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Apt. XXXVL-~0On the Relative Motion of the Earth and the
Luminiferous Either ; by ALBERT A, MICEELSON and
Epwarp W, MoRLEY.*

TrE discovery of the aberration of light was scon followed
by an explanation according w the emission theory. The effect
was attribated to s simple compoesition of the velocity of light
with the velocity of the earth in its orbit The difficalties in
this apparently sufficient explanation were overlooked uaatil
after an explanation on the undulatory theory of light waas
proposed. This new explanation was at first almost as simple
3s the former. But it failed 10 account for the fact proved by
experiment that the aberration wad unchanged when ohbserva-
tions 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, sinee the latter
velocity in water is three-fourths its velocity in a vacuum, the
aberrstion obgerved with a water telescope shonld be four-
thirds of its true valoe.}

* This research was cartied out with the aid of the Bache Fund.

$+1i way be nodeed that most writers admit the sufficiency ot the explanation
according to the emissiou theory of light; while io fact the difficulty is even
greator than according bo the undulatory theory. Foron the emidgion theory the
velocity of Yight must be greater in tha water telescope, and thersfore the sagle
of aberration ahould be less; henoe, in order to reducs it to its Lrue velue, we

must make the sbmird hypothesis that the motion ¢f the water in the telescape
carriss the ray of light in the oppoaite dirocticn !
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884  Afichelson and Alorley— Motion of the Earth, #te.

On the undulatory theory, according to Fresnel, first, the ether
ie supposed to be at rest except in the interior of transparent
media, in which secondly, it is supposed to move with a velociy
n'—1

ﬂ‘

less tban the yalocity of the medium in the ratio y where

n Iz the index of refraction. These two hypotheses givea com-
lete and sntisfactory sxplanation of gberration, The second
ypothesis, notwithstanding its seeming improbability, must be

gonsidered as fully proved, firsy, by the celebrated experiment of

Fizeau,* and secondly, by the ample confirmation of our own

work,f The experimental trinl of the first hypothesis forms

the subject of ibe present paper.

If the earth were & transparent body, it might perhaps be
conceded, in view of the experiments just cited, that the inter-
molecular ether was at rest in space, notwithstanding the mo-
tion of the earth in iw orhit; but we have no right to ex.
tend the conclusion from these experiments to opagne bodies.
But there can hardly be question thet the ether can and does

ags through metgls. Lorentz cites the illastrution of a metallic
meter tube. When the tobe i iuciined the ether in the

gpace sbove the mercury is certainly forced out, for it is im-

compressible.} But sgain we hava no right to assume that it

makes 18 escape with perfect freedom, and if there be any resist-
ance, however slight, we certainly could not assnme an opaque

Lody such as the whole earth to offer free passage through its

entire mass. But az Lorentz aptly remarks: “quoi gai’l en

s0it, on fern bien, 4 mon avis, de ne pos se laisser guider, dans
une question aussi importante, par des considérations sur le
degré de probabiiité ou de simplicité de I'une ou de Iauire

hypothese, mais de s'addresser 8 Pexpérience pour apprendre 3

connaitre I’état, de repos on de mouvement, dans lequel se

tronve Péther 4 Ia surface terrestre.”§

In April, 1881, a method was proposed and earried out for
testing the qnestion experimentally,

In dedacing the formuls for the quantity to be measured,
the effect of the motion of the earth through the ether on the
path of the ray at right angles to this motion was overlooked. q

# Comptes Rendus, xxxifi, 349, 1851; Pogg. Ahn, Prginzangsband, i, 457
3883 ; Aom, Chize. Phys., ITL, 1vil, 386, 1859, ‘ & !
II.lt Inflcence of Motion of the Medium on ths Velocity of Tight. Thin Sournal,

, xxxi, 371, 1386,

%+ It may be objected that it way escape by the space betwesn the mercury and

the walls; but this conld be prevented by amelgamating the wails

Archives Néarlundeises, xxi, 2= livry,

The rolatlve motion of the earth and the lwminifersus ether, by Albert A,
Michalson, this Jour,, ITY, 2xii, 120,

4 It may be mentioned here that the error wae pointed out-to the author of the
formar paper by M. A. Potier, of Paris, in the wintsr of 1881,
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The discosssion of this overgight and of the enlirs experiment
forms the subject of a very searching apalysis b{: . A. Lo-
rentz,* who finds that this effect can by no meana be disregarded.
In comsequence, the quantity to be measured had in fact but
one-half the valus supposed, and as it was already barely be-
ond the limits of errors of experiment, the conclusion drawn
m the resnlt of the experiment might well be questioned ;
since, however, the main portion of the theory remains un-
guestioned, it was decided to repeal the experiment witk such
modifications as would insure a theoretical result mnch too
o to be masked by experimental errors. ‘The theory of the
method may be briefly stated as follows:
Tet sa, fig. 1, be a ray of light which is partly reflected
in ab, and partly transmitted in ac, being returned by the mir-
rore b and ¢, nlong ba and en.  Ba is partly iransmitted along ad,
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and og ie partly reflected slong ad. If then ths pathe ab and ae
are equal, the two rays interfere along ad. Suppose now, the
ether being at rest, that the whole apparatus movea in the di-
rection s¢, with the velocity of the earth iu ite orhit, the direc-

# Do I'Infinenos du Moovement do Ia Terre sur les Phen. Lum, Archlyes Néer-
lamdaises xxi, 3= Jivr., 1888,
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tions and distances traversed by the rays will be altered thus
The ray sa is reflecied along ab, fig. 2: the angle dab, bein
equal to the aberration =a, 1s returned along da , (ada, =24), an
oes to the focus of the telescope, whose direction is unaltered.
he transmitted ray goes along ae, is returned along ¢a,, and is
reflected at a, making cae eqnal 90— a, and therefore still coin.
ciding with the first ray. It may be remarked that the rays ba,
and ca, do not now meet exacily in the same point 4, thongh
the difference is of the second order; this does not affect t
validity of the reasoning. Let it now be reguired to find the
difference in the two paths abe,, 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 occnpies to pass from a to e.
T =time light occupies to retarn from ¢ to a, (fig. 2.)

D D . .
Then T=—f,;’, T_,'-—"m. The whole time of going and eom-
ing is T+T,=2D V,‘:_v,, and the distance traveled in this time

\ Vs
is 2D’F"’—u’

The length of the otber path is evideatly 2D1/ 1_{_%". or to the

= 2D(1+ %’,m:), neglecting terms of the fourth order.

same degree of accuracy, 2D(1+-2-%;). The difference is there-

fore D%. If now the whole apparatus be tarped through 90°,
the difference will be in the opposite direction, bence the dis-
placement of the interference fringes should be BD%;. Con-
sidering only the velocity of the earth in its orbit, this wounld
be 2Dx10-v., 1If, as was the case in the first experiment,
D=2310* waves of yellow light, the displacement to be
expected would be 0-04 of the distance between the interference
fringes,

In the first experiment one of the principal difficulties en-
countered waa that of revolving the apparatos without prodo-
civg distortion ; and another was its extreme sensitivenesa to
vibration. This was so great that it was impossible to see the
interference fringes axcept at brief intervals when working in
the city, aven at two o'tlock in the morning. Finally, as be-
fore remarked, the quantity to be observed, namely, a displace-
ment of somsthing less than a twentieth of the distance be-
tween the interference fringes may have been too small to be
detected when masked by experimental errors.
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The first named difficulties were entirely overcome by monnt-
ing the apparatus on a massive stone Honting on mercury; and
thesecond by increasing, by repeated reflection, the pavh of the
light to about ten times its former value.

The apparatus is represented in perspective in fig. 3,in planin
fig. 4, and in vertical section in fig. 5. The stone a (fig, 5)is about
1'5 meter square and 0-3 meter thick. It rests ou 2n aonular
wooden float 64, 1'5 meter onlside diameter, 0-7 meter inside
diameter, and 025 wmeter thick. The float rests on mercury
contained in the cast-iron trough cc, 15 centimeter thick, and
of such dimensions ag to leave z clearance of about one centi-
meter around the float. A pin d, guided by arms gggg, fits into
& Bocket ¢ attached to the float. The pin may be pushed iowo
the socket or be withdrawn, by a lever pivoted at /. This pin
keeps the float concentric with the trough, but does not bear
any part of the weight of the stone. The annular iron troogh
rests on a bed of cement on a low brick pier bailt in the form
of a hollow octagon.

At each corner of the stone were placed four mirrors dd 2e¢
ﬁi. 4, Near the center of the stone was a plane-parallel glass b,
These were so disposed that light from an argand burner g,
passing through s lens, fell on b 20 as to be in part reflected
to d,; the two peneils followed the Saths indicated in the figars,
bdeddf and 2d,s,d bf respectively, and were observed by the tele-
acope J. Both f and a revolved with the stone. The mirrors
were of speculum metal carefully worked io optically plape
sutfaces five centimesers in diameter, 4nd thes g b and e
were plane-parallel and of the same thickness, 1-25 centimeter;
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their surfaces meagured 5-0 by 7-5 centimeters. The second of
these was placed in the path of ona of the pencils $o compen-
gate for the passage of the other through the same thickness of
1ars. The whole of the opticsl portion of the appsratus was
ept covered with a wooden cover to prevent sir currents and
rapid changes of temperature, ,
The adjustment was ¢ffected as follows: The mirrors hav-
ing been adjusted by screws in the castings which held the

4

s

mirrors, againgi which they were pressed by springs, till light
from bothg;encﬂa could bey seen in the mlescopg, the Jengths of
the two paths were measured by a light wooden rod resching
diagonally from mirror 1o mirror, the distance being read from
s small steel scale to teutha of millimeters. The difference in
the lengths of the two paths was then annulled hy movinag the
mirrore,, This mirror bhad three adjustroents; it had an adjust-
ment in altitude and one in 2zimuoth, liks all the other mirrors,

P
i
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but fiper; it also had an adjustment in the direction of the
jncident ray, sliding forward or backward, but keepiug very
accurately parallel to its former plana.  The three adjnatments
of this mirror could be made with the wooden cover in position.

The paths being now a pmximate]g equoal, the two images
of the sonrce of light or otP some well-defined ohjeet placed in
front of the condensing lens, were made to coincide, the teles-
cope was now adjusted for distinet vision of the expected inter-

_ ference bands, and sodium light was substitated for white light,

when the interference bende appeared. These were now made
as clear as possihle by adjusting the mirror g; then white light
was restored, the screw altering the length of path was very
glowly moved {one turn of a screw of one hundred threads to the

5 inch altering the path
nearly 1000 wave-lengthg)
a till the colored interfer-

ence fringes reappeared
in white Jight., These

2]
et b He s 4 9 [ B ¢ 'Were TOW given & con-
venient width and posi-
g "'; 7 tion, and the apparatuos

I T

— L was teady for observa-
T tion, 7

 — ——— The cbservations were

1 I7] conducted as Iollows:

L Aroond the castiron
trough were sixteew equidistant marks. The apparatus was
revolved very slowly (one turn in six minutes) and sfter =
few minutes the cross wire of the micrometer was set on the
clearest of the interference fringes at the instaut of passing
one of the marks, The motion was 80 slow that this conld be
done readily snd accurately, The reading of the screw-head
on the micrometer was noted, and a very slight and gradual
impulee was given to keep up the motion of the stone; on
passing the second mark, the mame process was repeated, and
this waa continued till the spperatus had ecompleted six revoln-
tions, It was fonnd that by keeping the spparatus in slow
uniform motion, the results were much more nniform aund con-
gistent than when the stone was brought to rest for every ob-
pervation; for thse effeots of straine could be noted for at least
half 8 minute after the stone came to rest, and during this time
eifecta of change of temperature came into action,

The following tables give the means of the six readings; the
firat, for observations made near noovn, the seecnd, thosa mear
ix o’clock in ithe evening. The reaglings are divisions of the
screw-heada. The width of the fringes varied from 40 to 60
divisiops, the mean value being near 50, so that one division
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means 002 wave-length. The rotation in the obseryations at

neon was contrary to, and in the evening observations, with,

displacement should be zn%mzn X10-*, The distancs D was
that of the handa of a watch.

about eleveu meters, or 2x 107 wave-lengths of yellow light;
hence the displacement to be expected was 04 fringe. The
actual displacement was certainly less than the twentieth part
of this, and probably less than the fortieth part. But since the

NooN (OBIERVATIONS.

w1 2jatalatatan]nfsl l”...[ﬁ.. i,l'_i s w displacement iz proportional to the square of the velocity, the

Tow s o7 1o coal m pm - ;;[ 5 299, 209 S oo m.si 187 1] 189 17 relative velocity of the e_ax;th and th_e ether is pro!?ably lees than

July 0. 874 473 582 5ot 361] 002] 0 axe) as| a9 65 67| 8T W0 WA Tom) e one nixth the earth's orbital velocity, and certainly less than

.Eﬂyl]... -] T TS 0] 109 100 1w 1e%) 1wd) M0 Wl 199 109 193] 23, W 71l e one-fourih.
ean. ......| 3T 115 4r¢| 3l 53] 28] 50 88| 359 are W49 54| ) 359! 23| s1¢] s i i i

Mean in w. 1| ‘A KE Bo] 38, -v5i| 0] 156, 756 00| -bos| ‘mbs, 80| -688] Tus. 03| ] . Tn what precedes, ouly the orbital motion of the earth is eon-

“ou ez, -85 888} “eee] 78} 07| 0w} me : l gidered. If thisis gombmed‘ with the motion of the s91ar SyB-

Final mean.| e 562 755 38l 7l a0l a5l eeel w1 i tem, concerning whicb bat little is known with certainty, the

, result would have to be modified; and s is just possible that

P. M, Oogerv ATIONS. the resultant velocity at the time of the observations was small

July 8.7 e 83'*"{ B9 682 075 699 70] Boe 690] 513 513 o8| 115 11T 0] 5] 15 - thoﬂgh the chancea are r_nuch agalnsh 1t. The expenment Wlll

gmys....... 0 20 262, 202, 35 34| A3 avy| w0, dud] 5| 375 w410 47| 437 440 therefore be repeated at intervals of three months, and thos alt
oy 2. 08'8! 065! 660 643 122 B10; 8149 o1l 58| 855] 557 547 550 Beer Bas! 570 sarg uncertainty will be avoided.

Mean ....... 513 519} 525 599 X3%] 51| 54| 637 594 oeal a8l sl 850l bes) el 574) hws - 6280 i 1

Mean fn w. 1|1 128 11mfm501m11-016 108211068 1°074{1°06{1-088{1'055{1-064 1100 1156 114 1 1541112 1t appears, from all that precedes, reasonably certain that if

17068 10861176, 1064 | 1100{ 1136 11411541172 there be any relative motion between the earth and the luminif-

Final mena. [1017/1:062(1063 1om {1 088( 1109 13511 114]17120 arous ether, it must be small; quite small enough entirely to

Toe rerults of the observations are expressed graphieally in
fig. 6. The upper is the corve for the observations at noon,
and the lower that for the evenitug observations. The douted
&arves represent one-eighth of the theoretical displacementa. Tt
seems fair to conclude from the figure that if there is any dis-
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Flacgqaent due to the relative movion of the earth and the
uminiferous ether, this canuot be much greater than 001 of
the distance between the fringea

Cousidering the motion of the earth ia ite orbit only, this

refute Fresnel's explanation of aberration. Stokes has given a
theory of aberration which assumes the ether at the earth’s aur-
faee o be at rest with regard to the latter, and only requires
in addition that the relative velocity bave a potential; but
Loreotz shows that these conditions are incompatible. TLorentz
then proposes & modifieation which combines some ideas of
Stokes and Fresnel, and assumes the existence of a potential,
together with Fresuel's coefficient. If now it were legitimate
1o conclude from the present work that the ether is at rest with
regard to the earth's surface, according to Lorentz there could
oot be 2 veloeity potential, and his own theory also fails,

Supplement.

It is obvious from what has gone before that it would be
hopeless to sttempt to solve the question of the motion of the
solar system %y observations of optical phenomena as the surface
of the carth, But it ia not impossible that at even moderate dis-
tances aboye the level of the sea, at the top of an isclated moun-
tain peak, for instance, the relative motion might be percepti-
ble in an apparatos like that nsed in these experiments, Per-
haps if the experiment should ever be tried iu thess sircum-
stances, the cover should be of glass, or should be removed.

It may be worth while to notice another method for multi-
plying the square of the aberration aufficiently to bring it within
the ranps of observation, which bas presented iiself during the
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reparation of thie paper. This is founded on the fact that re-
}f)lection from surfaces in motion varies from the ordinary laws &
of reflection. .

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

Now suppose the mirror to move in a direction wbich makes
an angle a with its wormal, with a velocity w. Let V be the
velocity of light in the ether supposed stationary, and let od be
the increase in the distance the light has to travel to reach 4,

In this time the mirror will have moved a distance

i.

¥2cosa

el oy2cosa
We have =
In order to find the new wave front, draw the arc f7 with b as
a center and ad as radius; the tangent to this arc from 4 will ’
be the new wave front, and the normal to the tangeuat from &
will be the new direction. This will differ from the direction
be by the angle # which it is required to find. From the eqoal-
ity of the triangles adb and edd it follows that #=2¢, ab=qac,
i}
gy 1T

Q —-mm.gf.—— p—
tan adbs= 1311(45 - -§-) = ] ad—-l r,

which put = r, and %2 1—»r

or geglecting terms of the order %,

" 7 _ ¥2wcosa | o'
bm=rtg="v— Ty 2

Kow let the light fall on a parallel mirror facing the first, we ¢

pard

should then have §,= -ﬁ%ﬂf + -v‘?; cog'a, and the total de-

2
viation wonld be §-8, =2p* cos’a where p is the angle of h 2
aberration, if only the orbital motion of ihe earth is cousidered.
The maximum displacement obtained by revolving the whole
apparatas through 90° would be 4=2p'<0-004". With fifty
such couples the displacement would be 0-27. But astronomi-
cal observations in circumstances far less favorable than those
in which these may be taken have been made to hundredths of
& second ; so that this vew method bids fair to be at least as
sensitive as the former.

The arrangement of apparatus might be as in fig. 2; & in the
focas of the lens ¢, is a slit; b5 cc are two glass mirrors opti-
cally plane and s0 silvered as to allow say one-twentieth of the-
light to pass through, and reflecting say ninety per cent. The f
intenaity of the light falling on the observing telescope df -
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would be about one-millionth of the original intensity, so that
if sunlight or the electric are were nsed 1t could etill be readily
seen. The mirrors b, and ec, would differ from pamllelism
sufficiently to separate the successive images. Finally, ithe
apparatus need not be mounted o as to revolve, as the earth's
rotation would be sufficient.

If it were possible to measure with snfficient accuracy the
velocity of light without returning the ray to its starting point,
tbe problem of measaring the first power of the relative velocity
of the earth with respect to the ether would be solved. This
may pot be as hopeless as might appear at first sight, since the
difficulties are entirely mechanical and may possibly be sur-
mounted in the course of time.

For example, suppose (fig. 3) m aud m, two mirrors revolving
with equal velocity in opposite directions. Itis evident thas light
from s will form a stationary image at s, and similarly light
from s, will form a stationary image at 5. If now the velocity
of tke mirrors be increased sufficiently, their phases still being
exactly the same, botb images will be deflected from s and s,
ip inverse proportion to the velocities of light in the two diree-
tions; or, if the two deflections are made equsl, and the differ-
ence of phase of the mirrors be simultaneously measured, this
will evidently be proportional to the difference of velocity in
the two directions. The only real dificaity lies in this measure-

ment The following is perhaps a8 possible solation : gg, (fg.

4) are two gratings on which sunlight is concentrated. Thess
are placed so that after falling on the revolving mirrors m and
m,, the light forms images of the gratings at # and s, two very
sensitive selenium cells 1n circnit with a battery and a telephone.
If everything be symmetrical, the sound in the telephone will be
a maximum. If now omne of the slita s ba displaced through
balf the distance betwesn the imsge of the prating hars, 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 has
turned the whole a;;faratus through 180°, and the deflections
are again made equal, there will oo longer be silence, and the
angular distance through which s muost be moved to restore
silence will measure the required difference iu phase.

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

1. The telescopic observation of the proper motions of the
stars. This has given us = highly progab y determination of
the direction of this motion, but only a guess as to its amount.

2. The spectroscopic observation of the motion of stars in
the line of sight. This could furnish data for the relative
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motjons ouly, though it seems likely that by the immense im-
provements in the photography of atellar spectra, the informa-
tion thus obtained will be far more accurate thau any other.

3. Finally there remajns the determination of the velocity of
light by observations of the eclipses of Jupiter's satellites. If
the improved pbotometric methods practiced at the Harvard
observalory make it possible to observe these with sufficient
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 the Tumin-
iferous ether itself.




