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It is kno wn that Maxw ell's electro dynamics|as usually understo o d at the

presen t time|when applied to mo ving b o dies, leads to asymmetries whic h do

not app ear to b e inheren t in the phenomena. T ak e, for example, the recipro-

cal electro dynamic action of a magnet and a conductor. The observ able phe-

nomenon here dep ends only on the relativ e motion of the conductor and the

magnet, whereas the customary view dra ws a sharp distinction b et w een the t w o

cases in whic h either the one or the other of these b o dies is in motion. F or if the

magnet is in motion and the conductor at rest, there arises in the neigh b our-

ho o d of the magnet an electric �eld with a certain de�nite energy , pro ducing

a curren t at the places where parts of the conductor are situated. But if the

magnet is stationary and the conductor in motion, no electric �eld arises in the

neigh b ourho o d of the magnet. In the conductor, ho w ev er, w e �nd an electro-

motiv e force, to whic h in itself there is no corresp onding energy , but whic h giv es

rise|assuming equalit y of relativ e motion in the t w o cases discussed|to elec-

tric curren ts of the same path and in tensit y as those pro duced b y the electric

forces in the former case.

Examples of this sort, together with the unsuccessful attempts to disco v er

an y motion of the earth relativ ely to the \ligh t medium," suggest that the

phenomena of electro dynamics as w ell as of mec hanics p ossess no prop erties

corresp onding to the idea of absolute rest. They suggest rather that, as has

already b een sho wn to the �rst order of small quan tities, the same la ws of

electro dynamics and optics will b e v alid for all frames of reference for whic h the

equations of mec hanics hold go o d.

1

W e will raise this conjecture (the purp ort

of whic h will hereafter b e called the \Principle of Relativit y") to the status

of a p ostulate, and also in tro duce another p ostulate, whic h is only apparen tly

irreconcilable with the former, namely , that ligh t is alw a ys propagated in empt y

space with a de�nite v elo cit y c whic h is indep enden t of the state of motion of the

emitting b o dy . These t w o p ostulates su�ce for the attainmen t of a simple and

consisten t theory of the electro dynamics of mo ving b o dies based on Maxw ell's

theory for stationary b o dies. The in tro duction of a \luminiferous ether" will

pro v e to b e sup er
uous inasm uc h as the view here to b e dev elop ed will not

require an \absolutely stationary space" pro vided with sp ecial prop erties, nor

1

The preceding memoir b y Loren tz w as not at this time kno wn to the author.
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assign a v elo cit y-v ector to a p oin t of the empt y space in whic h electromagnetic

pro cesses tak e place.

The theory to b e dev elop ed is based|lik e all electro dynamics|on the kine-

matics of the rigid b o dy , since the assertions of an y suc h theory ha v e to do

with the relationships b et w een rigid b o dies (systems of co-ordinates), clo c ks,

and electromagnetic pro cesses. Insu�cien t consideration of this circumstance

lies at the ro ot of the di�culties whic h the electro dynamics of mo ving b o dies

at presen t encoun ters.

I. KINEMA TICAL P AR T

x 1. De�nition of Sim ultaneit y

Let us tak e a system of co-ordinates in whic h the equations of Newtonian

mec hanics hold go o d.

2

In order to render our presen tation more precise and

to distinguish this system of co-ordinates v erbally from others whic h will b e

in tro duced hereafter, w e call it the \stationary system."

If a material p oin t is at rest relativ ely to this system of co-ordinates, its

p osition can b e de�ned relativ ely thereto b y the emplo ymen t of rigid standards

of measuremen t and the metho ds of Euclidean geometry , and can b e expressed

in Cartesian co-ordinates.

If w e wish to describ e the motion of a material p oin t, w e giv e the v alues of

its co-ordinates as functions of the time. No w w e m ust b ear carefully in mind

that a mathematical description of this kind has no ph ysical meaning unless

w e are quite clear as to what w e understand b y \time." W e ha v e to tak e in to

accoun t that all our judgmen ts in whic h time pla ys a part are alw a ys judgmen ts

of simultane ous events . If, for instance, I sa y , \That train arriv es here at 7

o'clo c k," I mean something lik e this: \The p oin ting of the small hand of m y

w atc h to 7 and the arriv al of the train are sim ultaneous ev en ts."

3

It migh t app ear p ossible to o v ercome all the di�culties attending the de�ni-

tion of \time" b y substituting \the p osition of the small hand of m y w atc h" for

\time." And in fact suc h a de�nition is satisfactory when w e are concerned with

de�ning a time exclusiv ely for the place where the w atc h is lo cated; but it is no

longer satisfactory when w e ha v e to connect in time series of ev en ts o ccurring

at di�eren t places, or|what comes to the same thing|to ev aluate the times of

ev en ts o ccurring at places remote from the w atc h.

W e migh t, of course, con ten t ourselv es with time v alues determined b y an

observ er stationed together with the w atc h at the origin of the co-ordinates,

and co-ordinating the corresp onding p ositions of the hands with ligh t signals,

giv en out b y ev ery ev en t to b e timed, and reac hing him through empt y space.

But this co-ordination has the disadv an tage that it is not indep enden t of the

standp oin t of the observ er with the w atc h or clo c k, as w e kno w from exp erience.

2

i.e. to the �rst appro ximation.

3

W e shall not here discuss the inexactitude whic h lurks in the concept of sim ultaneit y of

t w o ev en ts at appro ximately the same place, whic h can only b e remo v ed b y an abstraction.
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W e arriv e at a m uc h more practical determination along the follo wing line of

though t.

If at the p oin t A of space there is a clo c k, an observ er at A can determine the

time v alues of ev en ts in the immediate pro ximit y of A b y �nding the p ositions

of the hands whic h are sim ultaneous with these ev en ts. If there is at the p oin t B

of space another clo c k in all resp ects resem bling the one at A, it is p ossible for

an observ er at B to determine the time v alues of ev en ts in the immediate neigh-

b ourho o d of B. But it is not p ossible without further assumption to compare,

in resp ect of time, an ev en t at A with an ev en t at B. W e ha v e so far de�ned

only an \A time" and a \B time." W e ha v e not de�ned a common \time" for

A and B, for the latter cannot b e de�ned at all unless w e establish by de�nition

that the \time" required b y ligh t to tra v el from A to B equals the \time" it

requires to tra v el from B to A. Let a ra y of ligh t start at the \A time" t

A

from

A to w ards B, let it at the \B time" t

B

b e re
ected at B in the direction of A,

and arriv e again at A at the \A time" t

0

A

.

In accordance with de�nition the t w o clo c ks sync hronize if

t

B

� t

A

= t

0

A

� t

B

:

W e assume that this de�nition of sync hronism is free from con tradictions,

and p ossible for an y n um b er of p oin ts; and that the follo wing relations are

univ ersally v alid:|

1. If the clo c k at B sync hronizes with the clo c k at A, the clo c k at A syn-

c hronizes with the clo c k at B.

2. If the clo c k at A sync hronizes with the clo c k at B and also with the clo c k

at C, the clo c ks at B and C also sync hronize with eac h other.

Th us with the help of certain imaginary ph ysical exp erimen ts w e ha v e set-

tled what is to b e understo o d b y sync hronous stationary clo c ks lo cated at dif-

feren t places, and ha v e eviden tly obtained a de�nition of \sim ultaneous," or

\sync hronous," and of \time." The \time" of an ev en t is that whic h is giv en

sim ultaneously with the ev en t b y a stationary clo c k lo cated at the place of

the ev en t, this clo c k b eing sync hronous, and indeed sync hronous for all time

determinations, with a sp eci�ed stationary clo c k.

In agreemen t with exp erience w e further assume the quan tit y

2AB

t

0

A

� t

A

= c;

to b e a univ ersal constan t|the v elo cit y of ligh t in empt y space.

It is essen tial to ha v e time de�ned b y means of stationary clo c ks in the

stationary system, and the time no w de�ned b eing appropriate to the stationary

system w e call it \the time of the stationary system."

x 2. On the Relativit y of Lengths and Times

The follo wing re
exions are based on the principle of relativit y and on the

principle of the constancy of the v elo cit y of ligh t. These t w o principles w e de�ne

as follo ws:|
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1. The la ws b y whic h the states of ph ysical systems undergo c hange are not

a�ected, whether these c hanges of state b e referred to the one or the other of

t w o systems of co-ordinates in uniform translatory motion.

2. An y ra y of ligh t mo v es in the \stationary" system of co-ordinates with

the determined v elo cit y c , whether the ra y b e emitted b y a stationary or b y a

mo ving b o dy . Hence

v elo cit y =

ligh t path

time in terv al

where time in terv al is to b e tak en in the sense of the de�nition in x 1.

Let there b e giv en a stationary rigid ro d; and let its length b e l as measured

b y a measuring-ro d whic h is also stationary . W e no w imagine the axis of the

ro d lying along the axis of x of the stationary system of co-ordinates, and that

a uniform motion of parallel translation with v elo cit y v along the axis of x in

the direction of increasing x is then imparted to the ro d. W e no w inquire as to

the length of the mo ving ro d, and imagine its length to b e ascertained b y the

follo wing t w o op erations:|

( a ) The observ er mo v es together with the giv en measuring-ro d and the ro d

to b e measured, and measures the length of the ro d directly b y sup erp osing the

measuring-ro d, in just the same w a y as if all three w ere at rest.

( b ) By means of stationary clo c ks set up in the stationary system and syn-

c hronizing in accordance with x 1, the observ er ascertains at what p oin ts of the

stationary system the t w o ends of the ro d to b e measured are lo cated at a de�nite

time. The distance b et w een these t w o p oin ts, measured b y the measuring-ro d

already emplo y ed, whic h in this case is at rest, is also a length whic h ma y b e

designated \the length of the ro d."

In accordance with the principle of relativit y the length to b e disco v ered b y

the op eration ( a )|w e will call it \the length of the ro d in the mo ving system"|

m ust b e equal to the length l of the stationary ro d.

The length to b e disco v ered b y the op eration ( b ) w e will call \the length

of the (mo ving) ro d in the stationary system." This w e shall determine on the

basis of our t w o principles, and w e shall �nd that it di�ers from l .

Curren t kinematics tacitly assumes that the lengths determined b y these t w o

op erations are precisely equal, or in other w ords, that a mo ving rigid b o dy at

the ep o c h t ma y in geometrical resp ects b e p erfectly represen ted b y the same

b o dy at r est in a de�nite p osition.

W e imagine further that at the t w o ends A and B of the ro d, clo c ks are

placed whic h sync hronize with the clo c ks of the stationary system, that is to sa y

that their indications corresp ond at an y instan t to the \time of the stationary

system" at the places where they happ en to b e. These clo c ks are therefore

\sync hronous in the stationary system."

W e imagine further that with eac h clo c k there is a mo ving observ er, and

that these observ ers apply to b oth clo c ks the criterion established in x 1 for the

sync hronization of t w o clo c ks. Let a ra y of ligh t depart from A at the time

4

t

A

,

4

\Time" here denotes \time of the stationary system" and also \p osition of hands of the

mo ving clo c k situated at the place under discussion."
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let it b e re
ected at B at the time t

B

, and reac h A again at the time t

0

A

. T aking

in to consideration the principle of the constancy of the v elo cit y of ligh t w e �nd

that

t

B

� t

A

=

r

AB

c � v

and t

0

A

� t

B

=

r

AB

c + v

where r

AB

denotes the length of the mo ving ro d|measured in the stationary

system. Observ ers mo ving with the mo ving ro d w ould th us �nd that the t w o

clo c ks w ere not sync hronous, while observ ers in the stationary system w ould

declare the clo c ks to b e sync hronous.

So w e see that w e cannot attac h an y absolute signi�cation to the concept of

sim ultaneit y , but that t w o ev en ts whic h, view ed from a system of co-ordinates,

are sim ultaneous, can no longer b e lo ok ed up on as sim ultaneous ev en ts when

en visaged from a system whic h is in motion relativ ely to that system.

x 3. Theory of the T ransformation of Co-ordinates and

Times from a Stationary System to another System in

Uniform Motion of T ranslation Relativ ely to the F ormer

Let us in \stationary" space tak e t w o systems of co-ordinates, i.e. t w o sys-

tems, eac h of three rigid material lines, p erp endicular to one another, and issuing

from a p oin t. Let the axes of X of the t w o systems coincide, and their axes of

Y and Z resp ectiv ely b e parallel. Let eac h system b e pro vided with a rigid

measuring-ro d and a n um b er of clo c ks, and let the t w o measuring-ro ds, and

lik ewise all the clo c ks of the t w o systems, b e in all resp ects alik e.

No w to the origin of one of the t w o systems ( k ) let a constan t v elo cit y v

b e imparted in the direction of the increasing x of the other stationary system

(K), and let this v elo cit y b e comm unicated to the axes of the co-ordinates, the

relev an t measuring-ro d, and the clo c ks. T o an y time of the stationary system K

there then will corresp ond a de�nite p osition of the axes of the mo ving system,

and from reasons of symmetry w e are en titled to assume that the motion of k

ma y b e suc h that the axes of the mo ving system are at the time t (this \ t " alw a ys

denotes a time of the stationary system) parallel to the axes of the stationary

system.

W e no w imagine space to b e measured from the stationary system K b y

means of the stationary measuring-ro d, and also from the mo ving system k

b y means of the measuring-ro d mo ving with it; and that w e th us obtain the

co-ordinates x , y , z , and � , � , � resp ectiv ely . F urther, let the time t of the

stationary system b e determined for all p oin ts thereof at whic h there are clo c ks

b y means of ligh t signals in the manner indicated in x 1; similarly let the time

� of the mo ving system b e determined for all p oin ts of the mo ving system at

whic h there are clo c ks at rest relativ ely to that system b y applying the metho d,

giv en in x 1, of ligh t signals b et w een the p oin ts at whic h the latter clo c ks are

lo cated.

T o an y system of v alues x , y , z , t , whic h completely de�nes the place and

time of an ev en t in the stationary system, there b elongs a system of v alues � ,
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� , � , � , determining that ev en t relativ ely to the system k , and our task is no w

to �nd the system of equations connecting these quan tities.

In the �rst place it is clear that the equations m ust b e line ar on accoun t of

the prop erties of homogeneit y whic h w e attribute to space and time.

If w e place x

0

= x � v t , it is clear that a p oin t at rest in the system k m ust

ha v e a system of v alues x

0

, y , z , indep enden t of time. W e �rst de�ne � as a

function of x

0

, y , z , and t . T o do this w e ha v e to express in equations that � is

nothing else than the summary of the data of clo c ks at rest in system k , whic h

ha v e b een sync hronized according to the rule giv en in x 1.

F rom the origin of system k let a ra y b e emitted at the time �

0

along the

X-axis to x

0

, and at the time �

1

b e re
ected thence to the origin of the co-

ordinates, arriving there at the time �

2

; w e then m ust ha v e

1

2

( �

0

+ �

2

) = �

1

, or,

b y inserting the argumen ts of the function � and applying the principle of the

constancy of the v elo cit y of ligh t in the stationary system:|

1

2

�

� (0 ; 0 ; 0 ; t ) + �

�

0 ; 0 ; 0 ; t +

x

0

c � v

+

x

0

c + v

� �

= �

�

x

0

; 0 ; 0 ; t +

x

0

c � v

�

:

Hence, if x

0

b e c hosen in�nitesimally small,

1

2

�

1

c � v

+

1

c + v

�

@ �

@ t

=

@ �

@ x

0

+

1

c � v

@ �

@ t

;

or

@ �

@ x

0

+

v

c

2

� v

2

@ �

@ t

= 0 :

It is to b e noted that instead of the origin of the co-ordinates w e migh t ha v e

c hosen an y other p oin t for the p oin t of origin of the ra y , and the equation just

obtained is therefore v alid for all v alues of x

0

, y , z .

An analogous consideration|applied to the axes of Y and Z|it b eing b orne

in mind that ligh t is alw a ys propagated along these axes, when view ed from the

stationary system, with the v elo cit y

p

c

2

� v

2

giv es us

@ �

@ y

= 0 ;

@ �

@ z

= 0 :

Since � is a line ar function, it follo ws from these equations that

� = a

�

t �

v

c

2

� v

2

x

0

�

where a is a function � ( v ) at presen t unkno wn, and where for brevit y it is

assumed that at the origin of k , � = 0, when t = 0.

With the help of this result w e easily determine the quan tities � , � , � b y

expressing in equations that ligh t (as required b y the principle of the constancy

of the v elo cit y of ligh t, in com bination with the principle of relativit y) is also
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propagated with v elo cit y c when measured in the mo ving system. F or a ra y of

ligh t emitted at the time � = 0 in the direction of the increasing �

� = c� or � = ac

�

t �

v

c

2

� v

2

x

0

�

:

But the ra y mo v es relativ ely to the initial p oin t of k , when measured in the

stationary system, with the v elo cit y c � v , so that

x

0

c � v

= t:

If w e insert this v alue of t in the equation for � , w e obtain

� = a

c

2

c

2

� v

2

x

0

:

In an analogous manner w e �nd, b y considering ra ys mo ving along the t w o other

axes, that

� = c� = ac

�

t �

v

c

2

� v

2

x

0

�

when

y

p

c

2

� v

2

= t; x

0

= 0 :

Th us

� = a

c

p

c

2

� v

2

y and � = a

c

p

c

2

� v

2

z :

Substituting for x

0

its v alue, w e obtain

� = � ( v ) � ( t � v x=c

2

) ;

� = � ( v ) � ( x � v t ) ;

� = � ( v ) y ;

� = � ( v ) z ;

where

� =

1

p

1 � v

2

=c

2

;

and � is an as y et unkno wn function of v . If no assumption whatev er b e made

as to the initial p osition of the mo ving system and as to the zero p oin t of � , an

additiv e constan t is to b e placed on the righ t side of eac h of these equations.
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W e no w ha v e to pro v e that an y ra y of ligh t, measured in the mo ving system,

is propagated with the v elo cit y c , if, as w e ha v e assumed, this is the case in the

stationary system; for w e ha v e not as y et furnished the pro of that the principle

of the constancy of the v elo cit y of ligh t is compatible with the principle of

relativit y .

A t the time t = � = 0, when the origin of the co-ordinates is common to the

t w o systems, let a spherical w a v e b e emitted therefrom, and b e propagated with

the v elo cit y c in system K. If ( x; y ; z ) b e a p oin t just attained b y this w a v e,

then

x

2

+ y

2

+ z

2

= c

2

t

2

:

T ransforming this equation with the aid of our equations of transformation

w e obtain after a simple calculation

�

2

+ �

2

+ �

2

= c

2

�

2

:

The w a v e under consideration is therefore no less a spherical w a v e with

v elo cit y of propagation c when view ed in the mo ving system. This sho ws that

our t w o fundamen tal principles are compatible.

5

In the equations of transformation whic h ha v e b een dev elop ed there en ters

an unkno wn function � of v , whic h w e will no w determine.

F or this purp ose w e in tro duce a third system of co-ordinates K

0

, whic h rel-

ativ ely to the system k is in a state of parallel translatory motion parallel to

the axis of �,

y

suc h that the origin of co-ordinates of system K

0

mo v es with

v elo cit y � v on the axis of �. A t the time t = 0 let all three origins coincide, and

when t = x = y = z = 0 let the time t

0

of the system K

0

b e zero. W e call the

co-ordinates, measured in the system K

0

, x

0

, y

0

, z

0

, and b y a t w ofold application

of our equations of transformation w e obtain

t

0

= � ( � v ) � ( � v )( � + v � =c

2

) = � ( v ) � ( � v ) t;

x

0

= � ( � v ) � ( � v )( � + v � ) = � ( v ) � ( � v ) x;

y

0

= � ( � v ) � = � ( v ) � ( � v ) y ;

z

0

= � ( � v ) � = � ( v ) � ( � v ) z :

Since the relations b et w een x

0

, y

0

, z

0

and x , y , z do not con tain the time t ,

the systems K and K

0

are at rest with resp ect to one another, and it is clear that

the transformation from K to K

0

m ust b e the iden tical transformation. Th us

� ( v ) � ( � v ) = 1 :

5

The equations of the Loren tz transformation ma y b e more simply deduced directly from

the condition that in virtue of those equations the relation x

2

+ y

2

+ z

2

= c

2

t

2

shall ha v e as

its consequence the second relation �

2

+ �

2

+ �

2

= c

2

�

2

.

y

Edito r's note: In Einstein's o riginal pap er, the symb ols (� ; H ; Z) fo r the co-o rdinates of the

moving system k w ere intro duced without explicitly de�ning them. In the 1923 English translation,

(X ; Y ; Z) w ere used, creating an ambiguit y b et w een X co-o rdinates in the �xed system K and the

pa rallel axis in moving system k . Here and in subsequent references w e use � when referring to the

axis of system k along which the system is translating with resp ect to K . In addition, the reference

to system K

0

later in this sentence w as inco rrectly given as \ k " in the 1923 English translation.
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W e no w inquire in to the signi�cation of � ( v ). W e giv e our atten tion to that

part of the axis of Y of system k whic h lies b et w een � = 0 ; � = 0 ; � = 0 and

� = 0 ; � = l ; � = 0. This part of the axis of Y is a ro d mo ving p erp endicularly

to its axis with v elo cit y v relativ ely to system K. Its ends p ossess in K the

co-ordinates

x

1

= v t; y

1

=

l

� ( v )

; z

1

= 0

and

x

2

= v t; y

2

= 0 ; z

2

= 0 :

The length of the ro d measured in K is therefore l =� ( v ); and this giv es us the

meaning of the function � ( v ). F rom reasons of symmetry it is no w eviden t that

the length of a giv en ro d mo ving p erp endicularly to its axis, measured in the

stationary system, m ust dep end only on the v elo cit y and not on the direction

and the sense of the motion. The length of the mo ving ro d measured in the

stationary system do es not c hange, therefore, if v and � v are in terc hanged.

Hence follo ws that l =� ( v ) = l =� ( � v ), or

� ( v ) = � ( � v ) :

It follo ws from this relation and the one previously found that � ( v ) = 1, so that

the transformation equations whic h ha v e b een found b ecome

� = � ( t � v x=c

2

) ;

� = � ( x � v t ) ;

� = y ;

� = z ;

where

� = 1 =

p

1 � v

2

=c

2

:

x 4. Ph ysical Meaning of the Equations Obtained in

Resp ect to Mo ving Rigid Bo dies and Mo ving Clo c ks

W e en visage a rigid sphere

6

of radius R, at rest relativ ely to the mo ving

system k , and with its cen tre at the origin of co-ordinates of k . The equation of

the surface of this sphere mo ving relativ ely to the system K with v elo cit y v is

�

2

+ �

2

+ �

2

= R

2

:

6

That is, a b o dy p ossessing spherical form when examined at rest.
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The equation of this surface expressed in x , y , z at the time t = 0 is

x

2

(

p

1 � v

2

=c

2

)

2

+ y

2

+ z

2

= R

2

:

A rigid b o dy whic h, measured in a state of rest, has the form of a sphere,

therefore has in a state of motion|view ed from the stationary system|the

form of an ellipsoid of rev olution with the axes

R

p

1 � v

2

=c

2

; R ; R :

Th us, whereas the Y and Z dimensions of the sphere (and therefore of ev ery

rigid b o dy of no matter what form) do not app ear mo di�ed b y the motion, the

X dimension app ears shortened in the ratio 1 :

p

1 � v

2

=c

2

, i.e. the greater the

v alue of v , the greater the shortening. F or v = c all mo ving ob jects|view ed from

the \stationary" system|shriv el up in to plane �gures.

y

F or v elo cities greater

than that of ligh t our delib erations b ecome meaningless; w e shall, ho w ev er, �nd

in what follo ws, that the v elo cit y of ligh t in our theory pla ys the part, ph ysically ,

of an in�nitely great v elo cit y .

It is clear that the same results hold go o d of b o dies at rest in the \stationary"

system, view ed from a system in uniform motion.

F urther, w e imagine one of the clo c ks whic h are quali�ed to mark the time

t when at rest relativ ely to the stationary system, and the time � when at rest

relativ ely to the mo ving system, to b e lo cated at the origin of the co-ordinates

of k , and so adjusted that it marks the time � . What is the rate of this clo c k,

when view ed from the stationary system?

Bet w een the quan tities x, t, and � , whic h refer to the p osition of the clo c k,

w e ha v e, eviden tly , x = v t and

� =

1

p

1 � v

2

=c

2

( t � v x=c

2

) :

Therefore,

� = t

p

1 � v

2

=c

2

= t � (1 �

p

1 � v

2

=c

2

) t

whence it follo ws that the time mark ed b y the clo c k (view ed in the stationary

system) is slo w b y 1 �

p

1 � v

2

=c

2

seconds p er second, or|neglecting magni-

tudes of fourth and higher order|b y

1

2

v

2

=c

2

.

F rom this there ensues the follo wing p eculiar consequence. If at the p oin ts A

and B of K there are stationary clo c ks whic h, view ed in the stationary system,

are sync hronous; and if the clo c k at A is mo v ed with the v elo cit y v along the

line AB to B, then on its arriv al at B the t w o clo c ks no longer sync hronize,

but the clo c k mo v ed from A to B lags b ehind the other whic h has remained at

y

Edito r's note: In the 1923 English translation, this phrase w as erroneously translated as \plain

�gures". I have used the co rrect \plane �gures" in this edition.
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B b y

1

2

tv

2

=c

2

(up to magnitudes of fourth and higher order), t b eing the time

o ccupied in the journey from A to B.

It is at once apparen t that this result still holds go o d if the clo c k mo v es from

A to B in an y p olygonal line, and also when the p oin ts A and B coincide.

If w e assume that the result pro v ed for a p olygonal line is also v alid for a

con tin uously curv ed line, w e arriv e at this result: If one of t w o sync hronous

clo c ks at A is mo v ed in a closed curv e with constan t v elo cit y un til it returns to

A, the journey lasting t seconds, then b y the clo c k whic h has remained at rest

the tra v elled clo c k on its arriv al at A will b e

1

2

tv

2

=c

2

second slo w. Thence w e

conclude that a balance-clo c k

7

at the equator m ust go more slo wly , b y a v ery

small amoun t, than a precisely similar clo c k situated at one of the p oles under

otherwise iden tical conditions.

x 5. The Comp osition of V elo cities

In the system k mo ving along the axis of X of the system K with v elo cit y v ,

let a p oin t mo v e in accordance with the equations

� = w

�

� ; � = w

�

� ; � = 0 ;

where w

�

and w

�

denote constan ts.

Required: the motion of the p oin t relativ ely to the system K. If with the help

of the equations of transformation dev elop ed in x 3 w e in tro duce the quan tities

x , y , z , t in to the equations of motion of the p oin t, w e obtain

x =

w

�

+ v

1 + v w

�

=c

2

t;

y =

p

1 � v

2

=c

2

1 + v w

�

=c

2

w

�

t;

z = 0 :

Th us the la w of the parallelogram of v elo cities is v alid according to our

theory only to a �rst appro ximation. W e set

V

2

=

�

dx

dt

�

2

+

�

dy

dt

�

2

;

w

2

= w

2

�

+ w

2

�

;

a = tan

� 1

w

�

=w

�

;

y

7

Not a p endulum-clo c k, whic h is ph ysically a system to whic h the Earth b elongs. This

case had to b e excluded.

y

Edito r's note: This equation w as inco rrectly given in Einstein's o riginal pap er and the 1923

English translation as a = tan

� 1

w

y

=w

x

.
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a is then to b e lo ok ed up on as the angle b et w een the v elo cities v and w . After

a simple calculation w e obtain

V =

p

( v

2

+ w

2

+ 2 v w cos a ) � ( v w sin a=c )

2

1 + v w cos a=c

2

:

It is w orth y of remark that v and w en ter in to the expression for the resultan t

v elo cit y in a symmetrical manner. If w also has the direction of the axis of X,

w e get

V =

v + w

1 + v w =c

2

:

It follo ws from this equation that from a comp osition of t w o v elo cities whic h

are less than c , there alw a ys results a v elo cit y less than c . F or if w e set v =

c � �; w = c � � , � and � b eing p ositiv e and less than c , then

V = c

2 c � � � �

2 c � � � � + ��=c

< c:

It follo ws, further, that the v elo cit y of ligh t c cannot b e altered b y comp o-

sition with a v elo cit y less than that of ligh t. F or this case w e obtain

V =

c + w

1 + w =c

= c:

W e migh t also ha v e obtained the form ula for V, for the case when v and w ha v e

the same direction, b y comp ounding t w o transformations in accordance with x

3. If in addition to the systems K and k �guring in x 3 w e in tro duce still another

system of co-ordinates k

0

mo ving parallel to k , its initial p oin t mo ving on the

axis of �

y

with the v elo cit y w , w e obtain equations b et w een the quan tities x ,

y , z , t and the corresp onding quan tities of k

0

, whic h di�er from the equations

found in x 3 only in that the place of \ v " is tak en b y the quan tit y

v + w

1 + v w =c

2

;

from whic h w e see that suc h parallel transformations|necessarily|form a group.

W e ha v e no w deduced the requisite la ws of the theory of kinematics cor-

resp onding to our t w o principles, and w e pro ceed to sho w their application to

electro dynamics.

I I. ELECTR OD YNAMICAL P AR T

x 6. T ransformation of the Maxw ell-Hertz Equations for

Empt y Space. On the Nature of the Electromotiv e F orces

Occurring in a Magnetic Field During Motion

Let the Maxw ell-Hertz equations for empt y space hold go o d for the station-

ary system K, so that w e ha v e

y

Edito r's note: \ X " in the 1923 English translation.
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1

c

@ X

@ t

=

@ N

@ y

�

@ M

@ z

;

1

c

@ L

@ t

=

@ Y

@ z

�

@ Z

@ y

;

1

c

@ Y

@ t

=

@ L

@ z

�

@ N

@ x

;

1

c

@ M

@ t

=

@ Z

@ x

�

@ X

@ z

;

1

c

@ Z

@ t

=

@ M

@ x

�

@ L

@ y

;

1

c

@ N

@ t

=

@ X

@ y

�

@ Y

@ x

;

where (X, Y, Z) denotes the v ector of the electric force, and (L, M, N) that of

the magnetic force.

If w e apply to these equations the transformation dev elop ed in x 3, b y re-

ferring the electromagnetic pro cesses to the system of co-ordinates there in tro-

duced, mo ving with the v elo cit y v , w e obtain the equations

1

c

@ X

@ �

=

@

@ �

n

�

�

N �

v

c

Y

�o

�

@

@ �

n

�

�

M +

v

c

Z

�o

;

1

c

@

@ �

n

�

�

Y �

v

c

N

�o

=

@ L

@ �

�

@

@ �

n

�

�

N �

v

c

Y

�o

;

1

c

@

@ �

n

�

�

Z +

v

c

M

�o

=

@

@ �

n

�

�

M +

v

c

Z

�o

�

@ L

@ �

;

1

c

@ L

@ �

=

@

@ �

n

�

�

Y �

v

c

N

�o

�

@

@ �

n

�

�

Z +

v

c

M

�o

;

1

c

@

@ �

n

�

�

M +

v

c

Z

�o

=

@

@ �

n

�

�

Z +

v

c

M

�o

�

@ X

@ �

;

1

c

@

@ �

n

�

�

N �

v

c

Y

� o

=

@ X

@ �

�

@

@ �

n

�

�

Y �

v

c

N

�o

;

where

� = 1 =

p

1 � v

2

=c

2

:

No w the principle of relativit y requires that if the Maxw ell-Hertz equations

for empt y space hold go o d in system K, they also hold go o d in system k ; that

is to sa y that the v ectors of the electric and the magnetic force|(X

0

, Y

0

, Z

0

)

and (L

0

, M

0

, N

0

)|of the mo ving system k , whic h are de�ned b y their p ondero-

motiv e e�ects on electric or magnetic masses resp ectiv ely , satisfy the follo wing

equations:|

1

c

@ X

0

@ �

=

@ N

0

@ �

�

@ M

0

@ �

;

1

c

@ L

0

@ �

=

@ Y

0

@ �

�

@ Z

0

@ �

;

1

c

@ Y

0

@ �

=

@ L

0

@ �

�

@ N

0

@ �

;

1

c

@ M

0

@ �

=

@ Z

0

@ �

�

@ X

0

@ �

;

1

c

@ Z

0

@ �

=

@ M

0

@ �

�

@ L

0

@ �

;

1

c

@ N

0

@ �

=

@ X

0

@ �

�

@ Y

0

@ �

:
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Eviden tly the t w o systems of equations found for system k m ust express

exactly the same thing, since b oth systems of equations are equiv alen t to the

Maxw ell-Hertz equations for system K. Since, further, the equations of the t w o

systems agree, with the exception of the sym b ols for the v ectors, it follo ws that

the functions o ccurring in the systems of equations at corresp onding places m ust

agree, with the exception of a factor  ( v ), whic h is common for all functions

of the one system of equations, and is indep enden t of � ; � ; � and � but dep ends

up on v . Th us w e ha v e the relations

X

0

=  ( v )X ; L

0

=  ( v )L ;

Y

0

=  ( v ) �

�

Y �

v

c

N

�

; M

0

=  ( v ) �

�

M +

v

c

Z

�

;

Z

0

=  ( v ) �

�

Z +

v

c

M

�

; N

0

=  ( v ) �

�

N �

v

c

Y

�

:

If w e no w form the recipro cal of this system of equations, �rstly b y solving

the equations just obtained, and secondly b y applying the equations to the

in v erse transformation (from k to K), whic h is c haracterized b y the v elo cit y � v ,

it follo ws, when w e consider that the t w o systems of equations th us obtained

m ust b e iden tical, that  ( v )  ( � v ) = 1. F urther, from reasons of symmetry

8

and therefore

 ( v ) = 1 ;

and our equations assume the form

X

0

= X ; L

0

= L ;

Y

0

= �

�

Y �

v

c

N

�

; M

0

= �

�

M +

v

c

Z

�

;

Z

0

= �

�

Z +

v

c

M

�

; N

0

= �

�

N �

v

c

Y

�

:

As to the in terpretation of these equations w e mak e the follo wing remarks: Let

a p oin t c harge of electricit y ha v e the magnitude \one" when measured in the

stationary system K, i.e. let it when at rest in the stationary system exert a

force of one dyne up on an equal quan tit y of electricit y at a distance of one cm.

By the principle of relativit y this electric c harge is also of the magnitude \one"

when measured in the mo ving system. If this quan tit y of electricit y is at rest

relativ ely to the stationary system, then b y de�nition the v ector (X, Y, Z) is

equal to the force acting up on it. If the quan tit y of electricit y is at rest relativ ely

to the mo ving system (at least at the relev an t instan t), then the force acting

up on it, measured in the mo ving system, is equal to the v ector (X

0

, Y

0

, Z

0

).

Consequen tly the �rst three equations ab o v e allo w themselv es to b e clothed in

w ords in the t w o follo wing w a ys:|

1. If a unit electric p oin t c harge is in motion in an electromagnetic �eld,

there acts up on it, in addition to the electric force, an \electromotiv e force"

whic h, if w e neglect the terms m ultiplied b y the second and higher p o w ers of

v =c , is equal to the v ector-pro duct of the v elo cit y of the c harge and the magnetic

force, divided b y the v elo cit y of ligh t. (Old manner of expression.)

8

If, for example, X=Y=Z=L=M=0, and N 6= 0, then from reasons of symmetry it is clear

that when v c hanges sign without c hanging its n umerical v alue, Y

0

m ust also c hange sign

without c hanging its n umerical v alue.
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2. If a unit electric p oin t c harge is in motion in an electromagnetic �eld,

the force acting up on it is equal to the electric force whic h is presen t at the

lo calit y of the c harge, and whic h w e ascertain b y transformation of the �eld to

a system of co-ordinates at rest relativ ely to the electrical c harge. (New manner

of expression.)

The analogy holds with \magnetomotiv e forces." W e see that electromotiv e

force pla ys in the dev elop ed theory merely the part of an auxiliary concept,

whic h o w es its in tro duction to the circumstance that electric and magnetic forces

do not exist indep enden tly of the state of motion of the system of co-ordinates.

F urthermore it is clear that the asymmetry men tioned in the in tro duction

as arising when w e consider the curren ts pro duced b y the relativ e motion of a

magnet and a conductor, no w disapp ears. Moreo v er, questions as to the \seat"

of electro dynamic electromotiv e forces (unip olar mac hines) no w ha v e no p oin t.

x 7. Theory of Doppler's Principle and of Ab erration

In the system K, v ery far from the origin of co-ordinates, let there b e a

source of electro dynamic w a v es, whic h in a part of space con taining the origin

of co-ordinates ma y b e represen ted to a su�cien t degree of appro ximation b y

the equations

X = X

0

sin � ; L = L

0

sin � ;

Y = Y

0

sin � ; M = M

0

sin � ;

Z = Z

0

sin � ; N = N

0

sin � ;

where

� = !

�

t �

1

c

( l x + my + nz )

�

:

Here (X

0

, Y

0

, Z

0

) and (L

0

, M

0

, N

0

) are the v ectors de�ning the amplitude of

the w a v e-train, and l ; m; n the direction-cosines of the w a v e-normals. W e wish

to kno w the constitution of these w a v es, when they are examined b y an observ er

at rest in the mo ving system k .

Applying the equations of transformation found in x 6 for electric and mag-

netic forces, and those found in x 3 for the co-ordinates and the time, w e obtain

directly

X

0

= X

0

sin �

0

; L

0

= L

0

sin �

0

;

Y

0

= � (Y

0

� v N

0

=c ) sin �

0

; M

0

= � (M

0

+ v Z

0

=c ) sin �

0

;

Z

0

= � (Z

0

+ v M

0

=c ) sin �

0

; N

0

= � (N

0

� v Y

0

=c ) sin �

0

;

�

0

= !

0

�

� �

1

c

( l

0

� + m

0

� + n

0

� )

	

where

!

0

= ! � (1 � l v =c ) ;
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l

0

=

l � v =c

1 � l v =c

;

m

0

=

m

� (1 � l v =c )

;

n

0

=

n

� (1 � l v =c )

:

F rom the equation for !

0

it follo ws that if an observ er is mo ving with v elo cit y

v relativ ely to an in�nitely distan t source of ligh t of frequency � , in suc h a w a y

that the connecting line \source-observ er" mak es the angle � with the v elo cit y

of the observ er referred to a system of co-ordinates whic h is at rest relativ ely

to the source of ligh t, the frequency �

0

of the ligh t p erceiv ed b y the observ er is

giv en b y the equation

�

0

= �

1 � cos � � v =c

p

1 � v

2

=c

2

:

This is Doppler's principle for an y v elo cities whatev er. When � = 0 the equation

assumes the p erspicuous form

�

0

= �

s

1 � v =c

1 + v =c

:

W e see that, in con trast with the customary view, when v = � c; �

0

= 1 .

If w e call the angle b et w een the w a v e-normal (direction of the ra y) in the

mo ving system and the connecting line \source-observ er" �

0

, the equation for

�

0 y

assumes the form

cos �

0

=

cos � � v =c

1 � cos � � v =c

:

This equation expresses the la w of ab erration in its most general form. If � =

1

2

� , the equation b ecomes simply

cos �

0

= � v =c:

W e still ha v e to �nd the amplitude of the w a v es, as it app ears in the mo ving

system. If w e call the amplitude of the electric or magnetic force A or A

0

resp ectiv ely , accordingly as it is measured in the stationary system or in the

mo ving system, w e obtain

A

0

2

= A

2

(1 � cos � � v =c )

2

1 � v

2

=c

2

whic h equation, if � = 0, simpli�es in to

y

Edito r's note: Erroneously given as \ l

0

" in the 1923 English translation, p ropagating an erro r,

despite a change in symb ols, from the o riginal 1905 pap er.
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A

0

2

= A

2

1 � v =c

1 + v =c

:

It follo ws from these results that to an observ er approac hing a source of ligh t

with the v elo cit y c , this source of ligh t m ust app ear of in�nite in tensit y .

x 8. T ransformation of the Energy of Ligh t Ra ys. Theory

of the Pressure of Radiation Exerted on P erfect Re
ectors

Since A

2

= 8 � equals the energy of ligh t p er unit of v olume, w e ha v e to regard

A

0

2

= 8 � , b y the principle of relativit y , as the energy of ligh t in the mo ving system.

Th us A

0

2

= A

2

w ould b e the ratio of the \measured in motion" to the \measured

at rest" energy of a giv en ligh t complex, if the v olume of a ligh t complex w ere

the same, whether measured in K or in k . But this is not the case. If l ; m; n are

the direction-cosines of the w a v e-normals of the ligh t in the stationary system,

no energy passes through the surface elemen ts of a spherical surface mo ving

with the v elo cit y of ligh t:|

( x � l ct )

2

+ ( y � mct )

2

+ ( z � nct )

2

= R

2

:

W e ma y therefore sa y that this surface p ermanen tly encloses the same ligh t

complex. W e inquire as to the quan tit y of energy enclosed b y this surface,

view ed in system k , that is, as to the energy of the ligh t complex relativ ely to

the system k .

The spherical surface|view ed in the mo ving system|is an ellipsoidal sur-

face, the equation for whic h, at the time � = 0, is

( � � � l � � v =c )

2

+ ( � � m� � v =c )

2

+ ( � � n� � v =c )

2

= R

2

:

If S is the v olume of the sphere, and S

0

that of this ellipsoid, then b y a simple

calculation

S

0

S

=

p

1 � v

2

=c

2

1 � cos � � v =c

:

Th us, if w e call the ligh t energy enclosed b y this surface E when it is measured in

the stationary system, and E

0

when measured in the mo ving system, w e obtain

E

0

E

=

A

0

2

S

0

A

2

S

=

1 � cos � � v =c

p

1 � v

2

=c

2

;

and this form ula, when � = 0, simpli�es in to

E

0

E

=

s

1 � v =c

1 + v =c

:
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It is remark able that the energy and the frequency of a ligh t complex v ary

with the state of motion of the observ er in accordance with the same la w.

No w let the co-ordinate plane � = 0 b e a p erfectly re
ecting surface, at

whic h the plane w a v es considered in x 7 are re
ected. W e seek for the pressure

of ligh t exerted on the re
ecting surface, and for the direction, frequency , and

in tensit y of the ligh t after re
exion.

Let the inciden tal ligh t b e de�ned b y the quan tities A, cos � , � (referred to

system K). View ed from k the corresp onding quan tities are

A

0

= A

1 � cos � � v =c

p

1 � v

2

=c

2

;

cos �

0

=

cos � � v =c

1 � cos � � v =c

;

�

0

= �

1 � cos � � v =c

p

1 � v

2

=c

2

:

F or the re
ected ligh t, referring the pro cess to system k , w e obtain

A

00

= A

0

cos �

00

= � cos �

0

�

00

= �

0

Finally , b y transforming bac k to the stationary system K, w e obtain for the

re
ected ligh t

A

000

= A

00

1 + cos�

00

� v =c

p

1 � v

2

=c

2

= A

1 � 2 cos � � v =c + v

2

=c

2

1 � v

2

=c

2

;

cos �

000

=

cos �

00

+ v =c

1 + cos �

00

� v =c

= �

(1 + v

2

=c

2

) cos � � 2 v =c

1 � 2 cos � � v =c + v

2

=c

2

;

�

000

= �

00

1 + cos �

00

� v =c

p

1 � v

2

=c

2

= �

1 � 2 cos � � v =c + v

2

=c

2

1 � v

2

=c

2

:

The energy (measured in the stationary system) whic h is inciden t up on unit

area of the mirror in unit time is eviden tly A

2

( c cos � � v ) = 8 � . The energy lea ving

the unit of surface of the mirror in the unit of time is A

000 2

( � c cos �

000

+ v ) = 8 � .

The di�erence of these t w o expressions is, b y the principle of energy , the w ork

done b y the pressure of ligh t in the unit of time. If w e set do wn this w ork as

equal to the pro duct P v , where P is the pressure of ligh t, w e obtain

P = 2 �

A

2

8 �

(cos � � v =c )

2

1 � v

2

=c

2

:
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In agreemen t with exp erimen t and with other theories, w e obtain to a �rst

appro ximation

P = 2 �

A

2

8 �

cos

2

�:

All problems in the optics of mo ving b o dies can b e solv ed b y the metho d

here emplo y ed. What is essen tial is, that the electric and magnetic force of the

ligh t whic h is in
uenced b y a mo ving b o dy , b e transformed in to a system of

co-ordinates at rest relativ ely to the b o dy . By this means all problems in the

optics of mo ving b o dies will b e reduced to a series of problems in the optics of

stationary b o dies.

x 9. T ransformation of the Maxw ell-Hertz Equations

when Con v ection-Curren ts are T ak en in to Accoun t

W e start from the equations

1

c

n

@ X

@ t

+ u

x

�

o

=

@ N

@ y

�

@ M

@ z

;

1

c

@ L

@ t

=

@ Y

@ z

�

@ Z

@ y

;

1

c

n

@ Y

@ t

+ u

y

�

o

=

@ L

@ z

�

@ N

@ x

;

1

c

@ M

@ t

=

@ Z

@ x

�

@ X

@ z

;

1

c

n

@ Z

@ t

+ u

z

�

o

=

@ M

@ x

�

@ L

@ y

;

1

c

@ N

@ t

=

@ X

@ y

�

@ Y

@ x

;

where

� =

@ X

@ x

+

@ Y

@ y

+

@ Z

@ z

denotes 4 � times the densit y of electricit y , and ( u

x

; u

y

; u

z

) the v elo cit y-v ector of

the c harge. If w e imagine the electric c harges to b e in v ariably coupled to small

rigid b o dies (ions, electrons), these equations are the electromagnetic basis of

the Loren tzian electro dynamics and optics of mo ving b o dies.

Let these equations b e v alid in the system K, and transform them, with the

assistance of the equations of transformation giv en in xx 3 and 6, to the system

k . W e then obtain the equations

1

c

n

@ X

0

@ �

+ u

�

�

0

o

=

@ N

0

@ �

�

@ M

0

@ �

;

1

c

@ L

0

@ �

=

@ Y

0

@ �

�

@ Z

0

@ �

;

1

c

n

@ Y

0

@ �

+ u

�

�

0

o

=

@ L

0

@ �

�

@ N

0

@ �

;

1

c

@ M

0

@ �

=

@ Z

0

@ �

�

@ X

0

@ �

;

1

c

n

@ Z

0

@ �

+ u

�

�

0

o

=

@ M

0

@ �

�

@ L

0

@ �

;

1

c

@ N

0

@ �

=

@ X

0

@ �

�

@ Y

0

@ �

;

where
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u

�

=

u

x

� v

1 � u

x

v =c

2

u

�

=

u

y

� (1 � u

x

v =c

2

)

u

�

=

u

z

� (1 � u

x

v =c

2

)

;

and

�

0

=

@ X

0

@ �

+

@ Y

0

@ �

+

@ Z

0

@ �

= � (1 � u

x

v =c

2

) �:

Since|as follo ws from the theorem of addition of v elo cities ( x 5)|the v ector

( u

�

; u

�

; u

�

) is nothing else than the v elo cit y of the electric c harge, measured in

the system k , w e ha v e the pro of that, on the basis of our kinematical principles,

the electro dynamic foundation of Loren tz's theory of the electro dynamics of

mo ving b o dies is in agreemen t with the principle of relativit y .

In addition I ma y brie
y remark that the follo wing imp ortan t la w ma y easily

b e deduced from the dev elop ed equations: If an electrically c harged b o dy is in

motion an ywhere in space without altering its c harge when regarded from a

system of co-ordinates mo ving with the b o dy , its c harge also remains|when

regarded from the \stationary" system K|constan t.

x 10. Dynamics of the Slo wly Accelerated Electron

Let there b e in motion in an electromagnetic �eld an electrically c harged

particle (in the sequel called an \electron"), for the la w of motion of whic h w e

assume as follo ws:|

If the electron is at rest at a giv en ep o c h, the motion of the electron ensues

in the next instan t of time according to the equations

m

d

2

x

dt

2

= � X

m

d

2

y

dt

2

= � Y

m

d

2

z

dt

2

= � Z

where x; y ; z denote the co-ordinates of the electron, and m the mass of the

electron, as long as its motion is slo w.
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No w, secondly , let the v elo cit y of the electron at a giv en ep o c h b e v . W e

seek the la w of motion of the electron in the immediately ensuing instan ts of

time.

Without a�ecting the general c haracter of our considerations, w e ma y and

will assume that the electron, at the momen t when w e giv e it our atten tion, is at

the origin of the co-ordinates, and mo v es with the v elo cit y v along the axis of X

of the system K. It is then clear that at the giv en momen t ( t = 0) the electron

is at rest relativ ely to a system of co-ordinates whic h is in parallel motion with

v elo cit y v along the axis of X.

F rom the ab o v e assumption, in com bination with the principle of relativit y , it

is clear that in the immediately ensuing time (for small v alues of t ) the electron,

view ed from the system k , mo v es in accordance with the equations

m

d

2

�

d�

2

= � X

0

;

m

d

2

�

d�

2

= � Y

0

;

m

d

2

�

d�

2

= � Z

0

;

in whic h the sym b ols � , � , � , X

0

, Y

0

, Z

0

refer to the system k . If, further, w e

decide that when t = x = y = z = 0 then � = � = � = � = 0, the transformation

equations of xx 3 and 6 hold go o d, so that w e ha v e

� = � ( x � v t ) ; � = y ; � = z ; � = � ( t � v x=c

2

) ;

X

0

= X ; Y

0

= � (Y � v N =c ) ; Z

0

= � (Z + v M =c ) :

With the help of these equations w e transform the ab o v e equations of motion

from system k to system K, and obtain

d

2

x

dt

2

=

�

m�

3

X

d

2

y

dt

2

=

�

m�

�

Y �

v

c

N

�

d

2

z

dt

2

=

�

m�

�

Z +

v

c

M

�

9

>

=

>

;

� � � (A)

T aking the ordinary p oin t of view w e no w inquire as to the \longitudinal"

and the \transv erse" mass of the mo ving electron. W e write the equations (A)

in the form

m�

3

d

2

x

dt

2

= � X = � X

0

;

m�

2

d

2

y

dt

2

= ��

�

Y �

v

c

N

�

= � Y

0

;

m�

2

d

2

z

dt

2

= ��

�

Z +

v

c

M

�

= � Z

0

;

and remark �rstly that � X

0

, � Y

0

, � Z

0

are the comp onen ts of the p onderomotiv e

force acting up on the electron, and are so indeed as view ed in a system mo ving

at the momen t with the electron, with the same v elo cit y as the electron. (This

force migh t b e measured, for example, b y a spring balance at rest in the last-

men tioned system.) No w if w e call this force simply \the force acting up on the
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electron,"

9

and main tain the equation|mass � acceleration = force|and if w e

also decide that the accelerations are to b e measured in the stationary system

K, w e deriv e from the ab o v e equations

Longitudinal mass =

m

(

p

1 � v

2

=c

2

)

3

:

T ransv erse mass =

m

1 � v

2

=c

2

:

With a di�eren t de�nition of force and acceleration w e should naturally

obtain other v alues for the masses. This sho ws us that in comparing di�eren t

theories of the motion of the electron w e m ust pro ceed v ery cautiously .

W e remark that these results as to the mass are also v alid for p onderable

material p oin ts, b ecause a p onderable material p oin t can b e made in to an elec-

tron (in our sense of the w ord) b y the addition of an electric c harge, no matter

how smal l .

W e will no w determine the kinetic energy of the electron. If an electron

mo v es from rest at the origin of co-ordinates of the system K along the axis

of X under the action of an electrostatic force X, it is clear that the energy

withdra wn from the electrostatic �eld has the v alue

R

� X dx . As the electron is

to b e slo wly accelerated, and consequen tly ma y not giv e o� an y energy in the

form of radiation, the energy withdra wn from the electrostatic �eld m ust b e put

do wn as equal to the energy of motion W of the electron. Bearing in mind that

during the whole pro cess of motion whic h w e are considering, the �rst of the

equations (A) applies, w e therefore obtain

W =

Z

� X dx = m

Z

v

0

�

3

v dv

= mc

2

(

1

p

1 � v

2

=c

2

� 1

)

:

Th us, when v = c , W b ecomes in�nite. V elo cities greater than that of ligh t

ha v e|as in our previous results|no p ossibilit y of existence.

This expression for the kinetic energy m ust also, b y virtue of the argumen t

stated ab o v e, apply to p onderable masses as w ell.

W e will no w en umerate the prop erties of the motion of the electron whic h

result from the system of equations (A), and are accessible to exp erimen t.

1. F rom the second equation of the system (A) it follo ws that an electric

force Y and a magnetic force N ha v e an equally strong de
ectiv e action on an

electron mo ving with the v elo cit y v , when Y = N v =c . Th us w e see that it is

p ossible b y our theory to determine the v elo cit y of the electron from the ratio

9

The de�nition of force here giv en is not adv an tageous, as w as �rst sho wn b y M. Planc k.

It is more to the p oin t to de�ne force in suc h a w a y that the la ws of momen tum and energy

assume the simplest form.
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of the magnetic p o w er of de
exion A

m

to the electric p o w er of de
exion A

e

, for

an y v elo cit y , b y applying the la w

A

m

A

e

=

v

c

:

This relationship ma y b e tested exp erimen tally , since the v elo cit y of the

electron can b e directly measured, e.g. b y means of rapidly oscillating electric

and magnetic �elds.

2. F rom the deduction for the kinetic energy of the electron it follo ws that

b et w een the p oten tial di�erence, P , tra v ersed and the acquired v elo cit y v of the

electron there m ust b e the relationship

P =

Z

X dx =

m

�

c

2

(

1

p

1 � v

2

=c

2

� 1

)

:

3. W e calculate the radius of curv ature of the path of the electron when a

magnetic force N is presen t (as the only de
ectiv e force), acting p erp endicularly

to the v elo cit y of the electron. F rom the second of the equations (A) w e obtain

�

d

2

y

dt

2

=

v

2

R

=

�

m

v

c

N

r

1 �

v

2

c

2

or

R =

mc

2

�

�

v =c

p

1 � v

2

=c

2

�

1

N

:

These three relationships are a complete expression for the la ws according

to whic h, b y the theory here adv anced, the electron m ust mo v e.

In conclusion I wish to sa y that in w orking at the problem here dealt with

I ha v e had the lo y al assistance of m y friend and colleague M. Besso, and that I

am indebted to him for sev eral v aluable suggestions.
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