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Relativity with a preferred frame X

. B"= V"/C
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Can 3' and ['' be experimentally determined ?

Answer from ether-drift experiments.



Bell’s derivation of Lorentz transformations

Let us consider a reference frame
2 with coordinates X,Y,Z,T)

For X, time is homogeneous and space is homogeneous
and isotropical.

2 is a preferred frame since the relative motion with
respect to it produces physical modification of all time
and length measuring devices. Namely, the basic atomic
parameters are changed by the Larmor time dilation
and by the Fitzgerald — Lorentz contraction along the
direction of motion.

One can introduce, however, another reference frame
S' with coordinates (x',y',z',t')

such that the description of the moving atoms for S'is
exactly the same as the description of the stationary
atoms in 2. The transformation

X,Y,Z,T) = x',y',z',t')

is precisely the standard Lorentz transformation. In this
way, time and space, as measured through the clocks
and rods of S', have the same homogeneity and isotropy
properties as in X.
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ON THE ELECTRODYNAMICS OF MOVING
BODIES

By A. EINSTEIN

ally understood at the present time—when applied

to moving bodies, leads to asymmetries which do not
appear to be inherent in the phenomena. Take, for example;
the reciprocal electrodynamic action of a magnet and a con-
ductor. The observable phenomenon here depends only on
the relative motion of the conductor and the magnet, where-
as the customary view draws a sharp distinction between the
two cases in which either the one or the other of these bodies
is in motion. For if the magnet is in motion and the con-
ductor at rest, there arises in the neighbourhood of the
magnet an electric field with a certain definite energy, pro-
ducing a current at the places where parts of the conductor
are situated. But if the magnet is stationary and the con-
ductor in motion, no electric field arises in the neighbour-
hood of the magnet. In the conductor, however, we find an
electromotive force, to which in itself there is no correspond-
ing energy, but which gives rise—assuming equality of
relative motion in the fwo cases discussed—to electric currents
of the same path and imntensity as those produced by the
electrie forces in the former case. '

Examples of this sort, together with the unsuccessful t;.t-}\1 4

tempts_to discover any mohon of the earth relatively to the
“hght medium,” sug e phenomena of eleckro-

* 1 dynamics as welas of mecha.mcs possess no properties corre-
spondimg to the idea of absolute rest. They suggest rather
that, as has already been shown to the first order of small
quantities, the same laws of elec ics and optics will
be valid for all frames of reference for which the equations of

IT is known that Maxwell's electrodynamics—as usu-

37



THE
LONDON EDIN’BURGH AND. DUBLIN

PHILOSOPHICAL MAGAZINE;

AND

_ J()_URNAL OF SOIENCE;_'

CONDUOCTED BY

' LORD KELVIN, G.U.V.0. D.O.L. LLD. F.R.S. 4o.
 JOHN JOLY, M.A. D.Sc. F.R.5. F.G.8,

AND

WILLIAM FRANCIS, Pa.D. F.L.8. F.R.A.8. FOS

L. hec aransarum sane textus ideo melior quia ex se fila gtguunt, 1ea noster
vilior quia ex alienis libamus ut apes.” Juer, Lies. Polil. tib. i. cap. 1. Nof.

s

VOL. TI1—SIXTH SERIES.
JANUARY—JUNE 1902,

LONDON:
TAYLOR AND FRANCIS, RED LION COURY, FLEET srmr.m #

S0LD BY szmmrr, MARSHALL, HAMILTON, KENT, AND €0, tD.~T. AND T. '0 .
EDINDURGH ;~B8MITH AKD 80K, GLASGOW ;—ODGES, PIGGIS, AND T

€O, DUBLIN j~—PUTNAM, NEW YORK ;—~YEUYE 1. BOYVEAY, -
PARIS ;—AND ASUER AND-CO:, BERLIN: ’



Hichelson-Morley Euxperiment-on Drifi.of the Hithey. ™ 9

tributed - in -some ﬂEJrla.ces than i others, of infinitely "small
average density through the whole of -infinife space. In-
regions where th:hgiinsity was then bég;oe:iter than in neigh-
ouring regions, ity wonld -become. greater sill ; in
Efa;:em:{gf lgsls density,etxils;t{iensity would becomegpea less; and
large regions would guickly become void or pearly void of
atoms. These large void regions would extend so as to
completely surround regions of greater density. In some
part or parts of each cluster of atoms thus isolated, con-
densation would go on by motivns in all directions not
generally convergent to points, and with no perceptible
mutual mnfluence between the atoms until the density becomes
something like 10~® of our ordinary atmospheric density,
when muinal influence by collisions would begin to become
practically effective. Xach collision would give rise to a-
train of waves in ether. These waves would carry away -
energy, spreading it out through the void ether of infinite
space. The loss of energy, thus taken away from the-atoms,
would reduce large condensiug clusters o the condition of
gas in equilibriom * under the influence of its own gravity
only, or rotating like our sun or moving at moderate speeds
as in spiral nebulas, &e. OGravitational condensation would
at first produce rise of temperature, followed later by cooling
and ultimately freezing, giving solid bodies; collisions
between which will produce meteoric stones such as we see-
them. Ve cannot regard as probable that these lamps of
broken-looking solid matter (something like the broken stones
used on our macadamised roads) are primitive forms in which
matter was creused. Hence we are foreed, In this twentieth
century, to views regarding the atomic origin of all things
closely rescmbling those presented by Democritus, Epicurus,
and their majestic Roman poetic expositor, Lucretins,

II. On the Blichelson-Morley Expeviment relating to the
Dnifi of the ZLther. By W. M. Hioxs, F . R.S.+
[Plate L]
N the following pages it is proposed to_consider in detail
the general theory of the experiment by which Tlecers.
Mickelson & Mozley T gﬁsmptea To decide the queson of the
Mﬁ-aythe zether when a material body moves

through it. The theory is not so simple as it may appear at

* Homer Lane, American Journal of Science, 1870, p. 57; Sir W
Thomson, Phil. Mag, March 1887, p. 267.
t Communicated by the Author. 1 Phil. Maz, Dec. 1887,



Hicks:on:the Miskelson-torley -
" The maximals- for; diffevent small strips-of -the flame ure
thereforo differently:iinclined. . It has-been seen that these
intersections with the: plane of :the - fixst: mirror ‘coineide,
Hence they coincide nowhere else. Consequontly o fringe
“will be seen if the telescope is focussed -on the first. mirvror,
whicly; will gradually become more and: more indistinct as
“the plane on which it is focussed recedes more and wore
from. it. o
If  denote the angulnr breadth of the flame as seen from
the point on the plate where the datum line meets it, the
maximals for the varvious points of the flame will form a
szsbem of pencils of angulur. breadth o, whose vertices pass
through the maximal points on the first mirror which have
just been shown to be the same for evex‘-{y Eoinb on the flune,
The fringe.on a. soreen parallel to the first mirvor will then
completeﬁy fado into white light when its distenco from the
first mirror is sych tha} the pencils intersect, each, the aue-
ceeding one, This takes place ot a distance y such that
yy=breadth of 2 band, Atdistances lg):enter than ¥ no {ringes
can be seen at all. At distances nenrly as great as y we should
oxpect dark lines on o more or less uniformly bright back-
ground.

Disouseion of the Displacement of Fringe.
17, The position of the central band is given by

b
= bin (B—A) — JE¥ con 2a”

If then B>A, b must be positive, that is the plune of the
second mirror must lie to the right of the intersection of
the first mirvor und the plate. If on the other liaud A>B,
b must be negative, or the second' plane must lie to the loft
of the snme intersection, It will be convenient to distinguish
theso two cases as the B and the A “YI{"’ respectively.,
Buppose an experiment to start wit]

direction as the incident light. Then na the drift alters from
this position in either direction, the central band is displuced
to-the right in the B type and to the left in the A type. As
A—3B is exceedingly small—of order 10-% (or 2 sec.) ut
most—the adjustment of the mirrors can easily change from

one type to the other on consecutive days. It follows that
) g : 5.in the usunl munner 1

W

£ different d:

h the drift in the sume -

5 E@pm?iﬁent, ﬁel&&iug:-wh the - Dift of: tlLe‘Efla
) T Dadenote the - distance. of the central' hand:froniithe -
Antersection of the plate and mirrors, when: theve iz no:diift——
for-whenthe drift is parallel:to the plate— - -
~ sin (B—A)
- D sin (B—A)
sin (B—~A) — & cos 22’
Displacement to | _ . _p.. $ED cos 2

loft of this position [ " sin (B—~A)—4F o0s 9’

In uny given cnse suppose sin (B—A)=}k£?, then

: D cos 2«
Dmplaaenwnb e

Hig. 6,

S-=X

.
‘4"-...0 ‘s
L

N,

SR 50

Flg G shows how the displ]z;cement changes with-«, for the
,.}'I .,' - - 2




shorten until when k is large the curves becomerthe ordinary
barmonic curve’” y=Jkcos 2a.. In Michelson and Morley’s
experiment k was apparently always large.

* Discussion of Michelson and Morley’s Observations.
18. .The resuli of §17, that it is not allowable to average
the results of dilforent sets of observations until the type ol

each has been delermined, nafurally leads us to_a recon- -
sideration of the numerical data obtained by Michelson and

“Morley, who (id lump together the observaiions taken on
diferent
T

1 days. | propose to show that, instead of 21ving a
me numerical data published In their paper show

distinct evidence of an effect of the kind to be expected. |
It may here be recalled that in taking an observation, the
apparatos was rotated in its mercury bath and readings taken
at 18 equidistant points as the reading-telescope passed them.
On each occasion this was repeated six times, and the means
of the six readings in each position taken. These means are
the numbers printed in their paper. They are given for noon
on July 8, 9, and 11, and for 6 p.M. on July 8, 9, and 12.
The means of these three days are taken and then the means
of the first eight and of the second eight, thus eliminating
any effect depending on cosa alone. The result is that there
iz no apparent dispiacement of the fringe, |
In looking at the seis of readings, one is struck at once
with the fact that all the readings continnounsly increase or
decrease. This is evidently the effect of temperature changes. -
For short intervals, il is exiremely likely that the tempera—
ture disturbances will be a linear function of the time. If
this is exacily so, and if the readings were taken at equal
intervals of time, it is possible to eliminate the disturbances
due to this, For the readings at the beginning and'at the
end of a complete revolution ought (in absence of tempera~
ture effects) to be the same, whilst on the supposition made -
above there would be a temperature error altering by equal
steps for each suceessive reading—in a way to be indicated
immediately, The readings for each set of complete revolu-
tions should first be corrected in this way and then the
average of the six taken to eliminate accidental and personal
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The Ether-Drift Experiment and the Determination of the Absolute Motion
of the Earth

Davron C. MILLER, Case Sckool of Applied Science
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ETHER-DRIFT
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FiG. 11 l\%e}l}:lod (lwfggzmbmmg thg e?:r—dnft observations
o Y, 5 now considered erroneous.

ov&): Wen 2vpedmeut

~ being based upon an erroneous hypothesis as to

the resultant absolute motion of the earth. The
morning and evening observations each indicate a
velocity of ether drift of about 7.5 kilometers per
second; these values are charted in Fig. 4 in
relation to the magnitudes predicted by the new
hypothesis of a much larger predominating
cosmic motion of the solar system and show
reasonable consistency.

Observations by Morley and Miller in 1905

In 1905, the interferometer was mounted in a
temporary hut on a site in Cleveland Heights,
free from obstruction by buildings and at an
altitude of about 285 meters. The house was
provided with glass windows at the level of the
interferometer so that there should be no opaque
screens in the plane of drift. The test of the
contraction hypothesis was continued; the
wooden rods which determined the length of the
optical path in the experiments of 1904 were
omitted and all the mirror frames were fastened
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ETHER-DRIFT EXPERIMEN

cancels the full-period effect and all odd har-
monics, giving the shorter curve which is the
desired half-period effect (together with any

higher even harmonics which may be present)..

Inspection shows clearly that these curves are
not of zero value, nor are the observed points
scattered at random; there is a positive, system-
atic effect. These full-period curves have been
analyzed by the mechanical harmonic analyzer,
which determines the true vaiue of the half-
period effect; this, being converted into its
~orresponding value for -the velocity of relative
motion of the earth and ether, givesa velacitygf
8.8 kilometers per second for the noon obser-

A
(&)~
30

vations, and 8.0 kilometers per second for the
‘evening observations. In Fig. 4, the smooth

ol
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Z
4
$
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z
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Fi1c. 4. Velocity of ether drift observed by Michelson
and Morley in 1887, and by Morley and Miller in 1902,
1904 and 1905, compared with the velocity obtained by
Miller in 1925,

curve shows the value of the ether-drift through-
out the day for the latitude of Tleveland, as
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their report begins by stating the ratio-
nale for testing the hypothesis of a

stationary ether through which the
- Earth moves. Seeking only Earth’s

orbital velocity (its speed and direc-

tion), they designed the apparatus to
increase the path length of the cross of
light to about ten times its 1881 value.
The influences of Potier and Lorentz
were here evident. Null results, once
again presented in tabular and graphic
form, mforoed the fame of their

They observed a change of less

0.04 wavelength. Less than 10% o

their expectation meant a conclusi

null result. Yet in their supplement
that classic paper, Michelson and Mor
ley offered at least seven ideas—four
possibilities for laboratories and three
for observatories—for attacking all
over again the problem of the motion of
the whole Solar System through space!
In his final Lowell Lecture, “The
ether,” Michelson confessed: |
The experiment is to me historical-

- ly interesting, because it was for
the solution of this problem that
the interferometer was devised. I
think it will be admitted that the
problem, by leading to the inven-
tion of -the interferometer, more
than compensated for the fact that
this particular experiment gave a
negative result. |
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Simplified Theory of the Michelson-Moriey Experiment

Rov J. Kenxepy, Universily of Waskinglon
(Received March 22, 1935).

It iz showin that a correct application of Huygens’ principle in the theory of the experiment
leads to the same expression for the expected result as is desived in the simple classical theory.
The effect dee to path difference is shown to be the same as the effect derivable from the
relative rotation of the intecfering beama. Critics of the classical theory have mistakenly re-
garded the latter value as 2 commpensating factor almost exactly offsetting the fisst.

HE usually accepted theory of the Michel-

son-Morley experiment has been adversely
criticized in a number of papers, the first of which
apparently was that of Hicks.! Since then Righi®
and Hedrick® have concluded that the effect is
not the accepted one, at least not for the so-
called “ideal” adjustment of the mirrars, while
Woempnert and Cartmel® derive a third-order
expression for the fringe-shift. (By the order of
the effect is meant the degree of the ratio 8 of
the velocity of the system through the ether to
the velocity of bght.) The formulas derived by
all these writers involve factors which depend on
the adjustment of the apparatus. Righi, Hedrick
and Woempner suppose that the fringe-chift to
be expected in view of the difference in the times
required to traverse the two paths in the inter-
ferometer is compensated for by the relative
rotation of the two recombining beams, at least
in special cases. Their procedure seems to be
essentially that of computing the same quantity
approximately in two different ways, and then
mistakenly subtracting one resuit from the other.
Ttnyﬁndthattheponmdthecuualfnage
is practically unaffected by rotation of the
apparatus, but. wrongly. infer from this fact a
null (or very small) effect for the experiment:
Oddly enough the third-order effects derived by
Woempner and by Cartmel seem to be in good
agreement with Miller’s experimental data if
thelimarvelocityofthzsola'rsysﬁunduew

ll!ich.m l‘ac ﬁ,3.33.5$$(l”2).

-'Hn(ki\-i,cmfmo-tk Iaiey&pt..
;\m"(m’" mmlpt.
Pimghhﬁeung
Dec.27—29 1934,
smamrr;-s”. Phys. Rev. 8

rotation of the galaxy is used in evaluating the
ratio B.

It was long ago demomstrated by Lorentz*
that a rotation of the interfering beams of the
magnitude actually occarring could not offset
the phase difference produced by the relative
lengthening of one path as compared to the other.
Coutrary results have been reached by so many
other investigators, however, that it has seemed
worth while to attack the problem by a variation
of their detailed method with a view to reconcil-
ing it with Loventz’s beantifully simple treat-
ment. The present discussion is based alinost
entirely on the careful application of Huygens’
principle to the reflection from the moving
mirrors. By this means the directions of the rays
in a reference system supposed fixed in the ether
are computed; from these directions it is a
gimple matter to infer the cqurses of-the two'
beams with respect to the apparatus, and the
fringe-ghift (or relative phase change) which
would result from rotation of the apparatus. It
turms out to be unnecessary to compute the
lengths of the actual paths in the ether.

Inﬂ;e&stplaoeasmpledumm&atwnmﬂ
be given of the relation of the angle of reflection
¢ to the angle of incidence # (glancing angles)
of a beam of hight falling on a mirror moving
with velocity » in a direction at an angle « with
the normal to the back of the mirror. In Fig. 1
is represented an element of the mirror of length
is(=ep). During the time & between the arrival
ofthe'avefrmtatcand:tsatmalat[tthe
poht_gddlemhw’wiﬂhavemedadktam
olt=pp" to the position . Hence by the usual

“argument it is evideat that the reflected wave
_front will be along g¢’, which is tangent to the

;Igmmm“mm

965



968
fringe-widths simply the ratio of x to this width,

ie.,
18* cos 2¢//tan 2(03—03)
A/tan 2(ws—wn)

Now the wave fronts from mirror M; are
indistinguishable from those from Ay’ except as
to phase, and from the elementary theory of the
experiment it turns out that the variable part of
this difference of phase is the distance between
M, and My' multiplied by (8*/3) cos 2¢. The
distance is ] tan e s0 the fringe-shift due to this
path-difference is (?/A)f" cos 2§ tan ey; becamse
of the factor tan w this is evidently ignorable
in comparison with the shift expresseil in Eq. (3).

The errors of the writers referred to are of two
kinds: they either confuse the central fringe
defined above with the axial fringe, and 80 infer
a null effect from the fact that the former is

-—ﬂ‘ cosZg. (3)
A

For the wavefronts in eich beam are .paraliel
planes at fixed distances apart, two of which
intersect in 2 line (the central fringe established
by a hypothetical case) which is practically
fixed in the axes moving with the apparatus.
at them, are completely determined in position
by the angles between the wave fronts.

Hence the toial eflect to be expected in the
experiment is expressed in Eq. (3), which is the
same as results from the simple approximate
theory.

The same variation in pbaseenstsm the

ROY J. KENNEDY

“‘ideal” case, i.e., that in which the end
are exactly perpendicular to the axes, ah
then the approximate expression in ter
would become indefinitely broad. Never
the method employed -by the writer
Illingworth,®* in which the phase-shift-
exhibit itself by unbalancing a split photo
ﬁeld.wmﬂsﬁﬂbeam:&zbhlnother
the “ideal” case is special only in that the |
produced are too broad to permit direct
estimation of their positions.

The actual experiment, of course, deak
cones of rays brought fmally to a focu:
telescope, instead of plane waves interferi
a screen. The latter have been consideret
mlyhemmedleyhavegxmnseﬁothe
confusion. Jt s much simpler, paraph
Imu,@ugtthegmualmse.'l‘hel
differences may be computed by the elems
method in which the second-order differen
direction discussed above are ignored fc
reason that such directional differences ca:
produce errors of order higher than the s
in the result. For, if the approximate vah
the length of cither path be I, while the :
> length is a function ¥e, «, &) where the
meats are the small angles (of the order -

. between corresponding segments of the :

the function we find for the esTor

N

a3 al
Her, &, &) —la=er—Fex—t-es—
da O do

~4-terms involving higher powers of tt

BntFumat‘smmlemqmmstlmtthepa
a minimum ; hence the first derivatives va

'd!owmgthatﬂnemmvdmonlypowe

ﬂhﬂu’ﬂlanﬂletbuﬂ.andthetefmeignm

KﬂnalyPrm.Nat.Amd.Su. 1 (1926).
s Iitingworth, Phys. Rev. 3&692(‘%17) ¢
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Figure 2: A typical fit Eq.(4) to the even combination of fringe shifts B(6) = %%\Ml

obtained from the data reported in Table 1. The fitted amplitudes are A, = 0.025 + 0.004
and A4 = 0.004 + 0.004.
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A . D Vabs os26)
A N <
L 4
Az
SESSION A,

July 8 (noon) | 0.010 £ 0.005
July 9 (noon) | 0.015 £ 0.005
July 11 (noon) | 0.025 & 0.005
July 8 (evening) | 0.014 £ 0.005
July 9 (evening) | 0.011 £ 0.005
July 12 (evening) | 0.018 £ 0.005

Table 2: We report the amplitude of the second-harmonic component A, obtained from the
fit Eq.(4) to the various samples of data.

—

{A,) =~ 0.0L55 % 0,0020
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ThcmterfaometensbmngsetupagmnonthemmpusofCase
SchooloprphedSaencemClevelnnd,neartheplacewherethe
original Michelson-Morley experiment was performed in 1887. It is
proposed to make a series of observations for four epochs of the
year, comparable in every way with the Mount Wilson series. This
- will give informatioii as to the possible effects of local conditions;
- it’is hoped that it will show more definitely whether there is any
- effect-due to altitude, and whether the orbital motion is appreciable.

' IV. DR. ROY J. KENNEDY (CALIFORNIA INSTITUTE OF TECHNOLOGY)
. When Professor Miller published the conclusions that he
- presented to us yesterday, it became necessary, or at least very
desirable, that the expeximent be repeated independently. It is such
-a performance of the experiment that I shall discuss this moming.
~ In this experiment the light-paths were reduced to about 4 m,
and the required sensitiveness was obtained by an arrangemént
.Capableofdetecﬁngavetysﬁghtdisplwemmtoftheinterference

fvmmmmdmatyofthemmthehght.pathsmﬂyehmmted.
since the value of u—x for helium is only about one- -
: tenththatformatthesamepr&ure,ltwﬂlbeseenthatthedm-

ﬁble,andwhmtempmtureequilibnumhadbemmchedthere
'.Iz'wasnosteadyslnft. -
- ‘Iheplanoftheapparatusmsketchedml“ignm&'l‘heopud
lpa.ttsaremountedonamarbleslabrzzmsquarebymscmthmk
which rests on an annular float'in a pan of mercury 77 cm-in diam-
| etet This is simply a reduced copy of Michelsoin’s original mount-
ing: The mirrors M,, M,; and M; are fixed in position; such adjust- -
mentsofthemmpmsaﬁngplateCandmirrorM,asareneasary
. after the cover is in place can be made from the observer’s position
 at the telescope. The green light A 5461 is separated by the lens
and prism system from the radiation of a small mercury arc lamp
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that o should not be much less than o.025 \, which was the value
finally used. Substituting these values in the last equation, we get

Sxm=g X107\

as the least detectable change in position of one of the mirrors. This
corresponds to a change of optical length of path
Sl=38x=10"4\,

To take full advantage of the possibilities of the arrangement
would have required perfect mirrors and an intenser and, therefore,
' hotter source of light than would have been desirable near the sensi-
nveapparatus,aswenashngthenmgthemtervalbetweenobserva-
tions, thus allowing greater chance for any steady temperature shift
to show itself. No attempt was made in the experiment, therefore,
mgobebwvduaduequﬂbzx:o'ih'snchmmmmmde-
tecublemthoutthelustmty

atus theveloatyofzokm/sec.ionnd y Pro-

mtheNomaandgeLubmﬁoryatvmhmofduy,but
“oftene ntthetmewhenlﬂhr’smndmreqnirethegr&tes&
eﬁect. 'Ihemsiﬁveneasnftheeyewu foruchtmlbythe'
{pladngorremvalofamallweighton  before and after.
;irotaﬁngm Thuebungnoﬂuctuahonsmthehédofm,:tm
»wtaketheaverageofanumbaoimdmgs. As has
gbeen,shown,arsbxftasmnllasone-iourththatmrmpondmgto;
_A__fswouldhn.vebeenpwed 'Ihetesultmperfecﬂyde&-
-’mbe. 'l‘herewaanoaignofaahiftdepmdingontheonenhhm. -
| Bemmanethadﬁftmightwncavablydependondﬁmde,'
ftheexpmmmtmrepeatedonMountWilm m’the;:oo-mch
teles uildmg.Heteagamtheeﬁectmnun. i
.- {Nole added April, 1928 —illingworth at the Califorma Inshtute
ofTechmlogylnswnnnuedtheworkwitthnedy’sapparaws,
_using improved optical surfaces and a method of averaging. He
mncludw‘tbatnoetherdnftasgreatas:km/sec.enm]

. Y Physical Review, 30, 693, 1937

'&



Since N is small, we have calculated the error bounds using a two-talled Student$
test at the 95% C.L., rather than a normal distribution. As shown in Table 3, the low
bound is higher than zero in over half the cases.
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40U g. Joos

Lichtweg Verschiebungen bis zu !/, Streifenbreite beobachtet
wurden, auf stérende Einflisse zuriickgefiihrt sein. Zum Ver.
gleich, welche Genauigkeitsforderungen man stellt, wenn man
1/,000 Streifen als obere Grenze setzt, sei folgendes angefiihrt:
Bei einem Lichtweg von 21 m und einer Wellenliinge von
5461 A-E. bedeutet eine Anderung von !/, 4 eine relative
Anderung von 2,6.10~1%, Setzen wir die Entfernung Erde—Mond
mit rund 8,6-10 cm in Rechnung, so entspricht diese relative
Genauigkeit der Forderung, daB eine Anderung dieser Ent-
fernung um 1 cm noch nachweisbar sein soll. Damit ist auch
ein von Stromberg?) berechneter Effekt von 17/, Streifen-
breiten Verschiebung fiir 16 m Lichtweg, den Michelson
erwithnt, als sicher nicht vorhanden erwiesen.

Weniger in die Augen springend ist der Fortschritt an
Genauigkeit, wenn man aus der Streifenverschiebung gegen die
Mittellage nach der bekannten Formel

" s2-4 (2]

die Grenze' der Geschwindigkeit v des Atherwinds berechnet.
Wegen des quadratischen Eingehens von v bedingt Y1000 Streifen
Genauigkeit als obere Grenze fiir v den Betrag 1,5 km/sec.
~ Hinen Vergleich mit einem ,erwarteten Effekt® zu ziehen,
ist ziemlich miiBig, da man heute weiB, daB der Hauptanteil
der Erdbewegung durch die gemeinsame Geschwindigkeit des
MilchstraBensystems (GroBenordnung 300 km/sec) gegeben ist,
die jedoch nach Richtung und Betrag noch reichlich unsicher
ist. Der volle Effekt dieser Bewegung wiirde eine Verschiebung
um rund 38 Streifen verursachen, wie man durch Einsetzen in
(1) sofort sieht. ~

‘ Es war nun urspriinglich geplant, den Apparat auf das
Jungfraujoch zu schaffen. Herr Direktor Lichti von der
Jungfraubahngesellschaft unterstiitzte die Vorbereitungen aufs
warmste, wofiir ihm der Dank ausgesprochen sei. Inzwischen
hat sich aber durch den Widerruf der urspriinglich angegebenen
Hohenabhiingigkeit des Effekts durch D. C.Miller die Situation

1) Erwithnt in der oben zitierten Arbeit von Michelson, Pease
und Pearson, Niiheres konnte dariber nicht in Erfahrung gebracht
werden,

d man kann mit Recht fragen, ob ange-

; i sllig negativen
i Anderung, ferner angesichts de.s Y
dl:,si(la;‘r in der Hii,he unternommenen VVlederhoh'mgen des
on-Noble-Versuchs?) und angesichts der finanziellen Not-

der deutschen Wissenschaft die Kosten einer derartigen

:tion noch zu rechtfertigen waren.

tlich veriindert un

Zusammenfassung ‘
Es wird ein regisirierendes Mz'cheLeon-In-teaferometer vm(z
1 Lichtweg beschrieben. Die mikro;zhotometms.ohe Ausmei‘;:gz J
damit gemachten Awfnahmen ergibt, dfzﬁ ein etw; v% han
Atherwindeffelt hleiner als /1000 St?:emfen}we@te, er g
Aiherwinds Kleiner als 1,5 km[sec sein mipte.

luB mochte ich dem Vorstand des Physikalischen

Zum Sch ’s h
: : e Herrn Geh. Rat M. Wien noc
tuts der Universitat Jena, fir die zahlreichen Hilfs-

™ daf er
nders dafiir danken, da Photometrierung der

Untersuchung der Materialien, :
- ) die Institutsmittel unbeschrinkt zur Verfiigung

Phys. 78. 8. 743. 1925; 80. 8. 509, 1926;

Ann. d.
B e, Ches hys. Rev. 80. §. 516. 1927.

. 8,161, 1927, C.T. Chase, P
Jena, September 1930.
(Eingegangen 27. September 1980.)



Summary of the classical ether-drift experiments:

1) Michelson-Morley , Morley-Miller, Miller
Vops © 85+ 1.5  kmis

anisotropy of the speed of light : (Vobs / c)2 ~107°

2) Kennedy, Illingworth
Vobs ® 3.1 £1.0 Kkm/s

anisotropy of the speed of light : (Vobs / C)Z ~10710

3) Joos
Vops < 1.5 kmis

anisotropy of the speed of light : (Vobs / c)2 R 10_11

(air)

(helium)

(vacuum)



Vops Z0 =  the two-way speed of light is anisotropical for
an observer S’ placed on the Earth

Standard approach: isotropy in a preferred frame X

c Galilei’s transformation c tv

v-u
c u—yv+v(y-1)—-

u=—N———————— Lorentz transformation — v
di =
medium 'Y(l 3 )
c
Two-way speed of light in S’
u'(0) C2a VP
=1 - (A +B sin 9)—7
u c
o~ N2 ~ 3 (N2
Ax N medium -1 B~ - (N medium —'1)

2



>

®)_nu|[2D 2D ]~
A A | @@ w@/2+0)|

(-2B) cos(20)

Vzobs & Vz (-2B) B~ —3(Npedium — 1)
Michelson-Morley
Morley-Miller Vg, = (8.511.5) km/s= Vegq & (204 £ 36) km/s
Miller : |
Nair - 1 ~ 209 . 10_4
Kennedy

Illingworth V,p, = (3.1£1.0) km/s = Veare ~(213£72) kmis

Niclium — 17 3:6-107°

Joos Vops ® 1 kmis => Vearth = 150+ 400 km/s

Nvacuum —1= 0(10_6)



Modern ether-drift experiments

n n=integer

v(0) =

| - _ )
Av(0) _u ©@)-u'(n/2+0) ~ Vz (2B, cdium ) €95(20)
v u ¢

In very high vacaum

<ﬂ> =(2.6+1.7) -10715 Mueller et al. 2003
exp

v

Theoretical interpretation B.,.uum® —3(Nyacoum — 1)

N =7?

vacuum



Freely falling frames

Sl

Locally c'=c¢''=¢  Equivalence Principle

However , if S'and S" carry on board twe different heavy
objects with mass m' and m'’

c'#c'""£¢




How to compute ¢' and ¢'' ? Use General Relativity

To first order the isotropic form of the Schwarzschild metric is

ds? ~ (1 +20)dt? — (1-2¢)(dx? + dy? + dz?)

so that Nyvacoum = 1—2¢

For an observer S'placed on the Earth

- Gl;M“!"h ~-0.7-10" so that
C Rean‘th

'Bvacuum I~ 3(Nvacuum -1)=4-10

From the classical experiments one gets V., =~ (204 +36) km/s,
thus

2
<.é_\_,.> ~ :’_g_g_r_t_h_ I Bvacuum |z (1.9 + 0.7) . 10—15 |
theor

Vv c2

consistent with the experimental result

<§X> =(2.6+1.7) - 10715 Mueller et al. 2003
exp

v



What the classical ether-drift experiments say:

- To exclude (or confirm) the existence of a preferred
frame, one should replace the high vacuum in the
resonating cavities with a gaseous dielectric medium

- If the small deviations found in the classical experiments
were not mere instrumental artifacts, the typically
measured frequency shift

Avi~1 Hz (in the vacuum whereB,.oum = 10—9)

should increase by orders of magnitude. For instance, one should
find

Av = 100 kHz (in the air whereB,;. =~ 10_4)

Av =10 kHz (in the helium whereB), ;um ~ 10'"5)

- Check with the experiment performed by Jaseja et al. in 1963
using He-Ne masers. In this case, the result is equivalent to an
experiment with cavities filled with a He-Ne mixture (*90% He
and ~#10% Ne). Taking into account the various refractive

indices, we obtain By, n. #1.2- 1074,



EVALUATION OF GLAG PARAMETERS

Both values, however, give a critical half thickness
below S00 A. Thus, we see that a film somewhat thinmer
than 1000 A coxdd bresk up into a mixed state. Whether
it does, however, depends on. whether it is energetically
favorable to do so. There is, though, one further piece of
information. Even though « is greater than 0.707 in a
thin film, the order will probably be constant across
the film thickness 4, for we can show that L>d for
d<deryicn From (35)

A rH c(‘) lz(l

"
ofL ool 7 o) (o/ 812 (42
For diffuse scattering, which gives the slightly larger
estimate, we obtain from (42) the result
/L=045, at T=0°K, 6=Guitsn- (43)

For thinner films, higher temperatures, or specular
scattering, a/L is even smaller. Thus we see that the

A1221

order probably does not vary across the film thickness
in a thin film,

To summarize our resulls, we have shown that a
simple nonlocal model used with some
sucaess to calculate the critical fields of superconducting
films can also be used to calculate the Ginzburg-
Landau-Abrikosov-Gor'kov  parameters such as the
weak field penetration depth 3, the dimensionless
parameter x, and the range of order parameter L=4¢/x.
We have calculated these quantities in the local Lmit
and have shown that the results are in good agreement
with those obtained by other techniques. We have also
obtained simple expressions for these parameters which
are valid in the thin imit. From these Emiting formmulas,
we show that x can get large in a thin film and estimate
that « exceeds the critical value of 1/¥2 in indium fibns
somewhat thinner than 1000 A. We ako condlude that
in the thin limit, one would expect the order parameter
to be constant across the film thickness.
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TestofSpeualRehﬁvityotofﬂxel‘sohnpyofSpace
by Use of Infrared Masers*

T. S. Jaszjaf A. Javaw, J. Musnay, axp C. H. TowNss
Massechkusells Yustidute of Technology, Cambyidge, Massachuselts
(Received 26 July 1963; revised manuscript received 30 October 1963)

The highly optical or infrared masers aliow very sensitive detection of
mmuumwmmmmmm of the
frequencies of two masers with axes pespendicular to each other allows an improved experiment of the
Michelson-Moxley type, or & vexy precise examination of the isotropy of space with respect to Eight pro-

“Two He-Ne masers were mownted with axes perpendicuiar on 2 rotating table carefully isolated
from aconstical vibrations. Their freqaency difference was found to be comstant to within 30 cps over times
as short as about one second, or to one part in 102 of the maser frequency, which is near 3X(10% cps. Rote-
rcpeatahble variations in the difference of about 275 kc/sec,

x becsnse of magmetostriction in the Invar spacers due to the earth’s magnetic field. Examina-
tion of this variation over six comsecutive howrs shows that there was no relative variation in the maser
ﬁwmﬂvﬂmdt&m&mmeMShlmﬂaa&uenm

a-electufdhu&i&hpthnl]lﬂb&tbmlfndmlm (_tlc)’mhelvthﬂle

3Mm%lhkymlhenmmm&tmedmwﬂl

allow as yach as 2 more ordexs of magnitude in

precision, and that similar techniques will also yield

mennwﬁﬂwme

OI’TICAI.a.ndinfntedmmnﬂkepossiﬂcand
attractive 2 number of new experiments, and re-
finements of old ones, where great precision in measure-
ment of length is needed. On type is the examination
of the isotxopy of space for light propagation, or more
specifically the examination of what effects the carth’s

* Work supported by the U. S. National Acronantics and Space
Administration and ga.m&wmnthm
Labaratory of Electromics.

Toi : o* > TA

velocity or various other fieclds may have on the velocity
of light. We have completed the first stages of an experi-
ment with He-Ne masers which can be regarded as
eqmvalmttoalﬁdwlson—l(oﬂeyexpermentofnn—
proved precision. These tests show that the
effect of ““cther drift” is less than 1/1000 of that which
might be produced by the earth’s orbital velocity.

L INTRODUCTION

‘A synoptic treatment of the connections between
measurements in cogrdinate systems in refative motion



He- Ne wasen exgelmewts

OR OF ISOTROPY OF SPACE A1225

FREQUENCY SHIFT (KO)

Fm.&!htatmdnﬁnﬁ;.nqn:hﬁuoitwommth
90° rotation as a function MofdaybetweenGma.m

'mdnmmmmmlm,

mdaotmagnmldempremofthe search for any
anisotropy. It appears likely that great care in this
experiment may eventually allow two orders of magni-
tude improvement, or detection of any effects of aniso-
tropy as large as five orders of magnitude less than the

- (v/c)’ﬁmasomudwithan“etherdﬁft”whenvis

the earth’s velocity.
Itnclurﬁmtbemmducumthtthexmnedy
Thorndike experiment, or the comparison of time and
length, already represents the greatest uncertainty in
an experimental test of transformation of the line ele-
ment in a moving coordinate system. Fortunately this
too may be now redone with considerable accuracy by
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Predictions for the experiment with He-Ne masers

The general formula

2

Vearth
Av =V Byedium o2

using v~ 3-1014Hz, By, N, ~1.2-107% and the range
Vearm * 204+ 36 km/s , leads to the following reference value for the

frequency shift
(Av),es *16 kHz

Look for a time modulation of Av in the data of Jaseja et al. There is
a maximum at ~7:30 a.m. and a minimum at ~9:00 a.m. .

To evaluate the difference between maximum and minimum, one can
follow two different strategies:

a) just consider the two data corresponding to the maximal and
minimal values. In this case, one gets

d0,(Av)= Av exp(7:30am.) - Av .,,(9:00 am.) = (9 +6) kHz

b) group the data in bins of five, by defining average
values,(AV)exp (7:30 a.m.) and (Av)exp (9:00 a.m.). In this

case, one gets
Op(Av) = <Av>exp (7:30 am.) -(Av)exp (9:00 am.)~(1.6+1.2) kHz

which is the procedure followed by Jaseja et al.



Using the reference value of 16 kHz, the theoretical prediction for the
time modulation of the frequency shift can be expressed as

v2earth (7:30 a.m.) - VZearth (9:00a.m.)
(200 km/s)>

3(AV)¢heor = 16kHzZ

For a rough evaluation of the ratio of Earth’s velocities

sv? _ Vearth (7:30a.m.) - Vearth (9:00a.m.)

v2 | (200 km/s)>

one can éomi)are the time modulation of the maser experiment (Fig. 3
of Jaseja et al.) with the time modulation of Miller’s v, , at about
the same hours of the day and epoch of the year, (Miller’s Fig. 27).

Although one does not expect an exact correspondence (different

locations of the laboratories, Mt.Wilson and Boston, and different

periods of the year, January 20™ and ~February 8th ) the two trends

are surprisingly close. Therefore, one can try to use Miller’s data to
2

. v .
predict the value of —;’Tto be used in 3(AV)geor-

Depending on the adopted experimental value, i.e.

5,(Av) ~(9+6)kHz or 8y, (Av) = (1.6+1.2) kHz






one has to choose whether to average the Miller’s data or just to take
the difference between maximal and minimal velocities. In the two
2

A4
cases, one gets corresponding values of———i-

v
2 5 2 - .
(8v2‘) 2 and g———‘-’—z—)—ll, that range from ~0.1 to ~0.4 .

\ 4 v

say

The corresponding theoretical predictions for O(AV)peor are found in
the range from '

~1.6 kHz to ~ 6.4 kHz

and completely consistent with the experimental data.
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1)

2)

3)

4)

Conclusions

Modern ether-drift experiments look for a preferred frame by
measuring the relative frequency shift Av between two cavity-
stabilized lasers, upon local rotations of the apparatus or under
the Earth’s rotation,

If the small deviations found in the classical experiments were
not mere instrumental artifacts, by replacing the high vacuum
used in the resonating cavities with a dielectric gaseous medium
(e.g. air), the typical measured Av =~ 1Hz, should increase by
orders of magnitude.

This prediction is consistent with the characteristic modulation
of a few kHz observed in the original experiment with He-Ne
masers. However, the rather large experimental errors require
new experimental checks. If the predicted enhancement will not
be confirmed by new and more precise data, the existence of a
preferred frame can be definitely ruled out.

On the other hand, if the huge predicted enhancement will be
observed, we shall have to re-consider our interpretation of the
relativistic effects for a pair S' and S'' of observers. Rather
than being due to the relative motion, these effects should be
interpreted in terms of the individual motion of S' and S"'
relatively to a preferred frame X. Experiments performed on
the Earth suggest a value of the Earth’s velocity with respect to
2 (in the plane of the interferometer) of about 200 km/s.



