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SUMMARY

The mathematical formula, by which Einstein calculated his predicted deflection of 1".75
for light rays passing the edge of the sun, is a well known and simple formula of physical op-
tics. In this formula he substituted an hypothetical "retardation" of light in its passage
through a gravitational field; and this purely theoretical retardation is the sole new concept
involved in the prediction. Not a single one of the fundamental concepts of varying time, of
warped or twisted space, of simultaneity, or of the relativity of motion is in any way involved
in Einstein's prediction of, or formulas for the deflection of light. The many and elaborate
eclipse expeditions have, therefore, been given a fictitious importance. Their results can neither
prove, nor disprove the relativity theory: at the best their results can prove that light is
retarded by gravitational action, and is retarded by a certain definite amount.

But the actual results of the eclipse expeditions do not even prove this. Not a single ex-
pedition, so far reporting, has made use of effective checks or controls for eliminating the effects
of temperature upon their instruments, or for determining the possible effects of abnormal at-
mospheric conditions during the eclipse. And further not a single party has made a syste-
matic study of all the data obtaiped. In the South American eclipse of 1919 less than 15% of
the actual measured data wag used in obtaining the announced results: in the Australian e-
clipse of 1922 only about 50% of the data was used. All non-radial components of the actual
measures were discarded as "accidental errors." The radial components were then forced
into a semblance of "exact accord with the requirements of the Einstein theory" through an
assumption written into the methods and formulas of reduction: an assumption for which
there is not the slightest observational evidence. In fact the only evidence available-the
evidence furnished by independent check fields photographed on the eclipse plates-would
seem to show that this basic assumption is utterly wrong.

The actual stellar displacements, if real, do not show the slightest resemblance to the pre-
dicted Einstein deflections: they do not agree in direction, in size, or in the rate of decrease
with distance from the sun.

GENERAL STATEMENT

In 1911 Einstein' revived the suggestion of Sir Isaac Newton that
"Bodies act upon Light at a Distance," and predicted that the gravita-
tional action of the sun would deflect a ray, passing near its edge, by
some 0".83 seconds of arc. General interest was aroused by his pointing
out a definite method of experimentally testing this claim, or prediction.
This proposed test involved the use of stars visible near the sun during

* Text of a paper presented at the annual meeting of the Optical Society, Ithaca, N. Y.,
October 25, 1929, as part of a Symposium on "Experimental Data Bearing on the Theory of
Relativity." In publishing this paper, the Optical Society wishes to take no part in the argu-
ments pro and con relative to Einstein's Theory.-Ed.

1 Einstein: Ober den Einfluss der Schwerkraft auf die Ausbreitung des Lichies. Anna-
len der Physik, 35; 1911.
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the few moments of a total solar eclipse, and resulted in the first one of
the now many celebrated eclipse expeditions. This first expedition was
planned to observe the 1914 eclipse in Russia; but unfortunately the
War intervened.

In 1916 Einstein2 revised his theory and his calculations and stated
that the deflection should be 1".70 seconds of arc. But neither in his
mathematical paper, nor in his popular works on Relativity, has he
ever explained clearly and simply the reasons for this changed pre-
diction, nor has he ever specifically stated the exact postulate, or pos-
tulates of relativity involved in his idea of bent light. All of these theo-
retical questions have been left in a state of confusion, with many con-
tradictory claims and assertions. In his popular exposition of the sub-
ject Einstein in 19203 appears to claim that part of the expected de-
flection is caused by the "gravitational attraction" of the sun, and part
by warped and twisted space. Eddington in 1920 states4 that the entire
deflection is due to the "weight of light"; and Trumpler 5 in 1923 specif-
ically claims that the deflection is entirely due to gravitation, but that
gravitation follows "Einstein's law instead of Newton's" The reports
of the many eclipse expeditions do not help this situation. The astrono-
mers in charge of the various parties do not seem to have investigated
this theoretical side of the matter, nor to have made any attempt to
discover what their costly expeditions might or might not prove as to
the law of gravitation, the effect of gravitation upon light, or as to the
many concepts and assumptions of relativity.

All of this confusion may be cleared up by an examination and com-
parison of Einstein's original papers. This was done in 1926 by Poor,"
who reprinted Einstein's formulas of 1911 and 1916 and showed the
basic assumptions involved in the predicted deflection of light. That
these particular formulas were actually used by Einstein in his calcula-
tions was confirmed by Trumpler 7 in 1929, who, however, called atten-
tion to a numerical error in Poor's paper. From these two papers it

2 Einstein: Die Grundlage der allgemeinen Relativitdtstheorie. Annalen der Physik, 49; 1916.
' Einstein: Relativity: the Special and General Theory. Translated by R. W. Lawson,

1920. Appendix III, page 153.
4 Eddington: Space, Time, and Gravitation. 1920.
5 Trumpler: Historical Note on the Problem of Light Deflection in the Sun's Gravitational

Field. Astronomical Society of the Pacific: XXXV, No. 206; August, 1923.
6 Poor: The Relativity of Deflection of Light. ournal of the Royal Astronomical Society

of Canada; July-August, 1927.
7 Trumpler: Relativity Deflection of Light: Astronomical Society of the Pacific, 41, No.

239; February, 1929,
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is now clearly established that in Einstein's formulas and calculations
there is no trace of non-Euclidean geometry, or curvature of space.
The basic formula, used by Einstein, is the ordinary differential for-
mula of physical optics for the rotation of a wave-front in terms of the
change in the velocity of the wave. This formula depends upon and
involves the wave theory for the transmission of light. This simple and
every-day formula was used in connection with an assumed retarda-
tional effect of gravitation upon the actual speed of light in and through
space. This assumed retardational effect is the sole assumption, or
postulate involved in Einstein's prediction that rays of light will be
deflected as they pass the eclipsed sun.

Einstein has given two different formulas for this hypothetical effect
of gravitation upon the speed of light. The formula of 1911 made the
speed of the ray depend solely upon its momentary distance from the
sun, and made this speed decrease as the ray approached nearer and
nearer the gravitational body. This supposed effect of gravitation upon
light is, thus, the direct reverse of its known effect upon matter. Grava-
tation accelerates matter: according to Einstein, it retards light. A
particle of matter falling towards the sun, falls faster and faster: a
ray of light moving directly towards the sun travels, according to rela-
tivity, more and more slowly. At the center of the sun, the speed of the
falling particle would be infinite, the speed of light, zero. In 1916
Einstein introduced an additional factor into his formula, and made the
actual speed of the ray depend upon the direction in which it is travel-
ing. The introduction of this direction factor is the sole difference be-
tween the assumptions of 1911 and 1916, and is the direct cause of
changing the prediction from the original 0".83 to the final "General
Relativity" value of 1".75.

In his "Report" in 1918 Eddington8 introduced a new formula for
this supposed retardation of light by gravitation. Under the plea that
"it is inconvenient to have the velocity of light vary with direction"
he substituted a formula containing the factor 2, and which made the
retardation, in all directions, exactly double that of Einstein's original
1911 formula. This formula of Eddington, however, cannot be derived
from Einstein's fundamental concepts, or assumptions, and, through
its factor 2, it has caused endless confusion and distusgion. Trumpler's
1929 paper clears up the situation and shows clearly that while the two

8 Eddington: Report on the Relativity Theory of Gravitation. The Physical Society of
London; 1918.
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formulas, Einstein's and Eddington's, give identically the same re-
sults for the total deflection from infinity to infinity, yet the paths of
the rays in the immediate vicinity of the sun are radically different.
To an observer on the earth a ray of light from a distant star, passing
the edge of the sun, would be deflected by the same amount, whether
Eddington's or Einstein's formula be correct: but to an observer on
an hypothetical planet in the outer fringes of the Corona the difference
would be marked.

The many and elaborate eclipse expeditions, therefore, have been
given a fictitious importance. Their results, even if they be "in exact
accord with the requirements of the Einstein theory" cannot prove the
relativity theory; they cannot even prove the correctness of Einstein's
formula for light retardation. Not a single one of the fundamental con-
cepts of varying times, of warped and twisted space, of simultaneity,
or of the relativity of motion is in any way involved in Einstein's
prediction of, or formulas for the deflection of light. The sole concept
of Einstein in these measurements and formulas is that of an hypothet-
ical "retardation" of light in its passage through a gravitational field.
At the best these eclipse results can prove the fact of such retardation,
and can prove that a ray is retarded by a certain definite amount.
These eclipse results cannot show anything in regard to the cause of
the retardation; they cannot distinguish between different theories and
formulas, which give identically the same results for the observed de-
flections.

Now in pure theory the eclipse method, suggested by Einstein for
detecting possible light deflections, is very simple: in practice it is
extremely difficult and is beset by many sources of error. Two photo-
graphs are taken: one during the eclipse showing the stars in the
immediate vicinity of the sun; the other, taken at night, showing the
same group of stars as they appear unaffected by the presence of the sun.
A comparison of such two photographs, it was hoped, would show the
presence or absence of deflections, or displacements in the positions of
the stars on the eclipse plates. But a direct comparison of the two
plates is impossible, for the positions of the star images on both plates
are affected by many instrumental and physical conditions: by con-
ditions inherent in the photographic process, by instrumental defects,
and by varying atmospheric conditions. Some idea of the instrumental
difficulties involved may be gathered by the mere statement that the
night photographs of the Lick Observatory Expedition were taken in
May at Tahiti; that the instruments were dismounted, transported
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to Western Australia and the eclipse photographs taken in the latter
part of September.

THE PHOTOGRAPHIC METHOD

The fundamental property of a photograph of a star group, or por-
tion of the heavens is, that it is a projection of the celestial sphere from
the optical center of the lens upon the plane of the photographic film.
Any great circle in the sphere is projected into a straight line on the
plate; and any straight line on the plate corresponds to a great circle
of the celestial sphere. This projection is not mathematically exact,
for the lens, camera, and plate are all subject to defects inherent in
all physical apparatus; and the position of each stellar image is affected
by atmospheric refraction and aberration. Omitting for a moment these
purely astronomical factors, the problem, which faces an astronomer,
is that of converting straight line measures on the photographic plate
into their corresponding equivalents in the, heavens. It is a compara-
tively simple matter to put the plate into a measuring machine, equipped
with microscopes and micrometer scales, and to measure the rectangu-
lar coordinates of each image in terms of millimeters and in reference to
some arbitrary origin, or center. But it is by no means a simple matter
to transform these plate measures into the corresponding celestial
coordinates and to find the exact positions of the stars in the heavens.

The optical axis of the lens furnishes the reference points both on
the plate and in the heavens. The point in the heavens towards which
this axis is directed is the origin to which all stellar measures must be
reduced; while the center of the plate is the point on the film cut by a
perpendicular from the optical center. If the plate be exactly perpen-
dicular to the axis of the lens, then the center of the plate directly
corresponds to the standard point of reference in the heavens. If not,
an instrumental error is introduced into all the measures. Further this
center of the plate is entirely unmarked and unknown; the actual meas-
ures being made in reference to some arbitrary zero point. These plate
measures must, therefore, be corrected for this difference between the
arbitrary zero point and the true center of the plate, and for all instru-
mental errors, and errors of plate adjustment, both in the telescope and
in the measuring machine. These corrections are made through the use
of "plate constants," so called because they are the same, or constant
for a given plate and for a given set of measures of that plate. And
after these corrections are made, the millimeter measures of the plate
must be transformed into the equivalent angular measurement (degrees,
minutes, and seconds) of the heavens.
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This last transformation requires a knowledge of the most important
of all plate constants. This is the scale of the plate, or the number of
seconds of arc in the heavens represented by one (1) millimeter on the
plate. This scale depends upon the exact distance of the surface of the
plate from the optical center of the lens. While this distance is approxi-
mately known, it can never be directly measured or determined. The
focal length of a lens varies, and is extremely sensitive to temperature
differences. The tube of the telescope expands and contracts, and no
two plate holders can be made exactly alike. Further no two plates are
of the same thickness, so that the surfaces of two plates, exposed within
a few moments of each other, may be at different distances from the
optical center of the lens; and, thus, the scales of the two plates may
be different. In cameras, such as were used by many of the eclipse ex-
peditions, a change in focal length of only one-half (0.5) millimeter
would change the scale sufficiently to give a star three (30) degrees
from the center of the plate an apparent displacement of nearly one
(1".0) second of arc. Direct measurements of focal lengths cannot be
made with this necessary degree of accuracy, and so, there is no possible
way of determining the scale of a plate except from the star images
upon it.

This holds true for all the plate constants: they must be found from
the star images on the plate itself. The true, rectangular coordinates
(X, Y) of any star, as expressed in arc, are connected with the mea-
sured plate coordinates (x, y) by linear equations of the general form:

X=a+bx+cy
Y= a'+b'x+c'y

where a, b, c, and a', b', c' are the various plate constants, including the
scale value. In general there are six constants, as shown; but this num-
ber may vary with the requirements of the particular problem. Now,
if there are three stars on the plate whose positions in the heavens are
accurately known, then for these three stars one knows, or can cal-
culate accurately the values of the measured coordinates (x, y) and of
the standard coordinates (X, Y). When these special values are sub-
stituted in the above general equations, one then has six simple linear
equations involving the six unknown constants. From these six equa-
tions the values of the six constants (a, b, c, a', b', c') can be found by
simple algebraic processes. If more than three stars are accurately
known, values of the constants can be found from the resulting eight,
ten, twenty, or more similar equations by the method of least squares.
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The use of many known stars in this manner eliminates accidental
errors of measurement, and gives the best, or most probable values for
the plate constants.

When extreme accuracy is required and all possible sources of error
are to be eliminated, then more plate constants must be used. This
is especially the case where wide-angled lenses are used and distances
from the optical center become relatively great. For in such cases
terms of the second and third orders may be appreciable. The use of
six and eight constants is usual. In some of the reductions of the Lick
Observatory plates taken with the 15-foot cameras twelve (12) con-
stants were used; and in the corresponding reductions with the wide-
angled 5-foot cameras twenty (20) constants were used. In such cases
the labor of making the least square solutions becomes enormous.

When for any plate these constants, 4, 10, or 20, have been deter-
mined from measurements of known stars, then they may be used to
find, from the measured coordinates, the exact position of some un-
known body, or of a star whose position had never before been accurate-
ly determined. It should be perfectly clear, however, that these "plate
constants".cannot be found from stars whose positions are not accurately
known, or from stars which are subject to some unknown and undeter-
mined displacement. It is this very difficulty which has confronted the
various eclipse parties. The stars photographed during the eclipse
cannot legitimately be used to determine these plate constants, es-
pecially the scale value. For it is the very essence of the problem that
the positions of these stars are "unknown." This fact is now, many
years after the eclipse photographs were taken, clearly recognized,
and has been admitted by Trumpler in these words:'

The scale of the eclipse field photographs is necessarily linked together with the light de-
flections; the two cannot be separated unless some assumption is made concerning the law to
which the light deflections are related to the star's angular distance from the sun's center.

Various methods have been suggested for overcoming this fundament-
al difficulty, but no satisfactory method has yet been used by the vari-
ous eclipse parties. The methods actually used in determining these
constants will be explained in the discussion of the results of the differ-
ent parties. And upon the validity of such methods depends the value
of their announced results.

The standard method, heretofore used for all photographic work,

9 Trumpler: "Observations made with a Pair of Five-Foot Cameras on the Light-
Deflections in the Sun's Gravitational Field at the Total Solar Eclipse of September 21,
1922," Lick Observatory Bulletin, No. 397; 1928, page 137.
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would thus require the measuring of each plate separately, the deter-
mination of the plate constants, and then the calculation of the standard
celestial coordinates of each star. Such coordinates of each star, as

determined from the night plate, could then be compared with the
similar coordinates as shown by the eclipse plate; and the displacement,
or deflection directly determined. This regular, standard method, how-
ever, would require an immense amount of labor. Not only would each

plate have to be separately measured, but each plate would require
long, tedious least square solutions. In order to simplify and shorten this

work, the English astronomers, in 1919, devised a method of measuring
and reducing their photographs by indirectly superimposing one plate

upon the other, and by measuring the differences in positions of the

corresponding images of the same star on the night and eclipse plates.

This indirect method involved the use of a special photograph, R, of
the star group taken at night with the plate reversed, so that the light

passed through the glass of the plate before reaching the film.
The two regular negatives, the night plate, N, and the eclipse plate

E, can only be superimposed film to glass. And, in this position with

the thickness of the glass between the two films, the relative positions
of the star images would be affected by the distortion effects of the

glass plate. This difficulty was overcome by the use of the special plate,

R. This plate could be placed in contact with any one of the regular
night or eclipse plates, film to film; and when so placed the images of

the same star on the two plates would appear very close together. The
small distances between the corresponding images could be measured
with extreme accuracy. The images on this special plate, of course, were

not in their normal positions, for the light in passing through the glass
would be bent from its normal course. But this was of no real impor-

tance, for this special plate merely provided a convenient point of re-

ference near each star, to which could be referred the images on each

and all the plates in turn.
The process was first to clamp the regular night plate, N, to the ref-

erence plate, R, in such a way that the pairs of images were reasonably

close together all over the plate. The relative positions of the images,
NR, in each pair were then measured; the measures being made in the

X and Y coordinates. After these measures were completed, the refer-
ence plate, R, was clamped, film to film, to the regular eclipse plate, E,
and again adjusted so that the new pairs of images were close together.

The differences in position of these pairs, ER, were then measured.

From these two sets of measures the relative position of the eclipse-
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image of any star to the corresponding night image could be then di-
rectly determined by subtraction, by the difference:

ER-NR
This indirect method gives with extreme accuracy the shift of each
individual image from night plate to eclipse plate, but it does not give
the actual coordinates of the various stars. But for the investigation
of possible light deflections, the actual coordinates are not necessary;
and this method gives all required data with a minimum of labor.

The results of such measures give the difference in coordinates, Ax
and Ay, for each star in passing from the night plate to the eclipse plate.
The result is the same as though the two plates had been superimposed
and these differences measured directly. This is shown in the accom-
panying figure in which the displacements, however, are purely imagi-
nary and are enlarged many thousands of times. The large dots repre-
sent the positions of a number of imaginary stars on the night plate:

FIG. 1. The measured displacements. Through this indirect method the eclipse plate is prac-
tically superimposed on the night plate, and the difference in coordinates (Ax, Ay) of each star are
measured. The large dots represent the stars on the night plate: the small dots the corresponding
images on the eclipse plates. These measured differences are subject to many instrumental and theo-
retical corrections; and all such corrections must be applied before anything can be determined as
to possible light deflections.

the small dots represent the positions of the same stars on the eclipse
plate, on which may also be seen the Corona extending out beyond the
edge of the Moon. These differences, Ax and Ay, vary radically for the
different stars on the plates, and they appear to vary in a more or less
haphazard manner. This is due to the fact that the centers of the plates
do not exactly coincide, and to the further fact that the images on the
two plates are differently affected by many instrumental and theoretical
errors and corrections.

Omitting the purely astronomical corrections for refraction, aberra-
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tion, proper motion and stellar parallax, these measured differences,
Ax, Ay, between the eclipse and night plates are affected by the following
instrumental errors inherent in the photographic method:

a. Scale differences of the two plates. The night and eclipse plates
are taken at different localities, at different seasons of the year, and
under radically different atmospheric conditions. The "scales" of the
two plates will most certainly be different, and this difference of scales
will affect the measured displacement of each star. All the images on
one plate will appear radially displaced in reference to the correspond-
ing images on the other plate. And the more the scales differ, the greater
will appear this radial shift.

b. Different inclinations of the two plates to the optical axis of the
telescope.

c. Optical distortions of the lens system. These distortions may be
quite large for the wide-angled lenses used by the eclipse parties. While
they depend mainly upon the position of the individual star in the
field, and thus tend to be the same for both plates, yet they also
depend upon various instrumental adjustments of lens and plate, and
may thus cause a residual effect upon the measures.

d. Inaccurate centering of the two plates during measurement. The
centers of the two plates are unmarked and unknown, and in the process
of clamping these plates to the reference plate there will be introduced
an unknown offset between the two centers. The effect of this offset is
the same for all the stars.

e. Inaccurate orientation of the two plates during measurement. In
the process of clamping the two plates to the reference plate, it will
always happen that one is twisted a little in reference to the other. This
twist throws all the images of one plate to the right or to the left of
those on the other, but it affects the different stars in varying amounts.
The shift is proportional to the distance of the image from the center
of the plate: the outer images are shifted the most; the inner ones the
least.

Now all these instrumental errors and effects due to the method of
measuring the plates must be calculated for each star, and the meas-
ured Ax and Ay corrected for such errors and effects before any study can
be made as to whether or not these images indicate anything in regard
to possible light deflections. These corrections all depend upon the
so-called plate constants, or more correctly upon the "differences" of
the plate constants. These constants, it has been pointed out, cannot be
found by any independent calculations or measures: they can only be
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derived from stellar images of known stars on the plates themselves.
And similarly, the "differences" of the constants, which are necessary
for the reductions in this shortened method, can only be found from
measured Ax's and Ay's. But it is self evident that the Ax's and Ay's
used in the determination of these constants must themselves be accur-
ately known, or be subject only to accidental errors of observation.
These constants cannot be determined from the images of stars whose
positions are unknown, or which are subject to some unknown and
undetermined displacement. The stars of the eclipse field, the stars sup-
posedly subject to the Einstein light deflections, cannot legitimately be
used to determine these constants. To do so, is to write the Einstein de-
flection into the formulas of reduction, and to assume the existence of
the very effect that the entire expedition was organized to search for.

ASTRONOMICAL CORRECTIONS AND SOURCES OF ERROR

In addition to the difficulties inherent in the photographic method
of determining star positions and displacements, there are several as-
tronomical complications in the eclipse method, which may introduce
serious errors. The most important of these are:

1. Differences in the effect of atmospheric refraction on the two
photographs.

The sought for stellar displacements are of the second order as regards
the theoretical, or tabular corrections for ordinary atmospheric refrac-
tion. The effect of refraction, as is well known, is to raise the apparent
position of every star; is to make each star appear nearer the zenith of
the observer than it really is. The amount of this shift is greater for
stars near the horizon than for those higher up. The stars on the photo-
graphic plates are at varying distances from the zenith, and their
images, therefore, will be differently affected by this atmospheric
refraction. The average displacement of all the stars on a plate of the
Australian Eclipse Expedition, for example, was some 33" of arc; and
the differential refraction, or the difference between the refraction for
the center of the plate and for any stellar image, was approximately
1".30 of arc for each degree (1°) of distance from the center. That is,
for a star 3 away from the sun and near the top or bottom of a plate
taken with the 15-foot cameras of the expedition, the measured dis-
tance from the center would be about 4".0 of arc too small; for a star 8°
away from the sun, as photographed with the 5-foot cameras, this
theoretical refraction correction would be over 10'of arc. This is over
one hundred (100) times the sought for Einstein displacement of such
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stars. Thus an error on only one (1%) per cent in calculating the re-
fraction correction would completely change the supposed displacement
of the more distant stars.

From the way in which the photographic plates were measured and
reduced, it is evident that each measured Ax and Ay must be corrected
for the difference in refractive effects on the night and day plates.
These refractions are calculated from standard tables, which have been
developed through many years of exact astronomical observations.
The amount of the refraction in any particular case, as given by these
tables, depends not only upon the position of the star relative to the
zenith, but upon the momentary conditions of the atmosphere as evi-

denced by the temperature and barometric pressure. The change in
refraction with varying temperature is more important that that cor-

responding to barometric fluctuations. The refraction changes mater-

ially with the temperature of the atmosphere; increasing as the tem-
perature falls. For stars 80 away from the center of an eclipse plate,

this increase in the differential refraction would be about 0".01 of arc

for each 10F drop in temperature. The use, therefore, in the tabular

calculations of a temperature, which does not correctly represent the

actual temperature of the free air at the moment of observation, may
introduce a fictitious displacement of the stellar image directly com-
parable with the supposed Einstein deflections.

But a greater difficulty faces the astronomer. These theoretical re-
fraction tables are based entirely upon stellar observations made during

night time; upon observations selected to represent typical night condi-
tions of standard temperatures and barometric pressures. And during
the night time temperature distributions in the atmosphere are radically

different form what they are during the day. The general average

diminution of temperature with height near the ground, day and night,

taking the whole year round is not far from 6'.5C per kilometer. During

the day time this diminution is much more rapid; while at night it is

much less, and may even, for small altitudes, be changed to an actual

increase. Now the refraction is not greatly influenced by changes in the

temperature of the atmosphere near the ground; but is dependent upon

temperatures at considerable heights from the surface of the earth.

These temperatures of the higher atmosphere cannot be directly meas-

ured at the time of each observation: they must be inferred from the

temperatures measured on the surface of the earth. A ground tempera-

ture of 80° at midnight, however, represents quite a different tempera-

ture at several thousand feet altitude, than does the same 800 registered
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on the same thermometer at midday. As the temperature corrections
of all standard refraction tables are based upon night conditions, and
upon the average night diminution of temperature with altitude, it is
clear that these tables will not ordinarily give correct results for day
observations.

Now in the eclipse method one of the photographs is taken at night,
the other in the-day time, and the refraction corrections for the same
star, for the same zenith distance, and for the same readings of barom-
eter and thermometer, may be and probably are quite different for
the two photographs. Yet the corrections, as taken from the standard
tables, would be identically the same. The use of tables, derived for
night observations, for the reduction of day time observations intro-
duced unknown errors, which may or may not be large enough to com-
pletely mask the sought for deflections. All of this has been known for
years; but, as no standard tables have been derived for daylight obser-
vations, the various eclipse parties disregarded this great source of error,
and reduced both their day and night plates by the same theoretical
tables of refraction.

Possibly one of the clearest statements in regard to this difference of
refractions between day and night is contained in a recent paper by R.
H. Tucker of the Lick Observatory, who states:10

"There is a well established change in the vertical refraction between day and night, at
this station, which amounts to O".5 tan.Z.D. This change takes place near the epochs of sun-
set and sunrise."

This change is slightly more than one (1%) per cent of the tabular
refraction; and, if correct, would introduce an error of practically 0".05
of arc in the supposed positions of stars 30 away from the center of the
eclipse plate. This is one-third (1/3) of the supposed Einstein deflection
at this point.

2. Abnormal refractions, in the earth's atmosphere due to the passage
of the eclipse shadow.

As has been noted all tables of refraction give theoretical refractions
for normal night distributions of temperature and pressures. These
tables do not give correct results for ordinary day observations, even
when the atmosphere is apparently normal. During the moments of a
total solar eclipse, the atmospheric conditions are very abnormal. The
heat of the sun is almost instantly withdrawn from the column of air
over the observing station; the temperature drops suddenly, and atmos-

10 Tucker: Errors of Time Determination. Astronomical Society of the Pacific; 373 No.
219; October, 1925,
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pheric disturbances and currents may be set up. Such abnormal condi-
tions of the atmosphere may well give rise to abnormal refractions, to
refractions in azimuth as well as to refractions in altitude. And such
abnormalities can neither be computed or allowed for.

The effects of such abnormal refractions, if they exist, would be
shown by the observed displacements of the stars on the eclipse plate
in reference to those on the night plate. The deflections would not be
radial; they would vary in direction for stars in different portions of
the field, and the size and directions of such deflections should change
with the passage of the shadow over the observering station: "exposures
during the first part of totality should give different results from those
taken at the middle or towards the end of totality.""

3. Differences in the effects of aberration and proper motion.
Aberration is a shift in the apparent position of the stars due to the

motion of the earth, and such shift is, therefore, different at the different
seasons of the year. This theoretical effect can be calculated by stand-
ard methods.

The actual positions of the stars in the heavens may change during
the six months period which must elapse between the taking of the two
photographs. This shift is the so-called proper motion of the stars, and,
if it is known for a star, its effects can be calculated and allowed for.

4. The so-called "yearly," or Courvoisier refraction.
This is an apparent displacement of all stars away from the sun,

which has been found by meridian observations. A general empirical
formula has been developed which appears to give satisfactory results
for stars situated at some distance from the sun; but no independent
observations are available for testing the correctness of this formula in
the immediate vicinity of the sun.

5. Possible refractions in the Corona and in an extended solar atmos-
phere.

Such refractions, if they exist, would be of a similar character to the
predicted Einstein displacements, and would be practically indistin-
guishable therefrom. It has been assumed by relativists and by the as-
tronomers of eclipse expeditions that the density of the Corona is so
small as to make these refractive effects negligible.

CHECKS AND CONTROLS

Many practical suggestions have been made to eliminate, or to con-
trol some one or more of these sources of error. Such suggestions include

11 Trumpler: Lick Observatory Bulletin, No 397, page 157.
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the use of res6aus and check fields photographed on the eclipse plate
to control film distortions, plate constants, and instrumental errors;
include the use of very short exposures of the Moon on the eclipse plate
to check abnormal refractions, and to determine the point on the path
of the ray at which the observed displacements occur. The earlier expe-
ditions did not use any of these checks or controls; and their results are
of no real value. This applies especially to the well-known British
expedition in 1919, the results of which were hailed as furnishing a com-
plete proof of the entire Einstein theory. Not only were no controls
used, but the instrumental equipment of this expedition was unsuitable,
assymmetric, and easily deformed by unavoidable temperature changes.
Instruments of the British type had been condemned as worthless for
purposes of exact measurement in the reports of the transit of Venus
expeditions of 1882.

Later expeditions made partial use of one or more of these possible
checks, but not a single expedition, as yet reported, had a complete
system of checks and controls. The Croker Eclipse Expedition of the
Lick Observatory, the most famous of all such parties, made partial
use of check fields to control the effects of film distortions; but had no
effective temperature controls, no check or control for abnormal re-
fractions, and determined the "scale value" directly from the eclipse
stars themselves. The best planned expeditions were those of Swarth-
more College, under Professor John A. Miller, to the eclipses of 1923 and
1925. Controls including check fields and the Moon were devised, but
unfortunate accidents and weather conditions prevented success.

THE BRITISH EXPEDITION OF 1919

The printed Report 2 of the astronomers in charge of this expedition
gives many interesting details as to the instruments, the methods of
taking the photographs, of measuring the plates, and of reducing the re-
sults. The expeditionwas divided into two parties;one of which observed
the eclipse at the island of Principe, off the west coast of Africa; the
second party at Sobral, a small town some miles inland from the north-
east coast of Brazil. The two parties were equipped with horizontal
photographic telescopes: the Principe party having one such teles-
cope with a lens 13 inches in diameter: the Sobral party having two
cameras, a 13-inch lens and a 4-inch lens of 19 feet focus. This use of

12 Sir F. W. Dyson and others: "A Determination of the Deflection of Light by the Sun's
Gravitational Field, from Observations made at the Total Eclipse of May 29, 1919," Royal
Astronomical Society: Memoirs, 62, No. 9; 1919.
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FIG. 2. An eclipse photograph. Except for the dashes, which were put on to call attention to

the minutte star images, this is an untouched reproduction of the original negative taken at Sobral,

Brazil, on May 29, 1919. The positions of these images were compared with similar images on

plates taken on the nights of July 14-18. In mnaking the comparisons the presence of the Einstein

deflections were assumed, and the Einstein law of decrease with, distance was written into the for-
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horizontal telescopes, with their plane mirrors, was an error which has
practically invalidated the results of the entire expedition. The fact
that such form of mounting is inadequate for exact measurements had
been known for many years,and is amply evidenced bymanystatements
in the Report itself. Trouble was experienced with the mounting and
driving clocks of the mirrors during the setting up and the adjusting
of the instruments; troubles so serious that "marked oscillations of the
images" were apparent. And, under the action of the sun's heat, the
shape of the mirror changed and threw the images out of focus. Many
of the plates taken during the eclipse were, thus, rendered worthless,
and doubt cast upon the others. When, immediately after the eclipse,
some of the plates taken with the 13-inch camera were developed, the
following note was made:

"It was found that there had been a serious change of focus so that, while the stars were
shown, the definition was spoilt. This change of focus can only be attributed to the unequal
expansion of the mirror through the Sun's heat."

With these three telescopes, or cameras the astronomers took forty-
three (43) plates of the eclipsed sun and of the stars in its immediate
vicinity; thirty-five plates (35) with the astrographic lenses of 13-
inches aperture, and eight (8) plates with the auxiliary camera. Pass-
ing clouds interfered and only thirty (30) of these plates showed a
sufficient number of star images to warrant measurement. After meas-
uring these plates many more were discarded. The final statement in
the Report mentions twenty-five (25) plates only, and sixteen of these
are described as giving discordant results of little or no value. This
leaves but nine (9) out of the original forty-three (43) plates, and of
these remaining plates seven (7) were taken with the small auxiliary
camera. The entire supposed confirmation of the Einstein deflection
depends upon the measurements made upon these seven (7) selected
plates. These seven plates gave an average deflection of 1".98: the
discordant and discardedplates gave an average deflection of onlyO".93.

No checks or controls of -any kind were used. Notwithstanding the
extreme sensitiveness of the instruments to temperature changes, appar-
ently no precautions were taken to protect the instruments, or even to
record the actual temperatures of the instruments at the moments the
exposures were made. The tabulated list of temperatures in the Report
was "communicated by Dr. Morize," acting on behalf of the Brazilian
Government, and gives the temperatures at intervals of fifteen (15)
minutes. Only one record seems to have been made during the entire
period of totality. Apparently all refraction corrections were cal-
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culated with this one standard temperature, for the same refraction
constants were used for all the eclipse plates.

The Report, however, contains full and complete details of the
methods used in measuring and reducing the seven plates of the 4-inch
camera. The actual micrometer measures are given for each star, and
essential steps, equations, and figures in the process of reduction are
set out at length. In this respect this Report is a model, which unfor-
tunately has not been followed by later expeditions. The measurements
were made through the use of a reference plate, as heretofore explained.
The plate constants, including the scale, were determined from the
measured displacements of the eclipse stars by a method which presup-
poses and depends upon the existence of the Einstein effect. For meas-
ured values of Ax and Ay for each star, equations were formed of the
general type:

Ax= ax+by+c+aE.,
Ay = a'x b'y+c'+aE,

where, a, b, c, a', 1", and c' are the plate constants for centering, orien-
tation, and scale value, as heretofore explained. The quantity a denotes
the light deflection at unit distance and E. and E, are numerical coeffi-
cients, calculated by Einstein's formula, to turn the standard radial
deflection, , into the corresponding x and y components for each star.
The equations, so formed, were solved by least squares, and the values
of the plate constants and of a were found for each plate.

This method writes the Einstein law into the reduction, and makes
the values of the plate constants depend upon the existence of the very
light deflection, which the expedition was organized to search for.
And further, even this method does not seem to have been consistently
carried out. For the solution of the many equations seems to have given
different scale values for the different plates. But the actual computa-
tion of the supposed deflections were carried out with "adopted values
for the scale." How these adopted values were found is not stated:
they are near the mean, or average values, but not quite. And we have
seen that very slight changes in the scale value, may completely change
the character of the supposed deflections.

It would be just as inaccurate to omit this Einstein term from the
equations and to then find the constants from the remaining terms.
For this is merely to write a different assumption into the reductions:
the assumption that there are no deflections; or more accurately, that
stars at the average distance from the sun have no deflections. There
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is no possibility of obtaining the values of the plate constants from the
eclipse stars, themselves, without some definite assumption as to the
presence and character of possible stellar displacements. And it is a
fundamental property of all least square solutions that, the greater the
number of unknown quantities in the equations, the smaller will be the
final residuals and the more nearly will the assumption, upon which
the unknowns are based, appear to fit the observations. Thus the inser-
tion of the unknown, a, into the equations naturally must make the
final residuals smaller than had the equations been solved for the con-
stants only. Similarly, if some possible assumption in regard to the
deflections, based upon abnormal refractions, or instrumental distor-
tions due to temperature differences and involving three unknowns, a,
fi, and y, had been written into the equations, then, under definite,
immutable laws of mathematics, the final residuals would be smaller
than those obtained by the Einstein assumption. And a comparison of
final results would make it appear that this assumption was the better,
or more plausible.

The astronomers, thus, reduced their selected plates by writing the
Einstein law into their formulas, and by this process of assuming the
existence of the predicted deflections, they obtained the following final,
or mean results for the plates taken with the three cameras:

"From the seven (7) plates taken at Sobral with the 4-inch camera, 1".98 with a probable
error of about ±O. 12 .

From the two (2) plates taken at Principe with the 13-inch astrographic lens, 1".61.

From the sixteen (16) plates taken at Sobral with the 13-inch astrographic lens, O"93.
"For reasons already described at length not much weight is attached to this determination."

These results, in each case, are the means of the radial components
only; nothing whatever being given as to the directions in which the
actual displacements took place. The Einstein theory requires a de-
flection, not only of a certain definite amount, but also in a certain defi-
nite direction. To discuss the amount of the observed deflection is to
discuss only one-half of the whole question, and the less important half
at that. The observed deflection might agree exactly with the predicted
amount, but, if it were in the wrong direction, it would disprove, not
prove Einstein's claims. You cannot reach Washington from New York
by travelling north, even if you do go the requisite number of miles.
An inspection of the Report shows that in the case of only one star was
the deflection practically in the right direction: in all other cases the
measured deflections differed many degrees from radiality. But the
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British astronomers evidently regarded the question of direction as non-
essential; regarded the transverse components as mere "accidental
errors" of measurement.

While the average result for the radial displacement, as determined
from the seven (7) plates, was somewhat in accord with the Einstein
prediction, yet the displacements of the individual stars differed radi-
cally from the corresponding relativity amount. These differences range
from 5% for the best star to well over 60%. Further the rate of de-
crease in size of the deflections with increasing distance from the sun
does not agree at all with the Einstein law. According to theory the
deflection of the star nearest the sun should be 2.75 times that of the
most distant star; actually, according to the observations, this ratio
was 5.10. Thus even the few selected observations do not agree with
the Einstein prediction: do not agree in direction, in amount, or in the
rate of decrease with distance from the sun.

When, however, the deflections from each plate are separately exam-
ined, then a curious and very important result appears. Plate No. 1
was taken at the beginning of totality; Plate No. 8 just before the
eclipse ended. In the case of every star, the measured deflection is
smaller on Plate No. 1 than on Plate No. 8, and in most cases this differ-
ence is extremely marked. This systematic change in the size of the
deflection from plate to plate is clearly brought out by dividing the
plates into three groups, and by taking the average deflection of all
the stars on all the plates of each group. The average deflections, thus
found, are:

Plates, Nos. 1 & 2 0".30
Plates, Nos. 3, 4, & 5 0".34
Plates, Nos. 7 & 8 0".38

There thus appears to be an increase in the size of the deflection of some
27% as the eclipse progressed. And again, the directions of the observed
shifts show corresponding changes with the progress of the shadow
cone: there are marked differences between the first and last groups of
plates in the cases of six out of the seven observed stars.

This change in the size and direction of the measured deflections as
the eclipse progresses indicates some connection between the stellar
deflections and the position of the shadow cone in the earth's atmos-
phere. This would appear to show that some portion, at least, of the
measured deflection is caused by some effect of the earth's atmosphere;

by some sort of abnormal refraction.

[J.O.S.A., 20192



DEFLECTION OF LIGHT

If the results of the British expedition prove anything, they prove
that the observed deflections were not caused by the relativity effect.
These results do not offer the slightest evidence to support the Einstein
claims.

THE LICK OBSERVATORY EXPEDITION OF 1922

The Crocker Eclipse Expedition of the Lick Observatory was well
organized. The equipment was specially designed for eclipse work,
and the optical parts of the instruments were well adapted for obtain-
ing the best photographic results. The details of the expedition have
been published in two parts: in Lick Observatory Bulletins, No. 346
issued July 5,-1923; and No. 397 issued March, 1928. The first paper
by Campbell and Trumpler, gives the results from four (4) plates taken
with twin cameras of 15-feet focal length, the lenses being 5-inch photo-
graphic doublets. The second paper, by Trumpler alone,'3 gives the
results obtained from six (6) plates taken with twin cameras of only
5-feet focal length, the lenses being 4-inch wide angle quadruplets.
This latter paper also attempts to reconcile the varied results of all ten
(10) plates, and to make a definite, final determination of the light de-
flection as observed in Australia, In doing this, Trumpler gives many
details regarding methods of measuring the plates and reducing the
results, which were omitted from, or only alluded in the original paper
of 1923.

The first fact that appears in regard to all these supposed observa-
tions is the relative size of the reputed displacements and the stellar
images on the plates. As the silver grains of the photographic film
differ greatly in sensitivity, many of the star images did not represent
accurately the central point of the star's image as formed on the plate.
Very few of the recorded images were round; most of them, viewed
under the microscope, were irregular in outline. And further, the mini-
mum theoretical diameter of a perfect stellar images was 0' .9 of arc
for the 15-foot camera, and somewhat over 1" .0 of arc for the 5-foot
cameras. The smallest photographic images, obtained with the best
lenses, are about ten times the theoretical minimum diameter. Accord-
ing to Professor George E. Hale, of the Mount Wilson Observatory,
the diameter of a star image on a plate

13 In a signed Foot-note, Bulletin No. 397, Campbell states, in regard to Trumpler's work,
that: "the laborous measurements of the plates obtained with the 5-foot cameras, the elab-
orate computations based upon these measurements, and the extensive discussion of the final
and general results were made at Mount Hamilton in the past two years exclusively by him;
and he also prepared the manuscript and the illustrations for the printer."
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"varies from several seconds of arc to about five or six tenths of a second, the smallest, I
think, yet photographed. These minute images were obtained by Hubble under good atmos-
pheric conditions with the 100-inch telescope on Mount Wilson."

Thus the stellar images on the eclipse plates were, at least, several
seconds of arc in diameter. The average deflection of the 92 stars
photographed with the 15-foot cameras, as determined by Campbell
after elaborate calculations, was less than four-tenths (4/10) of a sec-
ond, or only a very small fraction of the smallest image. The average
mean radial displacement of the 145 stars, photographed with the 5-foot
cameras, was only one-tenth (1/10) of a second, or about one one-hun-
dredth (1/100) the size of the actual stellar images. Thus the reported
deflections are second order effects only: being very minute fractions
of the actual, irregular images on the photographic plates.

Even a casual study of these two papers brings out clearly the fact
that no checks or controls were used to determine, or eliminate the ef-
fects of varying temperatures upon different portions of the instru-
ments. The "scale" of a photograph depends upon the focal length
of the lens, and is, therefore, quite sensitive to changes in temperature
of the whole apparatus, camera, tube, and plate; and might be radically
affected by differences in temperature between the steel of the camera
tube and the glass of the enclosed plate. Each lens, each piece of glass
has its own peculiarities; and changes in temperature will affect one
lens in a manner quite different from another. Yet, as far as these
papers indicate, neither Campbell nor Trumpler ever subjected these
lenses and cameras to temperature tests. There is no indication that
the actual temperatures of the various cameras were even taken at the
time of the eclipse and at the time of the night exposures. The tempera-
tures of the air in the telescope houses are given; and Trumpler, in the
second paper, gives some theoretical calculations as to changes in scale
value due to changes in temperature. But such calculations were based
upon the average theoretical expansions of steel and glass, and not upon
experimental tests of the actual instruments. These theoretical calcula-
tions, made five years after the eclipse, show that temperature changes
as small as 2C would so alter the focal length of the camera and so
change the "scale" as to completely change the character of the sup-
posed deflections.

Further, no checks or controls were used to determine, or to eliminate
the effects of abnormal refractions in the earth's atmosphere: no effi-
cient temperature controls were used by which even the ordinary tab-
ular refractions could be accurately calculated. These refractions de-
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pend upon temperature, and the use, in the calculations, of a tempera-
ture differing only a few degrees from the actual temperature of the air
would introduce a fictitious displacement of the stellar images equal to,
or greater than the sought for Einstein effect on the more distant stars.
With the passage of the eclipse shadow, rapid changes in temperature
would seem to be inevitable, and such changes would be accompanied
by varying refractive effects. Yet, so far as these papers indicate, no
attempt was made to detect such probable temperature changes. No
statement is made as to the type of thermometer used, of its situation
in regard to the instruments, or of its sensitivity to changes. One stand-
ard temperature, 79'.2F, was used in the reductions of all the eclipse
plates. And, in making the refraction calculations, no distinction was
made between night and day plates. The standard formulas, methods,
and constants for night observations were used in the calculations for
the eclipse plates. Yet it has been known for many years that such
procedure is inaccurate: it is a well established fact that for the same
altitude, the same barometric and thermometric readings, daylight
refraction differs materially from that at night.14

But the great difficulty that faced Campbell and Trumpler in trans-
forming the measured coordinates into star positions was that of deter-
mining the "plate constants," and especially the "scale value." These
cannot legitimately be determined from the eclipse stars; for the posi-
tions of these stars are unknown. Now in planning operations Campbell
decided to use a "check field" to control possible film distortions and
to assist in determining the plate constants. This was an auxiliary star
group,which followed the eclipse star field bysome 6h15m, but at the same
declination. This check field could thus be photographed at night, both
at Tahiti and at Wallal; and at both epochs it was more than 900 dis-
tant from the sun. The stars of this field, thus,were absolutely unaffect-
ed by the hypothetical relativity deflection of light, by the daylight, or
by the Courvoisier refraction. By photographing this field upon both
the night and the eclipse plates, the desired controls would be secured.
Each plate, therefore, was doubly exposed: exposed to the eclipse field
of stars and exposed to the check field. In making these double expo-
sures, the plates "were left undisturbed in the telescope" between expo-
sures. Such check fields were photographed on all the plates taken with
the 15-foot cameras; with the 5-foot cameras, four plates were so ex-
posed to check fields, but two plates were not.

14 Tucker: "Errors of Time Determination." Astronomical Society of the Pacific; 37,
No. 219; October, 1925.
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The use of such check fields on the eclipse plates probably afforded

satisfactory controls against permanent distortions of the film; either
in drying, or caused by the over-exposed central portions of the plate.
The tabular results, given by Campbell and Trumpler, for these check
fields on the eclipse plates indicate very small systematic distortions,
probably not over 0'05 of arc. Such distortions, if real, are too small
to have any bearing upon the Einstein problem, where displacements
of several tenths of a second are sought for.
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*FIG. 3. Eclipse and Check fields. The star images of the eclipse and of the checkfield are inter-

mingled all over the plate. In the imaginary diagram, the round dots represent the stars of the e-

clipse field: the x's the stars of the check field. On the plates the images of the two groups are indis-
tinguishable except through their measured positions.

Now, these checks fields could also be used to determine the plate con-

stants; and plate constants, so found, would be entirely independent
of the eclipse stars and their unknown displacements. Both Campbell
and Trumpler found such plate constants: but they made only partial
use of them in reducing the eclipse stars. These eclipse stars, whose

deflections were sought, were reduced by a combination of constants.

Some of these plate constants were adopted directly from the check
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fields others were found from a combination of stars in both fields, and
the "scale value" was found directly from the eclipse stars, from the
very stars whose positions Campbell and Trumpler were attempting to
find.

In the 1923 paper for the 15-foot cameras few details are given. It is
stated, however, that the "second order terms determined by the solu-
tion of the check field" were adopted for the eclipse region. The re-
maining constants were apparently determined from some of the eclipse
stars. These so-called "reference stars" were selected from those "more
than 2 distant from the sun's center"; and the remaining constants
and the "scale value" were determined from the assumption that these
reference stars were free from all displacements of every kind and char-
acter. The resulting displacements of the other stars, Campbell calls
"relative displacements." This is a perfectly correct procedure, pro-
vided it is always remembered that these relative displacements are
purely fictitious, and may bear no resemblance to the actual displace-
ments. If all the stars, including the reference stars, have, in fact, an
outward displacement (similar to that indicated by the yearly or
Courvoisier refraction), then the scale, determined by Campbell's
method, will be too small, and a fictitious outward displacement of all
the inner stars will result: a linear fictitious displacement resembling
the Einstein radial deflection. If on the other hand, these reference
stars of Campbell have, in reality, an "inward" displacement, then the
resulting scale will be too large and all the inner stars will appear to be
radially displaced towards the sun. By taking other groups for "refer-
ence stars" and by determining the scale upon the assumption that the
average displacement of such stars is zero, entirely different fictitious
effects can be found.

Trumpler followed the same general method for finding the "scale"
to reduce the plates of the 5-foot cameras, but he adopted a somewhat
different method for finding the other plate constants. The constants
determined from the check field for the second and third order terms
were used: but the "final values of zero corrections" (position of the
center of the plate) were determined from all the stars of the eclipse
field, except those within 1 of the sun. The remaining constants and
the scale value were determined, by least square solutions, from 55
selected "reference stars" of the eclipse field 5 and more from the sun's
center. The basic assumption involved in this method is that the aver-
age displacement of these 55 reference stars is zero. The displacements
of all other stars, as tabulated, are thus purely relative. Now while
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Campbell, in the paper of 1923, correctly labelled these displacements
as "relative"; Trumpler, in the paper of 1928, calls them "Observed
Displacements."

The relative displacements of the different stars, so determined may
differ greatly from the real, or absolute displacements; and a line, or
curve drawn through such relative displacements may bear no resem-
blance to the line, or curve, which best represents the actual displace-
ments. These real, or absolute displacements can, however, be found
from the relative displacements by applying proper corrections. But
such corrections can only be determined when the absolute displace-
ment of the reference stars is known. As soon as such absolute displace-
ment is known, then the corrections can either be calculated by a linear
scale correction, or they can be shown diagrammatically by drawing a
new base line. Such new base line runs from the origin to and through
a point representing the negative displacement of the reference stars.

All of this may be illustrated by the data and diagrams of the Lick
Observatory Expedition. The annexed diagram, from a tracing of
Fig. 2 of Trumpler's paper,15 shows the relative radial displacements of
the stars of the eclipse field as found from the plates of the 5-foot came-
ras. Each dot represents a weighted group mean, derived from five or
six stars for the inner groups, and from twenty, or twenty-two stars for
the outer groups. These relative displacements appear to show some
general conformity to the corresponding Einstein curve of relative dis-
placements, as shown by the dotted curve. But such apparent conform-
ity may be entirely fictitious, and this curve of relative displacements
may bear no resemblance to the curve, which represents the absolute,
or true displacements. To turn these observed relative displacements
into the absolute displacements requires a knowledge of the absolute
displacement of the reference stars. Different values for this displace-
ment will give radically different results, as indicated by drawing differ-
ent base lines for the absolute deflections. The first, A, represents the
corrected base line, when the absolute deflection of the reference stars
is exactly equal to the predicted Einstein amount, namely 0".06 of
arc: the second, B, when this unknown displacement is found by inde-
pendent observations to be 0".50 of arc.

In order to exhibit clearly the differing characteristics of these various
curves of possible absolute displacements, the necessary corrections
may be applied to Trumpler's observed relative values. This is done

1' Trumpler: Lick Observatory Bulletin, No. 397; pages 150, 151.
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in the following figure, in which the displacements, due to the Einstein
assumption, are shown as full dots connected by a light full line; the
displacements, due to the assumption that the reference stars are dis-
placed by 0".50, are denoted by x's connected by a line of dots and
dashes; and the absolute displacements, calculated from the assumption
of a displacement of 1 ".00 for the reference stars, are given by asterisks
connected by a line of dashes with double dots. The predicted Einstein
deflections are shown by the dotted curve. A mere glance at this
figure shows from what radically different sets of absolute displace-
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FIG. 4. Relative and absolute displacements. The group means of the eclipse stars are plotted
asfunctions of the star's angular distancefrom the Sun's center. These are relative to the reference
stars if measured from the base line 0: they are corrected for different assummed displacements of
the reference stars if measuredfrom the base lines, A or B.

ments may be obtained the same set of "relative displacements."
The absolute displacements may resemble the Einstein deflections,
decreasing in size with distance from the sun; they may be nearly
constant; or they may, in fact, increase with the distance as indicated
by the upper curve. And these new curves may even give far more
consistent results than those obtained by Trumpler on the Einstein
assumption.

Now it should be perfectly clear, from all this, that the "relative
displacements," in and by themselves, do not give any information
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as to what the absolute displacements of the stars really were. Such

absolute displacements depend entirely upon the true deflection of the

reference stars, and such deflection must be obtained by some inde-

pendent means. It cannot be found from the relative displacements,
or from any measures of the eclipse stars themselves. Yet this fact

appears to have been lost sight of in the methods adopted for the re-

duction of the eclipse plates. As we have seen, the absolute radial

displacement of any star can be found from the corresponding relative

displacement through a scale correction, derived from and depending
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FIG. 5. A bsolude displacements corresponding to different assumptions. Full dots joined by

full lines: the Einstein assumption. Crosses joined by line of dashes and dots: assumption of

O".50 Asterisks joined by line of dashes with double dots: assumption of 1".00.

upon the true displacement of the reference stars. This may be put
in mathematical form as:

Absolute displacement=LAr+ad
where,

d=distance of the star from the sun.
a= scale correction, proportional to the unknown

displacement of +he reference stars.
In this equation, however, both a and the absolute displacement are

unknown; and their values cannot be found from such equation. The

addition of similar equations, for other stars, does not help the problem,
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for each such equation introduces an additional unknown (the absolute
deflection of such star); and in any such set of equations there will
always be one more "unknown" than there are equations. But, if
we assume that the unknown absolute displacements are connected
by some definite law, so that, as soon as one is known, all the rest can
be calculated, then the left hand side of our various equations can all
be expressed in terms of a single unknown quantity. The many equa-
tions, derived from the various stars, will then involve only two unknown
quantities; and such equations can be solved. This is the method
adopted by Campbell and Trumpler. They assumed that these various
unknown absolute displacements follow the Einstein law; and they
wrote this law into their formula. Campbell 6 states this, as:-

"Adopting Einstein's prediction that the displacements are inversely proportional to
the distance d from the Sun's centre,"

and then put the unknown deflection of each star in the form:
R

Absolute displacement =$ -

where

=light deflection of an hypothetical

star at the Sun's limb.

R =radius of the Sun's disc.

And wrote his equations in the form:-

R
P- =Ar+ad

d

From a set of such equations for each plate, involving the measured
relative displacements of all the eclipse stars, Campbell determined the
values of a and ,j by a least square solution.

Campbell and Trumpler apparently assume that this method gives,
for each plate, the correct value of the scale correction, a, and the
absolute, or observed value of the deflection, ,3, of an hypothetical
star at the sun's limb. They show that the various plates taken with
the 15-foot cameras give values for f3 varying between 1".48 and 1".85;
and from the plates of the 5-foot camera?.Trumpler finds values running
all the way from 1".01 to 2".54. And by combining all these results
with "adopted" weights, Trumper finally concludes that the mean f of

16 Campbell and Trumpler: Lick Observatory Bulletin, No. 346, page 51.

April, 1930] 201



CHARLES LANE POOR

all the plates "coincides exactly with the prediction of Einstein's
Generalized Theory of Relativity." But all these results are of no
value whatsoever. The stellar displacements obtained by this method
are not the "absolute," or "observed" displacements of the stars: they

are merely hypothetical displacements depending upon and derived
from the two basic assumptions written into the formulas of reduction.
These assumptions are:-

1. The light deflections follow Einstein's law and decrease in size

with increasing distance from the sun's centre.
2. The unknown and unmeasured displacement of the reference stars

shall be such as to make the "corrected displacements" of all stars agree
most nearly with the Einstein prediction.
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FIG. 6. The eclipse observations. This figure shows the relative displacements of 92 stars as

observed by Campbell and Trumpler at the total solar eclipse of September 21, 1922, and is from

a direct tracing of the Star Chart in Lick Observatory Bulletin. No. 346. In the chart, however, the

displacements of 23 stars were omitted: these have been added to made the above diagram complete

and are shown by dotted lines.

Neither Campbell nor Trumpler, so far as these papers show, made

the slightest attempt to test, or verify these basic assumptions. Yet

if these basic assumptions are invalid, their entire conclusions are

invalid. Campbell's paper (Bulletin No. 346) does not contain a trace

of evidence to support the assumption that the deflections decrease
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with distance, does not contain a single fact to show what the radial
deflections of the 38 reference stars really were. The solution of the
equations based upon the assumptions, gives a deflection for these
stars of some 0".22 of arc, agreeing almost exactly with the Einstein
prediction. But such value was written into the equations. For all
the elaborate tables and calculation contained in this paper, no one
has the vaguest idea as to what this deflection really was. Such stars
might have been displaced by half (0".5) a second, a second (1".0),
or even more outward: they may have all been displaced inward.
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FIG. 7. The Einstein prediction. This figure shows the displacements, according to the Predic-
tion of Einstein, of the 92 stars observed by Campbell and Trumpley. These theoretical displace-
mients are not the full predicted star displacements, but are the relative displacemnents derived fromt

themn, by Campbell and Trum>pler, by applying the scale correction fused in their Star Chart.

The same criticism applies to Trumpler's elaborate paper (Bulletin
No. 397). His conclusions and results are invalid, unless and until
independent evidence, can be-produced to support his similar basic
assumptions. He wrote the Einstein law and the Einstein deflection
into his formulas; and he naturally got the Einstein law and the Ein-
stein deflection out of his reductions.

By such methods and by scales so determined, Campbell and Trump-
ler reduced their observations and found their apparent confirmation
of Einstein's prediction. Their papers contain long tabulations, dia-
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grams, and charts showing the results of the intricate calculations
and least square solutions. The most complete chart of results is that
given in the first paper, and which is here reproduced. The original
chart, however, was not complete. For while 92 stars were observed
and measured by Campbell and Trumpler, the chart shows the relative
displacements of only 69 stars. The displacements of the missing 23
stars were taken from the tables in Campbell's paper, and have been
added to the original chart. These added displacements are shown by
dotted lines, so as to clearly distinguish the added material from that
shown on the original diagram.

The displacements, here shown enlarged 2250 times, are relative
to the 38 reference stars for which the average displacement was made
zero. Now the most noticeable feature of this chart is the fact that
hardly a single star is displaced radially, as called for by the Einstein
theory. The deflections of only 14 stars are within 100 of radiality;
those of 12 stars are over 450; and 18 stars are displaced inward, not
outward. In order to make this difference between observation and
theory perfectly evident, the deflections called for by Einstein are
shown in the annexed figure. To make the two diagrams fully com-
parable, however, the theoretical Einstein displacements have been
reduced, by the Campbell and Trumpler scale correction, so as to
become "relative" to the reference stars of the eclipse plates.

In discussing their results Campbell and Trumpler followed the ex-
ample of Eddington and the British astronomers, and treated all these
transverse displacements as mere "accidental errors" of observation.
A glance at the chart shows that these tangential displacements are
very nearly as large as the radial components, which are treated as
real. In fact, a tabulation of the radial and tangential displacements
of 61 stars, the images of which were designated as "good" by Camp-
bell, shows the following:-

Total Radial Displacements 17".35
Total Outward Displacements 14".60
Total Tangential Displacements 10".81

It seems rather arbitrary to dismiss the 10".81 tangential displace-
ments as accidental errors, and to accept the 14".60 outward radial
displacements as representing actual observed stellar deflections. And
further it must be remembered, that these tangential components are
practically independent of the scale used in reducing the plates; while
the radial components depend absolutely upon the adopted scale.
A slight change in the scale value will completely eliminate all outward
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displacements and cause the deflections of all stars to be inward towards
the sun; but such change will have no appreciable effect upon the
tangential displacements. It would seem, therefore, that, in dis-
regarding these tangential components, Campbell and Trumpler threw
away the only, real, actual results of their entire labor.

Neither Campbell nor Trumpler give any reason for discarding these
tangential displacements. They merely state that they "are entirely
accounted for by the accidental errors of observation." A possible
explanation of such action may lie in the fact that considering the

./\\~~~~~~~N

X .- /

FIG. 8. Tangential displacements. These tangential displacements are from a direct tracing of
the Star Chart in Lick Observatory Bulletinj No. 346. They are independent of small changes
in scale value. They show a decided symmetry, and for 61 stars they amount to 10".81. Campbell
and Trumpler, however, consider them as accidental errors of observation and disregard them.

algebraic sign of these tangential displacements, they divide as +5".01
and -5".80. These practically cancel, and make the algebraic sum of
all tangential displacements only -0".79 of arc. But this is perfectly
normal for a displacement of any type, which varies in size with position
angle. If -these displacements vary in accord with either a sine or a
cosine curve, the algebraic sum of them all would necessarily be zero.
That these tangential displacements do thus vary with position angle
is clearly apparent from even a casual inspection of the following
figure, which is from a direct tracing of Campbell's star chart. In the
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north-east quadrant practically every deflection is counter clock-wise;
in the south-east quadrant, this is directly reversed; with but one or
two exceptions, the deflections are all clock-wise. In the westerly
quadrants, this symmetry is not so marked, and can only be brought
out by an analysis of the actual displacements. The line of symmetry
is not exactly east and west, but runs from a point somewhat north
of west to a point some 100 or 200 south of east; a line roughly agreeing

in direction with the passage of the shadow over the eclipse station.
And, further, it is noticeable that these displacements increase with
distance from the sun. Such a marked effect can hardly be deemed
as "accidental."

These tangential displacements indicate clearly an action of some
kind;probably some refractive effect due to the eclipse shadow.

The claims that these eclipse observations sustain the Einstein
prediction rest, thus, upon only one-half of the measured data. Not
only that. The reduction of the selected half of the actual measures
depends, literally and absolutely, upon unsupported and untested
assumptions. In making their reductions, Campbell and Trumpler
wrote the Einstein law into their formulas and assumed that the actual
radial displacement of the reference stars is in practical accord with the
requirements of the theory. It would seem that some independent
test should be made of these basic assumptions. Unfortunately the
original paper (Bulletin No. 346), which was announced as giving
results "in exact accord with the requirements of the Einstein theory,"
contains no information by which these basic assumptions can be
tested. Nowhere in the paper can be found any definite statement
in regard to the scale, independently determined from the check field
stars. Such scale was undoubtedly found, and it would seem that such
scale might be used to test the basic assumption in regard to the
reference stars. In the 1928 paper, however, Trumpler gives certain
data from which this scale can be found. In his elaborate attempts to
explain away discrepancies between his measures and the requirements
of the theory, he gives the values of the scales used for the check field

stars; or rather he gives the differences between these scales and those
determined from the eclipse stars themselves. For the 15-foot cameras
this difference amounted to 0".415 for each degree (1°) of distance

from the sun's centre: for the 5-foot cameras to 0".133 per degree.
When these differences are corrected for the temperature effects, due

to uniform expansion of the cameras caused by the higher temperature
of the telescope houses at the time of the eclipse, then Trumpler
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showed that these differences would be reduced, respectively, to
0".375 for the 15-foot cameras, and to 0".113 for the 5-foot cameras.

When these independently determined scales are used, it would
appear that the average displacement of the reference stars, used for
the 15-foot cameras, should be approximately 0".95 instead of the
0".22 of Campbell's basic assumption; and that the average displace-
ment of the 55 reference stars, used for the 5-foot cameras, should be
some 0".82 instead of the 0".07 of Trumpler's basic assumption. All
semblance of accord with the Einstein prediction vanishes. The
apparent accord, announced by Campbell and Trumpler, was based
upon assumptions of practical "accord" for the reference stars, which

have no basis in fact.
Not only are the displacements of the reference stars changed by

the use of these scientific scales, but so are the radial deflections of all

the other eclipse stars. For the 15-foot cameras, the average radial
deflection is now seen to be 0".88; being slightly smaller for the inner
stars and increasing slowly to some 1".08 for stars at approximately
30 from the sun. For the 5-foot cameras, this average is 0".61; the dis-
placement of the inner stars being some 0".50, while that of stars
704 from the sun is considerably larger, or 0".82. Both sets of plates
agree in showing, first a slight decrease in the size of the deflection

followed by a gradual increase of the deflection with increasing dis-

tance from the sun. This is an effect directly contrary to the Einstein
law. And there is substantial agreement between the average size of
the deflections. as determined by the two sets of plates:-O".88 and
0".61.

All of this is shown on the following diagram, which represents the

radial displacements of the 61 principal stars of Campbell's star chart,
as calculated by the "check field" scale given by Trumpler. These
radial displacements are free from all assumptions as to reference stars,

as to scale, and as to any law of increase or decrease with distance from

the sun. It is at once apparent that these radial displacements bear no
resemblance to the "relative displacements" of Campbell's chart, or
to the corresponding predicted displacements of Einstein. When
combined with the tangential displacements, as shown in Figure 8,
these independently determined radial displacements would seem
best to represent the actual observations.

In his 1928 paper Trumpler states that:-
"It had never been the intention of the observers to use the check field photographs for

determining the scale of the eclipse photographs."
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and dismisses the possibility of using these straight-forward, inde-
pendent, and scientific values of the scales with the single sentence:-

For, if the scale value of the check field (corrected for temperature expansions with the
air temperature) were used for the reduction of the eclipse field, the two instruments would
furnish quite incompatible results for the light deflections of the stars between 20 and 30 from
the Sun's center." (5-foot cameras: O'.48, 15-foot cameras: '. 9 4 )

So far as mere figures go, this statement is correct: the check field
scales do give the results as stated. But Trumpler accepts as perfectly
satisfactory equally "incompatible" results obtained by his method of

X // 1I' I ' '
FIG. 9. The radial displacements. These radial displacenents were calculated by the scale

found for te"Check Field" correctedfor temperature expansions with the air temperatures, as given
by Trumnpler in Lick Observatory Bulletin, No. 397. These displacemnents are, therefore, freefrom
all assumptions in regard to the eclipse stars, and would seen best to represent the actual observa-
tions. They do not show the slightest resemblance to the Einstein prediction, Figure 7.

writing the Einstein prediction into his assumptions and into his
formulas of reduction. For his tabulated results show that the 15-foot
cameras give an Einstein deflection of 0".67 for stars at 00.64 from the
sun, while the 5-foot cameras give only 0".47 for similar stars. And for
stars distant 10.65 from the sun, the large cameras give 0".28, while the
small cameras give the very much larger deflection of 0".41. As a
matter of fact the "check field" scales give far more consistent results for
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the two sets of plates, than do the scales based upon the Einstein as-
sumption. The displacements calculated by the check scales for the
5-foot cameras are uniformly smaller than those for the 15-foot cameras:
the percentages for different "Group Means" ranging between 48 and
77. But not so for the displacements as tabulated by Trumpler for the
Einstein scales. Some of the "Group Means" for the 5-foot cameras
are smaller and some are larger than those for the 15-foot cameras:
the percentages vary from 70 to 146.

Regardless of their actual size, regardless of whether they be reduced
by the Einstein assumption of Trumpler, or by the scientific check
scale, these radial displacements display a most interesting char-
acteristic. They vary in size as to the eclipse progressed, and this
variation is shown by both sets of photographs. It is shown by the
mean results derived from all the stars, and it is shown by the dis-
placements of the individual stars. Taking the 15 best stars, photo-
graphed with the 5-foot cameras, one finds that the plates taken at the
beginning of the eclipse give decidedly larger deflections than do the
two plates taken near the end of totality. Nine out of the fifteen stars
show this, and the average deflection of the whole fifteen, as shown by
Trumpler's tables, was 0".43 for the earlier plates, and only 0".18
for the last two plates. Trumpler, himself, noted this fact, for he states:

"the two first plates of the 5-foot cameras give a large, the two last ones a small value for
the light deflection at the Sun's lims."

From his tabulation of final results one finds for this progressive change
in value:-

Plates M15, N18 2".19
M16, N19 2".10
M17, N20 1".18

This change in the size of the deflection, with the passing of the
shadow, is similar to that found in the results of the British astronomers;
and would seem to indicate the result of some atmospheric disturbance.
But Trumpler dismisses these apparently clear-cut results with the
mere statement that they must be "accidental."

But, neglecting all such evidence of change in the actual deflections,
and discarding all tangential displacements, Trumpler combines the
average radial displacements of the two instruments. And in doing this,
he again writes the Einstein law into his formulas. The two sets of
measures cannot be directly combined, for they are "relative" to two
entirely different sets of reference stars. "Assuming with Einstein,"
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however, the law of decreasing size of the absolute displacements,

Trumpler found, from the 5-foot cameras, that some 26 stars at 2°.52

from the sun were displaced 0".15 of arc in relation to his reference

stars at 7°.4. He assumed this 0".15 to be the absolute displacement

of the reference stars of the 15-foot cameras; and, from this assumption,

found a scale correction to reduce "the results of the 15-foot cameras to

the system of the 5-foot cameras." With this new scale Trumpler

found new values for the radial displacements of the stars of the 15-foot

cameras, and then, through a system of adopted weights, combined

these new results with those of the 5-foot cameras. The results of this

process of combination he tabulates and diagrams as "Group Means of

Observed Radial Star Displacements (Mean of the two instruments)."

Such final results are in practical accord with the Einstein prediction.

Thus, even in this final combination of results, Trumpler, as in all

his other calculations and reductions, assumes the truth of the very

law the eclipse expedition was organized to test. And he naturally

finds that his results are best represented by the law from which they

were obtained.

CONCLUSIONS

1. Eclipse observations cannot furnish a valid test of the relativity

theory, for such observations do not involve a single one of the theory's

basic postulates' The sole concept involved in the predicted star dis-

placements is that of a possible "gravitational retardation of light."

2. The eclipse observations, as heretofore carried out by the various

expeditions, are inadequate to test even this one question. The gravita-

tional effect, if present, is of the second order as compared to many

necessary corrections and disturbing factors.
3. Not a single expedition, so far reporting, has made use of effective

checks or controls to eliminate the effects of temperature changes upon

its instruments, or to determine the possible effects of the abnormal

conditions of the atmosphere during the eclipse.
4. Not a single expedition, so far reporting, has made a system-

atic study of all the data obtained. In the South American eclipse

of 1919 less than 15% of the actual measured data was used in obtaining

the announced result: in the Australian eclipse of 1922 only about

50% of the data was used. All non-radial components of the actual

measures were discarded as "accidental errors."

5. The data, thus selected, was then reduced by methods and for-

mulas, which "assume with Einstein" the existence of the predicted
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radial displacements and of the Einstein law of decrease with distance
from the sun. No attempt has yet been made to test the validity of
these basic assumptions.

6. There is not the slightest observational evidence to support the

Einstein assumptions thus written into the formulas and methods of re-
duction. On the contrary, the only observational evidence available-the
evidence furnished by the independent check fields photographed on the
eclipse plates-would seem to show that these assumptions are invalid.

7. The actual stellar displacements, when freed from all assumptions,
do not show the slighest resemblance to the predicted Einstein de-
flections: they do not agree in direction, in size, or in the rate of de-

crease with distance from the sun.
8. The-actual measured displacements, if real, can best be explained

by some refractive effect of the earth's atmosphere: by a combination
of the Courvoisier effect, of day-light refraction, and of temperature
effects caused by the passing of the eclipse shadow.

COLUMBIA UNIVERSITY,

New York. N. Y.
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