PART THREE

THE THEORY OF RELATIVITY






CHAPTER EIGHT

FOUNDATIONS OF THE THEORY OF RELATIVITY

§ 1. — Space-time symmetry of the equations of electromagnetism.

In Chap. VI, § 4, we saw that the differential equations for the electromagnetic potential can
be written in a form that is completely symmetric with respect to the four indices when we combine

time multiplied by \/—1c =i ¢ as the fourth coordinate x4 with the three spatial coordinates x1, x2,

x3 and treat the scalar potential multiplied by i as the corresponding component of a four-
dimensional vector potential. In so doing, we have restricted ourselves to the case of a point charge.
We would now like to examine the case of a continuous distribution of electric charge and current
with volume densities p (j, resp.). The quantities p and j are known to be coupled with each other

by the relation:
div j + 1op _ 0,
c ot

which expresses the law of conservation of electricity. If we introduce an arbitrary rectangular
coordinate system X1, X2, X3, then that equation will take the form:

a_jl+i.2+%+la_p :O
OX, OX, OX; C ot

2

or with the notations:

ict=Xxa, (1)
ip=ji, (2)
we can write:
4 o~
3 W~ (2.2)
o OX,

That equation is entirely analogous to equation (19.a), Chap. VI, which we will write out again
here for the sake of completeness. With the notation:

i p=A4, 3)
we will then have:
4
> A _y. (3.2)
1 OX,

The differential equations for the electromagnetic potentials:
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1 0% 1 0
VRA- = =—4rj, Vip— ———=—4drgp,
¢’ ot? ) ¢’ ot? v
can now be combined into the system of equations:
4 62A<
D> —F =—4njie (k=1,2,3,4). 4)
k1 OXy
Moreover, from the formulas:
QEZ—gradgp—E@, H=rot?,
c ot

we will get the components of the electric and magnetic field strengths:

p=_ 92 _10A _ ;200 ;0A _.[0A_OA (k=1,2,3)
oX, ¢c ot oX, 0%, oX, OX,

and

oA A A, A OA

5 = —5

ox, OX,

OX, OXq ? OX;  OX

It will then be possible to regard the six quantities:
H, =Hy, H, =Hj, Hy=H,,, (5)
_iE1=H14' _iE2:H24’ _iE3=H34

as the components of a four-dimensional skew-symmetric tensor that are given by differentiating
the potential components with respect to the coordinates according to the formulas:

o= A A __ g k1=1,2,3,4).  (5.a)

We would now like to replace the components of the electric and magnetic field strengths in
Maxwell’s fundamental equations I and II, § 3, Chap. V, with the tensor components Hj; .
That will give the first group, namely:

r0t€+£a—f‘)20, divH =0,
c ot

in the form of:

ok, OE, +18H1 i OH,, +6H32 +8H23 o,
OX, OX, ¢ ot oX, 0%y  OX,
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OE, OB, 10H, _ i[@HM L OHy +aH31j o

OX, Ox, cC ot OX, 0%  OX,
@_@JA@W i oH,, +6H41+6H12 ~0,
o, OX, C ot oX,  OX, 0%,

oH, oH, oH, _ dHy, oHy  oH,

+ + =0,
oX,  OX, OX, oX,  OX,  OX,
in coordinate notation, i.e., as a unified system of equations:
aHik+aHk|+3Hn o, ©)

ox, 0%  OX

in which i, k, [ are three different numbers from the sequence 1, 2, 3, 4. Note that equations (6)

will also remain valid when two or all three of those numbers are equal to each other. For example,
for k=1, one will haveaH—"‘Jr My _ 0 and OHy
oX,  OX, OX;

= (0 since Hjx = — Hy and Hi = 0.

In the same way, we will get the second group of Maxwell equations, namely:

I‘Otf_)—la—@:4ﬁj, div€&=4rp,
c ot
in the form:
oH, oH, 10E _ oH, N OH ., N oH,, i
X, X, cot ox, 0% @ OX, ’
@Jr@Jr%:— i 8H41+6H42 +6H4l =4rp
OX,  OX, OX, ox, X, o ’
ie.:
4
> M =4zjr  (k=1,2,3,4). (7)
k=1 aX|
The formulas:
j=rot M + 1%, p=—div‘y
c ot

can be represented in a completely-analogous way [cf., (21) and (19.a), Chap. V]. In that way, the
magnetic and electric polarization play the same roles as §) / 47 and — € / 4, resp. If one sets:

(8)

M1:P231 M2=P31' M3=Plz,
iP1:P14’ iP2:P24’ iP3:P34

then one will have:
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. 2 oPR
Jk= Z K . (Sa)
k=1 |
Just like Hu = — Hui, one can regard the quantities Py = — Py as the components of a four-

dimensional skew-symmetric tensor. Recall that despite their formula analogy and equal
dimension, they are generally completely different since the quantities Py cannot satisfy an
equation of the form (6).

Since the vectors 3 and 3" (electric and magnetic polarization potential) relate to the vector
potential 2 and the scalar potential ¢ in just the same way that 3 and 971 (= L") relate to j and p,

resp., one can further set:

Zl* = 223’ Z; = 231’ Z; = 212’ (9)
iZl:Zl4, i22:ZZ4, i23:Z34,
and
4
A= Zy , (9.2)

0%
corresponding to (8) and (8.a).
From (20) and (22), Chap. V, the components of the electromagnetic polarization potential that

arises from combining 3 and 3* will then satisfy the differential equations:

4 2
> 0 Z;' =—47Py. (9.b)
o OX,

From (9.a) and (5.a), one can express the components of the electromagnetic field tensor Hy in
term of the components of the polarization potential as follows:

4 Z Z
Hu= Zi % _ % | (9.c)
b OX, \ OX,  OX
oL, 0L oL
Those expressions can coincide with (9.b) only when one has —= — . ko — . k  Those relations
Xk X| Xh

can be written in the form:
oZ,, N 0Z,, N 0Z,, o,
oX, 0%  OX,

which is identical to equations (6). However, in reality, they are not fulfilled since from (9.b),
corresponding equations for Py would then follow from them.
The known expression for the total force per unit volume (or the impulse per unit time { = p &

+j x $) and the corresponding work / = ¢ j € can be combined into the components of a “four-

vector,” and indeed one has:
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fi=pEi+pHs—jppHy=Hujp+Hizjs+Huaja, ...

E=]1E1 +p Hy+j3s Hy=—1i (Hs j1 + Ha2 j» + Hs3 j3) ,

or with the notation;

il

I_=ﬂ,

C
4

fk=ZHkI ji (k=1,2,3,4).
k=1

4

If one substitutes j; = i Z % in that, from (7), then one will have:
T 1 OX

n

1 @ oH 1 0 1 oH
ﬁ:rzz Hy “ :EZZOT(H“H'")_E Z;Hm 8x:| .

Moreover, switching the summation indices will give:

rIH

Hy _ vy Mg
X, Zn:Z': "oox

or due to the fact that H;, = — Hyy and Hiy = — Hyr

Hy _ x5y M
X, Zn:Z': "X,

_1 OHy , OHy
SEH, T G B

n

and ultimately from (6):

al_lkl —_ 1 In:_li 2
Sy T T, By LT3k

We then get:

BER S PN BN O
PSR ICNCRIE S b2

If one introduces the relationships:

1
Owm=0ou L+ EZ; Hy Hio s

(10)

(10.a)

(11)
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1 1
=_— = —(H?*-E?, 11.a
Y H = (M- E) (11
5= 1 for k=n (11.b)
“ 0 for k=n '
then one will have:
- 00, _
fi=) —= (k=1,2,3,4). (12)
"1 OX,

One can easily convince oneself that the system of formulas that one just obtained is identical to
the system of formulas:

f=- B _givaz, 1=- 2 _givs,
ot ot

which were derived in §§ 3 and 4 of the previous chapter.
Indeed, the scalar & the vectors g and £, and the three-dimensional tensor *% are combined

into a symmetric four-dimensional tensor whose components are given by (11). The following
relations then exist (cf., Chap. VII, §§ 3 and 4):

@)nz|_—4i(H12+H2+H4)——(2H2 E2—2H2-2H? +2E?)
T

zgi(Hf_Hg_H§+Ef_E§_E;) T
T

On=—T»n; O33=—"T33;

1 1
O = - (H13 H23+H14 H24) == (_Hz Hl_El Ez) =-Tno,
Ar A

O3 =—T23; O31=-T31;

1 1 . . i i .
Ou=-——MHy,H,+HzH,) = — (B H,-IEE)= —[€xH], =—— Ki=icgl,

4 4 4r C

i i
@24=—EK2:—ng2; @34:—EK3:_icg3;

Ou= + L (M —E) L (H2 4 H2 +H2) = L (H?4+E?) =
44 = + (H E) (H41+H42+H43) (H +E) Sg

8 A 87

which can be represented by the matrix:
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(12.a)

When one considers that matrix, one can write the first three equations in (12) in the form:

Ty _ Ty, _ Tys _ 09,

F=" e T, o,

(k: 1’ 2’ 3)’

and the fourth one in the form:

I—iepio O K 0K, oc

ox, OX, OX, ot

The cited representation of the basic quantities and equations of the electromagnetic field,
which goes back to H. Minkowski, can be interpreted in a purely-formal mathematical way as
follows:

We imagine an (in reality, nonexistent) four-dimensional space that relates to three-
dimensional space in the same way that the latter does to the plane. We further imagine a
rectangular coordinate system X in that space, i.e., we draw four mutually-perpendicular axes Xi,
Xa, X3, X4 . We will clarify the analytical meaning of the “orthogonality” of the four axes in the
following sections. We shall initially remark that it corresponds to the assumed orthogonality of
the spatial axes X1, X2, X3, in conjunction with the symmetry of the cited equations relative to all
four indices. In that way, we use the fourth axis as a “graphical representation” of time, multiplied
by ic, so the four quantities x1, x2, x3, x4 = ict are collectively the rectangular components of a four-
vector” v that characterized the position and time of any event. We accordingly introduce the

following four-dimensional vectors: j (four-current), 22 (four-potential), § (impulse per unit
volume in four-dimensional space), and the four-dimensional tensors: 2§ (skew-symmetric field

tensor) and 2O (symmetric impulse or stress-energy tensor). Finally, we define the four-

dimensional operator O, which corresponds to the ordinary operator V, as a symbolic “four-

) 0 0 0 0 ) ) .
vector” with the components —, —, —, ——. The basic equations of the electromagnetic
OX, OX, OX; OX,
field can then be represented in a coordinate-free notation as relations between the four-
dimensional vectors and tensors above.

Equations (2.a), (3.a), and (4) can be written with no further analysis in the form:

Oj =divj=0,
OA =divA=0, (13)
O*A=—4r3j,
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which is completely-analogous to the corresponding equations for a time-constant magnetic field
(and a stationary electrical current).
We would like to represent formulas (5.a), (6), and (7) as follows:

e =0O0XA=rotA,
rot 255=0, (13.2)
O°$H=div°’$H=4rj.

Here, the analogy with the corresponding three-dimensional (“time-less) formulas will be
spoiled by the fact that a skew-symmetric four-dimensional tensor (in contrast to the three-
dimensional one) is not congruent to a vector. In fact, the tensor 2§) is determined by six

independent quantities, not four, from which its twelve non-vanishing pair-wise equal and opposite
components Hy = — Hj are constructed. Following Minkowski, one cares to refer to it as a six-
vector, 1.e., as a vector that is defined by its projections onto the six coordinate planes (X2 Xz, X3X1,
X1 Xo, X1 X4, X> X4, X3 X4), not onto the four coordinate axes (*).

The operation div 2§ that appears in (13.a) corresponds to the divergence of an ordinary three-

dimensional tensor. In that way, one will have:

2, oH
(div 29 = L
(cf., Introduction, § 23).

The operation rot 2§ corresponds to the rot of a four-vector in the sense that it will take a

skew-symmetric tensor of rank two to a tensor of rank three whose non-vanishing components are
on the left-hand side of equations (6). Those four quantities can be regarded as the components of
a four-vector that is congruent to the aforementioned third-rank tensor.

If one introduces a skew-symmetric tensor 2§)* that is “dual” to 2§ by way of the matrix:

O H12 H13 H14 O H:3 H;4 H;Z
H21 0 H23 H24 — H;A 0 HZl HfS
H31 H32 0 H34 H:Z H1*4 O H:l
H4l H42 H43 0 H ;3 H;l HfZ 0
then one will have:
aH 23 + aH?‘:l + aH12 — aHZl + aH:Z 4 6HZS — (diV 23:))4
ox, X,  OX, X, OX, X, ’
aH 43 + aH 24 + aHSZ — aHl*?_ + aHfB 4 6H1*4 — (diV 25)1

oX, 0%,  OX, OX, OX;  OX,

() Note that in the case of two dimensions, a skew-symmetric tensor reduces to a scalar.
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5H41+
0%, 0%,  OX X,  OX,
8H21+8H42 +8H14 _ 8H3*4+8H;1+8H3*2 = (div 25)3
ox, Ox 0%,  Ox, Ox % ’

aH13_|_8H34 — aH;3+aH;4+ag|;1 =(div235)2,
X

such that the equation rot 2§) = 0 can be replaced with:
div?$H*=0.

Entirely similar formulas are true for the skew-symmetric tensors 233 and 23. We do not need

to write them out again.
According to formulas (8.a), we further have that the components of the four-impulse are:

f=%%-3, (14)

in which the inner product of the tensor 2$) and the vector j is defined by analogy with the

corresponding product of three-dimensional quantities [Introduction (37)]. Finally, equations (12)
can be written in the form:
f=div?’0, (14.a2)

from which, (9) and (9.a) will imply that:

2®:Zai(25 ,25)+i(25 xzfj) (14b)
8 A

[cf., Introduction (39)].

Note that when one projects four-dimensional vectors onto the time axis, one will get ordinary
scalar quantities, while projecting onto ordinary space will yield three-dimensional vectors that are
very closely connected with those scalars physically. The components of four-dimensional tensors
along the “spatial axes” correspondingly define ordinary three-dimensional tensors, while their
components along one spatial axis and the time axis define ordinary vectors, and their component
along the time axis is a scalar [cf., the matrix (12.a)].

In what follows, we will mainly employ the coordinate-wise representation of electromagnetic
quantities and equations. We have formulated them in a coordinate-free notation only in order to
highlight their analogy with the ordinary vectorial equations for time-constant magnetic and
electric field. That formal analogy allows us to treat the electromagnetic phenomena in ordinary
three-dimensional space that depend upon time as static (i.e., time-independent) phenomena in a
fictitious four-dimensional space.
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§ 2. — The Lorentz transformation.

Ordinary Euclidian space is isotropic, i.e., all directions are regarded as completely equivalent.
One can also refer to that physical equivalence of the various directions as their relativity in the
sense that any direction can be determined only relative to other directions that are assumed to be
known. An absolutely determined direction that is distinguished by special physical properties
cannot be given at all.

It is just that isotropy of space that guarantees the possibility of a coordinate-free formulation
of the physical laws, and in particular, the laws of electromagnetic phenomena, as relationships
between vectorial (as well as scalar and tensorial) quantities. If a direction in space were physically
distinguished (*) then one could formulate the aforementioned laws only with respect to that
direction. Obviously, it is possible, and in many cases useful, to replace that coordinate-free
formulation of the physical laws with a coordinate-wise one. In that way, all (three-dimensional)
vectors will be represented by their components relative to three arbitrarily-chosen axes or
directions. We have referred to those components as variant scalars in the Introduction since their
values are determined only relative to the chosen coordinate system and will vary under the
transition from one coordinate system to another.

Since all coordinate systems are regarded as equivalent due to the relativity of directions, it
would be absurd to ask which values of the components of a certain vector are the “correct” or
“true” values. The triples of scalars (41, 42, A3) and (A, A, A;) , which represent the components

of one and the same vector 2 relative to two different coordinate systems Xand X', are completely

equivalent. The only thing that can and must be of interest to us is the relationship between the
two scalar triples. If the quantities (41, 4>, A3) are assumed to be known and determine the
directions of the X'-axes relative to X by the corresponding cosines of the angles «; then the

quantities (A, A), A;) must be expressible in terms of the 4; and «;; in some way. In other words,

one must establish only the formulas by which the components of a vector transform under any
sort of changes in the coordinate directions.

Now, the following should be emphasized in particular: The components of different vectors
transform in the same way (i.e., according to the same formulas), or on other words: The
corresponding components of the different vectors are covariant scalar quantities. That remark
initially seems to be entirely trivial and would follow directly from one’s intuition. However, in
reality, it has a much deeper sense and defines the analytical expression for the principle of the
invariance of physical laws. By that, we mean: The physical laws can be expressed by equations
that couple different vector quantities (as well as invariant scalars, tensors, etc.) with each other.
In a coordinate representation of the vectors, those equations will have the following form:

Ai=Bi,

in which 2 and B mean two physically-different vectors. We imagine, e.g., that 2 is the product

of the mass of a particle with its acceleration, and ®B is the external force that acts on that particle.

() For example, as one believed the “vertical” direction to be in the Middle Ages.
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If the components of the acceleration and the force are not covariant quantities then the equation
above cannot be true independently of the choice of the coordinate directions. Analytically, the
relativity of those directions, namely, their physical equivalence, means nothing but the covariance
of the corresponding vector components for all coordinate transformations. The coordinate
directions are relative, and the vector components are variant. However, the physical laws that
couple those vector components with each other must be absolute and invariant. That requirement
will be fulfilled by the covariance of the corresponding vector components. Obviously, the same
thing is true for not only vectors, but for tensor quantities of arbitrary rank.

In what follows, we will restrict ourselves to rectangular coordinate systems. As is known, in
that way, the components of a vector will coincide with its projections, such that we will not need
to distinguish between the two (as would happen in the general case of skew coordinate systems).
We have exhibited the transformation formulas for vector and tensor components for this case in
the Introduction, § 18. Obviously, those formulas will also remain valid when we fix, e.g., the third
axis and restrict ourselves to coordinate transformations in a plane (e.g., the X1X>-plane). In that
way, we can treat the component that bears the index 3 as an invariant scalar and treat the ones
with the indices 1, 2 as the components of two-dimensional vectors.

We would now like to take a step in the opposite direction and consider the transformation of
the coordinate axes and the transformation of the vector and tensor components in the fictitious
four-dimensional space of the previous section in an entirely analogous way in which the fourth
axis (viz., the time axis) can no longer be regarded as fixed.

We introduce a new coordinate system X'(X;, X;, X5, X,) in place of the original coordinate

system X (Xi, X2, X3, X4) according to the transformation formulas [cf., Introduction (32.a) and
(32.b)]:

4
X = Zaii’ X, (15)
i-1
4
Xi= ) ah X, (15.a)

which must satisfy the orthogonality condition:
X2 +X7+ X+ X = XX A+X A+ X (16)

identically. That condition will imply the following relations between the transformation
coefficients:
a, = . G, 1" =1,2,3,4), (16.a)

4 4
Zaii’ Qi = Oy s Zaki i = Oy (16.b)
i=1 i=1

in which one has:

1 for i'=i,
O = o (16.¢)
0 for i'=i.
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We define those coefficients in accordance with their intuitive geometric meaning in terms of
ordinary three-dimensional transformations as the cosines of the angles between the old and new
axes:

a;, = cos(X,, X)) = a;,.

We can imagine that the new system X' arises from a “rotation” of the original axis-cross in
four-dimensional space that preserves orthogonality.

Note that those terms, which are connected with the corresponding terms in ordinary analytic
geometry, are nothing more than words in the case considered that actually carry no geometric
meaning. However, in that way, we can imagine the corresponding three-dimensional, or even two-
dimensional, structures, and in that way not only better conceptualize the analytical connections,
but at the same time, better predict them by reasoning by analogy. The quantities x1, x2, x3, x4 and

!

X\, X5, X3, Xz, which represent the original (new, resp.) coordinates of the various points in X-

space, need to assume not only real or imaginary values, but entirely-arbitrary complex numbers
(cf., Chap. VI, § 4).

We would like to fix those coordinates as the rectangular components of the four-dimensional
radius vector v. In that way, we would like to establish that the components of the various four-

dimensional vectors (j, 2, ) that we introduced in § 1 transform in accordance with the same
formulas (15), (15.a) as the components of v (so they are covariant). As far as the components of

the differential operator O is concerned, its covariance is a direct consequence of the orthogonality
of the transformation that is represented by those formulas (just like in the three-dimensional case).
The tensor components Hy, O shall transform like the product of the corresponding coordinates,
so they shall be doubly covariant.

One can easily show that under those assumptions the fundamental equations of the
electromagnetic field (2.a)-(10) remain invariant under the transformations that are determined
by formulas (15)-(15.c). That means: When one expresses the original components in the old
equations as functions of the new ones, one will get the equations of the same form in those new
components from that process.

We can easily prove that assertion directly. For example, we consider equations (2.a) and (4).
Since the symbol O, = 0/ Ox; and the quantities Ax transform like the x;, we will get from (16)

that:

and as a result, due to (2.a):

4
Moreover, the square of the operator O, i.e., the sum Z 007 , obviously represent an invariant
k=1

operator. If we then substitute:
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4 4
. = _ '
Jk= Zakk’ Jo and  Ax= Zakk, A,
k=1 k=1

in (4) according to (15.a) then we will have:

Those four equations (k= 1, 2, 3, 4) can be written in the form:
4
Zakk' Yo =0,
k'=1

4
and the quantities Y, = Z I:Illek', +4r j, can be treated as four unknowns. Since the determinant
1=1

of the coefficients «,,. is equal to 1 due to the conditions (16.b), those quantities must vanish

identically, and we will get:

4

/ 1 H
> OA=—4rj.
1=1

However, the stated invariance of the fundamental equations can also be recognized in a very
instructive indirect way, and indeed from their symmetry relative to all four indices 1, 2, 3, 4, in
conjunction with their invariance for those orthogonal transformations for which the fourth axis
remains fixed, so ones that correspond to an ordinary rotation of the spatial system of axes X1, X2,
X;. That “spatial” invariance is a direct consequence, and at the same time, the condition for the
isotropy of the ordinary three-dimensional space of the relativity of all spatial directions; that is
why it can be assumed. Due to the aforementioned symmetry property of equations (2.a) to (10),
one can assert that they will also remain invariant when one performs an orthogonal three-
dimensional transformation of the coordinates x», x3, x4 (instead of xi1, x2, x3) and transform the
corresponding components of all four-dimensional vectors (and tensors) covariantly. However,
two successive orthogonal transformations of each of the three coordinates will give a
transformation of all four coordinates that is also orthogonal, i.e., it fulfills the condition (16).
With the use of geometric terminology, we can then say that the fundamental equations of the
electromagnetic field are invariant under all rotations of the four-dimensional system of axes X.
However, with that, the property of isotropy, namely, the relativity of directions in ordinary space,
is adapted to the demands of four-dimensional space. In particular, we can consider the “fourth”
direction, which carries the time coordinates, to be relative (i.e., undetermined) and treat the fourth
components of the vectors v, j, A, etc., (i.e., time, charge density, scalar potential, which are

usually regarded as invariant scalar quantities) as variant, just like the spatial components of
ordinary vectors. The absolute magnitude, or square, of those vectors, e.g., Xf + X22 + x§ (viz., the

square of the spatial distance) will likewise be variant quantities, and only the sum of the squares
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of all four components, which we can define to be the square of the corresponding four-
dimensional vector, is actually regarded as invariant.

Now, one might ask whether that four-dimensional relativity of direction and the four-
dimensional orthogonal transformations that express it analytically have a well-defined physical
sense, or are they entirely meaningless from a physical standpoint?

In order for them to possess an actual physical meaning, it is obviously necessary (but still not
initially sufficient) that the transformed quantities t'= x; /ic, p' = j,/c, ¢' = A/ /i, etc., should
be real, just like the original ones.

One cares to refer to the four-dimensional orthogonal transformations that satisfy that relativity
condition as the Lorentz transformations (*).

In order to clarify the question that was formulated above, we would now like to consider a
simple Lorentz transformation under which the second and third axis will remain fixed, so it
corresponds to a “rotation” in the Xi1Xs-plane. In that case, the general transformation formulas
(15) and (15.a) will reduce to:

X, = ou1 X1+ our x4,
Xy = Q41 X1+ ou4 x4,
or
X1= oy X+ o X,
X4= Oy X+ 0y Xy,
and x2 = X5, X3 = X;.
We imagine, for the moment, that X4 is an ordinary axis that is perpendicular to Xi and imagine

that the transformation in question is a rotation through an angle of ¢ in the direction from X to
Xi. We will then have a1 = cos(X,, X;) =cos ¢, and:

a14= €cos(X,, X;) =sin ¢, a4 = €0s(X,, X]) =—sin ¢,
ous = C0S(X,, X;) =cos ¢,
and as a result:

X, = X, COS@— X, Sin @, (17)
X, = X Sin@+ X, COS @
or
= X COS@+X,Sing,
X X1' @ '4 @ } (17.2)
X, =—X Sin@+ X, COS .

Therefore, if xa =i c t, X is be real, and X; is imaginary (= ict’, where t'" means a real quantity)

then we must define the angle ¢ to be a pure imaginary quantity. However, we do not need to
consider that angle itself, but only its tangent. Namely, we set:

() From H. A. Lorentz, who introduced them for the first time, and indeed in a three-dimensional notation.
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tan p=—i f= ~ (17.b))

ic’

in which f=v/ c is a real quantity (that corresponds to ¢ =1i y, tan = — f). From (17), we will
then have:

. . .V
X, =cos @ (x1—Vvi), |ct’=c03go(|ct—|—x1j,
c

1.e., due to:
1 1

Joraney (15

cos o=

we will have:
x, -Vt t,:t—vxllcz

X = , , (18)
1-f° J1-7

and likewise, from (17.a) [or by solving (18) for x; and ¢]:

]

2

_ X+t t:t'+vxl’/c

X1 1_ﬁ2 . W

In order to ensure the reality of X and t’, it still remains to subject the parameter £ to the

(18.a)

condition that #< 1, i.e., to set:
v<c. (18.b)

The quantity v, just like ¢, obviously means a speed. In the limiting case that is it is very small
compared to ¢ (= speed of light), formulas (18) will reduce to:

X=xi—vt, t =t, (19)

1.e., to the usual formulas for the transition from the original spatial coordinate system (X1, X2, X3)
to another one (X, X,, X;) that has the same orientation and moves with a constant velocity v in

the positive Xi-direction relative to (X1, X2, X3). The origins in the two systems O and O" must
then coincide at the “initial moment” ¢t = t' = 0.
We accordingly get the (1, 4)-components of the “four-current” j and the four-potential 2( from:

., X Vv ,
i =i=2ps p=p, (19.2)

! V !
A1=A1—E<0, ' =9. (19.2)
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The (approximate) equations that follow from that covariance principle will likewise coincide
with the usual formulas for the transformation that is determined by (19).

We then see that in the approximation in question, the rotation of the “time axis” X4 (with one
of the “spatial” axes) through an imaginary angle in four-dimensional space means nothing
physically besides the transition from the rest state of the spatial system of axes to a uniform,
rectilinear motion of them.

Now since the two axes X4 and X, have the same right to be the time axis, one must obviously

have the same right to regard the spatial coordinate system (X1, X2, X3) as being “at rest” and
(X{, X,, X;) as “moving,” and indeed in the opposite direction. The relativity of directions, and in

particular, the direction of the time axis in four-dimensional space, thus means nothing beyond the
relativity of velocity in ordinary three-dimensional space.

Recall that we postulated this kinematical relativity principle before in Chap. V as a
generalization of the “energy equation” rot € = 0 for time-alternating fields, but in a somewhat-

narrower sense. Indeed, there we were dealing with the motion of two current lines relative to each
other, while the relativity of velocity that we now assert means that the electromagnetic
phenomena play out in an entirely identical way relative to two coordinate systems that move
relative to each other uniformly and rectilinearly, such that there is no possibility of inferring which
system is “actually” moving from those phenomena. In other words, the magnitude of the velocity
is just as relative as its direction.

Now, it seems that this relativity of velocity that would correspond to the isotropy of four-
dimensional space exists only approximately, namely, in the limiting case of speeds that are very
small compared to the “critical” speed c. If one would like to regard it as a completely rigorous
and generally-valid physical law then one would meet up with the following difficulties:

One must restrict the speeds from the outset by the condition that v < ¢, i.e., speeds that are
greater than c are regarded as not only physically impossible, but also impossible, in principle.

Moreover, in order for electromagnetic phenomena to play out according to the same laws (i.e.,
according to the same equations) from the standpoint of two observers that are comoving with the
coordinate systems (X1, X2, X3) and (X/, X,, X,), the determination of lengths in the direction of

motion and of times must be carried out according to the Lorentz formulas (18), not the usual so-
called Galilean transformation formulas (19). Therefore, different times must be valid for the two
observers X and X'. Events that appear to be simultaneous to one of them must be considered to
be non-simultaneous by the other. In general, the time duration between two well-defined events
shall be an undetermined variant quantity, just like the distance between the spatial points where
those events took place. In that way, one must observe the following: The indeterminacy or
variance of such distances for non-simultaneous events is a fact that has been known for some time
and seems quite natural. For example, we imagine a stone that is thrown on a moving ship from
aft to fore. The distance between the initial and final points on its path will be judged by the
comoving observer in a completely-different way from the way that it is judged by the observer
that is at rest on the land, who must still consider the displacement of the ship during the flight of
the stone. That fact is expressed quite clearly by the equations of the Galilean transformation X

=x — v t, t' =t Namely, if one denotes the spatial and temporal distances between the
aforementioned events (viz., throwing and dropping of the stone) from the standpoints of the
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observe at rest and the comoving one by Axi, At (AX;, At", resp.) then according to the formulas

above, one will have:
At =At, AX; =Ax1 — Vv At.

However, if one is dealing with two simultaneous events at different spatial points then the
spatial distance will seem to be a well-defined invariant quantity that is independent of the relative
velocity (At =0, AX/= Ax)).

By contrast, according to the Lorentz formulas (18), the spatial distance between two events
will remain a variant quantity even in the case of their “simultaneity.” Obviously, that is connected
with the fact that aforementioned “simultaneity” has no absolute meaning due to the relativity of
time, which corresponds to the relativity of the direction of the time axis in four-dimensional space.
That relativity of time (or more precisely, its variance) is closely connected by the Lorentz
transformation with the variance of quantities such as charge density, scalar potential, etc., or the
magnitude of three-dimensional vectors, i.e., quantities that would ordinarily be considered to be
invariant scalars.

§ 3. — Einstein’s relativity principle.

It is epistemologically clear from the outset that motion is a relative concept, i.e., that the
motion of any body or the propagation of an action can be defined only relative to a coordinate
system that one treats quite arbitrarily as being “at rest.” All of the quantities that characterize the
motion (viz., velocity, acceleration, etc.) must correspondingly be variant ones, i.e., they must
depend upon the choice of that coordinate system. In the foregoing chapter, we deliberately
overlooked that fact and treated the velocity as an “absolutely” determined quantity, i.e., we tacitly
based it upon a coordinate system that was assumed to be “at rest” in an absolute sense of that
word.

If all of space is filled with a continuous material medium (as was previously believed and is
still asserted many times today when that medium is referred to as the “ether””) whose parts are
supposed to be in a state of eternal rest relative to each other then one can define the concept of
rest uniquely from the physical standpoint as being at rest relative to that “ether.” That would not
be “absolute” rest in the epistemological sense of the word since one would still have to consider
any motions of the “ether” as a solid entity in space relative to something else. However, such
motions could be of no interest to the physicist, and rest relative to the “ether” would be equivalent
to absolute rest for him.

However, in reality, there is no rational basis for filling up space with such a medium. The
material world consists of nothing but electrons that act upon each other through empty space.
That action-at-a-distance in the modern theory of the electron differs from the actio in distans of
classical mechanics only by the fact that it is not “instantaneous,” but retarded. The finite speed of
propagation of electromagnetic actions has given rise to precisely the viewpoint that they are “local
actions in the world-ether” of the same type as the propagation of sound in air or the elastic
oscillations in solid bodies.
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Now, remember how that “local action” was dealt with in classical mechanics by connecting
it with the aforementioned “ether theory.” One does not initially consider the body to be a
continuous medium, but as a system of discrete mass-points (viz., atoms) that are found at finite,
but very small, distances from each other. The interaction between those mass-points will then be
treated as an action-at-a-distance, and indeed as an instantaneous action-at-a-distance since the
force that is exerted upon any particle is determined the simultaneous configuration of the other
ones, and mainly by the neighboring particles. If one assumes that this force varies in proportion
to the relative displacement of the particles then one will get a finite speed of propagation for the
“perturbations” of the normal equilibrium configuration of the particles in a known way. The
passage to the limit of infinitely-small particles and infinitely-small distances, i.e., to the
continuum theory, that one makes afterwards represents a mere mathematical fiction.

The “local action” of classical mechanics then means nothing but the usual “instantaneous
action-at-a-distance.” The fact that the latter takes place at very small distances (“small” compared
to our ordinary macroscopic yardsticks) is basically inessential.

The retarded action-at-a-distance of the modern “electromechanics” can indeed be reduced to
an instantaneous action-at-a-distance quite formally (cf., Chap., § 5), but the corresponding series
development has no immediate physical sense. That is why it is meaningless and useless to try to
reduce the retarded electromagnetic action-at-a-distance to anything else. Rather, we can assert
that all physical forces (to the extent that they represent an interaction between different electrons
in the final analysis) can be regarded as electromagnetic actions-at-a-distance that propagate in
empty space with a well-defined speed of ¢ =3 x 10'° cm/s.

One must recognize that fact as a fundamental principle that neither needs nor admits an
“explanation.” That is because an “explanation” would have to mean reducing it to something
simpler and more fundamental. However, such a reduction of the fundamental facts is obviously
impossible.

Since space is empty, except for electrons (which are point-like, in practice), one can speak of
only relative motion and relative rest. Physical processes must satisfy the same laws when assessed
in two coordinate systems that move relative to each other. In other words, the equations that
express those laws and exist between the spatial coordinates and time, on the one hand, and
different variant quantities that represent the components of certain vectors and tensors, on the
other hand, must have an identical form in the two systems. We would now like to restrict ourselves
to those coordinate systems that move relative to each other with a uniform, rectilinear motion,
1.e., the so-called inertial systems. The general principle of the relativity of motion reduces to the
principle of the relativity of velocity in this special case. That “special” principle of relativity was
already recognized since the time of Newton in classical mechanics (}). Its adaptation to
electrodynamics and the corresponding conversion of Newtonian mechanics was the contribution
of A. Einstein. It is known that he also succeeded in generalizing the principle of relativity to
arbitrary motions on the basis of the equivalence of inertial forces that are coupled with an
accelerated motion and gravitational forces. However, we would not like to go into that general
theory of relativity in this book since it mainly addresses gravitational effects.

The essential difference between the classical and Einsteinian theory of relativity originates in
the fact in the latter considers the finiteness of the speed of propagation of electromagnetic action-

() Although Newton himself spoke of a “space in a state of absolute rest.”
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at-a-distance, while in the former, that speed of propagation was regarded as infinitely large, so to
speak.

Indeed, it follows from the principle of relativity that this speed of propagation must have the
same magnitude ¢ in two different inertial systems S (X1, X2, X3) and S'(X/, X}, X3), and in

particular, it must have the same magnitude for all directions in each system.

For instance, if the last requirement were not fulfilled then one could not assert that the system
(S) relative to which the light spreads out in all directions with the same speed c¢ is “actually” at
rest, while the other one relative to which that does not happen “actually” moves, namely, in the
direction that corresponds to the smallest speed of light. However, since the systems S and S’ are
supposed to be completely equivalent, the process of light propagation must take place in the same
way relative to both of them, i.e., with the same speed ¢ in all directions.

We then see that the critical speed ¢, although it has only a relative sense, like any other velocity
(i.e., it can be defined only relative to any reference system that can be regarded as being “at rest”),
is nonetheless regarded as an invariant quantity.

That invariance of the critical speed is obviously incompatible with the usual picture of
spacetime that one associates with classical mechanics. For example, if one replaces the thrown
rock with a light or radio signal in the case of a moving ship that was considered above then it
must propagate with the same speed c relative to the ship, whether forward, backward, to the right
or to the left, that it has relative to the observer that stands on the shore. Obviously, that can happen
only when the lengths and times are measured to be different in the corresponding reference
systems, and in particular, when the concept of simultaneity can be assigned only a relative
meaning. As long one imagines that the mechanical actions-at-a-distance are instantaneous and
that they can all be combined with each other in time by the action of one body on the other ones,
no matter how big their spatial dimensions might be, the “relativization” of simultaneity would
seem to be physically excluded. However, as long as one considers the retarded character of the
mechanical action-at-a-distance, that relativization will be not only possible, but indispensable.
That is because there is no physical possibility of uniquely establishing the simultaneity of two
spatially-separated events, e.g., on the planets Mars and Jupiter.

For some time now, we have been accustomed to ascribing no absolute sense to the spatial
coincidence of two events that are not simultaneous. We must likewise reject any such absolute
sense to the temporal coincidence of two spatially-distinct events. True absolute coincidence can
only mean coincidence in both space and time.

In the foregoing sections, we saw that the fundamental equations of electrodynamics can be
made consistent with the special principle of relativity only when we transform the spatial
coordinates and time, not with the Galilean formulas (19), but with the Lorentzian ones, that reduce
to (18) and (18.a) in the simplest case. The cited arguments shall convince us of the physical
admissibility of those transformation formulas. Note that in that way we do not need to change
anything at all in regard to our customary conception of space-time, as long as it refers to a well-
defined inertial system. According to Einstein, the Lorentz transformation represents a new and
unconventional coupling between the usual space-time quantities in two different inertial systems.

The invariance of the critical speed is then, so to speak, guaranteed automatically since it plays
the role of a constant parameter in the formulas that it enters into.
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We would now like to show that the Lorentz transformation is a necessary consequence of that
invariance. However, that transformation can be derived from that invariance and completely
independent of the general laws of electrodynamics, but while considering the relativity of velocity
(i.e., for uniform, rectilinear motion).

The force-free, uniform, rectilinear motion of any particle relative to the coordinate system S
is expressed analytically by the linear equations:

X -3 _ X%-8_X-3a _ t-t
a, a, Qs Q,

in which a, a, etc., mean constants.

When judged from a different coordinate system S’ that moves relative to S with constant
velocity, that force-free motion must also appear to be uniform and rectilinear, i.e., it must be
likewise determined by the system of linear equations:

’ ! !

It will follow from this that the quantities x1, x2, x3, ¢, on the one hand, and X/, X;, X;, t’, on

the other, must be expressed linearly in terms of each other.

We assume that the origins of S and S’ (O, and O', resp.) coincide at a certain moment ¢ = t'
=0, and we further imagine that a light or radio signal is sent out from O (QO’, resp.) at that moment.
That signal must propagate in the form of a spherical wave with the same velocity speed c relative
to S and S'. The center of that spherical wave must then remain at the point O for S, but at the
point O" for S'.

We now imagine that the spherical wave in question meets any particle. Let the coordinates
and time of that event be x1, x2, x3, fin S'and X/, X,, X;, t' in S’. Therefore, the two equations
must be fulfilled:

X2+ X, +X —c*t? =0,
X%+ X7+ X7 —c’t? =0,

and as a result the equation:
X2+ X5+ %=t = X+ X+ xP -t
as well, or with the notations i ¢ t =xs, iCt'= X;:
XXX+ X, = X+ X+ X+ X (20)

We have then seen that the relations between the old and new coordinates (including the fourth
one) must be linear, i.e., expressed by the formulas:
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4
Xe = 2 B % (k' =1,2,3,4), (20.2)
k=1

in which f,,. are constant coefficients that depend upon the magnitude and direction of the velocity

vof S’ relative to S, and also upon the relative orientations of the two systems.

4 4
It will follow from this that the two sums Z x> and Z x must also be identical when they
k=1 k=1

are non-zero, i.e., when the event in question does not mean the coincidence of the wave that
mentioned above and a particle, but something else, e.g., the coincidence of two different particles
with each other.

4
In fact, by substituting the expressions (20.a) in Z x;>, we will get a quadratic form in the
k'=1

coordinates xi, x2, x3, ¢ that vanishes along with ZX,:,Z . However, from (20), the quadratic form

ZXE must also vanish as a result. For that reason, the two forms can differ from each other by

only a constant proportionality factor. That factor 4 can depend upon the magnitude, but not the
direction, of the relative velocity v of S’ relative to S. Now, the velocity of S relative to S’ is

obviously equal and opposite to the velocity of S’ relative to S. As a result, when one has Z X)?
=

= A(V)Z xZ , one must also have ZXE = A(v) Z x;> . One will then have 4 (v) = 1. That proves
k k k'

that equation (20) will remain true for arbitrary xi and X;.. We have then once more discovered

the orthogonality condition that is true for the general Lorentz transformation. If we then add the
reality condition for X/, X;, X;, and t" = X; /iC then the equations (20.a) must produce a Lorentz

transformation.

Instead of deriving the Lorentz transformation from the fundamental equations of the
electromagnetic field, as we did in § 2 following Minkowski, we can obtain it directly from the
relativity principle, in conjunction with the retarded character of the electromagnetic action-at-a-
distance (or, as one usually says, with the constancy of the speed of light). That is how Einstein
presented it in 1905. The possibility then arises of reversing Minkowski’s process, i.e., of deriving
the electrodynamical fundamental equations from the relativity principle (while recalling the
covariance property), or in any event, to make it plausible without having to appeal any other
principles.

We can also employ the relativity principle in order to generalize those physical laws that relate
to the special case of static phenomena to phenomena that depend upon time arbitrarily, as we
already did in Chap. V, but in a much simpler and more systematic way. For example, if we
consider the equation for stationary electrical currents V2 = — 47j as having been proved then it

will follow immediately from the relativity principle that the general equation must have the form

4 2
Z a@? =—4rxjir (k=1, 2, 3, 4). Finally, the relativity principle or the Lorentz transformation
=1 OX
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can always be applied when the influence of the velocity on any phenomenon that is known in the
rest state of the electrical system considered is supposed to be exhibited.

In what follows, we will learn about some such methodological applications of the principle
of relativity. Note that its fundamental significance to physics lies in precisely that direction and
not in any epistemological criticism of the concepts of space and time. The principle of relativity
(combined with the invariance of the speed of light) begins with the “relativization” of quantities
that were regarded as invariant scalars up to now (e.g., time, charge density, the magnitude of an
ordinary vector, etc.). However, we will then incorporate those variant quantities as the
components (or projections) of four-dimensional vectors and tensors, and that will finally show us
how we can obtain quantities and equations from them that are truly invariant and express the laws
of nature for time-varying phenomena.

The center of mass of the theory of relativity lies precisely in that “constructive,”
methodological aspect of it, and not in its “destructive,” critical aspect. Its main result is not the
variance of the usual scalars and spatial vectors, but in the possibility of treating them as
“temporal” (“spatial,” resp.) projections of invariant four-dimensional “spacetime vectors.” In that
sense, one would have every right to refer to the theory of relativity as an “absolute theory.”

§ 4. — Graphical representation of motion and a new derivation
of the Lorentz transformation.

Before we go on to discuss the transformation formulas (18), we would like to derive them
once more from Einstein’s relativity principle in an intuitive, geometric way that is connected with
the usual graphical representation of motion.

As is known, the motion of a particle (or the propagation of an action) in a plane £ (X1, X2) can
be illustrated geometrically by means of a spatial coordinate system X, Y, Z, such that the plane £
is represented by the XY coordinate plane, and time ¢ is represented by the third axis Z. Therefore,
the latter does not necessarily need to be directed perpendicular to the XY-plane (which we will
refer to as “horizontal”). For the sake of simplicity, we will restrict ourselves to rectilinear motions
that are parallel to the X-axis (or more precisely, to the line Xj that is represented by that axis) and
overlook the Y-axis. In order for the two coordinates x and z to have the same dimensions, we will
set z = k ¢, where k means a coefficient with the dimension of a velocity that is initially completely
arbitrary.

We denote the angle XOZ by o (Fig. 35). The motion of a particle parallel to the line X is
represented graphically by a line in the XZ-plane. A uniform motion with a velocity of v then
corresponds to a straight line:
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We fix the coordinates x and z as the components (but not the projections!) of the radius vector
0Q, which points from the “origin” x = z = 0 to the “spacetime point” Q under consideration. In
the case where xo = zo = 0, we will have:

7 v_x_OP _ sing
0 k z PQ sin(w-¢)’
4 ie.:
y=k—mn¢g 21)
p sin (o — )
0 P X

in which ¢ means the angle of inclination of the

Figure 35. “kinematical line” OQ that represents the motion with

respect to the time axis OZ. Obviously, that formula also

remains valid when the aforementioned line does not go through the origin. All uniform motions

that have the same velocity will then be represented by parallel lines whose inclination with respect
to the Z-axis will increase with velocity.

The representation of motions in the plane E, and in particular, along the line X1, corresponds

to a certain coordinate system S (X1, X2) that is regarded as being at rest. When assessed from

another coordinate system S’(X/, X,) that moves uniformly in the Xj-direction, that same motion

will be represented differently relative to the system, of axes X, Y, Z. Indeed, any event that is
represented by the point D when assessed in S will be replaced with another point D' when
assessed in S'. If, e.g., S’ moves relative to S with the same velocity v as the particle considered
above then we must replace the line OQ with a line OQ’ that coincides with the time axis OZ.
Now, one can easily show that the same events and motions in the plane £ can be represented
by the same points and lines in the coordinate space X, Y, Z when assessed from different
kinematical standpoints in the event that one introduces new axes as the representative of the
“moving” system S', which are suitably inclined with respect to the old ones and possibly have a
new scale of measurement. In fact, the coordinates of the spacetime point D (x, z) and D'(x’, z')
(v = Y') that are referred to the original coordinate system must be coupled with each other by

linear relations (since a motion that appears uniform and rectilinear in § must also remain so in
S', cf., § 3). However, one treats those linear relations as the transformation formulas that
determine new axes X'Z', in such a way that the coordinates (x, z) and (X', z") are associated with
the same point (1).

The new Z'-axis must obviously coincide with the line OQ that represents the motion of S’
relative to S. Conversely, the old axis OZ must represent the motion of S relative to S’, so a motion
with the velocity V' = — v (in the Xi-direction). That relationship between V' and v (which can
perhaps be regarded as a special “coupling principle”), in conjunction with the formula (21), will
imply a relation between the two coordinate angles @ and @' (< X'OZ"). Namely, if one sets ¢

= — @ then, from (21):

() Such a transformation will be called “affine,” in general.
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e Sne’ ., sing
sin (o' — ") sin(@' +¢)’
1.e., since:
V= y—_ _Ksinp
sin (@' — @)
one will have:
k' sin(o'+¢)
K sin(w-g)

The coefficients k£ and k' depend upon the units of measurement for the length and time (or more
precisely the ratios of those units of measurement) that one uses in XZ ( X'Z’, resp.). However,

due to the complete equivalence of the reference systems that are considered to be “at rest” and
“moving,” we must set £k = k' . That will lead to the equation:

in (e
Sl. (Cl) +(0) _ 1, (213.)
sin (v — @)

which has two and only two solutions, namely:

o =w-2¢ (21.b)
and
T
o =w=— 21.c
> (21.¢)

We must rotate the X-axis through an angle of ¢ while rotating the Z-axis through the same angle,
and indeed in either the opposite or the same direction. In the latter case, the original coordinate
system, and therefore the new one, as well, must be rectangular.

We would first like to consider that second solution. In that way, we will get a very intuitive
relationship between the “kinematical” and the “geometric” relativity principle, i.e., the relativity
of velocity and the relativity of direction, resp. In the original XZ coordinate system, we have
referred to the X-axis as “horizontal.” We must accordingly represent the time axis by a vertical
line OZ. The vertical direction then has the meaning of “rest,” or a “motion in time” for a space at
rest. The transition from the “rest” coordinate system X1 X2 to the “moving” one X, X, is

expressed geometrically by a rotation of the “vertical-horizontal” coordinate system XZ into the
“inclined” configuration X'Z'. The question of which of the two systems X; and X, is actually

moving then remains just as absurd as the question of which of the two systems XZ and X'Z’ is
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actually inclined. We can just as well treat the new time axis OZ' as vertical and the old one OZ
as an inclined line as we can treat the opposite case. That relationship between the concepts of
“rest” or “moving,” on the one hand, and “vertical” or inclined,” on the other, refers to the fact that
quantities such as length and time duration, i.e., the spatial and temporal distances between two
events, are regarded as relative or variant in the same sense as the horizontal and vertical
components of the connecting line between two different points in space.
We imagine any two events, e.g., the throwing and
VA O dropping of a stone in the example of the moving ship
that was considered above. Let those events be
represented graphically by the points Q and Q1 (Fig. 36)
relative to an XZ-coordinate system with a horizontal
length axis OX and a vertical time axis OZ. The spatial

distance between the two events will then be
represented by the line segment QC = & (viz., the
“horizontal distance” between Q and Qi). The
corresponding time distance 7, i.e., the duration of the
flight, is then represented by the “height” of Q) relative

to O, multiplied by 1/ £, so by %CQ1 = %5

From the standpoint of the comoving observer, those
quantities must have different values &' and 7', and

indeed everything will happen for him as if he had considered the line segment QQ; from a
different point on the globe where the vertical OZ’' was inclined with respect to OZ (in the
direction of motion) by an angle of ¢ . The relationships between & and 7, on the one hand, and &’

and 7', on the other, obviously read [cf., (17) and (17.a)]:

Figure 36.

&' =E&cos p—k tsin @, k' =E&sin o+ k tcos ¢.

Now, from (21), and due to the fact that o= 7/ 2:

tan :X
® K

then one will have:

1
If one then sets cos ¢ = —————=
NNERVI'S
T+Ev/k?

. LA L 22)

J1+V2 1K ’ J1+V27K? '

Let the speed of the stone (or more precisely, its horizontal component, which we assume to
be constant) relative to the observer at rest be u = £/ 7, and let it be U’ = &'/ 7 relative to the

comoving one. Upon dividing both equations (22), we will get:
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g E-vr  Elr-v

o r+vEIKE 1+vEIK
Le.:
u-v
u=———. 22.a
1+uv/k® (22.2)
One can also derive those relations between the two velocities directly from (21) without the use
of the transformation formulas (22). Namely, if one denotes the inclination of the line QQ: with
respect to OZ by  and its inclination with respect to OZ’ by ' then that will give:

' =y-og,
and as a result:
tan y' = fany —tan ¢ ’
1+tany tan @
i.e., from (21):
u" ul/k-v/k
K Ll+uv/k?'

In order to make formulas (22) and (22.a) consistent with the usual “classical” spacetime picture,
one must obviously set k£ = co. In that case, they will reduce to the usual formulas & =&-v 7, ¢’

=7, U =u—v. Recall that the coefficient k£ means a velocity. The Ansatz k = oo will then correspond
to the “classical” picture in which mechanical action-at-a-distance propagates with an infinitely-
large speed. However, in reality, that speed of propagation (viz., ¢) is finite, and therefore invariant,
according to the relativity principle. If one then considers the propagation of a light or radio signal,
instead of the motion of a thrown rock, then one must have u = u’ =c.

Now, that invariance condition can actually be fulfilled by formula (22.a) when one sets:

k?=-¢° (22.b)
in it. In that way, formulas (22) will go to:

. E-vr = r—&v/c? (23)

Jl—vzlcz ’ J1-v?/c? ’

1.e., they will be identical to (18), while (22.a) will assume the form:

. u-v
1-uv/c*’

!

(23.2)

Note that the imaginary character of the coefficient & is closely linked with the causality
principle (in its usual conception). That is because although the time interval between events is a
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variant quantity, the sequence of those events must remain invariant as long as one of them can be
regarded as the cause of the other ones. If k were a real number then one could invert the sequence
of two arbitrary events by a sufficiently-large relative velocity between two inertial systems. For
example, for a sufficiently-large inclination of the Z'-axis with respect to the Z-axis in Fig. 36,
the point Q would lie higher than Qi relative to X'OZ'. However, that would mean that the

dropping of the stone would precede its being thrown. Such an illogical situation would exclude
the possibility that & is imaginary. Namely, if one sets £ = u 7 in the second formula in (23) then
one would see that the causality principle, which can be expressed by the inequality:

T!

_>0,
T

will always remain respected if and only if the inequality:

is fulfilled. That means that the magnitudes of the two velocities # and v must remain smaller than
the invariant speed c.

That limiting character of the speed of propagation of electromagnetic actions (or more
concisely, the speed of light) is actually ensured by Einstein’s superposition law for velocities,
which is expressed by formula (23). That is because, from (23), the superposition of two velocities
that are not greater than ¢ will yield a resultant velocity that again satisfies that conditions. If one

C;VZ = c¢. Note that in Einstein’s theory of
1-cv/c

relativity, velocity is not an additive quantity, as it is in the classical theory. One sees that most
clearly when one recalls the second (direct) derivation of formula (22.a): In it, we subtracted the
angles from each other, but not their tangents, which are proportional to the velocity.

Due to the imaginary character of 4, the foregoing relations (22) and (22.a) will lose the
intuitive geometric meaning that we used as the starting point in their derivation. Nonetheless, we
can preserve the geometric way of expressing things above in a purely-formal way. Rather, we can
also use the corresponding graphical representation without having to worry about the fact that the
coefficient k£ is imaginary. One needs to consider its imaginary character only in the final result
(i.e., one has to set k=i c in it).

substitutes, e.g., u = ¢ in (23.a) then one will have

§ 5. — Spatial and temporal distances in the theory of relativity.

We once more return to Fig. 36 and first note that the length s of the segment QQ1, which we
would like to define to be the kinematical or spacetime distance between the corresponding events,

must be an invariant quantity. Since QQ} = QC* +CQ,, it will follow that s°= &* +k? 7%, i.e.:
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A v (24)

The segments QC and CQi represent the horizontal and vertical components (projections), resp.,
of the vector QQ1. We can correspondingly treat £ and i ¢ ¢ (or simply 7) as the spatial and temporal
components or projections of the spacetime vector s.

For s <0, there is always a speed u < ¢ such that & can be represented as a product « - 7. That
is the speed of the uniform, rectilinear motion that connects the events in question, i.e., the
spacetime points Q and Q1, so to speak.

The inequality s* < 0 must always be fulfilled then when Qi is a consequence of Q. In the
limiting case u = ¢, which occurs only under the propagation of electromagnetic actions, it will go

to the equation s° = 0. If one substitutes v = u (< ¢) then one will have:

=0, T =ry1-u?/c*.

The first equation means that from the standpoint of the comoving observer, the two events
occur at the same spacetime point, which agrees with our usual conception of things. However, in
contrast to that picture, the time interval between them has been shortened by the ratio
J1- u®/c? :1. One can then say that the temporal distance between two events (that are causally

connected with each other or can be) will appear to be smallest in the inertial system relative to
which those events coincide spatially.

By contrast, if s*> > 0 then one cannot speak of a causal relationship between Q and Q. It is
likewise impossible to make them spatially coincident. However, in that case, one can define an
inertial system relative to which the two events appear to be simultaneous. Namely, that system
S" must move with a velocity relative to the original one that is also determined by the equation

r—&v/c® = 0. If one substitutes the associated value of v in the first of equations (23) then one
will get &' = 54/ 1-Vv*/c?, so once more, a smaller value, and indeed it will be the smallest one
possible. Obviously, it must coincide with s. Therefore, if z'= 0 then one will have &'= 5. By
contrast, for s> <0, 7' will remain non-zero. However, one can set &' =0, and one will then get
ict' =s.

Those relationships can be summarized in the following formulas:

s=icry1-u?/c® =icr,, (s*><0), (24.2)
.a
s=¢ 1w/t =g, (>0

One must then regard length and time duration as the spatial and temporal projections of a
“spacetime” distance and correspondingly treat them as variant quantities that depend upon the
speed of the observer in the same way as the horizontal and vertical projections of a segment onto
the vertical direction of the observer. In both cases, that variance does not depend upon the choice
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of units at all. The two observers can use the same units of length and time, i.e., they can be
provided with identical yardsticks and clocks. A relative motion cannot affect those yardsticks and
clocks in any way, just like a rotation of the vertical cannot affect the length of a meter.
Nonetheless, the spatial and temporal distances between the same events that are determined by
those identical measuring instruments do not need to be identical.

One must make it quite clear that one is not dealing with a measurement of length by well-
defined material bodies or the history of a well-defined clock. In reality, one is dealing with the
determination of the distances between various separated points in empty space in which certain
events have occurred and the intervals between the corresponding time points.

We imagine, e.g., something more concrete, namely, two phenomena, one of which occurs on
Jupiter and the other of which occurs on Saturn, and which are observed by terrestrial and Martian
astronomers. We will then address the determination of the following quantities: First of all, the
distance between the spatial point P where Jupiter is found at the moment 7 when the first event
occurs and the spatial point P; where Saturn is found at the moment 77 when the second event
occurs, and secondly, the interval between the time-points 7 and 77 . However, there are no such
things as “well-defined spatial points” (and we should have accepted that fact long ago). They are
determined only relative to a certain coordinate system, which is a coordinate system that is
assumed be “at rest” quite arbitrarily. In astronomy, one ordinarily employs a coordinate system
that is linked with the Sun (or the center of mass of the solar system). When assessed from that
coordinate system, the distance PP must appear to be identical for both terrestrial and Martian
astronomers, as long as they both use the same unit of length. However, due to the relativity
principle, they would have the same right to assess the events in question in any other inertial
system, and in particular, the ones relative to which they themselves are at rest. (For the sake of
simplicity, we have ignored the rotation of the Earth and Mars and considered their translational
motion to be unaccelerated.) Let that terrestrial inertial system be S and let the Martian one be S’
. Obviously, it is also clear now that from the standpoint of the classical theory of relativity, the
distance PP1 must appear to be completely different in S and S’, in the event that the two events
are not simultaneous. However, it was a prejudice of the previous mechanistic picture of the
universe that the simultaneity of two spatially-separated events was considered to be something
that was determined absolutely. We saw above that this prejudice had its roots in the picture of an
instantaneous action-at-a-distance. However, physical actions-at-a-distance are retarded. Due to
the relativity principle, we must treat their finite speed of propagation, and especially the speed of
light, as a relative, and at the same time invariant, quantity. In order to establish the location and
time of the events under consideration, the terrestrial and Martian astronomers must not only
observe, but also calculate. Indeed, they must consider the fact that what they observe now on
Jupiter and Saturn happened somewhat earlier, in reality. However, in order to determine that
delay, they must calculate the distance from the effective spatial points P and P to their telescope.
If the motion of the two planets (Jupiter and Saturn) is known relative to the inertial systems S and
S’ then that calculation will encounter no fundamental complications (cf., Chap. VI), but only in
the case where the speed of light is also known relative to Sand S’ . It will follow from the relativity
principle that they are identical in S and S’. The spatial and temporal distances PPy and 77} will
actually be determined on the basis of that principle. However, it is no wonder that this must
produce different results for the latter, as well as for the former.
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The time of a certain event is therefore not considered to be something that is given a priori,
but it must first be defined on the basis of the principle of the invariance of the speed of light. The
length of the time interval between two spatially-distinct events can be determined only a
posteriori, accordingly. The spatial and temporal distances between two events are mutually-
dependent quantities that can be invariant only when they both vanish.

That connection between them is, by its nature, entirely analogous to the connection between
the horizontal and vertical measurements of a line segment, e.g., on a building. What does one
mean by “the height” of a tower? One often cares to define it to be the distance from its foundation
to its top. However, it is clear that this definition would be incorrect when the tower is inclined
slightly away from the vertical. One would then define its height to be the projection of the line
segment that points from the foundation to the top onto the vertical, and that is the most-general
definition. However, the vertical is not an absolute concept. The vertical direction must already be
different for neighboring points of the Earth’s surface, strictly speaking. That is why the “height”
of a tower, in the exact sense of the word, is an ill-defined, variant quantity, just like its length, i.e.,
its projection onto the horizontal plane. Obviously, one can consider the “natural height” of the
tower to be its maximum height, which one will get when the line that points from its floor to its
top proves to be vertical. Obviously, its length must vanish in that way. We can define the smallest
time interval between two events that was defined above to be their “natural” time interval in the
same entirely-conventional sense of the term or define the smallest spatial distance between two
events that cannot be connected causally to be the “natural” distance. From (24.a), those natural
distances are precisely the invariant spacetime distances that can be determined from the formula

s* = &% —¢? r* when one chooses any inertial system as a basis, just like the “natural” height of

an inclined tower can be determined from its actual height and length by means of the well-known
Pythagorean formula.

When one believed some time ago that the Earth was flat and the vertical direction was
determined absolutely, one treated height (and correspondingly, the horizontal distance) as an
invariant quantity. One continued to believe that about time and spatial distance up to 1905. In the
year 1905, that idea was known to be an irrational prejudice for the first time by Einstein, and the
coupling of time and space determination in different inertial systems was established on the basis
of the relativity principle (and the invariance of the speed of light). In that way, the older physics
of three-dimensional space and one-dimensional time was converted into the modern physics of
four-dimensional spacetime manifolds or the four-dimensional world, according to Minkowski.

We have often said that in order to treat the determination of spatial distances in the theory of
relativity, one must refer them to empty space and not to material objects. Then again, how can
one measure the length of a rod, and how can one define it at all? The general definition reads as
follows: The length of a rod is the distance between those spatial points where its two ends are
found at the same instant. However, since the concept of simultaneity is relative, the length of the
rod that was determined by the definition above must be different in different inertial systems.

Therefore, we can refer to one of the lengths / that are given in the inertial system relative to
which the rod is at rest as the “natural” or “rest length.” In that way, it is distinguished by the fact
that the aforementioned simultaneity condition is inessential for its determination. That is because
if one considers two events that occur at the ends of the rod in question at different times then that
will always give the same value for their spatial distance. One sees that from Fig. 36, where the
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aforementioned events might be represented by the points QO and Q1. The rod shall be at rest relative
to the inertial system that goes through XZ such that the “motion” of its ends will be represented
by the two (dotted) lines that are parallel to the time axis OZ. The “rest length” of the rod / is then
equal to MN (or QC). From the definition that was cited above, its length |’ relative to a different
inertial system that goes through X'Z’ will be determined by the segment M’ N’ on the new X'

-axis (where M’ and N’mean its intersection points with the dotted lines). Now, one obviously

has I' =1/ cos ¢, i.e., from cos p=1//1+V* /K* :

I = 1 J1+V* /K*,

or ultimately, due to the fact that k? = — ¢*:

I = 1 J1-Vv? /K? | (25)

The rod that moves with the speed v then seems to have been shortened by the ratio y/1-v*/c? :1
(in the figure, M'N’ is bigger than MN since it actually corresponds to a real value of k). That

result initially seems to be in complete agreement with the Lorentz contraction hypothesis (cf.,
Chap. VII, § 6). However, that is by no means the case since under that hypothesis, the moving
(relative to what?) electron should actually be shortened in the direction of motion, while
according to the Einsteinian relativity principle, that shortening should pertain to not only the
electron (the rod, resp.) itself, but also to the “distance between the spatial points where its ends
are simultaneously found.”

If one considers the time duration of a phenomenon that takes place relative to the inertial
system that is represented by XZ at a fixed spatial point (e.g., one end of the rod), instead of the
length of a rod, then one will find the following relationship between the “rest duration” zand the
corresponding time interval 7’ in the “moving” coordinates system by the same geometric process:

P (25.2)

J1-v2/c? ’

which agrees with the first of formulas (24.a), which was derived in a different way, namely, on
the basis of the transformation equations (23). Obviously, one can derive it from (25) in the same
way. We have preferred the geometric method, due to its intuitiveness.

The problem with this method obviously consists of the fact that the coefficient £ is imaginary.
However, there is a second method that is free from that drawback. It corresponds to the other
solution of equation (21.a), namely, @' = @ — 2¢ . One will have to simply set k£ = c, as is easy to
see. In fact, since the two axes X and Z will be rotated in opposite directions, so for positive v, they
must coincide for a certain limiting value of v.
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If the original system is rectangular (@ =
VA L 90°) then that will happen for ¢ =45°. We will
O 4 then find from (21) that:

Z=ct

c _ sin4%

/7 k  sin(90° —45°)
1e., k=c.

The spatial and temporal components of the

, X spacetime distance s between the events O and

59 01 (Fig. 37) from the standpoint of the

745 2 y  “moving”inertial system that is represented by

X'Z' are, in this case, coupled with the

2

corresponding components of the segment
Figure 37. Q0 by the formulas:

g =Loc, cr' =1co,
V4 V4

in which ymeans a “gauge factor” that is not equal to 1. Now, it follows from the figure that:

0C=QC'cosp+C'Q,sing, CQO1=QC'sinp+C'Q,cosg,
1.e.:
&= ycosp(&'+vr'), t= 7c05(p(r’+i2vj ,
since one has:
sin v
¢: ogo = -
sin(90°—¢) ¢

In order for those formulas to be identical to the transformation formulas (23) or rather, the
reciprocal formulas:

E+vr! T +vE e’

J1-v2ic? ’ J1-v2/c? ’

it will obviously suffice to set ycos ¢ = 1/4/1-V?/c? , or since one has cos = 1//1+Vv*/c’ in

the case considered:
/1+ vZ/c?
=, |—. 26
4 1-v?/c? (26)
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Figure 38.

That coefficient can be determined graphically to be the length of the segment OM’ = ON’, which
is cut out from the new axis X'Z' by the hyperbolas (Fig. 38):

XX-z°=+1. (26.2)

By solving that equation, in conjunction with the equation z = (v / ¢) x of the X' -axis, we will, in
fact, get the coordinates of the point of intersection M ":

2
2 _ 1 Z¢2 — V_XIZ
2 2 2
1-v°/c c
As a result, we will have:
2 2
OM™ = x2 4+ e _ +vi/ct
1-v?/c?

In order to represent the events by means of the coordinate system X'Z', which corresponds

to the “moving” inertial system, we must then define the unit of length by OM’ and the unit of
time by ON'/c = OM'/c.

The condition that determines the change in the gauge under the transition from the inertial
system “at rest” to the moving inertial system with the method of representation that is being
considered is analytically identical to the condition that expresses the invariance of that gauge
when using the previous method. That is because when one replaces z=c ¢ with z =i ¢ ¢ in (26.a),
that equation will assume the form:

X +12° =1, (26.b)
1.e., it will represent a circle.
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Note that when the segment Q01 in Fig. 37 is inclined with respect to the Z-axis less than the
bisector (or asymptote) OL, one can draw the Z'-axis parallel to QQi. That means that the two
events take place at the same spatial point from the associated “kinematical” standpoint. By
contrast, if the angle between Q01 and OZ is greater than LOZ then there will be a direction of the
X'-axis that is parallel to it, i.e., an inertial system in which those events appear to be
simultaneous.

The cited graphical representation can be easily generalized to the case of non-rectilinear
motions in a plane. However, we would not like to go into the details of that question here, and we
will move on to the most-general case of the four-dimensional “world,” while employing
geometric terminology.




CHAPTER NINE

APPLYING THE THEORY OF RELATIVITY TO
ELECTROMAGNETIC PHENOMENA

§ 1. — Transforming vectors.

The formulas (18) and (18.a) of the last chapter represent a special case of the Lorentz
transformation. The general case corresponds to a motion of the spatial coordinate systems
S'(X], X,, X3) relative to the “rest” system S (X1, X2, X3) in an arbitrary direction, and under which

the orientations of the two systems can be different. The sixteen coefficients oy of that general
transformation can obviously be determined by composing the special transformation (18) with
two ordinary spatial transformations that mean a rotation of the “rest” and “moving” systems of
axes.

However, it is simpler and more convenient to represent the aforementioned special
transformation in a coordinate-free manner as a relationship between the times ¢z and t’ and the

spatial radius vectors v and v’ whose components are given by x1, x2, x3 (X , X;, X3, resp.). Recall
that v and ¢ (or i ¢ #) can be regarded as the spatial and temporal projections of the four-dimensional

spacetime vector . Therefore, t' and t" (i ct’) will mean the corresponding projections of the same

b

spacetime vector in the moving,” or even better, “primed” inertial system. One must further
observe that the “origin” of the two systems O and O" and the initial moments =0 and t" =0 are
chosen in such a way that O and O will coincide for =t = 0.

Let the velocity of S’ relative to S be v’. The velocity of S relative to S’ will then be:

v=-v.

We will define the direction of the vector v by the unit vector o =1/ v.

The formula:
O x v/c’
Ji-viict’
can obviously be represented in the form:
_t—(v-v)/ c?

t' ; (1)
J1i-v?/c?
since the product x; v means nothing but the inner product of the vectors v and v, under the

assumption that v has the same direction as the Xj-axis.

In order to obtain the relation between v and t’, we must combine the formula:
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with the formulas:

Now, we obviously have x; =t - voand X, =t’ - vo. The longitudinal (i.e., parallel to the velocity

v) components of v and ¢’ are then equal to:

(t vo) 1o [(¥' vo) Vo, resp.] ,

and the transverse ones are:
v — (¥ o) bo =10 X (¥ X 09) [v' — (¢ o) o =10 x (¢' X v9) , resp.].
The coordinate-wise equations above can then be replaced with the vector equations:

(vv,)v, —vt

«/1—v2/c2 ’

v — (v vo)vo=1 —(r v9) V).

(v' o) bo =

Adding the latter two will give the desired relation:

(vv,)v, —vt
v=r—(rbo) vt —F——mm,
J1-v?/c?
or after a slight conversion:
1 v—ut
v =| ——=-1|(rxp,)x0, +

J1-v2/c? ,/1—v2/c2 ’ (12

in which the vector — (v x ©o) x v represents simply the component of v that is perpendicular to
vo. One can easily get the coordinate-wise representation of the Lorentz transformation by

projecting that vector equation onto the “rest” or “moving” system of axes. In particular, if the two
coordinate systems have the same orientation then we will get:

X = 1 i {(w)v—x}+ X -Vt
J1-v2ic? v 1/1—v2/cz’

etc.
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The transformation equations that are reciprocal to (1) and (1.a) are obtained by simply
inverting the sign of v.

From the covariance principle, the spatial and temporal projections of the other four-vectors,
e.g., j and 2, must transform according to similar formulas. Namely, if one notes that in the case

of the “four-current,” the time 7 is associated with the charge density p divided by ¢, and in the
case of the “four-potential,” it is associated with the scalar potential, likewise divided by c, then in
place of (1) and (1.a), one will have:

, -(Gv)/c
p - L9 @
w/1—v /c
. 1 . i—(plc)v
i'=| —=—="1|(x1y) x 0, + ——=, (2.2)
[Jl—vzlc2 J v J1-v?/c?
and likewise:
,_p—(”v)/c
Q= —_—, (3)
«/l—vzlcz
1 A-(p/c)v
A= | ———— 1 |(Axv,) x 0, + e 2 (3.2)
(wllvzlc2 J e 1/1—v2/c2

Note that the velocity of a particle, i.e., the differential quotient u = d v / dt, cannot be considered
to be the spatial projection of a four-vector. In fact, d v and df obviously transform in the same way

as v and 7. One will then get the transformed velocity w’' = dv’/dt" from (1) and (1.a):

u = {1—

That formula is completely different from (1.a), (2.a), and (3.a). It represents the generalization of
the simple formula (23), Chap. VIII, for the superposition of two parallel velocities. By squaring
and adding the quantities (x, ict), (3, ip), (A, ip), we will get the squares of the four-vectors that

- }l[(l—\/l—vz/CZ)(uxUO)xuo+u—u] 4)

u-on
c

they define, which are true invariant scalars. Those invariants then have the following property:

2= r’-c’t?, (5)
7=t =p, (5.a)
A2= A —¢°. (5.b)

A third invariant quantity can be defined from the two vectors j and 2(, namely, the inner product:
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WUj=A1j1 + A2 j2+ A3 j3 + Aaja,

or
2Aj=Aj-9pp. (5.0)

In the case of time-constant fields, one can consider that quantity to be the difference of the
magnetic (kinetic) and electric (potential) energy per unit volume. It plays an important role in the
mechanics of the theory of relativity (see Chap. X). The other two inner products that can be
defined by the four-vectors t, j, A, have no physical meaning.

We have already defined the quantity | v | = \/ r’—ct® = \/ r'> —c’t’* (for the special case of

r = x1) to be a “spacetime” distance. In the case considered, we are dealing with the “distance”
between the events that are characterized by (v, 7) [(¢/,t"), resp.] and the coincidence of the

coordinate origins of the two systems (» = r" = 0, t = t" = 0). The four-dimensional distance
between two arbitrary spacetime points (v, #1) and (v2, #2) is correspondingly expressed by the

formula:

s= R =c*(t,-1)’, (6)
where
R=|tv2—1] (6.a)
means the ordinary spatial distance.
We saw above that we must distinguish two cases, namely, s?< 0 and s°> 0. In the first case,
the vector s is called time-like since there is an inertial system S’ where its spatial projection R’

vanishes. In the second case, there exists no such system. However, there is an inertial system
relative to which the temporal projection of s will vanish. That is why one refers to the vector s as
space-like in this case.

In the limiting case of s = 0, which appears in the propagation of an electromagnetic effect,
one can make the two projections of s (viz., the spatial and temporal ones) vanish individually,
1.e., one can make the two events (e.g., emission and reception of a light signal) coincide in space
and time. However, in that way the new coordinate system must move with the speed of light with
respect to the original one, which is physically unrealizable.

The cited considerations obviously remain valid for the arbitrary four-dimensional vectors. In
particular, we must then distinguish between space-like and time-like four-currents and four-
potentials, i.e., ones that reduce to their spatial or temporal projections for a suitable choice of
reference system. Finally, we must make the following remark: We can set j = (p / ¢) u for the

current density of a moving electron with a volume charge. In particular, if we are dealing with a
pure translational motion with a velocity of u then we must have j> < p* since u < c. In this case,
the vector j will then be time-like and can be reduced to its temporal projection. Obviously, that

will happen for the inertial system S’ relative to which the electron is instantaneously at rest, i.e.,
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it moves with a velocity of v = u relative to the original system. The corresponding “rest density

of the electricity oy is obviously determined from the equation p° — j*= g7, i.e.:

p= pyl-u?/c’. (7)

It then represents the least-possible value of p. u can be larger than ¢ when the electron is rotating
(in the event that such a rotation actually takes place). The vector j would then be space-like.
Nothing at all can be said about the existence of a rest density for the electricity. By contrast, there
is an inertial system S in this case in which p vanishes, and j assumes the least-possible “natural”

value:
2

: . : c
Jo=\i'=p" = j[1-5.

u

2

However, it is very doubtful whether one can then represent j as the product of p/ ¢ and a “velocity

u since superluminal speeds are excluded from the theory of relativity in principle.

§ 2. — Transforming six-vectors.

We shall move on to consider the four-dimensional tensors and first investigate the skew-
symmetric field tensor or “six-vector,” 283. The general transformation formula for its components

in the inertial systems S and S’ read:
4

zakk’ ay Hy . 3

4
k=1 I=1

4 —
HY, =

If one replaces # and t" with x4/ ic and X; /ic, resp., and sets:

y—— (8.2)

J1-v2/c? ’

to abbreviate, then the special Lorentz transformation, which can be expressed by the formulas
(18), Chap. VIII, will be written as follows:

! V ! ! ! V
xlzy(xl—EXJ, X, =X2, X3 =X3, X“:]/(Xﬁﬁxij'

The coefficients «,, will then define the following matrix in this case:
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y 00 ——y
IC
) 0 10 O &)
o, ) = . .
K 0 01 O
Yy 00 y
IC

If one substitutes that in (8) then when one recalls the skew-symmetric character of 28 (Hyx = 0):

! ! V r V
Hy =H, Hy = 7(H31_-_H34J ) Hj, = V(le_-_Huj ’
IC IC
! ! V ! V
Hi, =Hu, Hy = y[EH21+H24j > Hy = 7[§H31+H34J )

and as a result, from the substitution matrix [cf., (5), Chap. VIII]:

Hy Hy H, Hy  Hy o Hy
H, H, H, -iE -iE, -iE, )’

one will have:

)

Since the velocity v has the direction of the first axis in the case considered, the quantities (v/c) E,
and —(v/c) E, will mean the second (third, resp.) component of the outer product & x (1/¢) v,
and analogously, the quantities —(v/c) H, and (v/c) H, mean the corresponding components of
the outer product (1/¢) v x $). If one then introduces the longitudinal and transverse components
of the vectors &, $ (&', $', resp.), as in the transformation of the vector v, then the relations (9)

can be given the following coordinate-free form:

($'- vo) bo=($  bo) v, H' —(H'-v0)vo=y[H—(H - vo) bo] — %U x &,

(&'~ v9) vo= (€ - v0) Do, &' — (&' v0) o= y[E€ — (& - 1g) o] — %n g

which will give:
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53'=(1—7)(53°Uo)l‘lo+7(f)—%b><€), (9.2)

€’=(1—7/)(€-uo)uo+7/(€+%Uxﬁ), (9.b)

upon addition. One gets the reciprocal transformation formulas, which represent the transition
from S’ to S, by simply switching the unprimed and primed quantities and inverting the sign of v.

For the limiting case of small velocities (v/ ¢ < 1), the formulas above result to:

5 =5-Zuxe,
X (9.0)
GIZG'FEUXS{).

Note that similar formulas were derived in the foregoing chapters and used many times. In
particular, we saw that a system of charges in uniform, rectilinear motion creates a magnetic field
strength $) that is coupled with the corresponding electric field strength by the complete exact

relation $3 = (1/¢) v x €. That relation will be given by the first of formulas (9.c) when we assume

that the charges in question are at rest relative to the system S', i.e., they create no magnetic field
in that system. The same result also follows from the exact formulas (9.a) and (9.b), and indeed,
when $' = 0, the reciprocal formulas will assume the form:

ﬁz%nx@’, & =(1-7) (€ vo) bo+ y&".

One will then have b x € = yb x €', and as a result:

ZEUXQE.
c

One likewise gets the relation € =— (1/¢) v x $ for the case in which &' = 0.

Formulas (9.a) and (9.b) can be combined into a single formula when one multiplies one of
them (e.g., the second one) by i =,/ —1 and adds it to the other. That will, in fact, give:

53’+i€’=(17)[(5+i€)-bo]-bo+[f)+i€—% bx(H+ieE)]. (10)

If one sets $ +i € = § here, to abbreviate, and squares that then, due to the facts that:
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(1/c)oxF=(v/c)(o,xF) and  [0ox F* = F? — (00 F),

one will get:
2

F2=(1-7 (F vo)*+ 7{F2 _\é_z(bo X%)z} +2(1-7) 7(F o)’

v v
=(1-p* (F vo)* + VZ{FZ—C—ZFZ"'?(UOS)Z}
i.e., from (8.a):
2
F? = F2+(300)2(1—72+72\é—2] = F?,

or ultimately:
O +iEY=(H+ieE) (10.2)

We have then found a new invariant of the electromagnetic field. Upon setting the real and
imaginary parts equal to each other, it will split into two invariants, namely:

H?-E? = H?-E? (10.b)
and
H-E=9H €. (10.c)

Note that those invariants can be obtained more simply. One first takes the square of the tensor 2$)

with no concern for its skew-symmetric character:

2692 = ZZHKZI = 2(H223+H321+H122+H124+H§4+H324)a
k 1

1.e.:
252 =2(H?~E?),

and that must obviously be an invariant scalar quantity. However, since 2§) is a skew-symmetric

tensor, when one forms its inner product with the “dual” tensor 2§)*, it will follow from (14.a),
Chap. VIII that:

29 - 29" =4 (Hys His + H31 Hos + Hip Hza) = — 4i (5 - €) = invariant.

The invariance of the quantities H*> —E* and §) - & shows that the characteristic property of the

electromagnetic field in the wave zone (viz., the equality of the magnitudes of the electric and
magnetic field strengths and their orthogonality) must be true in all inertial systems. One can then
characterize the wave zone from the standpoint of the theory of relativity quite generally by the
vanishing of the invariants (10.b) and (10.c).
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If both of them are non-zero then one can always choose an inertial system such that the field
strengths & and $) (or €' and $)') are parallel to each other at the spacetime point in question.

However, it is impossible to make one of them vanish or be perpendicular to the other one. One
can refer to the electromagnetic field as having “magnetic type” or “electric type” according to

whether H? > E® or H® < E?, resp. However, it can be pure magnetic or pure electric only when
$H-E€ =0.

The scalar (10.b), divided by 87, represents the difference between the magnetic and electric
energy densities. It will then correspond completely to the scalar (7).

Entirely-similar formulas and considerations will be true for the vectors I3 and )1, from which

the six-vector of electromagnetic polarization 2J8 is composed, and for the components 3 and 3*
of the polarization potential >3. One must observe only the fact that the vectors 93 and 3 do not
correspond to the quantity &, but rather — €. For that reason, instead of (9.a) and (9.b), we will

have the following transformation formulas:

M =1-y) (Mt -v,) 0, +}/(9ﬁ+%nxﬂ3j,
(11)
P'=CL-7)(B-v,)v, +7(’13—%U><9ﬁ],

and there will be identical formulas for the vectors 3%, 3.

Recall that when one treats time-constant fields, the electric and magnetic polarization seem
to be entirely independent quantities (cf., § 10, Chap. III), just like the electric and magnetic field
strengths. Later on (§ 4, Chap. V), when treating time-varying fields, we have composed them in

a purely superficial way since the current density j was not expressed in terms of merely 1%}3 ,
C
108 ) .
but by the sum rot 9 +_E' In that way, we considered both expressions to be completely
c

equivalent and reduced their formal difference to differing definition of the vector *PB. In fact, the
vector P was defined only incompletely by the formula p = — div P (§ 10, Chap. III) that was

originally used in its definition, even in conjunction with the boundary condition P, = 7, and one

can use that indeterminacy in order to replace 1 % with the sum 1 % + rot M1, along with the
C c

additional boundary condition 9T x n = 0. Obviously, that definitions of the two vectors 3 and
T are not free of arbitrariness, either. However, the principle of relativity shows that in the event

that they are established in a certain reference system, when one goes to another inertial system,
one must treat them as quantities that are closely coupled with each other by the transformation in
formulas (11). For example, if 91’ = 0 in the “primed” reference system (S'), and B’ is non-zero,
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then 9IT must also be non-zero relative to S, and it must be coupled with the corresponding value
of the electric polarization by the relation:

WZ—%UX&B. (11.a)

By contrast, if 3’ = 0 and 91" # 0 then one will have:
1
P=—v0oxMN. (11.b)
C

Both relations are true quite rigorously for arbitrarily-large relative velocities v (< ¢). If we have
a dipole at rest in the system S’ or a uniformly-polarized ball with an electric moment p’ then

from the standpoint of the system S, that ball will seem to be polarized not only electrically, but
also magnetically, with a moment of mi =— (1 / ¢) v x p. Therefore, p is identical to p’ in a first

approximation. According to (11), they differ by only quantities order two and higher in v / c.
Namely, by switching the primed and unprimed quantities and the sign of v in (11), we will get:

P=>0-nF -v0)vo+ yP

when 9t = 0. In the same way, a ball that is at rest relative to S’ and appears to be polarized only
magnetically with a moment of m’ ()3’ = 0) will also appear to have an electric polarization with

a moment of p =+ (1/c¢) b x m to an observer that is fixed in S. Obviously, we will then have:
p?=p°’-m’ or m'? =m?-p?, resp., (11.¢)

corresponding to (10.c). The inner product m - p remains equal to zero in both cases, which

corresponds to the invariance in (10.c).

It is possible to make a sharp distinction between an electric dipole and an elementary current,
or a magnetic dipole that can replace it as the source of an electromagnetic field, only in the
corresponding “rest system” then. Just as the electric field partially goes to a magnetic one under
the motion of the electric dipole that creates it, the electric moment of that dipole will partially go
to a magnetic one, and vice versa. Due to the relativity of velocity, the concepts of magnetic and
electric will be just as relative as, say, “spatial” and “temporal.”

Those considerations can obviously be applied to the case of the rotating electron that was
treated in Chap. VII, § 8. In that way, the introduction of the electric polarization will be
impossible, or better yet, inconvenient, in the “rest system” S’, in which the electron has only a
rotational motion, since the electron is not a neutral system. That is why one must next neutralize
it with an opposite charge (at infinity or anywhere else, e.g., at its center). In that latter case, a
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radial polarization would arise inside of the electron with a resultant electric moment of zero. By
contrast, one can replace the rotational motion of the electron with a homogeneous (as a surface
charge) or inhomogeneous (as a volume charge) magnetic polarization with the moment m that

was calculated in Chap. VII. As we already suggested at the time, when such a magnetic electron
moves relative to the observe with a translational velocity of v, it must appear to be electrically

polarized with a moment of p =(1/¢) b x m. From (59), Chap. VIII, that additional moment will
correspond to an additional scalar potential + 21 - v / c. However, that is precisely the value that

the transformation formulas (3) will give when we set ¢’ = 0 in it. That aforementioned additional

electric moment of the rotating electron can also be calculated without introducing the magnetic
polarization, and indeed, on the grounds of the transformation formula (2) for the electric charge
density. If one ignores the relativistic “contraction” of the electron, i.e., if one restricts oneself to
first-order quantities in v/ ¢, then from (2), one will have:

! 1~ ' 1»!
p=p+=jo= p'+=j'v.
C C
In that, one has:

j'= L (oxr),
C

where o means the rotational velocity of the electron relative to S’. From the definition of the

electric moment, that will imply that:

p= Ipth = Ip't[%n-(oxt)}dv ,

since I p'vdV =0. Now, we have:

v-(oxv)=tr-(bxo0),

and as a result, in the mean over different directions of v, we will have:

t[b-(oxt)] = t[r-(ox0)] = ir’(v x 0).
We will then have:

1(1 Lo 1 1 )
= —| —vxo0 redv = —px= ‘rrdv,
P 3(0 * jjp c X30-[p

i.e., from (45), Chap. VII:

1
p=—-vxm.
c



§ 2. — Transforming six-vectors. 311

Note that according to the theory of relativity, the angular velocity o, just like the magnetic

moment, is regarded as the spatial part of a six-vector. In order to be consistent, one must treat the
rotational motion in an entirely-different way from the translational motion. Rather, it is
questionable whether rotational motion can exist at all, in the ordinary sense of the term. That is
because a rotation of an ordinary material body can be reduced, in essence, to a translational motion
of the electrons that define it. Whether one can speak of a rotation of the individual electrons in
the same sense is initially still quite doubtful.

As was suggested before in Chap. VII, § 8, the expressions (57) and (57.a) that were given at
the time for the additional torque and force that would appear due to the combination of rotation
and translation are false, and must be replaced with the formulas:

Mi=px €= (%Uxmjxéa

and

§=(p grad) €= K%Uxmj grad}(’fa.

In formulas (67) and (67.b), Chap. VII, which are supposed to characterize the interaction between
the two magnetic moments of a rotating electron, one must accordingly replace them with:

M=f-(pxr)
and
M'=rvx(pgrad)fr=—f-(pxr),

in which one has v x v (p grad /) = 0. The two torques are then equal and opposite, from which it

will follow that the resultant impulse moment of the electron must remain constant. We will return
to that topic in the last section of this book.

§ 3. — Transforming the energy tensor. Force and torque.

The various components of the energy tensor *® [cf., the matrix (14.a), Chap. VIII] transform
in a rather complicated way. That is why we would like to restrict ourselves to considering the
energy density & and the momentum g. As far as the former is concerned, we will have:

&'=0, = ZZaMaM@kI = af4®11+2a14a44®14+0{f4®44,
PR

i.e., from (12.a), Chap. VIII and (8.b), Chap. IX:
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2
£ = | - HE - D) vg v,
or, since £= (H*+E?)/87z and y*(1-v*/c®) =1:
' o 1V 2 2 2
E'=E+2y ——2(H2 +H;+E; +E)-vog, |.
8z c
Now, since the velocity v has the direction of the Xij-axis, one will obviously have:

2 2 2
vgi=v-g and Z—Z(H22+H§+E22+E§) =(1bx€j J{Et)xﬁj .
c c

The coordinate-free transform of the formula for the energy density will then read:

1
47c?

&= §+72{ [(Ux€)2+(bx5§)2]—2ng}. (12)

Note that the second term in the bracket corresponds to the classical transformation of kinetic
energy for v <« c¢. Namely, if one considers a particle of the mass m that moves relative to S with
a velocity of u from the standpoint of the second coordinate system S’ then one will get:

12

T =imu? = im(u-v)’= Imu’ —mu-v+imv?,

N

or approximately, for v <« c:
2T' =2T—-(mu)-v.

Here, m u means the momentum of the particle considered relative to S. The fact that the

electromagnetic energy density (£ = uC®) corresponds to twice the kinetic energy of ordinary
mechanics was already mentioned in § 3, Chap. VII.
As far as the transformation of the electromagnetic momentum is concerned, we have:

—icg; =0, = ZZ Ay 4,0 = a1 a1s O+ i1 ous O + aur 14 O41 + 41 us Oy
k1

for its first component, i.e., from (8.b):
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gl’_y_z{—lcgl[1+V2J+——(H2 HZ —H2 4+ E?~E2—E2)— g}

—ic C 8
or
=7 K“C—Vj 62 er LY (M )} (124
We get:
—icg,=0,, = ZZakz a,, 0, ZaM o, =014 @21 + cus Oy,
Le.

, 1 v
9, = 7‘:92 +EC_2(E1 E,+H, Hz)} )
for the second component, and likewise:
, 1l v
93 = 7[93 +EC_2(E1 E,+H, Hs)} 5

for the third. Those formulas cannot be simply combined vectorially.
We would like to add the following formula for the linear invariant of the tensor *®:

4
Z®kk =0

k=1
That is given directly by (13), Chap. VIIIL.
In Chap. VII, § 7, along with the vector g, we introduced the vector v x g, which we defined

to be the density of the electromagnetic impulse moment. From the standpoint of the theory of
relativity, that quantity must be regarded as a component of a rather complicated four-dimensional
quantity. The ordinary components of the vector v x g, namely, xx g/ — x; g, define three (or six)

components of a partially-symmetric, partially skew-symmetric four-dimensional tensor of rank
three, and the general form of its components is:

Xk O — X1 O .

The four-dimensional extension of the usual three-dimensional forgue v x § will be
correspondingly represented by the skew-symmetric tensor, or six-vector 29I, with the

components:
My = xk fi — x1 fic - (13)
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Therefore, the first, second, and third component of the vector will be equal to M»3, M31, M12. They
will then relate to the angular momentum tensor 20t in the same way that the magnetic field

strengths relate to the field tensor 2§3. The associated part of 29J% that corresponds to the electric

field strength is a vector with the components:
iMy, i My, i Mg,
i.e., when one recalls fa=1il/c:

I—t—Cf. (13.2)
C

We will come back to that vector, and the tensor 2% in general, later on. It plays a non-trivial role

in the theory of rotational and orbital motion. The transformation formulas for the vectors v x §

I . . .
and —v—cC§ are completely identical to the transformation formulas for $) and €.
C

Ultimately, it should be pointed out that the components of the “four-force” (or “four-impulse”)
f transform in the same way as any other four-vector (cf., § 1). For that reason, we will not need

to go into the details of that issue. However, it would not seem irrelevant to emphasize that in the
theory of relativity, the ordinary force f is a variant quantity in regard to not only its direction, but

also its magnitude, just like the spatial distance between two space-time points. By contrast, the
difference:

fZ_C_ZZfZ

is regarded as an invariant quantity. If one substitutes [ = § - u in that then one will have:

1 2
e (i)
C
It follows from the constraint u < c¢ that the vector § is space-like, and the quantity:
l 2
fo= fz_(_f.bj (13.b)
C

represents its “rest magnitude,” which is the “natural” magnitude that is as small as possible. The
relativity of force is an immediate consequence of the relativity of velocity since the latter enters
explicitly into the expression for the force according to the formula:
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f=p€+%bxﬁ.

§ 4. — Applying the relativistic transformation formulas to the uniform rectilinear motion
of electrons and oscillators.

In § 2, we alluded to the fact that the influence of translation (with constant velocity) on the
properties of rotating electrons can be determined by means of the theory of relativity. We would
now like to calculate the electromagnetic field of a moving electron (initially with no magnetic
moment) in the same way and then the field of an arbitrary oscillator (so the magnetic electron can
be regarded as a special case of that). In that way, we will treat the electron, like the oscillator, as
point-like, for the sake of simplicity.

The field of those particles relative to the coordinate system S’ in which they are at rest must
obviously be assumed to be known. As always, we shall denote the velocity of S’ relative to S by
0.

a) Electron (point-charge). — The electromagnetic potentials in S’ are:

(S]
A'=0, = —.
@ R
It will follow from (3) and (3.a) (in which the primed quantities can be switched with the unprimed
ones while inverting the sign of v) that:

!

m:%n, ¢ _ - __¢ (ﬂ%j- (14)

T -F Ry

The problem then arises of expressing the distance R’ in terms of the “unprimed” quantities. We
assume that for = t' = 0, the electron is found at the common origin (O or O’, resp.) of the two
coordinate systems S and S’. We then, in turn, address the calculation of the quantity R’ that is

associated with an arbitrary spacetime point Q (v, ¢) in S. Let the radius vector of the electron in §
be denoted by t°. Obviously, we have t* = OO’ = b ¢, and the distance from the reference point P
(v) considered to the electron at the moment ¢ (in S) will be equal to the magnitude of the vector
R=r-1"

If one introduces the coordinate axes (Xi, X2, X3) and (X/, X,, X;), as usual, then after a

Lorentz transformation, one will have:

r_ Xj__Vt _ X1_Xf ' '

= X, =Xx2, X; =Xx3,

X = ,
Ji-8° 1-p
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and
' ’ ' ' —x? 2+ 1- 2 X2-|-X2 F\)*2
R2 = X2+ x2+X2 = (x—x) (]-(_ﬁg))( 2 +X3) _ y (14.2)
1.e., as a result:
o= F‘:*, (14.b)

in agreement with the results of Chap. VI.

The electric and magnetic field strengths can be obtained from those formulas by
differentiating with respect to the coordinates xi, x2, x3, and time. However, one can determine
them directly from the corresponding expressions for the rest system S’ according to the
transformation formulas (9.a) and (9.b) or the formulas that are reciprocal to them, Namely, one
has:

E=—N, H=0. (15)

As a result, we have:

€
RIS

ﬁz%u xE E=(1-9)(E vy)vo+y¢& = {(1 =9 (R’ o) vy + yR'}.

Now, in coordinate notation, we have:

R 0y = X = = () = 7R 00).

1- 3

The first component (i.e., the one parallel to vo) of the vector (1 — ) (PR’ vg) vo + y D' is then

equal to:
(1-pPpyRoo+y° Roo=yR .

Since the other components of YR and PR’ are identical, we will have simply:

1= yCR-0vo)bo+ yR =R, (15.a)
and therefore, from (14.a):
R
¢ =(1-p)e =% (15.b)

That is formula (13), Chap. VI that we know already.

b) Oscillator. — We consider the oscillator to be a double dipole whose electric and magnetic
moments are given by the vectors p’ and m’ in the “rest system™ S’. Those vectors can initially
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be arbitrary (but known) functions of an oscillatory nature in time t'. We can combine the vectors
p’ and m’ into a skew-symmetric moment tensor 2p with the components (relative to S'):

pés = m1’1 pé1 = m;’ p1,2 = mé’
P =1P, Pou=iP; Py =Ips

The electromagnetic field of that double oscillator in the system S’ is determined by the known
expressions for the electric and polarization potential:

_t'-R'/c ,

t’ R'/C
'J , ;5!* I'
R’

5] =

(16)

[Cf., (28.a), Chap. V. What was denoted by t’ in that expression is now t'—R’/c ].
According to the formulas that are reciprocal to (11), in which 3 and 9% are replaced with 3

and 3*, the transformed expressions for those potentials (in the system S) will now read:
1
3=1-»@R -vo)bot 3+ -0 x3"),

3*2(1—7)(3'*-00)00+7(3'*_%°X3’)-

If one introduces the expressions above in them and recalls that R" = y R* then one will have:

3= F\:}* [(71_1) (p'-0y)p, +p'+%bxm'} ,
(16.a)
3= F'\;L [(71—1) (m'-v,)p, +m'—%nxm’} :

In those formulas, p’ and m' are regarded as given vector functions, and we need to express only

their argument, i.e., effective time relative to S':
' =t'—-R'/c,

which plays the role of phase, in terms of 7 and v (or *R).
Now, if R" = y R" and:

t!
CZ

_t=(r-v)/c® t-o
B J1-v3ic? _y(t__j

then, as a result, one will have:
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= y(t—tc—'z"—%j =y, (16.b)

in which 7 has the meaning relative to S that would correspond to z’'. One can calculate the
potentials A, ¢, and the field strengths &, $3 by differentiating (16.a) with respect to x1, x2, x3, ¢

using the last formula. However, as we have remarked before, it is generally much simpler to
calculate the desired quantities (e.g., € and $3) directly (using the formulas that are reciprocal to

(9.a) and (9.b)] from the corresponding “primed” quantities, which have the forms:

QE':(:Z_R[mox(moxp)+moxm]a 9 :Cz_R[p xRy + Ry x (R xw)],

in the case considered, according to (31), (32), (51.a), and (51.b).

However, we would not like to do that calculation and will content ourselves with the remark
that the electric and magnetic field strengths must also be numerically equal and perpendicular to
each other relative to S [according to (10.b) and (10.c)]. It follows from this that the ray vector K

C . . . .
= - (&x %), just like K', can be represented by the product of the energy density times the speed
V4

of light. However, the direction of that light velocity must be different in Sand S’.
One can determine the relationship between K and K’ directly by means of the transformation

formulas (12.a) and the ones that follow from them. However, it is simpler to calculate the change
in the two factors & and ¢ (obviously, the latter relates to only the direction) individually.

For the sake of simplicity, we will assume that the radiated light is “unpolarized,” i.e., the
oscillations of the oscillator are distributed uniformly in all directions, and the intersections of the
vectors $)' and &' with the directions perpendicular to the wave normal n’ (= YR’/ R") will have

the same absolute value correspondingly. Obviously, their mean values & and $) must vanish
then. By contrast, according to the equation (E'> +H'?)/87z = &', we will have:

B = WP = 4rg

for the mean values of their squares. The mean values of (b x $)* and (v x &')? are obviously
equal to each other. In order to determine them, we set ' =n’ x €' (or €' = ' x n’). We will

then have:
bxH =oxMxE)=(L - E)M'—-n'-v) &

and as a result:

(0x$)° = (b-&)> +E*(n’-v) (since & -n' =0),

or since:
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(0 €)=V E"-(0'x &),

we will have:

(0% $3)2 +(0x&)2 = V> E? (L+cos? &),

in which & =(n' - vo) means the angle between the wave normal (i.e., the ray R") and the velocity
v.
From (12), when we switch the primed and unprimed quantities and recall the fact that:

vE

v-g =-—co0sb,
Cc

we will get the formula:

2
&= 5’{1+ 7’ D_Z (1+cos’® &) + 2%005 0’}} .

If one sets v/ ¢ = fin that and observes that > = 1/ (1— ) then one will get:
E= E'[sin* @'+ y*(cos @' + B)*] = £'y*(Bcos +1)°.

The change in direction of the light rays (wave normals) under the transition from the coordinate
system S’ to S can be derived quite simply from the formula (16.b) for the “phase,” when
expressed as a function of v (and 7). That is because the wave surfaces can generally be defined to
be the surfaces of constant phase at fixed values of time. From the standpoint of the coordinate
system S’, in which the oscillator is “at rest” at its origin O', the surfaces of constant phase 7’ for
t' = const. are determined by the equation R’ = const. They will then be concentric spheres, as is
clear from the outset. By contrast, from the standpoint of the system S, according to (16.b), they
will be given by the equation:

W= %U+ R" = const. (17)

The direction of the wave normal at the reference point (v, ¢) is obviously determined by the

gradient of y. We then have:
grad = 1u+grad R,
C
or in coordinate notation:

X3
R*’

oy =% Oy n¥ Oy 2
—_ 4+ = = _ 1_ 5 _ 1_
ARl S LN S O

and as a result, from the known formulas:
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. R
R L I S S LS

one will have:

!

W_pge X W_X v X%
X, R ox, yR’ ox, yR

If one denotes the angle between the wave normal and the direction of v in Sand S’ by fand &',

resp., then one will obviously have:

2 2
s LW g L [a_vf] (a_wj ,
|grady | o%, |grady |\ { 0%, %,

on the one hand, and:

12 12
cos @' = X sing = Y2 T%

on the other. It will then follow that:
tan o= — "% (18)
(ycos@'+ )

For example, let S be a coordinate system that is fixed on the Earth. A “fixed star” might serve
as an oscillator. That “fixed star” must move relative to S, and indeed with a periodically-
alternating velocity (due to the orbital motion of the Earth around the Sun). The direction of its
light rays that are observed on Earth, or in other words, its apparent location in the sky, must
correspondingly vary periodically. That is the phenomenon of the aberration of the fixed stars that
was discovered by Bradley. Ordinarily, one does not care to speak of the direction of the light ray,
but of the direction of observation that is opposite to it, and one does not consider the motion of
the star relative to the Earth, but the motion of the Earth relative to star. One must correspondingly
invert the sign of @ (angle of observation) and £ (velocity of the Earth divided by the speed of
light), which will not alter the formula above.

Note that, in reality, only the change in the angle € can be observed, which is based upon the
orbital motion of the Earth around the Sun. Therefore, a constant difference must remain between
@ and &', in general, that originates in the relative translational motion of the star and the solar
system. That relationship is represented schematically in the accompanying figure (Fig. 39). In
that figure, B means the Earth and A" means the so-called true position of the star. 4 is the
“apparent” position (from the standpoint of the system §), while BC is the instantaneous direction
of motion of the Earth (as evaluated in S"). The difference @ = & — 0 is called the aberration
angle. From (18), the tangent to that angle is equal to:

tand'—tand _ sing’ (y=1cos@' +p
1+tan@'tan @ ycosd'(cosd + B)+sin’ 6"

tan o=
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The velocity of the Earth relative to the stars (and one deals with only the relative velocity) is
very small compared to the speed of light. That is why one can set y= 1, and generally omit terms
of second order in f. Therefore, the formula above will assume the well-known simple form:

a~ fsin @ =~ fsin 6.

Up to now, we have made no assumption about the type of light
oscillations. We would now like to assume that those oscillations are
harmonic (i.e., monochromatic light). Let their frequency in the rest
system S’ (i.e., their “true” frequency) be v'. The dependency of the
oscillations of the oscillator on time is then expressed relative to S’
by the phase factor cos 27 v't’, and the corresponding dependency

of the light oscillations at the reference point in question is expressed

by cos 27zv'7’, i.e., from the standpoint of the coordinate system S Figure 39.
(viz., a terrestrial astronomer), by:
, tv R’
cos 2zv'iy|t————|.
c C

t remains constant for a point that is fixed in S (e.g., a telescope). By contrast, the quantity R

must vary slowly. For a time interval ¢ — # that is not too long, one can represent its dependency

*

upon time by (ddit} (t—t,) . Now, one has:
0

R _ (¢-x)d¢ __ R

dt R* dt R*

The phase factor above then assumes the following form:
cos {27[V’;/[1+% .Ej (t—t, +Const.)} .
C

The light oscillations that are observed in S are also harmonic then, but they will have a frequency
that is different from v':

y= v'7(1+?; %) , (19)

or approximately (for very large distances):
v=v"y(1+ Bcosb). (19.a)

That formula expresses the known Doppler-Fizeau principle, but in a form that is sharper than the
usual one: Namely, in addition to the “linear” Doppler effect, which is found in the factor of first
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order in £ and vanishes for 8= 7/ 2 (viz., motion perpendicular to the direction of observation),
there is also a “quadratic” effect that corresponds to the difference between the flow of time in S

and S’ by way of the factor y= 1/ «/ 1- % . One does not need to consider that factor for the

speeds that actually occur in nature (for stars, as well as isolated luminous atoms).

The last result regarding the change in the direction and frequency of light due to the relative
motion of the light source and the observer can be derived quite simply when one imagines that
the light source (i.e., oscillator) is infinitely distant from the outset and correspondingly treats the
waves as planar. The dependency of the electromagnetic field of such waves on position and time
is known to be determined by a phase factor of the form ® = ", in which the phase y is
expressed linearly in terms of the radius vector v and time ¢ by the formula [cf., (37.a) and (37.b),

§ 8, Chap. V]:
w=2r(—vtt+tr). (20)

The vector € is numerically equal to the reciprocal wavelength , and is directed parallel to

o<
N

the wave normal n.

The expression (20) refers to the coordinate system S. However, its numerical value must be
independent of the choice of coordinate system. In other words, the phase v is invariant under
Lorentz transformations. However, since v and ¢ define the spatial and temporal projections of the

four-vector v, £ and v (except for certain coefficients) must be the corresponding projections of a
certain four-vector € such that the phase y is equal to the inner product of those four-vectors (times
2 ) will be:

4
w=2mt-v=27) KX. (21)

1=1
On the other hand, from (20), w can be represented coordinate-wise in the form:
w=2r(+kixi+thkx+kxs—vi).

Upon comparing that with (21), we will get — vi=ka xa = ks ic ¢, 1.e.

ki=—v = (21.a)

il
.

O | =

One must then consider the frequency (multiplied by i / ¢) to be the fourth component of a four-
vector € (viz., the wave vector). The square of that four-vector is equal to zero identically:

e=>k’=0, (21.b)
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which corresponds to the fact that it represents the propagation of an effect with the speed of light.
It follows from the argument above that the spatial and temporal projection of € will transform

just like the corresponding projections of .

From (1) and (1.a) (in which ¢ is replaced with € and ¢ is replaced with v /c®):

Vi =y(v—t-0) (22)

and

= y(k—;—zuj +(1- %) (bo x €) x vg. (22.2)

Recall that the vector (bo x €) x vo is nothing but the projection of € onto a plane that is
perpendicular to v.
We shall once more introduce the coordinate axes (X1, X2, X3), (X, X,, X;) and assume that

the vector € lies in the X; X>-plane and defines the angle & with v. (22) will then assume the form:

V= 7v(l—xcosé?j :
C

That is the formula that is reciprocal to (19.a), i.e., the formula for the Doppler principle. By
projecting (22.a) onto the first and second axes, we will get:

k'cosé' = 7(k COSQ—%) =yk (cos 0— p),
k'sin@'= yksin 8+ (1 —y) ksin =ksin 0,
from which it will follow immediately that:

_ sin@
y(cos0-p)’

/

tan @

1.e., the formula for the Bradley aberration that is reciprocal to (18).

§ 5. — The electromagnetic field of an arbitrarily-moving oscillator.

One can determine the field of an oscillator in uniform, rectilinear motion from the field of an
oscillator at rest (which is assumed to be known) by means of a Lorentz transformation. We would
now like to solve the corresponding problem for an entirely arbitrary translational motion. In so
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doing, we will treat the oscillator as point-like. Note that it can just as well represent a light source
(of any type of oscillation) as a “rotating” electron with a time-varying magnetic moment.

The desired solution is given most simply by means of a method that we have applied already
in Chap. VI, § 4 in the determination of the electromagnetic potential of a moving point-charge.
We will now replace that charge with the oscillator in question and replace the four-potential A

with the polarization potential >3. Since the latter satisfies the differential equation 023 = 0, just
like A, in which the oscillator appears merely as a point singularity, one can immediately write

down a point solution that corresponds to a singular spacetime point Q'(x"), and indeed in the
form:

in which S? =| v — ' |> means the four-dimensional (i.e., spacetime) distance between Q' and the

reference point Q (r) in question. Now, the question arises of how one should compose a “line
solution” out of such point solutions that would correspond to the actual translational motion of
the oscillator and its actual (time-varying) electromagnetic moment.

Since no identity (like say O%( = 0) exists between the components of the polarization

potential, we must look somewhere else for the answer to the question above.
It is initially clear that in the special case of the oscillator at rest, the general solution to be
determined must go to the known solution Zy = p,, /R, in which p,, are the components of the

polarization tensor for the effective moment t' =¢— R / c¢. That special solution can be represented
in the form:

That integral must then be taken along a closed curve in the complete t’-plane around the root of
the equation S° = 0 that corresponds to the retarded action (cf., the corresponding representation
of the Coulomb potential in § 4, Chap. VI).

If one seeks to adapt the foregoing formula to the general case then one will encounter the
following complication from the standpoint of the theory of relativity: The quantities Zi and pu
are covariant, and S’ is an invariant scalar. However, dt’ is not an invariant scalar, but only the
fourth component of the four-vector dv’, divided by ic, that corresponds to an infinitesimal
spacetime displacement of the oscillator along its four-dimensional “world-line.”

We now note that this four-vector must have a time-like character due to the condition that v <
¢ (b = translational velocity of the oscillator). That is why it is possible to replace the time interval

of variation dt’ with an invariant time-interval dz’ that is obtained when one considers the
oscillator from the standpoint of an inertial system in which it is instantaneously at rest, i.e., it
moves with the same velocity v relative to the original system as the oscillator at the spacetime

point considered. According to (24.a), that natural time interval, which is as small as possible, is
expressed by the formula:
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df:=va1—v*/c2. (23)

Note that the corresponding spacetime distance between the points ¢’ and v’ + dt’, which we

would like to denote by ds, is equal to:

) (A ) (dx)
ds’ = \/dx{2+dx;2+dxg2+dxf = iCdt’\/l_(d)t%j J{dt?j +(dt?j ,

ds' =icdr. (23.a)

1.e.:

One calls ds’ the arc-length element of the four-dimensional “world-line.”
The general covariant formula for Z, then reads:

’ _ 12 2
@ziémle/cw. 24)
7l

82

By taking the residue at the “retarded pole,” we will get:

1V IS
Zn = [ Pu ] , (24.2)
ty=t—R/c

(1-v. /c)R

as in § 4, Chap. VI. The method that we used at the time can serve as an illustration of the
methodological utility of the theory of relativity.
We would now like to show the simplest way that the ordinary electromagnetic potentials 2,

@ can be calculated from Zy . That will be much simpler on the basis of the four-dimensional
formula (24) than it is on the basis of the corresponding three-dimensional formula (24.a). It is
generally most convenient to pass to the ordinary three-dimensional space in the end result and
perform all of the intermediate calculations in four dimensions. From § 1, Chap. VIIIL., we will

have:
oZ - 0
Ak— _GXTI :_¢zpkl\)1 viier — ( jdt’

or with the abbreviation:
Pa = Pav 1-v?/c?, (25)

!

X — X .
L1 and pu = — pi , we will get:

and when we recall the facts that é =
XI
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2c P (X =X)
A= —Iqi Z“g%dt : (25.a)

i

For t' —t;, we further have S* = a, (t'—t})* +a, (' —t;)> +---, with:

2(gq4 3/c4
w=2 L8 L BB
2| dt? | 6| dt® |

i = ;2{1_§(t’_t6)+}’

As a result:

and from (25.a):

3

a, 2zi 7 (t'—t;) a, 2zi? t'—t,
in which we have set:

Fk(t') = Z p|T< (X| _X(),

to abbreviate.
Since the function F,(t") remains finite for t" = t;, one will have (cf., Chap. VI, § 5):

1 F.@) .., , 1 F@) .., d
— ¢ dt’ = F (t d — dt’ = {—F (t)}: .
27ziq‘> t'—t; (b) - an 27zi<-[> (t'—t))? dt’ () v

Moreover, after an elementary calculation, that will imply that:

a> = 4R’c*(1-V, / c)?
and

+
c? R

12 '
a3 =— 4Rc3(1—v;/c)(1—v o %J .

It will then follow that:

Ak

_ 1 Z“: X =X dpi Py dx,'+1—v'2/c2+V\/R P (% —X/) (26)
N\ 2 2 ' 2 ' /! 3 '
(I-vi/c)"='| cR® dt’ cR°dt 1-v;l/c R vt

We can now split the four-vector 2( into its spatial and temporal parts. In so doing, we remark that

for k=1, we will have:

Zp,*k(x,—x,') =pyi Rotp31t R3+pat Re=ma R3—m3 Ry — | pliC(t—t(;) =(mxR)y+piR.
|
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Likewise:
12 p,"l% = J1-v?/c? {(mxlu'j +pl}
c5 cC )

and

> 9P ) - [%(mm)xm} R STV,

1

Analogous formulas are true for k=2 and k& = 3. However, for k =4, we will get:

ZpI*A(XI_XI,)=i(p1R1+p2R2+p3R3)=ip°ma ete.
[

From (26), the vector potential A and the scalar potential ¢ = A4 / i can then be represented as

follows:
mlxlb, + !
o 1 @-v?I+w) m'xR® [ ¢ p+ 1fdm) w1 APl 264
A-vi/c)’| y@-vi/c) R ¥R? cRZldt’ ¥ cRdt' 7 [
Aty
2 2 ! r. NN i
- :’L 2 -y /C,+WR)p 39%_ Cz + 129{'1' L > (26.b)
(A-vg/c) y(@—vg/c) R 7R cR dt’{ y

with the usual notation:
1

J1-V2/c? '

The translational velocity of the oscillator is assumed to be a given function of time. As far as the
electromagnetic moments p’ and m’ are concerned, they can be considered to be immediately

given functions of time only in the corresponding rest system. Those known “rest values” p° and
m? are coupled with the values p’ and m’ that are referred to the chosen fixed inertial system by
the formulas:

m® = (1 7)(w'-v}) v +y(m'+%n'xp'j,
(27)
p° =1-7)(p'"-v5) v, +y(p'—%n’xm’j-
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[Cf., the formulas (11), § 2. The primed quantities there correspond to p° and m°. In our present
notation, the prime means that it is not the time ¢, but the effective time t;, = — Ro / ¢ that should
serve as the argument.] Obviously, we can also express p’ and m’ in terms of p° and m° by means

of the reciprocal formulas.

For the “rotating” or (when expressed more carefully and more physically precisely) magnetic
electron, the electric moment will be equal to zero in the rest system. In that case, we will then
have:

p' = %u’xm', (27.a)

such that the second term in the brackets in (26.a) and (26.b) will vanish identically. The magnetic
moment m' is then expressed in terms of the corresponding rest moment by the formula:

m' = (L-y)(m°-0)) v, +ym’.

If one assumes that the vector m® is always perpendicular to the direction of translation, i.e.,
the velocity vector v [which corresponds to the vanishing of the internal torque, according to

(53.a), Chap. VII], then one will get simply:

m' =ym’ (28)

In that way formulas (26.a) and (26.b) will assume the following forms:

. 0 1 1.
m x| R, ——v |[+-vxm
12 2 ! 0 0
o = 1 1-vP /e +wp m xR, ( c j C 73
' 2 ' 2 ’ ( 'a)
(1-vy/c) 1-vy/c R cR
1 1 1.
0 -0 0
1 12/ 1w —oxm R, N, —oxm +-vxm
R \C C C
+ (28.b)

T a—viio? ] 1-viic R? cR

The dots over m and v mean the corresponding differential quotients with respect to time t' at the
moment t' = t;. Obviously, one must combine those potentials with the ones that originate in the

charge of the electron.
In order to calculate the electric and magnetic field strengths, we must revert to the original
four-dimensional expressions since in so doing, we will need to consider the equation t; =7 —
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R/c, which determined the effective time, only in the final result, but not in the intermediate

calculations.
We would like to explain that situation in the aforementioned example of the potentials that
originate in the charge of the electron:

e

T ViR’

oA=Ly
c

The determination of the field strengths comes about in the usual way that was described in § 2,
Chap. VI, i.e., by means of the formulas:

$H=rotA, E=—grad p— 1o
c ot
. . . OA OA
We now replace those formulas with the four-dimensional ones Hy = ok and employ
Xk XI
the integral representation (23), Chap. VI, for Ax :
dx, dx’ 1
A= —P = = —¢ — t'.
Y s dt' s?
Therefore:
2e dx; N ax
Huy=— {d_tI:(XI X|) dt I, (Xk k)}
That expression can be brought into the form:
e(l-v'?/c®+w) e { }
Hu= RZD,, (1)) +
4 TV e RC o)+ V. /C)2R%c? | dt’ ®a®) -
in the same way as (25.a), with:
N Ox N ax
CDM(t Ed_tlf(x|_x|) d',(Xk )

which will immediately give the formulas for & and $) that were derived before in § 2, Chap. VI.

§ 6. — Deriving the basic electromagnetic equations from a variational principle.

In § 5, Chap. IV, we proved the theorem that the differential equation V2¢ = 0 for the scalar
potential inside of a bounded region represents the condition for a minimum of the integral:
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J= j (Vo) dV (29)

for given boundary values of the function ¢ on the bounding surface S. We can invert that theorem
and consider the differential equation V> = 0 to be a consequence of the variational equation:

5J=0 (29.2)

for given boundary values of ¢. In it, the quantity 6 J (the so-called first variation of the integral
J) means the change in that integral that is /inear in the infinitely-small change or variation 6¢ of
the function ¢ () in question. Equation (29.a) is considered to be only a first approximation for

the corresponding change in J then. In § 5, Chap. I'V, we also considered the terms that are quadratic
in 0 and showed that the corresponding second variation of J (viz., 6°J ) remains essentially-
positive when V2¢ vanishes.

In general, i.e., for a differential expression of arbitrary form under the integral sign in (29),
the formula (29.a) can be regarded as only a necessary, but not sufficient, condition for the
minimum of J. It can just as well correspond to a maximum or even neither a maximum or a
minimum, but a stationary value of integral J, i.e., a value that remains constant under an
infinitesimal change in the function ¢.

The differential equation V2 = 0 will be true when electricity is absent from the volume
considered V. However, it is easy to see that the more general equation:

Vip=—4rp,
which is true for a given, time-constant distribution of electricity with finite volume density, is also

completely equivalent to a variational equation of the form 6.J = 0, but in which the integral J is
not given by (29), but by the formula:

_ Vo)
J j{—&[ qop}dV
or

J= j{g—ﬂ—(pp}dv. (30)

¢ = — Ve means the electric field strength. The aforementioned boundary condition (d¢ = 0) must

then remain unchanged by that.
In fact, the first variation of (30) reads:

Just as in § 6, Chap. IV, we now have:
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E.6E=-—¢€.Vop =—div(dp &)+ dpdiv € =—div op € +47xp dp,

and as a result:
5J=-— jdiv(&ocz)dv = 955¢En dS =0.

2
Recall that the integral ISE—dV , which extends over all of space, is considered to be the total
T

electric energy in the charges that create the field €. As is known, the same energy can also be
represented in the form:
U= %Igp pdv.
In our case, we then have:
J=-U.

In that way, we can replace the boundary condition ¢ = 0 on S for an infinitely-distant surface
with the usual condition for the scalar potential ¢ = 0.
In an entirely-analogous way, one can prove that the differential equation:

V2UA=—4rj,

which determines the vector potential of a given stationary current distribution, is completely
equivalent to the variational equation 6 K = 0, where:

$H09H
k= J.{ dr

—§Ql~j}dv,

and note that:
H-0H=H 10t oA=div(0Ax H)+ oA -rot H=div(0A x H)+4xj-oA.

As a result:
5K = [div(eAx H)dV = §(5Ax$),dS =0.

That result, which can be true for only time-constant fields (°), can be immediately generalized to
arbitrary fields that correspond to a time-varying distribution of the charge and current density.
The general field equations read:

O°A =—47j and 2§ =rotA

(°) Which was first pointed out by K. Schwarzschild.
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in four-dimensional notation. Let the variational equation that is equivalent to it be:
05=0,

in which $'means an initially-undetermined integral. In order to determine it, we have the following
clues: First of all, in the special case of time-constant fields, the equation ¢ S = 0 must reduce to
the equations &/ = 0 and oK = 0. Secondly, S must represent an invariant scalar quantity.

Now, we have seen from §§ 1 and 2 that the quantities 2( j and ¢ p, on the one hand, H? and

and E?, on the other, can actually be combined into the invariant quantities:

Aj-—pp=2Aj
and
H2_E2: %252.

It will then follow that the desired integral S must include the function:

. 1 o1
QlJ—cop—g(HZ—EZF%J—EIrot?lIZ (1)

in its integrand.

As far as the domain of integration is concerned, it must be four-dimensional, due to the fact
that the space and time coordinates have an equal status. In order to free ourselves from any sort
of spacetime boundary conditions, we can extend that integration over the entire space and time
manifold, i.e., over the entire four-dimensional “world.” If we denote the volume element of “the
world” by d Q then we will have:

S= J'(Qlj—%(rotﬁl)zde, (32)

or in coordinate notation:

s=[[[] [;& jk—ﬁgz[%—%j }dxldxz dx, dx, . (32.a)

We must still test the tacit assumption that we have made that the expression for the volume of a
four-dimensional “world region” that was just cited:

fda = [[[Jdx dx, dx,dx, = [[icdv dt (33)

is actually invariant under the Lorentz transformation (otherwise the variational equation 0.5 =0
would make no sense). If we go from the coordinate system in question X to another system X'
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that is in a state of uniform, rectilinear motion then from the well-known theorem of Jacobi, the
integral (33) will go to the multiple integral:

[[] [ D dx; g ax;,

in which D means the functional determinant with the elements 0X, / 0X| = ax . However, due to

the orthogonality of the Lorentz transformation, that determinant will be equal to 1.

The quantity S corresponds to the Lagrange function (or more precisely, the action function)
of ordinary mechanics, i.e., the difference between the kinetic (viz., magnetic) and potential (viz.,
potential) energy. We will use that fact later when we derive the equations of motion of an electron.

We would now like to calculate the variation 6 S and convince ourselves that the equation 6 S
= 0 is actually equivalent to the original field equations. Obviously, in so doing, we must treat the
components of the four-current j as given functions of the four coordinates that are not to be varied.

We will then have 6 (A4« jx) =jk O Ak, and furthermore:

S[OA_AY (A _oA)(asA oA _,, (00 20A
0% OX, ox,  Ox J\ OX OX, X, X,

We can convert the last expression as follows:

05A 05A)_ 0 0
Hlk[ _—j_ 8X|(H|k5Ak) ox (H|k5A1) 5Ak 5A

oX, OX, ‘ X,

When summing those expression over the two indices k& and /, the latter can obviously be
switched with each other:

0 0
[e.g., one has Zza— H, oA 22267 H,5A)]
ko |

If one recalls that Hi = — Hix then one will have:

Xk ko1 |

:42 [Z&A(H,kj Zmzag'x'f-

k |

rl3-a)] axgmonrazat
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The sum Z ai(z oA H,k] can be treated as a four-dimensional divergence of a four-vector
|

| k

with the components Z oA H, (I=1,2,3,4). It must vanish under the integration over the entire
k

“world.” We will then get:

5S= Hﬂzéﬁ{jk _i.z%klj d, dx, dx, d, .

In order for that integral to vanish for arbitrary (infinitely-small) values of 04« , the equations:

S My _ G OA L 0 A

- DX — 4z
~ 0X, — Oox>  Ox, T o I

must be fulfilled. However, they are precisely equations (7) from Chap. VIIL. It will follow those
equations that:

dj 0* <0 0* <0
I D Y S e

| k k |

i.e., the conservation law for electricity, as well as the relation:

o))

5,

1=1

and the usual field equation: O° A = — 47 .




CHAPTER TEN

RELATIVISTIC MECHANICS

§ 1. — The elementary theory of translational motion.

When investigating the motion of a material particle in classical mechanics, one prefers to
choose time to be the independent variable, i.e., to represent the spatial coordinates xi, x2, x3 as
functions of time ¢. In reality, due to its varying character, time is just as unsuited to the role of an
independent variable as the coordinates themselves. In the “graphical” representation of events,
1.e., spacetime points, by points in four-dimensional space, time, multiplied by ic, will simply
become a fourth coordinate on a par with the other three. Kinematics, i.e., the study of motion in
ordinary three-dimensional space, will then be reduced to a pure geometry of four-dimensional
space. In that way, only the condition that was suggested in the last chapter (§ 5) of the time-like
character of all four-dimensional lines that represent the motion of a particle (electrons,
oscillators) must be fulfilled. One cares to refer to such time-like four-dimensional lines as the
world-lines of the corresponding particles. That is why it would seem convenient to define the
position of the particle in question along its world-line, not by time, but by the length s of that
world-line, as measured from a certain point. The element of length of the world-line ds and the
corresponding smallest-possible time interval dz, as we have seen before, is determined by the

formulas:
ds = ic dr=icdt\1-v*/c? (1)

If the motion of the particle is known as a function of the associated time in any coordinate system
then one calculates the invariant proper time t = [ dt of that particle, and as a result, the arc-length

s = ict, according to the formula:
T= Hl—vzlcz dt . (1.a)

Dividing the four-vector d v that determines the elementary spacetime displacement by its
magnitude ds = | d v | will yield a unit vector with the components dx; / ds. From the standpoint of

“world geometry,” that vector defines the fangent direction to the world-line of the particle in
question, and from the kinematical standpoint, it represents the direction and magnitude of its
velocity. That is because one has:

dx (o /d) v v,
ds  (ds/dt) ¢, 1-v?/c? ©ds icy/1-v2/c? ’
dx, V, dx, 1

ds icwfl—vzlcz’ ds 4/1—v2/c2'
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It is often much more convenient to use the proper time as the independent variable, and not the
arc-length.
The quantities:

dx, A dx, v, dx; v, dx, _ ic

Ezall—vzlcz’ E_«/l—vzlcz’ E_«/1—v2/c2’ E_«/1—v2/c2

define the components of a four-vector v that we will refer to as the four-velocity. Its spatial and

D v ic
temporal projections are equal to and ,
J1-v2/c? J1-V2/c?

vanishes, while the second one assumes the constant value ic: That means that a particle that is at
rest in the chosen coordinate inertial system will displace in time, i.e., in the direction of the fourth
axis, with a constant velocity of ic. If the ratio v/ ¢ is small compared to 1 then the spatial projection
of v will reduce to the ordinary velocity v. A uniform, rectilinear motion in three-dimensional

resp. For v = 0, the first one

space will be represented by a “world-line.” In that way, the four-vector v will remain “constant,”

i.e., independent of 7 or 5. Any deviation of the motion from rectilinearity or uniformity would
correspond to a curvature of the world line. That curvature is determined by the change in velocity
of the vector dxi / ds (tangent direction) relative to s, i.e., by the second derivatives of the

coordinates with respect to s. Those second derivatives d2Xk / ds® define the components of the

four-dimensional curvature vector, which determine the magnitude and direction of the
acceleration of the particle from the kinematical standpoint. We define that four-acceleration to to

be the derivative of v with respect to 7 (or the second derivative of v with respect to 7). As a result,

its components are equal to:

d®x _ 1 d v d®x, _ 1 d
de*  J1-v?/c? dt [1-v?/c? ’ de®  J1-vZ/c? dt \J1-v?/¢? ’
d®% _ 1 d v d®x, _ 1 d _ic
de*  J1-v?/c? dt\/l—vzlczj de®  J1-vZ/e? dt J1-v?/c?

The spatial projection of that four-vector can also differ from the ordinary acceleration o =

dto/dt when the ratio v/ ¢ is very small, in the event that the magnitude of 1o is very large. Upon

2
differentiating the equation Z (%j = 1 with respect to s, that will give:
S

dx, d’x,
——X=0. 2
z ds ds? @
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2

, do v .
Geometrically, that means that the vectors & and e are perpendicular to each other. If one
S S

replaces s with 7in that then one will get the equations v?> = — ¢*, and:

v d A Ty d v, d A

131/1_\,2/(;2 Zdt,/l—vzlc2 Sa\/l—vzlcz_

or with the usual vector notations:

d__ 1

dt J1-v?/c?’

CZ

— (2.2)

d b d
o —— = — .
dt J1-v?/¢?  dt J1-v?/¢?

That equation then expresses the fact that the magnitude of the four-velocity will always remain
equal to ic.

The results above define the mathematical foundation for the structure of the mechanics of
material particles, i.e., for exhibiting the equation that will determine their translational motion
under the action of given external forces. In that way, we will not need to speak of the internal
forces that Lorentz’s theory operates with (not even when they are actually present), e.g., the forces
of interaction between different electrons in a moving atom (in the event that the latter can be
regarded as isolated particles).

As a starting point, we would like to take the classical Newtonian equation motion:

which is certainly true in the limiting case of very small speeds.

From the standpoint of the theory of relativity, one can consider the Newtonian law to be an
approximate and incomplete form of a law of motion that represents a relation between two four-
dimensional vectors. If one would not like to alter Newton’s law fundamentally, but replace it with

. . . do . L
a four-dimensional equation that reduces to m, m = f in the limiting case v — 0, then one must
obviously do the following:

. . . d . . . d
First of all, replace the three-dimensional acceleration d—: , with the four-dimensional one d—u :
T

and secondly, replace the force § with the four-vector of impulse and work &, in which those

quantities must not be referred to the usual unit of time, but to the unit of proper time. In that way,
we will get the following relativistic equation of motion:

=35. 3)

Q.|Q_
N | o
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The spatial projection of the vector § is equal to the impulse of the force § per unit proper time,

1.e.:
a1
dz J1-v?/c?
The corresponding projection of the vector d—n is Ei; One will then have:
PORCINg ProJ dr " drdt 1viic :
d__mv _ _s (3.2)

dt \J1-v?/c?

The temporal projection of equation (3) reads:

dtd__ic _dti

m-—————====——I,
®drdt [1_v2/c? drc
in which / means the work done by the force § per unit of ordinary time, i.e.:

2
d_me (3.b)

dt \J1-v?/c? )

One can easily convince oneself of the validity of the definition of / above by means of equation
(2.a). Namely, if one multiplies the latter by mo then one will get:

I=f-b

when one recalls (3.a). According to Einstein, when one applies the theory of relativity to Newton’s
theory, equation (3.a) will agree completely with equation (42), Chap. VII, which we derived for
an electron on the basis of Lorentz’s principle. We then see that Einstein’s equation is much more
general, and must be true for not only a free electron, but for any material particle (atom, molecule,
as well as celestial bodies), in the event that Newron’s law is confirmed the limiting case v/ ¢ <«
1, and entirely independent of any hypothesis about the origin of mass or the force of inertia.
The three-dimensional vector:
m,

J1-v?/c?

represents the mechanical momentum of the particle (which we have previously defined to be the
electromagnetic momentum of the electron), while its mass is:

S = =mo 4)
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m=——o__ (4.2)
J1-v2/c?
The quantity:
W= mc® (4.b)

is ordinarily considered to be the complete internal energy of the particle. However, it is not entirely
clear what that means because a particle at rest must have an energy of m, c? according to that

definition. Now, the mass of a particle (or body) is mainly composed of the masses of the electrons
that define it. The mutual mass, which originates in its interactions and corresponds to the sum of
its mutual (electric and magnetic) energies, has a relatively negligible value. We then meet up with
the following question again: What should the term “internal” or “proper” energy mean for an
electron at rest?

We would not like to go into a detailed discussion of that question here.

The momentum (4) and the energy (4.b) multiplied by i / ¢ obviously define the spatial and
temporal projections, resp., of the four-vector:

& = mo b [Gk:mofjij, 5)
T

which corresponds to the ordinary momentum (or “impulse”) and is referred to as the impulse-
energy vector. The equations of motion (3) can be written in the form:

d
—86=F (5.a)
dr
by means of that four-vector.

In the treatment of the translational motion of an electron on the grounds of the Lorentz

principle, along with the “inertial force” — e (m v), we also found a second derivative of v with
T

respect to ¢ that is proportional to “a force of friction” (viz., radiation damping) and referred to the
fact that even higher derivatives of v must be added in order to get the precise expression for the

self-force (and as a result, in the exact equation of motion). The formal nature of the theory of
relativity gives no reference point for assessing the question of whether the simple equations of
motion (3) [or (3.a)] must actually be extended by such terms or not. The theory of relativity asserts
only that all of those terms must be four-vectors (or their spatial projections). If we assume that,
e.g., in connection with equation (24.b), Chap. VII, the equation of motion of the electron has the
form:

My =55 =f (6)

for very small speeds, then we can conclude immediately from the theory of relativity that the
exact (i.e., also valid for large speeds) equation of motion must have the following form:
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m-— - = (6.2)

or when one takes the spatial projection of that and multiplies by +/ 1-v?/c?:

d mp 2¢° d 1 d v

= S22 = ~f. (6.b)
dt J1-v2/c? 3¢’ dt| J1-v2/c? dr J1-v2/c?

However, that equation can be completely false, and there are actually many reasons for saying
that the simple equation of motion (3.a) is valid precisely in the case of an isolated electron.

§ 2. — The variational theory of the translational motion of an electron in a given
electromagnetic field.

We assume that the external fields &, $) in which the electron in question moves are known

(in which € and $) do not need to be constant in time.). The external force:

f=e(€+%nx5§j (7

cannot be treated as known in that way because it includes the velocity of the electron explicitly.
dt 1

If one multiplies (7) by —= ——=
dr  J1-v?/c?

vector §. Its first component (in any coordinate system) reads:

then that will give the spatial projection of the four-

e e
Fil=———————=WH:— v H)+cE)=

cy1-v?/c?

> (v2 Hi2 +v3 Hiz +ic Hi4)

c1-v:/c

e dx dx dx
R g e G ).

1.e.:

Obviously, analogous expressions are true for the other components. As a result, one will have:

e dx
F=—EH—', 7.
k c s (7.a)

|
or in coordinate-free notation:
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d_r253

r

3:

O |o

We also point out the following expression:
Fr=—— E H,G (7.b)
k ; .

which we will get from (7.a) when we replace dx; / dt with G;/ mo using (5).

Formula (7.a) corresponds completely to formula (10.a), Chap. VIII for the components of the
impulse-work four-vector per unit volume and time. It is easy to derive the last formula from the
first when one represents the electron as an infinitely-small body, and not merely a point. Let the
volume of electron be V" and let the charge density be p. One can then set the current density equal
to (p/ c¢) v. The work done and the impulse (with the former multiplied by i / ¢) contained in the

volume element dV of the electron during the time interval df are expressed by the four-vector with
the components:

S H, jidvdt = ZHklpdVV—C'dt
| |

(in which v = ic) (}). Integrating that expression over the volume of the electron will run into very
great difficulties, in principle, due to the appearance of time, which does not need to have the same
value for different elements of the electron. Those difficulties will go away in the limiting case
considered of infinitely-small electrons, and we will get simply:

e
— > H, v dt
CZ kl Yl

for the total impulse (work, resp.) during the time dt. Dividing by dz = dtwfl—v2 /c® will
ultimately give:

e Y/ e dx
hd H — == H, —
c Z ki l_l—VZ/CZ P ZI: g7
1.e., the expression (7.a).
We can then write out the equation of motion (3) in detail in the form:

d?x dx
% e, ©
|

or

() Note that the products dV dt and p dV are invariant quantities. The former means an element of the world-
volume, while the latter means the element of electron charge de.
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dG,
=x>» H, G, 8.a
dT IZ ki | ( )
with the abbreviation:
k=2 (8.b)
m, C

Now, it is easy to show (%) that equation (8) is a necessary consequence of the Schwarzschild
variational equation:

k

5S= 5][;&1-}( ZZ(M 5AJ]dQO,

when one considers the four-potential (4x) in the latter to be a given function of the coordinates
(and time) that determines the external field and considers the current density (ji) to be the desired
function that corresponds to the motion of the electron. Therefore, 04x = 0 in all of space (and for
all time) such that the variational equation above will reduce to:

65" =0, 9)
with

" =5[> A jdQ,
k
or when one drops the irrelevant factor ic :

' =5[> A jdvat. (9.2)

We consider the electron to be (spatially) infinitely small. That is why we can treat the factor A, dt

as constant when performing the volume integration. We already calculated the integral I j.dv

before; it is equal to: Ev = Edi
C c dt
We then get:
€ e dx
S'=- dx, = — X dr, 10
c I;A( “ C J.Zk:A( dr ( )

in which the proper time of the electron should serve as the independent variable. We can imagine
that the integration extends over an arbitrary piece of the world-line of the electron. Therefore, that
line must be chosen in such a way that the integral (10) will remain constant in the first
approximation under infinitely-small changes to its form (that take the form of motions). In other
words, the coordinates xx of the electron (kK = 1, 2, 3, 4) must be determined as functions of the

() According to M. Born.



§ 2. — The variational theory of an electron in an electromagnetic field. 343

parameter 7 in such a way that the first variation of (10) will vanish under an infinitely-small
variation of those functions. However, we should observe that, first of all, the xi are not completely
independent of each other, but must fulfill the relation:

d Y,
;(Ej c (10.a)

identically (for all 7), and secondly, that certain conditions must be posed for the variations ox; at
the limits of integration 7= 71 and 7= 7 since otherwise the entire problem would lose any well-
defined meaning. We would initially like to leave those boundary conditions indeterminate and
address the solution of the variational problem that was defined by (9), (10), and (10.a).

As was mentioned before, the components of the four-potential are regarded as known
functions of the four coordinates xx. Now, their values in (10) refer to those spacetime points that
lie along the world-line of the electron. As a result, while varying that line, they must suffer a

variation of 04y = zaié X, , just as when the electron is displaced along a certain world-line. In
XI
A _ A M

dr —ox dr’
The variation of (10) reads:

the latter case, we will have

- _IZ(5Ak %, dxkjdr,
dr
or due to the commutability of the operations o and d:

et dx dox
oS == oA -—X — X |dr.
C;[Zk:( A dr_'_Ak dr ] ’

Now, one has:
8A( di
P

and

déx, _ d oA dx;
R df(;w] Y yon 2

k |

Upon switching the indices k and / in the double sum, one will get:

d5x :%@AMJ 2;5 8Adx.
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As a result, one will have:
. e “ oA OA dx
oS = —A OX% +— oX kdr
Ztaon ] +2fTyon[ D .
or when one introduces the notations:

oA OA e dx,
=Hix, —)H =F, 11
[ ox O, j e Zk: “dr (1

with no concern for the previous formulas, but merely for the sake of brevity, one will have:

55*:[25 5xkdr+g[2ﬂ5xk}z. (11.2)

1

If the variations of the four coordinates oxi are independent of each other then the condition for
the vanishing of §S” will read simply:

Fi=0 and  ox" =6x? =0

However, in reality, the xx are coupled with each other by the relation (10.a). That situation can be
considered by way of the known method of Lagrange multipliers. We next construct the variation
of (10.a). In that way, we will get the equation:

dx, 5dx, _ v dx dox

— = =0.
~dr dr ~dr dr

We multiply that equation by a factor  that is initially completely undetermined and can be an
arbitrary function of 7, and extend the integrand in the original expression for 6S™ by:

T - T wgron - Ton g3t

Instead of (11.a), we will then get:

T T

\ d( dx dx, K
59 :IZ(SX{F' —d—[yd—xﬂdr{ZGAwd—iéxkﬂ. (11.b)

1
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One can always choose the boundary condition for the x;, dx; / dz, and dx; (and in fact, in different
ways) such the second terms in 4.b) vanishes. If one then sets:

e dx, v
{Z(EA +y55xkﬂﬁ 0 (12)

then the necessary and sufficient condition for the vanishing of 6S” will reduce to the four

differential equations:
d dx
F — Ll=0. 12.a
-] (124

Indeed, one can use the arbitrariness of the function u (7) in order to treat the four variations
ox; as independent arbitrary quantities, despite the relation (10.a) between them (that is exactly the
essence of the Lagrange method). However, the function ¢ must ultimately be determined in such
a way that the expressions for the derivatives dx; / dt that follow from the differential equations
will actually satisfy the condition. To that end, one multiplies (12.a) by dx;/ dr and sum over /. In
that way, one will have:

dx dx, d’x  du (d,ujz
E 0 AZA AN ZE ) =), 12.b
Z,: 'dr a —~dr dr’ er dr (120

The first sum must vanish identically from the definition of the quantities /7. In fact, from (11),
one will have Hy = — Hy, and:

dX d_X = _ZZ(HkI Hlk)ka dXI =

dx, e
F—L==
z dr C Z,:Zk: dr C I<k T
From (10.a), the third sum in (12.b) is equal to the constant quantity — ¢, and as a result, the
second one will be equal to zero [cf., (2)]. It will then follow that:

d—’uc2 =0, ie, u=const
dr

The differential equations (12.a) are then completely identical to the equations of motion (8) that
were derived above when u = mo. At the same time, in that way, we will get the general expression
for the electromagnetic four-force from the Schwarzschild variational principle. That is because
the quantities F; that are defined by (11) play the same role in the components of the four-force in
(12.a) that we have previously described in an entirely-different way.

We then see that the two groups of the fundamental electrodynamical laws, one of which
determines the electromagnetic of moving electrons, while the other defines the motion of an
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electron in a given electromagnetic field, can be combined into a single equation, namely, the
equation of variation:
05=0.

One can say that all of electrodynamics is included in that equation.

In that way, one must note the following: In the derivation of the equations of the
electromagnetic field, we have treated the current distribution as continuous and found the
differential equation Z% = 0 as the law of conservation of electricity. In so doing, when

k. OX
deriving the equations of motion, we regarded the electron as a point-charge, and employed the

2

. X . . .

equation Z(d—kj =— ¢’ in place of the one above. It is easy to see that those two equations are
Kk T

completely equivalent (when the charge of the electron can be considered to be constant). We
would not like to go into the details of the proof of that here, which offers only a purely-
mathematical interest. Moreover, in the first case, we considered the complete field of the charges
in question, while in the second case, we considered only the external field. In that sense, the two
forms of the Schwarzschild variational principle are not completely equivalent from the physical
standpoint. Under the transition from the original integral S to the integral (9.a), we have tacitly
ignored the field that the electron itself creates since otherwise we would not be able to assume
that the components of the four-potentials Ax are known quantities.

§ 3. — Three-dimensional form of the variational principle.

One can formally replace the variational equation 6S* = 0, together with the auxiliary
condition:
2
z(%) __ ¢,
K dT

N N
5jg{fmo(aj + Akdr}dr 0 (13)

with the variational equation:

c

that is free of that auxiliary condition. In fact, after performing the variation and converting the
corresponding expressions, the left-hand side of (13) will again reduce to (11.b), except that u is
replaced with mo. However, in order to actually liberate oneself from the aforementioned auxiliary
condition, one must split the four-dimensional world into space and time, and reintroduce the
ordinary time # in place of the proper time as the independent variable, and correspondingly set o't
= 0, and not ot = 0. The derivatives of the spatial coordinates with respect to time, like the
variations dx1, 0x3, Ox3, are obviously treated as quantities that are completely independent of
each other, such that one does not need to bring any auxiliary conditions into the picture.
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The transition from 7to ¢, to the extent that it concerns the integral (10), happens quite simply:
Namely, we set:

e e , dx
S'=- dx, = — A —Xdt,
c I Zk: Adx = | Zk: A
i.e., in ordinary three-dimensional notation:
S* = j(gu-ﬁl—e(ojdt. (13.a2)
C

It is easy to see that setting the variation of that function to zero will not lead to equations of motion

. 1
for the electron, but to the equation § = 0 for the external force f = e (& + — v x $)) that acts on
C

it. The aforementioned equation of motion reads:

d__mo =e(€+%nx5§). (13.b)

dt \J1-v?/c?

We would like to show directly that this equation will be implied when one starts from the integral

(1)1
= _ 2 E dﬁ
V .[[ M, €™+ Ek A drjdr, (14)

instead of the integral (10). As long as one treats 7 as the independent variable, i.e., one sets ddr
= 0, the variational equation 6V = 0 will be completely equivalent to 6S™ = 0. However, if one
introduces the usual time as the argument in place of zthen one will have dt =0 and 6dt = 0, while

odr= odt \/ 1-v?/c?® #0, and the equation oV = 0 differs essentially from the equation 5S” = 0.

Therefore, the integral (14) will assume the form:
V= J'(—moczwfl—vzlcz+Eum—e(pjdt, (14.a)
C

and differs from (13.a) by the term —m, ¢?\/1—Vv?/c? , which implies precisely the left-hand side

of the equation of motion (13.b).
The boundary conditions can be chosen in the simplest way here (due to the independence of
the variations ox1, dx3, 0x3). We would like to assume that the initial and final points of the path

2
1) The additional term — m_c’ is twice as large as the corres onding additional term 1m % in (13).
) g P > My q
K T
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electron are fixed spatially and temporally. The variation of its radius vector J v must then vanish
at the limits of the integral (14.a) (¢ =t1, vt =v1, and = f2, v = ). In order to calculate the variation
of (14.a), we note the following formulas:

d

Sp=5¢-Vo, SA=(St VYA, —A= (dt

dt

o j?l=(nV)?2l.

Moreover:

S(v 2[)—5% A+p-(SeV)A= (%&j-mm.(atvm

= %(5t2‘)—5t-%2[ +o6r-V(2Av),

and ultimately:

-m 54/1 V2 /c? M0ob _ _ = muo- dov _ %(&-mu)—ér-%(mu).

4/1 v2/c? dt

We will then have:

5V = {5t-(mu+2mﬂj +Iét-{—%(mu+%2()+V(%u-2l—e(pj} =0.

Due to the arbitrariness in 6 v between the limits of integration and its vanishing at those limits,

we will get the following differential equation as the necessary and sufficient condition for the
vanishing of oV :

d e e
—|mo+—A|=grad | —0-A-¢ . 15
S morSor) = graa Z-2u-ep | (1)

We consider the relations — grad ¢ = & and rot 22 = $) then from the known formula:

grad (v - 2A) = (b grad) A + v xrot A ,

that equation can be brought into the form (13.b).
The vector:

G =mo+ oA (15.2)
C

plays the role of total momentum in equation (15). One can define it to be the sum of the ordinary
mechanical momentum and the “mutual” momentum relative to the electrons that create the vector

potential 2. One can correspondingly interpret the right-hand side as the gradient of a mutual
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potential energy that equals e ¢ — (e / ¢) v 20 . Upon multiplying equation (15) by d¢ / dt, that will
give:

diﬁ*—gradz A( "—gradKQ(QS

That is the spatial projection of a four-dimensional vector equation:

iQS*=KIZIQ(Q§,
dr

for which the temporal projection of four-vector &* will be equal to:
G:—lc(m+ p)=icm", (15.b)

The quantity m" = m + (e/c*)¢ plays the role of the total mass, i.e., the sum of m =
m, / /1-V?/c* (proper mass of the electron) and a “mutual” mass (e/c*)¢.

When one substitutes the difference &* — (e / 7) 2( for &, the foregoing equation will assume

the following form:

94— o u-2o0). (16)
dr c

One can easily derive that four-dimensional form of the equations of motion from the original one
(8) when one sets:

oA 0O
o= A A
X,  OX
in it. Namely, one will get:

oA AN _ 0 (g, %) dA
IZ( jdr axk[.z‘\ j dr

ie.:
d dx, 0 dx
dr( gy CAJ axk (IZA mod—T'j. (16.a)

However, that is nothing but equation (16).
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§ 4. — The action function and the Hamilton-Jacobi differential equation.

The variational equation oV = 0 represents the refined form of Hamilton’s principle of classical
mechanics for the case of a single electron. The integral V' is the so-called action function, and the

integrand:
L' =—m,c?1-v?/c? +302(—e¢ (17)
c

is the Lagrangian function. One ordinarily defines the latter to be the difference between the
kinetic and potential energy. For the limiting case of very small speeds, one will get:

—myc?{1-v?/c* ~ —m c®+im V2,
and as a result:

L +m,c’ st%mov2+%u?2l—e(p. (17.a)

For 20 =0, i.e., in the absence of an external magnetic field, L will correspond completely to the

usual definition of the Lagrangian function. However, if a magnetic field is present then one must
either add the quantity (e / c) v A to the kinetic energy or subtract it from the potential energy. In

other words, when one treats the (mutual) magnetic energy as a potential energy (as was done in,
e.g., Part One), it will be equal to — (e / ¢) v 2A. By contrast, if one treats it as kinetic energy then

one must set it equal to + (e /c) v 2.

The derivatives of the Lagrangian function with respect to the components of the velocity:

oL L
pete (%) (18)

are called the momenta, as is known. The function that is expressed in terms of the coordinates and
momenta:
& oL
sza—vk =p-v-1L (18.2)
k=1 k
will be called the Hamiltonian function. For the Lagrangian function (17.a), it is equal to:

H=imV’ +e g, (19)

i.e., the sum of the kinetic and electric energy, in which the mutual magnetic energy makes no
contribution to H. That corresponds to the fact that magnetic forces do no work. The function that
appears on the right-hand side of (19) is still not a Hamiltonian tfunction since the latter must not
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be expressed in terms of velocity, but in terms of the “momenta,” as was just mentioned. In the
case considered, those moments are equal to:

De=mo vi + % Ar . (19.2)

In the first approximation, they will then coincide with the components of the vector &* that is

defined by (15.a).
The expression for the Hamiltonian function (19) in the absence of a magnetic force will then
be equal to:

o= (p-291) +eq. (19.b)
2m, c

However, that expression is valid for only small speeds of the electron (v/ ¢ <« 1). In the general
case, the momenta that are defined by formulas (17) and (18) are equal to precisely the components
of the vector &*, which we can write vectorially as follows:

& = % (20)
ov
The Hamiltonian function is:
H"=&"v- L. (20.a)
Its magnitude is then equal to:
* mo CZ 2 H *
H" = +ep =mc +ep =—icG,. (20.b)

J1-v?3/c?

It will differ from the fourth component of the four-vector &* by only the factor i / ¢ then.

Ordinarily, one subtracts the “rest energy” of the electron m,c’ from that and defines the

magnitude of the Hamiltonian function to be the quantity:

. 1
H -mc’=H=m¢’| ———=-1|+eg, (20.c)
J1-vi/c?
i.e., just as in classical mechanics, it is the sum of the kinetic energy m, c [ﬁq (in
1-v°/c
the limiting case of v/ ¢ < 1, it coincides with $m, v?) and the electrical energy e @. In order to

express H" as a function of the momenta p; = G, , we must employ the relation (15.a), or when

written out in detail:
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ALY 1)

J1-v?ic? +E

&* =

It follows from this relation that:

2,,2 2 2.2
or
1( ., e Y
m= m0+c—2 & —EQ[ . (213)
Therefore, from (20.b), one will have:
e 2
H* = \/mo c%(@*——?lj +ep. (21.b)
c

When one replaces H" with — icG, and ¢ with — i A4, that formula can be written in the following

symmetric four-dimensional form:
2 g 2
. € « € 2 .2
(QS ——Qlj = (Gk——Aj =-myc, (22)
c = c

which one will obtain immediately when one observes that, by definition:

dx,

(§]
G*_ A = G =m, — 22.
“ ¢ ‘ ®dr (22.2)

One can derive the motion of an electron in a given field that is characterized by the four-
potential 2( with no further analysis by immediately integrating its equations of motion in the form

that was quoted above. However, it is possible and often much more convenient to solve that
problem by a direct method that was introduced into classical mechanics by Hamilton and Jacobi.
That method is described most simply as follows: One can also write the relation (20.a) between
the Lagrangian and Hamiltonian function in the form:

; < ¢ ) )
L' = & -v+icG, = ) G, —*.
o dt

By the definition of the Lagrangian function, we correspondingly get:
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V= jL*dt = IZG: dx, . (23)

If the spatial coordinates of the electron are actually known as functions of time then V" can be
represented as a function of the initial and final values of time #. That representation is not invariant.
However, one can replace it with an invariant representation (or imagine replacing it) since V is
considered to be a scalar function of the initial and final values of the four-dimensional spacetime
vectors t. In so doing, one must observe that the change in 7 under an infinitely-small change in

the path of integration will be equal to zero as long as the endpoints are fixed. If one imagines that
the initial value v = t° is fixed and the final value is variable then one can, as a result, treat the

quantity V as a completely determined function of those variable final values. According to (23),
the change in V' that corresponds to an infinitely-small change in v is then expressed by the formula:

4
dv=>Y G dx =& -dr.
k=1

It obviously follows from this:
ov

G =
“ o,

(& =0OV), (23.2)

i.e., when one compares different motion with the same starting point, the vector &* (energy-

momentum) can be treated as the gradient of a scalar function V.

That function will be called the action function. In will be, in fact, unknown, as long as the
equations of motion of the electron have not been integrated. However, one does not need to
integrate the equations of motion in order to determine it. To that end, one can use equation (22).
That is because, from (23.a), the latter will assume the following form:

(DV—EQIJ _ i[ﬁ_ﬁﬂ - mc, 24)

c 2\ 0%, C

1.e., it will be converted into a first-order partial differential equation of degree two for the action
function V.

The complete integral of (24) includes four arbitrary constants that can be characterized by,
e.g., the initial value of the spacetime vector t°, which was left indeterminate. If one now considers

V to be a function of v and t°, i.e., of x; and XE (k=1, ..., 4) then one will have:

V= j ie; dx, = jﬁ*-dt. (25)
T

5 k=l
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It will then follow that along with equations (23.a), which are obtained by differentiating V' with
respect to the upper limit of that integral, the following equations must also exist:

&0 =- % (&0=—0""7), (25.a)
Xk

which correspond to differentiating with respect to the lower limit (*).
If the initial values of the “momenta” G, , i.e., the (total) momenta and energy, are given along

with the initial coordinates XE then the world-line of the electron will be determined completely
by equations (24.a). In fact, only three of the four equations (25.a) are mutually independent, but
the fourth one must be a consequence of those three since the four quantities G;O (oV/ 8XE , Tesp.)
must satisfy equation (22) [(24), resp.] identically, by their very nature. By solving equations

(25.a), one will then get only three relations between the four coordinates xi, x2, x3, x4 that
determine a /ine in four-dimensional space. The equation of that line includes seven arbitrary
constants: Namely, the four initial coordinates X, and three of the “initial momenta” G;°, or any
three arbitrary constants by which the initial momenta can be expressed consistently with equation
(22). Obviously, the initial momenta determine the initial direction of the world-line. By varying
G;° with fixed values of the initial coordinates, one will then get a bundle of world-lines that go
through the same initial point (and which can obviously be extended in the opposite direction)
Each of those lines is orthogonal to the associated surface V' = const., but not to the other ones,
which indeed correspond to the same starting point, but have different final points.

The surfaces that are orthogonal to all lines of the bundle considered obviously define the
envelope of the surfaces V' = const. One can get the equation of such an envelope as follows: One

expresses the initial coordinates X, as functions of the xx and the initial momenta G;° by means

of equations (25.a) and substitutes those expressions in the action function V. If the quantities Glfo

are independent of each other then the desired equation of the envelope would be given by

eliminating the G;° from the equations ¥ = const. and = 0. However, as a result of the

*0
k

relation:

Z(G;*"—%Afj —— mic?, (25.b)

the equations above must be replaced with:

() The quantities (a_voj should not be confused with the quantities [ﬂ) , which are given for the values x; =
OX, X ),

Xf of the coordinates; namely, the latter are equal to + Gk*o .
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oV e
V' = const., A GP—ZA |=0 26
No-(er-2n) 2o

k

from the well-known method of multipliers, in which A means an undetermined factor. If one now
introduces a new function of t and t° according to the formula:

V' =V+&0. 0 (26.a2)

then the elimination equations (26) can be regarded as determining equations for the initial
coordinates:

oV e
V*=const, X =—-1/G°-= Oj )
k 8GI:O ( k C A(
One can also represent those equations in a purely-analytical way. Namely, one considers an
infinitely-small variation of the action function that is defined by (25) that corresponds to an

infinitesimal displacement of the initial and final points:

V=8 5t—-&. 51,
and replaces &** - 5% with 6(&** - %) — - § &*°. Hence:
SV+t"-&N=oV'=6" v+’ 5 &,
When one recalls (25.b), it will then follow that:

" % 6V : 0 av ( *0 e Oj
V' =const.,, & = , X = ———-4G ——A |. (26.b)
oo, “ 66" “ ¢

The function V*, like ¥, will be determined directly as the solution to the differential equation
(24). The constants that appear in that solution must not be expressed in terms of the components
of ¥ then, but in terms of the components of ¢*°.

In order to explain that concept, we would like to examine the simplest case of force-free initial
motion. Since 2( = 0, it will follow from (24):

OV =const.,, and V=98 - -tv+C,
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in which 23 is a constant four-vector, and C is an ordinary constant. The constant C is determined
by the condition that ¥ = 0 for © = t°. One will then have V=8 - (r — t°), and as a result, from
(22) and (25), &* = &* O =95,

Those equations mean that the world-line is a line that goes through the point ° perpendicular

to the “plane” V= const. However, the relation between the coordinates that we should obtain from
equations (25) is not to be found in that way, in general. In order to obtain that relation, we can use
equations (26.b).

The function V* can be represented in the same form as ¥ formally. However, the initial point

will remain undetermined. One can get the initial momenta from the formula &;° = (%Lj = Bx.
Xk 0

From (26.b), it will follow that:
oV’®

XE = a—Bk—/lBk :)Ck—/lBk,
1e.:
Xi_x10 — Xz_XS — X3_X§ — X4_X2 =1
B, B, B, B,

Upon replacing the expressions x; — X. = A By in the function V*, we will get: V= 1+B, X_,
orA=V.
We would like to consider the case that appears most frequently in which the external

electromagnetic field is constant in time. In that way, we can set 0/ Ox4 = const. = B4 in equation
(24), i.e., we can put the action function into the form:

V" =Bixs+ @ (x1, x2, X3) , (27)

in which the function ® depends upon only the spatial coordinates. As long as we are not dealing
with very rapid motions, we can determine @ as the integral of the approximate three-dimensional
equation:

1

2
—(VCD —92() +e@p=H = const., (27.a)
2m, c

that is obtained from (19) when we recall that &* =V® and B4 x4 =—- H ¢.

While integrating that equation, one can treat H as an entirely arbitrary parameter without
considering its relationship to the quantities G,°, G,°, G;°. The action function V" =— H ¢+ ®
can correspondingly be represented as a function of four independent parameters G, ° G, ° G, °

H (so the latter appear in @ explicitly). That is why it is unnecessary in this case to introduce the
additional term that is multiplied by A. The equations of motion (26.b) will then reduce to the
known equations of classical mechanics:
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G, = —a(D, X, = aqzo k=1,2,3)
X, 8G,
and
oD
fo=t+ —.
oH

§ 5. — The simplest examples of the motion of a free electron.

We would now like to consider some concrete examples of the motion of an electron as it is
determined from the relativistic equations of motion. As a first example, we take the simplest case
of the motion in an electromagnetic field that is constant in space and time.

Therefore, from (8), one can set:

d? , . dv d B ,
_t: K * —_— T — K .t .
dz? 33 dr dr( %)
from which it will follow that:
it:tJ:KZf)-tJru, (28)

dr

in which a is a constant four-vector.
Upon multiplying (28) by t, since the product (°$) - t) - v will vanish as a result of the skew-

symmetric character of the tensor 2§, we will get:
1

=19 g (29)
2dr

In the special case in which the product a - v is equal to zero, that will give > = const., i.e.:

r’ —c%? = const. (29)

However, in that way, v and ¢ must satisfy the condition:
a-v=a;t, (29.2)

in which a is the spatial projection of the four-vector a, and (i / ¢) a; is its temporal projection.

The various types of motion can be systematized most simply when one considers the
invariants H®> —E” and $) - &. Obviously, one must distinguish four cases, namely, H> —E*> 0
or H2—E? <0, while - E=0o0r $H - & = 0. (We can overlook the case H = E for a constant
field.)
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First case: H*—E® >0, $ - € = 0. — One can imagine that the magnetic field is eliminated

by a suitably-chosen Lorentz transformation. From § 2, Chap. IX, the new reference system S’
must move with a velocity that is determined from the formula $3 = (1 /¢) b x €. Moreover, since

$) is perpendicular to &, that additional velocity must lie in the place that is perpendicular to &
and $) and have a magnitude of ¢ H / E . It then remains for one to consider the motion of the
electron in a constant electric field &'.

For the sake of simplicity, we would like to drop the prime, which refers to the “moving”
coordinate system S’. The spatial projection of equation (28) reduces to:

mov=e&t+a (30)

for H=0. If a = 0 then from (29), we will have v - d v/ dt — ¢t =0,ie,v-v=Ct,andasa

result, sincemtv-v=e&vt:

That equation is a special case of the energy equation mc*+ e ¢ = const.

If one sets » = x1 — Xl0 , X2 =0, x3 =0, then from (29), one will get the equation:
(X1_X10)2 _C2t2 — b2 ,

in which b’is an essentially-positive constant (since otherwise » would be imaginary for
sufficiently-small #). The motion that is represented by the equation above is called hyperbolic
since it can be represented graphically by a branch of a hyperbola. It corresponds to the uniformly-
accelerated motion of ordinary mechanics, e.g., the motion of a stone that is thrown upwards (viz.,
the negative Xi-direction) under the action of gravity. The difference originates in the dependency

of mass on velocity. When ¢ increases from — oo to # = 0, x; will decrease from + oo to X10 + b, but it

will then increase to + o again. As the electron goes to infinity, its velocity will asymptotically
tend to the limiting value c. In the vicinity of the inflection point (x = X+ b), its motion will

approach the ordinary uniform rectilinear motion. In fact, for ¢t < b, one will have:

2
x1— X =y b?+c’t? ~ bl:u%(%tj } =b+ iwt?,

in which w = ¢* /b means the acceleration. Obviously, since w = e E / mo, that will give the value
of b= m,c*/(eE) to the parameter b.
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When the vector a is non-zero and has a different direction from &, one will get a motion that

is somewhat more complicated, but we will not investigate that here.

Second case: H* —E* >0, $ - € = 0. — Therefore, the electric field can be transformed away

by an additive constant velocity with a magnitude of ¢ £/ H. Thus, only motion in a homogeneous
magnetic field will remain. Equation (28), which reduces to:

€
mp=—tx¥
C

in this case, shows that (for a = 0) the velocity of the electron will always remain perpendicular to

the radius vector and the magnetic field strength. The electron must then move in a circle with its
center ( = 0) in a plane that is perpendicular to §. If one denotes the angular velocity by o then

one will have v =0 x t, 1.e.:

b= =k 31)
mc

That velocity is twice as great as the mean precessional velocity that is required by the orbital
motion of an electron around a fixed attracting center (Larmor precession, Chap. VII, § 9).
However, it is experimentally identical to the precessional velocity of the magnetic or rotational
axis of a free electron.

Due to the constancy of the mass, if the vector a is non-zero then one sets a = m v°, which will

then imply: b = v° + 0 x t. The general type of motion of an electron in a constant magnetic field

will then be a combination of the circular motion that was considered above with a uniform,
rectilinear motion.

Third and fourth case: $) - € # 0. — The electric and magnetic field strengths will remain non-

zero in all inertial systems. However, there will be a “canonical” reference system in which they
are parallel to each other. When the electron moves in that distinguished direction, it will not “feel”
the magnetic field at all. We will then get the hyperbolic motion that we examined before. As long
as the mass of the electron remains almost constant, i.e., for low speeds, the electron will generally
move along a helix, and indeed with a constant orbital velocity around the common €-$)-direction

and with uniformly-increasing velocity (v / mo € ) in that direction. For high speeds, the motion

will become rather complicated.

We would not like to analyze that motion here and will be content to refer to the general
solution of the equations of motion (28). Since that equation is linear when we use 7 as its argument,
we can easily determine t as a function of the proper time 7. When written in coordinate form, (28)

will produce the system of equations:
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dx,
— = k> Hg X, +a,, (32)
dr N
which can be solved by the Ansatz:
4
k=) & +ar, (32.2)
1=1

o

as is known. The functions &, €“" in that are different solutions of the homogeneous system of
equations that are obtained from (32) when a = 0. The coefficients a are the roots of the

characteristic equation:

Hy,-a Hyp His Hy,
H,, Hy—a Hy Hy, ~0
H, Hs, Hy—a Hy, ’
H.,, H.,, H,s H,—«
1.€.:
- H; -H, -iE
-H, -a H, -iE ~o
+H, -H, -a -iE, ’
iE, IE, I1E -«
or, after calculating the determinant:
at+ (€ -H)a’ - (€H)*=0. (32.b)

The roots of that equation are then determined in a simple way in terms of the two invariants
&% -’ and & - §. The real roots correspond to “hyperbolic” asymptotic motions that are required
by the electric field, while the imaginary roots correspond to periodic orbital motions that originate
in the magnetic force.

Each root o; belongs to a system of solutions that is given by the formulas x; = &, e“" . The

coefficients & , can be determined up to an arbitrary factor from the equations:
4
aréi=x) Hoéy.
n=1

If one would ultimately like to replace proper time with ordinary time as an argument then one
would have to solve a transcendental equation [x4 = f'(7)], which is possible only approximately
for very small or very large velocities.

As a second example, we consider the motion of a free electron in the electromagnetic field of
a plane light wave, i.e., in the wave zone of an arbitrary electric system. In that case, the two
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invariants H? —E? and & - $) are equal to zero, which is why it seems especially simple from the

standpoint of the theory of relativity. We would not like to make any restricting assumptions about
the type of oscillations, and we will characterize them by the phase factor:

D) = @[t—%ntj : (33)

The n in that means the wave normal, and t’ means the “phase time,” i.e., the quantity that

determines the phase of the oscillation of the waves at the location in question. For the special case
of harmonic oscillations, that phase factor will assume the form:

e27z’iv (t-nt/c) ,

4
in which the exponent v(¢# —n t/ ¢) can also be represented in the form — € - v =— Z K, X, . € means
1=1

the phase vector that was considered in § 4, Chap. IX here.
The integration of the equations of motion is quite easy to perform. Namely, due to the facts
that:

H=nx¢E and ¢€¢-.-n=0,

we will have:

imn =eC+ Sn><5§=e(l—v—“j&tgn(@n). (33.2)
dt c c C

Moreover, upon inner multiplying by the constant unit vector n, we will get:

i(n-mt})Zi

e
nZ—Qf°U
dt gt

The quantity e € - v is the work done by the electric (or electromagnetic) force per unit time. One

then hase € - v = a(czm), from the general relation between energy and mass. As a result, we

have:
m v, =c m + const.

If we measure the time from a moment ¢ = 0 when the electron was at rest then we will have:

(34)

m v, =c (m—mo)=

T
C 3
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1

Jl—vz /c?

The projection of the mechanical momentum of the electron & = m v onto the wave normal

in which 7= ¢*(m — mo) = m, ¢* [ —1} is the kinetic energy of the electron.

then gives an essentially-positive quantity that is proportional to the kinetic energy (that is
communicated by the waves). One can then say that the electron experiences a type of light
pressure, and as a result, it will have a velocity that is parallel to the light ray and has a magnitude

of:
Vo = C(m em=m) _ .1 J1- ) (,B:!j.

c

The relation between the normal and total velocity can also be written as follows:
/1 B = 1__ (34.2)
c

From the definition of proper time 7, we have /1—° = dr/ dt. On the other hand, from the

definition of “phase time” t':

It follows from (34.a) that t" and 7 are identical in the case considered:

1
t’ —t-ten = o= [JIoV2 I dt. (35)
c 0

By means of those formulas, equation (33.a) can be put into the form:

i(mOEJ: L c(@ o

datl °ar) © at
or
2 '
a =i@+i(@-dt jn. (36)
dt m, myc\ dt’

Projecting that equation onto the wave plane and the wave normal will give:

d?’ _ e
dt’>  m,

E(t), (36.2)
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with the abbreviation t' = t — r, n, and due to the facts that € - n=0and € - % =¢. (:i:' :
2 '
d r; _ & (g0 de € . de ' (36.b)
dt’ pel dt’ m0 c dt’
If one sets:
t' t'
¢V =few)dt’ and € =[eP(t)dt, (37)
0 0
to abbreviate, then from (36.a), one will have:
dv'_ € gen and ¢ =— @D, (38)
dt m, m,
Moreover, we have:
' (-1)
¢ IV € g g & pen, 9€ 7 e d pay
at’  m, m, dt’ 2m dt’
and as a result, from (36.b):
rn= 38.a
2m Csy (38.2)

Finally, we will get the following expression for the radius vector of the electron:

v
t= i[@w +L(IE(“2dt'Jn} : (38.b)
m, 2mycl g

The first term represents the action of the lateral electric force, while the second one represents the
combined effect of it with the magnetic force, which can be regarded as light pressure.

The dependency of the radius vector on proper or phase time is determined by the formula
(38.b). In order to represent t as a function of the ordinary time, one must eliminate from (38.b)

and the equation:

1 ez t’
t=t+>tn = t’+TIE“”2dt’.
c 2mg C



364 Chapter Ten — Relativistic Mechanics

§ 6. — Systems of electrons. Virial theorem and mass defect.

The general problem of the motion of a system of material particles already raises very
significant complications in classical mechanics. One can say that only the problem of the motion
of two mass-points can be solved simply and completely in classical mechanics. However, up to
now, the famous “three-body problem” possesses no complete solution. In the relativistic theory
of mechanics, the state of affairs is much narrower in scope since the “two-body” problem has not
been solved completely either in that context. In addition to the complications that originate in the
variability of mass, a much more essential complication enters in that is required by the retarded
character of the electromagnetic action-at-a-distance. We must defer a thorough discussion of
those questions to Vol. III of this book, since they define the essential content of the mechanics
and electrodynamics of atoms. At this point, we will restrict ourselves to considering an important
general theory that relates to the motion of an arbitrary number of electrons and the consideration
of a special case of the two-body problem that is connected with the simple problems that were
treated above.

We imagine a number of electrons (some of which are positive, some of which are negative)
that define a closed system, i.e., they move under the action of their mutual forces (in the absence
of any “external” forces) and indeed in such a way that they always remain a finite distance from
each other. Obviously, the forces of attraction between opposing electrons must exceed the forces
of repulsion that act between electrons of the same type.

We shall initially overlook the aforementioned complications in relativistic mechanics. The
error that is made in so doing will not be too great as long as the speed of the electrons is small
compared to the speed of light and their distances from each other are small compared to the
wavelength of the light that is radiated. We will correspondingly consider only the electrostatic
forces.

From § 2, Chap. VII, the mutual potential energy of our system is expressed by:

e e
U: Zza—ﬁ .
a<p Raﬂ

In that way, the equations of motion of an electron (in the approximation that we are considering)
will read:

2,(a)
m(“)d X ~ oU

i X

(k=1,2,3)." (39)

For the sake of simplicity, we will drop the indices « and &, and the summation over them will be
denoted by simply . It follows from equation (39) upon multiplying by x (i.e., Xlﬁ“) ) that:

or after converting the left-hand side and summing;:



§ 6. — Systems of electrons. Virial theorem and mass defect. 365

d dx dx ouU
alZma ) 2n(G) e o

2
X\ . : : .
The sum Z m(%j is obviously equal to twice the kinetic energy of the total system (2 7).

. ou . : : :
Moreover, one can easily show that the sum Zax is equal to simply the negative potential

energy. In fact, if one combines the terms pair-wise that express the interaction of two electrons
(@) and () and observes that:

3
Riﬁ = Z(Xs _Xkﬂ)z
k=1

then one will have:

SN 4 <X+ X0 (0 <X

3040 Xy

— € €

=—e,e,

3 a~p 3
R, R,
__ %%
R,
It will then follow that:
— a—Ux =+U
OX
Equation (39.a) can then be written as follows:
2T=-U+ iQ
dt =’
) ) dx d 12 ) )
in which O means the sum Z m XE = P 25 mX“ . From our assumption that the electrons will

always remain at a finite distance from each other, the coordinates x can oscillate only within
e . d . .
certain limits (but not vary monotonically). The mean value of EQ over a length of time that is

sufficiently long in comparison to the period of such oscillations (but is still very small, such as
when one treats the motion of electrons in an atom or molecule) must vanish as a result. The
corresponding mean values of the kinetic and potential energy must then be coupled with each
other by the formula [viz., the virial theorem (*)]:

(Y) The virial theorem for the general case of arbitrary conservative forces was first derived by Clausius.
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2T=-U. (40)

In order for it to be possible for the system in question to actually exist, its potential energy
must be negative, i.e., the effect of the forces of attraction must exceed the effect of the forces of
repulsion. Under a contraction of the system, i.e., a reduction of all distances (while preserving the
configuration), the potential energy must decrease (algebraically), and the kinetic energy must
increase by half as much (as a result of the increase in the forces of interaction). From (40), the
total energy of the system:

wW=T+U=T+U (40.a)
must be equal and opposite to the mean kinetic energy:
W=-T. (40.b)

We would like to illustrate that remarkable relationship by the following example: When a material
body goes from the gaseous state to the fluid or the solid one (at the same temperature) then it will
lose a certain amount of its internal energy (viz., latent heat). Based upon formula (40.b), we can
now assert that the kinetic energy of the electrons in the atoms or molecules of that body must
increase by the same amount. If the mechanical energy in an atom or a heavenly body is lost due
to radiation [cf., Chap. VII, § 3] then the kinetic energy of the electrons will increase through the
same amount.

We saw that the mass of any material body is proportional to its energy according to the theory
of relativity. We would like to defer the question of the intrinsic nature of the energy of an isolated

electron at rest and simply define it to be the product m, c?. However, we can assert that the mutual
potential energy of all of those electrons U corresponds to an additional mutual “electromagnetic”
mass U [ ¢*, and likewise the kinetic energy will correspond to an additional mass of magnitude

T /c?. The total mass of a material body, whether molecules or atoms, is then equal to the sum of
the “rest masses” of all electrons that comprise that body, whether molecules or atoms, and it will

increase by the amount (T +U)/c*= W /c®, which represents the mechanical equivalent of that

body. That additional mass is always negative since W is equal to — T , from (40.b). That is why
the opposite quantity:

H=Z =~ =% 1)

will be referred to as the mass defect of the material system considered. That mass defect,

multiplied by ¢?, is the work that must be done in order to disassemble the system completely, i.e.,
to separate all electrons from each other and bring them to rest. That is because the mechanical
energy of such a disassembled system will be equal to zero, so the increase in the energy under

disassembly (= work expended) will be equal to 0 — W=—-W=T .
Insofar as the electrons are indivisible and a conversion of their proper energy m, c¢® into

another “useful” form of energy would then seem impossible, one must not consider the material
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bodies to be energy reservoirs (as is often done), but as structures devoid of energy that can only
serve as sources of energy when they sink even deeper below the zero level.

The cited argument in regard to the mass defect can initially seem somewhat inconsistent since
we have coupled the kinetic energy with an increase in mass, while we have left the derivation of
equation (40) for that mass increase out of consideration.

However, one can easily show that the argument remains valid in the first approximation.
Namely, if one replaces the classical equations of motion (39) with the relativistic ones (or rather
semi-relativistic ones, since one would then avoid the problem of finding an exact expression for
the force and would consider only the velocity dependency of the mass):

%(m“ v)=— V@ U m* = —T\Tz)z —. @
then that will give:
PRT —(mn) = —(th p)-y mv: =- VU =+ U,
in the same way as before, or when one goes over to mean values:
Smv?=-U. (42.2)

In the case in question, the quantity %mv2 is somewhat different from the kinetic energy of an

2
. v . . .
electron, but only by a term of order of magnitude [—j , as is easy to see. When written in the
c

form:

) _ v? _J1vE) 42
m m«/lv/c le/c Ve (125

2
the quantity will be defined to be the sum of the energy of the electron M and the

J1-v?/c?
corresponding part of its Lagrangian function [L" =— m, Czw/ 1-v?/c?,cf, (17), § 3].
From (15), § 3, the exact and complete equations of motion of the electrons in our system read:

e e
9 e g 4 Cogre | =~ v e, p" ——<A“v” |,
dt c c
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in which 2“ and ¢“ are the potentials that are created by all other electrons at the spacetime point

in question (}). In the event that one neglects the retardation of the electric action-at-a-distance,
one can express those potentials by the simple formulas:

e e, mw’
" = Z—ﬁ, o= L (43)

b
B Raﬂ B c Raﬁ

€ €

and corresponding to the mutual electric or potential energy U = %Z e, "= Z% Il; £ one
. a< aﬂ
introduces the mutual magnetic or kinetic energy (cf., Chap. VII, § 2):
* _ 1 ea a a
T =1> o A% (43.a)
Obviously, one will then have:
v [ea g = e -m“j =Vv@U-T)
c
and
D VEOU-T) =- U-TY). (43.b)

We can then write the equations of motion, which consider not only the electric, but also the
magnetic, interactions of the electrons, and at the same time, the variability of their mass, in the
following form, which is entirely analogous to (42) (when one drops the indices ):

d e e
E(m“Emj"V(U TY). (44)

From (43.b), that will imply:
Zti(mwgmj = Zg t(mn+E§2lJ —Z(mtwgﬂjn =+U-TY,
dt C dt c c

as before, i.e., from (43.a):

%Z{t-(anrEQlﬂ—vaz =U+T",
or for the mean values:
> mvi=—-U-T" (44.a)

() Note that the differentiation with respect to time must also involve the positions and velocities of those
electrons, insofar as the vector potential 2* depends upon them.
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In the limiting case of low speeds, one can once more set Z mv? =T here, and as a result, when

one defines the total mechanical energy W to be the sum 7+ T~ + U :
W=-T.

Recall that the Hamiltonian function H is independent of the magnetic forces and is expressed
simply by the sum of 7' and U. If one introduces that Hamiltonian function in place of W then one
will have:

T+T =-H. (44.b)

That formula is the generalization of the virial theorem (40). In the absence of magnetic forces,
the Hamiltonian function will remain constants, but not the quantity W=H+ T".

§ 7. — The orbital motion of an electron.

We would now like to treat the two-body problem under the simplifying assumption that the
mass of one particle is much larger than the mass of the second one. That corresponds to the actual
relationships in material atoms, which are known to consist of a heavy, positively-charged nucleus
and a number of light negative electrons that orbit around it. We shall consider the case of a single
electron and ignore the associated motion of the nucleus. The actually reduction of the two-body
problem to an ordinary one-body problem will then become especially simple since the nucleus at
rest will create a constant electrostatic field. Let the charge of the nucleus be — Z e, so the scalar
potential of the field will be:

p=-=—
r
(+ e = electron charge).
The equation of motion of the electron will then read:

2
%mr::—grad(e go)Z—Zr—Sto [%:Ej' (45)

It will then follow immediately that its angular momentum:
J=mtrxo

remains constant in time. (That theorem is known to be true for all central force motions; cf., Chap.
VII, § 9). If one introduces polar coordinates , & 1in the plane of motion (€= angle between r and

a fixed OX-axis) then the magnitude of J can be written in the form mr? ((jj_f . One will then have:
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do
mr? e J = const. (45.2)
Moreover, we have the energy theorem:
Z 2
mc’® — £ H = const., (45.b)
r
with
m
m= 0

J1-v?/c? '

déo
=— p-r=

dt”’

dr

Upon multiplying (45) by the unit vector vo and recalling the facts that

2
ﬁ, we will get v - % =r (EJ (the vector % is perpendicular to t ; r%is the
dt dt dt dt dt

corresponding azimuthal component of the velocity):

d T, Ze?
—(mor,)-mop—2 =—
dt( o) dt r’
Le.:

d ( drj (dejz Ze?

—|m—|-mr|—|=-—-.

dt dt dt r

If one introduces dd(t.) ) > C(Ij((; into that, according to (45.a), then one will have:
mr

J d Jdr J? Ze?

mr? dér?do mrd re’
1.e., with the notation 1 / r = o':
d’c Ze’
> +to = ——m,
de J

or ultimately, since from (45.b), one has m = (H +Z e’°c) / ¢*:

2 2,4 2
df+(1—zze jazzeHz%. (46)

déo J?c? J2c?

That equation can be integrated directly. Namely, from the general theory of linear equations with
constant coefficients, we can set:
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2.4
o= 1+ec0s,|1-22 0|, (46.2)
p J?c?

in which & means an initially-undetermined integration constant. If the parameter:

(46.b)

is very small compared to 1 then the formula above will, in practice, reduce to the known equation
for a conic section:
R
1+£c0s6°
in which & means its eccentricity.
The path that is represented by (46.a) then differs (when o < 1) from the ordinary elliptical or

hyperbolic paths of celestial mechanics by the fact that the product 0«/ 1—-a® appears in place of

0. For £< 1, the electron will describe a quasi-elliptical path that will yield an ordinary ellipse after
an additional rotation (viz., precession in the orbital plane). A complete oscillation of 7 (from the

P P

minimum value e to the maximum 1 and then back to the minimum again) will then require
+& -&

an increase in 6 of , not 27. The major axis of the ellipse will then shift by an angle of

1-a°

1 : . : .
27{ — J during each orbit, or approximately 7 a’ by when o < 1. One can easily

\/1—052
2

calculate the eccentricity in the path from the equations J = m 7min v and H = mc® e , which
min
correspond to passing through the perihelion. (Thus, v will be perpendicular to t, and as a result

|txv| = rv). Namely, if one eliminates the mass m and velocity (by means of the relation m =

m . . .
g ) and considers the fact that rmin = P then that will give:

J1-Vv2/c? l+e

2J%(H —m, c?
&= \/1+ r(n Z4e40 ). (46.c)
0

One will then get the quasi-elliptic motion in question only when H —m, ¢ <0, i.e., for negative

mechanical energy of the electron, which was clear from the outset. By contrast, for H —m, c® >
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0, the electron moves on a quasi-hyperbolic path that goes from infinity to infinity. (That motion
should not be confused with the uniform hyperbolic motion in § 5!)

However, those two types of paths are obtained only when the parameter & < 1. Note that in
the simplest case of a circular motion (&= 0), that parameter will be equal to the ratio of the speed
of the electron v to the speed of light. Thus, if o > 1 then the type of motion must change
completely. In fact, instead of the trigonometric function in (46.a), we will get an exponential
function according to the formula:

o=

= |

%(ngme) . (47)

That is the equation of a spiral that always winds closer to the origin. The speed of the electron
will increase continuously up to the limiting value » = c.

This is not the place for a detailed discussion of the results above from the physical standpoint.
However, we would like to illustrate the relativistic conversion of the classical-mechanical
concepts of angular momentum () and torque (907) in this example of the orbital motion of an

electron.
Up to now, we have assumed that the nucleus is at rest. However, we can go from the original
coordinate system S to another one S’ that moves with a velocity v’. What form will the orbital

motion of the electron take when we consider it from the standpoint of the system S’, in which
the entire “atom” (nucleus + electron) has a constant translational velocity — v’ ?

In order to answer that question, we introduce the coordinates of the nucleus and electron and
denote them by X (xx, resp.) for the system S and by X,° (X, , resp.) for S’. In the original system,
we have made no distinction between the fourth coordinates x; and x4, i.e., We must now recall
that the concept of simultaneity has no absolute meaning. That is because after the Lorentz
transformation that determines the transition from Sto S, we will get different values for X’ and
x4 when Xf = x4, in general. That shift in the time-point that is ascribed to the nucleus and the
electron is closely connected with a change in the vector J under the transition from Sto S’. In

classical mechanics, that vector, like any other three-dimensional vector, is considered to be an
invariant quantity. In relativistic mechanics, one must treat it as a varying quantity (just like any
other three-dimensional vector), and indeed as is easy to see, as the spatial part of a six-vector. In
fact, the components of JJ are expressed in S by the formulas:

d d
J1= m[(XZ—Xg)V3—(X3—X§)V2] - m{(x2_xg)$_(xs_xg)%} ’

etc. If one introduces the proper time of the electron dt= | 1—-V* [/ ¢* dt = (mo / m) dt in place of

the ordinary time ¢ then one will get the three components of J from:
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d d
tm=m{ufmbé§—afmb€%} (k,1=1,2,3). (48)

However, those three quantities must obviously be the three spatial components of a four-
dimensional skew-symmetric tensor Jis = — Jix . The other components will be obtained when one
introduces the fourth index, along with the first three. One can then set:

‘J1:‘J231 J2:J3l’ ‘]3:‘]12’ } (48.2)

13, =J,, 13,=13,, 1J;=10,,

in which J* represents the temporal part of 2 that belongs to J. Due to the condition that X] = xa,

from (48), we have:

1 _iemx —x®)  (k=1,2.3),

Jia = my (X%, _X'?)F =1

i.e., with the abbreviation X, — XE =Ri:
J=cmR. (48.b)

Under the transition to the system S’, the vectors J and J* must obviously transform under the

same formulas as the magnetic and electric polarization, i.e., from the formulas (11), Chap. IX.
For low speeds, one has the approximate formulas:

' xJ. (49)
Note that under the aforementioned restriction (v/ ¢ < 1), one regards the mass of the electron as

constant, and its magnetic moment (i.e., the magnetic moment that originates in the orbital motion)

e .
m =2— t x v can be determined from the formula:

C
m=13 [ﬁ= e}. (49.2)

p=3eR. (49.b)

If the nucleus has a charge — e (Z = 1) then it will define a dipole with the electron that has a
moment of e ‘R, i.e., twice as large as (49.b). However, if Z is not equal to 1 then it will be

impossible to ascribe a well-defined electric moment to the nucleus-electron system on the basis
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of the usual definition of a dipole moment. That is because one can just as well think of that system
as a combination of a dipole with a moment e R and a resultant nuclear charge — (Z — 1) e or a

dipole with the moment Z e R, and a resultant electron charge + (Z— 1) e.

That indeterminacy in the electric moment is obviously closely connected with the arbitrariness
that adheres to the normalization of the simultaneity of the nucleus and electron above. That is
because it is not clear from the outset (and in fact, it is impossible to establish) why one should

have the equation x4 = X{ in the system S and not in the system S’. The changes in J and J* that
are determined by (49) (and obviously the same formulas are true for m and p) originates in
precisely the changes in the spatial and temporal distances between those “events” that are defined

by the presence of the nucleus and electron at the spacetime points considered. One can easily
show that the change in JJ (or m) is mainly implied by the change in the spatial distance, while the

change in J* (p, resp.) is implied by the change in the temporal distance.

The same difficulties will arise when one seeks to formulate the concept of the forque for a
system that consists of two or more electrons in a four-dimensional way while considering the
relativity of time. If the electron is subject to an external force f, but not the nucleus (which is what

happens, e.g., in an external magnetic field), then one regard can the moment of that force relative
to the nucleus:
M=R x|

as the spatial part of a six-vector with the components:
Mk:RiFk_RkFi (iak:1a2a3a4)a

in which § means the four-impulse (per unit proper time of the electron) that corresponds to that

force. However, the same arbitrariness will adhere to the definition of the temporal part of the
tensor My that adheres to the tensor %J.

For a rigorous and consistent treatment of the two-body or many-body problem according to
the theory of relativity, one must then consider the motion of each electron in isolation and consider
the other ones only to the extent that they are the sources of the external field that acts upon the
electron in question. The relativity of simultaneity will then do no harm due to the invariance of
the electrodynamical equations.

§ 8. — Rotational motion. Equations of motion of the magnetic electron.

The complications that were considered in the foregoing section in regard to the definition of
the angular momentum and torque on a system of two or more electrons will drop away when one
refers those quantities to an isolated electron. In so doing, it is not necessary, nor even preferable,
to decompose the element into elements and to reduce its “rotational motion” to an orbital motion
of the latter around a certain axis that goes through the center of the electron. One can (and this is
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the path that we shall go down) treat the electron as simply a point whose properties are
characterized by certain scalar, vector, and tensor quantities. If one assumes the validity of the
usual mechanical relations spatial projections of those quantities for the limiting case of vanishing
translational velocity then the theory of relativity will permit one to ascertain the corresponding
exact relations that are true for arbitrary translational velocities directly without needing to go into
any detailed consideration of the “structure” of the electron. In that way, as we will see, the
difficulties that are implied by the usual theory of an extended rotating electron in regard to its
mass that were presented in § 8, Chap. VII, will also vanish.

We define the magnetic moment of the electron m to be the spatial component of a skew-

symmetric tensor Lo = — Upa :

(ﬂzs Moy Mo Hhy Mo ﬂ34j
m m, m ip ip, ip,)’

in which p1, p2, p3 are the spatial components of the associated electron moment.
We would like to determine that dipole moment from the condition that it should vanish (p' =

0) in the coordinate system S’ where the electron is instantaneously at rest. It will then follow (cf.,
Chap. IX, § 2) that it is known for an arbitrary coordinate system S relative to which the electron
has the translational velocity v:

nxm. (50)

p=—
c

One can also derive that result in the following way: Let x« be the coordinates of the electron and
time, multiplied by 7 ¢ (i ¢ ¢ = x4) relative to the system S. One then uses uqp and X, = dx / dr,

where dr= dt «/ 1-v?/c?* means the proper time of the electron, to define the four-dimensional
4
vector ; Ko Ry 5 0L p1,5 X, when written more simply (the summation sign will always be omitted

for pairs of equal indices in what follows). The components of that vector g/, X, in the “rest
system” S’ must vanish since one would have X = X, = X; =0, and by assumption, one would

then have 1, = 1, = 1, = 0. However, it would follow from this that the equations:

Mo Xy =0, (50.2)

which express the vanishing of the vector above, will be fulfilled in any other coordinate system
S. If one replaces uapand X, with their corresponding three-dimensional expressions then one will

get the spatial components of the vector:
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;(Exm—pj (51)
w/1—v2/c2 C

for =1, 2, 3, while one will have:

i
%, =— ———(op
Hap % 1—v2/cz( )

for a = 4. The vanishing of the second expression follows immediately from the vanishing of the
first one, i.e., equation (50).
It is known that one can form the following two invariant quantities from the tensor

components:

2_ 2 — 1
m p Eluaﬁ:l’laﬁ

and
m p=1i(o3 tha+ 131 ths + L2 34)

In that way, from (50) (i.e., due to the fact that p’ = 0):

mp=m'p'=0

and

2
m’—p® = mz—(%xmj =m?, (51)

The last equation determines the dependency of the magnetic moment of the electron on its
translational velocity v. One can rewrite it in the form:

m=——t (51.)

Ji-viee

in which v1 means the component of v that is perpendicular to m. m' = g is the magnitude of the

magnetic moment in the “rest system.”
We now introduce the four-dimensional quantities that correspond to the magnetic energy
—mS$) = — ma Ho and the magnetic torque m x ), i.e., the skew-symmetric three-dimensional

tensor with the components ma Hp — mp He. The four-dimensional “extension” of the energy
function is obviously the scalar:

U== 34ty H,p == (m9)=(p €. (52)
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It is easy to see that the corresponding “extension” of the torque is given by the skew-symmetric
four-dimensional tensor (six-vector):

H (53)

Map= Hyy Hﬁy “H My,

with the spatial components:
(M3, Mz, Mio)=m x H+p x &,

and the temporal components:
— i (Mia, Moa, Mzs)=-m x E+p x 9.

We define the angular momentum of the electron to be the spatial part of the tensor:

1
- Hep >
with k=e/cmy .
The simplest four-dimensional “extension” of the usual differential equation for the time
variation of zep will then read:

1.
= fiyg =Map, (54)
K
1.e.:
1.
—m=mxH+tpx¢E (54.2)
K
and
1.
_p:pxﬁ_mX€9 (54.b)
K

in which the dot means differentiation with respect to proper time.
However, equations (54.a) and (54.b) can be fulfilled simultaneously only in the case where
the vectors m and p are mutually independent (a priori). However, the relation (50) must exist

between them, which will make equations (54.a), (54.b) incompatible. Now, it is easy to modify
the combined equation (11) in such a way that the condition (7.a) will be fulfilled. To that end, we
introduce an initially-indeterminate four-dimensional vector a» and define the invariant scalar:

_/'laﬂaaxﬁ:_%ﬂaﬁ(aaxﬁ_aﬂxa)ﬂ (55)

which vanishes identically, according to (50.a). We add that scalar to the “energy function” U, i.e.,
we replace the latter with:

U'=—1u,(H,+a,%,—-a,%)=—2u,H, . (55.2)

We correspondingly replace the tensor Mep with:
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M., = u, Hp — i, HL (55.b)
1.e.:
M;ﬂ - Maﬁ+a7 (Xa ﬂﬂy_xﬁ /’lay)ﬂ (55.0)

and the “equations of motion” (54) with:
— oy = My, (56)

or when written out in full:
1. . .
;'uaﬂ = Moy Hy =11y, By 48, (X, 1y, =X 14,) - (56.2)

We now determine the vector a« in such a way that this equation will agree with the relation (50.a).
Indeed, when we consider (50.a) and the identity:

X, %, =— ¢,

it will follow from (56.a) that:
1. . 1 ., . .o . 2
o Hap Xp =T Hap Xp T ey Hy, X, —a, u,, X, %, = 1, (Hp X, +8,C7)

or
1. , 2
Uop| — Xy +H, X +a,¢” | =0.
K

That will then give:
1

KC

ar=—(xH, X, -%, ). (57)

Independently of that expression for a;, when one considers (50.a), one will get from (56.a) that:
1. .
— Hap My = Hap Hey Hpy— piap pipy Hay =2 pop pay Hpy= 0

(due to the skew-symmetric character of Hpy), i.e.:

d
— 12, =0
dz_luaﬂ

or
$ul, =m’—p’ = u’ =const. (58)

As is known, the equations of motion of a non-magnetic electron [cf., (8), § 2] are:
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" e .

myX, = —H_ X, ,
c
or, with e/m,c=x:
(58.a)
If one neglects the force that originates in the magnetic moment in comparison to the force
1 . e ;

e(ci+—n>< .6] , which corresponds to the four-vector —F_; X, , then from (58) and (58.a), one
c c

will have:
ay~0. (58.b)

In that approximation (i.e., when one neglects the perturbation of the translational motion of the
electron that is required by the magnetic force), one then determines its “rotational motion,” i.e.,
the time variation of the vector m, from the simple equations (54) or (54.a).

If one substitutes p = (1 / ¢) v x m in (54.a) using (50) then one will have:

il‘i‘l zmxﬁ#—(%bxm)x@f. (59)
K

One now considers the case in which the electron moves around the nucleus in a weak external
magnetic field §). One can then set:

Er 22— (59.a)

to an even-coarser degree of approximation (viz., one ignores the terms that are quadratic in v/ ¢).
In that way, the second term on the right-hand side of (59) will assume the form:

m, do
— (v —.
(bxm)x ot

We would now like to calculate the mean value of that expression for the unperturbed motion.
One has (for the unperturbed motion, cf., § 9, Chap. VII):

i(t‘o><m)><b = (nxm)x%+(%xmij =0.
dt dt  \dt

It then follows from this that:

(bxm)x% = %mx(%xuj ,
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or from (59.a):

(lnxmjxe ~ imx(QfxtJ) = 1m><§ ) (59.¢)
c 2c 2

As a result, the mean variation of the vector m is determined, to the degree of approximation

above, by the equation:

1dm 1 =
T—rmxH+—mxH, 60
— 9 5 5 (60)
: . 1 , 1 : : .
in which ' = - EUXQ R - EnxQﬁ means the magnetic field strength in the coordinate system

S’, in which the electron is instantaneously at rest, and 5’ means the mean value of that field

strength.

We will now cite a more rigorous derivation of the differential equation (56) for the “rotational
motion” of the electron on the basis of the Hamilton-Schwarzschild principle. At the same time,
that will yield the precise differential equations for translational motion.

We then set:

s[Ldr =0, (61)
as usual (cf., § 3), with the auxiliary conditions:

X2 =-¢° (61.2)

a 2

Hoyp %, =0. (61.b)

We then write the Lagrangian function in the form:
_ e . * 1
L_EAaXa+T +5,Llaﬁ Haﬂ’ (62)

in which T" means the “kinetic energy” of the rotational motion.

We consider that energy in conjunction with the usual three-dimensional mechanics as a
function of the “angular velocity,” which we characterize by the skew-symmetric tensor wep =
—ay, . In that way, we set:

.1
or" = ﬂ'u“/’ 01,5, (62.2)

by definition. In order to determine the variation of 1ap, we next observe the corresponding
operation in ordinary mechanics. The work done by the magnetic torque m x $) under a virtual

infinitesimal rotation o v is equal to the inner product o v - (m x §3). On the other hand, it must be



§ 8. — Rotational motion. Equations of motion of a magnetic electron. 381

equal to the decrease in magnetic energy — o (— m $) = o m - $. We will then have dm - $ =
ov-(mx$) or (Sm H)= (doxm)-$H, and as a result:

om=9%0vpxm.

The corresponding four-dimensional variational formula must be obtained from that in the same
way that formula (53) was obtained from the three-dimensional expression for the torque m x $).

If one then introduces the four-dimensional skew-symmetrical “rotation tensor” &ap whose
spatial part is equal to the vector o v then one will have:

é:Llaﬁ = 5Qaﬂ - Hpy — 59,67 * Hay. (62b)
Obviously, the quantities 0 Qep (just like dwep) do not represent complete differentials, i.e., there

is no “angular coordinate” Qqp(non-holonomic system) that would correspond to x» . Nonetheless,
we shall assume that along with the relations:

5%, = iaxa, (63)
dr

the corresponding commutation relations for 6 Qap and d Qap = wpy dt are also true, i.e.:

d
5(()aﬂ: E&Qaﬂ. (633.)

By means of the formulas and the relations that were partially employed before:

§Aa=aA“5x, Aa:aAaX’
X, 4 X, 4
oH
§Haﬂ_ aﬂé‘X N Haﬂ - & )
X, 4 X, r
we will get:
e OA e 0A d(e 1 d(1
OL=—""22X X ———EX OX +—|—-A X |-— 0,00 ,+—| — oQ
C@Xy o Y C@Xy v o dT(C o aj 2Klua,8 12743 dT(ZK‘LIaﬂ aﬁj

+

(NI

oH,, )
ll’la/i’ ax 5X7 +5Haﬂ (59(1}/ /Llﬂy_é‘Qﬂy /’la;/)a
/4
or since:
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OXy  OX,

:H,Ba,

oL

_[e . oH, 1. d(e 1
= (E H,s X, +3 1y, p 7]§Xa+%(—;,ua7+,uﬂy H, —u, ijé‘Qaﬂer—(EAa§Xa+;,uaﬁ5§2aﬂj.

T

a

Similarly, from (61.a) and (61.b), when one adds the undetermined Lagrange multipliers A and a«
(x=1,2,3,4):

AX, 0%, =— 5xai(l>’(a)+i(ﬂxa5xa) =0
dr dr

and
aa 5(/'laﬁ Xﬁ) = %[aa 5(ﬂaﬂ Xﬁ) - aﬂ 5(/’Iaﬂ Xa)]

d d . .
= E(aa ﬂaﬁ 5Xﬂ) _5Xa E(ﬂaﬁ a’ﬂ) +%(aa Xﬁ' _aﬂ Xa)(5Qay lLlﬁ;/ _5Qﬂy 'luay) =0 ’

or since:
Xﬂ/uﬁy - Xaluay :0’
one will have:

. d d , .
a‘aé‘(/’laﬂ Xﬂ) = E(aa /uaﬂ 5Xﬂ)_5xa E(ﬂaﬁ aﬁ)+%5Qa}/ 'a‘y(xa /l'lﬂ;/ _Xﬂ 'll'la}/) = 0 *

With the usual assumption that the variations 6 xa, 0 Qqp vanish at the limits of the integral
(61), it will then follow from (61), (61.a), (61.b) (upon adding the expressions above and setting
the coefficients of dx« and 6 Qap equal to zero) that:

oH
By (6 4)

d e
— (A%, +p, a,)=—H_ X, +1
dT( a luﬂa ﬂ) C af p 2/uﬁy aXa

and
1. . .
;,Uaﬂ = ,UayHﬂy —ﬂﬁyHay+ ay (Xa Mg, _Xﬂ ,uay) .
The last equation coincides with (56.a). The first of them is the generalization of the ordinary
equations of motion (58.a) for a non-magnetic electron.

We correspondingly set:
A=my+ A, (64.a)

in which A’ means an additional term that depends upon the moment of the electron. After
performing the differentiation on the left-hand side of (64), we will get from (57) that:
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oH,,

I 11 o . _ 2 1
AR, A AR, + g, 8y + flg, 85 = KMy C aﬁfﬂ%y-
a

2

Due to the relations x> = — ¢, X X =0, and a % = 0, it will follow from that upon
o a a o a p

multiplying by X, that:

oH,, dH,,

_R291 ary . y — 1 v — 1 7
Cl+/1 Xa+/uﬂa aﬂ Xa 21uﬁy axa Xa Zluﬂy dT

or

., d . ; ;
- A= E(%/‘ﬂy H, ) =3, H,yta, %3, %,) .

From (55.a), (55.b), and (56), we have:

%ﬂaﬂ(Haﬂ +a, Xﬁ _a‘ﬁ X ) - %ﬂaﬁ H;ﬁ - ('Uaﬁ H/;y _'Uﬂy Hf;y) Ht;ﬂ

N | &R

K ! ! ! ! — ’ ’
= E(ﬂaﬂ H}/ﬁ Ha}/ _luﬁa H}/a Hyﬂ) - K/uaﬁ Ha7 Hﬁ7 =0 ’

due to the skew-symmetric character of the tensor x« . As a result, we will have:

, 1
l = - Eﬂaﬂ Haﬁ . (64b)

The increase in mass my is then equal to the “relative magnetic energy” of the electron (relative
to the nucleus and other particles that create the field Heqp) divided by the square of the speed of
light.

One can interpret the expression uep a« in (64) as the a-component of the additional impulse
that originates in the absolute energy of the electron, i.e., the kinetic energy of its rotation.

Due to (57), upon substituting (64.a) in (64), that will give:

d .. oH
E(ﬂ X, + g, 8,) = C'moxa, +iu, axﬁy . (65)
One can employ that equation in order to determine a. for an approximately, and indeed, in the
first approximation, when one neglects the left-hand side of (65), one will get:

1 oH,,
. 65.a
2ec? " ox (652)

dag = —

It will follow from equation (64) that:
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d . d .
xad—r(/I Xy + Ly ay)—xﬂa(/l X, 4, Q)

e _ _ oH — oH
:E(Hﬂyxaxy—Hayxﬂx7)+%,upg(xa ax; ~ X, aX: ]

or

(66)
oH,,

OXy

oH

—-X
s
OX,

€ . . , ,
:E(Hﬁy Xa X}/—Hay Xﬁ X}’)+%’UPO'(XU‘ J_ay (Xaluﬂ}/_xﬁlua}/)'

That equation can be regarded as the generalization of the “law of areas,” i.e., the usual formula

: . : de
for the rate of change of the ordinary angular momentum of the translational motion mo v x i

T
In that way, that angular momentum is replaced with the skew-symmetric tensor:

Tap= A (X, X5 =X, %, )+8, (X, 165 —Xptt,, )5 (66.a)

whose spatial part coincides with mo v x v in the first approximation. It should be further noted

that the second term on the right-hand side of (66) is equal and opposite to the corresponding
additional term in formula (56.a) for the rate of change of the angular momentum of rotational
motion. If one sets:

"
Kﬂaﬂ aﬂ
then one will have:
d .. e . . ouU ouU
—T(Iaﬁ + Iaﬁ) = U, Hﬁ, — My, H, +E(H[”7 X, X, — HW X, xy)+xﬂg—xa§ (66.b)
a Vi

for the sum of the two moments, according to (56.a) and (70), and in which U means the “relative
energy’’:

We now consider the case in which the electron moves in a radially-symmetric electric field &
= f(r) ¢, although an (external) magnetic field is absent. In that case, one will have U=—p € =

—f pr,and as aresult, for o, f=1, 2, 3:
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ouU ou
—= X — =f(xapp—xppa)=Eapsp—Eppa.
x o, S (xapp—xppa) ps—Epp

Xs
The resulting torque, which corresponds to the spatial part of the tensor on the right-hand side of
(66.a), will then be equal to zero (cf., § 9, Chap. VII and § 2, Chap. IX).

It will then follow that magnitude and direction of the resultant angular moment of the electron
in the case in question must remain constant.

As we have already seen above [equation (15)], the magnitude of the tensor tqp, and as a result,
iap, as well, 1s constant in time. As a result, in the first approximation (when one drops the terms
that are quadratic in 1 / ¢), one can consider the magnitude of the angular momentum of the
rotational motion i = m / x to be constant in time. If one denotes the angular momentum of the

translational motion (i.e., the spatial part of the tensor /4p) by J then, due to the condition i+ J =
const., it will follow that the magnitude of J must also remain constant and that both vectors i and
J must precess around their resultant with the same angular velocity.

If we introduce the corresponding magnetic moments m = ki and It = (x/ 2) J in place of
the angular momenta i and J then we will see that the sum m + 99t = 3« (i + J) + $ ki does not

represent a constant vector. Indeed, the magnitude of that vector will remain constant, but its
direction must precess around the atomic axis with the aforementioned angular velocity. There is
no simple way of determining that angular velocity. However, formula (64) shows that its mean
value coincides with the usual Larmor velocity of the electron orbit in an external magnetic field
5.

In the foregoing discussion, we have left the internal torque that was found in § 8, Chap. VII,
completely out of consideration. That torque (when it actually does exist) would represent the
spatial part of a six-vector and should reduce to the form (63.a), Chap. VII, in the limiting case of
small translational velocities. Now, it is easy to convince oneself that such a six-vector, with its
components that are quadratic in uas and X , can indeed be constructed, but it must vanish

identically due to the condition that g, X, = 0.

That is why the existence of an internal torque seems to be incompatible with the theory of
relativity.




