify animals created
duplications and confusion, primarily because he could not find a
characteristic that would work for animals the way reproductive struc-
tures did for plants. His inclination to classify everything can also be
seen in his attempts to classify diseases, humans, and even botanists.

Linnaeus should not, however, be regarded as merely a taxono-
mist. His essays and lectures provide evidence that he was exploring
ideas that would now be considered basic to ecology and biogeog-
raphy. He sought to develop, within both a theological and biological
context, a concept of the harmony of nature. Finally, he tried not to al-
low his philosophical or theological positions to blind him to his data.
As a result of his evidence, he revised his views on fixity of species to
allow for a kind of evolution—formation of new species by hybridiza-
tion—below the genus level.
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of his sexual classification system in a botanical account of his 1732 expedi-
tion to Lapland, Flora Lapponica (1737; The Flora of Lapland, 1811), and in his
catalog of the plants from the garden of the wealthy amateur horticulturist
George Clifford, Hortus Cliffortianus (1738; Clifford’s garden). His later
work Species plantarum (1753; Plant Species, 1775) cataloged all known spe-
cies of plants and expanded his taxonomic principles. These books helped
his sexual classification system gain widespread acceptance and use in Eu-
rope, despite opposition from some naturalists who thought that it was too
sexually explicit.

NESTED HIERARCHIES

The Linnaean classification system provided a rigorously nested hier-
archy of plant and animal categories in which small groups were nested
within successively larger and larger groups. A species, the smallest de-
nomination into which organisms could be classified, was embedded in a
larger group, the genus; one or more genera composed a family; and sev-
eral families were grouped into classes, etc. Such a classification scheme
easily accommodated new organisms or even new groups of organisms.

Linnaeus’s nested hierarchical system received wider use and accep-
tance than the non-hierarchical schemes proposed by his competitors. For
example Georges-Louis Leclerc, comte de Buffon (1707-1788), Linnaeus’s
principal competitor, thought that the entire morphology of the organism
should be considered when deciding relatedness and not just a few “essen-
tial” structures, like the reproductive organs. To encapsulate his approach
to classification, Buffon proposed a classification system that joined some
organisms by means of physiology and others via anatomy and still others
by means of ecology. The system of Buffon did not endear itself to others
because of its almost overwhelming complexity and inability to accommo-
date new material without substantial changes. By 1799, fifty different clas-
sification systems existed, and of these only the taxonomic system created
by Linnaeus ultimately survived.

ImpacCT

It is difficult to overestimate Carolus Linnaeus’s contribution to biol-
ogy, since he single-handedly made biological classification a rigorous sci-
entific endeavor. Linnaeus once and for all simplified the naming system
and developed a classification scheme that people with a wide range of
training could successfully use. His system of taxonomy also easily accom-
modated the deluge of new biological material from foreign lands, and
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since its structure did not depend upon the criteria used to distinguish one
group from another, the structure of the Linnaean classification system has
survived to modern times, even though his sexual classification scheme
was abandoned before the end of the eighteenth century.

Linnaeus’s taxonomic scheme, which he viewed as a way of defining
the initial species originally placed on earth by God, ironically paved the
way for Charles Darwin’s theory of evolution, because it could also accom-
modate a theory of evolution by common descent. Darwin’s in-depth
study of barnacle classification convinced him that evolutionary related-
ness was the best criterion for classifying organisms in the same group.
Linnaeus’s nested hierarchical taxonomic system lent itself to Darwin’s
theory, since grouping organisms into ever-larger categories also allowed
scientists to assemble organisms according to more recently or distantly
shared common ancestors.

See also Evolution; Human Evolution; Mendelian Genetics; Popula-
tion Genetics.
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Brack HoLEs

THE ScieNcE: In 1916, Karl Schwarzschild developed a solution to Albert
Einstein’s equations of general relativity that describes a gravitational
black hole.



Black Holes / 85

THE SCIENTISTS:
Karl Schwarzschild (1873-1916), German physicist
Albert Einstein (1879-1955), German American physicist
Sir Isaac Newton (1642-1727), English scientist and philosopher

GENERAL RELATIVITY

In 1915, Albert Einstein published his general theory of relativity, in
which he discussed his theory of a “space-time continuum” that included
four dimensions: length, width, height, and time. He believed that physi-
cal events could be located precisely on this continuum. This revolutionary
new concept of space-time, which included the idea that space-time itself is
curved, stood in opposition to the universal law of gravitation, which had
been developed by Sir Isaac Newton in 1665. According to Newton, grav-
ity is an attractive force acting between all particles of matter in the uni-
verse. Einstein, however, believed that gravity is a consequence of the
shape of space-time. Local space-time, according to the general theory of
relativity, is distorted by the presence of a large mass such as a star or a
planet. Objects traveling close to a massive body would therefore travel in
a curved path, causing the appearance of a gravitational field.

When the general theory of relativity was first proposed, the mathemat-
ics of its equations were thought to be beyond comprehension. In fact, it
was frequently stated that only twelve or so scientists in the world com-
pletely understood the theory. Even today, many of its implications re-
main unexplained. The first person to find an exact solution to the equa-
tions of the general theory of relativity was the German physicist Karl
Schwarzschild. Prior to the work of Schwarzschild, the only solutions to
the equations had been approximations.

In 1916, when Schwarzschild was working on his solution, Germany
was at war. The patriotic Schwarzschild insisted on serving in the German
armed forces. Various campaigns took him to Belgium, France, and finally
Russia. While serving in Russia he contracted the fatal disease pemphigus.
Although he became too ill to continue in military service, he continued to
work on the equations. Shortly after his return to Germany, he completed
his work and sent a copy to Einstein. Within a few months, Schwarzschild
died.

Schwarzschild had sought to determine what would happen if gravity
around a spherical body became infinitely powerful. He also wanted to
find the least complex explanation for the phenomenon. The result, the
Schwarzschild solution, describes a “black hole,” an object so dense that
light itself cannot escape from its surface. Difficulties in interpreting the
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THE SCHWARZSCHILD RADIUS

At the start of World War I in 1914, Karl Schwarzschild, a young
professor at the University of Gottingen, volunteered for military ser-
vice. Craving action, he eventually managed to get transferred to Rus-
sia, where he heard of Albert Einstein’s new general theory of relativ-
ity. Schwarzschild wrote two papers on that theory, both published
that year. He provided a solution—the first to be found—to the com-
plex partial differential equations fundamental to the theory’s mathe-
matical basis. Schwarzschild solved the Einstein equation for the exte-
rior space-time of a spherical nonrotating body. This solution showed
that there is an enormous, virtually infinite, redshift when a body of
large mass contracts to that certain radius—a size now known as the
Schwarzschild radius.

The value of that size is easily calculated by a simple astrophysical
formula Schwarzschild derived, relating the radius to the universal
gravitational constant, the star’s mass, and the speed of light: R = 2GM/
¢(2). Surprisingly, he showed that the general theory of relativity gave
basically the same results as Isaac Newton’s more common theory of
gravitation, but for different reasons. When

the mass of the object is measured in units
of the Sun’s mass, the Schwarzschild radius
is neatly given by three times the ratio of
the mass to the Sun’s mass, the answer ex-
pressed in kilometers: R = 3 x M/M(Sun). If
the Sun were contracted to a radius of 3 ki-
lometers, it would be of the right size to be
labeled a “black hole.” A body becomes a
black hole when it shrinks to a radius of less
than the critical radius; at that point, noth-
ing, including light, will have enough en-
ergy ever to escape from the body—hence
the name “black hole,” since no light es-
capes and anything falling in remains. Earth
would have to contract to a radius of ap-
proximately one centimeter to become a
black hole.

While in Russia, Schwarzschild con-
tracted pemphigus, an incurable metabolic
disease of the skin. He was an invalid at
home in 1916 when he died. He was forty-
two years old. For his service in the war ef-
fort, he was awarded an Iron Cross. In 1960,
he was honored by the Berlin Academy,
which named him the greatest German as-
tronomer of the preceding century.
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Schwarzschild solution, however, cast some doubt upon its validity until
the 1960’s, when its true significance was recognized.

THE DEATH OF A MASSIVE STAR

The formation of a black hole is believed to be the final stage in the de-
cay of a massive star, when nuclear fuel is exhausted in the star’s core. The
exact sequence of events depends entirely on the mass of the star. Toward
the end of its life, a massive star will go through the supernova stage, in
which much of its outer material is blasted into space. The core then begins
to collapse. If the star’s mass is 1.4 solar masses or smaller, it will end up as
a “white dwarf.” At this stage, the pressure exerted by the electrons of the
atoms is enough to prevent total collapse. This hot carbon mass will even-
tually cool to become a “black dwarf.” If the mass of the decayed star is be-
tween 1.4 and 3.1 times the mass of the Sun, gravity will cause a much more
extensive collapse. At this point, gravity is so intense that electrons and
protons combine to form neutrons, resulting in the formation of a “neutron
star.”

If the mass is greater than 3.1 solar masses, not even neutrons will be
able to counteract the force of gravity, and the star will continue to col-
lapse. As the star collapses, its surface gravity will become greater and
greater. As a result, the velocity needed to escape this gravitational body
increases. After the escape velocity has reached the velocity of light, fur-
ther collapse results in the formation of a black hole. The distance at which
the escape velocity is equal to the velocity of light is the distance calculated

THE MAKING OF A BLACK HOLE

A massive star may end its life as a black hole: During its main sequence (left), radiation emits outward.
As the core burns (center), the star begins to collapse in on itself. Finally (right), the increasing mass at
the core is so great that gravity is extremely strong, preventing any radiation (including light) from es-

caping.
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by Schwarzschild in his solution to Einstein’s equations; it is known as the
“Schwarzschild radius” or the “event horizon.” Beyond this point, there is
no way of determining events. It is an area that is totally disconnected from
normal space and time.

In theory, any object could become a black hole if it were compressed
enough. If the Earth were shrunk to a volume slightly less than a centime-
ter in radius, it would become a black hole. If the Sun were compressed to a
radius of less than three kilometers, it would become a black hole.

The diameter of the Schwarzschild radius of a black hole depends on
the mass of the decayed stellar core. For example, a decayed core with a
mass five times greater than that of the Sun would have an event horizon
with a radius of 30 kilometers. A stellar remnant of 20 solar masses would
have an event horizon with a 60-kilometer radius. Within this boundary,
however, the remains of the star continue to collapse to a point of infinite
pressure, infinite density, and infinite curvature of space-time. This point
is known as the “Schwarzschild singularity.”

ImracT

The true significance of Schwarzschild’s work was not recognized until
more study was done on stellar structure and evolution. An important step
was taken in 1931 when the astronomer Subrahmanyan Chandrasekhar
completed calculations that described the interior of a white dwarf star. At
that time, he did not consider the fate of very massive stars, but English as-
tronomer Arthur Stanley Eddington proposed that massive stars in their
death stages continue to radiate energy as they become smaller and
smaller. At some point, they reach equilibrium. In 1939, the American
physicist J. Robert Oppenheimer and his student Hartland Snyder showed
that a star that possesses enough mass will collapse indefinitely.

By the end of the twentieth century, it was fully recognized that what
the Schwarzschild solution describes is a black hole. However, the type of
black hole described by the Schwarzschild equations is essentially static.
Static black holes do not rotate and have no electric charges. The only prop-
erty possessed by such bodies is mass. Later variations on Schwarzschild’s
work have led to theories about other kinds of objects, such as rotating
black holes, black holes with electrical charges, and black holes that both
rotate and have electrical charges.

Black holes, by their nature, cannot be seen, so evidence for their exis-
tence must necessarily be circumstantial. Nevertheless, proof that they
actually exist has grown increasingly strong. In the last three decades of
the twentieth century astrophysicists identified two dozen possible black
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holes—including one at the center of the Milky Way galaxy. In 2000 alone,
the discovery of eight supermassive black holes was reported to the Amer-
ican Astronomical Association. With the development of new optical X-
ray, infrared, and radio telescopes, more discoveries were anticipated, and
astrophysicists were hypothesizing that black holes are not rare, but com-
mon, throughout the universe.

See also Black Holes; Gamma-Ray Bursts; Neutron Stars; Quasars; Rel-
ativity; Stellar Evolution; Very Long Baseline Interferometry; X-Ray As-
tronomy.
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Broop CIRCULATION

TuE Science: William Harvey’s discovery of the circulation of the blood
was one of most important discoveries in the history of medicine.
Quickly accepted by the medical community, it led doctors and scien-
tists to rethink the blood and heart’s physiology, as well as general ther-
apeutic strategies.

THE SCIENTISTS:
William Harvey (1578-1657), English physician
Hieronumus Fabricius ab Aquapendente (1537-1619), Paduan professor
whose lectures Harvey attended
René Descartes (1596-1650), French philosopher
Jean Riolan (1580-1657), French physician



90 / Blood Circulation

TurNING GALEN UprsipE DownN

William Harvey’s discovery of the circulation of the blood was not a
punctual event. Rather, it was the product of a decade of observations, reflec-
tions, speculations, and writings, beginning in 1617 and ending in 1628, when
Harvey published Exercitatio anatomica de motu cordis et sanguinis in animalibus
(1628; Anatomical Exercise on the Motion of the Heart and Blood in Animals, 1653;
commonly known as De motu cordis). This slim book, published in Frankfurt,
formally announced the discovery, which turned accepted notions about
the heart and blood upside down. These accepted notions sprang from the
ideas of Galen (129-c. 199 c.E.), a second century Greek physician whose
work was influential throughout the Middle Ages and Renaissance.

The dissections Harvey performed while lecturing on surgery at the
Royal College of Physicians gave him the opportunity to study the heart,
although he originally intended to focus his research on the heartbeat, and
convinced him that the Galenic understanding of the function and motion
of the heart and blood needed to be revised. In fact, while Renaissance dis-
sections had considerably expanded the knowledge of human anatomy—
epitomized by Andreas Vesalius’s De humani corporis fabrica (1543; On the
Fabric of the Human Body, books I-1V, 1998; better known as De fabrica)—
they had neither revealed how or why the heart moves nor elucidated the
circulation of the blood. Indeed, the cardiovascular system and cardiac
movements are very complex phenomena that cannot be easily observed.

Although the Renaissance physician Realdo Colombo (1516?-1559) had
already raised doubts about Galen’s description of the heart’s function,
when Harvey first considered the anatomical evidence, he was a con-
vinced Galenist, like most of his colleagues. In Galenic medicine, blood
was considered to be one of the four humors whose balance determined
the health of an individual. It was thought of, not as circulating in a closed
system, but rather as being continuously produced and destroyed. Galen
believed that the liver produced blood to provide nourishment to the
body; therefore, blood was consumed and had to be regenerated. This
nourishing plasma was identified with the darker, venous blood.

Red, arterial blood, according to Galen, had instead the function of car-
rying pneuma, the vital spirit that was infused when the blood mixed with
air in the lungs. A minimal exchange between the two blood types was be-
lieved to occur only in the heart’s septum. The lack of a circulatory process
in this model demanded that blood flow very slowly, allowing time for its
generation and destruction. Similarly, the heart was not seen as responsi-
ble for the motion of blood, which was instead thought to be attracted by
the various organs and passageways, each at its own rate.
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WiLriaMm HARVEY: QUESTION AUTHORITY

Like Galileo, William Harvey had little respect for authority. He be-
lieved anatomy should be taught by dissection and observation, not by
books or ancient theories—no matter how venerable and respected.

Scientists, he said, should test every hy-
pothesis with their own eyes, trusting au-
thorities only if their conclusions could be
corroborated by firsthand observation and
experiment.

After the publication of his treatise on
the circulation of blood, Harvey’s life en-
tered a public and political phase as he be-
came physician to King Charles I and the
royal household. He continued his experi-
ments and observations of many species of
animals, insects, and plants, making sev-
eral trips, at the king’s request, to Europe,
Scotland, and even the Holy Roman Em-

pire. Harvey’s connection with the royal
court gave him unusual opportunities for
observation. Asked to examine seven Scottish women accused of
witchcraft, he determined that they had no unusual anatomical charac-
teristics and cleared them of the charge. Performing an autopsy on
Thomas Parr, reputed to be 152 years old when he died, Harvey con-
cluded that the cause of death was his move from Shropshire, where he
had worked outdoors in cool, clean air, to London, where he sat, ate,
and got little exercise while breathing unclean, sooty air.

Seventeenth century London, desperately overcrowded and grow-
ing fast, was in the midst of a medical crisis. Several recurrences of the
plague motivated medical research on the disease’s causes and treat-
ment. In the 1630’s, England was also moving closer to a civil war be-
tween Royalist and Parliamentary interests. As the king’s physician,
Harvey was directly touched by these two national crises. When Lon-
don and Parliament turned against the king, Harvey was dismissed as
chief physician of Saint Bartholomew’s Hospital. The hostility of his
former London colleagues was less disturbing to Harvey than was the
plundering of his house and the destruction of his files, which in-
cluded valuable observations on the generation of insects. To Harvey,
politics was insignificant compared with the excitement of scientific
investigation.

In 1646, at age sixty-eight, Harvey resigned his position as royal
physician and was fined two thousand pounds for assisting the Royal-
istarmy. He spent the rest of his life making scientific observations and
performing experiments.

(Library of Congress)
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One reason Galen’s model had endured so long was that oxygen-rich
arterial blood in fact transforms into depleted venous blood in the capillar-
ies, which are so small that they are visible only under a microscope. Since
this process was beyond contemporary observational abilities, it neither
required explanation nor stood as a recognizable contradiction to Galen’s
system. The capillaries would not be observed until Marcello Malpighi dis-
covered them in 1660.

VENOUS VALVES

The chain of ideas and observations that led Harvey to challenge and
undo the Galenic system remains a matter of speculation, because his notes
and papers were lost during the Great Fire of London (1666). Any recon-
struction of the exact history of Harvey’s discovery must therefore rely pri-
marily on circumstantial evidence. Harvey wrote the crucial chapters of De
motu cordis between 1617 and 1619, and in the 1628 work’s introduction, he
claims to have discovered the circulation of the blood nine years earlier.

Harvey’s introduction also indicates that it was thinking about the
properties of venous valves that originally compelled him to doubt
Galenic notions, study the heart’s function and movement, and hypothe-
size that blood circulates through the body. Discovered by Hieronumus
Fabricius ab Aquapendente and illustrated, albeit without understanding
their true function, in his De venarum ostiolis (1603; on the veins’ little
doors), venous valves prevent the blood from flowing away from the
heart, forcing it toward the heart. Recognizing this action of the valves in
the veins and realizing that arteries lack such valves, Harvey concluded
that the blood must somehow pass from the arteries to the veins and there-
fore circulate in the body.

Harvey’s book uses metaphoric language and relies repeatedly on anal-
ogies of microcosm to microcosm and of the meteorological cycle of water.
Beyond such abstract reasoning, however, Harvey devised a series of
clever experiments to support his daring claim that blood circulates and is
somehow transferred from the arteries to the veins. For example, by ligat-
ing an arm and regulating the blood flux in veins and arteries with a finger,
he presented a visual demonstrations that valves prevent the blood from
flowing away from the heart. These experiments are the only ones illus-
trated in De motu cordis, a book that includes only two plates.

Harvey also calculated the amount of blood that is expelled by the heart
per hour: Even with conservative estimates for the average heartbeat and
for the ventricles’ size and volume, he concluded that about 1,000 fluid
ounces, or almost 8 gallons (about 30 liters), of blood emerge from the heart
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each hour. Since it seemed impossible for the body to produce and con-
sume fluid at that rate, this figure seemed to prove that the same blood
must pass through the heart repeatedly. Harvey’s combined rhetorical ar-
guments, experimental evidence, and quantitative observations ultimately
proved convincing.

TaHE HEART AS Pump

The fact of the blood’s circulation correlates with the notion that the
heart must function as a pump. Harvey therefore studied the heart’s mo-
tion and function, although he never actually used that often repeated
comparison between the organ and the machine. Human cardiac move-
ments remain unclear when observed in a heart beating at a normal rate, so
Harvey performed vivisections of cold-blooded animals, whose hearts
beat more slowly. He also examined dying mammals’ hearts as they
slowly stopped beating. These experiments allowed him to understand
systolic and diastolic movements and thus to revise Galenic notions about
cardiac anatomy and the function of the heart’s four valves.

Harvey’s claims and ideas were bold and challenged the status quo of
medicine. Not surprisingly, they gave rise to heated debates in which he
himself took part, as did prominent intellectuals of the seventeenth cen-
tury, including Robert Fludd, Kenelm Digby, Thomas Hobbes, and René
Descartes. The two most interesting opposing views were presented by
Jean Riolan, a famous French physician and anatomist, and by Descartes.
Riolan ingeniously attempted to reconcile Harvey’s circulation of the
blood with the Galenic model, allowing for the blood to circulate in a
smaller circuit of the heart and lungs, though at a much slower rate of one
complete cycle per day.

Conversely, Descartes fully supported circulation, but he disputed
Harvey’s account of the relationship of the blood to the heart. Following
his belief that the body is a machine, Descartes tried to theorize the cardio-
vascular system and cardiac motions in mechanical terms, with the heart
powered by the passage of the blood. Although significant, Riolan’s hy-
brid system and Descartes’s mechanical reinterpretation did not have a
lasting impact; they were quickly disproved by experimental evidence.

ImracT

Harvey’s discovery of the circulation of the blood is often compared in
tenor and importance to Galileo’s discoveries and to Sir Isaac Newton's
theories. Although it was certainly revolutionary, however, it is important
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to underscore that Harvey’s discovery did not reflect or incorporate the ba-
sic tenets of the Scientific Revolution. In fact, Harvey remained a con-
vinced Aristotelian; his explanations are generally qualitative rather than
quantitative, and they all embody the causal scheme proper in Aristotelian
natural philosophy. In fact, he conceived his research to be part of a pro-
gram, which he shared with many of his colleagues, aimed at reviving Ar-
istotelian medical theories. It is within this framework that his attitude to-
ward dissection and experimentation should be viewed.

Despite many authoritative attempts to disprove it, Harvey’s discovery
became mainstream medical knowledge within four decades of its publi-
cation. His discovery had both theoretical and practical implications. Ac-
cepting that the blood circulates not only demanded that physicians re-
think their notions of blood and cardiac physiology, but it also proved a
death blow to Galenic medicine. Therapeutic strategies were also affected.
For instance, the practice of bloodletting, previously meant to rid the body
of a presumed excess of blood and to reestablish the balance among the
four humors, lost meaning,.

See also Blood Groups; Galen’s Medicine; Germ Theory; Greek Medi-
cine; Human Anatomy; Pulmonary Circulation.

FURTHER READING

Aubrey, John. “William Harvey.” In Aubrey’s Brief Lives. Reprint. Boston:
D. R. Godine, 1999.

Bylebyl, Jerome, ed. William Harvey and His Age: The Professional and Social
Context of the Discovery of the Circulation. Baltimore: Johns Hopkins Uni-
versity Press, 1979.

Conrad, Lawrence, et al., eds. The Western Medical Tradition, 800 B.C. to A.D.
1800. New York: Cambridge University Press, 1995.

French, Roger. William Harvey'’s Natural Philosophy. New York: Cambridge
University Press, 1994.

Fuchs, Thomas. The Mechanization of the Heart: Harvey and Descartes. Roch-
ester, N.Y.: University of Rochester Press, 2001.

Gregory, Andrew. Harvey’s Heart: The Discovery of Blood Circulation. Lon-
don: Totem Books, 2001.

Harvey, William. The Circulation of the Blood and Other Writings. London-
New York: Everyman’s Library, 1990.

Keynes, Geoffrey. The Life of William Harvey. Oxford, England: Clarendon
Press, 1966.

McMullen, Emerson Thomas. William Harvey and the Use of Purpose in the



Blood Groups / 95

Scientific Revolution: Cosmos by Chance or Universe by Design? Lanhan,
Md.: University Press of America, 1998.
Whitteridge, Gweneth. William Harvey and the Circulation of the Blood. New
York: American Elsevier, 1971.
—Renzo Baldasso

Broop Grours

TrE Science: Karl Landsteiner investigated the chemistry of the immune
system and discovered the A-B-O blood groups, the most significant
advance toward safe blood transfusions.

THE SCIENTISTS:
Karl Landsteiner (1868-1943), Austrian pathologist, immunologist, and
winner of the 1930 Nobel Prize in Physiology or Medicine
Philip Levine (1900-1987), physician, immunoserologist, and
Landsteiner’s student
Alexander S. Weiner (1907-1976), immunoserologist who, with
Landsteiner, discovered the rhesus blood system

ANTIBODIES AND BLooD TyPEs

In the late 1800’s, immunology was developing rapidly as scientists ex-
amined the various physiological changes associated with bacterial infec-
tion. Some pathologists studied the ways in which cells helped the body to
fight disease; others studied the roles of noncellular factors. In 1886, for ex-
ample, the British biologist George Nuttall showed how substances in
blood serum (the part of the blood that becomes separated when a clot
forms) fight bacteria and other microorganisms that enter the human body.

During this time terms such as “antibody” and and “antigen” were in-
troduced. Once a disease-producing organism invades the body, the body
reacts by producing helpful substances, or antibodies. These are produced
in the blood or tissues and weaken or destroy bacteria and other organic
poisons. Antigens are any substances that, after entering the body, stimu-
late the production of antibodies. The latter then go about their work of
fighting these potentially harmful invaders.

Another researcher, Max von Gruber, a bacteriologist at the Hygiene
Institute in Vienna, was particularly interested in how the serum of one in-
dividual initiates the clumping, or agglutination, of foreign cells that it en-
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counters. He and a student, Herbert Edward Durham, discovered that anti-
bodies are what cause the agglutination of disease organisms in the blood.

MAKING TRANSFUSION SAFE

All this research was applied by scientists trying to figure out a way of
making blood transfusions safer. It is now known that before transfusing
blood from one person to another, the blood types of each person must be
determined. For a transfusion to work, the donor and the recipient must
have compatible blood types; otherwise, the recipient’s immune system
will reject the new blood. If it does, agglutination will occur, and clots will
form in the recipient’s blood; the result can be fatal for the recipient.

The discovery of the existence of blood groups was a necessary first step
in understanding the mechanics of transfusion. Samuel Shattock, an En-
glish pathologist, first came close to discovering human blood groups. In
1899 and 1900, he described the clumping of red cells in serum taken from
patients with acute pneumonia and certain other diseases. Because he
could not find the clumping in the serums of healthy persons, he con-
cluded that his results reflected a disease process.

WHAT CAUsiEs CLUMPING?

In 1900 and 1901, Karl Landsteiner synthesized the results of such ear-
lier experiments and provided a simple but correct explanation. He took
blood samples from his colleagues, separated the red blood cells from the
serum, and suspended the samples in a saline solution. He then mixed
each person’s serum with a sample from every cell suspension. Agglutina-
tion (clumping) occurred in some cases; there was no reaction in others.
From the pattern he observed, he hypothesized that there were two types
of red blood cell, A and B, whose serum would agglutinate the other type
of red cell. There was another group, C (in later papers, group O), whose
serum agglutinated red blood cells of both types A and B, but whose red
blood cells were not agglutinated by serum from individuals with either A
or B. He concluded that there were two types of antibodies, now called
“anti-A” and “anti-B,” found in persons of blood types B and A, respec-
tively, and together in persons with blood type C. Successful transfusing
was thus understood as dependent upon accurate blood-type matching.

In 1902, two students of Landsteiner, Alfred von Decastello and
Adpriano Sturli, working at Medical Clinic I in Vienna with more subjects,
tested blood with the three kinds of cells. Four out of 155 individuals had
no antibodies in their serum (2.5 percent), but their cells were clumped by
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Broob TyPes, GENES, AND POsSIBLE OFFSPRING
Mating | Genes of Parents | Blood Type of Parents Possible Children
Number | Father Mother | Father Mother Genes Blood Type
1 AA AA A A AA A
2 AA AB A AB AAor AB Aor AB
3 AA BB A B AB AB
4 AB AA AB A AAor AB Aor AB
5 AB AB AB AB AA, AB,or BB | A, AB, or B
6 AB BB AB B AB or BB ABorB
7 BB AA B A AB AB
8 BB AB B AB AB or BB ABorB
9 BB BB B B BB B

the other types of serums. This fourth, rare kind of blood was type AB, be-
cause both A and B substances are present on red cells. Decastello and
Sturli proved also that the red cell substances were not part of a disease
process when they found the markers equally distributed in 121 patients
and 34 healthy subjects.

Broop TyriNG

Landsteiner anticipated forensic uses of the blood by observing that se-
rum extracted from fourteen-day-old blood that had dried on cloth would
still cause agglutination. He suggested that the reaction could be used to
identify blood. He noted also that his results could explain the devastating
reactions that occurred after some blood transfusions. Human-to-human
transfusions had replaced animal-to-human transfusions, but cell aggluti-
nation and hemolysis (dissolution of red blood cells) still resulted after
some transfusions using human donors. In a brief paper, Landsteiner inter-
preted agglutination as a normal process rather than the result of disease.
He thus laid the basis for safe transfusions and the science of forensic serol-
ogy; he became known as the father of blood groups.

Landsteiner’s experiments were performed at room temperature in di-
lute saline suspensions. These made possible the agglutination reaction of
anti-A and anti-B antibodies to antigens on red blood cells but hid the reac-
tion of warm “incomplete antibodies” (small antibodies that coat the anti-
gen but require a third substance before agglutination occurs) to other, yet
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LANDSTEINER’S FAMOUS FOOTNOTE

Karl Landsteiner studied medicine at the
University of Vienna from 1885 to 1891,
during a time frequently described as the
golden age of microbiology. This period—
from about 1876 to 1906—saw a great num-
ber of significant discoveries concerning the
causes of disease and the functions of the
immune system. Shortly after his gradua-
tion in 1891, the twenty-three-year-old phy-
sician left Vienna to begin work in biochem-
istry under the direction of Emil Fischer.

Landsteiner returned to Vienna in 1896
to work at Vienna’s Hygienic Institute un-
der Max von Gruber, one of the discoverers
of agglutination. There he developed his in-
terest in immunity and the nature of anti-
bodies, worked in morbid physiology, and
in 1900 discovered the human blood groups.
In his paper announcing this discovery is one of the most famous foot-
notes in the history of medicine:

The serum of healthy humans not only has an aging effect on animal
blood corpuscles, but also on human blood corpuscles from different in-
dividuals. It remains to be decided whether this phenomenon is due to
original individual differences or to the influence of injuries and possible
bacterial infections.

Landsteiner’s subsequent experiments proved that the differences
were not the result of some pathology, as previously thought, but were
quite normal individual differences, which he was able to categorize
into the three basic blood groups A, B, and O.

undetected antigens such as the rhesus antigens, which are important for
understanding hemolytic disease of the newborn.

ImpracT

The most important practical outcome of the discovery of blood groups
was the increased safety of blood transfusions. In 1907, Ottenberg was the
first to apply Landsteiner’s discovery by matching blood types for a trans-
fusion. A New York pathologist, Richard Weil, argued for testing blood to
ensure compatibility.
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Subgroups of blood type A were discovered in 1911, but it was not until
1927 that Landsteiner, now working at the Rockefeller Institute in New
York, and his student, Philip Levine, discovered additional blood group
systems. They injected different red blood cells into rabbits and eventually
obtained antibodies that could distinguish human blood independently
from A-B-O differences. The new M, N, and P factors were not important
for blood transfusion but were used for resolving cases of disputed parent-
age. More scientists eventually became aware of the multiple applications
of Landsteiner’s blood group research, and in 1930, he was awarded the
Nobel Prize in Physiology or Medicine.

See also Blood Circulation; Galen’s Medicine; Greek Medicine; Human
Anatomy; Hybridomas; Immunology; Pulmonary Circulation; Stem Cells.
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BLUE BABY SURGERY

THE ScieENCE: Alfred Blalock and Helen Taussig developed the first surgi-
cal method of correcting cyanosis, which is caused by congenital defects
in the heart.
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THE SCIENTISTS:
Alfred Blalock (1899-1964), American surgeon and physiologist
Helen Brooke Taussig (1898-1986), American physician
Vivien Thomas (1910-1985), surgical laboratory technician
Sanford Edgar Levy (b. 1909), American physician

ANOXEMIA

Anoxemia, often called the “blue baby” syndrome, is usually caused by
congenital defects in the heart or blood vessels. In a “blue baby,” blood does
not circulate properly, and the blood does not carry enough oxygen. Symp-
toms include cyanosis (including blue lips and fingertips), shortness of breath,
fainting, poor physical growth, skin problems, and deformities in the fingers
and toes. Before the 1940’s, children born with these problems often died at
an early age; if they did survive, they suffered much pain. About seven out of
every thousand babies are born with some kind of congenital heart disease.

Alfred Blalock was a skillful surgeon who studied the circulatory sys-
tem. At Vanderbilt University, Blalock conducted experiments on dogs.
Wanting to understand the effects of high blood pressure, his team of re-
searchers linked the left subclavian artery (a major branch of the aorta) to
the left pulmonary artery (which is connected to the lungs). They found
that this did not increase blood pressure in the lungs very much. Five years
later, Blalock would use a similar technique to correct blue baby disease.

Blalock did another surgical experiment on dogs, connecting the aorta
to the left subclavian artery to correct blockage in the aorta. This operation
was also successful, but Blalock did not feel ready to try it on human be-
ings. He was afraid that clamping major blood vessels during surgery
would cut off circulation to the brain and other organs for too long. In 1942,
however, a Swedish surgeon, Clarence Crafoord, reported that clamping
the aorta for twenty-eight minutes during surgery did not cause damage.
This was reassuring to Blalock.

THE “BLUE BABY” OPERATION

During a conference on children’s medicine at The Johns Hopkins Uni-
versity, the cardiologist Helen Brooke Taussig asked whether Blalock’s
procedure could be used to improve lung circulation in children with con-
genital heart defects. Taussig believed that children suffering from a condi-
tion known as “tetralogy of Fallot” had a narrowed pulmonary valve and
artery and that this caused poor pulmonary circulation, so that not enough
oxygen passed through the body.
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Dr. HELEN TaussiG: THE RicaT ToucH

Born in 1898 in Cambridge, Massachusetts, to Harvard economist
Frank W. Taussig and Edith Guild, Helen Taussig would become one
of the greatest physicians of her generation. Her mother died when she
was only eleven, and Helen struggled to conquer dyslexia in order to
follow in her mother’s footsteps and become a Radcliffe student, where
she also excelled as a champion tennis player.

In 1917, she moved to the University of California at Berkeley, earn-
ing her bachelor’s degree from that institution in 1921. She next stud-
ied at Boston University and then—denied entry to Harvard because
she was a woman—enrolled at The Johns Hopkins University School
of Medicine, from which she graduated in 1927. By now, deafness had
joined dyslexia as the disabilities she would overcome to pursue a
medical career; discrimination would next deny her an internship in
medicine, so she pursued pediatrics. However, she turned these obsta-
cles into advantages: In the absence of hearing, her heightened sense of
touch allowed her to sense abnormal heart rhythms, and her work with
infants would lead to her greatest medical achievements. By 1930
Taussig was head of the Children’s Heart Clinic at the Harriet Lane
Home, Johns Hopkins Hospital’s pediatric unit. She would remain
there until 1963.

The first to question why some “blue babies” died quickly while
others lived months and sometimes years, Taussig identified the con-
dition causing the problem and developed the idea for the operation to
correct it. After the brilliant surgical technician Vivien Thomas helped
develop the procedure, surgeon Alfred Blalock, under Taussig’s guid-
ance, performed the new operation on November 9, 1944. Their tech-
nique soon spread around the world, saving thousands of lives. Taus-
sig initially received little credit, however, and later recalled: “Over the

years I've gotten recognition for what I did,
but I didn’t at the time. It hurt for a while.”
Nevertheless, Taussig continued making
valuable contributions: In 1947, she published
Congenital Malformations of the Heart; in 1954,
she received the prestigious Lasker Award;
in 1959, she finally was advanced to full pro-
fessor at Johns Hopkins; in 1962, she testified
before the Food and Drug Administration
on birth defects caused by the sleeping pill
thalidomide, thus helping to stop its use in
the United States; in 1964, President Lyndon
Johnson awarded her the Medal of Freedom;
and in 1965, she became the first woman
elected president of the American Heart As-

sociation.

(Maryland Historical Society)
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Blalock and Taussig began working together to design a way to join the
left subclavian artery to the pulmonary artery in children so that more
blood would flow to the lungs. With the help of surgical technician Vivien
Thomas, they performed more experiments on dogs to test the procedure.

On November 29, 1944, Blalock performed the first blue baby operation
on a fifteen-month-old girl who suffered from tetralogy of Fallot. Taussig
and Vivien Thomas assisted him, along with resident surgeon William P.
Longmire and anesthesiologist Merel Harmel. The surgery lasted three
hours. Blalock clamped the left subclavian artery, cut through it several
centimeters away from where it branched off the aorta, and tied off the use-
less upper end. He pulled the now-open end down toward the left pulmo-
nary artery, which had also been clamped, and made an opening in the
wall of the left pulmonary artery so the two could be stitched together.
When the clamps were released, blood flowed out of the aorta through the
left subclavian artery and into the left pulmonary artery. The lungs quickly
began receiving a greater flow of blood.

The child soon was much healthier than she had been before. Sadly, she
died nine months later. Yet Blalock and Taussig were encouraged to find
that their surgical treatment could work, and within two months after the
first blue baby surgery, they performed two more. By December, 1945, Bla-
lock had performed sixty-five of these operations, with a success rate of 80
percent. Doctors came from all around the world to learn how to perform
the new surgery. Blalock was praised as a hero, and newspapers published
reports of how he had saved children who otherwise might have died.

ImpracT

The Blalock-Taussig procedure, as the operation came to be called, has
saved thousands of lives and allowed many children to lead normal lives.
The procedure also led to other experimental treatments for heart prob-
lems. A synthetic shunt to connect blood vessels in this type of surgery was
tirst used by Frank Redo and Roger Ecker in 1963; this operation is called
the modified Blalock-Taussig procedure.

Open-heart surgery, first developed in the 1950’s, is now used to correct
tetralogy of Fallot and other heart deformities. Because infants are usually
too small for open-heart surgery, however, the Blalock-Taussig shunt is
still used as the first step in a series of operations to treat heart problems in
very young children.

See also Diphtheria Vaccine; Hand Transplantation; Heart Transplan-
tation; Immunology; In Vitro Fertilization; Insulin; Ova Transfer; Polio
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Vaccine: Sabin; Polio Vaccine: Salk; Schick Test; Smallpox Vaccination;
Streptomycin; Vitamin C; Vitamin D; Yellow Fever Vaccine.
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BooLEAN LoGIcC

THE SciENCE: Geoge Boole’s publication of The Mathematical Analysis of
Logic marked the first major advance in logic since the work of Aristotle
over two thousand years before and contributed to the development of
computer science a century later.

THE SCIENTISTS:
George Boole (1815-1864), British-Irish mathematician who created
mathematical logic
Augustus De Morgan (1806-1871), English mathematician and logician,
author of popular and influential texts
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Ori1GINS OF LoGIc

The origin of logic as the study of the validity of arguments (whether
the truth of the premises guarantees the truth of the conclusion) goes back
at least to Greek times. In the dialogues of Plato, there is much discussion
of whether a conclusion follows, but it is in the work of his student Aris-
totle that formal logic first appears. Formal logic is built on the assumption
that some arguments are true in virtue of their form, not because of the
kinds of object being considered. For example, from the claims “All hu-
mans are animals” and “All animals are mortal creatures” one can con-
clude that “All humans are mortal creatures.” One could reach that conclu-
sion even if one did not know what humans or animals were, since it is the
form of the argument that makes it convincing. This kind of argument was
called a “syllogism” by Aristotle.

For many centuries, this syllogistic logic of Aristotle was the only sort
taught in European universities. In the seventeenth century, the German
mathematician Gottfried Wilhelm Leibniz put forward the idea of being
able to translate any argument into a mathematical language and to deter-
mine whether the argument was valid by mathematical means. Leibniz
did not propose in detail how such a method would work, and most of his
speculations were in letters or notebooks that were not published at the
time. While there were critics of Aristotle in European thought up through
the nineteenth century, they did not have a formal alternative of their own
to offer.

THE NEED FOR A NEW Locic

At the beginning of the nineteenth century, different number systems
had been introduced and found to be governed by different laws. As a re-
sult, there were some algebraic equations that would always be true for
some kinds of numbers and not true for other kinds of numbers. Just look-
ing at an equation did not allow for the determination of whether the equa-
tion was sometimes, always, or never true. Instead, one had to know what
sorts of objects the letters represented. In fact, by the 1840’s, the letters were
sometimes used to represent objects that could scarcely be called numbers
at all, falling instead into the category of operations.

George Boole was a mathematician of limited formal education who
had started to make a name for himself in the 1840’s. He had been a bright
child but did not come from a family wealthy enough to be able to send
him to a university. His mathematical skills were sufficient to earn publica-
tion for his articles, and he may even have benefited from not having been
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exposed to the university curriculum typical of the age. In particular, he
could bypass Aristotle’s logic the extent that it was still being held up as es-
sential for university students.

MATHEMATICAL LoGIc

Boole was a friend of the mathematician Augustus De Morgan, who
had written a fair amount about logic himself and who had become em-
broiled in a dispute with a philosopher over plagiarism. Boole was sympa-
thetic to De Morgan, but he found something to be said on behalf of the ap-
proach of De Morgan’s opponent as well. What Boole did in his pamphlet
The Mathematical Analysis of Logic (1847) was to illustrate how mathematics
could be used to settle issues about the validity of logical arguments. This
involved expressing the arguments in mathematical terms and then apply-
ing mathematical techniques to determining whether the arguments were
legitimate.

Boole translated statements into equations by thinking of letters as rep-
resenting classes of objects. He then represented combinations of those
classes by algebraic expressions involving addition, subtraction, and mul-
tiplication. Addition corresponded to the logical connective “or” and mul-
tiplication to the connective “and.” What enabled Boole to persuade read-
ers of the usefulness of this approach was that the laws of logic, as
expressed with these letters and operations, looked a great deal like the
laws of algebra, to which mathematicians were accustomed. Because ev-
eryone was familiar with solving algebraic equations to get numerical so-
lutions, Boole suggested that one could use similar techniques to deter-
mine whether the equation corresponded to a valid argument.

The analogy with the ordinary laws of algebra was not perfect. In partic-
ular, in the setting of logic, it turned out that any power of a variable was
just equal to that variable itself. In ordinary algebra, the only numbers for
which that was true were 0 and 1. As a result, Boole characterized the alge-
bra of logic as the ordinary algebra of numbers if one were limited to only
the numbers 0 and 1. Boole also had to develop an interpretation of those
numbers in the setting of logic. This resulted in his using 0 to stand for the
empty class (the set with no members) and 1 to stand for the universal class
(in which everything is contained). This was a step well beyond anything
Aristotle had discussed formally.

The ideas that Boole combined to turn logic into a mathematical science
came from many settings. Obviously, contemporary work on algebra sug-
gested the use of letters for different sorts of objects. In addition, Boole was
an enthusiastic reader of theology, and he may have found the notion of 1
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as standing for the universal class in line with his views about God. In any
case, Boole continued to work on formulating the ideas of his pamphlet,
which he described in a journal article in 1848 and articulated at greater
length in An Investigation of the Laws of Thought on Which Are Founded the
Mathematical Theories of Logic and Probabilities, published in 1854. De Mor-
gan and he engaged in a correspondence that helped to clarify Boole’s
ideas in a way to make them more widely accessible, although none of his
books ever sold well.

ImpracT

Bertrand Russell once claimed that pure mathematics was invented by
George Boole, and he was thinking of Boole’s work on mathematics and
logic. The relationship between mathematics and logic had been a distant
one up until Boole’s time, but the two remained yoked together in the work
of many mathematicians and philosophers who pursued the subject after
Boole’s death in 1864. In particular, the lack of progress in logic over the
time since Aristotle contrasts sharply with the continuing progress in
mathematical logic following in Boole’s footsteps.

Boole’s introduction of mathematics into logic did not enable logicians
to analyze every argument mathematically. In particular, statements about
relations could not easily be fit into Boole’s machinery. The German math-
ematician Gottlob Frege created a notation in a work of his published in
1879, and his energetic efforts on behalf of his conception and notations led
to Boole’s work being shunted off to the side. If there is anyone who can

BOOLEAN SEARCHES

George Boole is today considered the father of mathematical logic.
His mathematics were extremely complex but in one way his work has
become very familiar to anyone who does “advanced” searches on
computer databases. The Boolean “operators” AND, OR, and NOT are
ubiquitous tools of advanced search engines:

AND: requires all results in a search to contain both words or expres-
sions entered into the search.

OR: requires all results in a search to contain at least one word or expres-
sion entered into the search.

NOT: requires all results in a search to contain all words entered as the
first word or expression in a search, excluding those entered as the
second expression or word in the search.
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compete with Boole for the distinction of having created mathematical
logic, it would be Frege.

Boole’s influence, however, became even more conspicuous with the
rise of computer science. Terms involving the word “Boolean” bear wit-
ness to the extent to which his treatment of variables became a model for
analyzing language, reasoning, and even switching circuits. Even the
“New Math” introduced in elementary education in the 1960’s started
from Boolean algebra. Boole demonstrated that classical logic could be
treated as a branch of mathematics. Mathematics and logic (and the world
with which they deal) have been linked ever since.

See also Abstract Algebra; Axiom of Choice; Bell Curve; Bourbaki Proj-
ect; Calculus; Chaotic Systems; D’Alembert’s Axioms of Motion; Decimals
and Negative Numbers; Euclidean Geometry; Fermat’s Last Theorem;
Fractals; Game Theory; Hilbert's Twenty-Three Problems; Hydrostatics;
Incompleteness of Formal Systems; Independence of Continuum Hypoth-
esis; Integral Calculus; Integration Theory; Kepler’s Laws of Planetary Mo-
tion; Linked Probabilities; Mathematical Logic; Pendulum; Polynomials;
Probability Theory; Russell’s Paradox; Speed of Light.
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BOURBAKI PROJECT

THE ScieNcCE: The Bourbaki mathematicians worked, through their serial
publication Eléments de mathématique, to expound in a highly original
way the principal structures of modern mathematics with the goal of
making each field of mathematical study have the widest possible
sphere of applicability.

THE SCIENTISTS:
Claude Chevalley (1909-1984), French mathematician and a founding
member of the Bourbaki group
Henri Cartan (b. 1904),
Jean Dieudonné (1906-1992),
André Weil (1906-1998),
Jean Delsarte (1903-1968),
Charles Ehresmann (1905-1979),
René de Possel (1905-1974),
Szolem Mandelbrojt (1899-1983), and
Jean Coulomb, other founding members

THE NEW MATH

Two essential characteristics of modern mathematics are an emphasis
on abstraction and an increasing concern with the analysis of broad, un-
derlying structures and patterns. By the middle of the twentieth century,
these characterizing features were noted by those who were interested in
mathematical education, and it was felt by some that these features should
be incorporated into the teaching of mathematics. Accordingly, competent
and enthusiastic writing groups were formed to redesign and modernize
the school offerings in mathematics, and the so-called new math came into
being.

Because abstract mathematical ideas often can be expressed most con-
cisely in terms of “set” concepts and set notation, and because “set theory”
had become recognized as a foundation of mathematics, the new math
starts with an introduction to set theory and then continues with a persis-
tent use of set ideas and set notation. The new math also stresses, as does
twentieth century mathematics, the underlying structures of the subject.
Thus, in the New Math treatment of elementary algebra, much more atten-
tion is given to the basic structures and laws of algebra (such as the com-
mutative, associative, distributive, and other laws) than was the case pre-
viously.
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THE BOURBAKI CIRCLE AND ITS Mi1ssioN

“Bourbaki” is the collective pseudonym of an influential group of
mathematicians and their intellectual heirs who, beginning in 1935 (and
continuing to this day), engaged in writing what they envisioned as a de-
finitive survey of all of mathematics, or at least of all those parts of the sub-
ject that the group considered worthy of the name. Although many influ-
ential members of the group are well known, the exact composition of the
Bourbaki group varies from year to year and is kept secret. The group,
whose official title is L’Association des Collaborateurs de Nicolas Bour-
baki, has an office in Paris at the Ecole Normale Supérieure and a Web site.

The project was begun by a number of brilliant young mathematicians
who made important contributions to mathematics under their own
names. In the beginning, they made no particular attempt to keep their
identities secret. With the passage of time, however, they became more and
more fond of their joke, and they often tried to persuade people that there
was indeed an individual named Nicolas Bourbaki who was the author of
their books. In fact, a Nicolas Bourbaki applied for membership in the
American Mathematical Society but was rejected on the grounds that he
was not an individual.

Among the original members of the group were Henri Cartan, Claude
Chevalley, Jean Dieudonné, and André Weil—all of whom were among
the most eminent mathematicians of their generation. Many younger
French mathematicians later joined the group, which is said to have ten to
twenty members at any one time and has included two or three Americans.
It has been said that the only rule of the group is mandatory retirement
from membership at the age of fifty.

Although the Bourbaki group writes under the pseudonym Nicolas
Bourbaki, no such person exists, and the origin of the name is obscure. It
has been suggested, however, that the use of a collective pseudonym was
intended to obviate title pages with long and changing lists of names and
to provide a simple way of referring to the project. The family name ap-
pears to be that of General Charles Denis Sauter Bourbaki (1816-1897), a
statue of whom stands at Nancy, France, where several members of the
group once taught. It has also been suggested that the Christian name al-
ludes to St. Nicholas, a bringer of gifts—in this case, gifts to the mathemati-
cal world.

Over the years, the Bourbaki group’s major treatise, Eléments de mathé-
matique (1939ff.; elements of mathematics), which is actually a series of vol-
umes, has appeared in installments ranging from one hundred to three
hundred pages in length. The first installment appeared in 1939 and the
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WHERE Is N1coLAS BOURBAKI?

In an interview in 1997, one of the Bourbaki group’s members, Pierre
Cartier, responded to the question of why the group had not published since
the mid-1980’s:

Under the pressure of [founding member] André Weil, Bourbaki
insisted that every member should retire at fifty, and I remember that,
in my eighties, I said, as a joke, that Bourbaki [the group’s fictional
founder] should retire when he reaches fifty. . . .

Weil was fond of speaking of the Zeitgeist, the spirit of the times. It
isno accident that Bourbaki lasted from the beginning of the thirties to
the eighties. . . . The twentieth century, from 1917 to 1989, has been a
century of ideology, the ideological age. . . . If you put the manifesto of
the surrealists and the introduction of Bourbaki side by side, as well as
other manifestos of the time, they look very similar. . . . In science, in
art, in literature, in politics, economics, social affairs, there was the
same spirit. The stated goal of Bourbaki was to create a new mathemat-
ics. . . . Bourbaki was to be the New Euclid, he would write a textbook
for the next 2000 years. . . .

When I began in mathematics the main task of a mathematician
was to bring order and make a synthesis of existing material, to create
what Thomas Kuhn called normal science. Mathematics, in the forties
and fifties, was undergoing what Kuhn calls a solidification period. In
a given science there are times when you have to take all the existing
material and create a unified terminology, unified standards, and train
people in a unified style. The purpose of mathematics, in the fifties and
sixties, was that, to create a new era of normal science. Now we are
again at the beginning of a new revolution. Mathematics is undergoing
major changes. We don’t know exactly where it will go. It is not yet
time to make a synthesis of all these things—maybe in twenty or thirty
years it will be time for a new Bourbaki.

Source: Cartier, Pierre. “The Continuing Silence of Bourbaki: An Interview with Pierre
Cartier.” Interviewed by Marjorie Senechal. The Mathematical Intelligencer, June 18, 1997.

thirty-third in 1967. Many intervening installments have been extensively

revised and reissued.

The selection of topics in the work is unlike more traditional introduc-
tions to mathematics. In the Bourbaki arrangement, the history of mathe-
matics begins with set theory, which is followed by abstract algebra, gen-
eral topology, functions of a real variable (including ordinary calculus),
topological vector spaces, and the general theory of integration. To some
extent, the order is determined by the logical dependence of each topic on

its predecessors.
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MATHEMATICAL STRUCTURES

The most obvious aspects of the Bourbaki work are, first, its insistence
on strict adherence to the axiomatic approach to mathematics and, second,
the use of an individual and (originally) unconventional terminology—
much of which has since been widely accepted. The group’s axiomatiza-
tions are intended to be applied to what the group calls “mathematical
structures.” In principle, a mathematical structure consists of a set of ob-
jects of unspecified nature and a set of relationships among those objects.
Once a structure has been ascertained, axioms are added to describe it
more precisely.

By proceeding in this way, it is possible to obtain increasingly complex
structures. The Bourbaki group, then, envisions mathematics as a system
of structures ranging from the simple to the complex. Its aim is to make
each field of mathematical study as general as possible in order to obtain
the widest possible sphere of applicability.

ImracT

The Bourbaki project has been influential for a number of reasons. Most
important, the volumes in Eléments de mathématique have offered the first
systematic account of a number of topics that previously were available
only in scattered articles. The Bourbaki group’s orderly and general ap-
proach, insistence on precision of terminology and argument, and advo-
cacy of the axiomatic method all have had a strong appeal for pure mathe-
maticians, who had been proceeding in the same direction. Since
mathematicians had to learn Bourbaki terminology in order to read their
work, that terminology has become widely known, and it has changed
much of the vocabulary of mathematical research. Although the group
published little after the 1980’s, the effect of its work in the development of
mathematics has been fully commensurate with the great effort that has
gone into creating it.

See also Abstract Algebra; Axiom of Choice; Bell Curve; Boolean Logic;
Calculus; Chaotic Systems; D’Alembert’s Axioms of Motion; Decimals and
Negative Numbers; Euclidean Geometry; Fermat’s Last Theorem; Fractals;
Game Theory; Hilbert’'s Twenty-Three Problems; Hydrostatics; Incom-
pleteness of Formal Systems; Independence of Continuum Hypothesis; In-
tegral Calculus; Integration Theory; Kepler’s Laws of Planetary Motion;
Linked Probabilities; Mathematical Logic; Pendulum; Polynomials; Proba-
bility Theory; Russell’s Paradox; Speed of Light.
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BoYLE’s Law

THE ScieENCE: Often called the “father of modern chemistry,” Robert Boyle
discovered the inverse relationship between the pressure and volume
of a gas. He devised influential definitions of a chemical element, com-
pound, and reaction. He also used his corpuscular philosophy, an
atomic theory of matter, to explain his experimental results.

THE SCIENTISTS:

Robert Boyle (1627-1691), Irish chemist and physicist

Robert Hooke (1635-1703), English physicist

René Descartes (1596-1650), French philosopher, physicist, and
mathematician

Pierre Gassendi (1592-1655), French priest and atomist

Otto von Guericke (1602-1686), German physicist who invented the air
pump

Edmé Mariotte (1620-1684), French priest and physicist

John Mayow (1641-1679), English physiologist

Richard Lower (1631-1691), English physician
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FroMm ALcHEMY TO CHEMISTRY

For chemistry to become a modern science, old ideas had to be aban-
doned and new ideas introduced. During the seventeenth century the sci-
entist most responsible for the transformation of alchemy into chemistry
was Robert Boyle. Unlike many natural philosophers of the Scientific Rev-
olution, who viewed chemistry as either a pseudoscience or a practical
craft, Boyle treated chemistry as worthy of a rigorous experimental ap-
proach.

Born into the aristocracy in Ireland, Boyle had been a child prodigy who
developed his intellectual skills at Eton and, with a tutor, on a tour
throughout Europe. He studied the new scientific ideas of such natural
philosophers as Galileo, Pierre Gassendi, and René Descartes. After his re-
turn to England in the mid-1640’s, he devoted more and more of his time to
scientific studies. He became a member of a group of science enthusiasts
called the Invisible College, which was the forerunner of the Royal Society,
an important institution in Boyle’s later career.

AIR PumPs AND VACUUMS

While at Oxford in the late 1650’s, Boyle learned of Otto von Guericke’s
demonstration in Magdeburg, Germany, of the tremendous pressure of
the atmosphere. Guericke used his invention, an air pump, to suck the air
out of two metal hemispheres fit-
ted together along a circumfer-
ential flange. Several teams of
horses were unable to disjoin
them, but as soon as air was rein-
troduced into the joined hemi-
spheres, they readily fell apart.
With the help of a talented assis-
tant, Robert Hooke, Boyle con-
structed an air pump that was
much more effective than the
one used in Germany. Indeed, so
effective was this pump at evac-
uating experimental vessels that
vacuum Boylianum (“Boylean vac-
uum”) became a standard scien-
tific designation.

For two years Boyle used his Robert Boyle. (Library of Congress)
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air pump to perform a variety of experiments. He demonstrated that a
feather and a lump of lead fell at the same velocity in a vacuum, that a
clock’s ticking was silent in a vacuum, and that electrical and magnetic at-
traction and repulsion remained undiminished in a vacuum. Birds and
mice did not long survive in a vacuum, and a candle flame sputtered out
when deprived of air. Boyle published an account of his research in his first
scientific book, New Experiments Physico-Mechanicall, Touching the Spring of
the Air and Its Effects (1660).

BoyLE’s Law

Because of Boyle’s belief that he had created a vacuum, a controversial
notion at the time, his book provoked criticisms from Aristotelians and
Cartesians who believed that voided spaces were impossible in a universe
completely filled with matter. In response to a particular critic, the Jesuit
Franciscus Linus, Boyle devised his most famous experiment, an account
of which he published in the second edition of his book in 1662. Using a
seventeen-foot-long J-shaped glass tube sealed at the short end, Boyle
trapped air in the sealed end by pouring mercury into the long open tube.
He discovered that, when he doubled the weight of the mercury in the long
tube, the volume of the trapped air was halved. This discovery of the inverse
relationship between a gas’s pressure and volume came to be called Boyle’s
law in English-speaking countries. It was called Mariotte’s law in continen-
tal European countries, because, in 1676, Edmé Mariotte, independently of
Boyle, discovered this inverse relationship with the important provision
that the temperature during measurements had to be kept constant.

As a corpuscularian philosopher, Boyle tried to explain the results of
his experiments mechanically, but his corpuscles were not the same as
Gassendi’s or Descartes’s. Boyle’s corpuscles had size, shape, and mobil-
ity, though he was cautious in using these theoretical entities to account for
experimental phenomena. For example, in the case of the compressibility
of air, he proposed that air corpuscles might be like tiny coiled springs, but
since air was also involved in chemical processes such as combustion,
Boyle believed that air was a peculiar substance, an elastic fluid teaming
with foreign materials.

SiMPLE AND COMPLEX ELEMENTS

Boyle’s theoretical ideas made their appearance when he published The
Sceptical Chymist (1661, rev. 1679). This work, often called his masterpiece,
was written as a dialogue among spokespeople holding different views
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about the nature of chemistry. However, it was clearly an attack on the an-
cient Aristotelian notion that all matter is composed of four elements—
earth, water, air, and fire—and a repudiation of the Renaissance view that
all chemical phenomena can be explained through the three principles of
salt, mercury, and sulfur.

Unwilling to rely on previous authorities, the “sceptical” Boyle empha-
sized that chemical ideas had to be grounded in observations and experi-
ments. For him, no reason existed for limiting the elements to three or four,
since an element was basically a substance that could not be broken down
into simpler substances. These elemental substances, which are capable of
combinations in various compounds, were behind all material things and
their changes. Though Boyle’s “operational definition” of elements be-
came influential, he found it difficult in practice to determine whether par-
ticular substances were simple or complex.

CHEMICAL ANALYSIS

Not only did Boyle contribute to physical and theoretical chemistry; he
also helped found qualitative and quantitative analysis. For example, he
developed identification tests to make sure he was using pure materials.
Gold was pure if it had the correct specific gravity and dissolved in aqua
regia (a mixture of hydrochloric and nitric acids) but not in aqua fortis (ni-
tric acid alone). He also used precipitates, solubility, and the colors of sub-
stances in flames as analytical tools. He was especially fascinated with
color indicators as a way to distinguish acidic, alkaline, or neutral sub-
stances. He discovered that a blue plant material, “syrup of violets,”
turned red in acids, green in alkalis, and remained unchanged in neutral
solutions.

COMBUSTION

Throughout the history of chemistry, researchers used fire to study
chemical changes. Boyle knew that combustion stopped in the absence of
air, but he also knew that gunpowder burned under water (he thought that
the saltpeter in gunpowder acted as an air substitute). Like other research-
ers, Boyle observed that, when metals were heated in air, they formed a
powdery substance (a “calx”) that was heavier than the original metal. He
explained the weight increase as a result of the addition of “igneous cor-
puscles,” but a contemporary, John Mayow, was closer to the truth when
he speculated that a substance common to air and saltpeter (now known to
be oxygen) might be the cause of combustion.
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Like other experimenters, Boyle discovered a connection between com-
bustion and respiration, since he observed that a burning candle and a
breathing mouse both reduced the volume of air. Mayow believed that the
blood in the lungs absorbed the “combustive principle” from the air and
distributed it throughout the body. Another contemporary of Boyle, Rich-
ard Lower, discovered that air could change dark venous blood to bright
red arterial blood. In addition to blood, Boyle was interested in urine, from
which he prepared phosphorus, whose luminosity in air intrigued him (he
initiated the practice of storing phosphorus under water). Although Boyle
failed to find the true role that air played in respiration and in the combus-
tion of phosphorus, his emphasis on methodical experimentation served
as an exemplar for those eighteenth century scientists who would eventu-
ally make these discoveries.

ImpACT

Victorian writers bestowed on Boyle the epithet “father of modern
chemistry” because of his realization that chemistry was worthy of study
for its own sake and not just because of its usefulness to medicine and met-
allurgy. He also showed those natural philosophers who denigrated chem-
istry as an occult science that chemists, through rigorous experiments,
could make important discoveries every bit as objective as those of physi-
cists. On the other hand, some twentieth century scholars have questioned
Boyle’s traditional role as modern chemistry’s founder. They emphasize
that what Boyle meant by an element is not what modern chemists mean
by it; Antoine-Laurent Lavoisier was largely responsible for the modern
notion of chemical elements as related to specific types of atoms. For exam-
ple, Boyle did not think that metals were elements, but the periodic table
contains many metals that are genuine elements. Furthermore, Boyle did
not really abandon alchemy; he believed in its central doctrine, transmuta-
tion. He was so convinced that lead could be transformed into gold that he
campaigned against an old royal decree forbidding transmutation re-
search.

Despite the caveats of modern scholars, more chemical discoveries and
theoretical ideas found in Boyle’s voluminous writings have become part
of modern chemistry than the work of any of his contemporaries. The air
pump he invented has been called the greatest machine of the Scientific Rev-
olution, and Boyle’s experimental studies became models of the most pro-
ductive way to do science. As an advocate of the experimental philosophy,
he was one of the most influential members of the Royal Society, though he
declined its presidency over a personal scruple about taking oaths. Though
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ROBERT BOYLE: SCIENCE AND FAITH

Robert Boyle made two important contributions to science, particu-
larly physics and chemistry. The first is a tangible contribution: He was
a founding member of the Royal Society of England in 1662. This
group of eminent scientists—including William Brouncker, Robert
Murray, Paul Neile, John Wilkins, and Sir Christopher Wren—met reg-
ularly to present papers on scientific thought and to discuss the results
of experiments. The society also kept meticulous records of its pro-
ceedings (perhaps a direct result of Boyle’s participation) and pub-
lished the first science journal in England. The Royal Society promoted
excellence and dedication in the sciences and attracted such men as Sir
Isaac Newton to careers in science.

Boyle’s second contribution is less concrete but just as vital. Boyle’s
experimental approach to chemistry helped to bring it into the realm of
modern scholarship. Previously, a mystical or mysterious element was
associated with chemistry. Alchemy, or the alleged changing of one
substance into another (most often a base metal into a precious one),
was almost the only chemical investigation done until Boyle’s day.
Fraudulent claims, farfetched speculation, and outright trickery made
alchemy an unrespectable method of study. By replacing quasi-scientific
work with the experimental method, Boyle did a great service for fu-
ture generations of chemical researchers.

Ironically, at age thirteen, during a sudden and violent thunder-
storm in Geneva, Boyle believed that he was truly converted to a fer-
vent Christianity. He was a devout believer for the rest of his life, and
his studies in the physical sciences were always conducted so as to
demonstrate the existence of God in the universe. He saw no conflict
between his scientific research and his faith: The regularity of physical
and chemical laws convinced Boyle that an intelligent God had created
the world.

praised by physicists, Boyle saw himself above all as a chemist, and in his
development of new techniques and control experiments, he had a great
influence on the modern scientific research laboratory.

For his contemporaries, Boyle was the preeminent mechanical philoso-
pher in England. He trained some important scientists, including Robert
Hooke, Denis Papin (the inventor of a forerunner of the pressure cooker),
and Johann Joachim Becher, an influential German chemist. During his
lifetime, Boyle was also honored for his writings on natural theology.
Deeply religious, he considered himself a “priest of Nature,” and in his
will he left substantial funds to found the Boyle Lectures for the Defense of
Christianity Against Its Enemies. These lectures, which have been given
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for over three centuries, symbolize the lasting significance of Boyle not
only to scientists but also to all human beings trying to reconcile their
search for meaning in life with the worldview created by modern science.

See also Atmospheric Pressure; Atomic Theory of Matter; Kinetic The-
ory of Gases; Thermodynamics: First and Second Laws; Thermodynamics:
Third Law.
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BRAHE'S SUPERNOVA

THE SciencE: Tycho Brahe’s observation of a supernova led him to develop
new, precise instruments for observing and measuring the locations
and movements of celestial bodies. Johannes Kepler used Brahe’s work
to help demonstrate his radical theory that planets, including Earth,
moved in ellipses around the Sun.
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THE SCIENTISTS:
Tycho Brahe (1546-1601), Danish astronomer
Johannes Kepler (1571-1630), mathematician and astronomer

STARLIGHT IN THE DAYTIME

On November 11, 1572, as the Danish astronomer Tycho Brahe was
about to leave his uncle’s alchemy lab at Herreved Abbey when he noticed
that a new star—one that he would call Stella Nova—had appeared in the
constellation Cassiopeia. Brahe did not believe his eyes, so he called upon
others to view the new star and to reassure him that it was really there. The
new star, which he appropriately called Stella Nova, was brighter than the
planet Venus and observable during daylight hours. It remained visible for
eighteen months. The object Brahe and the others had seen is known now
as a supernova, a rare astronomical event defined as a stellar explosion
that expels a star’s outer layers and fills the surrounding space with a cloud
of gas and dust.

After Brahe’s observation, astronomers and philosophers began to ask,
Where, exactly, was this new star located? Tradition had always taught
that Earth was the center of creation, and that the objects in the sky were lo-
cated on spheres that rotated around Earth. The stars were located on the
outermost sphere, and both Aristotelian and Christian philosophy taught
that the sphere of the stars had remained unchanged since the day of cre-
ation. In this view, it was not possible for a new star to appear in the perfect
and unchanging sky.

The planets and the Moon were known to move relative to the stars, so
it was thought that this supernova was located either in the Earth’s atmo-
sphere or on one of the inner spheres, where the planets and the Moon
were located. If so, then the supernova would move relative to the stars, as
did the planets and the Moon.

BRAHE'S MEASUREMENTS

Two leading astronomers, Michael Maestlin in Tubingen and Thomas
Diggs in England, tried to detect movement in the new star by lining it up
with known fixed stars, using stretched threads to measure the separation.
They saw no movement. Brahe, however, knew he could make more accu-
rate measurements by using instruments that were built to precise stan-
dards and were much larger than those traditionally employed. Brahe had
just finished building a new sextant, which had huge arms, 5.5 feet long. In
addition, Brahe had developed a table of data allowing him to correct for
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A HoMmE For TycHO

By the time he observed the supernova, Tycho Brahe was a well-
known figure: Bejeweled and flamboyantly dressed, he was stocky,
with reddish-yellow hair combed forward to hide incipient baldness,
and he sported a pointed beard and a flow-

ing mustache. When he was young in Ger-
many, he had been in a duel in which his
opponent sliced off a large piece of his nose.
Brahe had a substitute made of gold and
silver and painted to look natural. Conse-
quently, he always carried a box with glue
and salve.

Brahe’s plan was to settle abroad, but
when the Danish king gave him the small
island of Ven, he was able to build his fa-
mous observatory: the architecturally beau-
tiful Uraniborg, named after the muse of as-
tronomy, Urania. It boasted a chemistry lab,
his famous mural quadrant, and observato-
ries in the attic. The smaller but equally
famous Stellaburg—which, except for a
cupola, was built underground—contained

many observational instruments, including

Brahe’s renowned revolving quadrant, as well as portraits, in the
round, of the great astronomers. Brahe even had his own printing
press so he could publish his studies as well as calendars and horo-
scopes for the king and other high dignitaries who visited the island.

By 1582, Brahe had rejected both the static Earth-centered Ptole-
maic system and the heliocentric Copernican system, preferring an
amalgam. In Brahe’s system, Earth was static and the Moon and the
Sun revolve around it, while the other planets revolve around the Sun.
It remained for Brahe’s student Johannes Kepler to reinstate the correct
Copernican system, reinforced by Brahe’s observations.

Unfortunately, Brahe did not adhere to his scientific studies. As he
grew older, his idiosyncrasies became more pronounced and he be-
came involved in some petty suits that alienated the king. Brahe’s in-
transigence finally caused the king to confiscate land that had been be-
queathed to him, leaving Brahe without an adequate source of income.
InJuly, 1597, Brahe moved to Rostock, Germany. A submissive letter to
King Christian IV was met with an angry response, so Brahe ap-
proached Emperor Rudolf II in Prague. Rudolf had a reputation as a
patron of the sciences and took Brahe and his collaborator Kepler un-
der his wing. The two famous astronomers had, at times, a stormy rela-
tionship, and, after several years, Kepler had a nervous breakdown
and left Prague. Brahe died shortly thereafter, on October 24, 1601.
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the tiny errors in his sextant. Using this new sextant, Brahe determined that
the new star did not move relative to the fixed stars. Thus, the new star was
on the eighth, or outermost, sphere, a sphere that was not changing.

Brahe published a detailed account of his methods and results the next
year. His book De nova et nullius aevi memoria prius visa stella (1573; better
known as De nova stella; partial English translation in A Source Book in As-
tronomy, 1929) made him famous among astronomers throughout Europe.
Other young noblemen asked Brahe to teach a course on astronomy, but he
refused. He changed his mind only when the king asked him to teach. In
September of 1574, Brahe began lecturing on astronomy at the University
of Copenhagen. His fame would soon secure for him an island on which to
build his observatories Uraniborn and Stellaburg, from which he would
take detailed measurments of the stars and planets for the next twenty years.

Anew king, Christian IV, came to power in Denmark in 1588 and chose
not to support Brahe’s astronomical efforts. Brahe moved to Prague shortly
thereafter and was joined by a new assistant, Johannes Kepler. Upon
Brahe’s death, all of his astronomical measurements were given to Kepler,
who used them to develop his three laws of planetary motion.

ImpracT

Brahe’s demonstration that this new star was truly a star overturned
prevailing religious dogma, which stated that the heavens were perfect
and unchanging. Moreover, his observations and De nova stella brought his
work to the attention of the king of Denmark, who gave him the island of
Ven and the income generated by its inhabitants to build and equip the
Uraniborg Observatory. At this facility he was able to collect twenty years’
worth of critical astronomical measurements. The king’s support also al-
lowed Brahe to purchase or build the most precise instruments available to
measure the positions of the stars and the planets, long before the inven-
tion of the telescope.

Finally, Brahe’s precise measurements of the positions of the planets in
the sky provided the foundation for Johannes Kepler’s laws of planetary
motion, which in turn were used by Sir Isaac Newton to demonstrate the
validity of his law of gravity over the astronomical distance scale.

See also Big Bang; Black Holes; Cepheid Variables; Galactic Super-
clusters; Galaxies; Gamma-Ray Bursts; Nebular Hypothesis; Neutron
Stars; Pulsars; Quasars; Radio Astronomy; Radio Galaxies; Radio Maps of
the Universe; Stellar Evolution; Very Long Baseline Interferometry; X-Ray
Astronomy.
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BUCKMINSTERFULLERENE

THE SciENcE: Buckminsterfullerene, which is produced when carbon is va-
porized in a helium atmosphere, may always have been present in can-
dle flames.

THE SCIENTISTS:
Robert F. Curl (b. 1933), American chemist
Harry W. Kroto (b. 1939), English chemist
Richard E. Smalley (b. 1943), American physical chemist
R. Buckminster Fuller (1895-1983), creator of the geodesic dome, for
whom buckminsterfullerene is named

THE BUCKYBALL MYSTERY

In 1985, while astronomers peered into their telescopes and noted un-
usual features in the light that came from distant stars, physical chemists
Robert F. Curl, Harry W. Kroto, and Richard E. Smalley stumbled on a pre-
viously unknown form of carbon that had been created in a chamber filled
with helium gas in which graphite had been vaporized with a laser. This
experiment was intended to re-create the conditions that exist in the outer
reaches of the universe. The soot that remained in the chamber was found
to contain a molecule of sixty carbon atoms that were arranged in a perfectly
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THE “BUCKYBALL” MOLECULE spherical shape resembling that of a
soccer ball. This molecule of carbon,

carbon 60, also resembled a geode-
sic sphere, and for that reason it was
named buckminsterfullerene for R.
Buckminster Fuller, the creator of
the geodesic dome. Scientists affec-
tionately call the buckminsterfuller-
ene molecule “buckyball.”
Buckminsterfullerene may be one
of the most abundant and oldest mol-
ecules in the universe; it can be traced
to the first generation of stars, which
were formed some ten billion years
ago. It also promises to be the favorite plaything of chemists for years to
come. Fullerene chemistry—chemistry concerned with fullerene mole-
cules, which are clusters of carbon atoms—has become a field of chemistry
with a wide array of applications, including the creation of superconduct-
ing materials, lubricants, and spherical “cage compounds” that can be
used to administer medications or radioisotopes to patients. Some chem-
ists believe that the structure of the buckyball is so symmetrical and beauti-
ful that it must have many applications that have not yet been discovered.

BuckyBALL's MaGIc PEAK

Mountain climbers are thrilled when they sight a snow-capped moun-
tain rising out of the surrounding countryside. Chemists feel that same
kind of excitement when they come across their own kind of “magic peak.”
Such a peak occurs occasionally for chemists as an upward-pointing blip
on the readout of a “mass spectrometer,” an instrument that sorts mole-
cules by mass (a molecule’s mass is the amount of material that the mole-
cule contains). Researchers find such peaks both baffling and fascinating,
because they indicate that an experiment has yielded a large number of
molecules of one particular mass.

Precisely that kind of peak led to the discovery of buckminsterfullerene,
a cagelike molecule made up of sixty carbon atoms elegantly arranged in
the shape of a soccer ball. The discovery of this form of carbon fascinated
the chemistry and materials science communities.

As is often the case with scientific discoveries, the buckyball was dis-
covered by accident rather than design. As early as 1983, scientists were
studying the ultraviolet light given off by graphite smoke, hoping to learn
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SR HArROLD KrOTO: WINNING ISN’T EVERYTHING

Upon winning the Nobel Prize in Chemistry for his part in the discovery of
buckminsterfullerene, Sir Harold Kroto addressed young scientists with some
wise advice:

I have heard some scientists say that young scientists need prizes
such as the Nobel Prize as an incentive. Maybe some do, but I don’t. I
never dreamed of winning the Nobel Prize—indeed I was very happy
with my scientific work prior to the discovery of C, in 1985. The cre-
ation of the first molecules with carbon/phosphorus double bonds
and the discovery of the carbon chains in space seemed (to me) like
nice contributions and even if I did not do anything else as significant I
would have felt quite successful as a scientist.

Ayoungster recently asked what advice Iwould give to a child who
wanted to be where I am now. One thing I would not advise is to do
science with the aim of winning any prizes, let alone the Nobel Prize;
that seems like a recipe for eventual disillusionment for a lot of peo-
ple. . . . I believe competition is to be avoided as much as possible. In
fact this view applies to any interest—I thus have a problem with
sport, which is inherently competitive.

My advice is to do something which interests you or which you en-
joy (though I am not sure about the definition of enjoyment) and do it
to the absolute best of your ability. If it interests you, however mun-
dane it might seem on the surface, still explore it because something
unexpected often turns up just when you least expect it. With this rec-
ipe, whatever your limitations, you will almost certainly still do better
than anyone else. Having chosen something worth doing, never give
up and try not to let anyone down.

Source: Sir Harry Kroto, “Autobiography,” Les Prix Nobel: The Nobel Prizes 1996, edited by

Tore Frangsmyr (Stockholm: The Nobel Foundation, 1997). Available at http://
nobelprize.org/chemistry. Accessed August, 2005.

something about the composition of interstellar dust. They noticed some
unusual spectroscopic absorption patterns—the “magic peaks” referred to
earlier. These patterns were not understood until 1985, when it was found
that they had been produced by buckminsterfullerene.

The procedure used to produce the first crystals of carbon 60 involved
studying the soot produced in a chamber. The hardware of the experiment
was a cylindrical steel vacuum chamber three feet across. Within this cylin-
der was a steel block with a hollow tube that held a one-inch disk of a
sample material—in this case, graphite. A laser was fired through a one-
millimeter hole in the side of the block, blowing a plume of carbon atoms
off the graphite. At the same time, a pressurized blast of helium (an inert



Buckminsterfullerene /125

gas) was sent through the end of the block and over the graphite. Because
helium is inert, it did not interact with the carbon; instead, it captured and
carried along the freed carbon atoms, allowing them to collide and cluster
into groupings. Then, the high-pressure gas, now crowded with carbon
clusters, rushed through a hole in the wall of the block and into the vacuum
of the spacious main chamber. There, the atomic collisions diminished,
their temperature dropped to just a few degrees above 0 Kelvin (absolute
zero), and the clusters that were formed were preserved and recorded by
the mass spectrometer. In the output recording of the mass spectrometer,
chemists Smalley and Kroto observed the magic peaks of carbon 60, which
caused great excitement in the scientific community.

ImpacT

For their discovery of buckminsterfullerene, Robert Curl, Harold Kroto
and Richard Smalley won the 1996 Nobel Prize in Chemistry. It is now be-
lieved that fullerenes may be among the most common of molecules. Now
that chemists know how to create carbon 60, they can modify it to create new
chemicals—by encapsulating atoms or molecules inside its spherical “cage,”
for example. Scientists are also enjoying naming new derivatives of the
buckyball molecule. Smalley has been able to “dope” the buckyball by plac-
ing atoms inside its “cage.” He calls the resulting structure the “dopeyball.”

Among the proposed uses of fullerenes are the creation of such novel
products as specialized automotive lubricants; strong, light materials to be
used for airplane wings; and rechargeable batteries. Carbon 60 can easily
accept electrons and form negative ions. It can be paired with alkali metals
such as potassium to form superconductors. Because carbon 60 can revers-
ibly accept and donate electrons, fullerenes may function as catalysts in
chemical processes.

Fullerenes have also been manipulated to produce extremely small
pure-carbon tubes about one nanometer in diameter. These nanotubes can
have a broad array of applications in electronics and other areas.

Fullerenes have led to the creation of hundreds of new compounds with
unique chemical, optical, electrical, mechanical, and biological properties.
Many of these compounds are now patented in anticipation that they will
have lucrative commercial applications. As the efficiency of their manufac-
ture increases and their cost decreases, fullerene technology promises to
become a rich area of applied chemistry.

See also Atomic Theory of Matter; Definite Proportions Law; Isotopes;
Periodic Table of Elements; Superconductivity.
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CALCULUS

THE SciENCE: Isaac Newton and Gottfried Wilhelm Leibniz, working inde-
pendently and building on the work of predecessors, created the calcu-
lus, a new branch of mathematics.

THE SCIENTISTS:

Sir Isaac Newton (1642-1727), English natural philosopher and
mathematician

Gottfried Wilhelm Leibniz (1646-1716), German philosopher and
mathematician

John Wallis (1616-1703), English mathematician

Blaise Pascal (1623-1662), French mathematician and physicist

Pierre de Fermat (1601-1665), French mathematician

Bonaventura Cavalieri (1598-1647), Italian Jesuit priest and
mathematician

Johannes Kepler (1571-1630), German astronomer and mathematician

Isaac Barrow (1630-1677), English mathematician and theologian

SHOULDERS OF GIANTS

No person, even a genius, creates in a vacuum. Sir Isaac Newton recog-
nized this when he stated, “If I have seen further than other men, it is be-
cause I stood on the shoulders of giants.” Even though the creation of the
calculus has been associated more closely with Newton than with any
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other mathematician, his work depended on the contributions of others.
That seventeenth century mathematicians had been primed for the calcu-
lus is evidenced by its independent discovery by Gottfried Wilhelm Leib-
niz, who also used the contributions of his mathematical precursors.

The calculus differed from such previous disciplines as geometry and
algebra, since it involved a new operation by which, for example, a circle’s
area could be calculated by means of the limit of the areas of inscribed
polygons, as their number of sides increased indefinitely.

During the first half of the seventeenth century, several mathematicians
devised new methods for determining areas and volumes. For example, Jo-
hannes Kepler, stimulated by the problem of discovering the optimum
proportions for a wine cask, published in 1615 a treatise in which he used
immeasurably minute quantities, or “infinitesimals,” in his volumetric cal-
culations. Some scholars have seen Kepler’s achievement as the inspiration
for all later work in the calculus.

In 1635, Bonaventura Cavalieri published a book that challenged Kep-
ler’s in popularity, and some mathematicians attribute the development of
the calculus to its appearance. Cavalieri used extremely small segments
called “indivisibles” to devise theorems about areas and volumes. Al-
though he compared these indivisibles to pages in a book, he made use of
an infinite number of them in solving various problems. Blaise Pascal also
used indivisibles in calculating the areas under various curves, but in his
method he neglected “differences” of higher order, which some scholars
see as the basic principle of the differential calculus. Building on the work
of Pascal, his friend Pierre de Fermat formulated an ingenious method for
determining the maximum and minimum values of curves.

In England, John Wallis, who had studied the mathematical methods of
Fermat and others, attempted to arithmetize the geometric treatment of ar-
eas of volumes in his Arithmetica infinitorum (1655; arithmetic of infinitesi-
mals), but Isaac Barrow was critical of Wallis’s work. Barrow favored a
geometric approach in determining tangents to curves, and his advocacy
of geometry influenced Newton. In studying problems of tangents and
quadratures (constructing squares equal in area to a surface), Barrow rec-
ognized the basic inverse relationship between differentiations and inte-
grations, but he never generalized his method. This became the principal
mathematical achievement of his pupil, Isaac Newton.

NEWTON AND LEIBNIZ

According to Newton’s personal testimony, he began the steps that led
to his invention of the calculus while he attended Barrow’s lectures at
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Cambridge University. He was
also studying Wallis’s work and
the analytic geometry of René Des-
cartes. Because of an outbreak of
the bubonic plague, Newton re-
turned to his home in Lincoln-
shire, where he derived a method
of using infinite series to express
the area of a circle. He also devised
a differentiation method based not
on ultimately vanishing quanti-
ties but on the “fluxion” of a vari-
able. For example, Newton was
able to determine instantaneous
speeds through fluxions of dis-
tance with respect to time. Flux-
ions, Newton’s name for the cal-

Gottfried Wilhelm Leibniz. (Library of Congress)

culus, were descriptive of the rates of flow of variable quantities.

During the next four years, Newton made his methods more general
through the use of infinite series, and he circulated his discoveries among
his friends in a work entitled De analysi per aquationes numero terminorum
infinitas (1669; on analysis by means of equations with an infinite series of
terms), which was not formally published until 1711 (in Analysis per quanti-
tatum series, fluxiones, ad differentias: Cum enumeratione linearum tertii ordinis).

Image Not Available

Not only did Newton describe
his general method for finding
the instantaneous rate of change
of one variable with respect to
another but he also showed that
an area under a curve represent-
ing a changing variable could be
obtained by reversing the proce-
dure of finding a rate of change.
This notion of summations being
obtained by reversing differenti-
ation came to be called the funda-
mental theorem of the calculus.
Though Newton’s predecessors
had been groping toward it, he
was able to understand and use it
as a general mathematical truth,
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TaE CALcuLUS CONTROVERSY

Both Gottfried Wilhelm Leibniz and Sir Isaac Newton saw the cal-
culus as a general method of solving important mathematical prob-
lems. Though their methods were essentially equivalent, Newton, the
geometer, and Leibniz, the algebraist, developed and justified their
discoveries with different arguments. They both reduced such prob-
lems as tangents, rates, maxima and minima, and areas to operations
of differentiation and integration, but Newton used infinitely small in-
crements in determining fluxions whereas Leibniz dealt with differen-
tials. Scholars have attributed this contrast to Newton’s concern with
the physics of motion and Leibniz’s concern with the ultimate constitu-
ents of matter.

Initially, no priority debate existed between Newton and Leibniz,
both of whom recognized the basic equivalence of their methods. Con-
troversy began when some of Newton’s disciples questioned Leibniz’s
originality, with a few going so far as to accuse Leibniz of plagiarism
(since Leibniz had seen Newton’s De analysi on a visit to London in
1676). Nationalism played a part in the controversy as well. The En-
glish and the Germans desired the glory of the calculus’s discovery for
their respective countries. Though the controversy generated many
hurt feelings and some unethical behavior on both sides in the seven-
teenth century, scholars now agree that Newton and Leibniz discov-
ered the calculus independently.

The significance of this priority controversy was not a question of
victor and vanquished but the divisions it created between British and
Continental mathematicians. The English continued to use Newton’s
cumbersome fluxional notation, whereas Continental mathematicians,
using Leibniz’s superior formalism, were able to systematize, extend,
and make a powerful mathematical discipline of the calculus. Conse-
quently, for the next century, British mathematicians fell behind the
mathematicians of Germany, France, and Italy, who were able to de-
velop the calculus into a powerful tool capable of helping mathemati-
cians, physicists, and chemists solve a wide variety of important prob-
lems.

which he described fully in Methodus fluxionum et serierum infinitarum (The
Method of Fluxions and Infinite Series, 1736), written in 1671 but not pub-
lished until after Newton’s death. In this work, he called a variable quan-
tity a “fluent” and its rate of change the “fluxion,” and he symbolized the
fluxion by a dot over the letter representing the variable.

Newton'’s third work on the calculus, Tractatus de quadratura curvarum
(treatise on the quadrature of curves), was completed in 1676 but pub-
lished in 1711 (also part of Analysis per quantitatum series). He began this
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treatise by stating that, instead of using infinitesimals, he generated lines
by the motion of points, angles by the rotation of sides, areas by the motion
of lines, and solids by the motion of surfaces. This work exhibits Newton’s
mastery of the increasingly sophisticated and powerful methods he had
developed. Though he made sparse use of fluxions in his greatest work,
Philosophiae naturalis principia mathematica (1687; The Mathematical Princi-
ples of Natural Philosophy, 1729, better known as the Principia), he did offer
three ways to interpret his new analysis: using infinitesimals (as he did in
De analysi), limits (as he did in De quadratura), and fluxions (as he did in
Methodus fluxionum). The Principia was Newton’s last great work as a
mathematician.

The chief work on the calculus that rivaled Newton’s work was that of
Leibniz. Leibniz’s early mathematical interests were arithmetic and geom-
etry, but in studying the problem of constructing tangents to curves he
used a “differential triangle” (used earlier by Pascal, Fermat, and Barrow)
to arrive at solutions. He recognized that the ratio of the differences in the
horizontal and vertical coordinates of a curve was needed to determine
tangents, and by making these differences infinitely small, he could solve
these and other problems. He also realized that the operations of summa-
tion and determining differences were mutually inverse. In a 1675 manu-
script on his “inverse method of tangents,” Leibniz used an integral sign
for the sum and “dx” for the difference. With his new notation he was able
to show that integration is the inverse of differentiation. Like Newton,
Leibniz did not circulate his ideas immediately, but, in 1682, he published
his discoveries in a new journal, Acta eruditorum (proceedings of the
learned). In this and later articles he presented his methods of determining
integrals of algebraic functions and solving differential equations.

ImpACT

It is no accident that the calculus originated during the Scientific Revo-
lution; it provided scientists with efficacious ways of determining centers
of gravity, instantaneous velocities, and projectile trajectories. It provided
Newton, Leibniz, and the scientists who followed with methods for solv-
ing important mathematical problems applicable in all the sciences.

See also Abstract Algebra; Axiom of Choice; Bell Curve; Boolean Logic;
Bourbaki Project; Chaotic Systems; D’Alembert’s Axioms of Motion; Deci-
mals and Negative Numbers; Euclidean Geometry; Fermat’s Last Theo-
rem; Fractals; Game Theory; Hilbert’s Twenty-Three Problems; Hydrostat-
ics; Incompleteness of Formal Systems; Independence of Continuum
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Hypothesis; Integral Integration Theory; Kepler’s Laws of Planetary Mo-
tion; Linked Probabilities; Mathematical Logic; Pendulum; Polynomials;
Probability Theory; Russell’s Paradox; Speed of Light.
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CARBON DI1OXIDE

THE ScIENCE: Joseph Black showed that, when intensely heated, magnesia
alba (magnesium carbonate) and chalk (calcium carbonate) produced
“fixed air” (carbon dioxide), a gas with unique physical and chemical
properties.

THE SCIENTISTS:

Joseph Black (1728-1799), Scottish chemist, physicist, and physician
whose discovery of carbon dioxide and its reactions transformed
scientists” understanding of the chemical nature of gases

Daniel Rutherford (1749-1819), Scottish chemist and Black’s student
who discovered “mephitic air” (nitrogen)

William Cullen (1710-1790), Glasgow University’s first lecturer in
chemistry who taught Black and who was succeeded by him

Di1rrereENT KINDS OF AIR

For more than two thousand years, alchemists considered air an ele-
ment, but the Scottish chemist Joseph Black, by discovering that carbon di-
oxide was a different kind of “air,” made an important contribution to
modern chemistry. His studies at the universities of Glasgow and Edin-
burgh prepared him for this discovery.

At Glasgow, where he studied medicine, William Cullen’s lectures



(Library of Congress)

132/ Carbon Dioxide

JoseEPH BLACK: PHILOSOPHY AND IMPROVEMENT

The Scottish chemist Joseph Black stood at the crossroads between
the great cultural transformation that was the European Enlighten-
ment and the great economic transformation that was the Industrial
Revolution. His life work balanced a calling

to make the study of chemistry “philosoph-
ical” (less subordinate to the pharmaceutical
needs of medicine and more an autono-
mous science of its own) with a civic com-
mitment to the “improvement” of Scotland.

In 1766, his mentor William Cullen hav-
ing been appointed a professor of medi-
cine, Black took up the chair of chemistry at
Edinburgh. In his new position, Black in-
creasingly focused on applied chemistry.
Already at Glasgow Black had forged a
close relationship with James Watt, who
had been appointed instrument maker to
the university. In 1769, Black loaned Watt
the money needed to obtain a patent on his
steam engine. As Watt himself affirmed,
the methodological and theoretical founda-
tion for his invention was laid by Black’s

meticulous program of experimentation
and his investigation of latent and specific
heats. Now, in the 1770’s and 1780’s, Scottish agricultural improvers
like Henry Home, Lord Kames, sought Black’s chemical imprimatur
for their proposals even as entrepreneurs sought Black’s advice on the
metallurgy of coal and iron, the bleaching of textiles, and the manufac-
ture of glass.

Britain’s preeminent professor of chemistry, Black was uniquely in-
fluential. Across his career, he introduced Scottish “philosophical
chemistry” to as many as five thousand students. He shared his dedi-
cation to university and industry, “philosophy” and “improvement,”
with the profusion of clubs in eighteenth century Scotland. He was a
member not only of the Philosophical Society (later Royal Society) of
Edinburgh but also of less formal civic groups such as the Select Soci-
ety and the Poker Club. Dearest to Black was the Oyster Club, weekly
dinners with his closest friends—William Cullen, the geologist James
Hutton, and the author of The Wealth of Nations, Adam Smith.

The balance that Black achieved was a model for chemistry’s con-
tinuing career in Britain as a public science and marked a critical mo-
ment in European cultural history, a moment before specialization
would estrange the “two cultures” of the sciences and the humanities,
a moment when chemistry remained a liberal, gentlemanly vocation.
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sparked his interest in chemistry, and at Edinburgh, where he received his
medical degree in 1754, his doctoral dissertation included the beginnings
of his significant work in chemistry. This dissertation, De humore acido a
cibis orto et magnesia alba (1754; the acid humours arising from food, and
magnesia alba), had its origin in Black’s desire to investigate magnesia
alba’s ability to dissolve gall and kidney stones, but when he found it
lacked this ability, he decided to study its effect on stomach acidity. He
prepared magnesia alba (magnesium carbonate) by reacting Epsom salt
(magnesium sulfate) with pearl ash (potassium carbonate). Although the
first part of Black’s dissertation did deal with the medical use of magnesia
alba as an antacid, the second, more creative part dealt with his experi-
ments on magnesia and some of its chemical reactions.

Fixep AIr

In the two years before his dissertation, Black discovered that magnesia
alba, when vigorously heated, produced a new compound, “calcined mag-
nesia” (magnesium oxide), which weighed less than the magnesia alba
with which he had begun. Similarly, when he heated chalk (calcium car-
bonate), the quicklime (calcium oxide) he produced weighed less than the
chalk. He attributed the lost weight of the chalk and magnesia alba to a
new “air” that was not the same as ordinary air. Since this air could be
combined with (or “fixed” into) quicklime to form chalk, he called the gas
“fixed air” (carbon dioxide). He showed that birds and small animals per-
ished in fixed air, and a candle flame was extinguished by it. Black also
found that burning charcoal produced this gas, as did the respiration of
humans and animals. Black even developed a specific reagent to test for
fixed air. By dissolving quicklime in water, he made limewater, a reagent
that turned cloudy in the presence of fixed air.

After solving the puzzle of magnesia alba’s and chalk’s weight loss on
heating, Black investigated the other products of these reactions: quick-
lime and calcined magnesia and the puzzling observation that when milk
alkalis were added to these substances they became caustic. The sub-
stances that Black called “mild alkalis” are today recognized as such com-
pounds as potassium and sodium carbonate. For example, when Black re-
acted slaked lime (calcium hydroxide) with potash (potassium carbonate),
he obtained chalk (calcium carbonate) and “caustic potash” (potassium
hydroxide). Black was fascinated by what he called “caustication.” He
knew that limestone (calcium carbonate) became caustic (in the form of
quicklime) when it lost its “fixed air,” and he was able to explain why caus-
tic alkalis became mild after standing for some time in air. The caustic al-
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kali reacted with the fixed air in the atmosphere to form a mild alkali.
Since, in these studies, Black carefully weighed both reactants and prod-
ucts, he was able to detail fixed air’s participation in a cycle of reactions.

The first public presentation of Black’s discoveries about fixed air oc-
curred on June 5, 1755, when he read his paper “Experiments upon Magne-
sia Alba, Quicklime, and Some Other Alcaline Substances” before the
Physical, Literary, and Philosophical Society of Edinburgh. It was pub-
lished in 1756 in Essays and Observations, Physical and Literary. Its principal
findings were that fixed air was a unique gaseous chemical substance and
that it was a measurable part of such alkaline materials as magnesia alba,
limestone, potash, and soda (sodium carbonate). Black intended to follow
this influential paper with further serious studies of fixed air, but his in-
creasingly burdensome responsibilities at Glasgow and, after 1766, at Ed-
inburgh interfered with his chemical research.

MEPHITIC AIR

Nevertheless, he turned over some of the problems raised by his fixed-
air research to one of his students, Daniel Rutherford, who, in 1772, discov-
ered another new “air.” When Rutherford removed from ordinary air all
the gases produced either by combustion (the burning of a candle) or respi-
ration (the breathing of a mouse), what remained was a new gas that he
called “mephitic air,” because no animal could live in it. Today mephitic
air is called nitrogen, and Rutherford is credited with its discovery.

Rutherford was not Black’s only distinguished student. In his thirty-
three-year career at Edinburgh, Black taught students from all over the
world, including France, Germany, America, and Russia. Many of his stu-
dents went on to distinguished careers in medicine, chemistry, and phys-
ics. Although he was aware of the weaknesses of the phlogiston theory,
which tried to explain combustion, respiration, and other phenomena in
terms of a “weightless fluid” called “phlogiston,” Black did try to explain
his experimental results in terms of its principles. However, late in his ca-
reer Black began to teach the new chemical ideas of the French chemist
Antoine-Laurent Lavoisier, who had been deeply influenced by Black’s ex-
periments on fixed air.

ImracT

Traditional historians of science have seen Black as the founder of
quantitative pneumatic chemistry because he reasoned on the basis of me-
ticulously executed experiments to conclusions based on quantitative ar-
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guments. Using refined techniques of analysis and synthesis, Black falsi-
fied the old idea of a single elemental air and showed that a new gas could
be created and that it could be combined chemically with a solid to pro-
duce a new compound. Once Black had established that fixed air was a
unique chemical substance, other scientists, such as the English natural
philosopher Joseph Priestley, discovered many new gases, including oxy-
gen, which, in Lavoisier’s hands, became the central element of the chemi-
cal revolution.

Some revisionist historians of science have questioned the classic char-
acterization of Black as the great quantifier of chemistry, claiming that he
emphasized micro-scale attractive forces rather than macro-scale weight
relationships as the key to understanding chemical phenomena. Other
scholars see Black’s significance in his liberation of chemistry from such
traditionally allied disciplines as medicine and metallurgy. Still other
scholars see the importance of Black’s studies on carbon dioxide as the be-
ginning of the breakdown of the barrier between animate and inanimate
substances, since carbon dioxide was produced both by burning inanimate
charcoal and by animate mice. Because of his phlogistic views, Black is not
categorized among the modern chemists, but his discoveries of chemical
facts about some important substances had a significant influence on the
new chemical ideas of Henry Cavendish, Priestley, and Lavoisier.

See also Global Warming; Oxygen; Periodic Table of Elements; Photo-
synthesis.
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CAssSINI-HUYGENS MISSION

THE SciENCE: Data from the Cassini mission were designed to investigate
the atmosphere, rings, moons, and gravitational and magnetic fields of
Saturn and to deposit a probe on the large moon Titan. The data from this
mission would rewrite the textbooks on Saturn and assist in compara-
tive planetology of the other gas giants: Jupiter, Uranus, and Neptune.

THE SCIENTISTS:

Earle K. Huckins, Cassini-Huygens program director

Robert Mitchell, Cassini program manager at the Jet Propulsion
Laboratory (JPL)

Earl H. Maize, deputy program manager at JPL

Dennis L. Matson, Cassini project scientist at JPL

Linda |. Spilker, deputy project scientist at JPL

Mark Dahl, Cassini program executive NASA Headquarters

Denis Bogan, Cassini program scientist at NASA Headquarters

Jean-Pierre Lebreton, Huygens mission manager and project scientist at
the European Space Agency

THE SPACECRAFT

The Cassini orbiter and its piggybacked entry probe Huygens together
constituted the largest interplanetary spacecraft designed at the time of
their launch in 1997. Their mission—to investigate the atmosphere, rings,
moons, and gravitational and magnetic fields of Saturn and to deposit a
probe on the large moon Titan—was the most complex investigation of a
single planet and its moons ever planned.

Aboard the Cassini orbiter were subsystems designed to produce pho-
tographs in visible, ultraviolet, and near-infrared light; to locate and mea-
sure surface features through cloud layers on Titan; to study gravitational
fields and the atmospheres and rings; to sense neutral and charged parti-
cles near Titan, Saturn, and the icy moons; to assay the chemical composi-
tion of the bodies” surfaces and atmospheres; to measure their heat; to
gather data about the atmospheres and rings from their ultraviolet energy;
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Artist’s image of the Cassini-Huygens spacecraft orbiting Saturn. (NASA)

to study ice and dust particles in the system; to examine natural radio
emissions and ionized gases flowing from the Sun or trapped in Saturn’s
magnetic field; and to determine the nature of Saturn’s magnetic field and
its interaction with the solar wind.

The Huygens probe carried six instrument packages. These would mea-
sure Titan’s winds; investigate the physical properties of Titan after im-
pact; take photographs during descent and measure temperature; analyze
the atmosphere’s components; and study gases, clouds, and suspended
particles.

THE TRIP TO SATURN

Under the overall direction of program director Earle K. Huckins, the
mission began on October 15, 1997, with a Titan IV launch from Cape
Canaveral during a one-month-long launch window with the most favor-
able arrangement of planets for the trip to Saturn. Because the spacecraft
was so heavy (5,650 kilograms)—a record for an interplanetary probe—the
launch vehicle, Centaur upper stage, and Cassini’s engines were not pow-
erful enough for a direct course to Saturn. Instead, the cruise segment of
the mission involved a complex trajectory that swung the spacecraft by Ve-
nus twice, Earth once, and Jupiter once. Each encounter, called a gravity-
assist maneuver, increased the spacecraft’s velocity relative to the Sun,
saving fuel and shortening flight time.
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The probe entered the asteroid belt between Mars and Jupiter, in mid-
November of 1999, and Cassini took the first images of asteroid 2685
Masursky on January 23, 2000. By April 14,2000, Cassini had completed its
passage through the asteroid belt, on its way to a Jupiter flyby at the end of
the year. The spacecraft came within 10 million kilometers of Jupiter on
December 30. The encounter boosted Cassini’s speed by 2.2 kilometers per
second and sent it off toward the Saturn system.

APPROACHING PHOEBE

Cassini passed within 2,068 kilometers of Saturn’s outer moon Phoebe
on June 11, 2004. Phoebe is the largest of Saturn’s outermost moons and
shows a heavily cratered surface that displays considerable variation in
brightness. Scientists believed that Phoebe might be an object left over
from early in the formation of the solar system. All instruments aboard the
spacecraft provided data, determining Phoebe’s composition, mass, and
density. Five days after the Phoebe flyby, Cassini performed a modest tra-
jectory correction maneuver to position itself for Saturn orbit encounter,
and on July 1,2004, Cassini entered Saturn orbit in such a way that as many
as 76 orbits about the giant ringed planet might be possible. The initial or-
bital period was 116.3 days. Cassini came within 20,000 kilometers of Sat-
urn’s cloudtops and passed through the ring plane using its high-gain an-
tenna as a dust shield against the high-speed impacts of small particles on
the spacecraft’s experiments and subsystems.

THE TiITAN ENCOUNTER

Thirty-six hours after orbital insertion, Cassini encountered Titan for
the first of its many planned close-flybys. The distance of closest approach
would vary from one flyby to the next. Eventually the spacecraft’s radar
would be expected to provide a nearly complete surface map of this curi-
ous moon. This first encounter served to provide confidence that Cassini’s
instruments had survived the seven-year journey from Earth to Saturn.

Cassini was on a collision course with Titan on December 24, 2004,
when it released the Huygens probe. The probe then continued along that
trajectory toward entry into the atmosphere of Saturn’s largest moon. On
December 27, Cassini performed an avoidance maneuver so that it would
be safely in position to relay data from the Huygens probe to Earth and
avoid hitting Titan. Early on the morning of January 14, 2005, the Green
Bank Telescope picked up radio waves indicating that the timer onboard
the Huygens probe had turned on critical systems and experiments. The
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probe safely proceeded through atmospheric entry and touchdown on an
unusual cryogenic (frozen) mud. The probe relayed data to the Cassini or-
biter for storage until Cassini could turn to face Earth and transmit the
data. Images from the probe’s descent imager/spectral radiometer indi-
cated ice blocks strewn about and features indicative of fluid flow. As the
temperature at the surface was only 93 kelvins, that fluid was cryogenic
hydrocarbons. The data provided evidence of physical processes shaping
Titan’s surface: precipitation, erosion, mechanical abrasion, and fluvial ac-
tivity.

Huygens lasted far longer than had been anticipated and provided a
considerable album of images during descent and after landing. All onboard
experiments produced data except one, but examination of Doppler shifts
of the probe’s signal was able to supply the wind-speed data that the probe
had not been able to collect due to a software error.

MissioN IN PROGRESS

The remainder of the four-year primary mission would repeat extensive
investigations with other moons, the rings, and Saturn itself, compiling the
most detailed scientific portrait of an outer planet by any probe. Cassini was
designed to assemble a visual record of 300,000 color images. Accom-
plishing these goals would require about sixty orbits of the planet, with
Cassini swinging in as close as 180,000 kilometers from the cloudtops in or-
bits between ten and one hundred days long. Some orbits would bring Sat-
urn’s poles into view, allowing scientists to study the peculiarities of its at-
mosphere and magnetic fields there. Also, during these inclined orbits sev-
eral important occultations will occur; that is, the Earth, Sun, or stars will,
on these occasions, be hidden from Cassini by Saturn, a moon, or the rings.
The occultations will offer scientists special opportunities to analyze the
structure and composition of these bodies with radio waves or visual light.

Of particular interest during the tour would be the moons controlling
Saturn’s rings. Like a cowboy riding among cattle to herd them, small
moons influence the positions of the myriad particles that compose the
planetary rings. The interaction between a ring and its moons is gravita-
tional in nature, but not fully understood, so mission scientists planned to
scrutinize them as thoroughly as possible; however, the ice, dust, and
small rocks nearby could damage Cassini, and so controllers would not
risk extremely close flybys. On the other hand, flybys of the icy moons be-
yond the rings—Mimas, Enceladus, Dione, Rhea, and lapetus—were tar-
geted. Their surfaces, which showed signs of collisions, were expected to
provide spectacular images.
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DATA FROM SATURN AND ITS MOONS

Within its first six months in the Saturn system, Cassini produced more
high-resolution images of Saturn, its moons, and rings than had been
achieved throughout preceding history. Cassini data would rewrite the
textbooks on Saturn and assist in comparative planetology of the other gas
giants: Jupiter, Uranus, and Neptune.

Although there is probably no life on Titan, as some scientists have
speculated, Huygens data will most likely settle the issue finally and make
it possible to determine whether life could evolve there in the future. To do
so it was programmed to search for organic chemicals and oceans. Because
Titan’s current atmospheric conditions resemble those of the Earth shortly
after its formation, the moon may help scientists better understand terres-
trial evolution after detailed data analysis is completed.

Cassini also investigated a number of the larger moons at close range. The
probe passed within 123,400 kilometers of lapetus on January 1, 2005. From
arange ten times closer than the approach made by Voyager 2 more than two
decades earlier, Cassini transmitted images that revealed one side of lapetus
to be as bright as snow and the other to be as dark as tar. This dark side
might well be rich in carbon-based compounds and is the side of the moon
thatleads in the direction of its orbital motion about Saturn. Thus the moon
might have been dusted with this orbital material; however, it was possible
that the dark material originated from within the moon and was spewed out
on the surface. The spacecraft detected a 400-kilometer circular crater in
the southern hemisphere and a line of mountains around the moon’s equa-
tor. The latter gave the moon the appearance characteristic of a walnut.

Cassini made its first close encounter with the icy moon Enceladus on
February 17, 2005, coming within 1,167 kilometers of the surface. The
spacecraft’s magnetometer picked up a bending of the planet’s magnetic
field by the icy moon caused by molecules interacting with the field by spi-
raling along field lines. This was evidence of gases arising from the surface
or from the interior of Enceladus, which suggested a tenuous atmosphere
around this moon. The icy moon has regions that are old and retain a large
number of craters, but younger areas do display tectonic troughs and
ridges. In a way, Enceladus might be considered for the Saturn system a
more benign counterpart of Io for the Jupiter system.

ImpACT

The Cassini-Huygens mission has delivered data about Saturn and its
moons that provide evidence about the origin and evolution of the entire
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solar system and the processes responsible for planetary formation. The-
ories developed from these data will aid astronomers in analyzing planets
around other stars and, perhaps, in estimating the chance that conditions
suitable for life exist outside the solar system.

See also Galileo Mission; Herschel’s Telescope; International Space Sta-
tion; Mars Exploration Rovers; Moon Landing; Saturn’s Rings; Space Shut-
tle; Voyager Missions.
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CeLL THEORY

THE SciENcE: Drawing extensively on previous work by Matthias Schleiden
and other talented microanatomists, Theodor Schwann boldly pro-
posed in 1839 that the single, indivisible structural unit of all living or-
ganisms was the cell. Further investigations into cellular behavior com-
pelled Rudolf Virchow to augment this proposal with the concept that
allliving cells derive from other living cells. Collectively, these concepts
form the cell theory, the cornerstone of modern cell biology.
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THE SCIENTISTS:

Theodor Schwann (1810-1882), professor of anatomy, University of
Louvain

Matthias Schleiden (1804-1881), professor of botany, University of Jena

Rudolf Virchow (1821-1902), chair of pathological anatomy, general
pathology, and therapeutics, University of Berlin

Johannes Miiller (1801-1858), chair of anatomy and physiology,
University of Berlin

Jan Evangelista Purkyne (1787-1868), chair of physiology and
pathology, University of Breslau

Gabriel Gustav Valentin (1810-1883), his student

Rudolf Wagner (1805-1864), discoverer of the nucleolus in animal cells

Wilhelm Hofmeister (1824-1877), biologist who described mitosis in
plant cells

Robert Remak (1815-1865), biologist who described mitosis in the red
blood cells of chickens

EARLY OBSERVATIONS

During the 1830’s, improvements in optical instruments and in the skill
of those who used them generated a noticeable increase in the quality of
microscopic observations. From 1832 on, Jan Evangelista Purkyne, with his
student Gabriel Gustav Valentin, described cells in a host of animal tissues
such as the spleen, bone, and the pigmented layers of the retina.

In 1835 Johannes Miiller noted similarities between notochord cells in
animals and plant cells, something Purkyne and Valentin had previously
reported. Miiller’s observations were extended by his student, botanist
Matthias Schleiden. Schleiden’s Beitrige zur Phytogenesis (pb. 1838; Contri-
butions of Phytogenesis, 1847) was the first to describe the nucleolus in plant
cells; the same structure in animal cells had been discovered three years
earlier by Rudolf Wagner. Schleiden postulated that the nucleus formed
around the nucleolus, and the rest of the cell formed around the nucleus.
Thus Schleiden postulated that new cells form by a kind of free-cell forma-
tion, similar to the formation of crystals.

ScHWANN’s THEORY OF CELL FORMATION

Schleiden’s theory of cell formation was wrong, but it greatly influ-
enced another student of Miiller, Theodor Schwann. From conversations
with Schleiden, Schwann became convinced of the overall similarity be-
tween plant and animal cells, since both cell types had a nucleus and a nu-
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cleolus. Schwann wholeheartedly adopted Schleiden’s theory of cell gen-
eration in his monograph Mikrokopische Untersuchungen (pb. 1839; Micro-
scopical Researches, 1847), but he also brought together a massive collection
of evidence, from observations of animal cells and the work of Schleiden,
to argue for the similarities between plant and animal cells, and between
plant and animal fine structure.

It must be noted that only a few of the observations of Schleiden and
Schwann were original. According to Schwann, because plants were
largely aggregates of cells, animals had to be constructed in the same man-
ner. Thus Schwann argued that cells are the elementary unit of structure,
function, and organization in living things, and that cells exist as distinct
entities, the building blocks for the construction of organisms. Even
though Schwann failed to acknowledge his predecessors and contempo-
raries, his conclusions reached further than anyone had dared to postulate
up to that time, and they were readily accepted by scientists throughout
Europe.

Schleiden and Schwann’s theory of cell generation was strongly dis-
puted and clearly rebutted by many observations from many scientists,
but mostly by the meticulous illustration and description of the stages of
mitosis (cell division) in plant cells by Wilhelm Hofmeister in 1848-1849
and by Robert Remak in the red blood cells of chickens.

Despite such objections, Schwann’s theory of cell generation was ac-
cepted for several decades after its proposal and produced some confu-
sion, because the formation of cells via precipitation around the nucleus
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was a form of spontaneous generation, and if cells formed this way then
some other principle caused cells to form within organisms.

EveEry CELL FROM A CELL

The question of cell origins was put to rest once and for all by another
student of Miiller, Rudolf Virchow. Persuaded by data from Robert Remak
and his own research on the biology of tumors, Virchow wrote Die cellular
Pathologie in ihrer Begriindung auf physiologische und pathologische Gewebelehre
(1858; Cellular Pathology as Based upon Physiological and Pathological Histol-
ogy, 1860), in which he asserted the aphorism omnis cellula e cellula (every
cell from a cell). This principle is not original to Virchow; it was originally
coined by the French natural scientist and politician Francois Vincent
Raspail in 1825. Nevertheless, Virchow reinterpreted it and in so doing re-
pudiated spontaneous generation as a means of cell generation.

This “theory of the cell” created distinct problems for the doctrine of vi-
talism, which asserted that no single part of an organism could exist apart
from the whole organism, since the organism was alive as a result of its in-
dwelling vital principle. The cell theory of Schwann and Schleiden had
specified that individual cells were alive even apart from the body, which
negated a major precept of vitalism. However, this same theory still advo-
cated that something outside cells dictated their very life force. Virchow’s
emendation to the cell theory of Schwann and Schleiden essentially placed
cells as self-contained and self-generating units of fundamental structure
in all biological organisms that worked together to form the phenomenon
known as a living organism. This principle effectively issued the finishing
blow to vitalism and opened the field of biology to avenues of investiga-
tion unimagined at that time.

ImpracT

The ramifications of the cell theory were nothing less than momentous.
The rapid acceptance of the cell theory, and its classic negation of vitalism,
inspired biologists to elucidate the fine structure of living organisms and
the processes that drive cell, tissue, and organ functions. Since a nonmate-
rial vital principle that could not be measured or directly examined was no
longer considered to be responsible for life and its processes, scientists
began to open all aspects of life to empirical inquiry. The cell theory is re-
sponsible for initiating investigations into the function of subcellular struc-
tures, eventually leading to molecular studies of development, gene regu-
lation, and cell trafficking.
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VIRCHOW AND THE DEATH OF VITALISM

For centuries before Rudolf Virchow, the origin of life and the seat
of disease were the subjects of theories and controversies. By the nine-
teenth century, the microscope had disclosed the ex-

istence of cells and the study of pathological anat-
omy was directed to their study. However, cellular
research was faced with two major hurdles: First,
cells could not be demonstrated in several tissues,
even in their most developed state; second, the ori-
gin of new cells was completely unknown.

The answer to the latter question was heavily
prejudiced by the so-called cell theory of Theodor
Schwann, who asserted that new cells arose from
unformed, amorphous matter, which he termed
“cytoblastema.” Called vitalism by later historians,
this concept in earlier times had supported errone-

ous ideas such as “spontaneous generation.”

In the early 1850’s at the University of Wiirzburg, Virchow demon-
strated the existence of cells in bone and in connective tissue, where
their existence had hitherto been doubtful. This discovery offered him
the possibility of finding a cellular matrix for many new growths,
which led to his use of the aphorism omnis cellula e cellula—each cell
stems from another cell—the motto of subsequent biological cell the-
ory. It was the death blow to vitalism.

Virchow’s conception of disease rested on four main hypotheses:

(1) All diseases are in essence active or passive disturbances of living
cells.

(2) All cells arise from parent cells.

(8) Functional capacities of the cells depended on intracellular physi-
cochemical processes.

(4) All pathological formations are degenerations, transformations, or
repetitions of normal structures.

Virchow became internationally famous and was showered with
honors from scientific academies in Germany, France, and England.
Under his direction, the department of pathology at the Charité Hospi-
tal became a model for other institutions, and he personally supervised
the establishment of one of the best pathology museums in the world.

Virchow also led a political life, taking a seat in the Prussian Diet in
1862, where he became a leader of the opposition Radical Party. He led
a desperate fight against the dictatorship of Otto von Bismarck, and
Bismarck is said to have been so annoyed with Virchow that he chal-
lenged him to a duel. The duel was averted, however, and in 1891 the
emperor presented Virchow with a gold medal for his immense service
to science.

(Library of Congress)
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See also Amino Acids; Chromosomes; DNA Sequencing; Double-Helix
Model of DNA; Gene-Chromosome Theory; Genetic Code; Germ Theory;
Hormones; Immunology; Mendelian Genetics; Microscopic Life; Mitosis;
Neurons; Osmosis; Recombinant DNA Technology; Ribozymes; Stem Cells;
Viruses.
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CELSIUS TEMPERATURE SCALE

THE Science: Anders Celsius conducted a series of precise experiments
that demonstrated that the melting point of snow or ice and the boiling
point of water, when adjusted for atmospheric pressure, were universal
constants. He used these results to establish a uniform temperature
scale, which allowed the calibration of thermometers worldwide.

THE SCIENTISTS:
Anders Celsius (1701-1744), Swedish astronomer
Daniel Gabriel Fahrenheit (1686-1736), German physicist
Carolus Linnaeus (Carl von Linné; 1707-1778), Swedish physician and
botanist
Jean Pierre Christin (1683-1755), French scientist

EArRLY THERMOMETERS

Although itis relatively easy for humans to determine that the tempera-
ture in a room is hot or cold or to compare the temperatures of two objects
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by touching, the precise measurement of temperature developed relatively
recently. Galileo Galilei, an Italian mathematician and physicist, is gener-
ally credited with inventing the thermometer in 1592. His thermometer
worked on the principle that fluids and solids expand or contract as the
temperature changes. He therefore placed water in a glass bulb and mea-
sured the level of the surface of the water as it moved up and down in the
bulb with changes in the water’s temperature.

German physicist and inventor Daniel Fahrenheit significantly im-
proved on the design of the thermometer. He filled capillary tubes with
either alcohol (1709) or mercury (1714) so that the expansion of the fluid
produced a significant change in its height in the tube. Fahrenheit’s ther-
mometers were capable of more precise measurements.

However, there was still no simple way to ensure that thermometers
built by different people in different places around the world would give
the same numerical value for the temperature of an object. A thermometer
must be calibrated in order for the readings taken by different thermome-
ters to be compared. This calibration requires that readings be taken at two
standard temperatures, which are called its fixed points. The positions of
these fixed points are noted and the number of divisions, or degrees, be-
tween the fixed points is specified, providing a numerical scale for the ther-
mometer. Thermometers were used in meteorology, in agriculture, and
sometimes indoors, so it was natural that scientists chose fixed points that
fell within the temperature ranges of interest in those fields.

Fixep PoiNTs

Hence, there were many thermometers for many different purposes,
with many different sets of fixed points. The challenge was to define the
fixed points so that different types of thermometers could be calibrated
easily and reproducibly all over the world. In the early years of tempera-
ture measurement, no one knew if fixed points were truly fixed. Fahrenheit
constructed mercury thermometers with scales that used fixed points at
the freezing point of water, which he set at 32°, and at human body temper-
ature, which he set at 96°.

However, it was easy to demonstrate that the temperature of any indi-
vidual varies a bit during the day and can vary significantly if the individ-
ual is ill, simply by taking repeated measurements of the body tempera-
ture of the individual and noting that these readings, even when taken on
the same thermometer, are not always the same. In addition, two individu-
als are likely to have slightly different body temperatures. Thus, human
body temperature is not truly a fixed point, and two thermometers cali-
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brated using human body temperature as a fixed point will not record ex-
actly the same temperature for an object. A variety of other fixed points, in-
cluding the melting point of butter, had been suggested by other scientists.
Scientists recognized that they needed to find physical phenomena that oc-
cur at precisely the same temperature all around the world. Only such phe-
nomena can be used as fixed points to calibrate thermometers.

In 1702 Danish astronomer Ole Remer developed one of the first tem-
perature scales with fairly reliable fixed points. Remer’s scale was based
on two physical phenomena: the boiling point of water and the tempera-
ture at which snow begins to form. Still, Remer had to wait until it snowed
in order to calibrate a new thermometer, and this technique would work
only in those parts of the world that received snow.

CELS1US’S EXPERIMENTS

Anders Celsius, a Swedish scientist, became interested in problems of
weights and measures, including temperature measurements, early in his
career. As a student, Celsius assisted Erik Burman, a professor of astron-
omy at Uppsala University, in meteorological observations. At that time
there was still no accepted standard for thermometers. Thus, it was impos-
sible to compare temperature readings taken in different places unless the
same thermometer was taken from place to place or the two researchers
used thermometers that had been calibrated against each other, a tedious
system similar to synchronizing watches to ensure they each indicate the
same time.

It had been established by this time that the freezing point of water was
inadequate as a fixed point because water’s freezing point varies if it con-
tains dissolved contaminants. For example, saltwater freezes at a signifi-
cantly lower temperature than does pure water. Celsius decided to attack
the problem of establishing a universal temperature scale by conducting a
series of careful experiments. He determined that the temperature at which
pure water—in his case, newly fallen snow—melts is independent of lati-
tude and also independent of the atmospheric pressure. Thus, Celsius was
able to identify the melting point of snow, or of pure water ice, as one pos-
sible fixed point for measuring temperature.

The boiling point of water was more problematic. Celsius showed that
it did not depend on latitude, but it did, in fact, vary with atmospheric
pressure, which changed with altitude. To solve this problem, Celsius
measured the dependence of the boiling point of pure water on the atmo-
spheric pressure. The atmospheric pressure could be measured accurately
using a barometer, which had been invented by the Italian physicist
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ANDERS CELSIUS, ASTRONOMER

Born in Uppsala, Sweden, on November 27, 1701, Anders Celsius
hailed from a long line of scientists and mathematicians, himself be-
coming a professor of astronomy in 1730.

Celsius traveled through Europe for four years (1732-1736); joined
Pierre-Louis Moreau de Maupertuis’s Lapland expedition to explore
northern Sweden (1736) and conduct longitudinal studies that con-
firmed Sir Isaac Newton’s assertion that Earth is an ellipsoid; under-
took some early measurements of the magnitude of stars in the constel-
lation Aries; and gained enough respect from the scientific community
that the Swedish government subsidized his building of a state-of-the-
art observatory in Uppsala (completed in 1741).

Besides developing the breakthrough centigrade (now Celsius)
thermometer, he created a map of Sweden, conducted sea-level mea-
surements, and identified that there was a relationship between the
northern aurora and Earth’s magnetic field. Celsius died in 1744, a vic-
tim of tuberculosis. In addition to his famous temperature scale, a
crater on the Moon is named after him.

Evangelista Torricelli, one of Galileo’s students, in 1643. Celsius’s determi-
nation of the variation of the boiling point of water with atmospheric pres-
sure allowed him to set a second fixed point, the boiling point of pure
water at a given atmospheric pressure.

CALIBRATION

In 1742 Celsius published his results in the Annals of the Royal Swedish
Academy of Science in a paper titled “Observations on Two Persistent De-
grees on a Thermometer.” In this paper Celsius proposed a three-step pro-
cedure for calibrating a thermometer. First the thermometer was to be
placed in thawing snow or ice made from pure water and the freezing
point of water was marked on the thermometer as 100°. Second, the ther-
mometer was placed in boiling water, and that point, appropriately ad-
justed for the measured atmospheric pressure, was marked as 0°. Third,
the distance between the two points was divided into 100 equal units.

There was one major difference between the temperature scale devel-
oped by Celsius and the Celsius temperature scale used now. Celsius set
the freezing point of water at 100° and the boiling point at 0°. Carolus
Linnaeus is generally credited with reversing the scale’s direction, setting
the freezing point of water at 0° and the boiling point at 100°. However, be-
cause Linnaeus’s thermometers, as well as many of those used by Celsius,
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were built by Daniel Ekstrom, it is uncertain if Linnaeus or Ekstrém actu-
ally initiated the scale reversal.

ImpACT

Celsius’s modified temperature scale was referred to as the centigrade
scale for many years, in recognition of the one hundred (Latin, centum) di-
visions between the two fixed points. It is now called the Celsius scale,
honoring its inventor.

From the scientific point of view, Celsius’s most important contribution
to the modern temperature scale was the result of his careful experiments
to establish two universal fixed points, which allowed thermometers built
in different laboratories to be calibrated using the same temperature scale.
After Celsius developed this universal temperature scale, it was possible
for scientists around the world to measure temperature very accurately—
and, perhaps most important, to compare their results reliably. Scientists
were then able to determine how various physical properties of materials
vary with the temperature. They were also able to replicate one another’s
experiments more reliably.

The impact of this deceptively simple device was immense and had far-
reaching consequences for all scientific and practical measurement. For ex-
ample, the development of a universal temperature scale was essential to
the understanding of the expansion of gases as a function of their tempera-
ture, as well as similar changes in the volumes of liquids and solids that de-
pend on temperature. Later it was established that thermal and electrical
conductivity also vary with temperature. The development of a universal
temperature scale allowed weather records to be compared from one loca-
tion to another, resulting in the eventual understanding of weather pat-
terns and the development of weather forecasting.

See also Fahrenheit Temperature Scale; Kelvin Temperature Scale; Lig-
uid Helium.
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CEPHEID VARIABLES

THE SciencE: Using Cepheid variable stars, astronomers were able to dem-
onstrate that the Milky Way is only one of many galaxies in the uni-
verse.

THE SCIENTISTS:

Edwin Powell Hubble (1889-1953), American astronomer who
determined that galaxies exist external to the Milky Way

Heber Doust Curtis (1872-1942), American astronomer who debated
with Harlow Shapley on the nature of “spiral nebulae”

Harlow Shapley (1885-1972), American astronomer who took the
position that the spiral nebulae are parts of the Milky Way system

Adriaan van Maanen (1884-1946), Dutch astronomer

NEBULAE: NEAR OR FAR?

At the beginning of the twentieth century, there were two theories
about spiral nebulae—groups of stars that appear as spiraling streams
flowing outward from a central core. One theory held that such nebulae
were part of the Milky Way galaxy. The other held that they were “island
universes,” large, distant, independent systems. To resolve this question, it
was important to measure the distances of the nebulae. The island universe
theory held that the nebulae were remote from the Milky Way; the other
theory held that they were closer.

In 1914, the American astronomer Vesto Melvin Slipher announced that
the spiral nebulae were moving away from the Milky Way at high speeds.
He had drawn his conclusions from his spectral analysis of Doppler shifts
in these star groups. His announcement was taken as evidence that these
nebulae could not possibly be part of the Milky Way. Slipher had not con-
clusively solved the problem, however, because he had not determined the
distances of these nebulae.

Distance has always been a difficult question for astronomers. By the
early twentieth century, astronomers had measured distances to some
nearby stars using the parallax method, which compares the different an-
gles of nearby stars in relation to Earth and the Sun as Earth moves around
the Sun. Unfortunately, spiral nebulae are too far away for parallax to be
useful.

Working at the Mount Wilson Observatory, the Dutch astronomer
Adriaan van Maanen compared the positions of bright spots within spiral
nebulae in photographs taken at different times in order to observe the mo-
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tions of the spots. In 1916, he published his results, which suggested that
the spirals were rotating and that the rotation was rapid. If large distances
and sizes were assumed for the nebulae, the nebulae would have to be ro-
tating at immensely fast speeds, in some cases exceeding the speed of light.

How FAR ARE THE STARS?

Variable stars can be of three principal types: novas, eclipsing bi-
naries, and Cepheid variables. Novas are unstable stars which occa-
sionally erupt and release envelopes of matter into space, temporarily
increasing in brightness during the process. Eclipsing binaries are
double-star systems in which two stars orbit a common center of grav-
ity; periodically, one star will pass before its companion star, eclipsing
it relative to the line of sight.

Cepheid variables and their similar RR Lyrae stars are older main
sequence stars that have exhausted their hydrogen fuel and have
switched to helium fusion for energy generation. Cepheids are unsta-
ble, periodically increasing and then decreasing their energy output.
They become brighter, then dim, repeating the cycle every few days or
weeks. Each Cepheid has a predictable, repeatable cycle of brightening
and dimming. They are named after Delta Cephei, the first such vari-
able star discovered (1768). Polaris, the North Star, is also a Cepheid.

Prior to 1912, the principal means of determining stellar distances
was a trigonometric method known as parallax. A star’s parallax is the
line-by-sight angle subtended by the star as Earth orbits the Sun. Using
aright triangle—formed by the observed star, the Sun, and Earth as the
triangle’s vertices—astronomers could calculate the star’s distance by
means of simple trigonometric equations involving the Earth-Sun dis-
tance and the subtended angle traced by the star in our sky. A large
subtended angle indicated that the star was close; a small angle, that
the star was far. During the twentieth century, more than ten thousand
stellar distances were obtained using this method, but the method was
not applicable to very distant stars.

In 1912, Helen Leavitt and Harlow Shapley developed the period-
luminosity scale after studying Cepheids. With the understanding of
Cepheids” apparent and absolute luminosities, it became possible to
calculate their distances and, therefore, the distances of all the stars in
the star cluster or galaxy containing a particular Cepheid variable.
Shapley used Cepheid distances to demonstrate that the center of the
Milky Way is directed toward the constellation Sagittarius and that the
Sun is located approximately thirty thousand light-years from the ga-
lactic center. When Edwin Powell Hubble applied the technique to
measure the distances to Cepheids located in distant galaxies, he ob-
tained estimates of the distances between the Milky Way and other
galaxies.
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Since this was known to be impossible, van Maanen’s results were taken as
evidence that the spiral nebulae must be nearby parts of the Milky Way.

IsLaND UNIVERSES

In April, 1920, Harlow Shapley and Heber Doust Curtis debated their
differing views before the National Academy of Sciences. Using a new dis-
tance determination method involving a type of star, a Cepheid variable,
Shapley had arrived at a much larger size for our galaxy than had been pre-
viously deduced. Because of van Maanen'’s studies, Shapley argued that
the spiral nebulae were part of this large Milky Way.

Curtis agreed with previous studies that indicated a smaller Milky
Way. He also believed in the “island universe” theory—that the spiral neb-
ulae were other galaxies similar to and outside the Milky Way. As evi-
dence, Curtis used Slipher’s measurements of the speed at which the nebu-
lae were moving away from the Milky Way. Today it is recognized that
Shapley’s results for the size and shape of the galaxy were substantially
correct. Yet the island universe hypothesis was strongly supported by evi-
dence presented by Edwin Powell Hubble to the American Association for
the Advancement of Science in December, 1924.

HuBBLE’s CEPHEIDS

In 1923, Hubble was working at Mount Wilson Observatory, studying
photographs taken with the 254-centimeter Hooker telescope. He was the
first to isolate Cepheid variables
in the Andromeda nebula. Ceph-
eid variables are stars whose
brightnesses varies periodically
and whose period of variation is
related to their actual brightness.
Once a star’s actual brightness is
known and its apparent bright-
ness as seen from Earth is mea-
sured, its distance can be deter-
mined. This was the same method
used by Shapley to determine the
size of the Milky Way galaxy.

Hubble used the Cepheids to
calculate that the nebulae are, in  Edwin Hubble at the Mount Wilson Observatory near
fact, at great distances and must  Pasadena, California. (NASA/GSEC)
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be huge, independent systems. The distance Hubble found for the An-
dromeda nebula is about 900,000 light-years and the diameter almost
33,000 light-years (a light-year is the distance light travels in a vacuum in
one year, or approximately 9.6 trillion kilometers). These results later re-
quired correction, since it was found that there are two types of Ce-
pheid variables, and the ones that Hubble studied had a different period-
luminosity relationship; the distance is closer to 2 million light-years. Yet
Hubble’s results changed scientists’ idea of the scale of the universe and of
Earth’s place in it.

Hubble was at first reluctant to publish his results, since he could not
explain why van Maanen’s results would be incorrect. Although many in-
fluential astronomers were immediately convinced by Hubble’s results,
controversy lingered for some years after these results were presented.
Van Maanen’s results could not be duplicated by others, and all other evi-
dence indicated that the galaxies were distant and separate from the Milky
Way; therefore, his work was gradually forgotten.

ImracT

The philosophical consequences of Hubble’s conclusions were im-
mense. The great sizes and distances of the spirals meant that not only was
Earth’s sun only one of many in a huge galaxy but also that the Milky Way
was merely one of many independent systems. This realization shifted hu-
mankind’s place in the cosmos, a shift that could be said to be equal to that
which the Polish astronomer Nicolaus Copernicus inaugurated when he
suggested that the Sun, not the Earth, was the center of the solar system.

Hubble’s work led to the beginning of the classification and study of
galaxies. Once galaxies were identified as separate units of the cosmos,
their shapes and sizes, their distances, and their distribution in space were
studied. During the 1920’s, Hubble presented a classification scheme for
galaxies that is still in use.

There were important follow-ups to Hubble’s work. Once Cepheids
were found in other spirals and distances were known, Hubble was able to
work out a plot of distance versus velocity; he found that the farther away a
galaxy is, the faster it is moving away from Earth. This means that the uni-
verse is expanding. By using this plot to extrapolate backward in time to
the so-called big bang, astronomers could estimate the age of the universe.
Studies are still being conducted to determine the exact age, but data from
the Wilkinson Microwave Anisotropy Probe have pinpointed it with in-
credible accuracy at 13.7 billion years. Hence, the discoveries surrounding
Cepheid variables created a drastically different picture of the universe: a
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universe in motion, rushing away from an energetic beginning, rather than
the static and stable universe that scientists had previously assumed.

See also Big Bang; Black Holes; Brahe’s Supernova; Cosmic Rays; Ex-
panding Universe; Galactic Superclusters; Galaxies; Gamma-Ray Bursts;
Inflationary Model of the Universe; Neutron Stars; Oort Cloud; Pulsars;
Quasars; Radio Astronomy; Radio Galaxies; Speed of Light; Stellar Evolu-
tion; Very Long Baseline Interferometry; X-Ray Astronomy.
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CHANDRASEKHAR LIMIT

THE SciENCE: Subrahmanyan Chandrasekhar developed a mathematically
rigorous theory of the structure of white dwarf stars, which indicated
that their maximum mass is 1.4 solar masses.

THE SCIENTISTS:

Subrahmanyan Chandrasekhar (1910-1995), theoretical astrophysicist
and cowinner of the 1983 Nobel Prize in Physics

Arthur Stanley Eddington (1882-1944), prominent astrophysicist who
opposed Chandrasekhar’s theory

Ralph Howard Bowler (1899-1944), respected astrophysicist and mentor
to Chandrasekhar

Walter Sydney Adams (1876-1956), American astronomer specializing
in stellar spectra
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WHITE DWARFS

White dwarf stars have challenged and perplexed astronomers since
their accidental discovery in the mid-nineteenth century. The German as-
tronomer Friedrich Bessel noted a wobble in the path of the star Sirius as it
moved across the sky. After eliminating recognizable sources of error, in
1844 he concluded that a small companion star must be affecting the mo-
tion of the larger, brighter Sirius. From the wobble in the motion of the
larger star, the mass of the smaller star was calculated to be that of the Sun.

In 1915, Walter Sydney Adams managed to channel the light from the
companion star into a spectrograph. The light from the star, now called
Sirius B, indicated that the surface of the star was almost as hot as Sirius.
From the temperature and the brightness of Sirius B, astronomers calcu-
lated that Sirius B had a radius of about 24,000 kilometers (about twice that
of Earth). Packing a mass nearly that of the Sun into a volume fifty thou-
sand times smaller yielded densities that were much larger than astrono-
mers had ever known: One cubic centimeter of the star—less than the size
of a throat lozenge—would weigh 100 kilograms.

Sir Arthur Stanley Eddington, the foremost astrophysicist of his time,
was not completely convinced that these very small but bright stars, later
called white dwarfs, were indeed so dense. Many other skeptics, however,
were convinced by the 1925 measurement of the “redshift” of Sirius B.
Light trying to escape from a white dwarf is strongly affected by the ex-
treme gravitational force arising from the large mass of the white dwarf.
The photons of light lose energy as they struggle against the intense grav-
ity. The frequency of the light is “shifted” toward the red end of the spec-
trum (reflecting the loss of energy) as the light struggles to escape. Albert
Einstein’s general theory of relativity predicts that light will be affected in
this manner by gravity. The amount of “shift” was equal to that predicted
by Einstein’s theory.

EDDINGTON’S PARADOX

Eddington’s influential The Internal Constitution of the Stars (1926) at-
tempted to bring together fifty years of work involving the mechanical and
physical conditions of stellar interiors. When it came to white dwarfs, his
theory ran into problems. In his theory, most of a star’s lifetime was spent
balancing the outward pressure of the escaping heat of nuclear reactions
with the inward pressure of gravity. Eventually, the store of nuclear fuel
would be depleted and the star would collapse into itself, becoming a
white dwarf. The atomic nuclei, which make up the mass of the white
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dwarf, would then keep cooling and the electrons that had been ripped
from the nuclei would be able to reattach themselves to the nuclei in the
star. The problem was that the amount of energy required to re-form the at-
oms of the star would be more than that available in the star. In effect, the
star would not have enough energy to cool down. This paradox puzzled
Eddington.

ELECTRON DEGENERACY

Eddington believed that the pace of work in the field was quickening
and that the newly developed field of quantum mechanics might be able to
cast light on the theory of stellar interiors. He was correct on both counts.
The paradox introduced by Eddington was resolved shortly after it was
stated. Ralph Howard Bowler resolved the paradox using the recently de-
veloped quantum mechanics, but he showed that white dwarf stars were
even stranger than anticipated. The pressure that kept the star from con-
tracting indefinitely was the result not of the temperature of the star but of
“electron degeneracy.” In the intense heat and pressure of a star’s interior,
electrons are torn away from nuclei and move about freely. In the classical
theory, the electrons can move about unrestricted. According to quantum
theory, however, the electrons are restricted to a discrete set of energies. In
a normal star, electrons typically occupy many of the higher allowed en-
ergy levels.

In the interior of a white dwarf star, however, the electrons enter a spe-
cial energy state. Electrons occupy all the lower energy levels. In this spe-
cial case, the pressure exerted by the electrons becomes independent of the
temperature. The star, according to Bowler, can no longer contract. The
electrons cannot be forced into lower energy levels. The electrons are said
to be “degenerate” because the electrons have become “neutralized”—
they are no longer a factor in determining the resistance to gravitational
collapse. Bowler resolved Eddington’s paradox by showing that a white
dwarf can resist the force of gravity through electron degeneracy. The tem-
perature of the star no longer matters. White dwarfs can live out their lives
slowly cooling off.

CRrITICAL MASS

Subrahmanyan Chandrasekhar followed the latest developments in as-
trophysics during his studies in theoretical physics in India. Upon gradua-
tion in 1930, he went to Trinity College, Cambridge, on a scholarship. He
won a copy of Eddington’s The Internal Constitution of the Stars in a physics
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contest. He began to question Eddington’s conclusions concerning white
dwarfs and Bowler’s calculations concerning electron degeneracy. He cal-
culated that electrons in the dense core of a white dwarf would be moving
at a velocity nearly that of light, so corrections must be made to the classi-
cal formulas describing the behavior of matter.

Chandrasekhar made the necessary corrections and realized that the ef-
fect was dramatic. For stars with a mass greater than about 1.4 times that of
the Sun, the “pressure” exerted by electron degeneracy would not be
enough to overcome the force of gravity. Instead of a long, slow cooling off,
such stars would continue to contract, apparently indefinitely. Chandra-
sekhar did not speculate on the ultimate fate of stars more than 1.4 solar
masses. Calculations done years later by others showed that those stars
form either neutron stars or black holes.

From 1931 to 1935, Chandrasekhar published a series of papers of his
findings. During this time, he worked with Bowler and Eddington. By
1935, Chandrasekhar had developed a detailed, quantitative, mathemati-
cally rigorous theory of white dwarf stars, and he fully expected Edding-
ton to accept his theory. Eddington gave no indication to Chandrasekhar
that he had any doubts about the surprising results Chandrasekhar’s the-
ory predicted. In 1935, Chandrasekhar was scheduled to present his re-
sults to the Royal Astronomical Society. Eddington also presented a paper,
but to Chandrasekhar’s surprise it included an attack on Chandrasekhar’s
theory.

However, work on white dwarfs continued, and further evidence was
presented in support for his calculations. Chandrasekhar’s ideas gained
gradual acceptance in the 1940’s and 1950’s as more white dwarfs were dis-
covered and as spectrographic evidence mounted.

ImpacT

Chandrasekhar’s theory introduced the notion that not all stars behave
as benignly in their old age as white dwarfs. He did not speculate what
would happen to a star with a mass above the limit. For stars with masses
below the limit, he devised a complete theory to account for their proper-
ties. He won the Nobel Prize in 1983 for his theoretical studies on the struc-
ture and evolution of stars.

Chandrasekhar’s limit is the dividing line between the strange but be-
nign white dwarfs, and the truly exotic black holes, pulsars, and neutron
stars. It established the possibility that the strange behavior of stars near-
ing the end of their lives as white dwarfs could get stranger. Chandra-
sekhar’s legacy is the mathmatical order that he brought to the theory of
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A SURPRISING SNUB

In 1935, Subrahmanyan Chandrasekhar was scheduled to present
his radical new theory of stellar evolution before the meeting of En-

gland’s Royal Astronomical Society. Shortly
before the meeting, Chandrasekhar received
a program. He noticed that Arthur Stanley
Eddington was also giving a paper. Chan-
drasekhar’s findings contradicted those of
Eddington.

At the meeting, Chandrasekhar discussed
his results, which indicated that the life-
time of a star of small mass must be essen-
tially different from that of a star of large
mass. Edward Arthur Milne, also attending
the meeting, said that he had achieved sim-
ilar results using a cruder method. Edding-
ton then launched into a personal attack

on Chandrasekhar and his theory. Edding-
ton was convinced that Chandrasekhar’s
method was faulty because it was based on a combination of relativis-
tic mechanics and nonrelativistic quantum theory. He argued that his
own result could still be obtained after suitable modifications of Chan-
drasekhar’s theory. While Eddington freely admitted that he could
find no fault with the technical details of Chandrasekhar’s approach,
he was compelled to challenge the results because of the unexpected
result that large stars will continue to contract. The depth of Edding-
ton’s objections and the way in which they were made surprised and
upset Chandrasekhar: “Eddington effectively made a fool of me,” he
later recalled.

The dispute with Eddington lasted years, yet the two remained cor-
dial. Chandrasekhar left England in 1937 for Chicago. In 1939, he
summed up his work on stellar structure. In 1974, Chandrasekhar ac-
counted for the delay in the acceptance of his theory, stating that his
conclusions “did not meet with the approval of the stalwarts of the
day.” He noted the irony of Eddington’s position: Eddington argued
against the continual collapse of stars with a mass over the Chandra-
sekhar limit because such stars would “go on radiating and radiating
and contracting and contracting until, I suppose, it gets down to a few
[kilometers’] radius when gravity becomes strong enough to hold the
radiation and the star can at last find peace.”

Chandrasekhar was describing what is now called a “black hole,”
which Eddington thought was an absurdity. Nevertheless, years later
black holes were accepted as the final fate of stars that are so massive
that their gravity prevents even light from escaping. Chandrasekhar’s
“foolishness” was ultimately proved correct.

(The Nobel Foundation)
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white dwarfs. He continued to bring mathematical order to other areas of
astrophysics, including black holes.

See also Black Holes.
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CHAOTIC SYSTEMS

THE ScCIENCE: An American meteorologist demonstrated that Earth’s
weather patterns constituted a chaotic system, inaugurating the mod-
ern study of chaos.

THE SCIENTIST:
Edward N. Lorenz (b. 1917), American meteorologist

MAKING SENSE OF CHAOS

Chaotic, or unpredictable, systems are found in many fields of science
and engineering. The study of the dynamics of chaotic systems is an essen-
tial part of the growing science of complexity—the effort to understand
the principles of order that underlie the patterns of all real systems, from
ecosystems to social systems to the universe as a whole. Chaos theory, a
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modern development in mathematics and science, attempts to provide a
framework for understanding these irregular or erratic fluctuations in the
natural world.

Many bodjies in the solar system have been shown to have chaotic orbits,
and evidence of chaotic behavior has also been found in the pulsations of
variable stars. Evidence of chaos occurs in models and experiments describ-
ing convection and mixing in fluids, in wave motion, in oscillating chemical
reactions, and in electrical currents in semiconductors. Chaos is found in
the dynamics of animal populations and of medical disorders such as heart
arrhythmias and epileptic seizures. Attempts are also being made to apply
chaos theory to the social sciences, such as the study of business cycles.

A chaotic system is defined as one that shows “sensitivity to initial con-
ditions.” That is, any uncertainty in the initial state of the given system, no
matter how small, will lead to rapidly growing errors in any effort to pre-
dict the system’s future behavior. For example, the motion of a dust parti-
cle floating on the surface of a pair of whirlpools can display chaotic behav-
ior. The particle will move in well-defined circles around the centers of the
whirlpools, alternating between the two in an irregular manner. An ob-
server who wanted to predict the motion of this particle would first have to
measure its initial location. Unless the measurement was infinitely precise,
however, the observer would instead obtain the location of an imaginary
particle very close by the real one. The “sensitivity to initial conditions”
would cause the nearby imaginary particle to follow a path that would di-
verge from the path of the real particle, making any long-term prediction
of the trajectory of the real particle impossible. In other words, such a sys-
tem would be chaotic; its behavior could be predicted only if the initial
conditions were known to an infinite degree of accuracy—an impossible
standard to meet.

The possibility that chaos might exist in a natural, or deterministic, sys-
tem was first envisioned in the late nineteenth century by the French math-
ematician Henri Poincaré who was investigating planetary orbits. For de-
cades thereafter, however, the subject aroused little scientific interest.

THE CHAOS OF WEATHER

The modern study of chaotic dynamics began in 1963, when the Ameri-
can meteorologist Edward N. Lorenz demonstrated that a simple model
that he had created to analyze thermal convection in the atmosphere
showed sensitivity to initial conditions—or, in other words, that weather
patterns constituted a chaotic system.

Lorenz’s work was part of the attempt to decipher the general circula-
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tion of the atmosphere. If a general law governing circulation could be dis-
covered, the dream of accurate weather prediction would become a reality.
Lorenz reviewed and built upon the works of numerous scientists. He con-
cluded that, for an idealized atmosphere, certain specific features—such
as circulation, kinetic energy, and the presence of easterly and westerly
winds—could be explained by mathematical formulas.

In attempting to apply his conclusions to the actual atmosphere of
Earth, however, Lorenz found that such a mathematical approach was of
little use. The unknown quantities in the formulas he used to determine the
behavior of the atmosphere turned out to be sensitive to initial conditions,
meaning that they could not be statistically calculated with any level of cer-
tainty. Although the mathematical approach worked for the idealized at-
mosphere of theory, in the real world, the general circulation of the atmo-
sphere could not be determined with precision, making accurate weather
prediction impossible.

ImpracT

Following Lorenz’s discovery, scientists and mathematicians began to
study the progression from order to chaos in various systems. In 1971, Bel-
gian physicist David Ruelle and Dutch mathematician Floris Takens pre-
dicted that the transition to chaotic turbulence in a moving fluid would
take place at a certain well-defined critical point that depended on the
fluid’s velocity or on some other important factor controlling the fluid’s be-
havior. They predicted that this transition to turbulence would occur after
the system had developed oscillations with at least three different frequen-
cies. Experiments conducted by American physicists Jerry Gollub and
Harry Swinney in the mid-1970’s supported these predictions.

Another American physicist, Mitchell Feigenbaum, then predicted that
at the critical point when an ordered system begins to break down into
chaos, a consistent sequence of period-doubling transitions would be ob-
served. This so-called period-doubling route to chaos was thereafter ob-
served experimentally by various investigators, including the French
physicist Albert Libchaber and his coworkers. Feigenbaum went on to cal-
culate a numerical constant that governs the doubling process (Feigen-
baum’s number), and he showed that his results were applicable to a wide
range of chaotic systems. In fact, an infinite number of possible routes to
chaos can be described, several of which are universal, or broadly applica-
ble, in the sense that they obey proportionality laws that do not depend on
details of a particular physical system.

The term “chaotic dynamics” refers only to the evolution of a system
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over time. Chaotic systems, however, also often display spatial disorder—
for example, in complicated fluid flows. The attempt to incorporate an un-
derstanding of spatial patterns into theories of chaotic dynamics has be-
come an active area of study. Researchers hope to extend theories to the
realm of fully developed turbulence, where complete disorder exists in
both space and time. This effort is widely viewed as among the greatest
challenges of modern physics.

See also Fractals; Weather Fronts.
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CHLOROFLUOROCARBONS

THE SciENCE: F. Sherwood Rowland and Mario José Molina warned that
chlorofluorocarbons (CFCs, often found in refrigerants such as Freon),
might be destroying the ozone layer of the stratosphere.

THE SCIENTISTS:
F. Sherwood Rowland (b. 1927), physical chemist
Mario José Molina (b. 1943), physical chemist
Paul Crutzen (b. 1933), stratospheric chemist specializing in ozone
James Lovelock (b. 1919), English chemist

NowHERE TO Go BUT UP

Ozone is an irritating bluish gas of pungent odor that is formed natu-
rally in the upper atmosphere by a photochemical reaction with solar ul-
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traviolet radiation. It is a rare gas that protects Earth from the most danger-
ous radiations of the Sun, such as ultraviolet radiation. Ozone can absorb
ultraviolet rays efficiently even when it is present in very small amounts.
Altogether, the ozone layer absorbs one-twentieth of the Sun’s radiation,
including the dangerous shortwave rays that can do great damage to living
things. All biological systems have evolved under the protection of the
ozone shield in the stratosphere. Humanity, however, has for many years
been depleting this ozone layer by releasing human-made chlorofluoro-
carbons (CFCs). These compounds are known commercially as Freon.

CFCs were discovered in 1928 by Thomas Midgley, Jr., a Du Pont Cor-
poration chemist, who developed the chemical in response to a request by
General Motors’ Frigidaire Division for a safer and more efficient refriger-
ant. In the 1950’s, CFCs became widely used not only as materials in house-
hold and commercial refrigerators and air conditioners but also as pro-
pellants in aerosol sprays and as solvents. They are nonflammable, have
excellent chemical and thermal stability, and are low in toxicity.

F. Sherwood Rowland, a physical chemist at the University of Califor-
nia at Irvine, first became interested in atmospheric chemistry in 1972. He
was attending a meeting in Fort Lauderdale, Florida, that was organized
by the U.S. Atomic Energy Commission (AEC). It was there that he heard
that James Lovelock, an independent and creative English chemist, had in-
vented an electron-capture gas chromatograph to detect atmospheric gases
in minute amounts. With his invention, he had discovered a minute concen-
tration of two commonly used CFCs in the atmosphere over Western Ire-
land. Rowland began to wonder what eventually became of the chemical.

Rowland later performed some calculations that showed that Love-
lock’s concentrations were very close to the rough estimate of the total
amount of CFCs being produced. Rowland reasoned that if all the CFCs
ever released were present in the lowest layer of the atmosphere, the tropo-
sphere, that meant that nothing in this layer was destroying them. Yet they
had to go somewhere, and the only place to go was upward into the strato-
sphere, an upper portion of the atmosphere that is approximately 11 kilo-
meters above the Earth. He believed that the CFCs would then decompose
when exposed to ultraviolet radiation. Eighteen months later, Rowland
turned this casual commentary into an elaborate study.

A FEw CHLORINE ATOMS

In the fall of 1973, Mario José Molina, born in Mexico, had completed
his doctorate at the University of California, Berkeley, and came to work
with Rowland. Together, they set out to determine what would happen to
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the CFCs in the atmosphere. By November, 1973, Molina had already es-
tablished that nothing happened to them in the troposphere. CFCs do not
react with living things, they do not dissolve in oceans, and they are not
washed out of the air by rain—they do nothing except float around and
gradually work their way upward into the stratosphere. It was a simple
chemical deduction that they would be broken apart by the Sun’s ultravio-
let radiation and that, as a result, chlorine atoms would be released into the
stratosphere. At the time, a few chlorine atoms seemed unworthy of con-
cern—that is, until Molina discovered that a single chlorine atom can scav-
enge and destroy many thousands of ozone molecules.

MARIO MOLINA: BRINGING SCIENCE TO SOCIETY

Born and educated in Mexico, Mario José Molina earned his graduate de-
gree from the University of California, Berkeley, before moving to the Univer-
sity of California at Irvine. In a statement for the Nobel Foundation upon win-
ning the Chemistry Prize in 1995, Molina recalled the discovery of ozone
depletion by chlorofluorocarbons (CFCs).

Three months after I arrived at Irvine, Sherry [F. Sherwood
Rowland] and I developed the “CFC-ozone depletion theory.” At first
the research did not seem to be particularly interesting—I carried out a
systematic search for processes that might destroy the CFCs in the
lower atmosphere, but nothing appeared to affect them. We knew,
however, that they would eventually drift to sufficiently high altitudes
to be destroyed by solar radiation. The question was not only what de-
stroys them, but more importantly, what are the consequences. We re-
alized that the chlorine atoms produced by the decomposition of the
CFCs would catalytically destroy ozone. We became fully aware of the
seriousness of the problem when we compared the industrial amounts
of CFCs to the amounts of nitrogen oxides which control ozone levels;
the role of these catalysts of natural origin had been established a few
years earlier by Paul Crutzen. We were alarmed at the possibility that
the continued release of CFCs into the atmosphere would cause a sig-
nificant depletion of the Earth’s stratospheric ozone layer. . . .

We published our findings in Nature, in a paper which appeared in
the June 28, 1974 issue. The years following the publication of our pa-
per were hectic, as we had decided to communicate the CFC—ozone
issue not only to other scientists, but also to policy makers and to the
news media; we realized this was the only way to insure that society
would take some measures to alleviate the problem.

Source: Mario José Molina, “Autobiography,” in Les Prix Nobel: The Nobel Prizes 1996,

edited by Tore Frangsmyr (Stockholm: The Nobel Foundation, 1997). Available at
http:/ /nobelprize.org/chemistry. Accessed August, 2005.
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Using detailed calculations for chemical reactions, Molina concluded that
each chlorine atom from CFCs would collide with a molecule of the highly
unstable ozone. The reaction did not end there. Once chlorine was freed
from the CFC, the by-product would be oxygen and a chemical fragment
with an odd number of electrons called “chlorine monoxide.” The odd num-
ber of electrons, Molina knew, guaranteed that this fragment would react
with a free oxygen atom to achieve an even number of electrons. He calcu-
lated that when the chlorine monoxide fragment met the free oxygen atom,
the oxygen in chlorine monoxide would be attracted to the free oxygen atom
and would split off to form a new oxygen molecule. Chlorine would then be
freed and would collide with ozone, thus starting the cycle all over again.

In short, the breakdown of CFCs by sunlight would set off a chain reac-
tion in which one chlorine atom could gobble up 100,000 molecules of
ozone, turning them into ordinary oxygen with no power to absorb dan-
gerous solar radiation. Rowland and Molina published their results in the
June, 1974, issue of Nature.

ImpracT

On September 26, 1974, the CFC/ozone story made the front page of
The New York Times. In October, 1974, a government committee recom-
mended that the National Academy of Sciences conduct a study on the va-
lidity of this theory. In June of 1975, Johnson Wax, the nation’s fifth largest
manufacturer of aerosol sprays, announced that it would stop using CFCs
in its products. In June, 1975, Oregon became the first state to ban CFCs in
aerosol sprays. In October, 1976, the Food and Drug Administration and
the Environmental Protection Agency (EPA) proposed a phaseout of CFCs
used in aerosols. In October, 1978, CFCs used in aerosols were banned in
the United States. In August, 1987, the McDonald’s hamburger chain,
which had been using CFCs to make polyurethane foam containers for
hamburgers, announced that it would stop using the chemical.

In August, 1981, National Aeronautics and Space Administration
(NASA) scientist Donald Heath announced that satellite records showed
that the amount of ozone had declined 1 percent. In October, 1984, an En-
glish research group led by Joe Farman detected a 40 percent ozone loss
over Antarctica during austral (Southern Hemisphere) spring, which was
confirmed in August, 1985, by NASA satellite photographs showing the
existence of an ozone “hole” over Antarctica. In May, 1988, preliminary
findings of a hole in the ozone layer over the Arctic were discussed at a sci-
entific conference in Colorado. In September, 1988, the EPA reported new
evidence that showed that it had underestimated the degree of ozone de-
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pletion and announced that an 85 percent cutback on CFC use was needed.

Meanwhile, in 1987, many nations—including the United States—
signed the Montreal Protocol on Substances That Deplete the Ozone Layer.
This document was an internationally designed treaty to stop all produc-
tion and consumption of ozone-depleting chemicals before the year 2010.
Through various international agencies, such as the World Bank, encour-
agement was given to research into finding economical substitutes for
CFCs. By the year 2001, most of the nations of the world had signed the
Montreal Protocol or its amendments. In 1995, in recognition of their work
concerning the formation and decomposition of ozone, the Royal Swedish
Academy of Sciences award the Nobel Prize in Chemistry to F. Sherwood
Rowland, Mario Molina, and Paul Crutzen.

See also Global Warming; Ozone Hole; Pesticide Toxicity.
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CHROMOSOMES

THE ScIENCE: In the late nineteenth century, biologists determined that in-
herited traits of organisms are physically located on chromosomes.

THE SCIENTISTS:
Walter S. Sutton (1877-1916), American geneticist and surgeon
Theodor Boveri (1862-1915), German biologist
Gregor Johann Mendel (1822-1884), Austrian monk and scientist
Carl Erich Correns (1864-1933), German geneticist
Thomas Hunt Morgan (1866-1945), American geneticist and 1933 Nobel
laureate in Physiology or Medicine
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FARMING As A SCIENTIFIC ENDEAVOR

Beginning in 1856, an Austrian monk named Gregor Johann Mendel
initiated a series of experiments with garden peas that would revolution-
ize twentieth century biology. Mendel cross-pollinated different lines of
garden peas that had been bred for certain characteristics (purple or white
flower color, wrinkled or smooth seeds, and the like). From his extensive
experiments, he concluded that each garden pea plant carries two copies of
each characteristic trait (flower color, seed texture, and so forth). These
traits would later come to be known as “genes.”

Diploid organisms have two copies of each gene; the copies may or may
not be identical. Different forms of the same gene are called “alleles.” For
example, the gene for flower color may have two alleles, one conferring
purple flower color and the other conferring white flower color. In most
cases, one allele is dominant over other alleles for the same gene. For exam-
ple, a plant having two purple flower-color alleles will have purple flow-
ers, while a plant having two white flower-color alleles will have white
flowers. A plant having one purple and one white flower-color allele, how-
ever, will have purple flowers; the dominant purple allele will mask the
white allele.

Since most plants and animals reproduce sexually by the means of fu-
sion of pollen (or sperm) with eggs, Mendel discovered the pattern of
transmission of these genetic
traits (that is, inheritance) from
parents to offspring. While each
individual has two copies of ev-
ery gene, each individual can
transmit only one copy of each
gene (that is, only one of two al- Sister
leles) to each of its offspring. If a chromatids
parent has two different alleles
for a given gene, only one of the
two alleles can be passed on to
each of its children. There is a
fifty-fifty chance of either allele Kinetochore
being transmitted for each of microtubules
thousands of different genes con-
ferring different characteristic
traits. Before Mendel’s findings
were rediscovered in 1900, most
investigators were concluding (Kimberly L. Dawson Kurnizki)

EXTERNAL STRUCTURE
OF A CHROMOSOME

Centromere
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that the mechanism of heredity was a blending of characteristics, similar to
the mixing of different colors of paint. According to Mendel’s results, the
mechanism was more similar to combining various colored balls.

Mendel summed up the random chance inheritance of different alleles
of a gene in two principles. The first principle, allelic segregation, main-
tains that the different alleles for a given gene separate from each other
during the formation of germ-line cells (that is, sperm and egg). The sec-
ond principle, independent assortment, maintains that different alleles of
different genes arrange themselves randomly during germ-cell produc-
tion. When Mendel published his results in 1866, his work was scarcely no-
ticed. Twenty years would pass before the importance of his research was
understood.

THE CHROMOSOMAL THEORY OF INHERITANCE

From 1885 to 1893, the German biologist Theodor Boveri researched the
chromosomes of the roundworm Ascaris. Chromosomes are molecules com-
posed mostly of deoxyribonucleic acid (DNA) and protein. They are lo-
cated within the nuclei of the cells of all living organisms. In the late 1890’s,
Walter S. Sutton studied chromosomes of the grasshopper Brachyostola
magna. Sutton constructed detailed diagrams of Brachyostola chromosomes
during mitosis (chromosome doubling and separating prior to cell divi-
sion) and meiosis (chromosome dividing and splitting in sperm and egg
production). Both Sutton and Boveri were independently attempting to
understand chromosomal structure and function.

The breakthrough came in 1900, when the German biologist Carl Erich
Correns rediscovered Mendel’s work with garden peas. Correns boldly pro-
posed that the chromosomes of living organisms carried the organisms” in-
herited traits. Unfortunately, he did not provide an exact mechanism to sup-
port his hypothesis. Nevertheless, Correns’s hypothesis eventually caught
the attention of both Sutton and Boveri. With Correns’s hypothesis and their
own research on chromosome behavior, Sutton and Boveri began to derive a
mechanism for the chromosomal transmission of inherited traits. Together,
the results of the two scientists culminated in the chromosomal theory of in-
heritance, one of the basic tenets of genetics and modern biology.

The chromosomal theory of inheritance makes four assertions. First, the
fusion of sperm and egg is responsible for reproduction—the formation of
a new individual. Second, each sperm or egg cell carries one-half of the
genes for the new individual, or one copy of each chromosome. Third,
chromosomes carry genetic information and are separated during meiosis.
Finally, meiosis is the mechanism that best explains Mendel’s principles of
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allelic segregation and independent assortment. Sutton reported his con-
clusions in a 1902 article in The Biological Bulletin.

ImpACT

The Sutton and Boveri chromosomal theory of inheritance represented
alandmark in the history of biological thought. It reestablished Mendelism
and provided a definite physical mechanism for inheritance. It demon-
strated the molecular basis of life and thereby launched two successive
waves of biological revolution: the pre-World War II genetic and biochem-
ical revolution and the postwar molecular biology revolution, which con-
tinues today. It has also been very useful for the study of human genetic
disorders.

Thomas Hunt Morgan and his associates generated hundreds of muta-
tions in the fruit fly Drosophila melanogaster and mapped these mutations to
specific chromosome locations, thereby verifying Sutton and Boveri’s the-
ory. Mutations were generated using either chemicals or radiation such as
ultraviolet light and X rays. This work demonstrated that exposing living
organisms to radiation and certain chemicals can cause chromosome and
gene damage, often resulting in severe abnormalities, and sometimes
death, in the exposed individuals and their descendants.

Chromosome studies also proved useful as a tool for understanding
evolution. Evolution consists of mutational changes that occur in organisms
over time, thereby giving rise to new types of organisms and new species
that are better adapted to their environments. The chromosomal theory of
inheritance helped to explain the processes by which evolution takes place.

See also Cloning; DNA Fingerprinting; DNA Sequencing; Double-Helix
Model of DNA; Evolution; Gene-Chromosome Theory; Genetic Code; Hu-
man Evolution; Human Genome; Mendelian Genetics; Mitosis; Onco-
genes; Population Genetics; Recombinant DNA Technology; Ribozymes;
Stem Cells; Viruses.
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Citric Acip CYCLE

THE ScieNcE: Sir Hans Adolf Krebs announced the operation of a series of
chemical reactions in the human body that convert food to chemical en-

ergy.

THE SCIENTISTS:

Sir Hans Adolf Krebs (1900-1981), biochemist who was awarded the
1953 Nobel Prize in Physiology or Medicine

Albert Szent-Gyorgyi (1893-1986), Hungarian biochemist who won the
1937 Nobel Prize in Physiology or Medicine

Franz Knoop (1875-1946), early contributor to the biochemical study of
carbon compounds

Carl Martius (b. 1906), organic chemist who, with Knoop, provided
Krebs with information vital to his work

CoONVERTING Foop TO ENERGY

The foods humans eat consist largely of carbohydrates, fats, and pro-
teins; each of these classes represents a source of energy and molecules re-
quired for growth and repair of tissue. Maintaining or restoring health de-
mands a detailed understanding of metabolism, the conversion of these
foods into energy and chemical building blocks. The central problem in the
early 1930’s was that of describing exactly how this conversion is con-
ducted in the cell.

When Sir Hans Adolf Krebs first became interested in this question, it
had been established that the carbohydrates, or sugars and starches, are
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converted to carbon dioxide, a
gas. As these names imply, the
chemical structures involve the
carbon atom. It had been known
for many years that carbon is the
most essential element found in
all living matter. What scientists
did not yet fully understand was
exactly how this conversion pro-
cess worked. They did suspect,
however, that such a process
might take place in a series of
steps rather than all at once; it
was well known that energy is
transformed more efficiently in
such a series.

Krebs realized that the most
promising approach to the prob-

Hans Adolf Krebs. (The Nobel Foundation) lem of describing the chemistry

that takes place in the cell was

the study of the speed at which these acids are oxidized during the conver-

sion process. Eventually, he found that a number of acids are oxidized rap-
idly enough to play a role in the overall conversion sequence.

His most important discovery concerned the common food substance
citric acid, which had long been known to be connected directly with the
healthy operation of the body. Not only does citrate—the form of citric acid
in cells—undergo oxidation rapidly, but it also speeds up, or catalyzes, the
process of chemical respiration. Hungarian biochemist Albert Szent-
Gyorgyi had already demonstrated the effect of a compound causing a
greater increase in the rate of a reaction for several other acids. Further-
more, in 1937, Carl Martius and Franz Knoop showed exactly how citrate is
converted into succinate, which is a compound formed during the food-to-
energy conversion process. Now Krebs had all the information he needed
to propose a theory describing the conversion of a carbohydrate into car-
bon dioxide.

FINAL STAGE OF METABOLISM

Krebs’s proposal for what he called the tricarboxylic, or citric acid, cycle
has come to be known as the Krebs cycle, the final stage of the metabolic
process. In fact, the key feature of this idea is its cyclical nature. It is appar-
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ent that each step, or individual change of one molecule into another, must
be connected to the next. Biochemists refer to such an arrangement as a
pathway. Krebs discovered that the citric acid pathway is cyclic: One may
visualize the scheme as involving some material being fed constantly into
the pathway and reacting (undergoing a chemical change) with one of the
substances produced during the previous reaction in the cycle.

In 1937, Krebs announced his configuration to describe the series of cel-
lular chemical reactions in which food becomes energy. During the pro-
cess, acids formed during the metabolism of food—proteins, fats, carbohy-
drates—undergo oxidation, releasing energy useful to the cell.

The cycle begins when acetate enters the pathway. It then reacts with
another acid, oxaloacetate (which, as the end product of the final chemical
conversion in the cycle, is already present).

The first result of this initial reaction is citrate. Next, the cycle converts
the citrate into a series of “intermediate” compounds (of which succinate is
one), while freeing up carbon dioxide and electrons. The carbon dioxide
and electrons are then used immediately to form a high-energy substance
called adenosine triphosphate (ATP, the form of chemical energy used by
the cell). The end of the cycle is the production of more oxaloacetate (which

TrE KrEBS (CiTrRIC AcID) CYCLE
Glycolysis
Pyruvic acid (3C)

CO,

Acetyl CoA (2C)

Oxaloacetic acid (4C) Citric acid (6C)

NADH + H* CO;
Oxaloacetic acid (4C)

o-Ketoglutaric acid

Fumaric acid (4C
(4C) FADH,
NADH + H* CO,
ADP
Succinic
acid (4C)
ATP
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began the sequence). The Krebs conversion cycle is ready to begin again.

Each step of the process is catalyzed by a specific enzyme. These en-
zymes help the reaction sequence occur smoothly and rapidly, enabling
the energy produced to be used efficiently by the cell.

ImpacT

At the start of the nineteenth century, chemists were fascinated by the
extraordinary changes that matter undergoes in living organisms. During
the early years of the next century, scientists continued to show interest,
turning their attention toward more exacting studies of the body’s chemi-
cal reactions.

Krebs, as one of the principal founders of such studies, provided a vital
link between biology and chemistry. His work helped give birth to a new
science, biochemistry. His other contributions included developing and us-
ing precise instruments and techniques for examining metabolic reactions.

The proposal of the Krebs cycle was met with characteristic skepticism;
it was a breathtaking leap into uncharted territory. In time, though, most
working biochemists came to accept the cycle at least in theory, and a huge
amount of extremely important experimental work was conducted.

For example, while the proposal was originally conceived to explain the
oxidation of carbohydrates, it was shown later that all major foodstuffs un-
dergo the Krebs cycle. Furthermore, the functioning of the cycle in plant, as
well as animal, tissue soon became apparent. About two-thirds of all the
oxidation that takes place in plants and animals using carbohydrate, fat, or
protein takes place through the Krebs cycle.

See also Cell Theory; Photosynthesis.
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CLONING

THE ScIENCE: Experimental technique for creating exact duplicates of liv-
ing organisms by re-creating their DNA.

THE SCIENTISTS:
lan Wilmut (b. 1944), embryologist with the Roslin Institute
Keith H. S. Campbell, experiment supervisor with the Roslin Institute
J. McWhir, researcher with the Roslin Institute
W. A. Ritchie, researcher with the Roslin Institute

MAKING COPIES

On February 22, 1997, officials of the Roslin Institute, a biological re-
search institution near Edinburgh, Scotland, held a press conference to an-
nounce startling news: They had succeeded in creating a clone—a biologi-
cally identical copy—from cells taken from an adult sheep. Although
cloning had been performed previously with simpler organisms, the
Roslin Institute’s experiment marked the first time that a large, complex
mammal had been successfully cloned.

Cloning, or the production of genetically identical individuals, has long
been a staple of science fiction and other popular literature. Clones do exist
naturally, as in the example of identical twins. Scientists have long under-
stood the process by which identical twins are created, and agricultural re-
searchers dreamed of a method by which cheap identical copies of supe-
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rior livestock could be created. The discovery of the double helix structure
of deoxyribonucleic acid (DNA) in the 1950’s led to extensive research into
cloning and genetic engineering. Using the discoveries of James Watson,
Francis Crick, and other geneticists, scientists were soon able to develop
techniques to clone laboratory mice.

However, the cloning of complex, valuable animals such as livestock
proved to be hard going. Early versions of livestock cloning were technical
attempts at duplicating the natural process of fertilized egg splitting that

DoLLY THE SHEEP

In 1997, the world was taken aback when a group of scientists
headed by embryologist lan Wilmut at the Roslin Institute in Scotland
announced the successful cloning of a sheep named Dolly. Scientists
had already cloned cows and sheep, but they had used embryo cells.
Dolly was the first vertebrate cloned from the cell of an adult verte-
brate.

Although environmental factors would make Dolly individual, ge-
netically she would never have the individuality that an organism pro-
duced by usual reproductive means would possess. Over the next six
years, she gave birth to several, apparently healthy, offspring. In 2002,
at the age of six, Dolly became lame in her left hind leg, a victim of ar-
thritis. Although sheep commonly suffer arthritis, a veterinarian noted
that both the location and the age of onset were uncommon. Then, in
February, 2003, she was euthanized after the discovery of a progres-
sive lung disease.

Dolly’s health problems have led to speculations about premature
aging in clones but are complicated by her unique experiences as well.
As Wilmut noted, in the early years following the announcement of
her cloning, she became something of a celebrity, which led to over-
feeding by visitors and in turn a period of obesity, later corrected. More
significant were the discovery of her arthritis and then her lung dis-
ease—conditions not uncommon in sheep but that tend to emerge later
(sheep typically live to be eleven or twelve years old). Theories of pre-
mature aging are supported by the fact that Dolly’s telomeres were
shorter than normal. These cell structures function as “caps” that pre-
vent “fraying” at the ends of DNA cells. As a cell ages, its telomeres be-
come progressively shorter, until finally they disappear altogether and
are no longer able to protect the cell, which then dies.

Was Dolly older genetically than she was chronologically? The an-
swer to the question of whether Dolly was completely “normal” or
aged prematurely as a result of being a clone must await full investiga-
tion of her autopsy results, as well as tracking of her offspring’s lives
and monitoring of other vertebrate clones through their life spans.
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leads to the birth of identical twins. Artificially inseminated eggs were re-
moved, split, and then reinserted into surrogate mothers. This method
proved to be overly costly for commercial purposes, a situation aggravated
by a low success rate.

NucLEAR TRANSFER

Researchers at the Roslin Institute found these earlier attempts to be
fundamentally flawed. Even if the success rate could be improved, the
number of clones created (of sheep, in this case) would still be limited. The
Scots, led by embryologist lan Wilmut and experiment supervisor Keith
Campbell, decided to take an entirely different approach. The result was
the first live birth of a mammal produced through a process known as nu-
clear transfer.

Nuclear transfer involves the replacement of the nucleus of an imma-
ture egg with a nucleus taken from another cell. Previous attempts at nu-
clear transfer had cells from a single embryo divided up and implanted
into an egg. Because a sheep embryo has only about forty usable cells, this
method also proved limiting. The Roslin team therefore decided to grow
their own cells in a laboratory culture. They took more mature embryonic
cells than those previously used, and they experimented with the use of a
nutrient mixture. One of their breakthroughs occurred when they discov-
ered that these “cell lines” grew much more quickly when certain nutrients
were absent. Using this technique, the Scots were able to produce a theoret-
ically unlimited number of genetically identical cell lines.

The next step was to transfer the cell lines of the sheep into the nucleus
of unfertilized sheep eggs. First, 277 nuclei with a full set of chromosomes
were transferred to the unfertilized eggs. An electric shock was then used
to cause the eggs to begin development, the shock performing the duty of
fertilization. Of these eggs, twenty-nine developed enough to be inserted
into surrogate mothers. All the embryos died before birth except one: a
ewe the scientists named Dolly. Her birth on July 5, 1996, was witnessed by
only a veterinarian and a few researchers. Not until the clone had survived
the critical earliest stages of life was the success of the experiment dis-
closed; Dolly was more than seven months old by the time her birth was
announced to a startled world.

ImpACT

The news that the cloning of sophisticated organisms had left the realm
of science fiction and become a matter of accomplished scientific fact set off
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an immediate uproar. Ethicists and media commentators quickly began to
debate the moral consequences of the use—and potential misuse—of the
technology. Politicians in numerous countries responded to the news by
calling for legal restrictions on cloning research. Scientists, meanwhile, spec-
ulated about the possible benefits and practical limitations of the process.

The issue that stirred the imagination of the broader public and sparked
the most spirited debate was the possibility that similar experiments might
soon be performed using human embryos. Although most commentators
seemed to agree that such efforts would be profoundly immoral, many ex-
perts observed that they would be virtually impossible to prevent. “Could
someone do this tomorrow morning on a human embryo?” reporters
asked Arthur L. Caplan, the director of the Center for Bioethics at the Uni-
versity of Pennsylvania. “Yes. It would not even take too much science.
The embryos are out there.” Such observations conjured visions of a future
that seemed marvelous to some, nightmarish to others. Optimists sug-
gested that the best and brightest of humanity could be forever perpetu-
ated, creating an endless supply of Albert Einsteins and Wolfgang Amadeus
Mozarts. Pessimists warned of a world overrun by clones of self-serving
narcissists and petty despots, or of the creation of a secondary class of hu-
mans to serve as organ donors for their progenitors. The Roslin Institute’s
researchers steadfastly proclaimed their own opposition to human experi-
mentation. Moreover, most scientists were quick to point out that such sce-
narios were far from realization, noting the extremely high failure rate in-
volved in the creation of even a single sheep.

Most experts emphasized more practical possible uses of the tech-
nology: improving agricultural stock by cloning productive and disease-
resistant animals, for example, or regenerating endangered or even extinct
species. Even such apparently benign schemes had their detractors, how-
ever, as other observers remarked on the potential dangers of thus narrow-
ing a species’ genetic pool. Even prior to the Roslin Institute’s announce-
ment, most European nations had adopted a bioethics code that flatly
prohibited genetic experiments on human subjects.

Ten days after the announcement, U.S. president Bill Clinton issued an
executive order that banned the use of federal money for human cloning
research, and he called on researchers in the private sector to refrain from
such experiments voluntarily. Nevertheless, few observers doubted that
Dolly’s birth marked only the beginning of an intriguing—and possibly
frightening—new chapter in the history of science.

See also Chromosomes; DNA Fingerprinting; DNA Sequencing; Double-
Helix Model of DNA; Evolution; Gene-Chromosome Theory; Genetic Code;
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Human Evolution; Human Genome; Mendelian Genetics; Mitosis; Onco-
genes; Population Genetics; Recombinant DNA Technology; Ribozymes;
Stem Cells; Viruses.
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ComPTON EFFECT

THE SciENCE: Arthur Compton’s experiment with the scattering of X rays
from a solid showed that electromagnetic radiation exhibits both wave-
like and particle-like properties, convincing scientists that light quanta
are real.

THE SCIENTISTS:
Arthur Holly Compton (1892-1962), American physicist
Albert Einstein (1879-1955), German American theoretical physicist
Max Planck (1858-1947), German theoretical physicist

THE NATURE OF L1GHT

For centuries, people wondered about the nature of the light that is ra-
diated from sources such as the Sun and lamps. During the nineteenth cen-
tury, scientists became convinced that light was a form of wave motion
that was similar in some ways to water waves and sound waves. Different
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colors in visible light were recognized as having different particular wave-
lengths—that is, different distances between any two consecutive wave
crests in their individual wave patterns. Red light has the longest wave-
length that human eyes can detect, and violet light has the shortest. The
rainbow colors of red, orange, yellow, green, blue, and violet light form a
continuous natural light “spectrum,” or range, with electromagnetic prop-
erties.

It was also discovered that some “light” cannot be detected by human
eyes. Infrared and ultraviolet radiation lie just beyond the visible range.
Additional experiments revealed still other forms of radiation: radio
waves beyond the infrared, X rays and gamma rays beyond the ultraviolet.

Before the beginning of the twentieth century, however, there were
other experimental results that could not be explained by thinking of light
as simply a wavelike disturbance. To explain some of those results, Max
Planck proposed in 1899 that light consisted of tiny bundles of energy
called “quanta” (the plural form of quantum, the Latin word for “how
much”). Each quantum had its own particular energy; the longer the wave-
length, the smaller the amount of energy. “Photons” is another name for
light quanta.

In 1905, Albert Einstein, who later became famous for his theory of rela-
tivity, showed that the photoelectric effect (in which light falling on certain
metals causes an electric current) could be explained readily if one re-
garded light as consisting of quanta. Each quantum could knock an elec-
tron out of a metallic surface, freeing the electron to move as part of an elec-
tric current.

Scientists had great difficulty reconciling these two different ideas
about the nature of light. How could light be both waves and particles?

ARE QUANTA REAL?

By the 1920’s, many theoretical physicists had found that quanta were
useful in explaining certain observed phenomena, but the energy levels of
quanta were so low that it was not possible at that time to observe individ-
ual quanta. Were quanta real or merely useful ideas?

Arthur Holly Compton, a professor of physics at Washington Univer-
sity in St. Louis, wanted to find out. He set up an experiment in which he
directed a beam of X rays at a block of paraffin. Some of the X rays were
scattered off to the side at various angles. To Compton’s surprise, the scat-
tered X rays had longer wavelengths than the incoming rays did; that is,
they were of lower energy. This was comparable to shining blue light on
white paper and finding green light reflected.
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WAVES OR PARTICLES?

Arthur Holly Compton’s doctoral dissertation research at Prince-
ton, begun in 1914, involved reflecting X rays from certain crystals
with the intent of using them as a probe to determine how the electrons
are distributed about the center of the crys-

tal atoms. For six years, Compton carried
out a complex series of experimental and
theoretical investigations of how X rays
and even gamma rays are scattered by alu-
minum, carbon, and other elements.

Only very gradually did Compton come
to understand that to explain the results
that he and others were finding experimen-
tally, he would have to assume that the X
rays and gamma rays were behaving not
like waves but like particles. For example,
when an X ray strikes an electron in a car-
bon atom, itis just as if one little billiard ball
has struck another, sending it on its way by
transferring some energy and momentum
to it. In the process, the incident X ray loses

some energy and momentum, and since the
energy of an X ray is proportional to its fre-
quency, the scattered X ray has a lower frequency or higher wave-
length than the incident X ray. By using a spectroscope, Compton was
able to compare the wavelength of the scattered X ray to that of the in-
cident X ray. He found that the scattered X ray’s wavelength had in-
creased by just the amount he had calculated on the basis of the
billiard-ball model. X rays in this experiment did indeed behave just
like little particles possessing energy and momentum.

Albert Einstein had argued as long before as 1905 that there were
reasons to believe that in certain circumstances high-frequency elec-
tromagnetic radiation behaves like particles or quanta of energy, but
Einstein’s so-called light-quantum (wave-particle) hypothesis was
greeted with profound skepticism in succeeding years. Therefore,
Compton’s findings came as a great surprise to most physicists when
he published them in 1923. Although Compton’s experimental and
theoretical program was not motivated by a desire to test Einstein’s hy-
pothesis, Compton’s results were recognized as the first conclusive ex-
perimental proof of that hypothesis. Physicists were now forced to
consider anew the way radiation interacts with matter, and Compton’s
discovery was a crucial stimulus to the creation of modern quantum
mechanics in 1925-1926. For his discovery—known ever after as the
Compton effect—Compton won the 1927 Nobel Prize in Physics.

(The Nobel Foundation)
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In addition, Compton found that electrons had been knocked loose
from the paraffin. On measuring the angles between the scattered X rays
and the freed electrons, he found that they were related to each other ex-
actly as if an X-ray quantum (or photon) had collided with an electron and
they had both shot off like colliding marbles or billiard balls.

In more technical language, the angles showed that, if the X rays were
regarded as a stream of particle-like quanta, momentum was “conserved.”
In this context, conservation means that the total momentum of all the par-
ticles before a collision is the same as the total after the collision. Their indi-
vidual values, however, may be quite different.

Furthermore, the missing energy in the scattered X rays corresponded
to the energy of motion of the electron. These results agreed with the laws
of conservation of energy and momentum that had long been established
in the world of physics.

Compton’s results were announced in December, 1922, and published
in the spring of 1923. After some initial controversy about the reliability of
those results and their interpretation by Compton, scientists became con-
vinced that Compton’s work definitely showed that quanta are real and
behave like particles.

ImpACT

Word of Compton’s results traveled to Europe, where physicists had
been intensely studying the problems associated with light and other
forms of radiation for several decades. At about the same time that
Compton’s results were published, Peter Debye, a Dutch physicist who
was professor of physics at the Federal Institute of Technology in Zurich,
Switzerland, independently came to the same conclusions about the quan-
tum nature of radiation. Additional experiments were done by other phys-
icists, and they confirmed Compton’s results. Ever since, physicists have
known that, in dealing with radiation, they must recognize that it has both
wave and particle properties.

By 1927, Compton’s results were part of the generally accepted views
held by physicists everywhere, and Compton was given international rec-
ognition and honors, such as the 1927 Nobel Prize in Physics and invita-
tions to participate in prestigious European scientific conferences.
Throughout his life, Compton remained an important member of the
worldwide community of physicists, studying physics, serving as a leader
of American physicists—especially during World War II—and publicly
expressing his deep concerns about the relationships among science, soci-
ety, and religion.
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See also Photoelectric Effect; Quantum Mechanics; Wave-Particle Du-
ality of Light.
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CONDUCTIVITY

THE ScIENCE: Always a careful observer, Stephen Gray discovered by acci-
dent that electricity could flow from one object to another, and that
some materials were conductors, while other materials were insulators.
His meticulous and imaginative experiments lifted the study of static
electricity from being only a parlor amusement to a science.

THE SCIENTISTS:

Stephen Gray (1666-1736), Englishman who discovered electrical
conductivity

John Flamsteed (1646-1719), Astronomer Royal and Gray’s role model

Francis Hauksbee (1660-1713), physicist reputed to have invented the
first electrical machine

Jean-Théophile Desaguliers (1683-1744), paid demonstrator of
experiments for the Royal Society

Charles-Frangois de Cisternay Du Fay (1698-1739), French chemist who
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repeated many of Gray’s experiments and continued Gray’s work
after his death

ELECTRIC VIRTUE

In 1696, the amber effect—the ability of amber to attract bits of fluff
when it is rubbed—had been known since ancient times. William Gilbert
had shown that glass, sulfur, precious stones, resin, and sealing wax could
also be “electrified.” In 1706 physicist Francis Hauksbee used a flint glass
tube to demonstrate some effects of static electricity to the Royal Society of
London (England’s premier scientific body at the time), and hearing of
this, Stephen Gray performed his own experiments and sent an account
of them to the society in 1708. He later made friends with several members
of the society when he became an assistant to Jean-Théophile Desaguliers,
who performed demonstrations for the Society.

Gray was the son of a cloth dyer and had followed in the family busi-
ness while dabbling in science. At some time he seems to have studied
with John Flamsteed, England’s Astronomer Royal. Gray ground his own
telescope lenses and measured eclipses, sunspots, and the revolutions of
Jupiter’s satellites. He made a microscope using as a lens a water droplet in
a tiny hole made in a brass plate. It worked well enough for him to see mi-
croscopic organisms swimming in the water, and he became widely
known as a careful and talented observer. Although he was not a fellow of
the Royal Society, the society published Gray’s microscopic observations
in 1696.

When Gray hurt his back and could no longer work at the family trade,
he applied to become a resident of Sutton’s Hospital, also known as the
London Charterhouse. This request was finally granted in 1719. The
Charterhouse was a day school for poor boys and provided room and
board for eighty male pensioners who were required to be educated
enough to teach the boys. Gray continued to dabble with electrostatics but
made relatively little progress. Finally in 1729, at age sixty-three, he ob-
tained a flint glass tube similar to the one used by Hauksbee. Just over
three feet long and an inch in diameter, it acquired a static charge when
rubbed with a cloth or by a dry hand.

To keep dust out of the tube when he was not using it, Gray placed
corks in the ends. He could tell when the tube had acquired “electric vir-
tue” (static electricity) because it would then attract bits of feather, thread,
or leaf-brass, similar to the amber effect. Sometimes there would be a
crackling sound and, in the dark, a flash of light or a spark. Gray wondered
whether light falling on a metal would convey electric virtue to the metal.
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THE Frying Boy

In the 1720’s and 1730’s, as Stephen Gray conducted his experi-
ments with static electricity, or “electric virtue,” he succeeded in elec-
trifying all manner of materials, and he wondered if even people could
be “electrified.” His curiosity led to a dramatic and entertaining dem-
onstration that is still associated with Gray’s name: The Flying Boy.

Gray suspended two large loops of horsehair clothesline from
hooks in the ceiling. He took a “charity boy” (a volunteer looking for
some amusement) and had him lie horizontally, suspended in the air
by one loop about his chest and the other about his legs. Then Gray
used his electrically charged glass tube to electrify the boy. Any guest
who tried to touch the boy was zapped by a sharp spark, and when the
boy extended his hands over insulated stands holding bits of feathers
and leaf-brass, the bits jumped upward to his hands. If a guest brought
a finger near the boy’s nose, the finger would draw sparks from it.

The spectacle left no doubt that people could be electrified. Gray
wrote a careful description of his experiments and findings which was
published by the Royal Society in 1732.

He had previously attempted—without success—to electrify metals by
rubbing them.

TRAVELING VIRTUE

Preparing for this experiment, Gray rubbed the tube, but then he no-
ticed that small feathers were attracted to the corks as well as to the tube.
This simple observation was a breakthrough: Evidently, “electric virtue”
could be transferred, or conducted, from one body to another! Flush with
excitement, Gray tried every object he had at hand: an ivory ball with a
hole in it, which he stuck on a short stick with the stick inserted in the cork;
the ball suspended by wire or 3 feet of twine; silver coins; a lead ball; the
fire shovel; an iron poker; metal tongs; a copper teakettle (empty or full of
hot or cold water); brick; tile; chalk; and a head of cabbage. All could be
electrified when connected to the tube. (Gray later found that materials
such as wood or twine conduct only when the humidity is high enough.)

Next Gray wondered how far the electric virtue could be made to travel.
Limited by the size of his room, he assembled 18 feet of sticks and canes
and connected one end to the tube and the other to the ivory ball which be-
came electrified. Needing more space, over the next few months he visited
his friends John Godfrey and Granville Wheler, both of whom had large
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homes and lands. They eventually succeeded in transmitting electric vir-
tue down 886 feet of twine, but two more important discoveries were made
along the way. Godfrey and Gray prepared a horizontal line of twine sus-
pended by twine from nails in a ceiling beam and had absolutely no suc-
cess. Gray correctly reasoned that electric virtue had flowed up the twine
and was dissipated in the ceiling beam.

GRAY’s EXPERIMENTS

When Gray visited Wheler and explained the problem of suspending a
horizontal line, Wheler suggested that the twine line could be suspended
with silk threads. This approach worked, and Gray theorized that the silk
had blocked the flow of electric virtue because it had a much smaller diam-
eter than the twine. Later, when the silk support lines broke under the
weight of long lengths of twine, they used brass wire no thicker than the
silk lines, and again got no electric flow. Gray now correctly reasoned that
it was not the diameter of the support lines that was important but the fact
that some materials allowed the flow of electric virtue while others blocked
that flow. Gray even attempted, successfully, to electrify a human being.
He wrote a careful description of his experiments and findings, which was
published by the Royal Society in 1732.

ImpracT

The concept of static electricity is familiar to most people from common
daily experience: If different materials, such as a wool cloth and a glass rod,
are placed into close contact and then separated after rubbing, some elec-
trons will be transferred from the glass to the wool, leaving the glass
charged positively and the wool negatively charged. If a small feather is
brought near to the positively charged glass, the positively charged glass
will act on the atoms of the feather to pull some electrons in each atom to
the side of the atom that is closest to the glass rod; the average negative
charge in the feather, now slightly closer than the average positive charge,
will draw the feather to the glass. If the feather now touches the glass rod,
some electrons from the feather may transfer to the rod, leaving the feather
positive and the rod less positive. Both rod and feather are positively
charged and the feather will now be repelled from the rod. Gray, along
with others, observed both the attractive and repulsive effects. In fact one
of Gray’s favorite demonstrations was to repel a feather and make it float
in the air by holding the tube horizontally and keeping it beneath the
feather.
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Gray continued to experiment and publish until his death. He received
the Royal Society’s greatest honor, the Copley Medal, in the first year it
was awarded, 1731, and again in 1732. He was also elected a fellow of the
Royal Society. Desaguliers gave the modern names “conductor” and “in-
sulator” to the two classes of material Gray had discovered: those that al-
lowed electric flow and those that blocked it. French scientist Charles Du
Fay visited Wheler and Gray in 1732 and, inspired by their work, devel-
oped the two-fluid theory of electricity, which attained wide acceptance
until it was superseded by Benjamin Franklin’s demonstration of the
single-fluid theory. Because Gray was the first to send electrical signals
hundreds of feet down a line, he is an ancestor of the telegraph, the tele-
phone, and long-distance communication. Perhaps most important, just as
William Gilbert had made the study of magnets scientific, Gray more than
any of his predecessors made the study of electricity scientific.

See also Electric Charge; Electrodynamics; Electromagnetism; Elec-
trons; Lightning; Magnetism; Superconductivity; Superconductivity at
High Temperatures.
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CONTAGION

THE ScieNcE: Girolamo Fracastoro’s De contagionibus et contagiosis morbis et
eorum curatione libri tres, in which he postulates that diseases are caused
by the spread of “seeds” or “seminaria” that could self-multiply, is gen-
erally considered to be the first work to attribute disease to unseen
“germs” and helped lay a foundation for modern understanding of in-
fectious disease.
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THE SCIENTISTS:
Girolamo Fracastoro (c. 1478-1553), Italian physician, astronomer, and
poet
Antoni van Leeuwenhoek (1632-1723), Dutch biologist and microscopist

A NEw DISEASE

Girolamo Fracastoro epitomized the Renaissance thinker. He studied
medicine at Padua and became a physician, but he was also a poet, a philos-
opher, a natural historian who developed theories of fossils, and, like his
contemporary at Padua—Nicolaus Copernicus—an astronomer. Medicine,
however, is the field in which Fracastoro’s contributions are most noted.

In the early 1500’s, after the return of Spanish explorers from the New
World, Europe was experiencing a new, virulent infectious disease. Now
known as syphilis, this disease derives its name from a 1,300-verse poem,
Syphilis sive morbus Gallicus (1530; Syphilis: Or, A Poetical History of the
French Disease, 1686; better known as Syphilis), published by Fracastoro un-
der his Latin name, Hieronymous Fracastorius. This poetic work gives a
mythical account of a shepherd, Syphilis, who angers Apollo and is cursed
with the disease. In this poem, Fracastoro first articulates his thoughts on
contagion and the spread of disease.

Fracastoro argues that nature is complex but understandable through
careful study. He suggests a natural cause for the disease. He also suggests
that the particles that cause the disease can be carried by air and that they
can remain dormant for years before “breaking out.”

SEMINARIA AND MODES OF TRANSMISSION

Fracastoro continued his observations about infectious disease and his
studies of syphilis, and in 1546 he published a treatise on infectious dis-
eases, De contagionibus et contagiosis morbis et eorum curatione (1546; De
contagione et contagiosis morbis et eorum curatione, 1930), in which he is the
first person to use the word “contagion.” Fracastoro defines contagion as
an infection passing from one person to another. He accurately describes
the three stages of syphilis: the small genital sore (primary syphilis), le-
sions and a body rash several months after the initial sore (secondary syph-
ilis), and dementia (caused by brain deterioration) and other organ de-
struction (tertiary syphilis). He also describes the mode of transmission of
syphilis, noting that it is a sexually transmitted disease, and he recognizes
the fact that a woman infected with syphilis can pass the disease to her
child during pregnancy or after birth through her breast milk.
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THE STORY OF SYPHILIS

The work that brought the most
fame to Fracastoro was his lengthy
narrative poem Syphilis sive morbus
Gallicus (1530; Syphilis: Or, A Poetical
History of the French Disease, 1686),
consisting of three books of some
thirteen hundred hexameters. In the
first book, Girolamo Fracastoro de-
scribes the horrors of the disease,
which had appeared in 1495 and af-
ter a few years spread across the
whole European continent. The sec-
ond book is devoted to preventa-
tives and cures, and the third to an
extended tale of Christopher Co-
lumbus’s voyage to the West Indies
and the discovery of the Holy Tree
(the guaiacum), which offered a
remedy. What is most notable about
the poem is Fracastoro’s steadfast
belief that syphilis could be traced
to natural causes, which, no matter
how difficult the job, would eventu-
ally be understood:

Nor can th’infection first be charged on Spain

That sought new worlds beyond the Western main.

Since from Pyrene’s foot, to Italy
It shed its bane on France while Spain was free.

... 'tis plain this Pest must be assigned
To some more pow’rful cause and hard to find. . ..

Since nature’s then so liable to change
Why should we think this late contagion strange?

The offices of nature to define
And to each cause a true effect assign
Must be a task both hard and doubtful too.

[But] nature always to herself is true.

Source: From Girolamo Fracastoro, Syphilis, quoted by Stephen Jay Gould in “Syphilis
and the Shepherd of Atlantis: Renaissance Poem About Syphilis Attempts to Explain
Its Origin.” Available at www.findarticles.com. Accessed September, 2005.

(Library of Congress)
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Fracastoro described the causative agents of syphilis as “seeds” or
“seminaria.” Since the first microorganisms were not seen until the 1670’s
and 1680’s by Antoni van Leeuwenhoek and others, it is unlikely that
Fracastoro envisioned the seminaria as the microorganisms described by
those scientists. However, Fracastoro did propose three modes of transmis-
sion of seminaria between individuals. In the 1546 treatise, he states that dis-
eases could be transmitted by direct contact, indirectly by contact with in-
fected objects such as dirty linens, or across a distance by contaminated air.

Fracastoro was able to apply his theories to practical situations. When
plague broke out in Verona, Fracastoro left for Lake Garda. There he prac-
ticed medicine from his country house and served as physician to Pope
Paul IIL. After the Treaty of Crespi (1544) ended the wars between the Holy
Roman Emperor Charles V (r. 1519-1558) and the French king Francis I
(r.1515-1547), Pope Paul III convened the Council of Trent (1545-1563). The
purpose of the council was to address important questions of Catholic faith
and discipline including the canonization of the Scriptures. The council
met seven times, but an outbreak of the plague disrupted the work of the
council. Fracastoro urged that the Council of Trent be moved to Bologna to
avoid the contagion of the plague. However, members of the council who
supported Charles V refused to leave, and Pope Paul III postponed the
meeting indefinitely in April, 1547, to avoid a schism within the Church.

ANIMALCULES AND SPONTANEOUS GENERATION

Fracastoro’s description of disease transmission and contagion did not
immediately lead to the development of sterile techniques or successful
treatments directed at the “seminaria” that he believed caused diseases. In
fact, more than three hundred years passed after the 1546 publication of De
contagione et contagiosis morbis et eorum curatione before the modern germ
theory of disease was developed by Louis Pasteur and Robert Koch. The
development of the modern germ theory required several technological
and intellectual developments, including the design of the compound mi-
croscope, with which Leeuwenhoek first observed microorganisms, or as
he called them, animalcules.

Additionally, the theory of “spontaneous generation” of organisms had
to be disproved before the science of modern bacteriology could develop.
This theory held that life could arise spontaneously out of inanimate mat-
ter (as appeared to be the case when maggots appeared in dead meat);
Leeuwenhoek held that life could arise only from life, and eventually Laz-
zaro Spallanzani (1729-1799) disproved spontaneous generation through
experiments he conducted in 1765.
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In the early 1860’s, Louis Pasteur (1822-1895) concluded that “diseases
of wine” were caused by microorganisms, or “germs.” Shortly after, Joseph
Lister (1827-1912) extended Pasteur’s work to show that microorganisms
cause infection in wounds, and he developed antiseptic techniques in sur-

gery.

ImpracT

In many ways Fracastoro’s theories culminated in the work of Koch,
who in 1876 developed the germ theory of disease through which he iden-
tified the bacterium (now known as Bacillus anthraxis) responsible for caus-
ing anthrax. In this work, Koch used four steps to prove that the bacterium
caused anthrax. He first isolated the bacterium from all of the infected ani-
mals; next he grew anthrax bacteria in “pure culture” in the laboratory;
then he infected a healthy animal with the cultured bacteria; and finally he
re-isolated the same bacteria from the infected test animal after it devel-
oped the disease. These same steps are followed by twenty-first century
epidemiologists as they search for the causes of emerging diseases.

See also AIDS; Antisepsis; Diphtheria Vaccine; Galen’s Medicine; Germ
Theory; Greek Medicine; Human Immunodeficiency Virus; Hybridomas;
Immunology; Oncogenes; Penicillin; Polio Vaccine: Sabin; Polio Vaccine:
Salk; Schick Test; Smallpox Vaccination; Streptomycin; Viruses; Yellow Fe-
ver Vaccine.
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CONTINENTAL DRIFT

THE SciENCE: Alfred Lothar Wegener proposed that all lands were once
part of the supercontinent of Pangaea, which then fragmented and
whose pieces drifted apart to form present-day continents.

THE SCIENTISTS:
Alfred Lothar Wegener (1880-1930), German meteorologist and earth
scientist
Frank Bursley Taylor (1860-1938), American student of geology and
astronomy
Alexander Logie Du Toit (1878-1948), South African geologist
Arthur Holmes (1890-1965), British geologist

A GIANT JiGsaw PuzzLE

The concept of continental drift was developed, at least in part, to ex-
plain the striking parallelism between the coasts of continents bordering
the Atlantic Ocean, which seem as though they could fit together as pieces
of a giant jigsaw puzzle. In particular, the fit between the eastern coast of
South America and the Western coast of Africa is very striking.

The idea that continents were once joined together as part of a single
landmass has been around for several centuries. As early as 1620, the En-
glish philosopher and author Sir Francis Bacon had discussed the possibil-
ity that the Western Hemisphere had once been joined to Africa and Eu-
rope. In 1668, a scientist by the name of Placet expressed similar ideas.
Antonio Snider-Pellegrini in his book La Création et ses mysteres dévoilés
(1859; creation and its mysteries revealed) recognized the similarities be-
tween American and European fossil plants of the Carboniferous period
(about 300 million years ago) and proposed that all continents were once
part of a single landmass.

By the end of the nineteenth century, Austrian geologist Eduard Suess
had noticed the close correspondence between geological formations in
the lands of the Southern Hemisphere and had fitted them together into a
single landmass he termed Gondwanaland. In 1908, Frank Bursley Taylor
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of the United States, and in 1910, Alfred Lothar Wegener of Germany, in-
dependently suggested mechanisms that could account for large, lateral
displacements of the Earth’s crust and, therefore, how continents could be
driven apart. Wegener’s work became the center of the debate that has
lasted until the present.

SUPERCONTINENTS

The concept of continental drift was best expressed by Wegener in his
book Die Entstehung der Kontinente und Ozeane (1912; The Origin of Conti-
nents and Oceans, 1924). He based the theory not only on the shape of

AT HOME IN GREENLAND

Although Alfred Lothar Wegener is now known for his lifelong ad-
vocacy of the theory of continental drift, he was also an adventurer and
explorer: As a young man, he and his brother Kurt broke the world’s
record for long-distance balloon travel (52 hours). He also made pio-
neering expeditions to explore the Greenland ice cap in 1906-1908 and
again in 1912. During the 1912 trip, he and Danish explorer J. P. Koch
made the first successful east-west 1,000-kilometer crossing of the ice
cap at its widest point, using sledges hauled by ponies.

Wegener was therefore no stranger to polar expeditions when he
agreed to lead the German Inland Ice Expedition of 1930. The jet
stream—the fast-moving current in the upper atmosphere which cir-
cles the Earth in northern latitudes—had just been discovered, and the
expedition’s goal was to establish three year-round stations on the
Greenland ice cap in order to study jet stream flow. The expedition was
also to make pioneering measurements of the thickness of the ice cap
using echo-sounding techniques.

Two of the three stations were to be on opposite coasts, and the
third, named Eismitte (mid-ice), was to be in the center of the ice cap at
an elevation of 3,000 meters. Two members of the expedition had al-
ready set up a temporary camp there by the fall of 1930. Their quarters
consisted of a pit dug into the ice and roofed over.

Wegener and a fourth member followed with the necessary sup-
plies but did not arrive until October 29 because of bad weather. Most
of the supplies had been lost en route, so Wegener and his Eskimo
companion decided to return to the coastal base before the onset of the
polar night. They never made it. Wegener’s body was later found half-
way back, neatly sewn into his sleeping bag and buried in the snow
with upright skis as a marker. His Eskimo companion apparently had
gone on, but no trace of him or his sledge was ever found.
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the continents but also on geologic evidence found around the world.
Wegener specifically cited similarities in fossil fauna and flora (extinct ani-
mals and plants) found in Brazil and Africa. A series of maps were devel-
oped to show three stages of the drift process, and the original super-
continent was named Pangaea (a word meaning “all lands”).

Wegener believed that the continents, composed of light-density gra-
nitic rocks, were independently propelled and plowed through the denser
basalts of the ocean floor driven by forces related to the rotation of the
Earth. He provided evidence based on detailed correlations of geological
features and fossils indicating a common historical record on both sides of
the Atlantic. He also proposed that the supercontinent of Pangaea existed
before the beginning of the Mesozoic era (about 200 million years ago).

The split of Pangaea was visualized as beginning during the Jurassic
period (about 190 million years ago), with the southern continents moving
westward and toward the equa-
THE BREAKUP OF PANGAEA tor. South America and Africa be-
gan to drift apart during the Cre-
taceous period (70 million years
ago). The opening of the north At-
lantic was accomplished during
the Pleistocene epoch (approxi-
mately 2.5 million years ago).
Greenland and Norway started
to separate as recently as 1.5 mil-
lion years ago.

The Indian peninsula drifted
northward, colliding with the
Asian continent and giving rise
to the folded mountains of the
Himalayas. Similarly, the Euro-
pean Alps and the Atlas Moun-
tains of North Africa were ex-
plained as a westward extension
of the Himalayan chain. Wege-
ner also suggested that as the
drifting continents met the resis-
tance of the ocean floor, their
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Alfred Wegener theorized that the continents began leadine edees were compressed
as one great landmass, Pangaea, more than 200 mil- & & P

lion years ago (top), which drifted apart beginning and folded into mountains. In
about 190 million years ago (middle), eventually re- this way, he also explained the
sembling the world as we know it today (bottom). Western Cordillera of the Ameri-
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cas and the mountains of New Zealand and New Guinea. The tapering
ends of Greenland and South America and the island arcs of the Antilles
and East Asia were visualized as stragglers trailing behind the moving
continents. Periods of glaciation found in the southern part of South Amer-
ica, Africa, Australia, peninsular India, and Madagascar provided further
evidence of drift.

Detailed studies by the South African geologist Alexander Logie Du
Toit provided strong support to Wegener’s concepts. Du Toit postulated
two continental masses rather than the single entity of Pangaea. He visual-
ized the northern supercontinent of Laurasia and its southern counterpart,
Gondwanaland, separated by a seaway called Tethys. Du Toit was also the
first to propose that the continental masses of the Southern Hemisphere
had moved relative to the position of the South Pole. His ideas were pub-
lished in Our Wandering Continents (1937), abook he dedicated to Wegener.

ImpACT

Although Wegener and Du Toit had provided compelling evidence in
favor of the drift theory, one monumental problem remained: What forces
could be strong enough to rupture, fragment, and cause the continents to
drift? Arthur Holmes of the University of Edinburgh was the originator of
the concept of thermal convection in the Earth’s mantle as the main cause
of drift. Holmes’s model, published in 1931, was very similar to that pres-
ently used in the widely accepted theory of plate tectonics (the modern
version of Wegener’s theory). Holmes was also the first to introduce the
idea that the continents are being carried along by a moving mantle in a
sort of conveyor-belt motion.

Although appealing, Wegener’s theory of continental drift remained
controversial and was not widely accepted until the American geologist
Harry Hammond Hess and the American geophysicist Robert Sinclair
Dietz introduced the theory of seafloor spreading in the early 1960’s. Once
seafloor spreading was understood, the theory of continental drift was
transformed into the concept of plate tectonics, which remains as one of the
most significant theories in earth science. Indeed, with the discovering of
the mid-oceanic rifts the concept of plate tectonics has come to be accepted
by most earth scientists worldwide.

See also Earth’s Core; Earth’s Structure; Geomagnetic Reversals; Hy-
drothermal Vents; Mid-Atlantic Ridge; Plate Tectonics; Radiometric
Dating; Seafloor Spreading.
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COPERNICAN REVOLUTION

THE ScieNcE: Copernicus’s work De revolutionibus (On the Revolutions of the
Heavenly Spheres) replaced the ancient Greek idea of an Earth-centered
solar system, the geocentric model, with the modern heliocentric model
that placed the Sun at the center of the solar system.

THE SCIENTISTS:
Nicolaus Copernicus (1473-1543), astronomer
Rheticus (1514-1574), Austrian astronomer and mathematician
Andreas Osiander of Wittenberg (1498-1552), Protestant scholar who
oversaw publication of De revolutionibus

SEEKING THE CENTER OF THE UNIVERSE

Since at least ancient times, humans have been fascinated with the mo-
tion of the objects in the sky. They recognized that most of these objects, the
stars in particular, appeared to rotate in circles around the fixed pole star,
Polaris, in the Northern Hemisphere, as if the stars were fixed to a rigid
sphere that surrounds the Earth and that rotated once each day.

More than two thousand years ago, humans recognized that there were
several unusual objects in the sky, called the wanderers, because they ap-
peared to move relative to the stars. In addition to the Sun and the Moon,
these wanderers included five planets visible without telescopes: Mercury,
Venus, Mars, Jupiter, and Saturn. The paths of these wanderers were ob-
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served and recorded. Astronomers wanted to know what caused the mo-
tion of the wanderers and how this motion could be predicted, while as-
trologers believed the positions of these wanderers influenced the daily
lives of individuals on Earth.

THE PTOLEMAIC MODEL

Ancient Greek philosophers tried to develop models for the motion of
the wanderers that would be in accord with all past measurements and al-
low prediction of their future positions. The most successful among them,
the Greek philosopher Ptolemy (c. 100-c. 178 c.E.), constructed a model in
which all the objects in the sky moved around the Earth on progressively
larger concentric circles. This model, however, did not accurately predict
the motions of the wanderers, so Ptolemy fixed the planets to other circles
that rolled around larger concentric circles.

The Ptolemaic model, as it came to be called, was later adopted by Ro-
man Catholic religious leaders because it was consistent with their idea
that humans were a “special creation” of God, and thus it seemed appro-
priate for humankind to occupy a “special position” at the center of all cre-
ation. The Ptolemaic model dominated religious thinking in Europe as Eu-
rope emerged from the Middle Ages.

THE HELIOCENTRIC MODEL

This idea that the Earth occupied a special position in the solar system
was challenged by Nicolaus Copernicus, an astronomer and a Roman
Catholic canon of the Church. Copernicus, who was born in the Prussian
city of Thorn (modern Torun, Poland), received his advanced education in
Italy, where he studied astronomy, mathematics, and medicine and re-
ceived a doctor’s degree in canon law. Copernicus’s long service in the reli-
gious office as canon of Ermland made him an odd candidate to defy
Church teachings, but his study of astronomy led him on a path of conflict
with the Church.

Copernicus was an avid observer who compiled twenty years of obser-
vations of the positions of the wanderers in the sky. By combining his ob-
servations with those recorded by earlier observers, Copernicus was able
to observe flaws in the predictions of Ptolemy’s model. By 1513, when Co-
pernicus returned to Poland from Italy, he had formulated his own model
of the motion in the solar system, reviving an idea proposed more than
seventeen hundred years earlier by Greek astronomer Aristarchus of
Samos. In the Copernican model, the Sun was stationary at the center of the



(Library of Congress)

198 / Copernican Revolution

CoreErNICUS: FACING RELIGIOUS CONTROVERSY

Nicolaus Copernicus was so utterly unremarkable that few anec-
dotes about him exist, leaving relatively little information about his
personal life. At one time or another, he was

a medical doctor, an astrologer, a cartogra-
pher, an administrator of episcopal lands, a
diplomat, a garrison commander in war-
time, an economic theorist, an adviser to the
Prussian diet (parliament), and a guardian
to numerous nieces and nephews. Yet two
facts stand out: He was a Humanist, and he
was a bureaucrat whose busy life made it
difficult for him to make the observations
on which his famous theory was based.
About 1507, he was persuaded that the
Ptolemaic system—which asserted that the
Earth was the center of the universe—was
incorrect. From that point on, he spent ev-
ery spare moment trying to demonstrate
the correctness of his insight that the Sun

was the center of the planetary movements.
For years, his work was interrupted by war, then his effort to restore
the finances of his native Ermland. As conflict between Lutherans and
Catholics became strident—fanatics on both sides demanding that all
parties commit themselves to a struggle against ultimate evil—Coper-
nicus sought to avoid this controversy but could not. The Ermland
bishop, Johann Dantiscus, sought to rid himself of all who gave the ap-
pearance of Protestant leanings, and his eye fell on Copernicus, whose
friends were prominent Protestants. Copernicus became isolated from
friends and family.

In 1539, a Lutheran mathematician at Wittenberg, Rheticus, visited
Copernicus. Finding him ill and without prospect of publishing the
theories he had worked so hard to develop, Rheticus extended his stay
so he could personally copy Copernicus’s manuscripts and then ar-
ranged for their printing under the supervision of Protestant scholar
Andreas Osiander of Wittenberg. Osiander, however, saw that Coper-
nicus was treading on dangerous ground by suggesting a view of the
universe different from the one accepted by the Church. Fearing that
the theory would be rejected without a fair hearing, Osiander wrote an
unauthorized introduction (which readers assumed was by Coperni-
cus) in which he stated that his solar system was merely a hypothesis.
This angered Copernicus considerably, but he was too ill to do any-
thing about it. Nevertheless—with a justice that is all too rare in this
world—a copy of De revolutionibus arrived in time for him to know that
his life’s work would survive.
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solar system, with the Earth and the other planets moving around the Sun
in concentric circular orbits. Copernicus wrote: “As if seated on a royal
throne, the Sun rules the family of planets as they circle around him.” The
Earth, in this model, was reduced to the status of one of the several planets
circling around the Sun. It held no special status from a location at the cen-
ter of all creation.

Copernicus circulated his idea among his friends in a manuscript enti-
tled Commentariolus (1514; English translation, 1939). This manuscript as-
serted that “The center of the Earth is not the center of the universe. ... All
the spheres revolve around the Sun, as if it were in the middle of every-
thing.” Copernicus recognized, however, that his idea was contrary to the
teaching of the Church. Therefore, he refrained from widespread distribu-
tion of this manuscript. Nevertheless, Pope Clement VII became aware of
Commentariolus in 1533 but took no action to suppress Copernicus’s idea.

The first serious attack on Copernicus’s model came from Protestant re-
ligious leaders. Martin Luther said of Copernicus, “This fool wants to turn
the whole art of astronomy upside down! But as the Holy Scripture testi-
fies Joshua bade the Sun to stand still, not the earth.” Luther’s appeal to
Scripture, and thus faith in the word of God, to explain the behavior of na-
ture was in sharp contrast to Copernicus’s belief that the behavior of natu-
ral objects could be understood by a combination of observation or experi-
mentation and reasoning in what has come to be called the scientific
method.

DE REVOLUTIONIBUS

Perhaps because of the attacks by religious leaders, Copernicus did
not publish the full description of his idea, in De revolutionibus orbium
coelestium (On the Revolutions of the Heavenly Spheres, 1952; better known as
De revolutionibus), until 1543. Georg Joachim, called Rheticus, a professor
of mathematics, had heard of Copernicus’s idea and then journeyed to
Ermland in 1539 to learn more about it from Copernicus himself. Rheticus
encouraged Copernicus, who was nearing seventy years of age, to commit
his ideas to writing. Copernicus agreed.

He divided the text of De revolutionibus into six parts: the first, and most
controversial, concerned the arrangement of objects within the solar sys-
tem; the second contained his new star catalog; the third covered preces-
sion, that is, how the motion of the Earth’s pole causes the fixed star about
which the sky appears to rotate to change with time; the fourth discussed
the Moon’s motions; and the fifth and sixth examined the motions of the
planets.
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The book was typeset in Nuremberg, Germany, initially under the su-
pervision of Rheticus. Andreas Osiander, who took over supervision when
Rheticus left Nuremberg, wrote to Copernicus in 1541, urging him to avoid
a direct attack on the teachings of the Church about the arrangement of the
solar system. Osiander suggested that the introduction to De revolutionibus
should indicate that either the hypothesis of Copernicus or that of Ptolemy
could explain the observed planetary motion. Copernicus rejected this, but
Osiander removed the introduction Copernicus had written and substi-
tuted his own preface, which emphasized that De revolutionibus presented
a hypothesis. Since Osiander did not sign the new preface, readers gener-
ally assumed it was written by Copernicus, who did not see a copy of the
printed work until he was near death in 1543.

Osiander’s preface might have kept Roman Catholic theologians from
attacking the book for some time. De revolutionibus was not placed on the
Index librorum prohibitorum (the Index of Prohibited Books) of the Roman
Catholic Church until 1616, when the Holy Office in the Vatican began its
investigation of the astronomer Galileo Galilei, who had spoken openly of
his admiration for the work of Copernicus. At that time the Holy Office
pronounced the idea of a Sun-centered solar system to be “foolish and
philosophically absurd.” In the intervening years, Roman Catholic leaders
faced another challenge to the special status of the Earth and of human-
kind. Giordano Bruno, an Italian astronomer, philosopher, and Catholic
cleric, was burned alive in 1600 for suggesting that the universe might con-
tain other inhabited worlds.

ImpACT

Although Christian religious leaders rejected Copernicus’s work, it was
widely adopted by astronomers and astrologers throughout Europe as the
method to predict planetary positions because of the simplicity of calculat-
ing the positions using this method.

The publication of De revolutionibus began what is called the Copernican
Revolution. Copernicus’s work influenced later European astronomers, in-
cluding Johannes Kepler and Galileo Galilei, and set the stage for the adop-
tion of the Sun-centered model of the solar system by the scientific world.
Kepler replaced the concentric circles of the Copernican model with ellipti-
cal paths for the planets and removed all the remaining discrepancies
between observed planetary positions and the predictions of the Sun-
centered model. Galileo, whose Dialogo sopra i due massimi sistemi del
mondo, tolemaico e copernicano (Dialogue Concerning the Two Chief World Sys-
tems, Ptolemaic and Copernican, 1661) was published in 1632, firmly estab-
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lished the Sun-centered solar system in the minds of European astrono-
mers.

See also Brahe’s Supernova; Heliocentric Universe; Inflationary Model
of the Universe; Jupiter’s Great Red Spot; Kepler’s Laws of Planetary Mo-
tion; Mayan Astronomy; Speed of Light.
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Cosmic MICROWAVE BACKGROUND
RADIATION

THE ScIENCE: Arno A. Penzias and Robert W. Wilson discovered that the
sky is filled with a uniform background radiation, supporting the view
that the universe began with a “big bang.”

THE SCIENTISTS:
Arno A. Penzias (b. 1933), German-born radio astronomer and
cowinner of the 1978 Nobel Prize in Physics
Robert W. Wilson (b. 1936), American radio astronomer and cowinner
of the 1978 Nobel Prize in Physics
Robert H. Dicke (1916-1997), experimental physicist at Princeton
University
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RADIO SIGNALS

In 1961, Arno A. Penzias completed a doctoral thesis on the use of ma-
sers (which stands for microwave amplification by the stimulated emis-
sion of radiation) to amplify and then measure the radio signal coming
from intergalactic hydrogen, the most abundant element in the universe.
Penzias would note in his 1978 Nobel Prize lecture that the equipment-
building went better than the observations. At the suggestion of Charles
Hard Townes, who would win the 1964 Nobel Prize in Physics for his work
on masers and lasers (light amplification by the stimulated emission of ra-
diation), Penzias began working for Bell Laboratories. He wanted to use
Bell’s 6-meter horn-shaped radio antenna to continue the observations he
had begun in his dissertation.

FroMm DuNG TO GOLD

In 1963, Arno Penzias and Robert Wilson got permission from Bell
Labs in Holmdel, New Jersey, to use the company’s horn-shaped radio
antenna to study radio waves coming from the Milky Way. However,
they were surprised to note that the antenna continuously emitted an
excess noise of about 3 Kelvins. “We call it noise because it's completely
unstructured, it’s random signals,” Wilson said.

Then they noticed that pigeons were roosting inside the horn.
Could they be the source of the random noise? After trapping them
and releasing them miles from the site of the antenna, the two re-
searchers were dismayed to see the birds return to their home. Ivan
Kaminow, one their colleagues at Bell Labs, recalled Penzias and Wil-
son’s frustration: “They spent hours searching for and removing the
pigeon dung. Still the noise remained.” Penzias and Wilson finally de-
cided to kill the pigeons. “It seemed like the only way out of our di-
lemma,” recalled Penzias. The noise, however, remained: Everywhere
they pointed the antenna, they picked up the faint hiss of excess noise.
From all directions, it seemed, the entire universe was mocking them
in a whisper.

When they finally learned of the work of Robert H. Dicke and P. J.
Peebles, which predicted that a low-level background radiation would
exist throughout the universe as a residue of the big bang, they real-
ized what they were hearing. As Kaminow put it, “they looked for
dung but found gold, which is just opposite of the experience of most
of us.”

Source: Quotations from Bell Labs, history page, http:/ /www.bell-labs.com /history /
laser/invention/cosmology.html. Accessed September, 2005.
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Robert W. Wilson was also using
masers to amplify weak astronomi-
cal radio signals. Wilson was helping
in the making of a map of the radio
signals from the Milky Way. He also
wanted to use the horn antenna to
do pure research. Bell Laboratories
let Penzias and Wilson spend half of
their time doing applied research in
the field of radio astronomy.

The horn antenna had originally
been designed in 1960 to collect and
amplify the weak radio signals that
were bounced off a large balloon that
orbited Earth. Called Echo, this early
telecommunications satellite was used
to send radio signals over very long
distances by “passive relay” (simply
bouncing the signal off its surface).
Telstar, the first telecommunications

Arno Penzias. (The Nobel Foundation)

satellite that amplified incoming signals, replaced the Echo system. Never-

Robert Wilson. (The Nobel Foundation)

theless, Echo at the time was essen-
tially the world’s most sensitive ra-
dio telescope.

In 1963, while getting ready to
make their delicate observations, Pen-
zias and Wilson began to identify and
measure the various sources of “noise”
(unwanted radio signals or other in-
terfering signals) in the antenna. One
source of noise was the thermal noise
of the antenna itself: The electrons in
the atoms of the antenna underwent
random thermal motion that gener-
ated weak radio signals. E. A. Ohm,
one of the engineers on the Echo proj-
ect, had noted in 1961 an “excess”
noise of 3 Kelvins. Little notice was
taken of this observation, because the
amount of discrepancy was small
enough not to upset the functioning
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of the Echo project. Identifying and eliminating such excesses was crucial,
however, for the kinds of sensitive astronomical observations Penzias and
Wilson intended to make.

WHAT’s MAKING THAT NOISE?

Penzias and Wilson spent much time and energy trying to track down
the source of this excess noise. They ruled out artificial sources by pointing
the antenna at New York City and noticing no added noise. They ruled out
radiation from the galaxy and from extraterrestrial radio sources. They
evicted a pair of pigeons that had taken up residence in the antenna. No
change in the amount of noise was seen, even after the antenna had been
cleaned of pigeon droppings. They put metallic tape over the riveted joints
of the antenna yet noticed no change. By now it was spring, 1965, and more
than a year had passed since the first measurement of the excess noise.

Two additional sources of noise were ruled out because of the long pe-
riod of observation. First, any source in the solar system would have exhib-
ited variation as Earth moved in its orbit, yet no variation was seen. Sec-
ond, if the excess noise was what was left over from a 1962 aboveground
nuclear test, then the noise should have decreased as the radioactivity de-
creased. No change, however, was seen. As it would turn out, Penzias and
Wilson would later win Nobel Prizes for their work in pursuing the source
of the stubborn noise.

BiG BANG IN THE BACKGROUND

The “answer” to their problem was that there was no instrument error
or random noise. What Penzias and Wilson had measured was in fact a
uniform radio signal in the microwave region of the spectrum coming
from all directions. They called Bernard Burke at the Massachusetts Insti-
tute of Technology and told him of the mysterious noise. Burke recalled
hearing of the work of P. J. Peebles, then working with Robert H. Dicke at
Princeton University. Penzias and Wilson received a preprint of Peebles’s
paper that calculated that the universe should be filled with a background
radiation of about 10 Kelvins (later revised downward). This radiation was
thought to be the aftermath of the hot and highly condensed first few min-
utes of the life of the universe: the so-called big bang.

Penzias and Wilson’s measurement of the cosmic microwave radiation
represented an interesting case study in the history of science. On numer-
ous occasions for at least twenty years before the 1965 measurements, both
theoreticians and experimentalists had run across “evidence” for a 3-
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Kelvin cosmic radiation. After completing their measurements, Penzias
and Wilson learned of the work of the American physicist George Gamow
(who first came up with the ideas that led to the big bang theory) and oth-
ers in the late 1940’s, which led to a prediction of 5 Kelvins for the back-
ground radiation. Astrophysicists in the Soviet Union and England, work-
ing independently of Peebles, performed calculations that also indicated
about 5 Kelvins for the background radiation. Probably the most ironic of
these measurements was by Dicke himself in the 1940’s. His measurement
of the maximum background cosmic radiation was a byproduct of his re-
search on the absorption of radio signals by the Earth’s atmosphere. By the
1960’s, he had forgotten about his own measurements made twenty years
earlier.

ImracT

Penzias and Wilson’s measurement of the cosmic microwave back-
ground radiation has been called one of the most important scientific dis-
coveries in the twentieth century. The demonstration of the cosmic micro-
wave background radiation, combined with the earlier demonstration by
the American astronomer Edwin Powell Hubble that the galaxies are re-
ceding (and the universe expanding), provided very strong evidence for
the big bang model of the universe. By the mid-1970’s, a new name had
been coined for the big bang model—astronomers simply referred to it as
the “standard model.”

In the 1950’s, few scientists were willing to spend a lot of time studying
the early universe. Among other things, there was just not enough experi-
mental or theoretical evidence to back up the notion of the early universe.
In the decades after Penzias and Wilson’s measurement, the big bang
model was developed by the work of many other physicists. The early uni-
verse now had become a respectable field in which to work.

See also Big Bang; Expanding Universe; Gravitation: Einstein; Infla-
tionary Model of the Universe; Jupiter’s Great Red Spot; String Theory;
Wilkinson Microwave Anisotropy Probe.
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Cosmic RAys

THE ScIENCE: Robert Andrews Millikan and his colleagues proved that up-
per atmospheric radiation was of extraterrestrial origin and led in its ex-
ploration.

THE SCIENTISTS:

Robert Andrews Millikan (1868-1953), American physicist who won the
1923 Nobel Prize in Physics

Victor Franz Hess (1883-1964), Austrian physicist who shared the 1936
Nobel Prize in Physics with Carl David Anderson

Arthur Holly Compton (1892-1962), American physicist who won the
1927 Nobel Prize in Physics

Werner Kolhirster (1887-1946), German physicist

RADIATION IN THE ATMOSPHERE

Cosmic radiation was discovered by the Swiss physicist Albert Gockel
in 1910. It was the Austrian physicist Victor Franz Hess, however, who first
proposed that the radiation was of extraterrestrial origin.

Hess had been working on the problem of air ionization, a phenomenon
known since the beginning of the twentieth century. It was initially sup-
posed that this slight ionization was caused by radioactive elements in the
Earth. This meant that at greater altitudes the radiation should decrease.

Yet in 1911, when Hess ascended in a balloon to 5,200 meters, he found
that the radiation increased above 2,000 meters and that above 3,000 me-
ters there was an even sharper rise in intensity. Hess concluded that the
“penetrating radiation,” as it was then known, entered the atmosphere
from above. Hess’s work was confirmed in 1913 by Werner Kolhorster, a
German physicist who made a balloon ascent to 9,000 meters.
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Not all physicists believed the explanation Hess and Kolhorster gave,
however, and even the very existence of the radiation remained in some
doubt. The idea that a strong source of radiation existed in outer space was
simply unimaginable to some scientists. Some believed that radioactive ura-
nium and thorium in the soil caused the radiation. Others believed that the
equipment used by Hess was flawed. Still others sought a compromise posi-
tion, believing that the radiation was produced somewhere higher up in the
Earth’s atmosphere, something that Hess admitted was a possibility. Robert
Andrews Millikan, an American physicist, decided to try to settle the matter.

Rays FRoM OUTER SPACE

Millikan’s first experiments were carried out in 1921-1922 and involved
sending a number of sounding balloons into the atmosphere. These experi-
ments were inconclusive. More tests were performed in 1922 and 1923 and
were similarly inconclusive.

Then, in the summer of 1925, Millikan designed an experiment to deter-
mine the penetrating power of the rays, which had not yet been measured.
If the rays were of external origin, they would have to have a penetrating
power great enough to get through the atmosphere, which was equivalent
to penetrating 10 meters of water. The strongest rays produced by known
radioactive elements could not penetrate more than about 2 meters of water.

With his assistant, George Harvey Cameron, Millikan took measure-
ments from two California lakes, Muir Lake (elevation 3,650 meters), near
Mount Whitney, and Lake Arrowhead (elevation 1,500 meters). At Muir
Lake, Millikan and Cameron lowered their electroscopes into the water.
They found that the radiation, coming exclusively from above, was eigh-
teen times greater than that of the strongest known gamma ray (gamma
rays are the strongest of the three types of radioactive emissions). This ra-
diation was strong enough to penetrate the atmosphere, proving that the
radiation certainly could come from space.

At Lake Arrowhead, Millikan and Cameron found that the readings
were identical to the Muir Lake readings when the difference in lake eleva-
tion was taken into account. This proved to Millikan that the atmosphere
played no part in transmitting the rays but acted merely as an absorbing
medium. Millikan now believed that the rays came from outer space.

In late 1925, before a meeting of the National Academy of Sciences,
Millikan announced his findings, calling the new radiation “cosmic rays.”
He believed that since the strongest radiation previously known was that
produced in radioactive transformations, these cosmic rays were the result
also of some sort of nuclear charge. The strongest rays on Earth were pho-
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tons (particles of electromagnetic radiation), which were produced when
helium was produced from hydrogen atoms and when an electron was
captured by a light nucleus. Millikan inferred, therefore, that cosmic rays
were photons produced from some type of atom formation.

Millikan next tested his assumption that cosmic rays were composed of
high-energy photons. In a 1926 trip to Lake Titicaca in South America, he
noticed almost no difference between the findings there and at Muir Lake.
If cosmic rays had instead been composed of charged particles, the Earth’s
magnetic field would have affected the radiation distribution across the
globe. Measurements on the return boat trip from Peru to Los Angeles also
showed no variation.

ImpacCT

The notion that photons were the primary constituents of cosmic rays
was challenged in 1929. Kolhorster and German physicist Walther Bothe,
after a series of experiments with a Geiger-Miiller counter, concluded that
cosmic rays were, in fact, composed of charged particles. Following this

Forms or Cosmic RADIATION

Metal Metal
Skin  (0.12 cm aluminum) (lead)
A

Alpha rays
(charged helium nuclei) ~\A~AAAA~A~ANAn~AN~>

Beta rays
(charged electrons)

Gamma rays,

Xrays (photons) "\[\I\/\,—>

Neutrinos
(chargeless, nearly massless
subatomic particles)

Different forms of cosmic radiation can penetrate different forms of matter: Alpha rays cannot penetrate
skin; beta rays can penetrate skin but not metal; gamma rays can penetrate both but are stopped by lead;
and neutrinos—chargeless, nearly massless particles—can penetrate even lead, making them ex-
tremely difficult to detect. Although neutrinos interact very little with matter, they are believed to be
produced in the nuclear reactions at the core of the Sun and other stars and may constitute a large por-
tion of the “missing mass” of the universe.
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work, many physicists turned to the problem of which model was correct.
The decisive experiment was made by Nobel laureate Arthur Holly
Compton. He turned again to the question of what effect, if any, the Earth’s
magnetic field had on the intensity of cosmic rays. Even though Millikan,
and later Kolhorster, failed to notice any appreciable difference, a growing
body of work, beginning in 1927, pointed toward a “latitude effect.” In 1932,
Compton organized a massive survey of the globe, trying to detect such an
effect. By September, 1932, the results of the survey showed that there was,
indeed, a latitude effect, and thus that cosmic rays were composed at least
partly of charged particles, a fact that Millikan was forced to accept.

See also Compton Effect; Cosmic Microwave Background Radiation;
Gamma-Ray Bursts; Wilkinson Microwave Anisotropy Probe; X-Ray As-
tronomy.
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CrRO-MAGNON MAN

THE ScieENCE: Louis Lartet’s discoveries at a rock shelter called Cro-Magnon
in Les Eyzies in the Dordogne region of France led to the discovery and
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establishment of “Cro-Magnon man” as the earliest known example in
Europe of the subspecies Homo sapiens sapiens, to which modern human
beings belong.

THE SCIENTISTS:
Edouard Hippolyte Lartet (1801-1871), French archaeologist, one of the
founders of modern paleontology
Louis Lartet (1840-1899), French geologist and paleontologist, son of
Edouard
Henry Christy (1810-1865), English ethnologist

A LovVE oF THE PAsT

Edouard Hippolyte Lartet, one of the founders of modern paleontol-
ogy, made three important contributions to the field. First, believing that
the Stone Age was not a single phase in human evolution, he proposed di-
viding it into a series of phases and established a system of classifications
to that end; his research led to the establishment of the Upper Paleolithic as
a distinctive period of the Stone Age. Second, he discovered the first evi-
dence of Paleolithic art; although he had completed a degree in law after
studying at Auch and Toulouse and begun the practice of law in Gers, his
real interest lay in science, specifically archaeology. In 1834 inspired by
the work of Georges Cuvier, he began doing excavations around Auch,
France, where he found fossil remains which led him to devote himself full
time to excavation and research. He set about a systematic investigation of
the caves in the area.

In 1858, he was joined by his friend Henry Christy, an Englishman who
had been working in ethnology. Christy, the son of a London hatter, had
joined his father’s firm but had become interested in ethnology as a result
of his travels. Then he attended the Great Exhibition of 1851 and was so im-
pressed that he, like Lartet, changed careers and devoted the rest of his life
to travel and research into human evolution. Lartet and Christy concen-
trated their work in the caves located in the valley of the Vezere, a tributary
of the Dordogne River. By 1861, Lartet had begun publishing the results of
his investigations and excavations in the cave of Aurignac, as well as the
evidence that he had found of the existence of human beings at the same
time as that of a number of extinct mammals.

In 1863, Lartet and Christy became involved in a series of excavations in
the Dordogne Valley with sites at Gorge d"Enfer, Laugerie Haute, La Mad-
eleine, Le Moustier, and Les Eyzies. They published several articles on
their findings, the most important of which was “Caverns of the Perigord”
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in the Revue archéologique. They had planned to publish a book, Reliquiae
Acquitanicae, on the research they had done; however, on May 4, 1865,
Christy died of lung inflammation. The book was only partially written at
this time; Lartet continued working on it, and it finally appeared posthu-
mously in 1875.

A RATLWAY AND A ROCK SHELTER

Lartet continued his work in archaeology and paleontology until his
health began to fail in 1870. He died the following year. During this time
his son Louis, who was also a paleontologist and a geologist, had begun
working with him. In 1868, a railway was being built through the hilly
countryside of Les Eyzies-de-Tayac. A crew of workmen who were exca-
vating the hillsides found chipped flints, animal bones, and human re-
mains in a rock shelter called Cro-Magnon.

The contractors in charge of building the railway contacted Louis
Lartet, and he took charge of a scientific excavation of the rock shelter. In
his excavations he determined that there were five archaeological layers in
the rock shelter. In the topmost layer he found human remains, bones of
animals belonging to extinct species, and flint that showed evidence of
having been worked with tools. Lartet determined that these remains and
flints were from the Upper Paleolithic age (a period dating from approxi-
mately 35,000 to 10,000 years ago). In the back of the shelter he found five
skeletons or parts of skeletons decorated with ornaments, many of which
were made from pierced seashells.

It is thought that there were originally remains of ten skeletons found in
the shelter but only the fragments of five were preserved and studied.
There were parts of skeletons of four adult individuals and of one newborn
child. Among the skeletal remains were the cranium and a mandible of a
male believed to have been about fifty years old at the time of his death.
This specimen became known as the Old Man of Cro-Magnon. It is consid-
ered to be a typical example of the peoples who have become known as
Cro-Magnon.

ImpracT

The remains Louis Lartet found in the rock shelter at Cro-Magnon were
the first human remains recognized as being from the Upper Paleolithic
period. Lartet’s discovery advanced the work his father had done on
the cultural sequencing of human existence. Edouard Lartet and Henry
Christy had found evidence of art that was created during the Paleolithic
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UNEARTHING CRO-MAGNON

In 1868, Edouard and Louis Lartet recalled their discovery of Cro-
Magnon remains in one of the caves near the Vezere River.

At the back of the cave was found an old man’s skull, which alone
was on a level with the surface, in the cavity not filled up in the back of
the cave, and was therefore exposed to the calcareous drip from the
roof, as is shown by its having a stalagmitic coating on some parts. The
other human bones, referable to four other skeletons, were found
around the first, within a radius of about 1.50 meters. Among these
bones were found, on the left of the old man, the skeleton of a woman,
whose skull presents in front a deep wound, made by a cutting instru-
ment, but which did not kill her at once, as the bone has been partly re-
paired within; indeed our physicians think that she survived several
weeks. By the side of the woman’s skeleton was that of an infant which
had not arrived at its full time of foetal development. The other skele-
tons seem to have been those of men. . . .

Whence came these ancient men of the Vezere? Here the geologist
must be silent. His duty is to confirm the facts forming the subject of
this introductory notice, as far as they belong to his domain. To the an-
thropologist we look to enlighten us on the characters of the race. It
may, however, be remarked that the seashells associated with the
sepulture at Cro-Magnon are in no wise of Mediterranean origin, but
belong only to the Atlantic Ocean. . . . This fact may be taken in consid-
eration from the Cro-Magnons together with the circumstance of there
being in this sepulture several pebbles of basalt, which could not have
been taken from the valley of the Vezere, but might well have been
brought from that of the Dordogne. Hence we are led to suppose that
before coming to the Cave District, where they found conditions so fa-
vorable for their mode of life, the reindeer-hunters had sojourned on
our Atlantic coasts, and that they arrived at the banks of the Vezere af-
ter having ascended the Valley of the Dordogne.

Source: From Edouard and Louis Lartet, Reliquiae Acquitanicae. Quoted in Eyewitness to
Discovery, edited by Brian M. Fagan (Oxford: Oxford University Press, 1996), pp. 62-68.

period, and Louis Lartet’s discovery of the skeletons decorated with orna-
mentation and the pierced sea shells provided further evidence of intellec-
tual and creative abilities of the human beings of the period.

In addition, the findings at Cro-Magnon showed that the people living
during the Upper Paleolithic were deliberately burying their dead—mnot
only placing the bodies in special locations but also preparing the bodies
with ornamentation. Thus, the discoveries made in the rock shelter at Cro-
Magnon helped to complete the definition of Upper Paleolithic man as a
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toolmaker, an artist, and a thinking individual who was conscious of past
and future, life and death.

In Lartet’s opinion the flint tools that he found along with the skeletons
linked the Cro-Magnons to the Aurignacian culture that he had identified
a few years earlier. The tools had many features characteristic of the tool in-
dustry of the Aurignacian period. Lartet’s findings at Cro-Magnon also
added a phase and new element of terminology to the cultural sequencing
of human evolution which his father had created. The Cro-Magnon skele-
tal remains are the earliest known example in Europe of the subspecies to
which humankind belongs. Although Cro-Magnon originally indicated
the site at which the rock shelter was located, the term has come to be used
in a general sense to refer to the oldest modern people of Europe.

See also Australopithecus; Gran Dolina Boy; Human Evolution; Lange-
baan Footprints; Lascaux Cave Paintings; Lucy; Neanderthals; Peking
Man; Qafzeh Hominids; Zinjanthropus.
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D’ALEMBERT’sS AXIOMS OF MOTION

THE ScieNce: Drawing upon elements of Cartesian and Newtonian
thought, d’Alembert formulated a set of laws describing the behavior of
bodies in motion. The laws, all derived completely through mathemati-
cal calculation, combined to produce a general principle for solving
problems in rational mechanics.
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THE SCIENTISTS:
Jean le Rond d’Alembert (1717-1783), French mathematician, physicist,
and encyclopedia contributor
Alexis-Claude Clairaut (1713-1765), French Newtonian mathematician
Sir Isaac Newton (1642-1727), English scientist and mathematician
Daniel Bernoulli (1700-1782), Swiss physicist
René Descartes (1596-1650), French philosopher and mathematician

THE CARTESIANS

Jean le Rond d’Alembert is probably best known for his collaboration
with Denis Diderot on the Encyclopédie: Ou, Dictionnaire raisonné des sci-
ences, des arts, et des métiers (1751-1772; partial translation Selected Essays
from the Encyclopedy, 1772; complete translation Encyclopedia, 1965). His
“Discours préliminaire” (preliminary discourse), which prefaced the
work, was known and admired throughout Europe, and he was responsi-
ble for many of the Encyclopedia’s technical articles. A favorite in the salons
of Paris, d’Alembert was involved in all aspects of the intellectual life of his
century. Beyond these pursuits, however, d’Alembert was a mathemati-
cian and scientist of considerable expertise who made significant contribu-
tions in the field of rational mechanics. In 1741, he was admitted as a mem-
ber to the French Academy of Sciences. There he met and competed with
men such as Alexis-Claude Clairaut and Daniel Bernoulli.

NEWTON’S INFLUENCE

D’Alembert received his first instruction in mathematics at the Jan-
senist College des Quatres Nations. In his classes, he was introduced to the
work of Cartesian thinkers such as Pierre Varignon, N. Guinée, Charles
Reyneau, and Nicolas Malebranche. Thus, his early education in mathe-
matics was strongly influenced by the ideas of René Descartes. This back-
ground did not, however, prevent d’Alembert from recognizing the value
of Sir Isaac Newton’s work. He read Newton’s Philosophiae Naturalis Prin-
cipia Mathematica (1687; The Mathematical Principles of Natural Philosophy,
1729; best known as the Principia) shortly after 1739 and Colin Maclaurin’s
A Treatise of Fluxions (1742), which gave detailed explanations of Newton’s
methods, before publishing his own Traité de dynamique (1743; treatise on
dynamics) and Traité de I'équilibre et du mouvement des fluides (1744; treatise
on equilibrium and on movement of fluids). D’Alembert believed that
mathematics was the key to solving all problems. He rejected the use of ex-
periments and observation. He maintained that rational mechanics was a
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component of mathematics along
with geometry and analysis.

When d’Alembert set about
writing his Traité de dynamique,
an enormous amount of work had
already been done on the laws of
motion. Much of existing theory
was contradictory, however, due
to the problems involved in de-
fining terms such as force, mo-
tion, and mass. D’Alembert was
convinced that a logical founda-
tion applicable to all mechanics
could be found through the use of
mathematics. Although d’Alem-
bert insisted that he had rejected  Jean le Rond d’Alembert. (National Library of Medicine)
the theories of Descartes that he
had studied in his youth, his approach to mechanics still relied heavily on
Descartes’s method of deduction. D’Alembert wished to discover laws of
mechanics that would be as logical and self-evident as the laws of geome-
try. Above all, he was determined to “save” mechanics from being an ex-
perimental science.

D’Alembert, like his fellow scientists, was a great admirer of Newton,
and Newton’s Principia was for him the starting point in a study of me-
chanics. Thus, he developed his laws of mechanics using Newton’s work
as amodel. In his first law, d’Alembert expressed his agreement with New-
ton’s law of inertia, that is, that bodies do not change their state of rest or
motion by themselves. They tend to remain in the same state; Newton
would say, they remain in the same state until acted upon by a force.
D’Alembert also was in accord with Newton’s concept of hard bodies mov-
ing in a void.

THE PROBLEM OF FORCE

D’Alembert, however, found Newton’s second and third laws unac-
ceptable, because they acknowledged force as real and relied upon experi-
ments and observation. The logical geometric basis that d’Alembert sought
for the foundation of mechanics allowed no room for experiment and ob-
servation. Force was for d’Alembert a concept to be avoided, because it did
not lend itself to definition. He rejected not only innate force but all force.
In contrast, Newton recognized force as having real existence. D’Alembert
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acknowledged that bodies would not move unless some external cause
acted upon them but defined causes only in terms of their effects. His third
law was similar to Newton's third law. Newton had stated that two bodies
must act on each other equally. D’Alembert proposed the concept of equi-
librium, resulting from two bodies of equal mass moving in opposite di-
rections at equal velocities.

Because of his rejection of force as a scientific concept, d’Alembert was
closer in his theories to Malebranche, who viewed the laws of motion as
entirely geometrical, than he was to Newton. D’Alembert’s laws of motion
dealt with idealized geometrical figures rather than real objects. These fig-
ures moved through space until they impacted, causing them either to stop
or to slip past one another. Change of motion was necessitated by geome-
try; force was an unnecessary element and only brought into play disturb-
ing metaphysical concepts.

D’ ALEMBERT’S PRINCIPLE

From the last two laws of his axioms of motion, d’Alembert derived
what is now known as d’Alembert’s principle: The impact of two hard bod-
ies either is direct or is transmitted by an intermediate inflexible object or
constraint. He applied his principle the next year in his Traité de I'équilibre et
du mouvement des fluides, which was for the most part a criticism of Ber-
noulli’s work on hydrodynamics. Although d’Alembert had used his prin-
ciple successfully in his 1743 treatise, however, it failed to be very useful in
fluid mechanics.

ImpACT

During the eighteenth century, opinions about d’Alembert’s contribu-
tions to science were many and varied. Some of his contemporaries cred-
ited him with having successfully found a set of principles for rational me-
chanics; for some, his work verified Descartes’s beliefs that the laws of
mechanics could be deduced from matter and motion and that there was
no force involved in movement. However, others criticized and rejected
d’Alembert, because he refused to accept experimentation and simply
eliminated concepts that he found metaphysical and resistant to mathe-
matical expression. His most important contribution was d’Alembert’s
principle, which provided a general approach to solving mechanical prob-
lems. It was one of the first attempts to find simple and general rules for the
movements of mechanical systems.

D’Alembert’s laws of motion were accepted as the logical foundation of
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mechanics well into the nineteenth century. Ultimately, however, his re-
fusal to discuss force proved a fatal flaw. Today, Newton’s Principia is
viewed as containing the basic laws of mechanics.

See also Ballistics; Falling Bodies; Gravitation: Newton; Medieval Physics.
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DEAD SEA SCROLLS

THE ScieNcE: The discovery of the Dead Sea scrolls allowed investigators
to understand the text of the Old Testament, the early growth of the
Christian church, and the nature of Judaism.

THE SCIENTISTS:
Eliezer Sukenik (1889-1953), Polish-born Israeli professor of
archaeology who first recognized the age and value of the scrolls
Roland de Vaux (1903-1971), archaeologist who explored the caves and
excavated the Qumran ruins
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John Strugnell (b. 1930), American professor at Harvard University
Divinity School and chief editor of the scrolls since 1987

Bepouin DiscovERY

Accounts of the discovery of the Dead Sea scrolls do not always agree.
The number of people involved and the political upheaval at the time seem
to have clouded the event, leading to both exaggeration and omission. In
the spring of 1947, young Bedouins of the Ta’amireh tribe watched their
goats and sheep graze among the cliffs in the wilderness near Khirbet
Qumran. Some of the flock had climbed up the cliffs by the end of the day.
As Muhammad adh-Dhib and a friend climbed after the animals, they
found a cave. Without much thought, one of the shepherds threw a rock in-
side and was surprised by the sound of breaking pottery. The lateness of
the day and awkward entry prevented further exploration; but with hopes
of hidden treasure, the shepherds resolved to return.

Days later, they returned and with effort lowered themselves into what
would become known as Qumran Cave 1. The floor was covered with de-
bris, but along one wall were several narrow jars. They looked into one,
tore the cover from another, but found nothing. Another contained dirt.
Finally, in one they pulled out three smelly old leather scrolls wrapped like
mummies. They could not read them. Hopes for hidden treasure faded.

The Bedouins could not know that the Hebrew and Aramaic scrolls
were the oldest biblical book of Isaiah in Hebrew, a commentary on the
biblical book of Habakkuk, and a book of guidelines belonging to a reli-
gious sect called The Manual of Discipline. A few weeks later, one of the
young men returned with other Bedouins to find and remove four more
scrolls. These included a second scroll of Isaiah; a damaged but fascinating
narrative in the first person, called Genesis Apocryphon; a book of thanks-
giving psalms; and a work titled The War of the Sons of Light Against the Sons
of Darkness. The Bedouins could only hope that perhaps some scholar or
collector of antiquities might want the writings on rolled-up sheepskins.

SCROLLS FOR SALE

The political unrest in Palestine did not favor trade and archaeological
investigation. English rule was ending, and the Jews wished to establish an
independent state of Israel. The English, Jews, and Arabs turned against
one another. Acts of terrorism were common, and war was pending. In the
middle of this upheaval in early 1947, two of the Bedouins brought the first
three scrolls and two of the jars to Bethlehem with hopes of selling them.
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One of the Dead Sea scrolls, from “The War of the Sons of Light Against the Sons of Darkness.”
(Library of Congress)

They contacted George Isaiah and Khalil Iskander Shahin (Kando), who
agreed to handle the scrolls for one-third of the eventual sale price. During
Holy Week, Isaiah mentioned the scrolls to the Syrian Orthodox arch-
bishop, Mar Athanasius Yeshue Samuel, at St. Mark’s Monastery in Jerusa-
lem. Within the week, The Manual of Discipline was brought to the arch-
bishop. Samuel could not read the language of the leather scroll but decided
to buy the lot. Kando agreed and left with the sample. Weeks passed, and
the clergyman began to wonder if he would hear more of the scrolls.

Despite increased violence, Kando and the Bedouins brought the scrolls
to Jerusalem in July. One of the fathers at St. Mark’s, however, not realizing
his archbishop’s interest, turned Kando away, and some of the scrolls
transferred to yet another dealer. This dealer contacted Eliezer L. Sukenik,
a professor of archaeology at the Hebrew University. Sukenik eventually
was shown four pieces of leather inscribed in a type of Hebrew script used
between 100 B.c.E. and 100 c.E. In November, Sukenik risked traveling to
see more scrolls and two of the jars from the cave. He recorded in his diary
that this was one of the greatest finds ever made in Palestine. Sukenik was
able to purchase three of the seven scrolls. He correctly judged them at a
time when faked documents were common.

Archbishop Samuel, in the meantime, had purchased the other four
scrolls from Kando but had not been able to determine their value. In late
January, 1948, Sukenik asked to see them. He recognized the scrolls as be-
longing with those he had already purchased. Assurance was given that he
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would have the first chance to purchase them. Archbishop Samuel, still not
sure of the scrolls’” value, called on John Trever at the American School of
Oriental Research. Trever excitedly sent photographs to William Foxwell
Albright of Johns Hopkins University. Albright airmailed his reaction: “in-
credible . . . there can happily not be the slightest doubt in the world about
the genuineness.” The discovery of the scrolls was confirmed and an-
nounced on April 26, 1948, by Millar Burrows.

A LIBRARY IN THE WILDERNESS

With thoughts of similar profit, Bedouins began to comb the hills and in
1952 found a second cave at Murabbaat. By 1956, Bedouins and archaeolo-
gists had found eleven caves with approximately eight hundred scrolls.
Clearly, an ancient library was being discovered. Interestingly, all books of
the Hebrew Bible, or Old Testament, were represented at least in part ex-
cept for Esther. Many copies of some books seem to indicate favorite writ-
ings. About one-third of the scrolls were biblical. Others included com-
mentaries on the books of the Bible, a copper scroll that told of hidden
treasure, religious writings, a marriage contract, and correspondence by
Simeon ben Kozibah (Bar Kokhba), the leader of the second revolt against
the Romans. The manuscripts were in Aramaic, Hebrew, and even Greek.
Each writing was given a code that indicated the cave number, the geo-
graphical area, and the title. The “4QSam” scroll was taken from cave 4
near Qumran and contained the book of Samuel.

Many scrolls were damaged and incomplete. The Bedouins were not as
careful as the archaeologists. There was even evidence of deliberate de-
struction during ancient times. Cave 4, the main library, contained fifteen
thousand postage-stamp-sized scraps of some seven hundred different
writings. Professor Frank Cross rightly called the situation “the ultimate in
jigsaw puzzles.”

Besides physically assembling the fragments, archaeologists had to use
space-age technologies to reconstruct these manuscripts. For example, the
gooey, black Genesis Apocryphon scroll looked as though coffee had been
spilled all over it. Nevertheless, when heated with back lights, the carbon
ink absorbed more heat than the surrounding leather, and the letters be-
came visible on a new infrared film. Noah’s words after the Flood ap-
peared: “.. . we gathered together and went. . . to see the Lord of Heaven .. ..
who saved us from ruin.”

Father Roland de Vaux, an archaeologist who also explored the caves,
excavated the nearby ruin of Qumran. Pottery from the caves matched pot-
tery found at Qumran. Coins found at Qumran allowed dating. Pieces of
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the puzzle began to fall into place. Qumran was occupied for sometime
shortly before and during the life of Jesus. The Manual of Discipline (a book
of rules for a sect) and the Damascus Documents (found in both Qumran
and Cairo) indicated that a group of Jews had split off from the group. The
ancient historians Pliny, Josephus, and Philo had recorded that a group
called the Essenes lived near the Dead Sea. Many scholars concluded that
the scrolls belonged to the library of this group. Qumran evidently func-
tioned as a religious center that emphasized baptism, a facility where
scribes copied scrolls, and a pottery center to make storage jars.

BiBLICAL INTERPRETATION

The scrolls are extremely important for the understanding of the text of
the Hebrew (Old Testament) Scriptures, the background to early growth of
the Christian church, and the nature of Judaism at that time.

Before the discovery of the scrolls, scholars had to be content with ninth
century medieval texts of the Hebrew Scriptures, called Masoretic texts.
Comparisons were often made, however, to an older Greek translation
called the Septuagint, which dated from the period 285-246 B.C.E., and a
third reference source was the Samaritan Pentateuch. Actual original
manuscripts of the Bible are lacking. The scrolls at Qumran, however, al-
lowed investigators to see a thousand years beyond the previous Hebrew
texts and opened a new era in textual studies and comparisons.

Norman L. Geisler and William E. Nix call the Bible “the most quoted,
the most published, the most translated, and the most influential book in
the history of mankind.” Any discovery about the Bible that promises
more information or new insights excites many. The Hebrew Bible, or Old
Testament, is the foundation of both Judaism and Christianity. Although it
was formed in the ancient Middle East, it has shaped modern Western
thought. For example, the growth of science in the West is thought to be
tied to believing that God, as described in Scriptures, is a God of consis-
tency and order in nature.

ImpAcCT

Many questioned if the scrolls would change religious belief, but schol-
ars expected no change in theology or doctrine to occur. The standards for
making copies were high, and the scrolls appear not to differ in any funda-
mental respect from the Scriptures as they have been traditionally ren-
dered. Minor variant readings do excite scholars, however, along with new
theories that explain the relationships of the texts.
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Insights into the times during which Jesus lived were another contribu-
tion made by this discovery. The Pharisees, Sadducees, and Zealots were
familiar, but not the Essenes. Ethelbert Stauffer of Erlangen University
pointed out that The Manual of Discipline taught to “love all sons of light”
and “hate all the sons of darkness.” Jesus may have been thinking of
Essene teaching when he proclaimed, “You have heard that it was said,
‘Love your neighbor and hate your enemy.” But I tell you, always love your
enemies and always pray for those who persecute you” (Matthew 5:43).

Most have concluded that the Essenes operated the settlement and
caves at Qumran, but serious questions still remain. Some Essene doc-
trines, such as celibacy, divorce, and monogamy, parallel teachings of the
early Christian church. Publication of the Damascus Documents, which
correlate with documents found in Egypt, promises a fuller understanding
of Qumran teachings.

See also Pompeii; Rosetta Stone; Stonehenge; Troy.

FurRTHER READING

Coss, Thurman L. Secrets from the Caves: A Layman’s Guide to the Dead Sea
Scrolls. New York: Abingdon Press, 1963.

Davies, Philip R. “How Not to Do Archaeology: The Story of Qumran.”
Biblical Archaeologist 51 (December, 1988): 203-207.

Gaster, Theodor H. The Dead Sea Scriptures. 2d ed. Garden City, N.Y.:
Doubleday, 1976.

Geisler, Norman L., and William E. Nix. From God to Us: How We Got Our
Bible. Chicago: Moody Press, 1974.

Golb, Norman. “The Dead Sea Scrolls: A New Perspective.” American
Scholar 58 (Spring, 1989): 177-207.

Mathews, K. A. “The Paleo-Hebrew Leviticus Scroll from Qumran.” Bibli-
cal Archaeologist 50 (March, 1987): 45-54.

Shanks, Hershel. “Dead Sea Scroll Variation on ‘Show and Tell’”: It's Called
‘Tell, but No Show.”” Biblical Archaeological Review 16 (March/April,
1990): 18-25.

Tushingham, Douglas A. “The Men Who Hid the Dead Sea Scrolls.” Na-
tional Geographic 64 (December, 1958): 784-808.

Wise, Michael. “The Dead Sea Scrolls, Part 1: Archaeology and Biblical
Manuscripts.” Biblical Archaeologist 49 (September, 1986): 140-154.

. “The Dead Sea Scrolls, Part 2: Nonbiblical Manuscripts.” Biblical
Archaeologist 49 (December, 1986): 228-243.
—Paul R. Boehlke



Decimals and Negative Numbers /223

DeciMALS AND NEGATIVE NUMBERS

THE ScieENcE: The development of a decimal place-value system made
numbers easier to use, while acceptance of negative numbers made pos-
sible the development of algebra and new physical applications. The
best evidence available points to India as the locale for the most signifi-
cant steps in this process.

THE SCIENTISTS:
Aryabhata the Elder (c. 476-c. 550), Indian mathematician and astronomer
Brahmagupta (c. 598-c. 660), Indian mathematician and astronomer
Mahavira (c. 800-c. 870), Jain mathematician
Bhaskara (1114-c. 1185), Indian mathematician and astronomer
al-Khwarizmi (c. 780-c. 850), Indian mathematician

THE CONCEPT OF NUMBER

The awareness of the “number” concept and its applications is funda-
mental to civilization and the building of knowledge. Indeed, many an-
cient cultures around the world developed the ability to count, measure
time and space, and make arithmetical and geometric calculations for as-
tronomy and other scientific endeavors. The various numeral systems that
resulted generally denoted numbers by words or by a large set of symbols.
Only positive numbers were considered.

PLACE-VALUE SYSTEMS

Place-value systems—meaning that each “digit” in a number repre-
sents a multiple of the base—existed in Babylonia at least in part around
2000 B.c.E., in China by 200 B.C.E., and in the Maya Empire between 200 and
665 c.E. Sometime between 200 B.c.E. and 600 c.E., however, Indian mathe-
maticians and scribes began writing numbers in true place-value notation
with symbols for the numerals 1 through 9, which had evolved from the
middle of the third century B.c.E. Writers gradually discarded the separate
symbols they had for 10, 100, 1000, . . . ; 20, 30, 40, . . . 90; and 200, 300,
400, . .. 900. For example, Aryabhata the Elder wrote a mathematics and as-
tronomy textbook called Aryabhatiya (499; The Aryabhatiya, 1927) that con-
tained numbers in place-value form with nine symbols (but no zero). A do-
nation charter of Dadda III of Sankheda in the Bharukachcha region
prepared in 595 is the oldest known dated Indian document containing a
number in decimal place-value notation including zero.
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THE NEED FOR ZERO

A symbol for zero is necessary for a fully decimal-positional system.
Empty spaces in numbers may have been marked in ancient Egypt, Baby-
lonia, and Greece. The Maya certainly used zero as a placeholder in their
base-20 system by 665. In India, a dot as a zero to mark an empty place ap-
peared in the Bakhshali manuscript, which may date to the 600’s or earlier.
Other Indian texts used ten symbols in a decimal place-value system to fa-
cilitate such tasks as multiplication. The word kha was sometimes used in-
stead of a zero symbol, and the empty circle was widely adopted late in the
ninth century.

Unlike Mayan numerals, which were confined to that civilization, the
Indian system quickly spread into other regions of the world. Inscriptions
that date to 683 and 684 and employ zero as a placeholder have been found
in Cambodia and in Sumatra, Indonesia. Indian astronomers used their
numerals in the service of the Chinese emperor by 718. Arab scholars and
merchants learned of the nine-sign Indian system in the 600’s and 700’s. All
ten digits had reached Baghdad by 773, and they were used for positional
notation in Spain by the 800’s.

However, the symbols used to represent the numbers evolved sepa-
rately in the western and eastern regions of the Arab Empire, with the sym-
bols in the west (North Africa and Spain) remaining more like the original
Indian versions by 1000. These symbols were standardized into today’s
form with the advent of printing in the 1400’s. Many European scholars
were introduced to the decimal place-value system through a book on the
Indian symbols written in 825 by al-Khwarizmi, which was anonymously
revised and translated into Latin in the 1100’s as Algoritmi de numero
Indorum (al-Khwarizmi on the Indian art of reckoning; “Thus Spake al-
Khwarizmi,” 1990). Some European Christians were already familiar with
Indian number symbols, though; for example, they have been found in the
Codex Vigilanus, which was copied by a Spanish monk in 976.

NEGATIVE NUMBERS

Negative numbers most likely first appeared in China. The anonymous
work Jiuzhang suanshu (nine chapters on the mathematical art), which
dates approximately to the second century, provides correct rules for add-
ing and subtracting with both negative and positive numbers. The concept
of negative numbers was apparently transmitted to India in the second
century, where mathematicians developed true fluency in handling nega-
tives, including the ability to multiply and divide these numbers. These In-
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dian advancements were then transmitted back to China by the 1300’s. For
instance, Brahmagupta introduced negative numbers to an Indian audi-
ence in 628 through the astronomy text Brahmasphutasiddhanta (the open-
ing of the universe). His arithmetical rules of operation were updated by
Mahavira in Ganita sara sangraha (850; compendium of the essence of math-
ematics). In the twelfth century, the six books by Bhaskara represented the
peak of contemporary mathematical knowledge. He improved notation by
placing a dot over a number to denote that it was negative. He accepted
negative solutions and encouraged others to accept them as well, provid-
ing several word problems to test the reader’s calculating skills.

Many of these works were also notable for their authors’ efforts to treat
zero as an abstract number and to understand its properties. Brahmagupta
and Bhaskara agreed that any number minus itself was zero and that any
number multiplied by zero was zero. They disagreed on the result when
dividing by zero. Brahmagupta said the result when dividing zero by zero
was zero. Bhaskara realized that Brahmagupta was incorrect, but he con-
cluded that (4.0)/0 is a in his work on mathematics, Lilavati (c. 1100’s; the
beautiful). In a later book on algebra, Bijaganita (c. 1100’s; seed counting or
root extraction), he suggested that a divided by zero yielded infinity. This
would force zero multiplied by infinity to equal every number 4, or to
prove that all numbers are equal. Bhaskara did not attempt to resolve this
issue or to admit that dividing by zero is impossible.

ImpracT

Although the decimal place-value system facilitates arithmetical compu-
tation, it was not easily accepted as it moved outward from India. The dissem-
ination of Indian numeral symbols was necessarily slowed by the complex
paths of transmission that roughly followed medieval trade routes. Addi-
tionally, even though writers such as al-Uglidisi trumpeted the utility of deci-
mal numbers in Kitab al-fuhil fi al-hisab al-Hindi (952-953; The Arithmetic of al-
Uglidisi, 1978), artisans and merchants often saw no compelling reason to
give up their existing numerical practices, such as finger reckoning. Indian
number symbols also sometimes mixed with existing symbol sets as they
entered new cultures. Finally, it took time for mathematicians to understand
and adopt ten-character decimal symbols (rather than nine) that employed
zero first as a placeholder and then as an abstract number in its own right.

Negative numbers also aroused the foundational concerns, definitional
difficulties, and philosophical baggage of the number zero. Although writ-
ers such as al-Khwarizmi did not recognize negative numbers or zero as al-
gebraic coefficients, this stumbling block was perhaps especially prevalent
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in Europe, where the rules for decimal and negative numbers in Leonardo
of Pisa’s Liber abaci (English translation, 2002), were widely read but not al-
ways taken up immediately. In fact, as late as the eighteenth century Euro-
pean mathematicians questioned the validity of negative numbers and of-
ten made computational errors when they did work with these numbers.
Such influential Renaissance and early modern mathematicians as Regio-
montanus, Gerolamo Cardano, and Francois Viete went so far as to discard
negative solutions.

Nevertheless, these numbers simultaneously enabled the development
of modern algebra. In the end, the decimal and negative numbers that ar-
rived in Europe from India via Islam revolutionized and algebraized
mathematics. They became the basis of the European number system and
were key components of the new mathematical discipline—including ana-
lytical geometry, mechanics, and differential and integral calculus—that
emerged in the early modern period.

See also Abstract Algebra; Axiom of Choice; Bell Curve; Boolean Logic;
Bourbaki Project; Calculus; Chaotic Systems; D’Alembert’s Axioms of Mo-
tion; Euclidean Geometry; Fermat’s Last Theorem; Fractals; Game Theory;
Hilbert’s Twenty-Three Problems; Hydrostatics; Incompleteness of Formal
Systems; Independence of Continuum Hypothesis; Integral Calculus; Inte-
gration Theory; Kepler’s Laws of Planetary Motion; Linked Probabilities;
Mathematical Logic; Pendulum; Polynomials; Probability Theory; Rus-
sell’s Paradox; Speed of Light.
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DEFINITE PROPORTIONS LAW

THE ScieNcE: Through a series of meticulous experiments Proust proved
that all chemical compounds, whether isolated from nature or prepared
in the laboratory, consist of elements in definite ratios by weight.

THE SCIENTISTS:

Joseph-Louis Proust (1754-1826), French chemist credited with
discovering the law of definite proportions

Claude Louis Berthollet (1748-1822), French chemist who believed that
the composition of a chemical reaction’s products varied with the
masses of its reactants

Antoine-Laurent Lavoisier (1743-1794), French chemist whose ideas on
oxygen, elements, and nomenclature helped make chemistry into a
modern science

John Dalton (1766-1844), English chemist whose discovery of the law
of multiple proportions helped him to establish modern atomic
theory

CoNSTANT COMPOSITION

In the late eighteenth century, the idea that chemical compounds had
stable ratios of elements was not uncommon. In fact, many analytic chem-
ists based their work on just such an idea. However, the attitude of chem-
ists toward what came to be called “definite proportions” was complex.
Such distinguished scientists as Claude Louis Berthollet questioned defi-
nite proportions and backed his skepticism with experiments that demon-
strated varying compositions of alloys, glasses, and solutions. Although
Antoine-Laurent Lavoisier, the founder of the oxygen theory of combus-
tion, made use of compounds with fixed weight ratios, he admitted that
some substances might have degrees of oxygenation. Lavoisier had helped
establish that true chemical compounds possessed uniform properties, but
the claim by some scholars that the constancy of components in these com-
pounds was a common assumption in the eighteenth century has been re-
futed by the detailed historical analyses of other scholars.

The person who did more than any other to create and authenticate the
principle of constant composition was Joseph-Louis Proust. He pursued
the profession of his father, an apothecary, and he worked for several years
in the pharmaceutical department of the Saltpétriere Hospital in Paris.
With this background it is understandable why Proust tended to approach
chemical problems pragmatically. With the help of Lavoisier, he was able,
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during the 1780’s, to obtain academic positions in Spain, first at Madrid,
then at the Royal Artillery College in Segovia. After a stay in Salamanca, he
returned to Madrid in 1791, when he began to study the issue of definite
proportions.

CoMBINING RATIOS

Scholars differ on how much such early ideas as “constant saturation
proportions” influenced Proust. Many chemists had established that a cer-
tain amount of acid neutralized a specific quantity of base, and some pos-
ited that such reacting substances had a unique property of combination,
which was sometimes called the “saturation proportion.” Proust knew of
these unique combining ratios, but these previous efforts did not result in
the clear recognition that all chemical substances actually combine in only
a small number of fixed proportions. Proust knew that the French mineral-
ogist René Just Haiiy had discovered a relationship between chemical
composition and fixed crystal form, and this influenced his thinking on
definite proportions. Proust also did research on chemical compounds of
interest to pharmacists, physicians, metallurgists, and painters, and these
studies deepened his knowledge of the differences between true chemical
compounds and physical mixtures.

Precisely when Proust first formulated his famous law has been contro-
versial. Some scholars argue for 1794, others for 1797, and still others for
1799. Proust did publish in 1794 a paper in which he clearly recognized
that iron not only had two oxides but also two sulfates, and he went on to
state that all metals follow the same natural law regulating their definite
combinations with other elements. By 1797 Proust had shown that anti-
mony, tin, mercury, lead, cobalt, nickel, and copper formed distinct oxides
with constant proportions. The oxides of these metals had specific physical
and chemical characteristics, and Proust responded to those who claimed
that metal oxides had variable proportions by showing that these chemists
were confusing “maximum and minimum” oxides with their mixtures. He
was able to separate mixtures of these maximum and minimum oxides by
selective solubilities of the compounds in alcohol or other solvents.

Proust was now a firm believer that nature’s “invisible hand” bound to-
gether elements into real combinations. In 1799, in a series of painstaking
analyses, he demonstrated that the copper carbonate he prepared in his
laboratory was identical in composition to the compound found in nature.
Both the artificial and natural copper carbonate contained the identical
proportions by weight of copper, carbon, and oxygen. He concluded that
natural laws acted the same in the earth’s depths as in a chemist’s flask.
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Proust explained the immutability of true compounds through nature’s or-
dering power, which he called election or affinity. This attraction between
certain substances was responsible for the fixity of composition.

THE PROUST-BERTHOLLET DEBATE

On the other hand, in France, Claude Berthollet, a Newtonian, assumed
that affinity, like gravity, brought about continuous attractions between
substances, and he opposed Proust’s “elective” characterization of chemi-
cal affinity. He interpreted affinity not as a determinative force but as a
physical power that could be influenced by the relative concentrations of
reactants. In this way the products of chemical reactions were conditioned
to have indefinite compositions.

During the first decade of the nineteenth century Proust and Berthollet,
in a series of journal articles, debated whether compounds had fixed or
variable compositions. In this gentlemanly dispute Berthollet argued that
not only alloys, glasses, and solutions exhibited variable compositions but
also oxides, sulfates, and other salts. For example, he produced experimen-
tal evidence that mercury sulfates exhibited a continuous range of combi-
nations between two extremes, but Proust refuted Berthollet’s interpreta-
tion of his observations by showing that he was actually dealing with a
mixture of two distinct compounds. Similarly Proust proved that tin had
two oxides and iron two sulfides, and all of these compounds had fixed
compositions. When Proust was unable to disprove variable compositions,
as for alloys and solutions, he declared them to be mixtures, an argument
that Berthollet found circular. Although Proust was not correct in all par-
ticulars, and although he demeaned Berthollet’s valid observations about
the effects of “active masses” on the direction of chemical reactions, his
principal conclusion that true compounds have properties that are as “in-
variable as is the ratio of their constituents” was not only true but also im-
portant for the future of chemistry.

ImpACT

Proust’s law of definite composition ultimately became a fundamental
principle of modern chemistry, but it took the work of many experimenters
to establish it as an exact law. In a way, the debate between Berthollet, an
insightful theoretician, and Proust, a meticulous experimenter, continued
through their disciples. Proust’s followers certainly had the early victories
when many chemical compounds clearly exhibited that their constituents
always occurred in fixed weight ratios.
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Proust’s law was also important in helping to establish the modern
atomic theory of John Dalton, even though Dalton himself made only cur-
sory references to Proust in his publications. More important for Dalton
was the law of multiple proportions, which he discovered when he
showed that two elements could combine in more than one set of definite

Proust oN COMPOUNDS

During the nineteenth century, the concept of a chemical com-
pound was still being defined and discovered. Joseph-Louis Proust
held that the chemical elements in a true compound must combine in
certain definite proportions to one another. Others, such as Claude
Berthollet, held that a compound could be composed of elements com-
bined in any proportion. It may seem obvious that Proust was distin-
guishing chemical elements from chemical compounds (and Berthollet
was not), but in their day the idea that chemical elements were formed
by distinct types of atoms was unclear. John Dalton would make that
notion clear, but he owed much of his theory to Proust’s law of definite
proportions, which Proust summarized in 1806:

Everything in mineralogy is not a compound [combinaison] . .. [T]here is a
large number of substances to which this name should not be applied in-
discriminately, as some authors do for want of having thought suffi-
ciently about what is understood by this word in chemistry. Because they
have not noticed that the science has made a rule of reserving its use, they
have applied it indifferently to substances which it deliberately avoids
describing thus. They therefore confuse compounds with certain con-
crete solutions, certain combinations, certain systems of compound bod-
ies to which it attaches a quite contrary idea. Nature, for example, pre-
sents us with compounds of elements, but also with combinations formed
by a multiple aggregation of these same compounds. . . .

Let us stop for a moment to satisfy an objection which d’Aubuisson
certainly addresses to me, when he says in a memoir in which he so justly
sees the futility of certain definitions, “The analyses of the copper ore
[cuivre gris], which Klaproth has just published, are a new example of
compounds formed in variable proportions.” I would reply that the cop-
per ore does not belong at all to the order of compounds which chemists
are examining at the moment in order to unravel the principles of their
formation. A compound according to our principles, as Klaproth would
tell you, is something like sulphide of silver, of antimony, of mercury, of
copper; it is an acidified combustible substance, etc.; it is a privileged
product to which nature assigns fixed proportions; it is in a word a being
which she never creates, even in the hands of man, except with the aid of
a balance, pondere et mensura.

Source: Excerpt translated by Maurice Crosland, ed., in The Science of Matter: A Historical
Survey (Harmondsworth, Middlesex, England: Penguin, 1971).
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proportions. Proust, the empiricist and not the atomist, came close to find-
ing this law because he had recognized cases in which the same elements
formed two combinations, each with definite compositions, but he ex-
pressed his relationships in percentages, whereas Dalton expressed them
in atomic weights. Both Proust and Dalton saw the same regularities, but
Dalton creatively envisioned a new way of interpreting them. Indeed, Dal-
ton was able to answer a question that Proust could not: Why should
chemical compounds have definite compositions and exist in multiple pro-
portions? Dalton’s answer was simple: Matter is atomistic, and when at-
oms combine with each other, their distinctive weights naturally result in
definitely composed compounds or series of compounds.

The significance of some of Berthollet’s arguments in the Proust-
Berthollet debate did not become obvious until late in the nineteenth cen-
tury, when the new disipline of physical chemistry was founded.
Berthollet had believed that chemical reactions are influenced by the
masses of the reacting substances, and these “active masses” prescribed
the reaction’s speed as well as the nature and amounts of the products. Al-
though Berthollet was wrong about the nature of the products, he was
right about the reaction rates. The law of mass action, in which physical
chemists quantitatively detailed how chemical reactions are influenced by
the quantities of reacting substances, became a basic principle of chemical
kinetics.

Like many controversies in the history of science, the Proust-Berthollet
debate was not simply an instance of truth (Proust’s law) triumphing over
error (Berthollet’s variable composition). Berthollet, who emphasized how
compounds were formed, grasped (albeit inchoately) the law of mass ac-
tion. Proust, who emphasized the empirical study of the nature of com-
pounds, grasped the law of definite proportions but not the law of multiple
proportions. Furthermore, neither Proust nor Berthollet fully understood
the significance of Dalton’s atomic theory, which would ultimately, in the
hands of future chemists, make sense not only of definite and multiple pro-
portions but also of most of chemistry.

See also Atomic Theory of Matter; Isotopes; Periodic Table of Elements.
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DIFFRACTION

THE SciENCE: Light passing through a small opening cannot be prevented
from slightly spreading on the farther side of the opening. When
Francesco Maria Grimaldi discovered this principle, he termed the phe-
nomenon “diffraction” and postulated that it results from the fluid na-
ture of light, analogous to a flowing stream of water.

THE SCIENTISTS:
Francesco Maria Grimaldi (1618-1663), Italian mathematician
Christinan Huygens (1629-1695), Dutch scientist and mathematician
whose work on wave theory was confirmed by the ideas of
Grimaldi
Sir Isaac Newton (1642-1727), English mathematician who was greatly
influenced by Grimaldi’s work

LicaT BENDS

In about 1655, while serving as a mathematics instructor at the Jesuit
college at Santa Lucia in Bologna, Francesco Maria Grimaldi began an
elaborate set of optical experiments that occupied him for the remainder of
his life. These experiments clearly demonstrated that light propagating
through air does not simply travel in straight lines but tends to bend
slightly around objects. This new phenomenon Grimaldi termed “diffrac-
tion” (from the Latin for “breaking up”) because it indicated that light has
a fluid nature allowing it to flow around objects just as a stream of water
divides around an obstacle in its path.

Prior to Grimaldi’s experiments, scientists assumed that light always
propagates rectilinearly if it remains in the same medium, which gave cre-
dence to the prevailing corpuscular theory of light, that it consisted of
small, rapidly moving particles. It was known since antiquity that when
light enters a different medium—for example, when it moves from air to
water—it is bent, or refracted. Diffraction, by contrast, is a bending of light
around objects or through openings in the same medium. Diffraction is ex-
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ABoUT FRANCESCO GRIMALDI

Francesco Maria Grimaldi was the fourth son of Paride Grimaldi, a
wealthy silk merchant, and his second wife, Anna Cattani. After his fa-
ther’s death, Francesco entered the Society of Jesus (Jesuits), eventually
training in philosophy (1635-1638) and consecutively attending Jesuit
colleges in Parma, Ferrara, and Bologna. From 1638 through 1642,
Grimaldi taught humanities and rhetoric at the College of Santa Lucia,
Bologna. From 1642 through 1645, he studied theology at the same
school; additional study in philosophy earned him a doctorate in 1647.
He was then appointed as a professor of philosophy, but ill health
forced him to assume a less demanding position teaching mathemat-
ics, a post he occupied for the remainder of his life.

Although Grimaldi was ostensibly a mathematician and philoso-
pher, in his day natural philosophy included the sciences, where his
main interests lay. His immediate supervisor was Giambattista Riccioli,
an amateur scientist with considerable interest in physics and astron-
omy. Encountering a kindred spirit in Grimaldi, he enlisted his aid in
scientific endeavors. In the period from 1640 through 1650, Grimaldi
conducted experiments on falling bodies. He was able to verify that for
a freely falling body vertical displacement is proportional to the square
of the time the object has been falling from rest.

Beginning in 1645, Grimaldi engaged in mathematical analyses and
geographic surveys to determine the meridian line for Bologna. Dur-
ing the course of these measurements, he had to make many of his own
instruments, including an efficient quadrant to measure the heights of
lunar mountains, which were to be included in the accurate map he
compiled from telescopic observations during different lunar phases.
In preparing this map, Grimaldi inaugurated the procedure of naming
prominent craters after illustrious philosophers, scientists, and astron-
omers. These names, still in use, include a crater named Grimaldi.

All of Grimaldi’s work was incorporated into Riccioli’s Almagestum
novum (1651). He also arrayed most of the astronomical tables and
measurements on fixed stars that are featured in the second volume of
Riccioli’s Astronomia reformata (1665). Although Grimaldi and Riccioli
worked together on these projects, Grimaldi’s most successful research
was in the emerging field of optics.

hibited by all types of waves—water, sound, and light—but had not been
observed previously for light because the extremely small wavelengths
render the effects difficult to perceive. Grimaldi’s experiments on diffrac-
tion were of two different types: one type examined the shadows produced
by opaque objects of different shapes, the other type examined light pass-
ing through circular apertures.
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GRIMALDI’'S SHADOW EXPERIMENTS

For the shadow experiments, Grimaldi allowed bright sunlight to enter
a darkened room through a tiny hole (one-sixtieth of an inch in diameter).
This created a cone of light that Grimaldi projected on a white screen set
obliquely to form an elliptical image of the Sun. Between the hole and the
screen he inserted a narrow, opaque rod to create a shadow. Examining
this shadow carefully, Grimaldi observed that its size was somewhat
smaller than the linear projection of light rays predicted and, even more
surprising, the shadow’s border was bounded by narrow fringes of color.
He described these diffraction bands in some detail; there are usually three
and they increase in intensity and width nearer to the shadow. The closest
band consists of a central white region flanked by a narrow violet band
near the shadow and a slender red band away from the shadow. Grimaldi
cautioned that these color bands must be observed carefully to avoid mis-
taking the series for alternating stripes of light and dark.

Next, he examined the effect of varying the shape of the opaque object
by replacing the rod with a step-shaped object with two rectangular cor-
ners. He meticulously recorded how the bands curved around the outer
corner and continued to follow the shadow’s edge. He also described that
when the two series of bands from each edge of the inner corner approach,
they intersect perpendicularly to create regions of brighter color separated
by darker areas.

Grimaldi also employed several L-shaped objects of different width to
study the color bands produced. His diagrams show two sets of continu-
ous tracks, parallel to the borders, which connect by bending around in a
semicircle at the end of the L. He noted that the bands appear only in pairs,
the number increasing with the width of the obstacle and its distance from
the screen. He also observed that at the corners of the L, an additional series
of shorter and brighter colors emerged. He diagrammed these as five
feather-shaped fringes radiating from the corner and crossing the paired
tracks of light perpendicularly. Grimaldi compared this to the wash be-
hind a moving ship.

GRIMALDI’'S APERTURE EXPERIMENTS

Grimaldi’s aperture experiment allowed the cone of light to pass
through a second hole, about one-tenth of an inch in diameter, before being
projected on a wall. The distances between the holes and between the wall
and the second hole were equal at about 12 feet. Grimaldi observed that the
circle of light cast on the opposite wall was slightly larger than predicted
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by rectilinear propagation theory, and the border displayed the same red
and blue bands. He also mentioned that these diffraction effects were quite
small and observable only if extremely small apertures were used.

Grimaldi also discovered that when sunlight entered a room through
two small adjacent apertures, the region illuminated by the two beams was
darker than when illuminated by either aperture separately. Although he
did not understand that he was observing the now well-known principle
of “interference of light waves,” he regarded this observation as conclusive
proof that light was not a material, particulate substance.

Grimaldi’s carefully executed experiments convinced him that light
had a liquid nature, a column of pulsating fluid that could produce color
fringes when the luminous flow was agitated. The colors were inherent in
the white light itself and not created by some outside agent. Although the
diffraction effect so carefully measured and documented by Grimaldi is an
unequivocal indicator that light consists of periodic waves, this notion
seems not to have occurred to him. Grimaldi detailed his experiments on
diffraction, along with many other optical topics, in his comprehensive
treatise Physico-mathesis de lumine, coloribus, et iride (1665; physico-mathe-
matical thesis on light, colors, the rainbow; English translation, 1963).

ImpACT

Encouraged by Grimaldi’s work, Christiaan Huygens pursued the de-
velopment of a wave theory of light. He envisioned waves propagating
through an invisible all-pervasive medium and established a principle
demonstrating how wave fronts progressed through this medium. Using
his principle, he derived the well-known laws of reflection and refraction.
A consequence of the wave theory is that when light passes obliquely from
a less dense to a denser medium, the speed of the wave must decrease to
explain the observation that the light refracts to a smaller angle.

Isaac Newton, who was also greatly influenced by Grimaldi’s work, fa-
vored a particle or corpuscular theory of light in which refraction is ex-
plained by the particles increasing their speed when entering a denser me-
dium. He objected to a wave theory because the predicted bending of light
around corners was not observed. Grimaldi’s diffraction results were ex-
plained as being due to refraction; he proposed that the density of a me-
dium decreased near an obstacle, thus causing light to bend. Newton had
observed wave interference for water waves and used it to explain anoma-
lous tidal effects, but he did not apply this to optics. Such was the nature of
Newton’s fame that no one refuted him.

The issue was finally resolved in favor of the wave theory by English
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scientist Thomas Young (1773-1829), when, in 1802, he published experi-
mental results documenting light interference and proving that Newton'’s
experiments were easily explained by the wave theory. The final nail in the
coffin lid of the particle theory was the experimental measurement of the
speed of light under water, accomplished in 1850 by the French physicist
Léon Foucault (1819-1868). His precise measurements proved that the
speed of light under water was considerably less than its speed in air, as
predicted by the wave theory.

See also Ionosphere; Optics; X-Ray Crystallography.
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DIPHTHERIA VACCINE

THE SciENCE: Behring discovered that a toxin produced by the causative
agent of diphtheria could be destroyed by blood serum derived from
immunized animals, thus leading to the development of a vaccine.

THE SCIENTISTS:

Emil von Behring (1854-1917), German bacteriologist and winner of the
first Nobel Prize in Physiology or Medicine

Edward Jenner (1749-1823), English physician who developed the
practice of vaccination

Edwin Klebs (1834-1913), German bacteriologist

Friedrich August Johannes Loffler (1852-1915), German bacteriologist

Pierre-Paul-Emile Roux (1853-1933), French bacteriologist

Alexandre Yersin (1863-1943), Swiss bacteriologist

Henry Sewall (1855-1936), American physiologist

Paul Ehrlich (1854-1915), German bacteriologist

Shibasaburo Kitasato (1852-1931), Japanese bacteriologist
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TeHE HUNT FOR BACTERIA

During the nineteenth century, there was an enormous growth of knowl-
edge in the field of bacteriology. Much of the expansion resulted from dis-
coveries by German bacteriologist Robert Koch and French chemist Louis
Pasteur. The two scientists are considered the founders of modern medical
bacteriology and were instrumental in demonstrating the relationship be-
tween exposure to bacteria and specific human and animal diseases. These
diseases involved causative agents (pathogens) such as bacteria, which
would interact with human and animal hosts and induce illness caused by
infection or toxicity. The illnesses were collectively classified as “communi-
cable diseases” because they could be transmitted from one host to another.

The disease is caused by a bacterium called Corynebacterium diphtheriae,
but this causative agent was not discovered until 1883, when a German
bacteriologist, Edwin Klebs, isolated the bacterium from people with diph-
theria. The discovery was confirmed in 1884, when German bacteriologist
Friedrich Loffler demonstrated that pure cultures of these organisms
would induce diphtheria in experimental animals. Indeed, the original
name of the causative agent of diphtheria was Klebs-Loffler bacillus, later
renamed to C. diphtheriae.

Five years later, two other scientists, French bacteriologist Pierre-Paul-
Emile Roux and Swiss bacteriologist Alexandre Yersin, were able to sepa-
rate a chemical toxin from C. diphtherige and demonstrate that the chemical
was the actual factor that caused diphtheria. Thus, the foundation was es-
tablished for development of a means for rendering the toxin innocuous in
order to prevent the onset or eradicate the symptoms of the disease in peo-
ple who were exposed to the toxin-producing bacteria.

A NEW VACCINE

The German bacteriologist Emil Adolf von Behring and his assistant,
Japanese bacteriologist Shibasaburo Kitasato, focused on immunization of
animals via vaccination. The scope of their research was influenced by con-
cepts established by several other scientists, including an English physi-
ciannamed Edward Jenner, Pasteur, and the American physiologist Henry
Sewall. Jenner developed the concept of vaccination during the late 1790’s.
Jenner knew that people who had acquired cowpox and survived were im-
munized against future outbreaks and the more dangerous and typically
fatal smallpox. Based on this premise, Jenner demonstrated that smallpox
could be prevented in humans if they were injected with a small dose of
fluid from an active cowpox lesion. He named this process “vaccination”
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after the Latin word vaccinia, which means cowpox.

Pasteur applied Jenner’s concept to other diseases and developed vacci-
nations consisting of attenuated bacteria for the prevention of anthrax and
rabies during the 1880’s. In turn, based on Pasteur’s success, Sewall ap-
plied the concept to develop a vaccine that would induce immunity
against toxic snake venoms. In 1887, he was successful in demonstrating
that an animal could be protected from the toxic venom if previously vacci-
nated with sublethal doses of the toxin.

THE SCOURGE OF DIPHTHERIA

To appreciate the significance of the hard work and great discover-
ies of Emil von Behring and other scientists of his era who worked to
find cures for communicable diseases, it is necessary to understand
that life in those days was very different from what it is now.

Infectious diseases were largely uncontrolled and were a constant
source of worry. Newspapers routinely reported outbreaks of smallpox,
cholera, plague, diphtheria, malaria, anthrax, and other life-threatening
illnesses. Today infectious diseases—such as flu, colds, measles, and
chickenpox—can often be thwarted by vaccines and antibiotics. In the
early 1900’s, these diseases often ended in death. In the first ten years
of the AIDS epidemic in the United States (1979-1989), approximately
seventy thousand people in the United States died of AIDS. In the
1880’s, when Behring began his career as a doctor, diphtheria killed ap-
proximately seventy thousand children every year in Germany.

Diphtheria is transmissible mainly via direct contact with an in-
fected host or by ingestion of contaminated raw milk. During the In-
dustrial Revolution, the prevalence of the disease increased as city
populations increased, because the probability of contracting the dis-
ease is increased under crowded conditions. The disease is caused by a
bacterium, Corynebacterium diphtheriae. Certain strains are susceptible
to genetic alteration by a virus that causes the organisms to produce a
toxin. When humans absorb this toxin, they form lesions in the nasal,
pharyngeal, and laryngeal regions of the upper respiratory system.
The toxin can also damage the nerves, heart, kidneys, and other or-
gans. If the disease is extensive, diphtheria is fatal.

In one of the small towns in which Behring served after passing his
state examination—Winzig, in Silesia—Behring encountered his first
diphtheria epidemic. The experience is said to have impressed him so
deeply that from then on he believed that his main task was to combat
epidemics. In 1894, once the manufacture of serum in sufficient quan-
tity was under way, the death rate from diphtheria began to drop pre-
cipitously: to one-half, then to one-third or less of what it had been
previously.
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Behring and Kitasato attempted to extend the already proven concept
of immunization via vaccination and apply the technique for control of
diphtheria. Thus, using data generated by Klebs, Loffler, Roux, and Yersin
regarding the toxin-producing C. diphtheriae, Behring and Kitasato initi-
ated a series of their own experiments. In 1889, Kitasato had discovered the
causative agent of tetanus, which
was also found to be a toxin-pro-
ducing bacterium.

Behring’s experimental design
involved preparing a pure culture
of a live, toxin-producing strain of
C. diphtheriae in a nutrient broth,
separating the toxin generated by
the bacteria in the broth from the
organisms via filtration, injecting
graduated sublethal doses of the
toxin under the skin of healthy
rabbits and mice, and several days
later injecting the inoculated ani-
mals with live, active C. diphthe-
riae bacteria. Behring’s experiment
was a success. On December 11, Emil von Behring. (Library of Congress)
1890, Behring reported in a jour-
nal article that the animals vaccinated with C. diphtheriae toxin prior to in-
jection with active C. diphtheriae bacteria did not develop diphtheria. Con-
trol animals not vaccinated, however, developed the disease subsequent to
injection with active organisms.

Thus, Behring demonstrated that the experimental animals were able to
develop an induced immunity to the C. diphtheriae toxin via vaccination be-
cause of the formation of a protective toxin-destroying agent produced
within their blood sera. (One week earlier, Behring and Kitasato had
coauthored a journal article that reported similar findings for experiments
using toxin produced by tetanus bacilli.) The two scientists referred to the
protective toxin-destroying agent within the blood sera of immunized ani-
mals as an “antitoxin.”

ImracT

As a result of Behring’s discovery of diphtheria antitoxin, a foundation
was established to develop an efficient vaccine and determine an optimal
dose for human use. Progress was demonstrated within a year, because of
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experiments conducted by German bacteriologist Paul Ehrlich, whose
work involved determining if serum derived from animals and humans
known to contain the antitoxin could be injected in others to induce im-
munization. This concept became the foundation of what is called “sero-
therapy” to induce “passive immunity.” A person is considered to have
been passively immunized when he or she becomes immune to toxin be-
cause of injection with serum containing antitoxin from another immu-
nized person or animal. In other words, passive immunity implies the
transfer of immunity from one host to another via vaccination with anti-
toxin instead of active toxin.

Ehrlich’s assistance to Behring was also instrumental in establishing
some insight into the administration of safe and effective doses of vaccine
for clinical use. Within a year of Behring’s discovery of the diphtheria anti-
toxin, clinical trials were established with humans to determine if diphtheria
could be prevented and possibly cured. The clinical trials were successful;
thus, the era of vaccinating humans, especially children, with diphtheria
antitoxin had begun. Although the process was not totally efficient and sci-
entific research continued, immunization to prevent and cure diphtheria
via vaccination gained widespread use, and a significant decline in the dis-
ease was apparent by the beginning of the twentieth century.

Behring’s discovery of the diphtheria antitoxin influenced several major
advances in the area of medical science. The concept of serotherapy as a
form of vaccination was developed to induce passive immunity against
the C. diphtheriae toxin. The process was later applied by other scientists to
control the impact of other bacterial and viral agents found to be patho-
genic to humans and animals. Concomitantly, a greater understanding of
the human immune system was gained, especially relative to the concept
of antibody (for example, antitoxic protein in blood serum) response to
antigen (for example, C. diphtheriae toxin). Finally, as a result of the vaccine,
countless lives of people who were afflicted with the dreaded disease of
diphtheria were saved, while even more people were spared the experi-
ence of contracting the illness. In acknowledgment of Behring’s discovery
and its positive impact, Behring was awarded the first Nobel Prize in Phys-
iology or Medicine in 1901.

See also Schick Test.
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DNA FINGERPRINTING

TrE ScieNce: Henry Erlich’s DNA fingerprinting technique allowed deter-
mination of the identity of an individual from the DNA in a single hair.

THE SCIENTISTS:
Kary B. Mullis (b. 1944), American molecular geneticist who invented
the polymerase chain reaction
Alec Jeffreys (b. 1950), English molecular geneticist who first applied
the technique of DNA fingerprinting
Henry Erlich, molecular geneticist who helped develop DNA
fingerprinting

DNA SIGNATURES

Allindividuals, with the exception of twins and other clones, are genet-
ically unique. Theoretically it is therefore possible to use these genetic dif-
ferences, in the form of DNA sequences, to identify individuals or link
samples of blood, hair, and other features to a single individual. In prac-
tice, individuals of the same species typically share the vast majority of
their DNA sequences; in humans, for example, well over 99 percent of all
the DNA is identical. For individual identification, this poses a problem:
Most of the sequences that might be examined are identical (or nearly so)
among randomly selected individuals. The solution to this problem is to
focus only on the small regions of the DNA which are known to vary
widely among individuals. These regions, termed hypervariable, are typi-
cally based on repeat sequences in the DNA.
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Imagine a simple DNA base sequence, such AAC (adenine-adenine-
cytosine), which is repeated at a particular place (or locus) on a human
chromosome. One chromosome may have eleven of these AAC repeats,

Kary B. MutrLis aNp PCR

Kary B. Mullis perhaps did more for the development of DNA fin-
gerprinting than any other scientist: He developed the polymerase
chain reaction (PCR), which made the practical application DNA fin-
gerprinting possible. In recognition of this achievement, Mullis won
the 1993 Nobel Prize in Chemistry (shared with Michael Smith won for
his work in site-directed mutagenesis). In its 1993 commendation of
Mullis, the Nobel Foundation noted that

the applications of Mullis’ PCR method are already many. It is for exam-
ple possible using simple equipment to multiply a given DNA segment
from a complicated genetic material millions of times in a few hours,
which is of very great significance for biochemical and genetic research.
The method offers new possibilities particularly in medical diagnostics,
and is used, for example, for discovering HIV virus or faulty genes in he-
reditary diseases. Researchers can also produce DNA from animals that
became extinct millions of years ago by using the PCR method on fossil
material.

Mullis himself recalled the discovery with characteristic humor:

I was working for Cetus, making oligonucleotides. They were heady
times. Biotechnology was in flower and one spring night while the Cali-
fornia buckeyes were also in flower I came across the polymerase chain
reaction. I was driving with Jennifer Barnett to a cabin I had been build-
ing in northern California. . . . That morning she had no idea what had
justhappened. I had an inkling. It was the first day of the rest of my life.

Since 2003, Mullis has been developing a method for diverting the
body’s immune responses (antibodies) from their nominal targets to
attack new diseases by means of synthetic chemical linkers. The
method aims at making the body temporarily immune to new patho-
gens by using the body’s existing immune reponses. As Mullis puts it:

Let’s say you just got exposed to a new strain of the flu. You're already
immune to alpha-1,3-galactosyl-galactose bonds. All humans are. Why
not divert a fraction of those antibodies to the influenza strain you just
picked up. . . . The concept is actually working now with rodents and
their diseases. Hopefully it’s going to work in humans.

Source: Nobel commendation and Kary B. Mullis, “Autobiography.” Available at The
Nobel Foundation, http:/ /nobelprize.org/chemistry. Accessed August, 2005.
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while another might have twelve or thirteen, and so on. If one could count
the number of repeats on each chromosome, it would be possible to specify
a diploid genotype for this chromosomal locus: An individual might have
one chromosome with twelve repeats, and the other with fifteen. If there
are many different chromosomal variants in the population, most individ-
uals will have different genotypes. This is the conceptual basis for most
DNA fingerprinting.

DNA fingerprint data allow researchers or investigators to exclude cer-
tain individuals: If, for instance, a blood sample does not match an individ-
ual, that individual is excluded from further consideration. However, if a
sample and an individual match, this is not proof that the sample came
from that individual; other individuals might have the same genoytpe. If a
second locus is examined, it becomes less likely that two individuals will
share the same genotype. In practice, investigators use enough indepen-
dent loci that it is extremely unlikely that two individuals will have the
same genotypes over all of the loci, making it possible to identify individu-
als within a degree of probability expressed as a percentage, and very high
percentages are possible.

EARLY DEVELOPMENT

Alec Jeffreys, at the University of Leicester in England, produced the
first DNA fingerprints in the mid-1980’s. His method examined a twelve-
base sequence that was repeated
one right after another, at many
different loci in the human ge-
nome. Once collected from an in-
dividual, the DNA was cut using
restriction enzymes to create
DNA fragments that contained
the repeat sequences. If the
twelve-base sequence was repre-
sented by more repeats, the frag- Image Not Available
ment containing it was that much
longer. Jeffreys used agarose gel
electrophoresis to separate his
fragments by size, and he then
used a specialized staining tech-
nique to view only the fragments
containing the twelve-base re-
peat. For two samples from the
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same individual, each fragment, appearing as a band on the gel, should
match. This method was used successfully in a highly publicized rape and
murder case in England, both to exonerate one suspect and to incriminate
the perpetrator.

While very successful, this method had certain drawbacks. First, a rela-
tively large quantity of DNA was required for each sample, and results
were most reliable when each sample compared was run on the same gel.
This meant that small samples, such as individual hairs or tiny blood
stains, could not be used, and also that it was difficult to store DNA finger-
prints for use in future investigations.

VARIABLE NUMBER TANDEM REPEATS

The type of sequence Jeffreys exploited is now included in the category
of variable number tandem repeats (VNTRs). This type of DNA sequence
is characterized, as the name implies, by a DNA sequence which is re-
peated, one copy right after another, at a particular locus on a chromo-
some. Chromosomes vary in the number of repeats present.

VNTRs are often subcategorized based on the length of the repeated se-
quence. Minisatellites, like the Jeffreys repeat, include repeat units ranging
from about twelve to several hundred bases in length. The total length of
the tandemly repeated sequences may be several hundred to several thou-
sand bases. Many different examples have since been discovered, and they
occur in virtually all eukaryotes. In fact, the Jeffreys repeat first discovered
in humans was found to occur in a wide variety of other species.

Shorter repeat sequences, typically one to six bases in length, were sub-
sequently termed microsatellites. In humans, AC (adenine-cytosine) and
AT (adenine-thymine) repeats are most common; an estimate for the num-
ber of AC repeat loci derived from the Human Genome Project suggests
between eighty thousand and ninety thousand different AC repeat loci
spread across the genome. Every eukaryote studied to date has had large
numbers of microsatellite loci, but they are much less common in prokary-
otes.

ErLICH'S EXPERIMENTS

In 1988, Henry Erlich used a technique newly developed by Kary B.
Mullis—the polymerase chain reaction, or PCR—to develop a method of
DNA fingerprinting so sensitive that it could be used to obtain a DNA fin-
gerprint from a single hair cell, badly degraded tissue, or less than a mil-
lionth of a gram of dried blood thousands of years old. Using the PCR,



DNA Fingerprinting / 245

Erlich was able to amplify trace amounts of DNA up to a million times to
generate quantities large enough for DNA fingerprinting.

Erlich and his colleagues used the amplified DNA from a single hair to
analyze a histocompatibility gene. Histocompatibility genes code for the
tissue-type markers that must be matched in organ transplants because
they stimulate attacks from the immune systems of individuals with differ-
ent tissue types. Histocompatibility sequences are highly variable from
one person to the next, which is why they are so useful for DNA finger-
printing, since the probability that two unrelated individuals will have the
same tissue type is extremely low. DNA fingerprints that are as unique as
1 in 10,000 or even 1 in 100,000 can be obtained by analyzing these se-
quences. Adding other sequences to the analysis can generate DNA finger-
prints that have nearly a zero probability of matching with another person,
except for an identical twin. Differences in the histocompatibility sequence
chosen by Erlich for typing were identified by matching DNA probes con-
structed for each histocompatibility sequence.

DNA sequences have the property of self-recognition, and Erlich used
this property by preparing samples of the known variants of the histo-
compatibility sequences. Each variant form can recognize matching forms
identical to itself in an unknown sample and bind to them but will not bind
to any of the other forms. Erlich took the samples of amplified DNA from
the hair cells and applied each probe to each unknown sample. The
probes—representing the different variants of the histocompatibility se-
quence—stick only to their own form and have a stain attached to them so
that the high concentrations of probe molecules that stick to a matching
sample can be located visually. Erlich was able to identify the differences
in histocompatibility sequences from the amplified hair-cell DNA samples
by determining which probes remained attached to each sample.

Erlich and his colleagues showed that the results obtained from single
hairs were confirmed by results obtained from blood samples taken from
the same people who donated the hair. The technique was also success-
fully used on seven-month-old single hair samples. One of the first foren-
sic applications of the PCR-DNA fingerprinting technique took place in
Pennsylvania. In a homicide case, a one-year-old body was exhumed to be
examined for evidence, a previous autopsy having been deemed suspi-
cious. The prosecution had accused the defendants of tampering with the
body by switching some of its internal organs with those of another body
to conceal the cause of death. The PCR-DNA fingerprinting technique was
used to show that the child’s embalmed organs, exhumed with the body,
did in fact match the victim’s tissue type, and the defendants were acquit-
ted of the tampering charge.
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ImracT

DNA fingerprinting has been refined to the point where an individual
can be identified from the DNA in a single hair, which means that one hair,
or even microscopic samples of dried blood, skin, or other body fluids
found at the scene of a crime, can be analyzed to determine whose body it
came from with nearly 100 percent accuracy, with the exception of twins.
Properly used, DNA fingerprinting can be so precise that the margin of er-
ror in making a match between biological evidence and a suspect’s DNA is
less than one in ten thousand, with tests based on tissue-type genes from a
single hair, and less than one in a billion with more extensive testing.

Erlich’s method of DNA typing from a single hair was a dramatic re-
finement of DNA fingerprinting. Hair is one of the most common types of
biological evidence left behind at crime scenes, so Erlich’s improvement
over traditional methods of analyzing hair color, shape, and protein com-
position can be widely applied. Erlich’s technique also allows substitution
of hair samples for blood or skin when DNA fingerprints are taken; the
technique can be automated, making it easier to apply DNA fingerprinting
to large populations along with traditional fingerprinting.

The DNA fingerprinting technique developed by Erlich and his col-
leagues at Cetus Corporation was made commercially available in early
1990 in the form of a DNA-typing kit, allowing more widespread applica-
tion of the polymerase chain reaction to DNA fingerprinting. Initially, the
main disadvantage to DNA fingerprinting was the practical difficulty of
transferring a new, highly technical procedure from the research labora-
tory to routine application in the field. While DNA fingerprinting is virtu-
ally 100 percent accurate in theory, and works in the hands of highly
trained scientists, methods for reliable and economical mass application
had to be developed and proved before DNA fingerprinting became rou-
tine.

Evidence based on DNA fingerprinting was introduced for the first
time in several dozen court cases in the late 1980’s and played a key role in
many of them. Since then it has become widely applied—even to cold
cases—and has been introduced into evidence in criminal cases. As juries
have become more accustomed to the use of this evidence and educated
aboutits accuracy, they have learned to take it very seriously in their delib-
erations. Moreover, DNA evidence applied to long-running cases and even
cold cases have unmasked guilty persons years after their crimes were
committed. Perhaps more important, in several instances DNA evidence
has revealed several imprisoned individuals wrongly convicted of crimes
and finally set free after years of incarceration.



DNA Fingerprinting / 247

The technique has also been widely applied to paternity testing, to
cases (such as wildlife poaching) involving identification of animals, in
immigration cases to prove relatedness, and to identify the remains of ca-
sualties resulting from military combat and large disasters. The tech-
nique’s ability to identify paternity has led to its use by those who study
breeding systems and other questions of individual identification in wild
species of all kinds: plants, insects, fungi, and vertebrates. Researchers
now know, for example, that among the majority of birds which appear
monogamous, between 10 and 15 percent of all progeny are fathered by
males other than the recognized mate. DNA fingerprinting also has many
applications to agriculture, helping farmers identify appropriate plant
species.

The fact that DNA can provide so much information about an individ-
ual, besides simply personal identity, raises ethical questions about the use
of DNA fingerprinti