HISTORICAL NOTE

Sophie Germain’s Early Contribution to the Elasticity Theory

Marie-Sophie Germain (1776-1831) was
born in Paris to a family of the (increas-
ingly) rich bourgeoisie. She blossomed, in
her teens, into a self-taught mathemati-
cian. Her contributions to number theory,
solutions to special cases of the Fermat
theorem, are still remembered and refer-
enced, along with a rich harvest of anec-
dotes. Her contribution to the develop-
ment of the theory of elasticity is less
known, though we owe her the first
mathematical treatment of the resonance
nodes of vibrating membranes.

Germain, by her own account, selected
the study of mathematics to isolate her-
self from mounting social unrest and
political revolution. Her father had been
elected as a representative of the bour-
geoisie—le tiers état—to the congress of
Versailles. It was the prohibition of the
meetings of this assembly that sparked
the events of July 14, 1789—the French
Revolution. Reportedly, when Germain
read an account, in her father’s library, of
Archimedes who was slaughtered by a
Roman soldier during the siege of
Siracusa because he was too engrossed in
a mathematical problem to notice the
events, the young teenager singled out
mathematics as a subject absorbing
enough to distract one’s mind from the
unsettling events at hand.

Unfortunately, the study of mathemat-
ics was inappropriate for a merchant’s
daughter. Germain’s parents tried to curb
her worrisome activities by preventing
her studies in every way. When she
resorted to study at night, they hid her
clothes, forbade a fire, and hid away can-
dles. It is said that Germain would rise to
study mathematics in the dead of night,
wrapped in bedcovers, while it was so
cold that the ink would freeze in the
inkpot. Her family soon desisted.
Although no institutions of higher educa-
tion would admit women as students,
those were times when the laws of soci-
ety, and the role of women therein, were
being rewritten. While Germain studied
Gauss’s Disquisitiones Arithmeticae, Paris
grew with political chat-rooms, the
salons, hosted by women. In 1789, Paris
also witnessed the 12-mile march by
6,000 women on the royal palace of
Versailles. This Amazon army, led by the
Belgian Théroigne de Mericourt, once a
courtesan, was instrumental in bringing
Louis XVI to Paris under direct control of
the French citizens.

Although women had no possibility of
receiving a formal education, the Ecole
Polytechnique, newly founded to consoli-
date the new role of France in positivist
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Sophie Germain’s sketch of an elastic bar and its radius of curvature when bent by an exter-
nal force, taken from her book on the theory of elastic surfaces (1821).

Europe, produced written notes for stu-
dents, and requested that solutions be
submitted to the problems. Germain
obtained these notes under the name of
Monsieur LeBlanc. She revealed herself as
a woman when Lagrange desired to meet
the student who submitted such brilliant
solutions. Under the same name of
LeBlanc she initiated a correspondence
with Gauss, offering solutions to some of
the problems of his Disquisitiones
Arithmeticae, and asking for advice on
how to proceed with her studies. Gauss
was pleased with his correspondent from
Paris, who was able to offer a partial
proof of Fermat’s theorem. In 1806
Napoleonic troops invaded Brunswick
where Gauss resided. Germain recom-
mended his safety to General Pernety, a
friend of the family, and it is he who
revealed to Gauss the true identity of his
Paris correspondent.

The appreciation for her work allowed
Germain to be invited to attend the
demonstration which set the basis for
interest in vibrating surfaces. The acousti-
cian Chladni demonstrated in 1808 at the
French Academy of Sciences the vibrating
modes of plates with grains of sand,
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which distributed themselves in fixed
patterns on membranes made to resonate
with the arch of a violin. This experiment
duly impressed Napoleon, who approved
a public contest for the theoretical
description of these patterns, with a prize
of 3,000 francs. The beginnings of the
modern theory of elasticity did not thus
spring from interest in practical engineer-
ing problems, but from a desire of find-
ing, with the new mathematical tools at
hand (the variational methods of
Lagrange), a solution to physics problems.
The call, open for two years, received only
one entry, by Sophie Germain.

This entry contained a basic hypothesis,
namely, that the elasticity was proportional
to the sum of the inverses of the principal
radii of curvature of a surface. Unfor-
tunately, no proof was offered for the
hypothesis and the derivation of the subse-
quently inferred equations was not correct,
so the prize was not awarded, but the con-
test was extended. Lagrange, who was a
member of the commission that judged the
entry to the contest, offered the correct par-
tial differential equation. However, he died
two years later and Germain remained
unable to derive Lagrange’s equation by

MRS BULLETIN/NOVEMBER 1999


https://doi.org/10.1557/S0883769400053549

HISTORICAL NOTE

variational calculus. Her ability resided
mostly in algebraic manipulations, and she
tried to generalize the work of Euler on the
elasticity of bars, extending it to two
dimensions. Germain related elasticity to
the sum of the principal curvatures of a
surface.

The objective of the contest was to offer
a mathematical explanation of Chladni’s
experiment, and Germain successfully
experimented with laminae. In her sec-
ond entry (again, the only one) to the
extended contest, she modified her equa-
tion and proved that it was correct in a
number of special cases. The experimen-
tal part earned her an honorable mention
from the jury, and led her to publish her
work—at author’s cost—in 1821. Another
stimulus to publication was the fact that
Poisson was devoting his attention to the
problem of elasticity, offering another
approach and yet another equation, and
consistently avoided to duly acknowl-
edge Germain's preceding and ongoing
work. Partly to patch up this breach of
confidentiality, the contest was called
again, with a gold medal as a prize. The
gold medal was awarded to Germain,
but, to the annoyance of those attending
the public ceremony, she decided not to
appear in public.

In 1828, a new approach was given to
the solution of the plate equation: an

equation by Fourier, in the form of series
of sines and cosines. Navier, a former stu-
dent of Fourier, offered a new expression
for the elastic moment: It was proportion-
al to an elastic constant, the cube of the
plate’s thickness (instead of the fourth
power of Germain’s), and also contained
the product of the principal curvatures.
This research in turn stimulated Cauchy
to define how the stress of an elastic plate
depended on the applied strain in terms
of tensors while introducing a second
elastic constant. Cauchy, and subsequent-
ly Kirchhoff, set the foundations of the
present theory of elasticity.

These were Germain's final years. She
fought a losing battle against breast cancer,
while continuing to write her thoughts
over the sciences and the arts, “Real superi-
ority is nothing more than the means of
considering difficult problems from a point
of view whence they become easy, where
the spirit can embrace them and follow
them without effort.” Germain did not live
long enough to ripen the fruits of Gauss's
request to the University of Gottingen to
award her an honorary doctorate.
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The Diamond Makers
Robert M. Hazen
“Utterly absorbing... Hazen makes
the story profoundly exciting,
conveying the scientific passion
of the researchers...It’s a gem.”
—~The Washington Post
Discover how to make a diamond.
Spanning centuries of‘grnund—
breaking science, instances of
bitter rivalry, cases of outright
fraud and self-delusion, Hazen
blends drama and science to reveal
the extraordinary technological
advances and devastating failures
of the synthetic diamond industry.
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Principles of Quantum Mechanics

As Applied to Chemistry and Chemical Physics

Donald D. Fitts

An ideal textbook for beginning graduate students in materials
science, this volume presents the basic principles of quantum
mechanics using modern mathematical techniques and theoretical
concepts, such as hermitian operators, Hilbert space, Dirac
notation, and ladder operators. Throughout, basic theory is
clearly illustrated and applied to the harmonic oscillator, angular
momentum, the hydrogen atom, the variation method, perturba-
tion theory, and nuclear motion.
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0-521-65124-7
0-521-65841-1

Hardback
Paperback

$74.95
$39.95

Polymers at Surfaces and Interfaces
Richard A. L. Jones and Randal W. Richards

Suitable for advanced undergraduates, graduate students, and
researchers in materials science, this volume introduces staristical
mechanics models of polymer behavior near interfaces, emphasiz-
ing theory that is applicable to experimental situations. Topics
covered include the nature and properties of the surface of a
polymer melt, the structure of interfaces among different poly-
mers and between polymers and nonpolymers, the molecular
basis of adhesion and the properties of polymers at liquid surfaces.
Empbhasis is placed on the underlying physical principles.

1999 388 pp.
0-521-47440-X Hardback $90.00
0-521-47965-7 Paperback $39.95

Vertical-Cavity Surface-Emitting Lasers
Design, Fabrication, Characterization, and Applications
Carl Wilmsen, Henryk Temkin, and

Larry A. Coldren, Editors

Weritten by high-profile researchers in the field, this volume
provides a complete introduction into the physics of VCSELs.
[t also describes their wide range of potential application in
areas such as communications, printing, and optical switching,

1999 474 pp.
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David Attwood

This comprehensive book describes the fundamental properties
of soft x-rays and extreme ultraviolet (EUV) radiation and
discusses their applications in a wide variety of fields, including
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soft x-ray biomicroscopy.

1999 488 pp.
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Vladimir V. Mitin, Viatcheslav A. Kochelap,
and Michael A. Stroscio

This volume provides a detailed description of the key

physical and engineering principles of quantum semiconductor
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electronic and optoelectronic devices.
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ISBN 3-540-64038-X
SPRINGER SERIES IN MATERIALS SCIENCE. VOL. 32

A. GONIS, Lawrence Livermore Laboratory,
C4, and W.H. BUTLER, Oak Ridge National
Laboratory, TN

Multiple Scattering
in Solids

Describes general techniques for solving linear
partial differential equations by dividing space into
regions to which the equations are independently
applied and then assembling a global solution from
the partial ones. It begins with an intuitive approach
to scattering theory and then trns to partial waves
and a formal development of multiple scattering
theory. The authors also present 4 variational
derivation of the formalism.

2000/APPROX. 350 PP., 44 ILLUS./HARDCOVER

$59.95/1SBN 0-387.98853-X
GRADUATE TEXTS IN CONTEMPORARY PHYSICS

R.E. HUMMEL, University of Florida, Gainesville

Understanding

Materials Science

History, Propertles, Applications

"Has succeeded admirably in rendering intrinsically
complicated topics, such as polymerization,
palatable and digestible. As a first-level introduction
1o materials sclence | recommend it unreservedly.”

— MRS BULLETIN

This introduction to materials science examines
not onyy the physical and engineering properties
of materials, but also their history, development,
and uses. Exercises conclude chapters. Complimentary
examination copies available to qualified instructors.

1988/407 PP., 326 ILLUS.(35 COLOR)
HARDCOVER/$59.95/ISBN 0.387-98303-1

J. DURAN, Unsversity of Paris VI, France, and
A. REISINGER, Lexington, MA

Sands, Powders,

and Grains
An Introduction to the Physics
of Granular Materials

This book covers the basic properties of flow,
friction, and flvidization of uniform granular
materials; discusses mixing and segregation of
heterogeneous materials (the famous “brazil-nut
problem”); and concludes with numerical models.
2000/APPROX. 315 PP,, 212 ILLUS./HARDCOVER

$589.95/ISBN 0-387-98656-1
PARTIALLY ORDERED SYSTEMS

F. CARDARELLI, Boucherville, Que., Canada

Materials Handbook

A Concise Deskiop Reference

This truly unique and practical book provides

easy and rapid access 1o the accurate physical and
chemical properties of most classes of materials.
These classes are: metals and alloys, semiconduc-
tors, industrial ceramics and glasses, polymers

and elastomers, minerals and rocks, timbers and
woods, and building materials. Particular emphasis
is placed on the properties of common industrial
materials in each class. Detailed appendices and an
extensive bibliography complete this guide.
2000/APPROX. 610 PP./HARDCOVER/$116.00
ISBN 1-85233-168-2

T. SAITO, National Research Institute for Metals,
Tsukuba-shi, Japan (Ed.)

Computational
Materials Design

This book outlines cutting-edge theories and
techniques for computational materials design.

It examines the effectiveness of the computational
approach for understanding not only materials
phenomena but also materials design and develop-
ment. The book is directed to students, materials
scientists, and engineers who need a clear exposi-
tion of modern techaologies for materials design.
1989/296 PP., 212 ILLUS., 43 TABLES

HARDCOVER/$99.00/ISBN 3-540-64377-X
SPRINGER SERIES IN MATERIALS SCIENCE, VOL. 34

K. OHNO, K. ESFARJANIL, and Y. KAWAZOE,
all, Toboku University, Sendai, Japan

Computational

Materials Science
From Ab Initio to Monte
Cario Methods

Introduces new theoretical techniques in materials
research. Case studies and examples are presented
and all the necessary equations and graphs are
incfuded so that readers can fully understand the
details. This book offers the materials scientist
access to, and an understanding of, modern
developments based on molecular dynamics and
Monte Carlo simulation.
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Presents a comprehensive description of the
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that the reader can understand how the particular
properties of amorphous silicon lead to unique
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and other systems that can be fabricated, and the
performance of the various application areas.
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S. SUGANO, Nagano, and N. KOJIMA, University
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A. HUBERT, Universitdt Erlangen-Niirnberg, and
R. SCHAFER, /FW, Dresden, Germany
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Edward D. Palik
Gorachand Ghosh

5 Volume Casebound Set, 1997, 3440 pp., $850.00
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Electronic Version, July 1999, $1.800.00
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LASER ABLATION AND
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Experimental Methods in the Physical
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John C. Miller

Richard F. Haglund
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