7S,

92

0s

REVIEWS OF

MODERN

PHYSICS

VoLuME 27, NUMBER 2

ApriL, 1955

———

New Analysis of the Interferometer Observations
of Dayton C. Miller

R. S. Smankranp, S. W. McCuskey, F. C. LEoNE, aND G. KUERTI
Case Institute of Technology, Cleveland, Ohio

For nearly thirty years the results of the Michelson-Morley experiment obtained by Dayton C. Miller on
Mount Wilson have stood at variance with all other trials of this experiment. As interest in Miller’s results
has continued to the present time, and since the original data sheets are available to the present writers, it has
seemed appropriate that the observations be subjected to a new analysis. It is now shown that the small
periodic fringe displacements found by Miller are due in part to statistical fluctuations in the readings of the
fringe positions in a very difficult experiment. The remaining systematic effects are ascribed to local tempera-
ture conditions. These were much more troublesome at Mount Wilson than those encountered by experi-
menters elsewhere, including Miller himself in his work done at Case in Cleveland. As interpreted in the
present study, Miller’s extensive Mount Wilson data contain no effect of the kind predicted by the aether
theory and, within the limitations imposed by local disturbances, are entirely consistent with a null result at

all epochs during a year.

INTRODUCTION

HE null result obtained in the Michelson-Morley
experiment at Cleveland in 1887' was the culmi-
nation of the long nineteenth-century search for an
aether and proved to be a major incentive for the
theoretical developments made by Lorentz, FitzGerald,
Larmor, Poincaré, and especially Einstein. The crucial
significance of the Michelson-Morley result stimulated
many repetitions of this experiment during the next
fifty years, especially as the implications of the theory of
relativity unfolded. All trials of this experiment except
those carried out at Mount Wilson by Dayton C. Miller
yielded a null result within the accuracy of the observa-
tions. Miller’s observed fringe displacements also were
very small, being on the average only about 1/13 of
those predicted by the aether theory for the 30 km/sec
velocity of the earth in its orbit. However, as these small
residuals have received no adequate explanation, and
since interest in them has continued, it has seemed
desirable to make a rather detailed analysis of the
observational material.?
Michelson and Morley had originally planned to re-
peat their experiment at intervals of about three months
throughout a year and thus to allow for any possibility

LA. A. Michelson and E. W. Morley, Am. J. Sci. 34, 333 (1887).

2 A rather complete report on the early experiments was made in
this journal, hence the present analysis of the data is published
here. See D. C. Miller, Revs. Modern Phys. 5, 203 (1933).

that the earth’s orbital velocity at one epoch might
fortuitously combine with the motion of the entire solar
system through space and give a small resultant velocity
to their apparatus. However, after completing the July,
1887 observations, they did not return to this problem,
and the completion of the aether-drift experiment for all
epochs was finally carried out by Miller during the years
from 1921 through 1926 in Cleveland and at Mount
Wilson. Miller’s Mount Wilson experiments® were con-
ducted at intervals from April, 1921, through February,
1926, being interspersed with and followed by extensive
trials at Cleveland.

In February, 1921, the interferometer was set up at
Mount Wilson, and Miller made numerous observations
during the period April 8-21, 1921. These data indicated
a possible small periodic effect, with an average second
harmonic amplitude of about 0.04 fringe, but Miller
suspected that temperature effects or magnetostriction
in the steel base of the interferometer as it rotated in the
earth’s magnetic field might be the cause. Accordingly
he had designed a concrete base for the interferometer,
which was cast at Mount Wilson in October of 1921.
Undoubtedly the greatest incentive to continue the
experiments came from Professor Albert Einstein who
visited Miller at Case on May 25, 1921, and urged that

3D. C. Miller: (a) Proc. Natl. Acad. Sci. 11, 306 (1925);
(b) Science 61, 617 (1925); (c) 63, 433 (1926); (d) Astrophys. J.
68, 341 (1928); (e) see reference 2; (f) Nature 133, 162 (1934).
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ichelson-Morley experiment.

Observer Year Place D 2D/ (v/c)2 A Ratjy
Michelson® 1881 Potsdam 120 cm 0.04 fringe 0.01 fringe 2
Michelson and Morley® 1887 Cleveland 1100 0.40 0.005 49
Morley and Millere 1902-04 Cleveland 3220 1.13 0.0073 80
Millerd 1921 Mt. Wilson 3200 1.12 0.04 15
Millere 1923-24 Cleveland 3200 1.12 0.015 40
Miller (sunlight)f 1924 Cleveland 3200 1.12 0.007 80
Tomaschek (starlight )& 1924 Heidelberg 860 0.3 0.01 15
Millert 1925-26 Mt. Wilson 3200 1.12 0.044 13
Kennedy! 1926 Pasadena and 200 0.07 0.001 35

Mt. Wilson

Illingworthi 1927 Pasadena 200 0.07 0.0002 175
Piccard and Stahelx 1927 Mt. Rigi 280 0.13 0.003 20
Michelson, et al.! 1929 Mt. Wilson 2590 0.9 0.005 90
Joosm 1930 Jena 2100 0.75 0.001 375

® A. A. Michelson, Am. J. Sci. 22, 120 (1881); Phil. Mag. 13, 236 (1882).

b A, A. Michelson and E. W. Morley, Am. J. Sci. 34, 333 (1887); Phil. Mag. 24, 449 (1887).

°E. W. Morley and D. C, Miller, Phil. Mag. 9, 680 (1905) ; Proc. Am. Acad Arts Sci. 41, 321 (1905)

4 D. C. Miller, Data sheets of Observations December 9 to 11, 1921 (unpublished)

e D. C. Miller, Observations August 23 to September 4 1923; June 27 to July 26, 1924 (unpublished)

£ D, C. Miller, “Observations with Sunlight on July 8 to 9, 1924,"" Proc. Natl. Acad. Sci, 11, 311 (1925)

& R. Tomaschek, Ann. d. Physik 73, 105 (1924).

b D. C. Miller, Revs. Modern Phys. 5, 203 (1933).
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further trials be made to remove any possible doubts
concerning the earlier results obtained in this experiment.

Miller conducted a series of observations with the
concrete base interferometer from December 4-1 1, 1921,
but with rather discouraging results. Much of the time
the interferometer behaved poorly, the fringes were
often unsteady, temperature variations near the instru-
ment were troublesome, and vibrations caused by high
winds often made observation entirely impossible. How-
ever, at last on December 9-11, 1921, thirteen sets of
readings comprising 153 complete turns of the inter-
ferometer were made under favorable conditions, some
with “excellent seeing.” These data gave an average
periodic amplitude of only 0.04 fringe, nearly the same
as the April, 1921 results with the steel base inter-
ferometer, and Miller concluded that “all effects are
probably due to the instrument. This is the end!”* So,
shortly thereafter he dismounted his apparatus for its
return to Cleveland where it was reassembled in a base-
ment room of the Case Physics Laboratory.

Since the 1921 experiments with both the steel and
the concrete bases for the interferometer gave essentially
the same results, Miller concluded that magnetostriction
was not the cause of the small periodic effects observed.
However, since the mechanical rigidity of the concrete
base instrument was less than that for the steel, a
conclusive argument could not be made. The magnitude
of the magnetostriction effect is marginal. Nevertheless
it cannot be ignored, since it would produce a second
harmonic in the fringe displacements. Professor G. Joos,?
in his repetition of these experiments in 1930 at Jena,
used a fused quartz base for his interferometer because

*D. C. Miller, Research Notebook, December 11, 1921.
®G. Joos, Ann. phys. 7, 385 (1930) and personal communica-
tion in a letter of May, 1954,

- J. Kennedy, Proc. Natl. Acad. Sci. 12, 62)1 (1926) ; Astrophys, J. 68, 367 (1928),
i 7).

(1927); 185, 1198 (1927); J. phys. radium 8, 56 (1927).
. 18, 181 (1929).

he concluded that magnetostriction in a steel or Invar
base would be excessive for the precision he expected to
attain,

After the 1921 trialsat Mount Wilson, Miller probably
would have abandoned further work on the problem
except for a visit to Case made by H. A. Lorentz during
the following spring. During his visit he discussed the
Mount Wilson observations and encouraged Miller to
continue the experiments.

From the time the steel base interferometer was set up
again at Case in 1922 until it was returned to Mount
Wilson near the end of the summer of 1924, Miller
carried out many experiments designed to test and im-
prove the performance of the apparatus. He established
the order of magnitude of the fringe shifts produced by
unequal heating of the air in the optical paths of the
interferometer, by varying the speed and reversing the
direction of rotation of the instrument, and by various
adjustments of the centering pin. He also used different
light sources, including sunlight.

In many of the Cleveland trials of 1923 and 1924,
especially those for which the data sheets record the
best “seeing” of the interference fringes, the periodic
effects are very small. These data were not analyzed in
detail by Miller as he considered them only preliminary
to the later work at Mount Wilson. However, 19 sets of
observations made from August 23 to September 4,
1923, and 42 sets of data taken from June 27 to July 26,
1924, including those made with sunlight, for which the
interferometer was in the best adjustment and the
fringes were often noted as “good” or “excellent,”
constitute some of the best data obtained with Miller’s
interferometer. These 1923-1924 Cleveland results are
included in Table I which summarizes the important
trials of the Michelson-M orley experiment.




“oD Ul PG

AMVHLCL » Uallnuige dlld.lybcb Ul LHCBC LUl ved yltiucu
amplitudes and phases for the first five harmonics. The
second harmonic provides the parameters needed for
computing the presumed aether drift. The phases ob-
tained from these analyses were never capable of being
fitted into a logical relationship corresponding to an
oscillation about the north point during the course of a
sidereal day. As reported by Miller,? the axes were dis-
placed from the meridian as follows: “for February 10°
to the west of north; for April the displacement is 40°
east; for August 10° east; and for September 55° east.”
This azimuth anomaly has been the greatest obstacle to
the acceptance of the small periodic amplitudes re-
ported by Miller as having relevance to an aether-drift
effect. Synge and Gardner® developed a theory of the
Michelson-Morley experiment, including the effects of
acceleration, which was not inconsistent with the oc-
currence of azimuth anomalies, such as found by Miller,
but further predictions of this theory have been dis-
proved in experiments by Ditchburn.”

STATISTICAL ANALYSIS OF MILLER’S DATA

The data collected by Miller have recently been re-
examined with a view to establishing the relative im-
portance of statistical fluctuations and physical causes
in the small periodic effects which he obtained.

Consider first the individual data sheets. It is gener-
ally agreed that an experienced observer with keen
eyesight, such as Miller had, can estimate the fringe
position to 0.05 fringe, which may be regarded as the
least count of the instrument. This personal factor will

7. L. Synge and G. H. F. Gardner, Nature 170, 243 (1952);
also Proc. Royal Dublin Soc. 26, 45 (1952).
" R. W. Ditchburn and O. S. Heavens, Nature 170, 705 (1952).
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manner as Miller did it. Suppose that these 320 values
be considered as random sample values drawn from a
normal population. Furthermore, suppose the arrange-
ment into columns and rows is a random one. Then
statistical theory shows that the variance of # may be
resolved into a contribution due to variation of the
individual entries in the columns about the column
means and a contribution due to differences between
column means and the mean of the whole assembly. A
measure of the relative significance of these is the
statistic F defined by

16
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Under the hypotheses of randomness and normality
of population, the probability that F for a given sample
will exceed a given value has been tabulated. Ior the
number of degrees of freedom involved in the present
data, theory shows that the probability of obtaining by
pure sampling fluctuation an #>1.71 is only 0.05; the
probability of obtaining an F>2.21 is only 0.01. These
probabilities are accepted limits for rejecting the
hypothesis that the array could have arisen by sampling
fluctuations in a normally distributed population. When
a large number of data sheets are analyzed, one would
expect only one out of twenty to exhibit an F>1.71 if
the population of which the sheets are samples consists
only of randomly fluctuating data. If many of the data
sheets lead to an F-value greater than the limits quoted,






























