












































. In 1953, Lejeune scrutinized the
configurations of lines on the palms of 93
Down’s patients, 246 members of their fami-
lies, and two large control groups drawn at
random — except that one group was evenly
divided for sex — from the Parisian popula-
tion. Lejeune assessed the configurations
quantitatively and arrived at a numerical
index of the degree to which, on a given
palm, they occurred in association with each
other. He found that the Down’s patients
had a strikingly higher associative frequency
of abnormal palm lines than did the people in
either of the control groups. To Lejeune, this
signified that Down’s syndrome must involve
some deep genetic change from the normal.
Lejeune knew very little about primatology,
but it occurred to him that a clue to the deep
change might be found in the palm config-
urations of apes and monkeys — especially
the lower-order monkeys from which the
simian crease, that frequent palmar charac-
teristic of the syndrome, took its name.

At the Natural History Museum in Paris,
he measured the configuration of palm lines
on the skins of the apes and monkeys pre-
served there. The palm lines of normal
human beings showed no resemblance to
those of either the lower-order monkeys or
the anthropoid apes — orangutans, gorillas,
and chimpanzees. But there were extraordi-
nary similarities between the Down’s palms
and those of the inferior monkeys — for
example, mangabeys and macaques. Lejeune
supposed that the distinction between the
palm lines of anthropoid apes and those of
the lower-order monkeys must have resulted
from the accumulation of numerous single-
gene changes over evolutionary time. He
speculated that the Down’s palm lines, too,
must arise from a polygenic difference
between the Down’s victims and normal
human beings — occurring, obviously, not
over evolutionary time but in one generation,
from parent to child. Lejeune reasoned that
the necessary change had to involve the only
genetic material then known to be large
enough to carry a polygenic message — a
chromosome.

At this point, Lejeune’s mind turned to
the haplo-four fruit fly. (Cytogeneticists
designate as “haploid” those cells — for
example, mammalian gametes — that con-
tain only haif the normal number of chromo-
somes. The haplo-four takes its name from
the fact that it possesses only one member of
the fourth chromosomal pair found in normal
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Drosophila.) The haplo-four fruit fly has
various abnormal characteristics, including
thinner bristles, a shortened body, and a pro-
longed larval stage. No one of these charac-
teristics announces the haplo-four; they
declare themselves as an ensemble — a syn-
drome. Lejeune thought of the haplo-four-as
a kind of “mongol fly.” Just as the “mongol
fly” was missing a chromosome, Lejeune
came to think, in 1954, that the victims of
Down’s syndrome must lack a chromosome,
too.

Lejeune had by this time moved with
Turpin’s group to the Hospital Trousseau.

He wanted to look at the chromosomes of his
Down’s patients, but he was not familiar with
human cytogenetic techniques and was un-
able to find anyone in Paris who was. Besides,
there was not much money for research and
only limited laboratory facilities at the hospi-
tal. He therefore turned to various other sub-
jects — mainly radiation genetics, for which
Turpin, like many biologists, was able to raise
funds in the mid-50s. All the while, however,
he had his chromosomal hypothesis in mind
and kept hoping to test it, especially after the
work of Tjio and Levan was published.

The opportunity arose in 1957, with the
arrival in Turpin’s clinic of Marthe Gauthier,
a cardiologist who had recently learned the
technique of tissue culture; Turpin authorized
her to use it in collaboration with Lejeune.
Sometime about the spring of 1958, Gauthier
cultured tissue taken from the fascia lata —
the smooth connective tissue that covers mus-
cle — of three Down’s patients at the Hospi-
tal Trousseau. Lejeune, using the newly
developed cytogenetic techniques, prepared
karyotypes and examined them through a
microscope discarded by the hospital’s bac-
teriology laboratory; it was so worn that he
had to stabilize its adjustment gears by insert-
ing between them a piece of tinfoil from a
candy wrapper. He photographed the karyo-
types with equipment borrowed from the
pathology department, expecting them to
show, like those of the “mongol fly,” the
absence of a chromosome. Instead, they
showed that the Down’s patients had 47
chromosomes rather than the 46.

Lejeune wondered whether the extra chro-
mosome was typical of the Down’s patients
or an artifact of the tissue culturing. Aging
cultures were known to produce chromo-

continued on page 26



25 Years of Space Photography

Jet Propulsion Laboratory

California Institute of Technology

BAXTER ART GALLERY's final exhibition cele- Above: The Ganges floodplain (Bangladesh) — by SIR-B, 1984
brates a particularly appropriate theme for

Caltech — the convergence of science and

art. Organized by gallery director Jay Belloli,  Below: Europa — by Voyager 2, 1979

the show features nearly 140 images chroni-
cling JPL’s unmanned space exploration —
from the early Ranger and Surveyor lunar
missions, the Mariners (Mars, Venus, and
Mercury), the Viking orbiters and landers
(Mars), to the recent Voyagers (Jupiter and
Saturn). Earth is also represented, seen by the
radar of Seasat and the two space shuttle
experiments of the Shuttle Imaging Radar
(SIR-A and SIR-B). And the Infrared Astro-
nomical Satellite (IRAS) contributes shots of
its penetrating glimpses outside the solar sys-
tem into our own galaxy and beyond.

Many of the spectacular photographs,
which were made by JPL for NASA, have not
been widely published, but some of the pic-
tures will be familiar to all who watched their
television screens in wonder as spacecraft
cameras brought new worlds into close view
— the barren surfaces of the Moon and Mars,
Jupiter’s swirling clouds and Great Red Spot,
and Saturn’s rings. At the time, admiration
of the beauty of these pictures was equaled by
awe at the technology that conveyed them;
the emphasis of the current show, however,
lies on the images themselves as art. As Los
Angeles art critic Christopher Knight writes in
the show’s catalog, “. . .framed and hanging
on the walls of a gallery, space photographs
are radically re-contextualized: they are
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transformed from offerings of visual evidence
into aesthetic objects for examination.”

In his catalog introduction, Belloli suggests
that “Marcel Duchamp’s life-long meditation
on the role of the determination of what con-
stitutes art. . .and the participation of both
the maker and the viewer in that decision —
is inescapable as one looks at these images.”
He goes on to note that “these photographs
are often created with a large number of what
are, in fact, artistic decisions.” Knight also
stresses the scientist-as-artist in linking the
JPL missions with the tradition of 19th-
century photographers who charted America’s
wilderness: “The singular and independent
photographer is here replaced by the diverse
and interdependent multitude of scientists
and technicians whose coordinated com-
mands, responses, and actions set into motion
a complex chain of events that results in a
photographic image.”

The exhibition, which was funded by a
grant from IBM Corporation, runs from May
22 to July 31. It will then travel to the IBM
Gallery of Science and Art in New York for a
November opening. W.W. Norton & Com-
pany, Inc., will distribute the catalog. O

Ganymede — by Voyager 1, 1979
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Moon — by Surveyor VII, 1968

Kuskokwim River (Alaska) — by Seasat, 1978
Left: Mercury — by Mariner 10, 1974-75

Near the Crater Tycho,
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Lefi: Venus — by Mariner 10, 1974

Above: Io (with geyser plume Pele) — by Voyager 1, 1979

Lefi: Southern Mexico and Guatemala — by Seasat 1978
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by Barry Simon

ALTECH HaS BECoME 2 World center of the

study of Schrédinger operators. What is
the theory of Schrédinger operators anyway?
In short, it is the rigorous mathematical study
of the Hamiltonian operators of nonrelativis-
tic quantum mechanics.

Schrédinger operators are a part of
mathematical physics, an area that suffers the
usual fate of interdisciplinary areas: Too
often the mathematicians think it’s physics,
and the physicists think it’s mathematics.
(Chemical physics has the same problem.
Many years ago so did biochemistry, but in a
sense it succeeded in absorbing a large part of
biology.) Perhaps the reader will appreciate
that Schrodinger operators have useful
insights to offer to both mathematics and
physics.

In quantum theory, a fundamental role is
played by the energy written as a function of
the momentum and position of the constit-
uent particles, but with the twist characteristic
of quantum mechanics (due to the Heisen-
berg relations [p,x]=—i# that the momen-
tum, p;, is replaced by the elementary
differential operator —i% 8/8x; (where 4 is
the rationalized Planck’s constant, #/2x; hav-
ing been careful to put % here, for typo-
graphic simplicity 1 henceforth will use units
with 2= 1 and with electron mass equal to
15). Thus, for a classical system of N elec-
trons with momenta p; (j=1,...,m=3N for the
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The Theory of Schrodinger Operators:
What’s It All About?

N 3-vector momenta) and classical energy

m
Y o+ Vix),
j=1
the Hamiltonian operator becomes H=—A+V
where the Laplacian A equals

m

Y %ax?.

j=1
The Hamiltonian plays a crucial role in the
dynamics of quantum systems since wave
functions satisfy the partial differential equa-
tion idy/d8t = Hy called the time-dependent
Schrédinger equation.

In physics textbooks, H is called the Ham-
iltonian since it is the quantum analog of the
object introduced in classical mechanics by
William Hamilton. The same name is also
used for the quantum energy operator of rela-
tivistic quantum field theory. To emphasize
that one is looking only at the nonrelativistic
case, the Hamiltonians of nonrelativistic
gquantum mechanics are called Schrédinger
operators. This honors Erwin Schrddinger,
one of the founding fathers of quantum
mechanics. Thus the theory of Schrédinger
operators is simply the study of the
differential operators —A+V.

At first sight, one would not think that
such an innocent-looking object could have a
very interesting structure. Of course, one
might conclude the same thing abour the clas-



sical analog, mx = —V V, which is rich
enough to describe phenomena as varied as
the dynamics of binary stars or of water in a
waterfall. In the same way, Schrodinger
operators describe the full richness of quan-
tum dynamics. Although there are results
involving general V (perhaps there has been
too much work on the general and not
enough on the specific classes), much of the
recent thrust has focused on the Vs relevant
for atomic and molecular physics, the descrip-
tion of perfect solids, and more exotic objects
such as amorphous materials and quasicrys-
tals. Here I will describe several results, all
related to atomic physics, which I hope will
give a flavor of the scope and significance of
the field.

The first question that a mathematician
might ask concerns the existence of solutions
of the time-dependent Schrodinger equation
iy, = H,. For some reasonable class of Vs,
including that describing NN electrons moving
in the Coulomb field of M protons (taken

infinitely massive) in fixed positions i wh 5 -
= = & 5 FEAS S e e b
Rl' B ,RM 3
(equation 1)
o=l =1 e

VX, .... XN = =3 E lxi—Rji + E (X,'—.Xj| + E iRi—Rj'

I<ISN I1<i<j€N I<i<j<M

1<j<M

(now the xs are three-vectors), one would like
to know that the time-dependent Schrodinger
equation has a unique solution, if not for all
initial conditions, at least for a very large set
of initial conditions.

Formally, the solution is given by

vy, = exp(—itH )y,

but what does exp(—itH) mean? Expanding
the exponential and considering terms like
A%V, where the derivatives of V produce
non-square integrable singularities, will show
the problem with a naive approach. On a
slightly more sophisticated level, students of
quantum mechanics learn that they cannot
study the quantum motion of a particle in a
box without specifying boundary conditions.
How does one know that boundary condi-
tions are not needed at infinity or at the
Coulomb singularities in solving the
Schrédinger equation with potential (1)?
There is one attitude about these ques-
tions that needs to be addressed — that is,
that you don’t need existence proofs for a
physical theory because nature is an existence
proof. This idea of nature as a grand analog

computer misses the whole point of existence
proofs: We are not testing nature but rather
our theories, which could, after all, be wrong
or incomplete. A paradigm of this
phenomenon concerns the changing attitude
about quantum electrodynamics (QED).
After the formulations of the theory by Feyn-
man and Schwinger in the 1940s, a common
attitude was that the impressive agreement
with experiment proved that the theory had
to be consistent. The current opinion among
elementary particle theorists is quite different:
As an abelian gauge theory, QED is most
likely mathematically inconsistent. Rather,
high energy physicists hope that the non-
abelian gauge theory associated to the unified
treatment of electromagnetic and weak
interactions is consistent. The agreement
with experiment is because the formal pertur-
bation expansion of the putatively incon-
sistent theory is quite close to that of the
putatively consistent theory.

In response to the development of the new
quantum mechanics (1925-28), John von
Neumann developed a theory of unbounded
operators in Hilbert space precisely to deal
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with foundational questions in quantum
mechanics. What von Neumann realized is
that the key to solving the time-dependent
Schrédinger equation was the proof that H
has a abstruse mathematical property called
essential selfadjointness.

But here progress on this particular prob-
lem stalled for 25 years, in part because von
Neumann was convinced that the problem of
proving essential selfadjointness of —A + V'
for V of the form (1) was an impossibly hard
problem. And he was not shy about inform-
ing others of his opinion. Indeed, I am told
that as late as 1950, he insisted that the prob-
lem was not trivial even for the hydrogen
atom. (Of course, physicists do know how to
write down all the eigenfunctions, including
continuum eigenfunctions, in this case; in
fact, by using the rotational symmetry of the
hydrogen atom, one can reduce this case to
some ordinary differential equations where
selfadjointness was completely analyzed by
Hermann Weyl in 1912. Using his methods
it is not hard to prove essential selfadjointness
for the hydrogen atom Hamiltonian.) This is
ironic, because the two main inputs that turn
out to be essential for the proof of this funda-
mental property are an abstract result in
operator perturbation theory proven by Franz
Rellich in Germany in the mid-1930s and
certain inequalities now known as Sobolev
inequalities, developed in the 1930s by Sergei
Sobolev in the Soviet Union and Salomon
Bochner in the United States, among others.
These tools were available bv 1936 or so. But
nobody put them together, perhaps because
of von Neumann’s well-known attitude that
the problem was too hard to work on.

The essential selfadjointness of atomic
Hamiltonians was established by Tosio Kato
(since the late 1950s professor of mathematics
at UC Berkeley). Here is his description of
the history of his work, taken from his accep-
tance speech for the Wiener Prize (which
appeared in the November 1980 issue of the
Notices of the American Mathematical
Society):

“During World War II, I was working, in
the countryside of Japan, on the spectral
theory of Schrddinger operators and perturba-
tion theory. As a physics student I had been
led to study these problems on my own, since
no one seemed to pay attention to them in
spite of the existence of the general principle
given by von Neumann. My first efforts were
directed toward establishing the essential self-
adjointness of Schrédinger operators and lay-
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ing a mathematical foundation for perturba-
tion theory. (At that time I did not know of
Rellich’s work.)

“These works were more or less completed
by the end of the war, but I was not very
lucky with their publication. A couple of
years later I submitted two papers on the sub-
ject to Physical Review. They were soon for-
warded to the Transactions of the American
Mathematical Society, where the manuscripts
were passed from one referee to another
without success, eventually to be lost. I had
to resubmit new manuscripts. After three
years from initial submission, the papers were
finally saved by the last referee.”

Interestingly, the analog of Kato’s theorem
for classical mechanics is open. That is, one
can ask about global (in time) solutions of
Newton’s equations for point masses interact-
ing gravitationally (or electrostatically). Even
in the two-body case, global solutions will not
exist for a/! initial conditions, since collisions
are possible in finite time. But in the two--
body case, only initial conditions with zero
angular momentum can have collisions, so
for almost all initial conditions, the classical
two-body problem has global solutions. The
analog of this was proven for the three-body
problem by George Birkhoff (using results of
Painleve and Sundman) in 1927, and for the
four-body problem by Donald Saari
(Northwestern) in 1977. It is open for
N 25 where there are indications of a new
phenomenon: initial conditions where parti-
cles travel infinitely far in finite time (the
infinitely large velocities are possible because
of pairs spiraling into each other). It is not
clear whether these only occur for a set of ini-
tial conditions of measure zero. The quan-
tum result can be viewed as an indication
that for general N, the classical problem does
have solutions for most initial conditions.
The reason that quantum mechanics is nicer
than classical mechanics is the uncertainty
principle, in this case expressed through the
Sobolev inequalities.

Kato’s work can be viewed as the birth of
the modern theory of Schridinger operators.
Once we know this fundamental result, we
can begin to ask many detailed questions.
Some of the most subtle involve an area [ call
“quantum potential theory,” which is the
rigorous study of exact Coulomb binding
energies in quantum mechanics.

A basic result in quantum potential theory
is “the stability of matter.” This involves a
problem first raised by Lars Onsager (known



for his work on the Ising model, and on non-
equilibrium thermodynamics, for which he
received the Nobel Prize in chemistry) in the
1930s. It is a basic fact of astrophysics that
bulk matter in the absence of nuclear effects
undergoes gravitational collapse. Onsager
asked how we know that bulk matter doesn’t
undergo “electrostatic collapse.” We know
that quantum mechanics yields stability of a
system of one electron and one proton. In
classical mechanics the electron would fall
into the proton, but in quantum theory this
doesn’t happen. This implies that a system of
102 protons and 1026 electrons won’t collapse
to zero size, but it certainly isn’t obvious a
priori that such an array won’t collapse to a
very small size indeed. Of course, since indi-
vidual electrostatic forces are much stronger
than gravitational, if there were electrostatic
collapse, it would require much less matter
than gravitational collapse, so we would
observe it. Since we don’t, it must not occur,
but this doesn’t explain why it doesn’t occur
and whether the fact that it doesn’t occur is
just due to quantum mechanics and
electrostatics.

The realization came quite early that lack
of collapse is implied by the binding energy of
a large system of particles being an extensive
quantity, that is, that a system with potential
(1) has a total energy bounded from below by
- ¢(N+M) for some constant, c. Freeman
Dyson (Institute for Advanced Study) and
Andrew Lenard (Indiana University) first
proved that this is the case in 1967. There is
one especially striking aspect of their work: It
is critical for their proof that electrons are fer-
mions, that is, that they obey the Pauli exclu-
sion principle. And we know now that this is
essential; if both electrons and protons were
bosons, electrostatic collapse would take
place. While the precise rate of collapse is
not known, it is likely that in the neutral
(N=M) case, volume shrinks as the inverse
fifth root of N. A syster of 102 “Bose” elec-
trons and protons would live in a volume a

. very small fraction of a single hydrogen atom.

The relevance of the Pauli principle, even
for qualitative features, is ubiquitous in quan-
tum potential theory. For example, last year
Elliott Lieb (Princeton), Israel M. Sigal (UC
Irvine), Walter Thirring (University of
Vienna), and I showed that the number of
electrons, N(Z), that one can bind to a charge
Z nucleus grows as Z in the sense that
N(Z)/Z goes to 1. But if electrons were
bosons, Lieb and Raphael Benguria (Univer-

sity of Chile) showed that the analog N;(Z)
grows at least as fast as 1-21Z. The observed
fact of nature that there seem to be no nega-
tive ions with net charge larger than 1 is criti-
cally dependent on the Pauli principle.

As realized by Lieb and Joel Lebowitz
(Rutgers), an important consequence of the
Dyson-Lenard theorem combined with a
study of shielding is the existence of thermo-
dynamics for bulk matter, that is, of the
extensive nature of basic quantities such as
pressure in the quantum statistical mechanics
of Coulomb systems.

The Dyson-Lenard result is not the end of
the story, because the constant ¢ in their
bound on the energy is roughly 10'4 Rydbergs
(a Rydberg is the binding energy of hydro-
gen). Thus, while matter cannot shrink
indefinitely, it could shrink so that interparti-
cle distances were roughly 10714 Bohr radii
and still not violate the theorem of Dyson-
Lenard. The large number 10!4 in their proof
occurs in part because of complexity. Sacri-
ficing some truth to humor, one could say
that their proof has 14 steps, each of which
introduces a factor of 10 error. Dramatic
progress was made by Lieb and Thirring in
1975, who (counting some later refinements
of their ideas) obtain a constant of roughly 20
Rydbergs.

The physics behind the Lieb-Thirring

proof is quite illuminating; it is perhaps worth

describing a part of it. There is an old,
quasiclassical approximation to quantum
mechanics called the Thomas-Fermi (TF)
approximation. In 1973 Lieb and I rigor-
ously proved that this approximation is exact
in the large Z limit in the sense that it prop-
erly describes the total binding energy and the
electron density of the core. It does not
correctly describe electrons near the outer
shell, nor the ionization energies relevant to
chemistry. Quantum chemists in the 1950s
tried to compute numerically molecular bind-
ing energies using the TF approximation and
were unable to find any binding. In response
to this, Edward Teller proved in 1960 that

-molecules never bind in TF theory. (Lieb

and I later supplied some points of
mathematical rigor, especially the existence of
solutions of the TF equation, but Teller’s
argument is quite close to the rigorous one.)
Thus, stability of matter is easy in TF theory:
By Teller’s result, the energy of an array of

protons and electrons is always bounded from

below by the total binding energy of well-
isolated protons and an appropriate number
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of electrons. Since it can be shown that in
TF theory a proton binds only one negative
charge, in TF theory the binding energy of N
protons and A electrons is bounded by ¢,
where c is the binding energy of hydrogen in
the TF approximation.

Lieb and Thirring prove this by using
their extension of the Sobolev inequalities
(the Pauli principle enters in this step) and an
additional trick that the total quantum energy
of a system of N protons and M electrons
is bounded below by —dM+TF', where d is a
constant related to ¢ and TF' is the TF
energy, but in a theory with the wrong value
of h. Thus the bound

TF' > —c¢'N
implies stability of matter.

In a real sense, their proof has the right
physics behind it. Stability is a statement of
lack of collapse. This collapse is prevented by
the interaction of “atomic cores,” and Teller’s
theorem is precisely an assertion that cores
(which, in the large Z limit, are described by
TF theory) repel. Of course, Z = 1 is not
large Z, so that it isn’t clear that TF theory
will apply here; Lieb and Thirring’s discovery
is that, if one is willing to make a small
sacrifice in constants, it does apply.

The last example I will discuss is slightly
more technical in detail. Among other
things, it illustrates that in mining for pyrite,
you can occasionally discover gold. Simple-
minded, two-body scattering theory breaks
down precisely at Coulomb potentials. There
is a logarithmic infinity that must be handled.
From a time-dependent point of view, this
was done in 1964 by John Dollard (Univer-
sity of Texas). But, typically, mathematicians
‘are not satisfied with treating only the physi-
cally relevant case, but want to understand
where the modified scattering theory breaks
down, so literature has developed on scatter-
ing for potentials decaying more slowly than
Coulomb. I must confess that, while I recog-
nize the validity of this area, [ have not found
it especially attractive or interesting. When I
was starting out in the early 1970s, two other
bright, young mathematical physicists, Rick
Lavine (University of Rochester) and Jean
Michel Combes (University of Toulon),
separately proposed studying long-range
scattering using a mathematical discipline
called C*-algebras. Not only was the problem
of limited interest, but I was convinced that
this was the wrong approach to the problem.
So, being a brash young man at the time, I
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didn’t hesitate to tell both Lavine and
Combes that they were wasting their time. In
4 sense my opinion was correct: The C*-
algebra approach to the problem has not got-
ten very far, and there are now much better
ways of analyzing the problem. But for-
tunately Lavine and Combes didn’t listen to
me, because each of them ran into technical
problems that forced them to develop striking
new methods. Lavine’s ideas were a major
element in a key breakthrough by Eric
Mourre {CNRS Marseilles) in 1979. Interest-
ingly enough, while the methods of Lavine
and Combes seem to be unrelated, recent
work by Peter Perry, the Bantrell Research
Fellow in Mathematical Physics here at Cal-
tech (with Arne Jensen at the University of
Kentucky and Mourre) has shown an inti-
mate relation between Mourre’s descendent
of Lavine’s ideas and the Combes idea.

Combes’s ideas originally appeared as an
appendix to a paper on the C*-approach to
long-range scattering. After some reflection,
Combes decided to perform an appendec-
tomy and throw the patient away — his
paper never appeared, but he pursued the
appendix. In 1971 Combes published two
papers developing this approach: one with
Jean Aguilar (CNRS Marseilles) on the two-
body case, and one with Eric Balslev (Univer-
sity of Arhus) on the more subtle multiple-
particle case. The main result of this analysis
was a proof of the non-occurrence of a
mathematical pathology called singular con-
tinuous spectrum in atomic and some other
multiparticle quantum systems. Shortly
thereafter, in several papers, I exploited the
method to study resonances and, in particu-
lar, the mechanism whereby an embedded
bound state turns into a resonance. Then
quantum chemists and calculational atomic
physicists, led by John Nutall (University of
Western Ontario), got interested in the
method as a practical way of computing reso-
nances from first principles. Some of the
significant work on molecular resonance was
done by Bill McCurdy, now at Ohio State,
and Tom Resignio, now at Lawrence Berke-
ley Laboratory, who learned the method
while working (as graduate student and post-
doc respectively) in Professor of Theoretical
Chemistry Vince McKoy’s group here at
Caltech. :

As we shall see, the group of dilations
continued analytically plays a critical role in
the Aguilar-Balslev-Combes theory. Combes,
being French, dubbed the method “dilatation



analyticity,” later shortened to “dilation
analyticity.” The atomic physicists and quan-
tum chemists, not liking fancypants language,
called the method “complex scaling,” the
most common name now.

We begin by describing the idea for the
case of the hydrogen Hamiltonian,

H=—A—Iri""
whose spectrum has a continuous part

[Obm)S

and a discrete part, the eigenvalues at

-—%nfz (n=1,2...).

Under the scale transformation

r—e®r,

H goes into
H(0) = —e ®A-e 017171

This operator has a natural analytic continua-
tion to complex

0 =0 + in (on real).

What is the spectrum of H(08)? The continu-
ous spectrum should come from states near
infinity where 717! doesn’t count; that is, the
continuous spectrum should be that of

o AgHA

(this can be made precise by a theorem of
Weyl). Since this operator is just a multiple
of —A, its spectrum is just

{e726+g g in [0,00)) = {e2Mala in [0,%0)}.

Thus, as 1 varies, the continuous spectrum
moves away from the real axis. However, a
separate argument shows that the discrete
eigenvalues

R

1"

don’t move. As the continuous spectrum
swings down, new eigenvalues can appear,
but only out of the continuous spectrum. Put
differently, if n>0 is decreased to 0, any
eigenvalue of H(0) persists, except that if the
continuous spectrum hits them, they can be
gobbled up and disappear (the Pac Man
theory of resonances??). Clearly, one should
associate these new eigenvalues with reso-
nances. Such eigenvalues do not occur for
the hydrogen Hamiltonian, but for multiparti-
cle Coulomb Hamiltonians there is-a similar
theory: H=T+V, the kinetic and Coulomb
energy

-H(0) = T + 79V,

8
)

»n
3

The Spectrum of H(B)

(a) Discrete eigenvalues of H
(b) Thresholds of H

(c) Resonance eigenvalues

Now the continuous spectrum is in various
rays,

{t+e 2 gla in [0,00))

where t is a possible scattering threshold of
the system. Eigenvalues of H(6) do occur and
can be computed accurately by variational
methods. Moreover, this precise mathemati-
cal definition of resonance allows the rigorous
study of a wide variety of objects. For exam-
ple, I was able to prove the convergence of
time-dependent perturbation for Auger states,
and Evans Harrell (Georgia Tech) and 1,
using the extension of the theory to Stark
Hamiltonians (due to Ira Herbst of the
University of Virginia), were able to make the
Oppenheimer-Lanczos formula for the lead-
ing asymptotics of Stark resonances in hydro-
gen a mathematical theorem.

What then does the theory of Schrodinger
operators accomplish? There is an occasional
contribution to other parts of physics, espe-
cially in areas such as the theory of reso-
nances or the theory of random impurities,
where there are mathematical subtleties with
real physical significance. Also, there are
important spinoffs to mathematics. To name
two areas, operator theory, especially spectral
analysis, and the theory of path integrals have
been illuminated in significant ways during
the recent past by the theory of Schrodinger
operators. But in the end, there is the inter-
nal dynamic connected with intellectual
honesty — precisely what can and what can-
not be explained rigorously from first princi-
ples, starting with the basic formalism of non-
relativistic quantum mechanics? There
results a theory of great beauty with intimate
connection to a wide variety of aspects of
both mathematics and theoretical physics. O
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Human
Chromosomes

continued from page 14

Published in 1959, two of
Lejeune’s Down’s karyotypes
(before and afier ordering)
show the extra chromosome in
both the male (left) and
female.
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somal anomalies. But the cultures had been
no more than a month old before he obtained

“the karyotypes — too short a time, Lejeune

thought, for the aging phenomenon to occur.
More troubling to him was a recent paper by
Masuo Kodani, an American cytogeneticist
then working with the Atomic Bomb Casual-
ty Commission in Japan, claiming that in
some normal human beings the chromosome
number might be 47. If Kodani was correct,
then the “extra” chromosome Lejeune had
detected in his patients might not be extra at
all and might have nothing to do with
Down’s syndrome. In a lecture at McGill
University in September 1958, just after the
Tenth International Congress of Genetics, in
Montreal, Lejeune swallowed his doubts
enough to show the photographs of the three
Down’s karyotypes and advance his belief
that the cause of the syndrome was an extra
chromosome. His audience seemed for the
most part unconvinced.

After he returned to Paris, Lejeune pre-
pared karyotypes of cells from eight non-
Down’s patients at the Hospital Trousseau.
Each of the karyotypes showed 46 chromo-
somes. Though still somewhat anxious about
putting his Down’s results into print, he
finally published the work in the Comptes

Rendus of the French Academy of Sciences in

January 1959. In the same journal, in mid-
March, he reported the results of an examina-
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tion of nine Down’s karyotypes and argued
with greater confidence that the extra chro-
mosome was the cause of the syndrome.

In engLAND BY NOw, the crowding of Harper-
bury Hospital had eased enough to take the
bone-marrow sample from the Klinefelter’s
Down’s (Orlando J. Miller, a young Amercian
physician then on a Population Council fel-
lowship at the Galton Laboratory, dates the
event between March 19 and March 23,
1959.) Half the sample was sent to Ford at
Harwell, who recalls finding the extra Down’s
chromosome (plus, of course, the extra X for
the Klinefelter’s character) just two days after
hearing about Lejeune’s results, At the Gal-
ton, Miller and Ursula Mittwoch detected the
identical chromosomal anomaly in their half
of the bone-marrow sample. Additional
confirmation came from Edinburgh, where
Jacobs and her co-workers, also without
knowing about Lejeune, had begun to look at
the chromosomes of Down’s victims because
they tended to suffer from a high incidence of
leukemia. News of the Down’s results moved
the provost at University College London in
May to send Penrose a note: “It must be one
of the most important things that has, hap-
pened in genetical studies for a long time.”
And it was. Penrose remarked some months
later that the events of the past year -
amounted to'“a major breakthrough in the



science of human genetics,” adding that he
found “the photograph of the cell from the
man with two extra chromosomes from
which the intelligence level, the behavior and
sexual characters can be confidently
predicted, just about as astonishing as a pho-
tograph of the back of the moon.”

However, there was still doubt about the
nature of the extra Down’s chromosome.
Penrose thought that it was a member of a
trisomy — that is, the occurrence of one of
the 22 autosomal chromosomes as a triplet
rather than as a pair. Lejeune had not been
certain — and neither had the other investi-
gators — whether it was that or a super-
numerary chromosomal piece of unknown
origin. But within a year the abnormality was
demonstrated to be indeed a trisomy — of
the chromosome designated No. 21 by agree-
ment at a genetics conference in Denver,
Colorado, in April 1960. (The agreement
assigned numbers to the chromosomes in
order of descending size.)

Also in 1960, investigators in Sweden, in
addition to Polani and Ford, and Penrose and
others in England, concluded that a particular
form of this trisomy accounted for the small
number of cases of familial occurrence of
Down’s syndrome. It arose from the presence
in some people of what is called a transloca-
tion — 1in this case, the attachment of one of
the 21-chromosomes to the 14-chromosome.
If a gamete containing the 14-21 combination
plus the other 21-chromosome was passed on
to a fetus, the offspring would possess two
regular 21-chromosomes plus the 21 on the
No. 14. If a gamete transmitted the 21- and
14-chromosomes only in their hybrid form,
the child would be normal. But because
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these chromosomes were attached to each
other the child would be a carrier, and his or
her children would be at risk for trisomy-21.
The detection of the cause of “mongolism” in
such cellular accidents finished off — or
should have — its vestigial association with
some kind of atavism. Lejeune, Penrose, and
others publicly urged that the racially tinged
nomenclature of the condition be abandoned
in favor of different terms, including “Down’s
syndrome” or “trisomy-21.”

The sharp turn of events in human cyto-
genetics originated in different approaches —
particularly in the Cartesian rationalism of
Lejeune on the one side of the Channel and
British step-by-step empiricism on the other,
but they joined incandescently to light up a
vast unexplored region on the human cyto-
genetic map. Charles Ford had analyzed a
Turner’s bone-marrow sample sent him by
Polani and had reported in 1959 that, as
Polani suspected, Turner’s females were miss-
ing a second sex-chromosome. In 1960 other
birth defects were shown to result from chro-
mosomal anomalies, and it was demonstrated
that lymphocytes in the blood could be cul-
tured for karyotype analysis — a technical
advance that put human chromosomal stud-
ies within reach of any scientist or physician
who wanted to undertake them. Penrose
later remarked of the hereditary mechanism
that “the instructional errors, when single
genes are involved, are too small to be seen.
They are like mistakes made by an imaginary
printer whereas chromosome aberrations are
like the mistakes of a binder.” By the early
60s, human geneticists were equipped with
the cytogenetic techniques essential to seeing
the binder’s mistakes. O
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Research in Progress

Making Waves

N MARCH 27, 1964, the Great

Alaskan Earthquake, 8.5 on the
Richter scale, caused millions of dol-
lars in damage and over a hundred
deaths. Ninety-five percent of those
deaths resulted not from the earth-
quake itself, but from a series of devas-
tating waves — tsunamis — that prop-
agated throughout the Pacific Ocean,
causing death and destruction as far
away as Hawaii, Washington, Oregon,
and California.

Crescent City, California, 2,800
kilometers from the earthquake epi-
center, was given four hour’s notice of
the tsunami’s arrival. (Although these
waves travel through the open ocean at
600-900 kilometers per hour, some
warning is occasionally possible.) The
first two waves, just two meters high,
caused only minor damage. Believing
that all was clear, some residents
returned to begin cleaning up, only to
be met by waves three and four, each
about seven meters in height. These
waves tossed debris around the town
with remarkable force; one of them
hurled a gasoline tanker truck against
a building, starting a fire that spread to
a nearby group of fuel storage tanks,
which burned out of control for three
days. The tsunami killed 11 people in
Crescent City, injured 35, and de-
stroyed 30 city blocks.

No major tsunami has struck the
continental United States since that
time, so in order to study them Fredric
Raichlen, professor of civil engineer-
ing, has to make his own. Along with
his former students, Joseph Hammack,
Derek Goring, and Thierry Lepelletier,
and his current students, Costas Syno-
lakis and Jeff Zelt, Raichlen has con-
ducted a series of experiments in two
large wave tanks in which he can pro-
duce artificial tsunamis. He investi-
gates the characteristics of these waves
and the reactions of simulated harbors
and shorelines to their impacts.

According to Raichlen, the word
“tsunami” comes from the Japanese
for “harbor wave.” Scientists prefer
“tsunami” to the more common,
though inaccurate, term “tidal wave”
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since tsunamis have nothing to do
with the tides. Caused by earthquakes,
undersea volcanoes, landslides, or
other major geological disturbances,
most tsunamis are barely noticeable in
the open ocean. As swells only a
meter above the average sea level, even
the largest tsunamis would pass harm-
lessly under ocean-going vessels.

It’s only when a tsunami meets the
upwardly sloping ocean floor near an
island or continent that its power
becomes evident. Raichlen and Syno-
lakis are studying the process of the
run-up of these long waves onto
beaches. Using the wave tank shown
in the photo, they study three types of
waves: those that travel unbroken up
the beach, those that break before their
arrival at the beach, and those that
break on the beach itself.

As the Japanese word implies,
tsunamis cause great damage within
harbors. One would think that har-
bors with relatively narrow inlets
would have a fair chance of avoiding
tsunami damage. But it turns out that
even certain of these harbors sustain
huge amounts of damage from the
waves. This happens because the inlet
allows the tsunami’s energy into the
harbor, but then this energy has
difficulty escaping. These harbors may
actually be “tuned” to resonate at the
frequency of the tsunami, causing
waves to slosh back and forth in them
like coffee in a cup. Much of
Raichlen’s work is involved with
understanding this resonance.

Raichlen and student Jeff Zelt perform
experimental studies of harbor reso-
nance in a basin 9.6 meters long by
4.7 meters wide in which they bom-
bard simulated harbors with simulated
tsunamis. These experiments are use-
ful in developing three-dimensional
numerical models of harbor resonance.

Not all of Raichlen’s work deals
directly with tsunamis. Another of his
goals is to determine the internal
kinematics of breaking water waves.
For these studies, Raichlen and Jim
Skjelbreia have equipped the largest of
the wave tanks (a tilting one 40 meters

long, 110 centimeters wide, and 61
centimeters deep) with a laser doppler
velocimeter. This instrument allows
them to determine the speeds of
different regions of a breaking wave.
To do this, laser light is reflected from
naturally occurring tiny particles in the
water. The faster these particles move,
the more the frequency of the reflected
light will shift.

“Such measurements will be help-
ful in telling us how forces are distrib-
uted on a structure when waves
impinge upon it,” says Raichlen. And
the data will also be useful in deter-
mining whether a given structure can
be designed to withstand tsunamis, or
whether the structure will need to be
sited farther inland so that it never
becomes involved.

Another group of studies, in which
graduate student Francis Ting is
involved, deals with the interaction of
waves with underwater trenches. This



work is important for understanding
the aging of navigation channels. Says
Raichlen, “If you dredge a navigation
channel, and waves propagate over it,
you may get into some interesting
problems, especially if fine sediments
near the bottom turn the fluid into a
density-stratified one. Waves can set

At left Fredric Raichlen and his students watch as a wave crashes in their 37.7-meter-long
tank. From left, the students are Francis Ting, Costas Synolakis, and Jeff Zelt. The photo
at right has caught a wave just at the point of cresting.

up internal oscillations within a trench,
affecting fluid velocities near the boun-
daries and modifying erosion
processes.”

Raichlen receives funding for his
work from the National Science Foun-
dation and the Office of Naval
Research. 0 — RF

Fly Antibodies and Human Brains: A Marriage of Ideas

ALTECH RESEARCHERS have discovered

that our brains have more in com-
mon with the brains of fruit-flies than
was previously believed. Carol Miller,
a visiting associate in biology, has
tested a panel of 146 monoclonal anti-
bodies (MAbs) targeted at the Droso-
phila brain on fresh-frozen sections of
human brains and found, to her
surprise, that over half the MAbs
reacted, staining the tissue in interest-
ing and specific ways. This unexpected
finding is much more than a mere
laboratory curiosity. It may help
scientists understand the molecular
bases of several devastating neurologi-
cal disorders, among them Alzheimer’s
disease and amyotrophic lateral
sclerosis (ALS — also called Lou

Gehrig’s disease).

When she’s asked what possessed
her to try reacting Drosophila anti-
bodies with human brain tissue, Miller
answers, with a laugh, “Obviously, a
marriage of ideas!” For Miller, who's
also Chief of Neuropathology at USC,
is married to Seymour Benzer,
Caltech’s James G. Boswell Professor
of Neuroscience. In her study of
human brain disease, Miller was about
to embark on a lengthy and tedious
series of experiments designed eventu-
ally to lead to MAbs targeted at the
sub-classes of brain cells that these
diseases destroy. But Benzer already
had in hand his panel of MAbs tar-
geted at the brains of his famous fruit
flies. And Miller, noting similarities

between some Drosophila mutants and
some human brain disorders, decided
to give his MAbs a try.

No one, to Miller’s knowledge, had
ever before attempted extensive anti-
body cross-reactions between such dis-
tantly related species. And no one
expected such a large proportion of
“hits.” It’s not simply the number of
cross-reactions that’s surprising. All
living things contain many similar
molecules, a result of their common
evolutionary origins and the con-
straints imposed by our earthly
environment. Some of Benzer’s
MAbs, for example, bind to the nuclei
of all cells, even those belonging to
plants like onion and garlic. The
really surprising thing in Miller’s

29



One monoclonal antibody stains corresponding regions in (A) the human retina, (B) the mouse retina, and (C) the equivalent of the retina in
the fruit fly's eve. IPL and OPL are the inner and outer plexiform layers. Medulla and lamina are 6 and 8.

experiments is the extent of the specific
cross-reactivity. One Drosophila MADb,
for example, stains only a certain sub-
class of cells in the hippocampus, a
brain structure involved in memory
that receives heavy damage in
Alzheimer’s disease. Another reacts
preferentially with spinal cord motor
neurons, which degenerate in ALS.

Like most important scientific
discoveries, Miller’s prompts more
questions than it answers. For one
thing, the nature of the molecules —
the antigens — to which the antibodies
bind is unknown. Are they proteins,
glycoproteins, lipids, carbohydrates, or
some of each? Are Drosophila and
human antigens identical or nearly
identical, or are only portions of the
molecules similar? And what was the
evolutionary sequence of events? Is
the cross-reactivity the result of con-
vergent evolution in which similar
molecules arise from dissimilar ances-
tor molecules due to common
environmental constraints? Or is the
cross-reactivity the result of conserva-
tive evolution, in which a molecule is
simply too important in one certain
configuration to permit any evolution-
ary change, even over hundreds of mil-
lions of years?

To answer some of these questions,
Miller and postdoc David Hinton are
performing immuno-affinity chroma-
tography in an attempt at purifying
some of the antigens. In this tech-
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nique, an antibody is first bound to a
solid substrate in a column. Then
homogenized brain tissue is poured
through the column. The antigen
molecules adhere to the immobilized
antibodies and remain in the column
while everything else passes through.
Techniques such as amino acid
sequencing can then be used to iden-
tify the antigen.

According to some preliminary
data, one of these antigens is similar to
the protein that makes up the “paired
helical filaments,” which irreversibly
accumulate in, and eventually destroy,
neurons in the brains of those afflicted
with Alzheimer’s disease. This may
indicate that a related molecule resides
in the normal Drosophila brain,
encouraging Miller to believe that
important aspects of Alzheimer’s could
be modeled in the fruit fly. This is
particularly significant since to date no
satisfactory animal model of Alz-
heimer’s disease has been devised.

Miller and Hinton, along with
Janet Blanks of the Doheny Eye Insti-
tute at USC Medical Center, are also
working on a theoretical scheme
intended to classify cross-species
immunoreactivity in a hierarchical
fashion by comparing the eyes of Dro-
sophila and Homo sapiens. At the
apex of the hierarchy would be
antigens found only in a single cell in
a single species. At its base would be
those antigens found in all cells in all

species. Intermediate levels of the
hierarchy would, for example, group
all antigens found in specific neuronal
subtypes or all antigens found just in
the central nervous system and
nowhere else.

Obtaining fresh human brain tissue
is one of the more problematic aspects
of Miller’s work. While animal brains
can be obtained immediately after
death, it is far more difficult to obtain
human tissue quickly after a patient’s
demise. In addition, brains can’t be
preserved for these studies by the usual
methods, since fixation in formal-
dehyde or related compounds destroys
the reactivity of the antigens with the
MAbs. Miller is in a position to
ameliorate such difficulties, however,
since she’s in close touch with the
pathology department’s autopsy unit.
In this way, she can occasionally
obtain human brains that have been
fresh-frozen less than six hours after
death, a remarkably short interval for
human tissue. Miller’s research takes a
lot of effort but it will all be worth-
while if it leads to a deeper under-
standing of these devastating brain
disorders.

Miller’s work is funded by the
Amyotrophic Lateral Sclerosis Society
of America, the Muscular Dystrophy
Association, and the National Insti-
tutes of Health. Benzer’s is funded by
the National Science Foundation. O
— RF



Price Waterhouse
Is Known For lis
Larger Clients But...

...we have a distinctive way of working with
smaller business entrepreneurs...it’s called
CPS...our comprehensive professional
service approach. Thousands of smaller
organizations have already called us in to
discover the advantages of Price Waterhouse
and CPS. This service takes an entrepreneur-
ial approach based on a careful analysis of
critical business success and survival factors.

Like keeping your body trim and fit,
and taking care to have medical examina-
tions, CPS gives your business a complete
check-up and continually suggests ways that
will help you grow and prosper.

CPS is an exclusive Price Waterhouse
service concept based on smaller business
needs and delivered by intensively trained
professionals.

CPS professionals will help you:

[] Minimize your taxes—both business and

personal; [] Improve the management and
financial usefulness of your financial
statements by having an audit or review;

[] Enhance your profitability by developing
management information including profit
and loss and cash flow projections and
break-even analyses; [ | Make major
business decisions using an experienced
outside generalist as a sounding board,;

[J Develop a business plan and obtain
financing; [] Secure assessments of your
controls and your information delivery
systems to aid in directing your business;
LI Go public—if you so desire; [ Get
government help.

So, if you are a smaller company,
consider CPS—Price Waterhouse’s compre-
hensive professional service for smaller
businesses and entrepreneurs.

We can help you.
You can get to know us better by just
writing for our guides on getting
government help or financing your
business. Or subscribe to our free
smaller business newsletter.

PRICE WATERHOUSE
CPS.

Donald Rappaport
National Director of Smaller
Business Services

1801 K Street, N.W.
Washington, D.C. 20006

Please send me:

[ Business Review Newsletter.
[J Financing Your Business—85.
[J Getting Government Help—3$5.

NAME

TITLE

COMPANY

ADDRESS

CITY/STATE/ZIP

E&S5



Opinion

Shirley M. Hufstedler

The Owens Valley Radio Observatory’s
millimeter interferometer was dedi-
cated before a crowd of 200 guests
Saturday, May 4. Consisting of three
10.4-meter antennas acting as a single
large radio telescope, the extremely
precise instrument will produce high-
resolution images at millimeter
wavelengths, a new region of the spec-
trum for astronomical observation.
One of the interferometer’s principal
targets will be the clouds of gas and
dust in which stars are born, regions
that are opaque to visible and ultra-
violet radiation.

Caltech President Marvin Gold-
berger, Anthony Readhead, OVRO
director and professor of radio astron-
omy, and Laura Bautz, director of the
National Science Foundation’s Divi-
sion of Astronomical Sciences, spoke at
the ceremony.

The Honorable Shirley Hufstedler,
Sformer U. S. Court of Appeals judge
and the first Secretary of Education,
formally dedicated the interferometer
on behalf of the Caltech Board of
Trustees by unveiling a commemora-
tive plaque. Before doing so she gave
the following address.
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Im rr unusually fitting that instru-
ments of this quality and elegance
should be placed in this setting.

One of the things that I believe is
the most impressive about this extraor-
dinary project is the talent and the
cooperation that made it possible. Let
us realize that this instrumentation can
take the ingenuity and reach and ima-
gination of mind and stretch it for bil-
lions of years. Let us know that we
can see the birth and death of stars
while standing here. Let us realize that
it is not only the people who have
been singled out for special mention
today (and they should be), but all of
the people that made it possible for
those people to work together.

How many generations of teachers
of science produced the scientists who
produced this great work? How many
people whose eyes gazed in the sky so
very long ago with the most primitive
of instruments caused people to think
in the way that made this kind of
innovation possible?

Let us remember that the National
Science Foundation is supported by
taxpayers. It was created by thought-
ful people, and it exists because there
are enough human beings in this coun-
try who know how great science can
be when it is left to do the most con-
structive things.

Let us remember how many crafts-
men came here to help. Roads had to
be built to this place. People in the
town of Bishop had to care. People in
this community have to know what
these instruments mean and how, in
the best of scientific worlds, we now

have seen what human talent and
cooperation can be. Remember, we
have linked institutions. We have
linked governments. We have linked
the private sector. We have thereby
forged a chain of human institutions
and responsibilities that permit us to
have this great vision into the vastness,
the magnificence, and the terror that is
the universe.

All the time at OVRO there are
people who mind this facility and who
care about it, who maintain the gritty
things that have to be done — like the
roads. But they also maintain these
extraordinary instruments. There are
people here observing all the time.
Here we have six telescopes operated
365 days a year, accurately beyond all
imagining to my non-scientific mind.
Here we have people who are listening
around the clock. We have people
who are cooperating with others all
over the world who are doing the same
thing, thereby expanding the knowl-
edge of all humankind.

Think of how wonderful it would
be if we could turn the attention of the
world to projects ever more construc-
tive like this. Humankind has the
power to create, but it has the power
to destroy. Let us be joyful that we
can celebrate the power to create on a
beautiful day, bringing together all the
talent that is here.

It is a very great honor on behalf
of the Board of Trustees of Caltech, to
dedicate the millimeter interferometer
to the service of world knowledge of
cosmology. O



o The Travel Program Of |
Alumni Flights Abroad

This is a private travel program especially planned for the alumni of Harvard, Yale, Princeton and certain other
distinguished universities. Designed for the educated and intelligent traveler, it is specifically planned for the petson
who might normally prefer to travel independently, visiting distant lands and regions where it is advantageous to travel
as a group. The itineraries follow a carefully planned pace which offers a more comprehensive and rewarding manner of
travel, and the programs mclude great civilizations, beautiful scenery and important sights in diverse and interesting
portions of the world:

TREASURES OF ANTIQUITY': The treasures of classical antiquity in Greece and Asia Minor and the Aegean Isles,
from the actual ruins of Troy and the capital of the Hittites at Hattusas to the great city-states such as Athens and Sparta
and to cities conquered by Alexander the Great (16 to 38 days). VALLEY OF THE NILE: An unusually careful survey
of ancient Egypt that unfolds the art, the history and the achievements of one of the most remarkable civilizations the
wotld has ever known (19 days). MEDITERRANEAN ODYSSEY: The sites of antiquity in the western Mediterra-
nean, from Carthage and the Roman cities of Notth Africa to the surprising ancient Gteek tuins on the island of Sicily,
together with the island of Malta (23 days).

EXPEDITION TO NEW GUINEA: The primitive stone-age cultute of Papua-New Guinea, from the spectacular
Highlands to the tribes of the Sepik River and the Karawari, as well as the Baining tribes on the island of New Britain
(22 days). The SOUTH PACIFIC: a magnificent journey through the ‘‘down under’’ world of New Zealand and
Australia, including the Southern Alps, the New Zealand Fiords, Tasmania, the Great Barrier Reef, the Australian OQut-
back, and a host of other sights. 28 days, plus optional visits to South Seas islands such as Fiji and Tahiti.

INDIA, CENTRAL ASIA AND THE HIMALAYAS: The romantic wotld of the Moghul Empire and a far-reaching
group of sights, ranging from the Khyber Pass and the Taj Mahal to lavish forts and palaces and the snow-capped
Himalayas of Kashmir and Nepal (26 or 31 days). SOUTH OF BOMBAY: The unique and different world of south
India and Sri Lanka (Ceylon) that offers ancient civilizations and works of art, palaces and celebrated temples, historic
cities, and magnificent beaches and lush tropical lagoons and canals (23 or 31 days). :

THE ORIENT: The serene beauty of ancient and modern Japan explored in depth, together with the classic sights and
civilizations of southeast Asia (30 days). BEYOND THE JAVA SEA: A different perspective of Asia, from headhunter
villages in the jungle of Borneo and Batak tribal villages in Sumatra to the ancient civilizations of Ceylon and ‘the
thousand-year-old temples of central Java (34 days).

EAST AFRICA AND THE SEYCHELLES: A superb program of safaris in the great wilderness areas of Kenya and Tan-
zania and with the beautiful scenery and unusual birds and vegetation of the islands of the Seychelles (14 to 32 days).

DISCOVERIES IN THE SOUTH: An unusual program that offers cruising among the islands of the Galapagos, the
jungle of the Amazon, and astonishing ancient civilizations of the Andes and the southern desert of Peru (12 to 36 days),
and SOUTH AMERICA, which covers the continent from the ancient sites and Spanish colonial cities of the Andes to
Buenos Aires, the spectacular Iguassu Falls, Rio de Janeiro, and the futuristic city of Brasilia (23 days).

In addition to these far-reaching surveys, there is a special program entitled ““EUROPE REVISITED, ’’ which is design-
ed to offer a new perspective for those who have already visited Europe in the past and who are already familiar with the
major cities such as London, Paris and Rome. Included are medieval and Roman sites and the civilizations, cuisine and
vineyards of BURGUNDY AND PROVENCE; medieval towns and eities, ancient abbeys in the Pyrenees and the
astonishing prehistoric cave art of SOUTHWEST FRANCE; the heritage of NORTHERN ITALY, with Milan, Lake
Como, Verona, Mantua, Vicenza, the villas of Palladio, Padua, Bologna, Ravenna and Venice; a survey of the works of
Rembrandt, Rubens, Van Dyck, Vermeer, Brueghel and other old masters, together with historic towns and cities in
. HOLLAND AND FLANDERS: and a seties of unusual j journeys to the heritage of WALES, SCOTLAND AND
ENGLAND. :

Prices range from $2,225 to $5,895. Fully descriptive brochures are available, giving the itineraries in complete detail. For

further information, please contact:
Alumni Flights Abroad

Dept. CT 13
‘A.F.A. Plaza, 425 Cherry Street

Bedford Hills, New York 10507
TOLL FREE 1-800-AFA-8700
N.Y. State (914) 241-0111
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® GNP LoUDSPEAKERS ® GRACE ® GRADO ® IBM ® KIMBER KABLE ® KLYNE ® KYOCERA ® LAST

¢ LEADING EDGE ® LIVEWIRE ® MOBILE FIDELITY ® MONSTER CABLE ® NAD ® NakamicHl ® NEC

® NITTY GRITTY ® ORACLE ® PERREAUX ® PROTON ® PS AUDIO ® REFERENCE ® SHEFFIELD LABS
e SHERWOOD ® SOFTSEL ® STAX ® SUMIKO ® TDK & MORE.
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INGREDIBLE \
DISCOUNTS

TO THE

CALTECH

COMMUNITY!




