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Abstract:

We show the existence of the unique motion regime for a point charged particle that
corresponds to zero radiation reaction force. The explicit expressions for the motion
law, for the trajectory and for the external electromagnetic field providing this motion
are find out. It is proved that there exists the reference frame where this motion is
rectilinear and has zero initial velocity.
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INTRODUCTION

The equation of motion of a radiating charged particle and problems relates to it is discussing
during long time (the nonrelativistic version of it was discussed by Lorentz [1], more than a hundred
years ago). The relativistic generalization of the equation was originally found by Abraham in 1905
[2]. A new deduction of the Lorentz covariant equation of motion was given by Dirac in 1938 [3].
This equation is therefore called the Lorentz-Abraham-Dirac equation, or for short, the LAD
equation. Gal’tsov and Spirin [4] have reviewed and compared two diff erent approaches to
radiation reaction in the classical electrodynamics of point charges: a local calculation of the self-
force, using the equation of motion and a global calculation consisting in integration of the
electromagnetic energy-momentum flux through a hypersurface encircling the world-line. With
reference to Dirac [3] and Teitelboim [5], they interpreted the so called Schott term [6] in radiation
reaction (RR) force physically in the following way: the Schott force is the finite part of the
derivative of the momentum of the electromagnetic field, which is bound to the charge.

It should be noted that many authors (see [7]-[8] and the sources cited there) define uniformly
accelerated motion in flat space-time as i,=0. In the present article is shown that this definition is not

completely correct: the condition ii,=0 corresponds to freely moving particle that does not radiate.

Nevertheless, we show that there exists another unique regime of point charge motion when the
LAD force is zero. Just this regime corresponds to a hyperbolic motion as it was introduced by M.
Born in 1909 [9] — the relativistic generalization of a uniformly accelerated motion. In the Sec. 1 we
derive the general motion law of the point charge that moves without radiation friction force and
prove that this law is unique. We present some useful mathematical transformation formulas for the
motion in such regime. In the Sec. 2 we find out the equation of the trajectory which corresponds to
zero LAD force and prove that in general it is a hyperbole. There is shown that there exists the
inertial Reference Frame (RF) such that the trajectory in this RF becomes rectilinear. The explicit
expression for the velocity of this RF respect to the Laboratory RF is find out. In the Sec. 3 we find
the configuration of the external electromagnetic field providing such motion. In the Sec. 4 we
compare the previous results with the case when the charge moves in a uniform electrostatic field.
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1. Motion Law
Let the radiation reaction force known as the Lorentz- Abraham-Dirac (LAD) force equals to zero:
F! =(2/3)e*(g"~u'vu")d u, /dr* =0. (1.1)
(i=0,1,2,3)
The equations (1.1) is linear respect to d’u, /dt”= ¢, and obviously has a trivial (formal) solution
w, =0, k£=0,1,2,3. (1.2)
Then, taking into account the well-known restrictions
vu, =1 = u'wow,=0 (1.3)
we find
oo, =—u'o, (1.4)
which shows that (1.2) leads to the condition
0’ =0, o”=%|0"|. (1.5)

It is well known that a 4-acceleration @* is a space-like vector (see, e.g. [10] §7):
w,=y'a-0, B=y'd+y"a-0); o =-y'(a@+yaoy)=-¢,<0 (1.6
(here and bellow a denotes a 3-acceleration vector of the particle, moving with a 3-velosity 0;
y=(-0")"" stands for a relativistic factor; a, denotes a magnitude of a 3-acceleration vector in
the particle’s Proper Frame, PF). So, the conditions (1.4)-(1.6) mean
0,=0 = 0'=0 = d=a,=0,
and we have to conclude that the following statements are true:

Statement 1. A trivial solution of the system of equations (1.1) corresponds to uniform motion
a =0, so a charged particle does not radiate in this case.

Statement 2. Except a trivial solution o, =0, k =0,1,2,3, the system of equations (1.1) has
nontrivial solutions as well, when
o, #0, k=0,1,2,3.
Proof. The system (1.1) consists of linear homogeneous equations respect to @,, k=0,1,2,3,

and the determinant of the system is zero. In order to calculate it let us calculate previously a
characteristic polynomial of the system

P(A)=det(Ag,—u'u,)=A" -2’ Tr(u'w,).
All other summands of the characteristic polynomial P(A) are zero. Taking into account that
Tr(u',)=u"u, = (4,)* —u,u, =1,
one concludes that

det(g, —u'u,)=P(1)=0. (1.7)
It is easy to check that the rank of the system (1.1) is 3:
1+ (u,)? uu, U,y
det (g —uug)=det| wu, 1+, wyuy |=1+wu,u, =(u,)* >0. (1.8)
usu, usu, 1+ (”3)2

Therefore, general solutions of the system of linear algebraic equations (1.1) form a 1-dimensional
linear space [11], (that contains the solution (1.2) as well as nontrivial solutions @,#0,
k=0,1,2,3).
Rewriting the system of equations (1.1) as
(g —u‘uy)a, = uﬂuoa')o (p=12,3)
one can present general solution of the homogeneous linear system (1.1) as follows:
o, =(@,/uyu,, k=0,1,23 (Vao,e ). (1.9)
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Then, taking here into account the conditions (1.4) and (1.3) one finds
o' =o'o,=—u'o, =—(a,/u)u'u, =—ao,/u,

and therefore (1.9) (and equivalent to it the condition (1.1)) can be presented as follows:

o, =-o'u, k=0,1,2,3. (1.10)
Multiplying the equations (1.10) by @* and summarizing one gets:
o'o, = 1d e ~0’w'u, =0.
2dr
Hence, according to the (1.6),
»’=—a, = const. (1.11)

Taking into account that

u =x, o,=x, k=0,1,23
and integrating the equations (1.10) one can find

¥,=a/x, +0”, k=0123, (1.12)
where (1.11) is used and we denoted

0" =% (r=0), k=0,1,23.
Then, assuming that the initial conditions are

x(r=0)=0, u,(r=0)=%(r=0)=u"=8,, k=0,1,2,3,
general solutions of the system (1.12)
x, = 4, cosh(a,r)+B,sinh(a,r) — 0,/ a.’, k=0,1,2,3,  (1.13)

can be presented as follows:

x, = 0, "a,*(cosh(a,r)-1) + B,a, 'sinh(a,7). (1.14)
It should be emphasized that in the notations used bellow through this article B,=y, _,, B=( Y0) 05
so, we have
BB =B -B=1. (1.15)
Thus,
u, =x,= o "a, " sinh(a,r)+ B, cosh(a,r), (1.16)
o, =1, = ¥ = o,”cosh(a,r)+ f,.a,sinh(a,r) (=a,x+o”), (1.17)
i, =a,’| @ a, " sinh(a,r)+ B, cosh(a,r) | (=a,u,), (1.18)

which proves the Statement 2 is proved.

Note 1. It is easy to check that the solutions (1.16)-(1.17) satisfy all necessary conditions (1.3)-
(1.4). In the particle’s PF one has to assume in (1.16)-(1.17) the next: ,Bk:(l,a), ol"=0, ®"=a,.

Note 2. The formulas (1.14) and (1.16)-(1.18) are derived for the case a,# 0. Nevertheless, they

have limit when a,— 0. Namely, taking into account that in this case @,”—0 and using (1.14)
and (1.16)-(1.18) we can find

x,=p7t, u=p, ow=0=0, £k=01273.
Hence, a motion which satisfies the condition (1.1) is possible only if the initial value of
acceleration a,#0 (except the trivial case of uniform motion without any radiation).

Below we assume a,# 0 and use a notation
0" a=a,, k=0,1,23. (1.19)

Taking into consideration the relations (1.3) and (1.6), obviously, one gets
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a‘a, =a)-a’=-1, (1.20)

a'B.=a,p,—d f=0. (1.21)
Therefore, based on the Cauchy-Bunyakovsky inequality [12] one should conclude that

a) Bl=(@ By <@ f =(al+1)(Bi-1)=a B+ B -al-1 = B-a-120. (1.22)

Note 3. The motion laws (1.16) and (1.17) can be expressed in matrix form as follows:
(ao—lwk (z’)] _ (c?sh 9 sinh&lj[ak} k0,123, (9=a,0)(1.23)
u, (1) sinh$ cosh& )\ B,
So, one can consider these motion laws as an orthogonal transformation — rotation on the angle
$=a,r in 2-dimensional pseudo-Euclidean space P’ . Then one has to conclude that the following
relations must be true (taking into account that metric is pseudo-Euclidean)
-1
(aoilwk (T), u, (T))[ao “ (T)] =
u(7)
=a,” o,(t)o,(t)-u (), (r)=inv=a,a,- BB, k,[=0,1,2,3. (1.24)
Particularly, assuming here k=0, /=1,2,3, one obtains the important relation that we shall use
bellow
a, *@y(7)@(7) = uy(0)ii () = &tydi = f, . (1.25)
Assuming in (1.24) k =1 we obtain
aoizwk(f)wk(f) —u,(Du(7) = o, - BBy, k=0,1,2,3,  (1.26)
which, after using a pseudo-Euclidean metric and summarizing by &, gives us
a, o,(1)0"(t) - u ()u'(t) = a,a" - B, B
Taking here into account (1.3), (1.15) and (1.21) we easily obtain the known expression (1.6):
a, ‘0 (r)-1=-2 = o0(r)=-a,
Obviously, the converse is not true: the general relation (1.6) does not give us neither 10 relations

(1.24) nor 4 relations (1.26) which are not valid in general case but for the charge’s motion in
accordance to the condition (1.1).

The next important relation is referred to the 6 skew-symmetric tensors A4, =—A4,€P’,
k,[=0,1,2,3, that must remain invariant (as a skew-symmetric rank =2 tensor in a 2-dimensional
space) under transformations induced by (1.23):

A,=a,"'o,()u,(r)-a, 'u(t)o,(r)=inv= o, - B.a,, kI1=0,1,2,3. (1.27)
In particular, one has
a; (0,(D)id(r) ~ uy(1) & () = @, B - f,é. (1.28)

Obviously, the modulus of the invariant Euclidean 3-vectors remain invariant under
transformation (1.23) as well. In particular, taking into account (1.15), (1.21) and (1.22), for the
squares of the vectors (1.25) and (1.28) one gets

[a, *@,(1)@ ()~ u ()il ()] = (a,& = /)’ =
=a,(a, +1)=2a, B, + B (B -1 = (B —a ) B —a, -1, (1.29)
a, *[@(2)ii(7) = u (D) B(D) = (2, f ~ f,d)* =
=a (B -1 = 2a, B, + B, () +1)= B -, (1.30)
As well, we will use these relations below.

2. The trajectory.
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Using the motion laws (1.14) one can eliminate proper time and obtain an equation for a
trajectory which corresponds to the condition (1.1).
First of all, let us prove the next statement:

Statement 3. The trajectory of the motion corresponding to the condition (1.1) is a flat curve.
In order to proof the Statement 3, the next Lemma can be used:
Lemma 1. For the motion corresponding to the condition (1.1) the next relation is true:
(d/dr)(ﬁ(f)x@(r)):o. (2.1)
Proof of the Lemma. Based on the formulas (1.25) and (1.28) one can conclude that
(a, " @)(1)@(r)— uy(2)ii (7) )x a, (@y(2)ii (r) - uy(r) B (7)) = ey — B, B) x (t, B~ By@)
= a, ' (u(0) - a, @) (7))ii(r)x @ (2) = (B} - o)) B xd =inv.
Besides, using (1.26) and (1.22) one has
Uy (7) = ay "5 (t) = By — g > 1. (2.2)
Therefore we get
ii(t)x @ (1) = a,(fxd)=inv. (2.3)
So, the statement of the Lemma 1 is proved.
Proof of the Statement. Using expressions [13] for unit tangent 7(z), and for main normal 7(z)
of a curve in 3-dimensional Euclidean space we get for the trajectory under consideration
((o)=|0|"'0(0)=i|i(r) = =1 f(r)?(r) =0 =
i(r)=|t]ii(z), ii*=1.
Then, calculating the derivative we find

_d i(r) _#@a@)| - a@)(u(@)-a@) i@

i(r) = di;f(r)

Cdrli(n)| ii (1)
_ &(7)ii*(7) -1 (7)( & (7)1 (7)) _ u(r)x (@ (r)xi(r)) 2.4)
i (7)]* i (o)] ' '
Let us assume firstly that 5 x @ = 0. Then, according to (2.3) we have
u(t)xao(r)=0, Vr.
Therefore ?(r) # 0 and one gets
0~ SO0 HOMBOMEE) _enaonite) o
i) li@x(a@xa@)] @@ é(@)xi()]
Calculating now the binormal b(z) = 7(r) x7i(z) of the trajectory one gets
F () = () x 7 () = i(r) y i(r)x(@(r)xii (7)) _
PO RO O @ e
(o) & ()i (1) —ii(7) (&(2)1i(7)) _ ii(r) x () .
i*(7) | &(z)xii (7)] |&(7) %1 (7)]
So, according to the Lemma
5r)= i(0)xd(r) _ fxa _. 2.6)

@0 |Bxal
and for the case fxa#0 the Statement is proved.

If now ﬁ xa =0, then, according to (2.3),
u(r)xaw(r)=0, Vr.
Therefore, according to (2.4) we have
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fxd=0 = f(r)=0 = 7(r)=const, 2.7)
hence, the trajectory is rectilinear. So, the Statement is fair in this case too.

In order to find the explicit equation of the trajectory let us present (1.14) as follows:
x,=a, (a,(cosh 3—1)+ f,sinh ),
% = a,'(é(cosh 9-1)+ B sinh 9), (2.8)
X,=a,' B, sinh 9.
(%=a,r, a,#0)
Here we have denoted S =a(a@-f)a> B,=p-p,% =a(@x)a > X, =x—X. Besides, we

assume that a,> 0. Then, introducing new dimensionless variables

60:)(70610, g :ao)_é > ‘):i:ao)_ép
and rewrite (2.8) in the coordinate system having the spatial axes (5, #0) as follows:
Ox d, Oy P,

we get
&,=a,(cosh@—1)+ B, sinh G,

¢ =a(coshd—1)+ f sinh G,

&, =, sinh&
(a>0, B, >0)

§O=a0(1/1+g‘f/ﬂf—l)hﬁoé/ﬁl, (2.10)
£ :a(«/1+§f/ﬂf—l)+ﬁ E1B,. @.11)

(@>0, f,>0; Bl=p"+p +1)
The equation (2.11) gives us the trajectory of a charged particle which is moving in accordance to
the condition (1.1). Rewriting (2.11) as

(& -B& /B +a)y -a’(&./p)=a’

(2.9)

Now, it is obvious that

or, equivalently,

[&7-28 BT &+ (BP—aM)BE] [+2a(E - B BE)=0, (2.12)
one can conclude that the trajectory is a hyperbole as far the matrix of the quadratic form in the
square brackets (in respect with the variables &, &)

1 _ﬂ /ﬂj_
Dz = 2 2\ o2
_IB /ﬂi (IB - )ﬂL
has negative determinant:
detDz = (ﬂz_az)ﬂgz_ﬂ 2ﬂL_2 =-a’ L_z <0.
(x>0, 5,>0)
Hence, the eigenvalues of the matrix D, are of opposite signs.

Note 4. The determinant of the full quadratic form matrix in the left hand side of (2.12) is
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1 _ﬂ /ﬂj_ a
detD,=det| -8 /B, (B*-a’)B° -aB /B, |=a'B>0. (a>0, B, >0)
a -apf /B, 0

Therefore under conditions >0, £, >0 the hyperbole is non degenerated [14].

The equation (2.10) easily can be solved in respect with the variable n=¢ /f =sinh 9 as
follows:

(50—@)77)2+20!0(§0—,3077)—a02772=0 =
n= (ﬂoz_ 0‘02)71 [ﬂo(ao"‘ S Ela, |\/ﬂ02—0£02 + (o, + fo)z J

Then a charged particle’s motion law which corresponds to the condition (1.1) can be written down
in terms of lab time x,=a, &, as

=t B eyt BT e Gy 2.13)
¢ =ﬁ(fo— Aol gaj. (B.>0, ai#0) .14
& B,

In the case when £, =0 (ao2 #0) the equations (2.8) reduce to the following ones:
&,=a,(cosh3—1)+ B, sinh G,
E =& =d(coshd—1)+f sinh 4, (2.15)
¢, =0. ~
So, the trajectory is rectilinear, as far in this case f «.
The correspondent motion law in terms of the lab time x, =a, '&, is
(éoﬁ_ﬂog"' aoﬁ _:8007)2_ (0‘05_ 98007)2= (aoﬁ_ﬁo&)za
which can be presented equivalently as (here, as well as above, £=|&|, a=|a|, f=|5])
B — o)+ 258 (=B B) + & (B = a®) +2(B& =&, B) (e, S~ Byx)’=0.  (2.16)
Taking into account (1.29), (1.30), (1.15), (1.20) and (1.22), in the case B a one gets
Bl-a =1, B-a’=p-a, -2=-1, (a,f-Ba)=p -, =1, a,a-pB,B=0.
Therefore, in the case # @ the motion law (2.16) has the form as follows:
&7 = &7 +2(BE-&,B)=0. (2.16")
The orthogonal invariants (see, e.g. [14]) of the quadratic form (2.16) are
B aa—FB  ~Bo(af~Puc)
det|  aa-fp p-a’ Bla,f-py) |=By =B =1>0,
__ﬂo(aoﬂ_ﬂoa) Ba, - Byx) 0

2 _ 2 _ 1 0
det Po = aoozc ﬂozﬂ =det =-1<0,
|- BB B« 0 -1

so, the motion law (2.16) describes the dependence X = ¥(x,) as a non-degenerated hyperbole.

Theorem 1. If GxB#0, then there exists a Lorentz transformation that makes the 3-
dimensional vectors & and B collinear-.

Before proving we need two useful Lemmas:
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Lemma 2. If the 3-vectors & and B are not collinear, so if & x f§+0 then the vectors

s @wB-fd _ad-BB o axB (2.17)
" laB-Byél Y lea-pgpIn 7 laxpl

form an orthonormal basis in 3-dimensional space.

Proof of the Lemma 2. According to (1.29), (1.30) and (1.22), one has:
(aoﬁ_ 13007)2 = ﬂoz _aoz >1>0,
(@@=, B) = (By —a)(fy —ag—1) 20, (2.18)
(@xp) =a’p’—(@ By =B -a,-120.
Equalities in the formulas (2.18) are reached for collinear vectors ¢ and J only. So, under the
condition of the Lemma 2, the definition (2.17) is correct. All three vectors €, €, and ¢, are unit by
the definition.
According to (2.17), obviously,
é-é =0, é,-é =0.
Let us check ¢, - ¢,. Taking into account (1.15), (1.20) and (1.21), one gets
(ﬂo&_aoﬁ)'(ao&_ﬁoﬁ) =0£0,30(0_22+B2) _(aoz"*'ﬁoz)&‘;ézaoﬂo(&z_a02+ﬁz_ﬁoz)=0-
So, the Lemma 2 is proved.

Note 5. It is easy to check that the basis (2.17) is right oriented:
€ X€, =€, €,X6 =€, €xXe =¢é,. (2.19)
Lemma 3. Let us suppose a x ﬁ # 0 and in every point of the trajectory (for any proper time T)
let define the following 3-vectors
1= 4, (0,0 ~u,(0B(),  Fi=a,0 D)3 @) -u(0)i(r), 7=Axi, — (2.20)
where u,(r) and o/(7), k=0,1,2,3, are defined by formulas (1.16)-(1.17). Then the vectors
LI\l jgl\jii), V/|V| form a uniform 3-dimensional orthonormal basis along the particle’s
trajectory and so _form the global Cartesian coordinate system in 3-dimensional Euclidean space.

Proof of the Lemma 3. According to (1.25) and (1.28) we have

A=a,f-p,a, p=a,d-pB,p. (2.21)
Therefore, according to the lemma 2, the vectors A/|X| and fi/|zi| are correctly defined,

orthonormal and are invariant along the trajectory. Hence, in the arbitrary point of the trajectory the
vector

(AN (@l a)) =vI( Al A = v/ |V
is defined correctly and uniquely and give us (together with the vectors A/| 4| and ji/|fi|) the third
vector of 3-dimensional orthonormal global basis. Thus, the Lemma 3 is proved.
Note that, according to (2.20), (2.21) and (2.18), one has
V= (aoﬁ_ﬁo&)x (aog_ﬁoﬁ) = (ﬂo2 - aoz)& XB,
Vi= (B - @xp) = (B —al ) (Bl —a) -1)= AR

Proof of the Theorem. Using formulas (see, e.g. [15], §2.9) for an arbitrary oriented boost one
obtains

G a'=a+(y-0)o70(a 0)-yba,, B— B =B+(y-1)070(B 0)-yip,.
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Assuming now that the 3-dimensional vectors ¢’ and S’ become collinear we get a condition on
the parameter of the boost (the velocity) o
0=a'xff'=axf+axol(y-DIo"F-0 —yf] - fx0l(y-DIo7d 0~ yar,),
that can be rearranged as follows:
0=axB+(y-1)o*[(@xD)(B-0)— (BxO)@-0)]-y(B,d—ayB)xD.
Then, one can transform the expression in square brackets:
[&(B-0)~P(@-0)]x0 =[0x(a@xp)] x0 = (@xf)-0 = 0[5 (@xf)].
Therefore, after obvious simplifications we obtain an equation
(aof—PByc)x0+(1—y Y0 *0[0-(@xB)]+dxB=0. (2.22)
Now, expressing in the basis (2.17) the velocity we are looking for,
U =€, +,e, +U,;€,,
and substituting it in the equation (2.22) we obtain:
(1802 - a‘oz)”2 (0253 o 0352) + (ﬂo2 o aoz - 1)1/2 [~ 7_1)6_2(0151 + 0252 + 0353)03 + 53] =0.
Therefore,
v, =0,
_U3(ﬂ02_ a02)1/2+ (ﬂOZ _ a02 _1)1/2 (1 _7—1)5—21)21)3 — O,
0(By = a,) +(B) -y =)=y )50 +1]=0.

These equations have unique solution (the case v,# 0 leads to ' = v/1—-0v” =2 and is impossible):

B (,302—0502—1)”2
(ﬂoz_aoz)l/z

v,=0, 0;,=0, v,=

Therefore, in accordance with (2.18) we finally find
_ (ﬂoz_ a02_1)1/2 aO&_ﬁoﬂ _ aO&_ﬂOﬁ (2.23)
(IBZ_a2)1/2 (ﬂZ_aZ_l)l/Z(ﬁZ_QZ)I/Z_ ﬁZ_aZ * :
0 0 0 0 0 0 0 0

Thus, the Theorem is proved.

U=

As it was mentioned above, if @ x =0 then, according to (1.22) and (2.18) one has

Bl-al=1, a,d-pB,5=0. (2.24)
So, one has to conclude that the next statement is true:

Statement 4. If ¢ =kf then k = Bola,:

Axf=0 < a=(p,/a,)p. (2.25)
Corollary. If ¢ x =0 then, according to the formula (2.24) one has
Bﬁo =aa,,

and the relation (1.21) gives
Bzﬂo = B'&ao = aozﬂo-
Then, taking into account (2.25), the last relation leads to the equalities as follows:
ay=%|f|. d=pp,/ay=+pB,/|5l. |d|=P,>0. (2.26)
Note 6. Obviously, collinearity of the 3-dimensional vectors &' and ' does not break under
any boost along the common direction of these vectors. But the magnitudes of the vectors @’ and

B’ do change. According to the conditions (1.15), the 4-vector * is time-like (while, according to
(1.20),
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the 4-vector " is space-like). Therefore, it is clear that the boost with the parameters

o=p1B. =5 (2.27)
makes ' — "=0 (obviously, this boost turns the charged particle in its instantaneously PF).
Then

B — B =(1,0), (2.28)
and, based on (2.24), we find

ark - aﬂk — (0’ &'ﬂ)’
where, according to the Lorentz transformation formulas one has
& =@ -, BI5) = Bid-aiB.
(@'xp =0, a@'#0, p #0)
The condition &'x ' =0 provides the necessary condition
dn: (ﬂorc—ir_ a(;[i")zzl.

Besides, according to the Statement 4, the relations (2.24) and (2.25) give us the following ones:

—n r = ' pr ' C_i'
a =ﬁ0a—a0ﬁ0=§=ﬂ'. (2.29)
0 0

Of course, the relations similar to (2.26) are fulfilled in this case as well.

Note 7. Obviously, the condition (1.1) is not changing under any Lorentz transformation.
Therefore, the Theorem 1 provides the possibility to investigate all physically significant
phenomena of such motion in the special RF — in the instantaneously PRF of the charged particle.
This, according to (1.25), means that one can choose arbitrary point of the trajectory as initial one
and, according to Note 6, assume that the initial velocity of the motion is zero. Therefore, according
to (2.7), the trajectory (respect to such RF) must be rectilinear and the motion laws have to be
described by the formulas (2.15)-(2.16') where one has to assume

B,=1, p=0, a,=0, a=(,0,0).
So, in this case one gets

§o=sinhg, & =coshd-1, & =& =0.

&+ =& =1

Just this case of motion was called by M. Born [9] a hyperbolic motion.

(2.30)

In order to find physically significant features in any inertial RF it is enough to perform the
correspondent Lorentz transformation from instantaneously PF of the charge to the given RF.

3. The External Field Configuration

It seems rather interesting to find a configuration of external electromagnetic fields F;, that
provide the motion law (1.14). As far in this case no LAD force exists one gets the exact equation

({101, §23)

mi,=eF,u'. (3.1)
Theorem 2. The only field tensor F,, that provides the motion satisfying the condition (1.1)
corresponds to static uniform electromagnetic fields.

Proof. Substituting into the motion equations (3.1) the motion laws (1.16) and (1.17) we find
o, cosh 9+ f3, sinh 8= ——F, (' sinh 9+ B' cosh 9). (3.2)
m

a,
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The relation (3.2) can be satisfied identically if we choose the field tensor according to the
conditions

e ! e /
F,p=a, F o =p,. (3.3)
ma, ma,
Introducing dimensionless values

—F, =, (3.4)

the system of equations (3.3) can be rewritten in simpler form, namely,
FoB'=a, Fa'=p, (3.5)
or, in detail
o B=ay, Fb—FL B =,
70, =fy, F =T, %, =P,

uv v

(3.5")

As far for the field tensor .%#, one has the only equations (3.5) that contain only 4-vectors
a,, f,, this tensor can to be expressed by some combinations of the (constant) 4-vectors «,, S,

only. Let us look for the skew-symmetric tensor .%,, in the form
Fu=Cly B —Bay) +Coey,, "B, (3.6)

where C, and C, are arbitrary (real) functions (of 4-coordinates) should be found. Obviously, the
factor C, must be a Lorentz scalar, while C, must be Lorentz pseudoscalar. Substituting (3.6) into
(3.5) and taking into account the general conditions (1.15), (1.20) and (1.21) one obtains:

Cla, B -Ba)B' +Cey,, "B =0, = Ca, =a,

Cle f-Baa'+ Cey,, a"B'a'= B, = C B =p,.

Hence, the conditions (3.5) lead to C,=1, while the factor C,=C(t, x,, x,,x,) remains undetermined
yet. So, we find (for sake of brevity bellow we omit the subindex at the C,)

F,=o,p-p.a,+Cs,, oa"[" (3.7)
Using the notations (3.4) one gets from (3.7) an expressions for an electric and magnetic fields as

follows (we assume £, =E, F, —é:HMH’l =&, " =—g,,, =1, see [10]):

E=

(,Boa a,f+Chxa), ﬁ:me“(’(,/}xa—cwo&—ao,é)). (3.8)
(O[k=(0(0,—0£), ﬂk:(ﬂo’_ﬁ))

Based on the Lemma 3 one can rewrite (3.8) in more convenient form:
E=(m/e)y(@&—w,0+Coxd)=(mle)y*(d+Coxa), 58
1=(m/e)y(0xd—C(@—w,0)) =(m/e)y’* (Oxad—Ca)

(recall that w, =y*d -0, @=y’a+y*(@-o)o).

Based on (3.8), (3.8') one can conclude, first of all, that if a,=0 then E =H =0. This result is
physically clear and has to be expected.

The next observation refers to the Lorentz force acting on the moving charge
F,=e(E+0xH)=my(d-w,0+COxd+0x(0x®)~COX@ )=

=my(d(1-0°)+D(0-& - w))=myd(1-0")=my"' & =my(a+y’@0o)s) (3.9)
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(recall that F . does not coincide with spatial part of 4-force). So, in all points of the trajectory of
the charge moving in accordance with the condition (1.1) the Lorentz force acting on it does not
depend on undetermined (pseudo)scalar function C=C(t, x,, x,, x;).

In order to find restrictions on the (pseudo)scalar function C one has to use Maxwell equations
for electromagnetic field [10]. Taking into consideration that we have no field sources in the region
under investigation (the region where the charged particle is moving), all Maxwell equations must
be uniform:

O F =0, 8,F"%=0. (k=0,1,2,3) (3.10)

Using the notation (3.4) and substituting the expression (3.7) into (3.10), we find the necessary

restrictions:
k/mng

a'f’9,C=0, &"a, B 06,C=0, (k=0,1,2,3)
that, after obvious simplifications (see, e. g., [10], §6), can be presented as follows (here and
bellow we denote (8/0x")C=06,C):

(Byd—a,B)-VC=0, (B,a-a,p)d,C+(@xp)xVC=0; (3.11)
(@xpB)-vC =0, (@xB)0,C—(B,d—at, f)xVC =0. (3.12)
Let us suppose firstly that @xf = 0. According to the Lemma 2, from the firs equations of the

&

mnij

(3.11) and (3.12) follows (we assume that the spatial coordinate axes are directed along the (2.17)
basis vectors: Ox ¢, Oy é,, Oz é,):

VC=60,C, 8C=0.C=0 = C=C(1,). (3.13)

Substituting these results into the second equations of the (3.11), (3.12) and using the Lemma 2
again, one gets
| Bod —, B|€,0,C+[axpl(é;xé,) ayC: 0;

|G xf|&,6,C—|B,d—a,f (€ x&)0,C=0.

According to (2.19), one has € xé,=¢,, é xé,=—¢é,xe, =—¢,. Therefore the system (3.14)

(3.14)

reduces to the homogeneous system of linear equations respect to the variables 6,C and 0,C:

| Byé—a,B16,C— @ xB|8,C=0,

- - (3.15)
|Gx| 0,C~| fyd~at,B10,C=0.
According to (2.18), the system (3.15) has nonzero determinant:
AamalBl AP Gy - (e =,
|0£Xﬂ| _|ﬁ0a_aoﬁ|
and therefore has a trivial solutions only:
0,C=0,C=0. (3.16)

The last result together with (3.13) shows that if & x # 0, then the undetermined coefficient C
in (3.7) is constant and therefore the tensor (3.7) (see also (3.8)) describes a static and uniform
electromagnetic field.

Let us consider now the case when @ x 8 =0. As it was shown above, in this case the relations
(2.24)-(2.26) are fulfilled. Applying these relations to the general formulas (3.8), one obtains

E=(mle)ay(f;~a)flo, ==(B/| B)(ma,/ =%/ |0])(m/e)a, (3.17)

H=-CE.
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Thus, according to (2.7), in this case we have rectilinear motion along collinear uniform electric
and magnetic fields. As far parallel to charge’s velocity magnetic field does not affect on the
particle, therefore, the case reduces to the charge’s motion along a uniform electrostatic field. Let us
check that the magnetic field in (3.17) is static as well as electric one.

Indeed, if @xf=0 then general equations (3.11) and (3.12) give us the restrictions on C as
follows:

(B,d—a,B)-VC=0, (B,d-a,f)0C=0 (B,d—a,B)xVC=0.
As far, according to (2.18), (B,a—«a, B)+ 0, these restrictions give us
VC=0,C=0 < C= const.
Thus, the electromagnetic field is static and uniform in this case as well.

In order to finish the proof of the Theorem 2, one has to show that the solution constructed above
is unique (no electromagnetic fields except constructed in (3.7) can exist). Indeed, let us assume that
there exists an extra electromagnetic field with a field tensor F,," such that the motion equation

e(F, +F,u'=mu, (3.18)
is satisfied simultaneously with the equation (3.1). Here we assume that the tensor £, is expressed

according to (3.7) with arbitrary constant C. Therefore we get for the field £, the following condition:

(e/m)Fu'=0 < Fu’+F,u"=0 (k=0,1,2,3) (3.19)
S E-5=0 (for k =0), (3.20)
E'+0xH'=0 (for k=1,2,3) (3.20")

(one should note that the condition (3.20) follows to the conditions (3.20)).
For any point P of the particle’s trajectory we can assume v =0, =0 (according to the Note 7

such RF can be chosen without loss of generality) and then the relation (3.20") gives
E\,=-0,xH' =0 = 0,E,=—(0,0,)xH! -0,x0,H. (3.21)
Therefore, assuming
QE, =0 (3.22)
we obtain
(6,0,) xH', =0. (3.23)
Taking into account that, according to (1.16) and (1.17) we have
0,0,=0,(y"u), =-y,(,-0,0,)i,+y" 0,i,=
= y’lp (0,u),(6,0), = y’zp @a,=a,d+0,
(3.23) leads to I:I[’, =0. Therefore, in the chosen RF for any point P of the particle’s trajectory we have
(F,), =0 (3.24)
Being Lorentz covariant the condition (3.24) must be true in any inertial RF.
Hence, we have no extra field in the motion law (3.18) except static and uniform fields (3.8) or
(3.17). Thus, the Theorem 2 is completely proved.

It is instructive to compare Lorentz invariants of the electromagnetic fields (3.8) and (3.17). As
far for the invariants of the electromagnetic field we get

B>~ * = (may/e)'(1-CH)[ (B,d~a, ) ~(@x ) |.

L - o, (3.25)
(E-H) = (may/e)(=CY | (B, ~a, )~ (@xB) |,
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then, according to (2.18) one obtains
E*~H’=(ma,/e)’(1-C?, (E-H)*=(ma,/e)'C> (3.26)
Thus, the both Lorentz invariants of the electromagnetic fields (3.8) and (3.17) coincide; it does

not matter are the vectors @ and S collinear, or not. The reason of such coincidence is that one

always can transfer to the inertial RF such that in the chosen RF the (uniform) electric and the
magnetic fields become collinear, and so, in order to calculate invariants, we always can assume,
without loose of generality, that the fields have configuration (3.17). As it is known (see, e.g. [16],

problem 10.62), the velocity ¥ which provides such Lorentz transformation can be expressed (not
uniquely) as follows:

ExH
2ExH)?
Using here the results (3.26) and (3.8) and taking into account (2.18), one gets

i _(Bu@=aB)x(Bx@NCHD) [ s oo 1o (e acn)]
. 2(ﬁo5—a05)2(5x&)2(cz+1)2[(zﬂo 20 -1)(C*+1) - ((1-C?)* +4C?) J_

_ ﬂOB—OZOO_Z 2 21y _ﬂoﬁ—OCO&
B —ar LA 2 D = (3.28)

Hence, the Lorentz transformation which makes the (uniform) electric and the magnetic fields
collinear is the same as was found in the Theorem 1 (see the formula (2.23)). Therefore, such

V= [Ez+H2—((E2—ﬁ2)2+4(E.F1)2)”2] (3.27)

Lorentz transformation makes collinear four 3-vectors: @', 8, E' and H' (see (3.17)). Moreover, as

it is mentioned in the Note 6, one can perform the additional boost along the common direction of
these 3-vectors to transfer in the moving charge’s instantaneously PF. It must be emphasized that

such boost does not change the vectors E’ and H' while the vectors &' and S’ do change.
According to (2.28) and (2.29) one gets:
=B =01,0), @'—>a"=(0,pa)=(0,a"8), |a@"=l. (3.29)
Obviously, one can choose this common direction as Ox axis. Then, according to (3.29), the fields
(3.17) get the form as follows:
E"=(aym/le,0,0), H"=(C,0,0). (3.30)
(‘v’C IS )
Hence, we have proved the following
Theorem 3. Any motion of charged particle which corresponds to zero LAD force (hyperbolic
motion) can be studied in special Reference Frame where initial speed of the particle is zero and
initial acceleration is provided by the uniform electrostatic field. The permissible magnetic field is
static and uniform as well and is collinear with the electric field.
All other kinds of hyperbolic motion of a charged particle can be obtained from the previous
case by appropriate Lorentz transformation. The trajectory of charged particle motion obtained by
such Lorentz transformation is a hyperbole.

4. Motion in Purely Electrostatic (uniform) Field

It seems interesting to compare the results obtained above with a motion equations of point
charge in uniform electrostatic field £ = const (see, e. g., [10], §20):

L'tO:(e/m)E~ﬁ, ﬁ:(e/m)EuO =
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uoz(e/m)zizuo, u=(e/m)’E(E-ii).
If one supposes
ii=ii +ii,, 4 =E(E-i)/E* i =ii—i,
—a)zzaozz(e/m)zﬁz, (a #a,)
then
E-ii=E-ii, E-ii =0

and the motion equations can be rewritten as follows:

= (e/m)°E’u,,
u =(e/m)E(E-ii) =(e/m)E%i , (4.1)
ii, =0.

Thus, one can see that the known (see, e.g., [16], Chapt. IX, §2, problem Ne 692) motion law of a
charged particle in uniform electrostatic field that has a form:

cosh 9 1 sinh L= cosh9-1 - sinh 9 — 9
OIB + B, > xX= fr+a,p, —"ao( ﬁ)
0 a, ao ao

_ =sinh & ~ sinh 9 cosh9 -1

Uy=d,- IB + B, cosh 9, = f+a,ff, —+a,(a, ,3)—2,
a, a, a, 4.2)

. = . smh19

®,= d,- [} cosh $+ a,f3,sinh 9, @ = d, 3, cosh &+ d,(a, )
a,

(9=a,7)

does not coincide with the expressions (1.14), (1.16) and (1.17) completely. Namely, in contrast
with the solutions (1.17) and (1.18) from the (4.2) we get the next relations:

W, = a,(d, Bsinh 9+ Byaycosh9)  (=aj'u,), 4.3)
& =a,(B,a,sinh 8+ G, feosh ) (= aii—alB,),

where ,B ' =u, 1s defined according to (2.2). So, (4.2) satisfies the equation (1.11) if and only if
p.=0.
a,(d, x)=a,’x, (a,#0) (4.4)
X, =0.
If the condition (4.4) does not fulfill then the radiation reaction force (LAD force) is nonzero.
Hence, we have proved the following statement:

Statement 5. The radiation reaction force — the LAD force which acts on a point charge moving
in uniform electrostatic field equals to zero if and only if the particle is moving along the field.

Obviously, in such case (in the given reference frame) a trajectory is rectilinear and the motion
law is described by the equation (2.10). This is just the case which is called by M. Born [9]
“hyperbolic motion”.

Note 8. As far in a general case the LAD force is
Fl =(2/3)é* (g% u'u") o, = (2/3)e2[a>" - ul‘(uowo—a-aé)},
which for the motion described by equations (4.2) (in the reference frame where the strength of an
electric field is E=d,m/e =const) gives us
=(F/,F,),

e’ e
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F'=(2/3)e’(@"—u'a;(1+u )= 2/3)e’a; W’ —u’ (1+u )=

=—(2/3)e’a,uii’, (4.5)
F = (2/3)e2(a3— iial(1 +aj)) = (2/3)e’a,’ (ii—ii, —ii (1+1i,")) =
= —(2/3)e%a(ii +iiii ). (4.5")

Obviously, this result satisfies the general condition
Flu, == (2/3)e%a, i 'u,’ — (i, +ii,’ii)-ii |=
=—(2/3)e’a i (uy —1-ii*)= 0.
The results (4.5)-(4.5") show again that the following statement is true:

Statement 6. If ' #0, then along the component B except the uniform electric field E = const

acts a force ﬁe =—(2/3)e’aii i, that makes the motion along the field non hyperbolic.

5. Discussion and conclusion

The results obtained in the article show that the motion with zero radiation reaction force (the
Lorentz- Abraham-Dirac force) exists in the nontrivial case if and only if the motion is hyperbolic
(relativistic analogies of the uniformly accelerated motion). The trajectory of such motion is studied
as well. There is shown that in general this trajectory is a hyperbole. We have proven that in general
case one can study this motion in the special inertial RF where the motion of the charged particle is
rectilinear and the initial velocity of it is zero. For arbitrary initial conditions there is found the
explicit expression for the Lorentz transformation parameter that allows to perform transformation
to such RF. There is find out the necessary and sufficient configuration of the electromagnetic field
providing the correspondent motion law of the charge and explicit expressions for it in general RF
and in special one mentioned above.

There is shown that in general a uniform electrostatic field does not provide the motion with zero
LAD force. In order to find the exact motion law and to estimate the radiated energy-momentum
there is necessary to solve the third order differential equation that describes the motion with
nonzero LAD force. The relations obtained (see (4.5)-(4.5")) indicate that there is possible to use i,
as a small parameter for built up the solution of that equation numerically or executing
corresponding decomposition.

On our opinion, it seems rather interesting to investigate how much does the radiated energy-
momentum intensity change when the charge motion slightly deviates from the hyperbolic regime.

Besides, there is interesting to study the influence of the particle’s own magnetic moment on the
phenomena considered above.
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