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ART. XXXVI.-On the &Ux.live Motion of the EartA and the 
LuminifeTous Eilu:r; by ALBERT A. Micmu.soN an:! 
EDWARD W. MoRLEY.* 

THE discovery of the aberration of light was soon followed 
by an explanation according to the emission theory. The effect 
was attributed to a simple composition of the velocity of light 
with the velocity of the earth in its orbit. The difficulties in 
this apparently sufficient ex_planation were overlooked until 
after an explanation on the undulatory theory of light w:i.s 
proposed. This new explanation was at first almost as simple 
as tbe former. But it failed to account for the fact proved by 
experiment that the aberration wa8 unchanged when observa· 
tiona were made with a telescope filled with water. For if the 
tangent of the angle of aberration is the ratio of the velocity 
of the earth to the velocity of light, then, since the lntter 
velocity in water is three-fourths its velocity in a vacuum, the 
aberration observed with a water telescope should be four
thirds of its true valne.t 

•This re98at'Ch was carried out with the aid of the Bache Fund. 
t lt may be noticed that most wrltans admit the sufficiency ot: the nplattation 

acconilDg to the eariaaiou ihoory of light; while. i:a tact the diftlculty ia -even 
grater Ula.n :a.coording to the unduh.iory theoty. For on the emieaio:a. theory tbs 
nlocity of light must be grea.t-er in th& water te1e&COP&. and there:fon!I the a1tle 
of aberration ahould be leu; henoe, in order to ~ it to ital.rue nlue,·we 
:must make the abaurd hypotbeaia ibat the motion of th. water iD ihe iel611cope 
<:arriee tbe n.7 of light in 4be oppoe.i.£& di:rec\ion 1 

A:w. J'otra. SoL-TB:l.R» 8K.aiu, Vor .. XXXIV, No. 203..-Nov .. 1881. 
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On the undulatory theory, according to Fresnel, firat, the ether 
is supposed to be at rest excepi in the interior of transparent 
media, in which secondly, it is supposed to move with a velociy 

].,,. than the velocity of the medium in the ratio n':-1, where 
. " 

n is the index of refraction. These two hypotheses give a com-
plete and Blltisfactory explanation of aberration. The second 
hypothesis, notwithstanding its seeming improbability, must be 
considered as fully proved, first, by the celebrated experiment.of 
Fizeau,* ahd secondly, by the ample confirmation of our own 
worlr.f The experimental trial of the first hypothesis forms 
the subject of the present paper. 

If the enrth were a transparent body, it might perhaps be 
conreded, in view of the experiments just cited, that the inter
molecular ether was at rest in space, notwithstanding the m<r 
tion of the earth in ira orbit; but we have no right to ex· 
tend the conclusion from these experiments to opaque bodies. 
But there can hardly be question thnt the ether can and does 
pass through met.Us. Lorentz cites the illustn1tion of a metallic 
barometer tube. When the tube is in-clined the ether in the 
apace above the mercury is certainly forced out, for it is im
compressible.:j:: But again we hnva no right to assume that it 
makes its escape with perfect freedom, and if there be any resist.
ance, however slight, we certainly could not assume an opaque 
body such as the whole earth to offer free passage through its 
entirn m8"". But as Lorentz aptly remarks: "quoi qui'] en 
soit, on Jera bien, a mon avis, de ne pns se 1ttisser guider, da.ns 
une question aussi importante, par des consid6rations ~ur le 
degre de prohabilite ou de simplicite de l'une ou de J'autre 
hypothesc, mais rle s'add<'sser a !'experience pour apprendre a 
connaitre Petnt, de repos ou de mou vement, dans lequ-el se 
trou:ve Father i ln surfuoe·terrestre.1'§ 

In April, 1881, a method was prorosed and carried out for 
testing the question experimentally. 

In deducing the formula for the quantity to be measured, 
the effeet of the motion of the earth through the ether on the 
path of the ray at right angles to this motion was overlooked. "f 

• Co:mptes liendus, ;a:riii, 3491 l81il; '.Pogg. Ahn. Ergil.n:zungsband, 1ti, 4.lS'f 1 
JS53; .Ann. Chim.. Phya., 111, lvH. 385, 1859, 

+Influence of Yotion of the Medium on the Velocity o! 'Light. This Journal, 
n.t, :o:.xi, 3'1'11 ~886. 

1: It. tna.Y be objected tbat it• may escape by the space between the mercury :and 
the walls; hut this oonld be prevented by ama.lgamatlug the walls. 

§ Arebivea NOOtlandaises, nr, 2""" Iivr~ 
I Thce :re1atl'V'e motioo ot the earth and the lumini!en::IUS ether, by .Alberl .A. 

lliehelaoo, thle J<lur .. ITT, ::ttii, 120~ 
"flt. mll.y be mentioned here tbat the .error was pointed out.to the author of the. 

formar pap&r by lL A.. Potier, of Parle, iu the winter ot 1881. 

r=-
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The discussaion of thia oversight and of the entire experiment 
forms the s11bject of a very searching analysis by H. A. Lo
rnntz, * who :finds that this effect can by no means be disregarded. 
In consequence, the quantity to be measured had in fact bnt 
one-half the value supposed, and as it was already barely be
yond the limits of errors of experiment, the conclnaion drawn 
from the result of the experiment might well be questioned; 
since, however, the main portion of the theory remains nu
questioned, it was decided to repeat the experiment with such 
modifications as would insure a theoretical result much too 
large to be masked by experimental errors. The theory of the 
method may be briefly stated aa follows: 

Let sa, lig. 1, be a ray of light which is partly reflected 
in ab, and partly transmitted in cu:, being returned by the mir· 
ro?B b and c, along ba and ca. ba is partly transmitted along ad, 
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and CtJ is partly reflected along ad. If then the pathe ab and"" 
are eqna11 the two raye interfere along ad. Suppose now, the 
ether being at rest, that the whole apparatus moves in the di
rection ite, with the velocity of the earth in its orbit, the direc-

• De l'Influenoe du llouvement de le. Term aur lea Pben. Lum.. A.rcll1T96 Neer
landalaee, x::d, .2- Uw"' 1886. 

/--::...--, 
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tions and distances traversed by the rays will be altered thus:
The ray sa is reflected along ah, fig. 2; the angle l>ab, being 
~ual to the aberration =a, is returned along ba,, (aha, =2a), and 
goes to the focus or the telescope, whose direction is unaltered. 
The transmitted ray goes along ac, is returned along ca,. and is 
reflected at a, making ca,e equal 90-a, and therefore still coin
ciding with the first ray. It may be remarked that the rays ba, 
aad ca,. do not now meet exacily in the same point a" though 
the dil!erence is of the second order; this does not affect the 
validity of the ressoning. ~ it now be required to find the 
difference in the two paths aha,, and aca,. 
Let V =velocity of light. 

v=velocity of the earth in its orbit. 
D=distance ab or ac, fig. 1. 
T=time light occupies to pass from a to c. 
T =time light occupies 'tO return from c to a,, (fig. 2.) 

Then T=vD , T,=vD . The whole time of going and com· 
-1], +11 

ing is T+T,=2D V'V ,, and the distance traveled in this time 
-v 

is 2D;~,= im( 1 + ;;} neglecting terms of the fourth order. 

The length of the other path is evidently 2D.y' l I ~ .. or to the 

same degree of aceuraey, 2n( 1+ 2~,)· The dil!erence is there-
,,• 

.fore DY'. If now the whole apparatus be turned through 90°, 

the difference will be in the opposite direction, hence the dis

plaeement of the interference fringes should be 2D;:. Con· 

sidering only the velocity of the earth in its orbit, this would 
be 2Dx10-•. If, as was the cs.se in the first experiment, 
D=2X10• waves of yellow light, the displacement to be 
expected would he 0--04 of the distance between the interference 
fringes. 

In the ;first experiment one of the prinnipal difficulties en
countered was that of revolving the apparatus without prodn· 
oing distortion; and another was its extreme sensitiveness to 
vibration. This was so great that it was Impossible to see the 
interference fringes =pt at brief intervalS when working in 
the eity, even at two o'cloek in the morning. Finally, as be
fore remarked, the quantity to be observed, namely, a displace
ment of something 1- than a twentieth of the distance be
tween the interference fringea may have been too small to be 
detected when tnBSked by experimental errors. 
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The Jlrat named difficulties were entirely overcome by mount
ing the apparatus: on a. massive stone Hoa.tin~ on mercury i and 
the second by increasing, by repeated reflection, the path of the 
light to about ten times its former value. 

The a]Jparatus is represented in perspective in fig. 3, in plan in 
fig. 4,aud in vertical section in fig. 5. The stone a (fig. S)isahont 
1·5 meter square and 0·3 meter thick. It rests on an a.nnolar 
wooden float Ob, 1·5 meter outside diameter, 0-'I meter inside 
diameter, .and -0·25 meter thick. The float rests on mercury 
contained in the cast-iron trough cc, l ·5 centimeter thick, and 
of such dimensions as to leave a clearance of about one centi
meter around the float. A pin d, guided by arms gggg, fits into 
a soeket e attached to the float. Tbe pin may he pushed into 
the socket or be withdrawn, by a lever pivoted at f. This pin 
keeps the Jloat concentric with the trough, but does not bear 
any part of tbe weight of the stone. The annular iron trough 
rests on a bed of cement on a low brick pier bnilt in tbe form 
of a hollow octagon. 

a. 

At each corner of thl' stone were placed four mirrors rl.d ee 
;fig. 4. Near the center of the stone was a plan!Yparallel glass b. 
These were so disposed that light from an argand burner a, 
passing through a lens, fell on b so aa to be in part refieeted 
to d,; the two pencils followed the paths indicated in the figure, 
brl.edhf and bd,e,d,bf respeetively, and were observed by the tel.,. 
scope f. Both f and a revolved with the stone. The mirrors 
were of speculum metal carefully worked to ocly plane 
surfaces five centimeters in diameter, And the g b and c 
were plane-parallel and of the same thickness. 1 "25 centimeter; 
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their surfaces measured 5·0 by 7·5 centimeters. The second of 
these was plaeed in the path o:f one of the pencils to compen
sate for the passage of the other through Uie same thickness of 
glass. The whole of the optical portion of the apparatus was 
kept covered with a wooden cover to prevent air currents and 
rapid changes of temperature. 

The adjustment was effected as follows: The mirrors hav· 
ing been adjusted by screws in the <laBtings which held the 
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mirrors, against which they were pressed by springs, till light 
:from both pencils could be seen in the t.eleacope, the lengths of 
the two paths were measured by a light wooden rod re8ching 
diagonally from mirror to mirror, the distance being read from 
a small steel scale to tenths of millimeters. The difference in 
the lengths of the two paths was then annulled by moving the 
mirrore,. Thia mirror had three adjustments; it had an adjust· 
ment in altitude and one in :azimuth, like all the other mirrors, 

,,.<"'..~ 
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but liner; it also had an adjustment in the direction of the 
incident ray, sliding forward or backward, hrrt keeping very 
accurately parallel to its :former plane. The three adjustments 
of this mirror could be made with the wooden cover in position. 

The paths being now approximately eq aal, the two images 
of the sonrce of light or of some well-defined object placed in 
front of the condensing Jens, were made to coincide, the teles
cope was now adjusted for disLinet vision of the expected inter· 
ference bands, and sodium light was substituted :for white light, 
when the interference bands appeared. These were now made 
""'clesr as poBBible by adjusting the mirror e,; then white light 
was restored, the screw altering the length of psth was very 
slowly moved (one turn of a •erew of one hundred threads tc the 

~- inch altering the path 

a 

~ 

nearly 1000 wave-lengths) 
till the colored interfer
ence fringes reappeared 
in white light. These 

<>II b R~ o ,>r ~~!/--:ti n lie were now given a con-b l" !I 1 g CJ • 
g °'"'! g 

I 
:r 

:r 
:r:r 

venient width and posi
tion, and the apparatus 
was ready for observa· 
tion. 

The observations were 
conducted as follows : 
Around the cast-iron 

trough were sixteen equidistant marks. The apparatus was 
revolved very slowly {one turn in six minutes) and after a 
few minutes the cross wire of the micrometer was set on the 
clearest of the interference fringes at the instant of passing 
one of the marks. The motion was so lilow that this could be 
done readily and accurately. The reading of the screw-bead 
-0n the micrometer was noted, and a very slight and gradual 
imp!Jlae was given to keep up the motion of the stone; on 
pasaing the second mark, the same process was repeat.ed, and 
this was continued till the apparatus had completed eix revoln· 
tions. It was found that by keeping the apparatus in slow 
uniform motion~ the reanlts were muc-b .more uniform and con· 
Bistent than when the stone was brought to resi for every ob
aervation ; for the effects of strains could be noted for at lesat 
half a minute after the stone came to rest, and puring this time 
effects of change of temperature came into action. 

The following tables give the mesna of the six readings; the 
first, !or observations made near noon, the aecond, those near 
six o'clock in the evening. The reasJ.ings are divisions of the 
screw-head&. The width of the fringes varied from 40 to 60 
<iivisions, the mean value being near liO, so that one division 

_.<::::::., 
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means 0-02 wave-length. The rotation in the observations at 
noon was contrary to, and in the evening observations, with, 
tbat of the hands of a wntch. 
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The rOl'ults of the observations are expressed graphically in 
:fig. 6. The upper is tbe curve for the observations at noon, 
and th<l lower tbat for the eveniug observations. The dotted 
curves represent one-eighO. of the theoretical displacement... It 
seems fair to conclude from tbe figure that il there is any dis-
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placement due to the relative motion of the earth and tbe 
luminiferous ether, this cannot be mucli greater tban 0-01 of 
the distance between the fringes. 

Considering tbe motion of the earth in ite orbit only, tbis 
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v' 
displacement sbould be 2Dy,=2DX10-•. The distance D was 

about eleven meters, or 2X10' wave-lengths of yellow light; 
hence tbe displacement to be expected was 0•4 fringe. The 
actual displacemenl was certainly leas than the tweniieth part 
of this, and probably less than the fortieth part. Bnt since the 
displacement fa proportional to the sqnare of the velocity, the 
relative velocity of the eartb and tbe ether is probably leas thnn 
one •ixth the earth's orbital velocity, and certainly less tban 
one-fourth . 

In wbat precedes, only the orbital motion of the earth is con
sidered. If this is combined with the motion of the solar sys· 
tam, concerning wbi<:b but little is known with certainty, tbe 
result would have to be modified; and it is just possible tbat 
the resnltant velocity at the time of the observations was small 
though the ehances are mucb against it. The experiment will 
therefore be repeated at intervals of three months, and thus all 
uncertainty will be avoided. 

It appeam, from all tbat precedes, reasonably certain that if 
tbere be any relative motipn between tbe earth and the lnminif
erous ether, it must be small; quite small enough entirely to 
refute Fresnel's explanati<>n of aberration. Stokes has given a 
tbeory of aberration which assumes the etber at the earth's sur
face to be at reat with regard to tbe latter, and only requires 
in addition tbat the relative velocity have a potential; but 
Lorentz sbows that. th<IBe oonditions are incompatible. Lorentz 
tben proposes a modification which combines some ideas of 
Stokes and Fresnel, and assumes the existence of a potential, 
together with Fresnel's coefficient.. If now it were legitimate 
to conclude from the present work that the ether is at rest with 
regard to the earth's surface, according to Lorentz there could 
not be a velocity potential, and bis own theory also fails. 

Suppiroiem • 

It ia obvions from what has gone before that it would be 
hopeless to attempt to solve the question of tbe motion of the 
solar system by ooservations of o:etieal pbenomena"' tk &tlrfau 
of tJu. earth. Bnt it is not imposa1ble that at even moder&te dis
tances above the level oi tbe sea, at tbe top of an isolated moun. 
tain peak, for instance, the relative mot1on might be percepti
ble in an apparatus like that used in these experiment... Per
haps if the ~periment should ever be tried in these oircnm· 
stances, the cover should be of glass, or should he removed. 

It may be worth while to notice another method for multi
]llying the square of the aberration snfficiently to bring it within 
the range of observation, w bieh has presented itself during the 
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preparation of this paper. This is founded on the fii:ct that re
flection from surfaces in motion varies from the ordmary laws 
of reflection. , 

Let ab (fig.1) be a plane wave falling on the mirror mn at an 
incidence of 45°. If the mirror is at rest, the wave front after 
reflection will be ac. 

Now suppose the mirror to move in a direction which makes 
an angle a with its normal, with a velocity w. Let V be the 
velocity of light in the ether supposed stationary, and let cd be 
the increase in the distance the light bas to travel to reach d. 

In this- time the mirror will have moved a distance 
2 
cd • 

,Y coaa 
cd w ¥2 cos a . ac 

We have ad= V which put= r, and ad= 1- r. 

In order to find the new wave front, draw the arc Jg with b sa 
a center and ad as radius; the tangent to this arc from d will 
be the new wave front, and the normal to the tangent from b 
will be the new direction. This will differ from the direction 
ba by the angle 8 which it is required to find. From the equal· 
ity of the triangles adb and edb it follows that fi=2ip, ab=ac, 

8 1-tan-

tan adb= tan(45° - ~) = : : =1-r, 
1+tan2 

or neglecting terms of the order r', 

8=r+ r' = ¥2weosa + "" cos'a. 
2 v V' 

Now let the light fall on a parallel mirror facing the first, we 
- ..;2'w cos a (J)~ 

should then have 8,= V + V' cos'a, and the total de-

viation would be O+o, = 2p' cos'a where p is the angle of 
aberration, if only the orbital motion of the earth is considered. 
The maximum displacement obtained by revolving the whole 
apparatus through 90° would be 4=2p'=0·004". With fifty 
such couples the displacement would he 0·2". But sstronomi· 
cal observations in circumstsnces far less favorable than those 
in which these may be taken have been made to hundredths of 
a second; so that this new method bids fair to be at ]east as 
sensitive as the former.. 
Th~ arrangement <?f apP1;ratus might be as in fig. 2; a in tile 

focus of the lens a, IS a slit ; bb cc are two glass mirrors opti· 
":"Uy plane snd so silvered as to allow say one-twentieth of the· 
!ight ~ pssa thro~gh, and :effecting say ninety per cent. The 
mtens1ty of the light falling on the observing telescope df 
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woukl be a.bout one-millionth of the original intensity, so that 
if sunlight or the electric arc were used it could still be readily 
seen. The mirrors bb, and cc, would differ from parallelism 
sufficiently to separate the successive images. Finally, the 
apparatus need not be mounted so as to revolve, as the earth's 
rotation would be sufficient.. 

If it were possible to measure with sufficient accuracy the 
velocity of light without returning the ray to its starting point, 
tbe problem of measuring the first power of the relative velocity 
of the earth with respect to the ether would be solved. This 
may not be a.s hopeless as might appear at first sight, since the 
difficulties are entirely mechanie&l and may possibly be sur
mounted in the course of time. 

For example, suppose (fig. 3) m and m, two mirrors revolving 
with equal velocity in opposite directions. !tis evident that light 
fr-0m a will form a stationary image at s1 and similarly light 
from s, will form a stationary image at s. If now the velocity 
of the mirrora be increased sufficiently, their phases still being 
exactly the same, both images will be deflected from • and •, 
in inverse proportion to the velocities of light in the two direc
tions; or, if the two deflections are made equal, and the differ· 
ence of phase of the mirrors be simultaneously mea.snred, this 
will evidently be proportional to the difference of velocity in 
"the two directions. The only real difficulty lies in this measure
ment. The following is perhaps a possible solution : gg, {fig. 
4) are two gratings on w hicb sunlight is concentrated. These 
are placed so that after falliniot on the revolving mirrors m and 
m,, the light forms images of the gratings at• and •n two very 
sensitive selenium cells in circuit with a battery and a telephone. 
If everything be symmetrical, the sound in the telephone will be 
a maximum. If now one of the slits s be displaced through 
half the distance between the image of the grating bars, there 
will be silence. Suppose now that the two deflections having 
been made exactly equal, the slit is adjusted for silence. Then 
if the experiment be repeated when the earth's rotation baa 
turned the whole apparatus through 180°, and the deflections 
are again made equal, there will no longer be silence, and the 
angular distance through which • must be moved to .restore 
silence will measure the required difference in phase. 

There remain three other methods, all astronomical, for at
tacking the problem of the motion of the solar system through 
space. 

1. The ~escopic observation of the proper motions of the 
stars.. T~is has g!ven n_s a highly probably determination of 
the direction of this mot.ion, but only a guess as to its amount. 

2. The spectroooopic observation of the motion of stars in 
the line of sight. This could furnish data for the relative 
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motions only, though it seems likely that by the immense im
provements in the photography of stellar spectra, the informa,. 
tion thus obtained will be far more accurate than any other. 

8. Finally there remains the determfoation of the velocity of 
light by observations of the eclipses of J apiter's satellites. If 
the improved photometric methods practiced at the Harvard 
observatory make it possible to observe "these with snflicient 
accuracy, the difference in the results found for the velocity of 
light when Jupiter is nearest to and farthest from the line of 
mbtion will give, not merely the motion of ·the solar system 
with reference to the stars, but with reference to tbe lumin· 
iferous ether itself. 


