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THE OUTSTANDING PROBLEMS OF
RELATIVITY!

IT was in January, 1914, that Einstein? made his
great departure from the Newtonian doctrine of
gravitation by abandoning the idea that the gravita-
tional potential is sealar. The thirteen eventful years
which have passed since then have seen the rapid
development of the new theory, which is called gen-
eral relativity, and the confirmation by astronomers
and astrophysicists of its predictions regarding the
bending of light rays by the sun and the displacement
of spectral lines. At the same time a number of new
problems have arisen in connection with it; and per-
haps the time has now ecome to review the whole situa-

" tion and to indicate where there is need for further

investigation.

Speaking from this chair I may perhaps be per-
mitted to recall that my first experience of the British
Association was as one of the secretaries of Section A
nearly thirty years ago; and that my secretarial duties
brought me the privilege of an introduction to the
distinguished mathematical physicist, Professor G. F.
FitzGerald, of Dublin, who was a regular and prom-
inent member of the section until his death in 1901.
FitzGerald had long held an opinion which he ex-
pressed in 1894 in the words “Gravity is probably due
to a change of structure of the ether, produced by the
presence of matter.”® Perhaps this is the best de-
seription of Einstein’s theory that can be given in a
single sentence in the language of the older physies:
at any rate it indicates the three salient principles,
firstly, that gravity is not a force acting at a distance,
but an effect due to the modification of space (or, as
FitzGerald would say, of the ether) in the immediate
neighborhood of the body acted on; secondly, that this
modification is propagated from point to point of
space, being ultimately ,connected in a definite way
with the presence of material bodies; and thirdly, that
the modification is not necessarily of a scalar char-
acter. The mention of the ether would be criticized
by many people to-day as something out of date and
explicable only by the circumstance that FitzGerald
4was writing thirty-three years ago; but even.this criti-
cism will not be universal; for Wiechert and his fol-

1 Address before Section A—Mathematical and Phys-
ical Sciences—the British Association for the Advance-
ment of Science, Leeds, 1927.

2 Zeits. f. Math. . Phys. 63 (1914), p. 215.

3 FitzGerald’s Scientific Writings, p. 313.
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lowers have actually combined the old ether theory
with ideas resembling Einstein’s by the hypothesis
that gravitational potential is an expression of what
we may call the specific inductive capacity and per-
meability of the ether, these qualities being affected
by the presence of gravitating bodies. :Assuming that
matter is electrical in its nature, it is inferred that
matter will be attracted to places of greater dielectric
constant. It seems possible that something of this
sort was what FitzGerald had in mind.

Let us now consider some of the consequences of
Einstein’s theory. One of the first of them is that
when a planet moves round a central attracting body
in a nearly circular orbit, the perihelion of the orbit
advances by (approximately) 6mv?/,, in each revolu-
tion, where v is the planet’s velocity and ¢ is the
velocity of light. This gives for the motion of the
perihelion of Mercury almost exactly the amount (42”
per century) which is found from observation. An-
other consequence is that light-rays which pass near
a massive body are deflected, the bending at the sun’s
limb being 1”7-75. This was confirmed observationally
by the British expeditions to the eclipse of May, 1919,
and still more decisively by the Lick Observatory ex-
pedition to the Australian eclipse of September, 1922:
the Lick observers found for the shift 17-72 %= 0”11,
which differs from Einstein’s predicted value by much
less than its estimated probable error. Yet another
result of general relativity is that, by the principle
of equivalence, light which reaches us from a place
of different gravitational potential (such as the sun)
must exhibit a kind of Doppler effect. This “gravita-
tional shift of the solar spectral lines” is now gen-
erally admitted to be confirmed by comparisons of
wave-lengths at the center of the sun’s dise with wave-
lengths from the are in vacuo; and in 1925 the effect
was observed, on a much larger scale, by W. S. Adams
in the spectrum of the companion of Sirius.

Besides the effects which have been verified observa-
tionally there are many consequences of Einstein’s
theory which are of interest as opening up new fields
or presenting new interrelations of phenomena in
astronomy and physies. For instance, there is a con-
tribution to the precession of the equinoxes which, un-
like ordinary precession, does not depend on the
oblateness of the earth. Again, the bending of the
rays of light near a gravitating body, which has been
observed in the case of the sun and the eompanion of
Sirius, may, theoretically at any rate, be so pro-
nounced that the ray is permanently captured by the
attracting body, and describes forever a track round
and round it, which approaches spirally and asymp-
totically to a circle whose center is at the center of
gravitation. Yet another deduction is that an elec-
trified body, or a single electron, which is at rest in
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a varying gravitational field, must emit radiation.
Indeed, now that a definite connection has been set up
between electricity and gravitation, the whole of
electromagnetic theory must be rewritten.

As a further illustration of the (as yet) unexplored
possibilities of the new physies, let us consider the
well-known equations for the potential of Newtonian
gravitation, namely Laplace’s equation

82V 8V eV
B T T

in space where there is no matter, and Poisson’s
equation

¥y BV ev_
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in space where matter of density ¢ is present. In
general relativity, when the field is statical, these are
replaced by an equation

3
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where A,V is the Beltrami’s second differential pa-
rameter for the form ds? = Za,;;; dz; da;, which specifies
the line-element in the three-dimensional space, T
is the energy-tensor, and N is the velocity of light at
the point. This equation reduces to Laplace’s equa-
tion in one extreme ease (when no matter or energy
is present at the point) and to Poisson’s equation in
another extreme case (when the energy is entirely
in the form of ordinary matter), but it offers an
infinite variety of possibilities intermediate between
the two, in which energy is present but not in the
form of ordinary matter. It is possible that this
equation, which evidently suggests an approach to
the new wave-mechanics, may play as important a
part in the microphysics and astrophysics of the
future as the equations of Laplace and Poisson have
played in the ordinary physics of the past.

Let us take another consequence of the new theory.
Consider the field due to a single gravitating particle.
Take any plane through the particle, and in this plane
draw the family of concentric circles, whose center is
at the particle. The length of the circumference of
these cireles will, of course, diminish as we take circles
nearer to the center: and at one place we shall have
a circle whose circumference is of length

4nBM/c?
where B is the Newtonian constant of attraction, M is
the mass of the particle in grams, and ¢ is the velocity
of light in empty space. When we arrive at this circle
we find that the element of length directed radially
towards the center is infinite: that is to say, the space
within the circle is impenetrable. Every gravitating
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particle has a ring-fence around it, within which no
other body ean approach.

It will be noticed that in all that I have said I have
used the ordinary language of three-dimensional phys-
ical space, and have avoided mention of that four-
dimensional world of space-time which looms so
largely in most expositions of relativity. The reason
is that I have been speaking only of phenomena be-
longing to the statical class, i.e., those for which the
field does not vary with the time: and for such phe-
nomena, as Levi-Civita showed in a famous paper on
the Rendiconti dei Lincei of 1917, the four-dimensional
problem ean be reduced to a three-dimensional one of
the same kind as physicists have been accustomed to
deal with. It may be consoling to those who distrust
their own powers of doing research in four dimensions
to know that in general relativity there are enough
important unsolved problems of the statical type, for
which ecapacity in three dimensions is sufficient to
keep all the investigators of the world busy for at
least another generation. '

It is interesting to see how these new three-dimen-
siona] problems differ from those of the older physies.
Taking as an example a small particle moving in a
statical field in general relativity, we find that the
motion is determined by Lagrangian differential
equations

8L\ b
d( L)--Ii=0 (r=1, 2, 3)

at\dz, dz,

just as in the classical dynamies: but L is not now a
simple difference of terms of the “kinetic energy”
and “potential energy” types. It shows the sound
instinet of the creators of the old dynamics that they
almost always studied the equations without making
the assumption that L consists of terms of kinetic
and potential type: and thus their discoveries remain
perfectly valid in the dynamies of general relativity.
The fundamental researches of Einstein and Hil-
bert, with the discovery of the field equations of gravi-
tation, were published in 1915. At that time German
scientific journals did not reach this country regularly,
and British physicists and mathematicians were mostly
occupied in one way or another with duties arising
out of the great war; so that comparatively little
notice was taken of the new theory on this side of the
North Sea during the first year or two of its existence,
and indeed it was not until the end of the war that
most of us had any opportunity of studying it. In
Germany, however, it was quickly realized that general
relativity was one of the most profound and far-reach-
ing contributions that had ever been made to science.
Its successful prediction of new phenomena of a most
unexpected kind was an event of the first importance,
but still more significant was its complete subversion
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of the foundations of physics and reconstruction of
the whole subject on a new basis. From time im-
memorial the physicist and the pure mathematician
had worked on a certain agreement as to the shares
which they were respectively to take in the study of
nature. The mathematician was to come first and
analyze the properties of space and time, building up
the primary science of geometry; then, when the stage
had thus been prepared, the physicist was to come
along with the dramatis persons—material bodies,
magnets, electric charges, light and so forth—and
the play was to begin. But in Einstein’s revolution-
ary conception, the characters created the stage as
they walked about on it: geometry was no longer
antecedent to physies, but indissolubly fused with it
into a single discipline. The properties of space, in
general relativity, depend on the material bodies that
are present; Euclidean geometry is deposed from its
old position of priority and from acceptance as a
valid representation of space; indeed its whole spirit
is declared to be alien to that of modern physies, for
it attempts to set up relations between points which
are at a finite distance apart, and thus is essentially
an action-at-a-distance theory; and in the new world
no direct relations exist at all except between elements
that are eontiguous to each other.

The scheme of general relativity, as put forward by
Einstein in 1915, met with some criticism as regards
the unsatisfactory position occupied in it by electrical
phenomena. While gravitation was completely fused
with metrie, so that the notion of a mechanical force
on ponderable bodies due to gravitation attraction was
completely abolished, the notion of a mechanical force
acting on electrified or magnetized bodies placed in an
electric or magnetic field still persisted as in the old
This seemed to be an imperfection, and it
was felt that sooner or later everything, including
electromagnetism, would be reinterpreted and rep-
resented in some way as consequences of the pure
geometry of space and time. In 1918 Weyl proposed
to effect this by rebuilding geometry once more on a
new foundation, which we must now examine.

Weyl fixed attention in the first place on the “light-

_cone,” or aggregate of directions issuing from a world-

point P, in which light-signals can go out from it.
The light-cone separates those world-points which can
be affected by happenings at P, from those points
whose happenings can affect P; it, so to speak, sepa-
rates past from future, and therefore lies at the basis
of physics. Now the light-cone is represented by the
equation ds? = 0, where ds is the element of proper
time, and Weyl argued that this equation, rather than
the quantity ds? itself, must be taken as the starting-
point of the subject; in other words, it is the ratios
of the ten coefficients g,, in ds?, and not the actual




226

values of these coefficients, which are to be taken as
determined by our most fundamental physical experi-
ences. Following up this prineiple, he devised a geom-
etry more general than the Riemannian geometry
which had been adopted by Einstein: instead of being
specified, like the Riemannian geometry, by a single
quadratic differential form

2 9pgdrpda,
7,9

it is specified by a quadratic differential form
2.9 pgtdxyda,

»,q

and a linear differential form Z¢,dx, together. The
p

coefficients g,, of the quadratic form can be inter-
preted, as in Einstein’s theory, as the potentials of
gravitation, while the four coefficients @, of the linear
form can be interpreted as the scalar-potential and
the three components of the vector-potential in Max-
well’s electromagnetic theory. Thus Weyl succeeded
in exhibiting both gravitation and electricity as effects
of the metric of the world.

The enlargement of geometrical ideas thus achieved
was soon followed by still wider extensions of the
same character, due to Eddington, Schouten, Wirt-
inger and others. From the point of view of the
geometer, they constituted striking and valuable ad-
vances in his subject, and they seemed to offer an
attractive prospect to the physicist of combining the
whole of our knowledge of the material universe into
a single unified theory. The working out of the vari-
ous possible alternative schemes for identifying these
more general geometries with physics has been the
chief occupation of relativists during the last nine
years. Many ingenious proposals and adaptations
have been published, and more than one author has
triumphantly announced that at last the problem has
been solved. But I do not think that any of the
theories can be regarded as satisfactory, and within
the last year or two a note of doubt has been percep-
tible; were we after all on the right track? At last
Einstein himself* has made up his mind and renounced
the whole movement. The present position, then, is

that the years 1918-1926 have been spent chiefly in,

researches which, while they have contributed greatly
to the progress of geometry, have been on altogether
wrong lines so far as physies is concerned, and we
have now to go back to the pre-1918 position and
make a fresh start, with the definite conviction that
the geometry of space-time is Riemannian.

Granting then this fundamental understanding, we
have now to inquire into the axiomatics of the theory.
This part of the subject has received less attention in

4 Math. Amn. 97 (1926), p. 99.
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our country than elsewhere, perhaps because of the
more or less accidental circumstance that the most
prominent and distinguished exponents of relativity
in England happened to be men whose work lay in the
field of physics and astronomy rather than in mathe-
maties, and who were not specially interested in ques-
tions of logic and rigor. It is, however, evidently of
the highest importance that we should know exactly
what assumptions must be made in order to deduce
our equations, especially since the subject is still in a
rather fluid condition, and there is a possibility of
effecting some substantial improvement in it by a par-
tial reconstruction of the foundations.

What we want to do, then, is to set forth the axio-
matics of general relativity in the same form as we
have been accustomed to give to the axiomatics of any
other kind of geometry—that is, to enunciate the
primitive or undefined concepts, then the definitions,
the axioms, and the existence-theorems, and lastly the
deductions. In the course of the work we must prove
that the axioms are compatible with each other, and
that no one of them is superfluous.

The usual way of introducing relativity is to talk
about measuring-rods and clocks. This is, I think, a
very natural and proper way of introducing the doc-
trine known as “special relativity,” which grew out
of FitzGerald’s hypothesis of the contraction of mov-
ing bodies, and was first clearly stated by Poincaré in
1904, and further developed by Einstein in 1905. But
general relativity, which came ten years later, is a
very different theory. In general relativity there are
no such things as rigid bodies—that is, bodies for
which the mutual distance of every pair of particles
remains unaltered when the body moves in the gravi-
tational field. That being so, it seems desirable to
avoid everything akin to a rigid body—such, for ex-
ample, as measuring-rods or clocks—when we are lay-
ing down the axioms of the subject. The axioms
should obviously deal only with the simplest constitu-
ents of the universe. Now if one of my clocks or
watches goes wrong, I don’t venture to try and mend
it myself, but take it to a professional clockmaker,
and even he is not always wholly successful, which
seems to me to indicate that a clock is not one of the
simplest constituents of the universe. Some of the
expounders of relativity have recognized the existence
of this difficulty, and have tried to turn it by giving
up the ordinary material clock with its elaborate
mechanism, and putting forward in its place what
they call an atomie clock; by which they mean a sin-
gle atom in a gas, emitting light of definite frequency.
Unfortunately the atom is apparently quite as com-
plicated in its working as a material clock, perhaps
more so, and is less understood; and the statement
that the frequency is the same under all conditions,
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whatever is happening to the atom, is (whether true
or not) a highly complex assumption which could
searcely be used in an axiomatie treatment of the sub-
ject until it has been dissected into a considerable
number of elementary axioms, some of them perhaps
of a disputable character.

It seems to me that we should abandon measuring-
rods and accurate clocks altogether, and begin with
something more primitive. Let us then take any sys-
tem of reference for events—a network of points to
each of which three numbers are assigned—which can
serve as spatial coordinates, and a number indicating
the succession of events at each point to serve as a
temporal coordinate. Let us now refer to this eoordi-
nate system, the paths which are traced by infinitesi-
mal particles moving freely in the gravitational field.
Then it is one of the fundamental assumptions of the
theory that these paths are the geodesies belonging to
a certain quadratic differential form

29 pgdzyd,.
9,q

The truth or falsity of this assumption may, in theory
at any rate, be tested by observation, since if the paths
are geodesics they must satisfy certain purely geo-
metrical conditions, and whether they do or not is a
question to be settled by experience.

Granting for the present that the paths do satisfy
these conditions, let us inquire if a knowledge of the
paths or geodesies is sufficient to enable us to deter-

mine the quadratic form. The answer to this is in’

the negative, as may easily be seen if we consider for
a moment the non-Euclidean geometry defined by a
Cayley-Klein metric in three-dimensional space. In
the Cayley-Klein geometry the geodesics are the
straight lines of the space; but a knowledge of this
fact is not sufficient to determine the metrie, since the
absolute may be any arbitrary quadrie surface.

In order to determine the quadratic form in gen-
eral relativity we must then be furnished with some
information besides the knowledge of the paths of
material particles. It is sufficient, as Levi-Civita has
remarked, that we should be given the null geodesics,
i.e., the geodesies along which the quadratic form van-
ishes. In the Cayley-Klein geometry these are the
tangents to the absolute; in general relativity they
are simply the tracks of rays of light.

So from our knowledge of the paths of material
particles and the tracks of rays of light we can con-
struet the quadratic form

2 gpedydag
»,q

and then we are ready for the next great axiom,
namely, Einstein’s principle of covariance, that “the
laws of nature must be represented by equations
which are covariantive for the quadratic form
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»,q
with respect to all point-transformations of coordi-
nates.”

The theory is now fairly launched and I need not:
describe its axiomatic development further. The
point I wish specially to make is that in the above
treatment there has been no mention either of length
or of time: neither measuring-rod nor clock has been
introduced in any way. We have left open the ques-
tion whether the quadratic form does or does not rep-
resent anything which can be given directly by mea-
suring-rods and clocks. For my own part I ineline
to think that the notions of length of material bodies,
and time of clocks, are really rather complex notions
which do not normally occur in the early chapters of
axiomatic physics. The results of the ether-drift
experiments of D. C. Miller at Mount Wilson in 1925,
if confirmed, would seem to indicate that the geometry
which is based on rigid measuring-rods is actually
different from the geometry which is based on geo-
desices and light-rays.

The actual laws of nature are most naturally de-
rived, it seems to me, from the Minimum Prineiple
enunciated in 1915 by Hilbert, that “all physical hap-
penings (gravitational, electrical, ete.) in the Universe
are determined by a scalar world-function ﬁ being, in
fact, such as to annul the variation of the integral

S § S dz,de,du,de,”

This principle is the grand eulmination of the move-
ment begun 2,000 years ago by Hero of Alexandria
with his discovery that reflected light meets the mirror
at a point such that the total path between the source
of light and the eye is the shortest possible. In the
seventeenth cenfury Hero’s theorem was generalized
by Fermat into his “Principle of Least Time” that
“Nature always acts by the shortest course,” which
suffices for the solution of all problems in geometrical
optics. A hundred years later this was further ex-
tended by Maupertuis, Euler and Lagrange into a
general principle of “Least Action” of dynamieal sys-
tems, and in 1834 Hamilton formulated his famous
principle which was found to be capable of reducing
all the known laws of nature—gravitational, dynami-
cal and electrical—to a representation as minimum-
problems. )

Hilbert’s minimum principle in general relativity is
a direct application of Hamilton’s prineiple, in which
the contribution made by gravitation is the integral
of the Riemann scalar curvature. Thus gravitation
acts so as to make the total amount of the curvature
of space-time a minimum: or as we may say, gravita-
tion simply represents a continual effort of the uni-
verse to straighten itself owt. This is .general relativ-
ity in a single sentence.
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I have already explained that the curvature of
space-time at any point at any instant depends on
the physical events that are taking place there: in
statical systems, where we can consider space of three
dimensions separately from time, the mean curvature
(i.e., the sum of the three principal curvatures) of
the space at any point is proportional to the energy-
density at the point. Since, then, the curvature of
space is wholly governed by physical phenomena, the
suggestion presents itself that the metric of space-
time may be determined wholly by the masses and
energy present in the universe, so that space-time can
not exist at all except in so far as it is due to the
existence of matter., This doctrine, which is substan-
tially due to Mach, was adopted in 1917 by Einstein,
and has led to some interesting developments. The
point at issue may be illustrated by the following con-
crete problem: if all matter were annihilated except
one particle which is to be used as a test-body, would
this particle have inertia or not? The view of Mach
and Einstein is that it would not; and in support of
this view it may be urged that, according to the dedue-
tions of general relativity, the inertia of a body is
increased when it is in the neighborhood of other large
masses ; it seems needless, therefore, to postulate other
sources of inertia, and simplest to suppose that all
inertia is due to the presence of other masses. When
we confront this hypothesis with the facts of observa-
tion, however, it seems clear that the masses of whose
existence we know—the solar systems, stars, and
nebulae—are insufficient to confer on terrestrial bodies
the inertia which they actually possess; and therefore
if Mach’s principle were adopted, it would be neces-
sary to postulate the existence of enormous quantities
of matter in the universe which have not been detected
by astronomieal observation, and which are called into
being simply in order to account for inertia in other
bodies. This is, after all, no better than regarding
some part of inertia as intrinsie.

Under the influence of Mach’s doctrine, Einstein
made an important modification of the field-equations
of gravitation. He now objected to his original equa-
tions of 1915 on the ground that they possessed a
solution even when the universe was supposed void of
matter, and he added a term—the ‘“cosmological
term” as it is called—with the idea of making such
a solution impossible. After a time it was found that
the new term did not do what it had been intended
to do, for the modified field-equations still possessed
a solution—the celebrated “De Sitter World”—even
when no matter was present; but the De Sitter world
was found to be so excellent an addition to the theory
that it was adopted permanently, and with it of course
the cosmological term in the field-equations; so that
this term has been retained for exactly the opposite
reason to that for which it was originally introduced.

SCIENCE

[Vor. LXVI, No. 1706

The “De Sitter World” is simply the universe as it
would be if all minor irregularities were smoothed
out: just as when we say that the earth is a spheroid,
we mean that the earth would be a spheroid if all
mountains were leveled and valleys filled up. In the
case of the De Sitter universe the leveling is a more
formidable operation, since we have to smooth out the
earth, the sun, and all the heavenly bodies, and reduce
the world to a complete uniformity. But after all,
only a very small fraction of the cosmos is occupied
by material bodies; and it is interesting to inquire
what space-time as a whole is like when we simply
ignore them.

The answer is, as we should expect, that it is a
manifold of constant curvature. This means that it
is isotropic (7.e., the Riemann curvature is the same
for all orientations at the same point), and is also
homogeneous. As a matter of faect, there is a well-
known theorem that any manifold which is isotropic
in this sense is necessarily also homogeneous, so that
the two properties are connected. A manifold of con-
stant curvature is a projective manifold, i.e., ordinary
projective geometry is valid in it when we regard
geodesics as straight lines; and it is possible to move
about in it any system of points, discrete or continu-
ous, rigidly, i.e., so that the mutual distances are un-
altered.

The simplest example of a manifold of constant
curvature is the surface of a sphere in ordinary three-
dimensional Eueclidean space; and the easiest way of
constructing a model of the De Sitter world is to
take a pseudo-Euclidean manifold of five dimensions
in which the line-element is specified by the equation

—ds? =da® + dy? + dz? — du? + dv?

and in this manifold to consider the four-dimensional
pseudosphere whose equation is

2?2+ y?+ 22 —u?+v2=R2%
The pseudospherical world thus defined has a constant
Riemannian measure of curvature—1/R2.

The De Sitter world may be regarded from a
slightly different standpoint as having a Cayley-Klein
metrie, governed by an absolute whose equation in
four-dimensional homogeneous coordinates is

2+ Y2+ ~u+02=0

where u is time. Hyperplanes which do not intersect
the absolute are spatial, so spatial measurements are
elliptie, 7.e., the three-dimensional world of space has
the same kind of geometry as the surface of a sphere,
differing from it only in being three-dimensional in-
stead of two-dimensional. In such a geometry there
is a natural unit of length, namely, the length of the
complete straight line, just as on the surface of a
sphere there is a natural unit of length, namely, the
length of a complete great circle.
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We are thus brought to the question of the dimen-
sions of the universe: what is the length of the com-
plete straight line, the circuit of all space? The
answer must be furnished by astrophysical observa-
tions, interpreted by a proposition which belongs to
the theory of De Sitter’s world, namely, that the lines
of the spectrum of a very distant star should be sys-
tematically displaced; the amount of displacement is
proportional to the ratio of the distance of the star
from the observer to the constant radius of curvature
R of the universe. In attempting to obtain the value
of R from this formula we meet with many difficul-
ties: the effect is entangled with the ordinary Doppler
effect due to the radial velocity of the star; it could
in any case only be of appreciable magnitude with
the most distant objects; and there is the most serious
difference of opinion among astronomers as to what
the distance of these objects really is. Within the
last twelve months the distance of the spiral nebula
M 33 Trianguli has been estimated by Dr. Hubble, of
the Mount Wilson Observatory, at 857,000 light-years,
and by Dr. Perrine, the director of the Cordoba
‘Observatory, at only 30,000 light-years; and there is
. similar uncertainty of many thousands per cent. in
Tegard to all other very remote objects. Under these
circumstances we hesitate to assign a definite length
for the radius of curvature of the universe; but it is
mmillions of light-years, though probably not greater
than about a hundred millions. The curvature of
‘space at any particular place due to the general curva-
‘ture of the universe is therefore quite small compared
1o the curvature which may be imposed on it locally
by the presence of energy. By a strong magnetic field
‘we can produce a curvature with a radius of only 100
light-years, and of course in the presence of matter
the curvature is far stronger still. So the universe is
like the earth, on which the local curvature of hills
and valleys is far greater than the general curvature
«of the terrestrial globe.

In concluding these remarks I ought perhaps to
apologize for having said nothing about the relation
.of general relativity to the new wave-mechanics. My
excuse must be that, at the request of the secretary
-of the.British Association, this address was sent to
‘the printer many weeks before the meeting; and the
wave-mechanics is developing so rapidly that, as one
.eminent worker has declared, anything printed is
«pso facto out of date.

E. T. WHITTAKER

‘CHARLES FULLER BAKER—A SKETCH

CuARLES FUrLLER BAKER, scientist, collector and
‘pioneer, is dead—conquered on the very eve of the
release which his indomitable will had long promised
:a harassed body. The doctors scarcely said whether it
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was malignant malaria or amoebic dysentery or tuber-
culosis to which he succumbed at last.

Five or six years ago, when I knew him as well as
most men ever came to know him, Baker was living in
a bamboo “bahai” on the outskirts of the dank little
village of Los Bafios, forty miles south of Manila.

There, in his' two rooms among the tops of palm
trees, with the stench of his neighbors’ pigs and cara-
baos floating up through the cracks in his floor, he
made additions to his superb collections of insects and
fungi, and “thanked the Lord daily” for the ships
which brought him letters from scores of unseen, un-
known friends who had come to know and revere his
solitary work as a scientist.

Though he was then only a little over fifty years,
fever and a hundred tropic diseases had wasted his
body and parched his skin, so that he looked more
than seventy—very white of hair and intense of eye.

Baker lived apart from the faculty of the College of
Agriculture of which he was dean. Between him and
most of us was an intangible though not unfriendly
something which kept him from knowing the men
intimately. Perhaps he found some compensation in
the pioneer conditions, which, under earlier Wisconsin
skies, had stirred the blood of his father, living there
among the natives, cared for only by a Japanese ser-
vant and his wife, eooling his water in a swinging
earthen jar and writing his innumerable letters.

At any rate, few persons knew when intense pain
made agony of his nights, or whether despair ever
killed the stoic courage in his eyes. Once, when I
learned he was suffering from one of his recurrent
attacks, I climbed the ladder-stairs of his shack and
entered the gloom of his large single room. He was
lying on a narrow rattan couch, very wizened, very
pale, and yet very fierce in the still, dark heat.

“Buenos Dios, senor,” he greeted me gaily, without
moving. I urged him to let us care for him, but it
was obvious that that day at least he could not be
moved.

The next noon he sent a note:

“You are placing before me a fine temptation to be
sick. . . . You probably don’t know that you are also
tempting me to go back on one of my most cherished
prineiples, not to give up, or to resign myself to con-
ditions until the Angel Gabriel blows his horn.”

After a week he was up once more, riding behind
the gray nag along the blazing three miles of road to
the college, and greeting natives and Americans alike
with his sweeping, faintly mocking friendliness.

Baker virtually built the Philippine College of
Agriculture. He fought for the appropriations which
kept it going; he sought eagerly for a faculty fired by
a kindred zeal to his own, for using the tropics as a
great laboratory in which to enrich human knowledge.




