Chapter 5 )
On the Dynamics of the Electron e

Introduction

On first consideration it seemed that the aberration of light and the optical and
electrical phenomena associated with it were going to provide us a means for
determining the absolute motion of the Earth or more accurately its motion, not
with respect to the other stars, but with respect to the ether. Fresnel' had already tried
it, but he soon recognized that the motion of the Earth did not change the laws of
refraction and reflection. Analogous experiments, like that of the water-filled tele-
scope and all those where only first-order terms in the aberration were considered
were to give only negative results; the explanation for this was soon found. But,
Michelson, who had imagined an experiment sensitive to the terms depending on the
square of the aberration, failed in turn.

It seems that this impossibility of showing the absolute motion of the Earth
experimentally could be a general law of Nature; we are naturally led to accept
this law, that we will call the Relativity Postulate and to allow it without restriction.
Should this postulate, until now in agreement with experiment, later be confirmed or
rejected by more precise experiments, it is in any case interesting to look at what its
consequences might be.

An explanation was proposed by Lorentz and Fitz Gerald, who introduced the
hypothesis of a contraction experienced by all bodies in the direction of motion of
the Earth and proportional to the square of the aberration; this contraction, which we
will call the Lorentz contraction, took into account the Michelson experiment and all
those which had been done until now. The hypothesis would become insufficient,
however, if the relativity postulate were to be accepted in its full generality.
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46 H. Poincaré

Lorentz sought to supplement it and amend it so as to bring it into full agreement
with this postulate. This is what he succeeded in doing in his article entitled
Electromagnetic Phenomena in a System Moving with Any Velocity Smaller than
that of Light (Proceedings of the Amsterdam Academy, May 27, 1904)°.

The importance of the question led me to take it up again; the results that I
obtained are in agreement with those of Lorentz on all important points; I was only
led to amend and supplement them in some points of detail. The differences, which
are of secondary importance, will be seen later.

Lorentz’s idea can be summarized as follows: if one can, without any visible
phenomenon being modified, give any system a shared translation, it is because the
equations of the electromagnetic environment are not altered by certain transforma-
tions, which we will call Lorentz transformations; two systems, the one stationary
and the other in translation, thus become the exact image of each other.

Langevin' had sought to modify Lorentz’s idea; for both authors, the moving
electron takes the form of a flattened ellipsoid, but for Lorentz two of the axes of the
ellipsoid remain constant and in contrast for Langevin it is the volume of the
ellipsoid which remains constant. Both authors additionally showed that these two
hypotheses agree with Kaufmann’s experiments and also with Abraham’s primitive
hypothesis (undeformable spherical electron)”.

The advantage of Langevin’s theory is that it does not call on electromagnetic
forces and binding forces; but it is incompatible with the relativity postulate. That is
what Lorentz had shown; it is what I found in turn by another route by calling on the
principles of group theory.

That means it’s necessary to go back to Lorentz’s theory; but to keep it and avoid
intolerable contradictions, a special force has to be assumed which explains both the
contraction and the two constant axes. I sought to determine this force, and I found
that it could be compared to a constant external pressure acting on the deformable
and compressible electron and its work is proportional to the variations in the
volume of this electron.

If the inertia of matter were then exclusively of electromagnetic origin, as is
generally accepted since Kaufmann’s experiment, and if all the forces are of
electromagnetic origin other than this constant pressure that I just spoke of, then
the relativity postulate can be established with full rigor. That is what I show by a
very simple calculation based on the principle of least action.

But that isn’t all. Lorentz, in the work cited, thought it necessary to supplement
his hypothesis such that the postulate is still true when there are forces other than
electromagnetic forces. According to him, all forces, whatever their origin, are
affected by the Lorentz transformation (and consequently by a translation) in the
same way as the electromagnetic forces.

"Langevin had been anticipated by Bucherer from Bonn, who came out with the same idea before
him. (See: Bucherer, Mathematische Einfiihrung in die Elektronentheorie; August 1904. Teubner,
Leipzig).
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It is important to examine this hypothesis more closely and in particular to seek
what modifications it would force us to make to the laws of gravitation.

First it is found that it would force us to assume that the propagation of gravitation
is not instantaneous but occurs at the speed of light. One could think that this is a
sufficient reason to reject the hypothesis, since Laplace had proven that it could not
be so. But in reality, the effect of this propagation is in large part compensated by a
different cause, such that there is no contradiction between the proposed law and
astronomical observations.

Would it be possible to find a law, which satisfies the condition imposed by
Lorentz and at the same time reduced to Newton’s law any time that the speeds of the
stars are small enough that their squares can be neglected (as well as the product of
the accelerations by the distances) compared to the square of the speed of light?

The answer to this question must be affirmative as will be seen later.

Is the law thus modified compatible with astronomical observations?

At first glance, it seems so, but the question will only be settled by an in-depth
discussion.

But even if we accept that this discussion is settled in favor of the new hypothesis,
what will we have to conclude from it? If the attraction propagates with the speed of
light, that cannot be because of a fortuitous occurrence, that must be because it is a
function of the ether; and then it will be necessary to look into the nature of this
function and associate other functions of the fluid with it.

We cannot be satisfied with formulas that are simply juxtaposed and which only
happen to agree by lucky chance; said another way, it has to happen because these
formulas are mutually involved. The mind would only be satisfied when it believes
that it sees the reason for this agreement to such an extent that it has the illusion that
it could have anticipated it.

But the question can also be presented from another point of view so that a
comparison will be better understood. Let us imagine an astronomer before Coper-
nicus who was thinking about the Ptolemaic system; he would notice that for all the
planets one of the two circles, epicycle or deferent, is traversed in the same time.
That cannot be by chance; there is therefore some unknown mysterious link between
all the planets.

Copernicus, by simply changing the coordinate system regarded as fixed, made
this appearance disappear; each planet now describes only one circle and the periods
of revolution become independent (until Kepler reestablished the link between them
that was thought to have been destroyed).

It is possible that there is something analogous here; if we were to accept the
relativity postulate, we would find in the law of gravitation and in the electromag-
netic laws a common number which would be the speed of light. We would find it
again in other forces of arbitrary origin which can only be explained in two ways:

Either there is nothing in the world that is not of electromagnetic origin.

Or else, this part which would be, to state it that way, shared by all physical
phenomena would only be an appearance, something which would arise from our
measurement methods. How do we make our measurements? We would start to say,
by transporting one or another of the objects regarded as invariable solids; but that is
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no longer true in the current theory, if the Lorentz contraction is accepted. In this
theory, two equal lengths are, by definition, two lengths that light takes the same
time to traverse.

Perhaps it would suffice to renounce this definition so that Lorentz’s theory was
as completely overthrown as was the Ptolemaic system by the intervention of
Copernicus. If that were to happen one day, that would not prove that the effort
made by Lorentz was pointless, because Ptolemy, whatever we might think of it, was
not useless to Copernicus.

I too have not hesitated to publish these few partial results even though at this
moment the whole theory itself might seem to be in danger from the discovery of
magnetocathode rays.

§1 — Lorentz Transformation

Lorentz adopted a specific system of units so as to make the factors of 4z disappear
from the formulas. I will do the same and additionally I will choose the units of
length and time such that the speed of light is equal to one. Under these conditions,
by calling: f, g, h the electric displacement; a, f, y the magnetic force; F, G, H the
vector potential; y the scalar potential; p the electric charge density; &, 1, { the
electron velocity; and u, v, w the current, the fundamental formulas become:*

_Y L e 4 _dH 4G . dF dy
uidterg*dy dz’ 47 dy dz’fﬁ dr  dx’

da _dg dn dpJfZ%f:o,Zj_i:p, ‘il_‘/t’Jer_F:o, (1)

dr —dz dy’ dr dx
d? @ &
D=4-13=) g3 qp> Bw=—p OF=—p&

An element of matter of volume dxdydz experiences a mechanical force whose
components Xdxdydz, Zdxdydz, Ydxdydz are determined from the formula:

X =pf +plny —P). 2)

These equations are subject to a remarkable transformation discovered by Lorentz

and which is of interest because it explains why no experiment is able to let us know
the absolute motion of the universe. Let us set:

X =kl(x + et), ! =ki(t + ex),y =1ly,7 =z, (3)

where [ and ¢ are arbitrary constants, and where
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1
k= i
If we then set:
) ? &
U2 ae T am
it will follow:
0 =nol?

Now consider a sphere driven in a motion of uniform translation with the electron
and let:

(x—&)+(y—nt)* + (z— () =12

be the equation of this mobile sphere whose volume will be 7.
The transformation will change it into an ellipsoid whose equation is easy to find.

It is in fact easily deduced from equations (3):

~]

~]
'\<\
o\l

x=- —e), t=

(f' —ex'), y=T, =7 (3)
The equation for the ellipsoid then becomes:
KX — et +e&x) + () — nkt’ + nkex')” + (2 — Cki' + Ckex')* = P,
This ellipsoid moves with a uniform motion; for { =0, it reduces to
X2 (1 + &) + (Y + nkex')” + (2 + Ckex')? = P2
and its volume is:

3
4 ar l

37 k(1 + &)

If we want the charge of an electron to be unchanged by the transformation and if
we call p’ the new electric charge density, it will follow:

d=%@+w& “)

What will the new speeds &, 1/, ¢’ be? It will have to be:
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dY dx+et) E4e

= —
&= d  d(t+ex) 14¢€&°

T=4 " kd(t+ex) k(1 +¢8)’

hence
//_k //_l //_1 /
Pé—F(P5+€P), P = o, pC—l—3pC~ 4)

Here is where I need to indicate for the first time a divergence from Lorentz.
Lorentz set (up to differences in notation; loc. cit., page 813, formulas 7 and 8°):

1
p'=ﬁp, =1E+e), n=ky, =K.

That way the formulas:

k 1 1
pE = A (pE+ep), pn' = AP Pl = FPCQ

are found, but the value of p’ is different.
It needs to be noted that the formulas (4) and (4') satisfy the continuity condition

d
dﬂ+z ,05

In fact, let A be an undetermined quantity and D the functional determinant of

t+2p, x+Ap¢  y+ipn, z+Apl (5)
with respect to 7, x, y and z. It will follow:
D = Dy + DA+ DA% + D32 + Dya*.

with Dy = 1 and Dy = dp/dt + Y, dpé&/dx = 0.
Let X' = I2, we see that the four functions
t/ +/1/ /’ xl +/1,pl§/, y/ +A/p,l1/, Z/ +A/p/5, (5/)

are related to the functions (5) by the same linear relations as the former variables to
the new variables. If the functional determinant of the functions (5") with respect to
the new variables is therefore designated D', it will follow:
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D' =D, D' =D+ DA +Dy)* +Di)° + D,i*,

hence:

which was to be proven.

With the hypothesis from Lorentz, this condition would not be fulfilled, because
p’ does not have the same value.

We will now define new vector and scalar potentials so as to satisfy the
conditions:

D,l//, — _p/7 OF — _p/fl ) (6)
From that we next draw:

(F+€l//), G/:%G, H/:H (7)

~l
SRS

w =7(w+eF), F =

These formulas do differ from those of Lorentz, but in the final analysis the
divergence only bears on the definitions.

We will choose new electric and magnetic fields so as to satisfy the equations:

,  dF &' |, dH' 4G
=@ w ““@ @ ®

It is easy to see that:

d_kfd dy d _k(fd dy d _1
a ~I\&t fax ) v T I\ax far) ay T

and from that to conclude:

o~ —
Sl

1 k
f/=l—2f, g/=l—2( + 1), hl:l_z(h_gﬁ)’

1 k k
a’:l_za, ﬂ':l—z(ﬂ—eh), 7’21—2(7+88)~

These formulas are identical to Lorentz’s.

Our transformation does not alter equations (1). In fact, the continuity condition,
and also equations (6) and (8), already provided us some of equations (1) (except for
accenting of the letters).

Equations (6) connected with the continuity condition give us:
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dF !
d 7 - > w=0 (10)
It remains to establish that:
4y O _ag @ dp
dr dy d7° df d7 dy”’ dx’

and it can be easily seen that these are necessary consequences of equations (6), (8)
and (10).

We must now compare the forces before and after the transformation.

Let X, Y, Z be the force before and X', Y, Z' be the force after the transformation;
with all of them referred to a unit volume. In order for X' to satisfy the same
equations as before the transformation, it must hold that:

X/ :plf/ +p/(’7/}// _ é«/ﬁ/)’

Y/ — p/g/ +pl(c/al _ 5/}//)’

Z = p'll +p(EF — ),
or, by replacing the quantities by their values (4), (4’) and (9) while making use of
equations (2):

X = l’;(XJreZX&f)

1
Y’:I—SY, (11)
Z’—llsz

If we represent the force referred, no longer to the unit volume, but now to the unit
electrical charge of the electron, by X, Y;, Z; and the same qualities after the
transformation by X', Y/, Z| we will have:

=f4mr =L Xy=f+n7Y-0F, X=pXi, X' =p'X

and we will have the equations:
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k
X 21*5/% (Xl +€ZX1§>,

1p

Y/l:l_SEY]’ (11/)
Lp

L= i

Lorentz had found (within the difference of notation, page 813, formula (10)):

X, = PX\ — Pe('e' + W),

P Pe
N=ght e (1)
P, Pe,,

Before going farther, the cause of this significant divergence must be found. It
obviously means that the formulas for &, 5/, ¢’ are not the same, even though the
formulas for the electric and magnetic fields are the same.

If the inertia of the electrons is exclusively of electromagnetic origin and if
additionally they are only subject to forces of electromagnetic origin, then the
equilibrium condition requires that inside the electrons it hold:

X=Y=Z=0.
Hence, in light of equations (11), these relations are equivalent to
X'=y=7=0.

The equilibrium conditions of the electrons are therefore unchanged by the
transformation.

Unfortunately, such a simple assumption is not allowable. If, in fact, one sup-
poses that £ =# = ¢ =0, the conditions X =Y =Z=0would lead to f=g =h =0,
and consequently > g—x = 0, meaning p = 0. One would arrive at analogous results in
the most general case. One therefore has to accept that in addition to electromagnetic
forces, there are either other forces or binding. One must then look at what condi-
tions these forces or binding must satisfy for the equilibrium of the electrons to be
undisturbed by the transformation. This will be taken up in a subsequent section.
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§2 - Principle of Least Action

The way Lorentz deduced his equations from the principle of least action is known®.
Although I have nothing essential to add to it, I will however go back over the
question because I prefer to present it in a slightly different form which will be useful
for my purpose. I will set:

J / [Zsz+ 22“2 - ZFM] drdr, (1)

by assuming that f; a, F, u, etc. are subject to the following conditions and to those
which could be deduced from them by symmetry:

df _dH dG _4
&P T T YTa s (2)

As for the integral J, it must be extended to:

1) the entire space with respect to the element of volume, dz = dxdydz;
2) the limits included between t = ¢, t = #; with respect to time, .

According to the principle of least action, the integral J must be a minimum if the
various quantities which appear in it are subject to:

1) conditions (2);
2) the condition that the state of the system is fixed at the two limit epochs # = #,
t= tl.

This last condition allows us to transform our integrals by integration by parts
over time. If we in fact have an integral of the form

/ A98C 41e,
dr

where C is one of the quantities which define the state of the system and oC is its
variation, it will be equal (by integrating by parts with respect to time) to:

/ |AB5C\§jﬁ;dr— / %dBac.
dt

Since the state of the system is determined at the two limit epochs, 6C = 0 for
t = ty, t = ty; therefore the first integral which relates to these two epochs is zero; and
only the second remains.

We can similarly integrate by parts relative to x, y or z; we have in fact
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dB dA
/ A dxdydzdr = / ABdydzdt — / B dudydzds.

Since our integrals extend to infinity, in the first integral on the right-hand side
x must be made equal to Foo; therefore, since we always assume that all our
functions become zero at infinity, this integral must be zero and it will follow

dB dA
dx dzdt = / B T dzdt.

If the system were assumed subject to binding, it would be necessary to add a
binding condition to the conditions imposed on the various quantities appearing in
the integral J.

First give F, G, H increments 6F, 6G, 6H; hence:

s G5H_46G
T ody dz -~

One should have:

dsH d6G
5] = / [Za(d—y - d—z> Zu(ﬂdzdr =0,

or, by integrating by parts,

da da
5] = /[Z <5G— —6H ) - ZuaF} drdr
/Zap*( —dy—|—iﬂ>dtdr =0,
hence, by equating the coefficient of the arbitrary oF to zero,

_dy dp
“dyd (3)

This relation gives us (with an integration by parts):

[ = [Sr(G Eoe= [ (0o
:/Za(i—f—i—f)dr,

or
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/ZFudT: /Zazdf

hence finally:

J= / (sz o 22“2) drdr. (4)

Now, and because of the relation (3), 6J is independent of §F and consequently of
da; let us now vary the other variables.
It follows, by returning to the expression (1) for J,

5] = / (Z fof =3 F(Su) drdz.

But f; g, h are subject to the first of the conditions (2), such that

dé
L~ 5. (5)

and which it is appropriate to write:

51:/[Zf5f—ZF5u—y/( ﬂ— )]dtdr. (6)

From the principles of calculus of variations, we learn that the calculation must be
done as if, y being an arbitrary function, 6/ were represented by the expression (6)
and as if the variations were no longer subject to the condition (5).

We will have additionally

_ dof

ou dr

+ 6pé,

hence, after integration by parts,

57 = / 3 5f< F+g dF d"’) dede + / (1/15/) = Fépe:) dide. (7

If we first assume that the electrons experience no variation, op = 6pé = 0 and the
second integral is zero. Since 8/ must become zero, it must follow that:

dF  dy
eraerx 0. (8)

In the general case, there rests, therefore:
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) = / (1/15/) -3 F(Spcf) dedz. 9)

The forces which act on the electrons remain to be determined. To do that we will
have to assume that a complementary force —Xdz, —Ydz, —Zdr is applied to each
element of the electron and write that this force is in equilibrium with the forces of
electromagnetic origin. Let U, V, W be the components of the displacements of the
element dz of the electron; this displacement is considered from an arbitrary initial
position. Let 6U, 6V, 6W be the variations of this displacement; the virtual work
corresponding to the complementary force will be:

— / ZXéUdr,

such that the equilibrium condition that we just talked about will be written:

- / > XsUdrdt. (10)

This is a matter of transforming &J. To do that, we start by looking for the
continuity equation expressing that the charge of an electron is conserved by the
variation.

Let xo, Yo, zo be the initial position of an electron. Its current position will be

x=x+U, y=y,+V, z=z0+W.

We will additionally introduce an auxiliary variable &, which will produce the
variations of our various functions, such that for an arbitrary function A, we will
have:

dA
6A—6€@.

It will in fact be useful to be able to switch from the notation of calculus of
variations to that of ordinary differential calculus, or vice versa.

It will be possible to regard our functions: first as depending on five variables x, y,
zZ, t, €, such that the position does not change when only ¢ and ¢ change—we will
designate their derivatives by the ordinary d; second as depending on five variables

X0, Yo, 20, , €, such that a single electron is always followed when only ¢ and ¢ vary—
we will then designate their derivatives by round 0. We will then have:

oUu dU du ,dU 0Ox
R ek R e Ry an

We now designate by A the functional determinant of x, y, z, relative to xo, Yo, Zo:
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o(x,y,2)

A=—"""
a(xo,yo, Zo)

If, with &, xo, yo, 2o remaining constant, we give an increase 0t to ¢, there will
result for x, y, z increases Ox, 0y, 0z and for A an increase of OA and it will hold that:

Ox=E£0t, Oy=not, 0z=/{_0t,
O(x+ Ox,y+ 0y, z+ 0z)
a(xo,yo,zo)

A+ O0A =

hence

1+8A O(x+ Ox,y+ 0y,z+ 0z)  0(x+ &01,y 4+ not,z+ {0r)
A 0(x,y,2) N 0(x,y,2) ’

From which one can deduce:

1 0A dé dp  d¢
Aot & dydr (12)

Since the mass’of each electron is invariant, we will have:

3pA

£, (13)

hence:

0 de op d d
EAPITEUNE A AN ROl

Such are the various forms of the equation of continuity as it relates to the variable
t. We find the analogous forms as it relates to the variable . Let:

ou ov ow
SU = ==6¢e, 6V =—-0be, &
U=7Z.0 oV=".08 oW="5-0
it will follow:
oU = Use +5Ud—U+5vd—U+5W v (11)
1 aA o aU 8pA _ 0’ (12/)

Ade e’ Oe
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op dsU op _ dp sUdp dp5U /
“F = = 13
b e T2 P a =0 5= Be dr’ "o -0 1

The difference between the definition of 6U = % d¢e and that of 6p = g—’s’ oe will be
noted; it will be noted that it is in fact this definition of U which is appropriate for
the formula (10).

That last equation is going to allow us to transform the first term of (9); in fact we
find:

/ wopdids = / Zd”‘SU drde

or, by integrating by parts,

/ wopdidr = / Sp W&Udtdt (14)

We now propose to determine:

(o) = 20 se.

We observe the pA can only depend on x, Yo, Zo; in fact, if an element of electron
is considered whose initial position is a rectangular parallelepiped whose edges are
dxo, dyo, dzp, then the charge of this element is

pAdX()dyodZO

and, since this charge needs to remain constant, it follows that:

28 _2pa _
o ~oe (15)

From that it is deduced:

’pA 0D oU\ 0 oU
dioe ~ e (PA§> =% (ﬂAE) (16)

For an arbitrary function A it is known from the equation of continuity that,

1

O0AA
D P

and similarly
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10 (00 _%% deE5) AT ) i) (g,
A Oe ot de dx dy dz
A \"" oe dr dx dy dz
The right-hand sides of (17) and (17’) must be equal and, recalling that
ou ou dpf
R e
it follows that:
d(pgsU) | d(pésV) | d(p&sw)
pE+—g T O %
_ d(psl) | d(pésU) | d(pndU) , d(pfsU)
T4 T T @ T a (18)

We now transform the second term from (9) and get:

) | ZFd(ngU) n ZFd(ﬂC(SU)

J X Fépedidr = | {Z o dlpoU «

d(pesv) d(pesw)
By integrating by parts, the right-hand side becomes:

/[ > 5U——Z 6U——Z C&UdFJrZ 55\/ +Z PESW ]dtdr

Now remark that:

Zpgavi => g&u - §5W— > p 5U

If, in fact, in both sides of these relations, the sums are expanded, they become
identities; and let us recall that
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(LH_CLF __p 4G _dF_
dx & dy I

the right-hand side in question will become:

/ [— > an‘;—f +> pymsU = pﬁC&U} drdr,

such that finally:

5] = / > 5U(d"’+ + pe — yn)dtdr— / > " psU(=f + B¢ — yn)dudr.

By equating the coefficients of U in both sides of (10), it follows:

X=f—-pL+yn

This is equation (2) from the previous section.

§3 — Lorentz Transformation and the Principle of Least
Action

We are going to see if the principle of least action gives us the reason for the success
of the Lorentz transformation. First it needs to be seen what this transformation does
to the integral:

(formula 4 from §2).
We first find

df'de = Pdrdr

because x', ¥/, 7, ¢ are related to x, y, z, ¢ by linear relations whose determinant is
equal to [*; it next follows:

P 2=+ (& + W) + (B + 1) + 2K(gr — hp)

1
'Y a? = + (B +77) + K€ (¢° + ) + 2K%(gy — hp) M

(formulas 9 from §1), hence:
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P -) = -

such that if one sets:

it follows:

For this equality to be justified, it is however necessary that the limits of
integration be the same; until now we have allowed ¢ to vary from f, to #;; and
X, ¥, z to vary from —oo to +c0. As such, the integration limits would be changed by
the Lorentz transformation; but nothing prevents us from assuming 7, = — oo,
t = + oo; with these conditions, the limits of the same for J and for J'.

We now need to compare the following two equations analogous to equation (10)
from §2:

5 = — / ZX(SUdet
5 = — / ZX’&U’dr’dt’.

To do that, we first need to compare 88U to 8U.
Consider an electron whose initial coordinates are x, yo, Zo; at the moment ¢, these
coordinates will be:

x=x+U, y=y,+V, z=z20+W.

If the corresponding electron is considered after the Lorentz transformation, its
coordinates will be

X =kx+et), y=Il 7=I,
where

X=x+U, Y=y+V, Z=2+W;

but it will only reach these coordinates at the moment
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! = kl(t + ex)

If we were to make our variables undergo variations U, 6V, 6W and at the same
Fime we were to give ¢ an increase of, the coordinates x, y, z will undergo a total
increase

ox =06U + &6t, 6y =6V +not, o6z =06W + (ot.
We will also have:
ox =o6U + &5, oy =6V +yst, 67 =W +6t,
and because of the Lorentz transformation:
X = kl(6x + edt), &Y =15y, 67 =15z, o = kt(St + edx),

hence, by assuming 6t = 0, the relations:

5 = 8U' + &8¢ = KIsU,
&y =66V +y'st =15V,
5t = kledU.

We observe that

it will follow, by replacing ¢ with its value,

KI(1 + Ee)6U = U’ (1 + Ee) + (& + €)kledU,
I(1+ &Ee)5V = 6V'(1 + &e) + nlesU.

If we recall the definition of k, we can draw from it that:

oU = lgau’ + kf&w’,
o8V = %(w’ + k—fnau’,

and similarly that
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SW = %5W’ + I%CéU’;

hence

> xsU _% kXSU' + YSV' + ZsW') 5U > oxe

Hence, because of equations (2) it must be that:

1
X'sU'dl'd7 :/ XoUdtdr = —/ Xsudt'dd
> 2 Fl 2
By replacing Y X6Uby its value (3) and identifying, it follows:

k 1 1
X*I—SXJr =y xe V=Y, 7 =52

H. Poincaré

These are equations (11) from §1. The principle of least action therefore leads us

to the same result as the analysis from §1.

If we refer back to formulas (1), we see that Yf* — Y o is unchanged by the
Lorentz transformation, up to a constant factor; it is not the same for the expression
Yf%+ Y o which appears in the energy. If we limit ourselves to the case where ¢ is
sufficiently small that its square can be neglected such that k = 1 and if we also

assume [ = 1, we find:

M= A 2e(er — hp),
Z o = Zaz + 2e(gy — hp),

or, by addition,

DAY Q=D ) +de(er —hp).

§4 — The Lorentz Group
It is important to note that the Lorentz transformation do form a group.
In fact, if one sets:

/

X =kK(x+et), y=Il, 7=Iz ¢ =KH{t+ex),

and additionally
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=KW+, =1 =1 =K+ EY),
with
k2=1-¢% KZ*=1-¢
it will follow:
X =KT"x+er), y=Uy !'=0UIz ¢"=k0t+¢%),
with

n e+ é
1+ e€”’

1
V1 _8//2'

If we give [ the value 1 and we assume that ¢ is infinitesimal,

€ V=1, k=k'(l1+e)=

X =x+6x, y=y+68y, Z=z+6 (=rt+6t,
it will follow:
ox=¢t, O0y=0z=0, 6t=enx.

That is the infinitesimal generating transformation of the group, which I will call
the T transformation and which can be written using the Lie notation:

do | do _
l&‘i’xE— T].

If we assume ¢ = 0 and [ = 1 + &/, we would in contrast find
ox =xol, O&y=yol, 0oOz=2z0l, oOt=15l

and we will have another infinitesimal transformation 7|, of the group (supposing
that / and € are regarded as independent variables) and with the Lie notation it would
be:

_do do, do  do
T()—de+ydy+ZdZ+[dt.

But we could give the particular role that we had given to the x-axis to the y-axis
or the z-axis; in that way one would have two other infinitesimal transformations:
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_,do_ do
Tz—tdy'f'ydt
_,do  do
T3—tdZ+Zdt

which would not alter the Lorentz equations either.
One can form the combinations imagined by Lie, such as

_ dp do.
(T1,T] =Ygy Var

but it is easy to see that this transformation is equivalent to a change of coordinate
axes, the axes turning a very small angle around the z-axis. We shouldn’t therefore
be surprised if a similar change leaves the form of the Lorentz equations unchanged,
since the equations are obviously independent of the choice of axes.

We are therefore led to consider a continuous group that we will call the Lorentz
group in which will allow as infinitesimal transformations:

1) the transformation 7, which will be permutable with all the others;
2) the three transformations 7, T,, T5; and
3) the three rotations [Ty, T,], [T», T3], [T5, T}].

An arbitrary transformation of this group could always be broken down into a
transformation of the form:

!/ /

X=I Y= =10 {=1I
and a linear transformation which does not change the quadratic form:
Py +PE -2

We can also generate our group in another way. Any transformation of the group
could be regarded as a transformation of the form:

X =k(x+et), y=1Ily 7=I ==klt+ex) (1)

preceded and followed by a suitable rotation.

But for our purposes, we should only consider a part of the transformations from
this group; we should assume that / is a function of ¢, and it will be a matter of
choosing this function such that this part of the group, which I will call P, again
forms a group.

Turning the system 180° around the y-axis, we should find a transformation
which will have to again belong to P. Now this amounts to changing the sign of
x, ¥, zand 7’; in that way it is found that:
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X =klx—et), ¥y=1Ily 7=k =KHt-ex (2)

Thus [ is not changed when ¢ is changed to —e.
On the other hand, if P is a group, the inverse substitution of (1), which is written:

(t — ex), (3)

x/zé(x—et), y/:% =2

~| =

should also belong to P; it will therefore have to be identical to (2), meaning that

1
1—7.

It will therefore have to be that [ = 1.

§5 — Langevin Waves

Langevin® put the formulas which define the electromagnetic field produced by the
motion of a single electron in a particularly elegant form.
Return to the equations

Oy =—p, OF =—p¢. (1)

It is known that they can be integrated by delayed potentials and that one finds:

_ 1 [pdr _ 1 [ pi&idn
4rn ro’ F74n/ ro (2)

In these formulas one has:
dr; = dxdy,dz;, 7 = (x — x1)2—|— (v — )’1)2 +(z— 11)2
while p; and &, are values of p and £ at the point x;, y;, z; and at the moment
th=t—r.

Let xo, Yo, zo be the coordinates of a differential element of an electron at the
moment #; and

xx=x0+U, yj=y+V, z1=20+W

be its coordinates at the moment ;.
U, V, W are functions of xq, Yo, zo such that we will be able to write:
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dU dU dU
dax 7dx0+aodx0+d7yody0 +d70d10+51d51,

and if one assumes 7 to be constant, and also x, y and z:

dry = +Z"‘r"‘ dx;.

We can then write:

X —X -y

1 — X
) +dn& e !

r

dx1(1+§, +dzié,
dUu dU dUu
=dxo| 1 +-— dyg5— + dzo=—
()< + de) + dyy o + dzp dz0
with the two other equations that can be deduced by circular permutation.
We therefore have:

dv dU dU

o8y gv gy
+dx0’ dy,” dzo (3)

X1 —X - i1 — X
dnf1+6 0= g8 35—y

by setting
dT() = dJC()dyodZ().
We will study the determinants which appear on both sides of (3) and start with

the left-hand side; on trying to expand it, one sees that the terms of second and third
degree in &, 11, {; disappear and that the determinant is equal to

l+6 =42 =140,
where @ designates the radial component of the speed &, 1y, {;, meaning the
component directed along the radius vector going from the point x, y, z to the
point X1, Y1, 21-

In order to get the second determinant, I consider the coordinates of various
molecules of the electron at a moment #; which is the same for all the differential
elements, but in such a way that for the differential element that I consider one can
have #; = #|. The coordinates of a differential element will then be:

Xy=x+U, Yi=y+V, fi=2+W,

where U’, V/, W are what U, V, W become when ¢, is replaced in them by 7}; as 7] is
the same for all the differential elements, it will hold:
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! ! !
dx,l:de<l+dU> dUu dUu

bk TR AV TP [ il
do ) T P0gy, T,

and consequently

W w o av
dxo ’ dyo ’ dZO

dr’l =dzo| 1+

s

by setting
dr| = dx|dydz}
But the element of electric charge is
dyy = pydr

and additionally for the differential element considered, one has t; = ¢| and conse-
quently 4% = ¢¥ etc.; we can therefore write:

av’  du’  dU’
d/,tl—pld‘[() 1+KO’ d—y()’ d_Z() ’

such that equation (3) will become:
prdzi(1 + o) = du,

and equations (2):

_ 1 du; F— $1dy,
4z | r(1 + w)’ r(l+w)

If we are dealing with a single electron, our integrals will reduce to a single
element, provided that only points x, y, z are considered that ae sufficiently far away
so that r and w have substantially the same value for all points of the electron. The
potentials y, F, G, H will depend on the position of this electron and also its speed,
because not only do the &y, 71, {; appear in the numerator in F, G, H, but the radial
component @ appears in the denominator. It is of course its position and its velocity
at the moment ¢, that are involved.

The partial derivatives of y, F, G, H with respect to , x, y, z (and consequently the
electric and magnetic fields) will furthermore depend on its acceleration. Addition-
ally, they will depend on it linearly, because in these derivatives this acceleration
comes in following a single differentiation.
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In that way, Langevin was led to distinguish the terms in the electric and magnetic
fields that do not depend on the acceleration (which he calls the speed wave) and
those that are proportional to the acceleration (which he calls the acceleration wave).

The Lorentz transformation makes the calculation of these two waves easier. We
can in fact apply this transformation to the system such that the speed of the single
electron under consideration become zero. We will take the direction of this velocity
for the x-axis before the transformation, such that, at the moment t,

m=¢ =0,

and we will take e = — £, such that

We can therefore reduce the calculation of the two waves to the case where the
electron velocity is zero. We start with the velocity wave; we can first remark that
this wave is the same as if the motion of the electron were uniform.

If the velocity of electron is zero, it follows:

w=0, F=G=H=0, w:%,

where p; is the electric charge of the electron. The velocity having been brought to
zero by the Lorentz transformation, we therefore have:

Y A S (A _ M
FF=G=H =0, W_47zr”

where 7 is the distance from the point X', y', 7’ to the point x|, ¥|, Z|, and
consequently:

a/ :/)7/ — }// — 07
f/_ﬂl(xjix/l) /_:ul(yliyll) h/_/M
T A4p3 T A4g3 ~ 4ar?

We now do the inverse Lorentz transformation to find the actual field
corresponding to a velocity —e, 0, 0. By referring to equations (9) and (3) from §1:

a=0, p=¢ch, y=—eg,

kl
r=E

1 ’ M1k13
4nr’3

(x4 et — x; —ety), 8= o

=) W(Z_Zl)’

It can be seen that the magnetic field is perpendicular to the x-axis (direction of
the velocity) and to the electric field and that the electric field is directed towards the
point:
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X1+8(Z‘1—t), Y. 21 (5)

If the electron were to continue to move with a straight and uniform motion with
the speed that it had at the moment #;, meaning with the velocity —e, 0, 0, this point
(5) would be the one that it would occupy at the moment .

Now switch to the acceleration wave; by using the Lorentz transformation, we
can refer its determination to the case where the velocity is zero. This is the case
which occurs if an electron is imagined to execute very small amplitude oscillations,
but very fast, such that the displacements and the velocities are infinitesimal but the
accelerations are finite. This brings us back to the field which was studied in the
celebrated paper by Hertz, Die Krdfte elektrischer Schwingungen nach der
Maxwell’schen Theorie, that considered a very distant point. Under these conditions:

1) The electric and magnetic fields are equal to each other.

2) They are perpendicular to each other.

3) They are perpendicular to the normal to the spherical wavefront, meaning to the
sphere whose center is at the point xy, y, z;.

I state that these three properties will still be present when the velocity is not zero,
and for that, it is sufficient for me to prove that they are unchanged by the Lorentz
transformation.

In fact, let A be the shared strength of the two fields; let:

(x—x1)=rd O-y)=rm (z-—zu)=rm, 2 +;42+1/2 =1.
These properties will be expressed by the equalities:

A= =Yd, Yfa=0, Yflx—x)=0, Yax-x)=0,
S fA=0, Sal=0;

which means again that:

o R O S
NERNEENES

= > |

are the directional cosines of the three rectangular directions and from that the
relations are deduced:

f=pv—yu, a=hu—gv,

or
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fr=pz—2)—ry(y—y), ar=hly—y)—glz—a) (6)

along with the equations that can be deduced from them by symmetry.
If we take up equations (3) from §1, we find:

X =X =kl[(x—x1) +e(t — 11)] = Kl[(x — x1) + er],
Y =y =1y =) (7)
-7 =lz—2n).

Above, in §3, we found:

14(Zf/2_za/2) :Zfz_zaz_

Therefore Y f> = Y o’ leads to Y f% = ¥ o
On the other hand, by starting from equations (9) from §1, it is found:

Z4Zfla/:Zfa,

which shows that ¥ fa = 0 leads to Y f'a’ = 0.
I now state that

Zf’(x’ —x}) =0, Za’(x’ —x)=0. (8)

In fact, because of equations (7) (and also equations 9 from §1) the left-hand sides
of the two equations (8) are written respectively:

S )+ b r - ) — B - ),

%Za(x—xl) +l%n[ar—h(y—y1) +g(z—2))

They therefore become zero because of the equations Y fix — x;) = Y a(x —x;) =0
and because equations (6). This is precisely what it was a matter of proving.

It is also possible to arrive at the same result by simple considerations of
homogeneity.

In fact, y, F, G, H are homogeneous functions of (x — x1), (y — y1), (z — z1),
51 = dxl/dtl, mnm = dyl/dtl, 4‘1 = le/dtl, Ofdegree -1 inx, ¥, 2,1, X1,¥1,21, 1 and their
derivatives.

The derivatives of, y, F, G, H with respect to x, y, z, t (and consequently also to
the two fields f, g, h; a, B, y) will be homogeneous of degree —2 in the same
quantities if we additionally recall that the relation
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t—ty=r= Z(x—xl)z

is homogeneous in these quantities.

Now these derivatives or these fields depend on x — x;, speeds dx;/d¢#; and
accelerations dx,/dt,%; they are made up of a term independent of the accelerations
(velocity wave) and a linear term in the accelerations (acceleration wave). Hence
dx,/dt, is homogeneous of degree 0 and dle/dt]2 is homogeneous of degree —1;
from this it follows that the velocity wave is homogeneous of degree —2 in (x — x),
&y — y1), (z — z1), and the acceleration wave is homogeneous of degree —1.
Therefore, at a very distant point, the acceleration wave dominates and can conse-
quently be regarded as being the same as the total wave. Additionally, the law of
homogeneity shows us that the acceleration wave is self-similar at a distant point and
at an arbitrary point. It is therefore, at an arbitrary point, similar to the total wave at a
distant point. Hence at a distant point the perturbation can only propagate by plane
waves such that the two fields must be equal, perpendicular to each other and
perpendicular to the direction of propagation.

I will limit myself to referring to the article by Langevin in the Journal de
Physique (1905)° for more details.

§6 — Contraction of Electrons

We assume a single electron driven in a motion of straight and uniform translation.
Based on what we just saw, the study of the field created by this electron in the case
where the electron is immobile can be determined using the Lorentz transformation;
the Lorentz transformation therefore replaces the real moving electron by an ideal
immobile electron.

Leta, 8,7, f, g, h; be the real field; let &', £, ¥, f', g’, #' be what the field becomes
after the Lorentz transformation, such that the ideal field o', f’ corresponds to the
case of an immobile electron; it follows:

ey 0, peW g W, A

and for the real field (because of formulas 9 from §1):

a=0, p = €h, y = —e&g,
f=0>Cf, g=kI’, h=kPH.

It is now a matter of determining the total energy due to the motion of the
electron, the corresponding action and the electromagnetic moment in order to be
able to calculate the electromagnetic masses of the electron. For a distant point, it is
sufficient to consider the electron as reduced to a single point; one is then back at the
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formulas (4) from the previous section which are generally suitable. But here they
would not be sufficient, because the energy is principally located in the parts of the
ether closest to the electron.

Several hypotheses can be made on this subject.

According to Abraham’s hypothesis, the electrons would be spherical and
undeformable.

Then, when the Lorentz transformation would be applied, since the real electron
would be spherical, the ideal electron would become an ellipsoid. Following §1, the
equation of this ellipsoid would be:

KR — et — &+ e&X)’ + (¥ — gkt + nkex')* + (7 — Ckt' + Ckex')® = P2

But here we have:
1
E+e=n=(=0, 1+85:1_€2:p’

such that the equation of the ellipsoid becomes:

x/2

k2 +y12 +Z/2 — erZ'

If the radius of the real electron is r, the axes of the ideal electron would therefore
be:

klr, Ir, lr.
In contrast, in Lorentz’s hypothesis, the moving electrons would be deformed
such that it would be the real electron which would be an ellipsoid whereas the

immobile ideal electron would always be a sphere of radius r; the axes of the real
electron will then be:

Call

_1 2

the longitudinal electrical energy;
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1
B =5 /(g2+h2)dr

the transverse electric energy; and
1 2, .2

the transverse magnetic energy. There is no longitudinal magnetic energy because
a = ' = 0. Designate the corresponding quantities in the ideal system by A’, B, C'. It
is first found that:

C'=0, C=¢éB8.

Additionally, we can observe that the real field depends only on x + €f, y and z,
and write:

dr = d(x + et)dydz,
dr = d¥'dy'd7 = kPdr;

hence

/ —1 / —1-1 1A' /
A'=kI"A, B =k 'I"'B, AZT’ B =kIB' .
In Lorentz’s hypothesis, B’ = 2A’, and A’, which is inversely proportional to the
radius of the electron, is a constant independent of the speed of the real electron; in
this ways, it is possible to find the total energy:

A+B+C=Ak(3+¢)
and the action (per unit time):

3A'1

A+B—-C= T

We now calculate the electromagnetic momentum; we will find:

D:/@wwwhzw/@ﬂm%hzdw:—%mﬁ

But there must be some relations between the energy E = A + B + C, the action
per unit time H = A + B — C and the momentum D. The first of these relations is:
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E=H-— s(ii—i],
the second is:
D _1dE
de e de’
hence:
=" gD 2)

The second of equations (2) is always satisfied; but the first is satisfied only if
1
I=(1-¢)° =k,
meaning if the volume of the ideal electron is equal to that of the real electron, or also
if the volume of the electron is constant; that is Langevin’s hypothesis.
This stands in contradiction with the result from §4 and with the results obtained
by Lorentz in another way. This contradiction is what needs to be explained.

Before bringing up this explanation, I observe that, whatever the hypothesis
adopted we will have:

H:A+B—C:$N+HL

or, because C' =0,

We can compare this result for the equation J = J' obtained in §3.

We have in fact:
J= /Hdt, J = /H’dt’.

We will observe the state of the system depends only on x + &, y and z, meaning
X, y, 7, and that we have:

/_l / /_1
=gt tex, dr _kdt. 4)

By combining equations (3) and (4), it is found that J = J'.
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We place ourselves in an arbitrary hypothesis which could be either that of
Lorentz, Abraham, or Langevin, or an intermediate hypothesis.

Let

r, Or, Or
be the three axes of the real electron; those of the ideal electron will be:
klr, Olr, Olr.

Then A’ + B’ will be the electrostatic energy due to an ellipsoid having axes klr,
Olr, Olr.

Let us assume that the electricity spreads over the surface of the electron like that

of a conductor or spreads uniformly inside this electron. This energy will be of the
form:

gt

klr °

where ¢ is a known function.
Abraham’s hypothesis consists of assuming:

r=const. =1.
Lorentz’s hypothesis:
=1, kr=const. 0=k.
Langevin’s hypothesis:
I=k", k=0, Kkir=const.

Next find:

Abraham found, up to differences of notation (Gottinger Nachrichten, 1902,
p. 37):

1—¢2 1+¢
lo

a
H_; £ 1—¢

k]

where a is a constant. Now, in Abraham’s hypothesis, 8 = 1; therefore:
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N l+e a 14 e
o) =ak S oe gy = loe )

which defines the function ¢.
Having laid that out, imagine that the electron is subject to a binding force, such

that there is a relation between r and 8; under Lorentz’s hypothesis, this relation
would be Or = const., in Langevin’s 8°7° = const.. We will assume more generally:

r=bo",

where b is a constant; hence:

1 . [0

What shape will the electron take when the velocity becomes —et,'” if it is
assumed that the only forces involved are binding forces? That shape will be defined
by the equality:

S0 =0 (6)
or
—m0 "+ 0"k =0,
or
¢ _ mk
p 0

If we want there to be a balance such that = k, it must be that for 8/k = 1, the
logarithmic derivative of ¢ is equal to m.
If we expand 1/k and the right-hand side of (5) in powers of e, equation (5)

becomes:
2 £

by neglecting higher powers of ¢.
By differentiating, it follows that:
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2
—eq/(l - %) = %ea.

For € = 0, meaning when the argument of ¢ is equal to 1, these equations become:

g =2y Y_ 2
p=a ¢=-3a _=-3 ()
Therefore it must be that m = — 2/3 as in Langevin’s hypothesis.

This result must be compared with the result concerning the first equation (2) and
from which, in reality, it is not different. In fact, let us assume that any element dz of
the electron is subject to a force Xdr parallel to the x-axis, where X is the same for all
elements; we will then have, conforming to the definition of the momentum:

dD
Additionally, the principle of least action gives us:
oJ = /XcSUdet, J = /Hdt, oJ = /DéUdt,

where oU is the displacement of the center of gravity of the electron; H depends on 6
and e, if it is accepted that r is related to 8 by the binding equation; it then follows:

OH 0H
8] = / (5855 + aeﬁé)dz‘.

Additionally, 6 = — %Y; hence, by integrating by parts:

dr
/ Déedt = / Déudt,

or

OH . 0H .
/(E&"—I—%(%)dt/Dﬁsdt,

hence
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But the derivative dH/de, which appears in the right-hand side of the first equation
(2) is the derivative taken by assuming 6 is expressed as a function of &, such that

a_on, on a
de  0e 00 de’

Equation (2) is therefore equivalent to equation (6).

The conclusion is that if the electron is subject to a binding between its three axes,
and if no other force is involved apart from the binding forces, the shape that this
electron will take, when driven at a uniform speed, can only be that of the ideal
electron corresponding to a sphere, or that in the case where the binding will be such
that the volume is constant, as assumed in Langevin’s hypothesis.

In that way we are led to state the following problem: what additional forces,
other than the binding forces, would need to be involved to incorporate Lorentz’s
law or, more generally, any law other than that of Langevin?

The simplest hypothesis, and the first that we needed to examine, is that these
additional forces derive from a special potential deriving from the three axes of the
ellipsoid and consequently from 6 and r; let F(6, r) be that potential; in that case the
expression for the action will be:

J= / [H + F(0,r)dt

and the equilibrium conditions will be written:

dH dF dH dF
wrae=" &ta=" ®)

If we assume that r and 0 are linked by the relationship r = 8™, we will be able to
regard r as a function of 4, consider F as only depending on @ and retain only the first
equation (8) with:

g__® dH_ —mg ¢/
bk*o™’  dO0 bt bkem

It must be, for k = 6, that equation (8) is satisfied, which gives, in light of
equations (7):

df __ma 2 a
de - b0m+3 3 b9m+3 4

hence:
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_ —a mi
- b9m+2 m-+2

and in the Lorentz hypothesis, where m = — 1:

a

Now let us assume that there is no binding and, regarding r and 6 as two
independent variables, we retain the two equations (8); it will follow:

g d_q¢ dH_ —¢
KA dO g3y dr B

Equations (8) will have to be satisfied for k = 0, r = b@™; which gives:

dF _  a dFF 2 a 9
TR W0 3 ©)

One of the ways to satisfy these conditions is to set:
F = Ar'¢’, (10)

where A, a and f are constants; equations (9) must be satisfied for k = # and r = b6",
which gives:

a—1 a—m _ a apgma+f—1 __ 2 a
Aab 9’" +5 = W . Aﬂb o +5 = §b6m+3 .
By identification, it follows:
_ _ __m+ 2 _a
a=3y, p=2y, y= I 2 A_ab”“' (11)

But the volume of the ellipsoid is proportional to r°6%, such that the additional
potential is proportional of the volume of the electron to the power y.

In the Lorentz hypothesis, m = — 1 and y = 1.

This is therefore the Lorentz hypothesis on the condition of adding an additional
potential proportional to the volume of the electron.

Langevin’s hypothesis corresponds to y = 0.
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§7 — Quasi-Stationary Motion

It remains to be seen whether this hypothesis about the contraction of electrons
reflects the impossibility of showing absolute motion; I will start by studying quasi-
stationary motion of an electron which is isolated or only subject to the action of
other distant electrons.

It is known that motion is called quasi-stationary motion when the changes in
velocity are sufficiently slow that the magnetic and electrical energies due to the
motion of the electron differ slightly from what they would be in uniform motion; it
is also known that it is by starting from this concept of quasi-stationary motion that
Abraham arrived at the concept of transverse and longitudinal electromagnetic
masses.

I believe I have to be more specific. Let H be our action per unit time:

H:%/(Zfz—Zaz)df

where for the moment we only consider the electric and magnetic fields due to the
motion of an isolated electron. In the previous section, considering the motion to be
uniform, we regarded H as dependent on the speed &, #, { of the center of gravity of
the electron (in the previous section, these three components had values —e, 0, 0) and
the parameters r and € which define the shape of the electron.

But, if the motion is no longer uniform, H will depend not only on the values &, 7,
g, r, 6 at the moment being considered, but on the values of the same quantities at
other moments which will be different from them by quantities of the same order as
the time taken by light to go from one point of the electron to another; in other words,
H will depend not only on &, #, {, r, 6 but also on their derivatives with respect to
time of all orders.

Hence, the motion will be called quasi-stationary when the partial derivatives of
H with respect to the successive derivatives of &, », , r, 8 will be negligible
compared to the partial derivatives of H with respect to the quantities &, #, ¢, r, 6
themselves.

The equations of a similar motion could be written:

dH dF dH  dF
@ ae = ar Tar Y

1)
d dH d dH d dH (
T —/Xd” qdy —/Ydf’ TE —/de-

In these equations, F has the same meaning as in the previous section; X, Y, Z are
the components of the force which acts on the electron: this force is solely due to the
electric and magnetic fields produced by other electrons.

We observed that H depends on &, 7, { only through the combination
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V=& +r+{,

meaning the magnitude of the velocity; by again calling D the momentum, it follows:

aH_daHe ¢
& avv- Py
hence:
_ddH _Dd¢ ¢ dV  dD £ dV
G va Pyatava (2)
_ddd _Ddy _,n dvV  dDp dV /
Gdy va Pyviatavvar (2)
with

dav dé
Vg = > Eqr (3)
If we take the x-axis as the current direction of the velocity, it follows:

_ _r—po %¥_dv.
é_v’ iy—C—O, dt_dta

equations (2) and (2) become:

ddH _dDdé¢ ddH _Ddy

dtdé —dvde® drdy Ve
and the three equations (1) become:

dDd¢ _
dvdr

DdZ _

Xdr, —— = / Ydz, VE = Zdr. (4)

This is why Abraham gave dD/dV the name longitudinal mass and D/V the name
transverse mass; recall that D = dH/dV.
In Lorentz’s hypothesis, we have:

dH OH
b=-w="%

where OH/OV represents the derivative with respect V, after  and € have been
replaced by their values as a function of V drawn from the first two equations (1); and
additionally it follows after this substitution,
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H=+AV1—-V2

We will now choose the units such that the constant factor A is equal to 1, and I set

V1 — V2 = h, hence:

H=+h, D=

V. d_,5 dD1 D _ .,
h> dv > dvy? y3 o ‘

We will also set:

_ydV_ dé _
M—VE—Zfdt, Xl—/Xdr

and we will find for the equation of quasi-stationary motion:

! % +h3EM = X,. (5)

Let’s look at what becomes of these equations under the Lorentz transformation.
We will set 1 + && = u, and we will first have:

!/

ué =&+, ,m/:%, ug' =

>

tanl LA

from which it is easy to find

We also have
dt’ = kudt,
hence:

d¢ de 1 dy _dp 1 dE e A dC 1 dE Le

drt —degdu3t dr T deg?2 degd3t de T deg?2 degdd
and again:

,_dé e M
dr k3/44 k3/43

and
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d d
- ldf, +HTEM = [hld—f+h3(§+e)M}ul, (6)
h’lc(l;t],+h’3’M <h1‘(11’7+h 71M> . (7)

Let us now refer to equations (11’) from §1; there X;, ¥;, Z; can be regarded as
having the same meaning as in equations (5). Also, we have [ = 1 and p'lp = ku;
these equations therefore become:

X = (X +eYox¢), .
Y=k 'y,
When we calculate Y X;£ using equations (5), we will find:
> XiE=h"M,
hence:

X, =p ' (X1 +eh’M),

9
Y, =k'uyy. ©)
By comparing equations (5), (6), (7) and (9), we finally find:
h/ 1 df h/—3§/M/ _ X/
dtl P (10)
W l?j’Z/ LK 3 /M/_ Yll’

which shows that the equations of quasi-stationary motion are unaltered by the
Lorentz transformation, but that does not yet prove that Lorentz’s hypothesis is the
only one which leads to this result.

To establish that point, we are going to restrict ourselves, as Lorentz did, to some
specific cases which will obviously be sufficient for us to prove a negative
proposition.

How are we first going to extend the hypothesis on which the previous calculation
rests:

1) Instead of assuming / = 1 in the Lorentz transformation, we will assume that I is
arbitrary.

2) Instead of assuming that F is proportional to the volume, and consequently that
H is proportional to &, we are going to assume that F'is an arbitrary function of 8
and r, such that (after having replaced 8 and r by their values as functions of V,
drawn from the first two equations (1)) H is an arbitrary function of V.
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I first note that, if it is assumed that H = h, one should in fact have [ = 1; and in
fact equations (6) and (7) will remain, except that the left-hand side will be
multiplied by 1/I; equations (9) also, except that the right-hand sides will be
multiplied by 1//%; and finally equations (10) except that the right-hand side will
be multiplied by 1/I. If one wants the equations of motion to be unaltered by the
Lorentz transformation meaning that equations (10) are not different from equations
(5) except for the accenting of the letters, it must be assumed that:

=1

Now assume that # = { = 0, hence £ = V and % = C(‘]—‘t/; equations (5) will take the

form:

_ddH_dDde - ddH_Ddy )
dtdé dvdr " Tdrdy vdr U
We can additionally set:

% =f(V)=£(®). g =¢(V) =0(8)-

If the equations of motion are unaltered by the Lorentz transformation, it should
be that:

o5 =x,
o=,
f(&) % =X, =1 (x1 + erlg) = 127'X, (1 + £8) = 172X,

dy/ 21—
(&) gr =Y =17k 'y,

and consequently:

1% = pren s
dr/

7 ()
(&) = Phua(&) 3=

But we have:
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d¢  de 1 df/ _dp 1

dr —drgd3t dr T de g2’

hence:

f@ﬁ=f(§+€)=f@ﬁ%f,

1+ ¢&e
o&) =o(F1E) = v

hence, by eliminating I, we find the functional equation:

K ¢ <1§:‘fi) U ('ﬁfgf)

p&) — f©Q)
or, by setting
26 _ - L
o~ =ve

this:

Et+e\ 1+ &2
Q<1+€€) _Q@(Hée)2

equation which must be satisfied for all values of £ and €. For { = 0 one finds:

Q(e) = Q(0) (1 — €2,
hence:

o)

where A is a constant, and where I made Q(0) = 1/m.
One then finds:

Al e T a4 E+e

However (&) = p(&)kull?, so it follows:"!

)f

87
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E+ E)mfl(l B 82)—% _ _5m71(1 _ 52)_%172.

As [ must only depend on € (because, if there are several electrons, / must be the
same for all electrons whose velocities £ can be different), this identity can only hold
if one has:

Thus Lorentz’s hypothesis is the only one which is compatible with the impos-
sibility of showing absolute motion; if this impossibility is accepted, it must be
accepted that moving electrons contract so as to become ellipsoids of revolution two
axes of which remain constant; the existence of an additional potential proportional
to the volume of the electron also has to be accepted, as we showed in the previous
section.

Lorentz’s analysis is therefore found to be fully confirmed, but we can do better
by observing the true reason for the fact we are dealing with; this reason must be
sought in the considerations from §4. The transformations which do not change the
equations of motion must form a group and that can occur only if | = 1. Since we
must not be able to recognize whether an electron is at rest or in absolute motion, it
must be that when it is in motion it experiences a deformation which must be
precisely that which the corresponding transformation of the group demands of it.

§8 — Arbitrary Motion

The previous results only apply to quasi-stationary motion, but it is easy to extend
them to the general case; it is sufficient to apply the principles from §3, meaning to
start with the principle of least action.

It is appropriate to add to the expression for the action:

J = /(szz - ZTO’Z) dtdr,

a term representing the additional potential F' from §6; this term will obviously
take the form:

Ji = /Z(F)dz,

where Y (F) represents the sum of the additional potentials due to the various
electrons, where each of them is proportional to the volume of the corresponding
electron.
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I’'m writing (F) between parentheses so as not to confuse it with the vector
F,G, H.

The total action is then J + J;. We saw in §3 that J is unchanged by the Lorentz
transformation; it now needs to be shown that the same is true of J;.

For one of the electrons, it holds that:

(F) = wor,

where o is a coefficient specific to the electron and 7 is its volume; I can then write:

S(7) = [ once,

where the integral has to extend to all space, but does so in a way that the coefficient
@ is zero outside of the electrons and that inside of each electron it is equal to the
special coefficient for that electron. It then follows:

Ji :/wod‘l’dl,

and after the Lorentz transformation:

Ji = /w(’)dr’dt’,

Hence wy = wj; because if the point belongs to an electron, the corresponding
point after the Lorentz transformation still belongs to the same electron. Further, we
found in §3:

d7'dr’ = Fdrds
and, because we now assume [ = 1,
d7df = deds.
We then have:
Ji=J;.
Which was to be proven
The theorem is therefore general; at the same time, it gives us a solution to the
question that we asked at the end of §1: to find additional forces unchanged by the

Lorentz transformation. The additional potential (F') satisfies that condition.
We can therefore generalize the results stated at the end of §1 and write:
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If the inertia of the electrons is exclusively of electromagnetic origin, if they are
only subject to forces of electromagnetic origin, or to forces which give rise to the
additional potential (F), no experiment will be able to show absolute motion.

What then are these forces which give rise to the potential (F)? They can
obviously be compared to a pressure which governs inside the electron; everything
happens as if each electron had a hollow capacitor subject to a constant internal
pressure (independent of the volume); the work due to such a pressure would
obviously be proportional to changes in the volume.

I must again observe that this pressure is negative. Let’s go back to equation (10)
from §6, which in Lorentz’s hypothesis is written:

F = Ar36’2;

equations (11) from §6 will give us:

Our pressure is equal to A, up to a constant coefficient, which furthermore is
negative.

We now evaluate the electron mass; I want to speak of the “experimental mass”,
meaning the mass for small velocities; we have (see §6):

hence

H=2=%1-v2

b

>~
S

For very small V, I may write:

=404

such that the mass, both longitudinal and transverse, will be a/b.

However, a is a numeric constant; this shows that: the pressure to which our
additional potential gives rise is proportional to the fourth power of the experimen-
tal mass of the electron.

Since Newtonian attraction is proportional to this experimental mass, one is
tempted to conclude that there is some relation between the cause which gives rise
to gravitation and that which gives rise to this additional potential.
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§9 — Hypotheses on Gravitation

Thus Lorentz’s theory would fully explain the impossibility of showing absolute
motion, if all the forces were of electromagnetic origin.

But there are other forces to which an electromagnetic origin cannot be attributed,
such as gravitation for example. It can in fact happen that two systems of bodies
produce equivalent electromagnetic fields, meaning exerting the same action on
charged bodies and on currents and that however these two systems do not exert
the same gravitational action on Newtonian masses. The gravitational field is
therefore distinct from the electromagnetic field. Lorentz was therefore compelled
to extend his hypothesis by assuming that forces of any origin, and in particular
gravitation, are affected by a translation (or, if you prefer, by the Lorentz transfor-
mation) in the same way as the electromagnetic forces.

It is now appropriate to go into the details and examine more closely this
hypothesis. If we want the Newtonian force to be affected in the same way by the
Lorentz transformation, we can no longer allow that this force depends solely on the
relative position of the attracting body and the attracted body at the moment under
consideration. It will have to additionally depend on the velocity of both bodies. And
that is not all: it will be natural to assume that the force which acts on the attracted
body at the moment ¢ depends on the position and velocity of this body at this
moment #; but it will additionally depend on the position and velocity of the
attracting body, not at the moment ¢, but at an earlier moment, as if the gravitation
had taken some time to propagate.

We therefore consider the position of the attracted body at the moment #; and let,
at this moment, xo, yo, zo be its coordinates, and &, #, { be the components of its
velocity; we will additionally consider the attracting body at the corresponding
moment #y + ¢t and let, at that moment, xy + x, yo + ¥, Zo + z be its coordinates;
and &, 1, {; be the components of its velocity.

We will first have to have a relation

ot x,.2,En,.8.E,m,6) =0 (1)

in order to define the time t. This relation will define the laws of propagation of the
gravitational action (I am in no way imposing the condition that the propagation
occurs with the same speed in all directions).

Now let X, Y1, Z; be the three components of the action exerted at the moment
t on the attracted bodys; it is a matter of expressing X, Yy, Z; as functions of

t’x9yaza§5”’Caé:1”71’gl- (2)

What are the conditions to be satisfied?

1) The condition (1) must not be changed by transformations from the Lorentz
group.



92 H. Poincaré

2) The components X;, Y;, Z, will have to be affected by the Lorentz transforma-
tions in the same way as the electromagnetic forces designated by the same
letters, meaning according to equations (11") from §1.

3) When the two bodies are at rest, the ordinary law of attraction must be restored.

It needs to be remarked that in this last case, the relation (1) would disappear,
because time ¢ doesn’t play any role if the two bodies are at rest.

The problem thus stated is obviously indeterminate. We will therefore seek to
satisfy other additional conditions as much as possible:

4) Since astronomical observations do not seem to show any meaningful deviation
from Newton’s law, we will choose the solution which deviates the least from this
law, for small velocities of the two bodies.

5) We will make every effort to situate ourselves such that ¢ is always negative; if in
fact it is thought that the effect of gravitation requires some time to propagate, it
would be more difficult to understand how this effect could depend on the
position not yet reached by the attracting body.

There is a case where the indeterminacy of this problem disappears; it is the one
where both bodies are it relative rest with each other, meaning where:

&=¢&, n=n, {={;

this is therefore the case that we are going to examine first, by assuming that these
velocities are constant, such that both bodies are driven in a shared, straight and
uniform translational motion.

We can assume that the x-axis was taken parallel to this translation such that
n={_¢=0; and we will take e = — ¢&.

If we apply the Lorentz transformation under these conditions, then after the
transformation both bodies will be at rest and it will be that:

51:7],:4’/:0-

Then the components will X/, Y/, Z| will have to be determined by Newton’s law
and it will hold, up to a constant factor, that:

/ / /

X y '
Y = Z,=——>
1 1 ’,.13’ (3)

/—__ _—
Xl_ 73’ - 73’
7] ” 2 12
re=x"4+y-+z°.

But, according to §1, we have:
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Y! :§Y1 = kY1,

Z\ =kZ;.

Additionally

and

dv dv dv 1
- T dy T dz’ kr'” (4)

At first it seems that the indeterminacy remains, because we have made no
assumption about the value of 7, meaning the speed of transmission and additionally
that x is a function of ¢, but it is easy to see that x — &t, y, z, which alone appear in our

formulas, do not depend on .
It can be seen that if the two bodies are simply driven in a shared translation, the

force which acts are the attracted body is normal to an ellipsoid that has the attracting

body at its center.

To go farther, we need to seek the invariants of the Lorentz group.

We know that the substitutions from this group (with the assumption / = 1) are
linear substitutions which do not change the quadratic form:

Py 4+ -

Let us also set:

LT Y -
5_&’ =% T
_ Six Oy _ 01z

51—5, =S 4‘1—5*”
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we see that the Lorentz transformation will have the effect of making ox, oy, 6z, ot
and 0,x, 0y, 0,2, 6;t undergo the same linear substitutions as x, y, z, t.
Let us regard

X, Y, Z -1,
ox, oy, 6z, OtvV—I1,
5lx’ 51)7, 51Z9 v _1’

as the coordinates of three points P, P/, P” in four-dimensional space. We have seen
that the Lorentz transformation is solely a rotation of this space around the origin,
which is regarded as fixed. We will have no other distinct invariants besides the six
distances of the three points P, P’, P” between each other and the origin, or, if one
prefers besides the two expressions:

P4y 4+ 1, x8x+ ydy + 267 — 1ot

or the four expressions of the same form that are deduced by arbitrarily permuting
the three points P, P/, P”.

But what we are looking for are functions of 10 variables (2) which are invariants;
we therefore need to look among the combinations of our six invariants for those
which only depend on these 10 variables, meaning those which are homogeneous of
zeroth degree both in dx, dy, dz, 6t and in 8x, 61y, 612, 01¢. Thus we will be left with
four distinct invariants which are:

szitz t=>x¢ t—> x¢ 1->°¢ )
J1-x8 Ji-xg Ji-T&0-x28)

Let us now work on the transformations undergone by the components of the

force; let us take up equations (11) from §1 which refer not to the force X, Yy, Z;,

that we are considering here, but to the force X, Y, Z referred to the unit volume. Let
us additionally set:

T=) X
we will see that these equations (11) can be written (with [ = 1) as:

X =k(X+eT), T =k(T +eX),

6
Y =Y, VAEYA (6)

such that X, Y, Z, T undergo the same transformation as x, y, z, . The invariants of the
group will therefore be:



5 On the Dynamics of the Electron 95

sz -T2, ZXx — T, ZX(Sx —Tét, ZXélx — Tt

But these are not the X, Y, Z that we need those are X, Y|, Z;, with

Ti =) X&

We see that

Therefore the Lorentz transformation will act on X, Y1, Z;, Ty, in the same way as
on X, Y, Z, T with the difference that these expressions will be additionally multiplied
by

P 1 ot

P k(1 +&) &

Similarly, the transformation will act on &, , £, 1, in the same way as on 6x, 8y, 0z,
ot with the difference that these expressions will be additionally multiplied by the
same factor:

st 1
ot k(1 +¢&)

Let us then consider X, Y, Z, T+/—1 as coordinates of a fourth point Q;
then the invariants will be functions of the mutual distances between five points

0’P7P/’P/,’Q

and among these functions we will have to keep only those which are homogeneous
of zeroth degree both in

X,Y,Z,T,6x, 6y, 6z, 0t
(variables that can next be replaced with X, Yy, Z;, Ty, &, 7, ¢, 1), and also in
01x,01y,012, 1
(variables that can next be replaced by &, 1y, {1, 1).

We will thus find, beyond the four invariants (5), for new distinct invariants,
which are:
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XTI -TT Y Xix—Tit Y Xi& —T, Y Xi&E—T,

The last invariant is always zero according to the definition of 77.
Having set that, what are the conditions to be satisfied?

1) The left-hand side of the relation (1), which defines the propagation velocity,
must be a function of the four invariants (5).

One can obviously make a load of hypothesis; we will consider only two of them:

A) One could have:
sz—tzzrz—tzzo,

where t = =+ r, and, because # must be negative, t = — r. This is the same as saying
the speed of propagation is equal to that of light. At first it seems this hypothesis
must be rejected without examination. Laplace in fact showed that the propagation is
either instantaneous or much faster than that of light. But Laplace had examined the
hypothesis of the finite propagation speed, everything else remaining the same; here,
in contrast, this hypothesis is complicated by many others and it could happen that
there might be a more or less perfect compensation between them, like those for
which the applications of the Lorentz transformation have already given us many
examples.

B) One could have:

EEDY NS

Y1-X4

The speed of propagation is then much faster than that of light; but in some cases
t could be negative, which, as we already stated, hardly seems admissible. We will
therefore keep hypothesis A.

2) The four invariants (7) must be a function of the invariants (5).

3) When both bodies are at absolute rest, X, Y, Z must have the value deduced from
Newton’s law and when they are at relative rest, the value deduced from
equations (4).

In the scenario of absolute rest, the first two invariants (7) must reduce to

Z X2, Z X;x,

or, by Newton’s law, to
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1 1.

F s - r )
on the other hand, in scenario (A), the second and third invariants (5) become:

—r—Zij, —r = x&
Ji-ze Ji-zg

meaning, for absolute rest:
—-r, —r.

We can therefore allow, for example, that the first two invariants (4) reduce to

(1-y8)? VAR

R

but other combinations are possible.

The choice must be made between these combinations, and, additionally, in order
to define X, Y}, Z; a third equation is needed. For such a choice, we need to make an
effort to come as close as possible to Newton’s law. Let us therefore look at what
happens when (still keeping t = — r) the squares of the velocities &, 7, etc. are
neglected. The four invariants (5) then become:

0, —r—Zxé, —r—Zxé’,, 1

and the four invariants (7):

SxL S xiwren, Y X -8, 0.

But to be able to make a comparison with Newton’s law, another transformation
is necessary; here xq + x, yo + ¥, zo + z represent the coordinates of the attracting body
at the moment 7y + ¢, and r = /> _ x?; in Newton’s law, xq + x1, Yo + 1, 20 + 21 of the
attracting body at the moment #, and the distance r= />, x% need to be
considered.

We can neglect the square of the time ¢ needed for propagation and consequently
proceed as if the motion were uniform; we then have:

x=xi+&t, y=y+mt, z=zu+it,

r(r—r) = Zxéjlt;

or, because t = — r,
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x=xi—&r, y=y—mr, t=a—{r, r=r—y x&;

such that our four invariants (5) become:

0, —ri+ Zx(afl &), -r, 1

and our four invariants (7) become:

YoXn D X+ (E=E)nl, D XiE -8 o

In the second of these expressions, I wrote r; instead of r, because r is multiplied
by & — £, and because I neglected the square of &.
On the other hand, Newton’s law would give us, for these four invariants (7),

L Y xaE-&) YXwaE-&) 0
2 , .

1

If therefore we call A and B the second and third of the invariants (5) and M, N,
P the first three invariants (7), we will satisfy Newton’s law, up to terms of order of
the square of the velocities, by making:

1 +A A—-B
M:E, N:?, P: B3 .

(8)

This solution is not unique. In fact, let C be the fourth invariant (5), C — 1 is of
order of the square of &, and it is the same for (A — B)>.

We could therefore add a term formed from C — 1 multiplied by an arbitrary
function of A, B, C and a term formed from (A — B)2 also multiplied by a function of
A, B, C to the right hand side of each of equations (8).

At first sight, the solution (8) seems the simplest; it cannot however be adopted. In
fact, since M, N, P are functions of Xy, Y1, Z; and of T} = Y X;¢, the values for Xj,
Y}, Z, can be drawn from these three equations (8), but in some cases these values
could become imaginary.

To avoid this disadvantage, we will work in another way. Let us set:

1 1

Sz U ia

which is justified by analogy with the notation

ko =
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1
V1—¢g?

which appears in Lorentz’s substitution.
In this case and because of the condition —r = ¢, the invariants (5) become:

0, A:fk0<r+2x§), B:fk1<r+Zx§1), C:k0k1<172551).

On the other hand, we see that the following system of quantities:

k:

X, Y, zZ, —r=t
koX1, koY1, koZi,  koT
koS, konm,  kod, ko
ki, kim, ki, ki

undergo the same linear substitutions when the transformations of the Lorentz group
are applied to them. This leads us to set:

X =X%+fﬂ+§1]]z—é}’,
Y =y%+f1ﬂ+ml,z—é%
z) =zk%+cﬁ+61%y,
T, = —rk%—&-ﬁ—i—%y.
It is clear that if a, f, y are invariants, X;, Y1, Z,, T} will satisfy the fundamental
condition, meaning will undergo an appropriate linear substitution under the effect

of the Lorentz transformation.
But in order for these equations (9) to be compatible, it needs to be that we have:

lef -T,=0,

which, by replacing X;, Yy, Z;, T; by their values (9) and by multiplying by ké,
becomes:

—Aa—f—Cy=0. (10)

What we want is that if the squares of the velocities &, etc. and also the products of
the accelerations by distances are neglected compared to the square the speed of light
as we have done above, then the values X, Y, Z; continue to satisfy Newton’s laws.

We can take:
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Aa
p=0. 1==-2

With the adopted order of approximation, it follows:

kh=k =1, C=1, A:—r1+2x(§1—§), B=—r.
x=x1+&t=x —¢r.

The first equation (9) then becomes:
X1 = a(x — A&)

But if the square of ¢ is neglected, A&, can be replaced by —r&; or even.by —r,
which gives:

Xy =alx+&r) = ax.

Newton’s law would give:

For the invariant a, we need to choose the value which reduces to —1/ r? for the
chosen order of approximation, meaning 1/B°. Equations (9) will become:

x - X kA
' B Tk BC
ki A
Y1:L3_’71_1_,
7o 2 _phk A
""" kB 'koBC’
r k] A
T, =———L_ "2
"7 T B koB(C

We can first see that the corrected attraction is made up of two components: one
parallel to the vector which joins the positions of the two bodies and the other
parallel to the velocity of the attracting body.

We recall that when we speak of the position or the velocity of the attracting
body, it is about its position or its velocity at the moment when the gravitational
wave leaves it; for the attracted body it is instead about its position or its velocity at
the moment when the gravitational wave reaches it, with the assumption that this
wave propagates at the speed of light.

I think that it would be premature to try to move the discussion of these formulas
farther; I will therefore limit myself to a few remarks.
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1) The solutions (11) are not unique; 1/B3, which enters as a factor throughout, can
in fact be replaced by

5+ (C= DF\(A,B.C) + (A= B f2(A, B,C),

where f; and f, are arbitrary functions of A, B, C or even f can now be taken as
non-zero but some arbitrary terms can be added to a, f, y provided that they satisfy
the condition (10) and that they be of second-order in &, as it relates to a, and first-
order as it relates to f and y.

2) The first equation (11) can be written:

o= (1= ) +a(r+ X)) ()

and the quantity between square brackets can itself be written:

(x+7r&)) +n(&y —xny) + (&2 —x¢4), (12)

such that the total force can be broken down into three components corresponding to
the three parentheses from the expression (12); the first component has a vague
analogy with mechanical force due to the electric field and the two others with the
mechanical force due to the magnetic field. To complete the analogy, I can, because
of the first remark, replace 1/B® in equations (11) with C/B, such that X 1, Y1, Zy now
only depend linearly on the velocity &, #, of the attracted body because C has
disappeared from the denominator of (11').

Then set:
ki(x+r&) = A, ki(y +rny) = p, ki(z+r8) =v, (13)
kimz—=Cy) =2, k(Gx—&2) =4, ki(Gy—mx) =V,
it follows, since C has disappeared from the denominators of (11’), that:
n=f 88 (14

and we will additionally have:
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B=> 1= (15)

Then A, u, v or A/B>, u/B>, 1/B’, is a kind of electric field while ', i/, v/ or instead

XVIB®, W/IB?, V/IB is kind of magnetic field.

3)

The relativity postulate would compel us to adopt solution (11) or solution (14) or
any one of the solutions which could be deduced from them using the first
remark. But, the first question which comes up is that of knowing whether they
are compatible with astronomical observations. The divergence from Newton’s
law is of order 52, meaning 10,000 times smaller than if it were of order ¢,
meaning if the propagation occurs with the speed of light, everything else being
equal; one could therefore hope that it will not be too large. But we will only be
able to learn that from an in-depth discussion.

Paris, July 1905.
H. PoiNcArE

Translator’s Notes

1.

2.

10.
11.

See Part II, Chapter 13, p. 251-252 for discussion of the pronunciation of
this name.

For convenience, the content of this article is reformatted and provided in Part
III, Chapter 14.

. The first reference appears to be to Kaufmann, W. (1901). Die magnetische und

electrische Ablenkbarkeit der Becquerelstrahlen und die scheinbare Masse der
Elektronen. Nachrichten von der Konigl. Gesellschaft der Wissenschaften zu
Gottingen, 2, 143-155; the second reference could be to Abraham, M. (1902).
Dynamik des Electrons. Nachrichten von der Gesellschaft der Wissenschaften
zu Gottingen, 20—41; or to Abraham, M. (1903). Prinzipien der Dynamik des
Eleckrons. Annalen der Physik, Ser. 4 vol. 10 supplement, 105-179.

. Part II, Chapter 12 discusses this choice of notation and on page 228 shows how

this half-page would look with our vector formalism.

. These equations are in Part III, page 263.
. See for example, Lorentz, H. A. (1902) Contributions to the theory of

electrons. I, Proceedings of the KNAW, vol. 5 (1902), 608—628.

. Presumably Poincaré meant “charge” not “mass.”
. Presumably this is a reference to Langevin, P. (1905). Sur I’origine des radia-

tions et l'inertie électromagnétique. J. Phys. Theor. Appl., 4(1), 156-183.
Poincaré provides a more complete citation on p. 46.

. Langevin, P. (1905). Sur I’origine des radiations et I’inertie électromagnétique.

J. Phys. Theor. Appl., 4(1), 156-183.
Presumably Poincaré meant “—e”, not “—ef”.
In this equation, note that there should not be a minus sign immediately after the
equal sign.
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