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Abstract

This article offers a new approach for analysing the dynamic behaviour of distributions of
charged particles in an electromagnetic field. After discussing the limitations inherent in the
Lorentz-Dirac equation for a single point particle a simple model is proposed for a charged
continuum interacting self-consistently with the Maxwell field in vacuo. The model is developed
using intrinsic tensor field theory and exploits to the full the symmetry and light-cone struc-
ture of Minkowski spacetime. This permits the construction of a regular stress-energy tensor
whose vanishing divergence determines a system of non-linear partial differential equations for
the velocity and self-fields of accelerated charge. Within this covariant framework a particular
perturbation scheme is motivated by an exact class of solutions to this system describing the
evolution of a charged fluid under the combined effects of both self and external electromag-
netic fields. The scheme yields an asymptotic approximation in terms of inhomogeneous linear
equations for the self-consistent Maxwell field, charge current and time-like velocity field of the
charged fluid and is defined as an ultra-relativistic configuration. To facilitate comparisons with
existing accounts of beam dynamics an appendix translates the tensor formulation of the pertur-
bation scheme into the language involving electric and magnetic fields observed in a laboratory
(inertial) frame.

1 Introduction

The intense international activity involved in probing the structure of matter on all scales, with
particle beams and radiation, owes much to recent advances in accelerator science and technology.
Developments in the production of high power laser radiation also offer new avenues for accelerator
design and new diagnostic tools of relevance to medical science, engineering and the communications
industry. A common theme in these developments is the interaction between charged particles and
the electromagnetic field in domains where relativistic effects cannot be ignored.

It is remarkable that many of the challenges that must be addressed in order to develop and control
devices that accelerate charged particles have their origin in the interaction of particles with their own
electromagnetic field. Despite the fact that the classical laws of electromagnetism were essentially
formulated over a century and a half ago the subject of electromagnetic interactions with matter
remains incomplete. This incompleteness has had concomitant effects on the development of quantum
electrodynamics and renormalisation theory. At root, the difficulties reside in the recognition that



the quantum structure of matter at some scale is beyond observation. Furthermore, the classical
description of the electron as a point particle leads to singularities in the Maxwell self-fields that
inevitably create ambiguities in its interaction with the Maxwell field. The general consensus is
that a useful domain of validity of the Lorentz-Dirac equation [1, 2, 3], describing covariantly the
radiation reaction on a point electron, can be accommodated by performing a‘“reduction of order”
that effectively replaces the equation by a perturbative second order system for the particle world
line. One must then decide whether higher order terms in this expansion should be maintained given
the neglect of terms associated with the regularisation scheme. This approach is behind many of the
successful applications of approximate radiation reaction dynamics, despite the somewhat delicate
and unsatisfactory nature of the arguments that purport to support this approach.

It appears that the analysis of systems involving radiating matter has progressed by a very
successful symbiosis between experimental expediency and a variety of approximation schemes with
proven effectiveness in different domains of validity. However, as schemes for accelerating charged
particles in these devices become more complex and ambitious in their aims it is apparent that some
existing theoretical models are inadequate for a proper understanding of new challenges. Such models
are sometimes enshrined in large commercial computer codes that do not survive scientific scrutiny
or have documentation that makes contact with established scientific literature difficult. As particle
energies increase with the use of higher intensity laser fields this issue becomes critical and more
reliable methods for accommodating radiation reaction must be found.

A mathematically coherent formulation of a closed system of partial differential equations describ-
ing the relativistic behaviour of charged matter with electromagnetic fields is inevitably non-linear
and, in general, exact solutions satisfying causal boundary conditions are intractable. The fact that
the effects of (coherent and incoherent) radiation on micrometre-sized charged bunches in a host
of newly proposed advanced devices is a significant barrier to development indicates that existing
approaches used to model such effects are inadequate and that a new look at the whole problem is
timely.

Many of the radiation problems alluded to above can be circumvented by working entirely in
the language of fields rather than both particles and fields. This makes it possible to use intrin-
sic tensor field theory and exploit to the full the power of differential geometry in a relativistic
spacetime framework. The geometric field formulation offers a number of powerful computational
advantages over existing formulations of beam dynamics. These include the maintenance of relativis-
tic covariance (local Lorentz transformation between local (accelerating) frames are unnecessary),
the use of curvilinear coordinates adapted to the geometry of particular problems (thereby facilitat-
ing imposition of boundary conditions), exploitation of available symmetries and the formulation of
coordinate-independent approximation schemes.

In this article a new approach is offered for analysing the behaviour of distributions of charged
particles in a coupled electromagnetic field environment. Guided by a simple model, an approxima-
tion scheme designed for charged distributions containing ultra-relativistic particles! is explored. The
exact equations of motion are derived from the vanishing divergence of a relativistic stress-energy
tensor for matter and radiation. Before presenting the approximation scheme in detail we recall the
genesis of the radiation reaction for a point charge, mention its shortcomings and argue that these
may be overcome by treating a large collection of charged particles as a continuum.

LA novel definition of an “ultra-relativistic vector field” relying entirely on the light-cone structure of spacetime is
given in Appendix A.1.



1.1 Equations of motion for radiating charges

In this paper the language of differential geometry is employed since it offers the most succinct
mathematical framework for electrodynamics. Thus, all fields will be regarded as sections of tensor
bundles over appropriate domains M of Minkowski spacetime endowed with a fixed metric g and a
torsion-free metric compatible connection V. Sections of the tangent bundle over M will be denoted
"' M while sections of the bundle of exterior p-forms will be denoted I'A? M. For any vector field
X denote by X the associated 1-form defined by X = ¢(X,—). The operator d will denote the
exterior derivative and ix the contraction operator with respect to X. To facilitate comparisons
with existing accounts of beam dynamics Appendix A.2 translates the tensor formulation of the
perturbation scheme into the 3-vector language involving electric and magnetic fields observed in a
laboratory (inertial) frame.

Due to its high symmetry, Minkowski spacetime admits a class of global charts that play a
fundamental role in the following. A generic system of coordinates in one of these charts will be
denoted {y#} € R* where y ranges from 0 to 3. In these coordinates the metric tensor takes the form

g=—dy’@dy’ +dy' @dy' +dy* @dy* +dy’ @ dy’. (1)

With 2% > 0 the field 8%20 is defined to be future-pointing. When convenient 3° = ct,y' = z,9? =

y,y> = z is written and the vacuum speed of light ¢ is set to 1. The significance of this class of
coordinates is that it offers a basis of symmetry generators {K, = %}:

Lr,9=0 (2)

where Lx is the Lie derivative with respect to X. Such Killing vectors will be used to define energy-
momentum densities and power-momentum fluxes associated with different field configurations on
spacetime.

If U is a domain of spacetime with boundary

for space-like hypersurfaces ¥1, X9 and J a closed regular 3-form on U (i.e. dJ = 0) then

Aw7zldjzu ()
t@fz/&J—AJ. (5)

Such closed 3-forms imply conservation laws.

In a vacuum the electric and magnetic fields are encoded into the 2-form F and the electric
charge density and current are described by a source current 3-form j. The Maxwell field system on
spacetime is

Thus

dF =0 (6)

and
dxG=—j (7)

where x is the Hodge map associated with the spacetime metric tensor g and G = ¢y F where ¢ is
the permittivity of the vacuum.



For any vector field W on spacetime and any Maxwell solution F define the “electromagnetic
drive” 3-form

1
e = o liwF A+F — iy x F A F}. (8)

If W is a Killing vector field then 7'15[],3 M) is called a “Killing current” and

1
drig™ = wF N 9)

follows from (6), (7) and (8). For each Killing vector field these equations establish a “local conser-
vation equation” ( dry = 0) in a source free region (j = 0).
If U is any time-like vector field (with g(U, U) = —c?) one may write uniquely

F=eNU+xbAT) (10)
where g(e,U) = g(b,U) = 0 and
1 |
Sty = —eNbAT — Slg(e€) +g(b,b)}iv(x1). (11)

Poynting? related the form é A l~), in a source free region, to the local field energy transmitted
normally across unit area per second (spatial field energy current or field power) and 1{g(e, €)+g(b,b)}
to the local electromagnetic field energy density.

More precisely % fz T[(JEM) is the field energy associated with the space-like 3-chain 3 and Ciz | p iUT((JEM)
is the power flux across an oriented space-like 2-chain S.

If X is a space-like Killing vector generating space-like translations along open integral curves
then with the split: .

T)(<EM) =nux NU + Gx, (12)
where 1ypux = 0 and iyGx = 0, the Maxwell stress 2-form pxy may be used to identify mechanical
forces produced by a flow of field momentum with density 3-form Gx. In any local frame {X, €
I'TM} with dual coframe {¢® € TA'M} the 16 functions TCE;)EM) = ix, * T)((E;M), where the frame

indices a,b = 0,1, 2,3, may be used to construct the second-rank stress-energy tensor
TEM) — T(EEM) e’ ® el

A standard application of these general notions is the derivation of the equation of motion of
a charged fluid in an external electromagnetic field from the total stress-energy of the fluid and
electromagnetic field. A thermodynamically inert (cold) fluid can be modelled with the stress-energy
tensor

70O =" Ny oV (13)
C€o

where N is a scalar number density field, my some constant with the dimensions of mass, V' the unit
time-like 4-velocity field of the fluid and g(V,V) = —1. Such a stress-energy tensor gives rise to a
set of Killing currents

0 =00V, K,) « (W) (14)

C€o

2In a pre-relativistic context.



which are added to T[(E

MM) to yield the total set of Killing currents for the interacting system. If one

assumes that the electric current 3-form is j = goN' %V for some electric charge constant gy and that
N is regular then the conservation laws

dj=0 (15)
d(rye, + 7)) =0 (16)
yield the field equation of motion
v =L F (17)
mocC

This equation must be solved consistently with the Maxwell equations (6), (7) to determine V', N
and F for prescribed initial and boundary conditions.

If the source of F contains a point charge in an external field this approach must take into account
that part of the electromagnetic field becomes singular on the world-line of the particle so the domain
U above must exclude this line. Furthermore, one needs to postulate a stress-energy tensor for a stable
point particle. Without further information application of Stokes’ theorem then leaves an unknown
contribution to the conservation law. However, experiment indicates that accelerating electrons
(thought to be point particles) experience a reaction to their emitted radiation and that the power
radiated is in good agreement with the covariant Larmor formula [4]. A number of methods have been
devised in an attempt to accommodate this observed radiation reaction by adopting a regularisation
procedure that permits the use of Stokes’ theorem in a spacetime region that includes the particle
world-line. Inevitably this requires some assumption of how the singular Coulombic stresses are
compensated by stresses that are not of electromagnetic origin. Early approaches invoked delicate
limiting processes and the use of both advanced as well as retarded solutions to Maxwell’s equations
5, 3]. Dirac [5] offered one of the simplest covariant regularisation schemes and the resulting equation
of motion is known as the Lorentz-Dirac equation. The use of both advanced and retarded solutions
is however unnecessary [6, 7].

To highlight the assumptions in the single particle approach to radiation reaction an outline is
given of how the Lorentz-Dirac equation can be derived using a coordinate system adapted to the
light-cone structure of spacetime and the time-like world-line of a particle on a parametrised history
given in the above chart as y* = £*(u). For each value of u the unit tangent to the world-line is the

4-velocity
0

where V#(u) = dg;i“).
Assign to any event in spacetime not on the particle world-line, whose backward light-cone
intersects this world-line at the event with parameter u, the set of coordinates {u,r,0,¢} with

0<r<o0,0<0<m0< ¢ <27 using the transformation

r

y' =& (u) + mL“(97¢), (19)
where for any 3° > 0 :
0 o 0

> (m*(6,¢))* =1 (21)

k=1



P=—g(V,L), gV,V)=-1,  g(L,L)=0. (22)

In these coordinates the particle world-line is the curve where® r = 0, (6, ¢) parametrise the unit
2-sphere S? where {n*(6, )} are direction cosines and the metric tensor can be written:

g= e’ +el@el +et@e*+ e ®e? (23)

where 1
eozBdu—Edr (24)

dr
T=— 25
o= (25)
e?=_d0 (26)

P

e = %Sinﬁdé (27)

[ p
=414+ 2r—. 2
B —|—rP (28)

Here, and in the following, denote 8, f by f for any scalar field f and let 7 = £ o T for any tensor
field 7. ’

Suppose the total system (electromagnetic field and charge) has a stress-energy tensor giving rise
to a regular Killing current 7x such that

dre =0 (29)

in a domain U bounded by the light-like 3-chains ¥ (u = ug + Au), 3(u = ug) and the time-like
3-chain X(r = ry) for arbitrary positive constants ug, Au, 9. Then

/ TK—/ TK+/ T = 0. (30)
S(u=uo+Au) 3(u=uo) 3(r=ro)

In the limit Au — 0 this may be written
PP (ug,r0) du+ P (ug, o) du =0 (31)

where

P}({B) (Uo, 7’0) = / / 7'-K(u()a r, 97 ¢) (32)
0 S2
P1(<C)(U0>7“0) :/

iauTK(Uo, To, 9, ¢) (33)
52

With K € {%} and V% = 0 one has a similar balance of rates for each translational Killing
vector in the basis. In terms of the “body” rate

P® = Pg dy* (34)
and the “contact” rate ' _
PO = Pg dy" (35)

3For P > 0 with V time-like and 8%0 future-pointing the set » > 0 lies on the forward light-cone of the event £#(u).
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there is a balance of 1-forms: ' '
P(B) (Uo, 7"0) + P(C) (Uo, 7"0) = 0. (36)
Next assume that the contact rate includes a part from the Killing currents TI((E M), ie.
PO = Bipen + Pist (37)

and furthermore that this part can be calculated from the retarded Liénard-Wiechert solution F to
Maxwell’s equations for an arbitrarily moving point charge ¢y in no external electromagnetic field.
In these coordinates the solution is F = dA where the 1-form

o V(v
A= — . 38
4meg T (38)
Integration over the 2-chain S? with r = ry yields for (33) :
. 2 [2- A
P(C) — 4o V v
B 4rre 3A(A> T 210 | Jueug (39)

where A = V#(u ) is the acceleration field. Clearly this 1-form is singular on the world-line where
ro = 0. The first term however correctly accounts for the observed Larmor radiation rate of energy-
momentum from an accelerating charge and is independent of ry. To proceed one must cancel the
singular rate in Péf/[) from singular terms in the remaining rates in such a way that in the limit rq — 0
the resulting system of ordinary differential equations for arbitrary uy makes both mathematical and
physical sense. One approach is to suppose that the remaining rates are determined in terms of
scalar fields a(u,r), G(u,r) and the vectors V, A such that

p®) (u,r0) + Pl\(/ICE)CH(u, ro) = a(u, 7"0)17(% o) + B(u, ro)j(u, To). (40)

Inserting this in (36) and applying the projection operator Il =1 + V Ay one finds

_ 2 g &
b= 34med * ,Z[(A) (41)

With this value (36) yields

~ d ) 2 1 ~ 2 ~ 2 ¢ ) ~
Ala— = (2 )+ B~ :—v{a % A(A)] ch o4 2 A (2
du A(_A) dmed 21 3 4dmre2 € 3dmeg  A(A)
where A = V“( ) . One way to simplify this and cancel the exposed electromagnetic singularity
is to further assume that o(u,r¢) = ’%CQ — 4322 - for some constant mg so that in the limit ro — 0
one has: )
mOCQ./Z( = 2 % V.A (43)
3 4eg
or )
mo? A = — 200 A ), (44)
3 4dmeg



This is a manifestly covariant equation of motion even though the velocity and acceleration are
specified in a basis of Killing vector fields. Since it is tensorial it is independent of basis and in terms
of covariant differentiation along the world-line it may be written

2

~ 2 @ . o~ ~
27 _ 2 @
moc A = 3Tne, iv(VAVyA). (45)

This is a system of third order differential equations for the worldline £#(u). Regarded as an initial
value problem it requires unfamiliar initial data (£#(0),£#(0), £#(0)) and solutions exist corresponding
to self acceleration which must be regarded as unphysical.

In the presence of an external Maxwell field Fey; one must confine the motion of the particle to a
domain U that excludes the sources of F... In this situation one expects that the equation of motion
will acquire a contribution from the Lorentz force qoiy Fext:

2 ~
Mot A = quiy Fexs + 2 4 Iy A (46)
3 4meg
so that myg is identified with the rest mass of the point particle.

Although solutions to this system that self-accelerate can be eliminated by demanding contrived
data at different points along the world-line there remain solutions that pre-accelerate in situa-
tions where the external field is piecewise defined in spacetime [3]. Although the duration of pre-
acceleration is probably classically unobservable for most electrons this general feature suggests that
not all of the assumptions above are acceptable.

One resolution of these difficulties [1] is to assume that the right hand side of (46) should be
expanded as a series in gy with leading term for A given by L4y, Foi. Then the above assumptions

me?
are held to be accurate only to some order in ¢y and (46) is understood as:

~ Qo . 2 @ . s ~
A= o Foe 2 B (T ATy T £ ... (47)

moc 3moc? 4reg

where .Zext = mqoocz, 1y Fext- The system is now manifestly a second order system of evolution equations.
Although this offers a workable scheme it is unclear what its limitations are in different types of
external field. Furthermore in situations where one has to contemplate the radiation from a large
number of accelerating high-energy particles in close proximity the neglect of higher order terms in
the expansion may be suspect.

Given the complexities and reservations associated with (47) compared with the model leading
to (17) the latter is adopted in this article as a description of a collection of potentially radiating
particles in the presence of an external electromagnetic field. Thus, our fundamental set of equations

1S

dF =0, (48)

d*]—":—@/\/*f/, (49)
€o

V= L F, (50)
mopcC

V.V=-1 (51)

where X - Y = ¢g(X,Y) for all vector fields X, Y € TTM.



To simplify the subsequent analysis the system (48-51) is recast using the 2-form F' = q(’ >JF and

the scalar field p = =
density. This yields the system of field equations

dF =0, (52)
dxF=—p*V, (53)
VvV = iy F, (54)
V.V =-— (55)

for the triple (V, p, ). Equation (53) leads immediately to the integrability condition (conservation
of electric charge)

d* (pV) = 0. (56)

The scalar field p will be referred to as the reduced proper charge density. Since A is a number
density, N' > 0 and so p > 0 for ¢y > 0 and ¢y < 0.

2 Symmetric solutions to the coupled field system

Although the field system (52-55) appears considerably less complicated than a large number of
ordinary differential equations for a collection of accelerating charges, it is non-linear in (V, p, F')
and so obtaining exact solutions is difficult except in certain simple circumstances. One method of
obtaining solutions in more general situations is to employ a perturbation scheme based on properties
of a particular class of exact solutions.

In this section a family of ezact dynamical solutions with symmetries generated by -2 3T and 5 2 will
be described. Such highly symmetric solutions can be interpreted as accelerating Walls of charge
moving in vacuo under the influence of their self-fields (their “space-charge” fields) and an externally
applied field. The coordinate y" will be identified with time ¢ in an inertial laboratory frame (the
speed of light ¢ = 1) and z = ¢!, y = %, and 2z = 3. The solutions will be independent of y' and y?
ie.

Lo F=LsF= 0,
oyl ay?

LoV =LsV=0.
oyl ay2

Thus one may reduce the problem to a field theory on a 2-dimensional Lorentzian spacetime with
global coordinates y°,y3. The field system (52-55) is solved exactly using a co-moving coordinate
system (7,0) adapted to the charged continuum. However, expressing the solutions in terms of
laboratory coordinates (t,z) requires the inverse of the mapping (7,0) — (¢, z), which is generally
difficult to obtain in closed form. To progress, a running parameter £ > 0 is introduced into the
mapping (7,0) — (t,z) and a perturbation scheme in ¢ is established. This approach facilitates
an order-by-order construction of the inverse of the mapping (7,0) — (t,z) and thereby leads to
1-parameter families (V¢, p°, F©) of solutions in e. It will be shown that

Fe = i e"Fy, Z e"V,, p°= Ze Pn

n=-—1 n=-—1



over some range of ¢ where the coefficients F,,, V,, and p,, are 2-forms, vector fields and scalar fields
respectively.
Exact solutions to the system of equations (52-55) are obtained using the ansitz

F=E&(t,z)dt Ndz,

1
V= m (O + u(t, 2)0.)

where 1 is the magnitude of the Newtonian velocity field of the charged continuum measured by the
inertial (laboratory) observer d;. Equations (52) and (55) are manifestly satisfied while (53) and (54)
lead to

dE = p#V, (57)
VvV = EH#V (58)

where # is the Hodge map associated with the volume 2-form #1 = dt Adz. Since iy #Ha = #(a A ‘7)
for all forms « independent of dz and dy, the action of iy on (57) yields

VE=0 (59)

i.e. & is constant along the integral curves of V. Let C, be a l-parameter family of proper-time-
parametrised integral curves of V' where each value of o corresponds to an integral curve of V:

C, :R— M,
T — ( = f(T, 0),z=2(t, J))
and R
ot 02
V= Co*ar - Eat + Eaz

where C,, is the push-forward (tangent) map associated with C,. Equation (59) is

(Crudr)E = 0,(C2E)
=0

where C7 is the pull-back map associated with C,. Hence C:&€ depends only on o and can be
expressed using the function ¢ : R — R where

g (60)

o0t D2

87'2 (Ta U) = C(U)a (7_7 0)7

0% ot

w(Ta U) = C(U)E@-? J) (61)
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whose particular solution satisfying the initial conditions

t(0,0) =0, 2(0,0) = o,

~

ot 0z
E(O,a) =1, E(O,U) =0,
at 7=01s
N 1 .
t=t(r,0) = C(? sinh(¢(o)7), (62)
z=2%(1,0) = RG] [cosh(C(o)T) — 1] + 0 (63)

where the function ¢ : R — R must be supplied as data (i.e. ( is an ingredient in the initial
conditions). Note that the charged continuum is taken to be initially at rest in the laboratory, i.e.

4 ‘TZOZ (CU*aT) ‘7’:0: at'

More general initial conditions could have been used, but the above scenario is sufficient.
After ¢ has been specified, expressions for V' and F' in the (¢, z) coordinate system are obtained
by inverting (62) and (63) to give (7,0) in terms of (¢, z):

(t7 Z)?
(¢, 2)

I
>

I
Q>

-
o

and using (60) it follows that
E(t,z)=C(6(t,2)).

An initial condition on £ is expressed using (. Equation (62) is used to show that the local
hypersurfaces t = 0 and 7 = 0 are equal and so (63) yields

5(0,z2) = 2.

Thus, (60) leads to

on the space-like hypersurface t = 0.
Not all choices for ¢ are admissible because, as noted in the derivation of (52-55), the reduced
proper charge density p is positive:
p= iy (#d€) > 0 (64)

using (57) and (55). Att=7=0

p(0,2) = —ig, #(0:£(0, z)dt + 0,€(0, z)dz)
= 9.£(0, 2) (65)
=((2)
where #dt = —dz and #dz = —dt have been used and ¢’(2) = %(z). Hence, employing (64)

¢(z) 20

11



i.e. ¢ is a monotonically increasing function.

The coordinate chart (7, 0) has important physical significance because it labels the streamlines
of the charged continuum (the integral curves of V). Physically, the coordinate transformation
(1,0) — (t, 2) is expected to be valid over the entire (7, 0) plane. This will now be shown.

The determinant A of the Jacobian matrix of the coordinate transformation (7,0) — (¢, 2) is

ot 0z
A = det [ % % ]
0o  Odo
()
¢(0)?

Since '(0) > 0 and cosh({(o)7) > 1 it follows that

(66)

+ cosh(¢(0)7) (1 + g(gl) .

A>1.

Monotonicity of ¢ implies that ¢ must vanish somewhere. Let 0y € R be the point where ((o¢) =0
and note

limA=1+ 1C’(UO)T2
o—00 2
using (66). Therefore, A is finite for all (7,0) € R? and the coordinate transformation (7,0) — (¢, 2)
is valid over the entire (7, ) plane.

The implicit equation

L 242 _ )
o=z ) ( 1+ [C(o) t?2 =1 (67)

for 0 = 6(t, z) arises by combining (62) with (63).

The initial electric field £(0,2) = ((2) = Cext + Csert(2) Where (o models an externally applied
field and (s is the self-field of the charged continuum. The field (. is constant because it satisfies
the vacuum Maxwell equation

d(ext =0

inside the charged continuum (consider equation (57) with p = 0). The self-field (s is to be defined
in terms of the initial reduced proper charge density p(0, z):

o) =5 | [ p09yas— [ 0,510 (69

o0

and satisfies the asymptotic conditions
) 1
Zhjgogself(z> - §Qa
. 1
ZEEHOOCself(Z) = _§Q

where @) = ffooo p(0, z)dz is the total charge per unit area of the continuum.

[lustrations of the above results are shown in figures 1-4. In figures 1 and 2 the external field is
set to zero so the charge distribution p evolves entirely under its own self-field. In figures 3 and 4
the external field is set to a finite value. Figures 2 and 4 show the streamlines of V' in spacetime for
each case. The initial charge distribution is taken as the Gaussian

p(0, 2) = exp(—2?) (69)

12



Figure 1: The time history of the initial charge distribution (69) with zero applied external field.

and, using (68), the associated electric self-field is

Garf(2) = gerf(z).

The external field (. is chosen as:
0

Sext =9 .875.

In the first case (figures 1 and 2) the initial Gaussian “wall of charge” evolves into two mirror-image
“walls of charge” that propagate with equal Newtonian speed in opposite directions and tend towards
the speed of light as t — co. In the second case (figures 3 and 4) the initial Gaussian “wall of charge”
is accelerated by a combination of the external field and its self-field and approximately maintains
its shape.

2.1 Laboratory frame description

Although the solutions above are exact in terms of (7,0), solving (67) for 6(t, z) in closed form is
impossible if ¢ is arbitrary. One way of tackling this problem is to introduce a running parameter
e > 0, replace ¢ by a 1-parameter family of functions 6° and solve (67) for 6° order-by-order in e.

To effect the coordinate transformation from (7,0) to (¢, z) ¢ is replaced with the 1-parameter
family of functions (°:

¢(0) = ¢+ 6olo). (70)

€
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Figure 2: The lines of constant 7 and o generated by the initial charge distribution (69) with zero
applied external field. Lines of constant 7, except 7 = 0, are dark grey and lines of constant o (the
streamlines of the flow), except o = 0, are light grey. The black line 7 = 0 coincides with the z-axis
and the black line 0 = 0 coincides with the t-axis.

Figure 3: The time history of the initial charge distribution (69) with finite applied external field.
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Figure 4: The lines of constant 7 and o generated by the initial charge distribution (69) with finite
applied external field. Lines of constant 7, except 7 = 0, are dark grey and lines of constant o (the
streamlines of the flow), except o = 0, are light grey. The black line 7 = 0 coincides with the z-axis
and the black curve lying in the region z > 0 is o = 0.

where (5 = 2(_1 # 0 and (er = (o. One may interpret (70) by saying that external field effects (the
first term %(_1) dominate the effects of space-charge (the second term (y). The coefficients of the &
terms in (70) have been labelled by the e-order of the term in which they appear; this convention
will be used consistently throughout this article.

A solution to (67) can be obtained order-by-order in ¢ using the series ansatz for ¢ > 0
6°(t,z) = Y _e"6u(t, 2). (71)
n=0

The electric field component £%(¢, z) and 4-velocity field V¢ can be written entirely in terms of
0¢, t and z:

E(t,z) = (6°(1, 2))
Ve = /14 [ (65(t, 2))]220, + ¢ (6°(t, 2))t0..

Using (70), (67), (71), the choice? (_; > 0 and ¢t > 0, by equating orders in ¢ it follows that

e 1+2iCo(z—1) ,

6°(t,2) =2 —t+ T 22, + O(%), (72)
ge(t’ Z) = éc_l —+ C()(Z — t) -+ wg + 0(82), (73)
-1

L120G( =), | Gl — b :
20 O + o 0.l e+ 0(e7) (74)

4Similar solutions are obtained for (_; < 0 but with z + ¢ replacing z — .

Ve = Ec_l + Go(z — t)} t (0 +8.) + [
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where ((2) = %2(z). Although V-V = —1 the (¢, z) components of V¢ diverge in the limits ¢ — oo
and t — 0. Divergences as t — oo are expected because the dominant term in the electric field is
constant, and so the charged continuum is undergoing constant acceleration to leading order in €.
Although V¢ diverges as t — oo, the electric current J& = pVe is

JE = pVE = #dE

G- 1) (B +0) + % (0, +.) + O(), (%)

where (57) has been used. Since J& = p°Ve, J° = O(°) and V° = O(¢7?) it follows that the reduced
proper charge density p° = O(g). The leading order contribution to p® is obtained by comparing (75)
with (74) and using Jy = p1V_1 where

JE = iaan, Ve = i "V, p° = ie”pn (76)
n=0 n=1

n=-—1

It follows that®
e
C-1t
Equation (75) shows that J¢ is bounded to O(g?) as ¢ — oco. The divergence as t — 0 of the
coefficient of € in equation (74) stems from the square-root term in (67). Evidently, the domain on
which the approximate solution is valid (the half-plane ¢ > 0) is a subset of the domain of the exact
solution (the entire (¢, z) plane). This is not too surprising since the charged continuum is at rest at
t = 0 and the leading term J; in the series for J¢ is light-like:

+0(£?). (77)

Jo - Jo = 0.

There is no observer frame in which Jj is instantaneously at rest.
This simple example suggests that the series

o0

Fe = i e"F,, Ve = Z "V, p° = ie"pn
n=1

n=-—1 n=-—1

where F'_; is an external field (a solution to the source-free Maxwell equations), should be inserted
into the field system (52-55) which is then solved order-by-order in ¢.

This approach can lead to the series expansions for the highly symmetric solutions just discussed,
but can also yield ¢ expansions for solutions that depend on (x,y) as well as (¢,2). A consequence
of the above series expansions is that the electric 4-current has the form

JE=pVE = ia”Jn.
n=0

It will be shown below that the above expansions partially decouple the field system (52-55) yielding
an infinite hierarchy of equations that are amenable to solution when supplemented with appropriate
boundary conditions and initial data.

°It should be noted that the equation p® = —J¢ - V¢ cannot be used to calculate (77) without first calculating J»
since py = —(Jo - Voq + J1 - Vo + Jo - V1).
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3 The perturbation scheme

Based on the above exact symmetric solution it is assumed that there exists a class of solutions
to (52-55) that represents configurations of charged particles in wultra-relativistic collective motion.
It is shown in Appendix A.1 that the notion of an ultra-relativistic 4-velocity vector field can be
made precise and should be distinguished from the magnitude of a relative Newtonian speed that
can be defined for any two time-like 4-vector fields. An ultra-relativistic velocity field is a pointwise
limiting concept that depends on the existence of the forward light-cone structure at each event
in spacetime. To leading order in the expansion defined below the velocity field of the charged
continuum is light-like. The full series will be considered as an asymptotic expansion for a solution
to (52-55) and physically represents an ultra-relativistic configuration controlled by the parameter
€. Such configurations cannot of course be exhaustive. They are chosen to be representative of the
class relevant to charged beams in high-energy accelerators.
Introduce perturbation series for (V¢, p°, F¥) in € of the form

Ve= D> e, =) e,  FT=) £'F, (78)
n=—1 n=1 n=-—1
where
V,eI'TM, pn € TA°M | F, € TA*M (79)

Theorem 1. Using (52-56) the coefficients of the expansions in (78) satisfy

dF,_1 =0 forn € {0,1,2,...} (80)
0 forn=20
dxF, 1 = u ~ 81
* ! — Z*prVn,r,l forn e {1,2,...} (81)
r=1
> Vv Vi =Y iy Fuyn fornef0,1,2,..} (82)
r=0 r=0

u 1 forn=2
Y Vit Vi = o (83)
e 0 forn €{0,1,3,4,5,...}

n+1

Y dx (pﬁ/n,r) =0  forne{0,1,2,..} (84)
r=1

The partially decoupled equations (80-84) are amenable to an ordered analysis and can be arranged
into the hierarchy:

For N € {0,1,2,...}:
Step 3N + 1: Solve (80) and (81) with n = N for F,,_;.
Step 3N + 2: Solve (82) and (83) with n = N for V,,_;.
Step 3N + 3: Solve (84) with n = N for pj,41.

(85)

Proof. Equations (80-84) are obtained by inserting the series (78) into (52-55) and the integrability
condition (56). The hierarchical structure follows by inspection. O
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To illustrate the partially decoupled structure in (85) consider the first 8 steps in detail:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

V.

Adopt an external electromagnetic field F_; i.e. a solution of the source-free equations
dF_, =0 and d*F_; =0. (86)
Solve
Vi Vo =iy F subject to V-V1=0 (87)

for V_1 # 0, where F_; is data obtained in the previous step.

Although (87) is non-linear in the unknown field V_; it is straightforward to analyse; it can
be written as a quasi-linear second-order ordinary differential equation for the integral curves
of V_; and is the only non-linear differential equation in this scheme.

It may seem that the pair of equations above offer 5 scalar equations for 4 unknown scalars.
However, the contraction of the first equation with V_; identically vanishes, so there are only
4 independent equations. This can be seen® by writing (87) with respect to an arbitrary
basis and noting that one of the 5 components of (87) is a consequence of the other 4.

The leading order reduced proper charge density p; is a solution to
d* (pﬁ/,l) ~0. (88)
The 2-form Fj is a solution to Maxwell’s equations with the current p; 17,1 as a source:
dFy =0 and  dxFy=—%p V1. (89)

The conservation equation (88) ensures that (89) has a solution.

The zero order velocity field Vj is obtained from the linear equations
VVilf//E) + vVo"?fl = ’L’VilFIO + ’iVOF,1 subject to V,1 . ‘/0 = 0 (90)

The second order coefficient p, in the ¢ expansion for the reduced proper charge density p°
satisfies

d* (mf/_l) +dx <p1%> —0. (91)
Equation (91) ensures that
dFl =0 and d * Fl = — *pgff,l — *01‘70 (92)

may be solved for the coefficient F; (the first order term in the € expansion of F¢) given
appropriate initial and boundary conditions.
The linear partial differential equation for V; is

ViV Vo+ Vi Vo =iy Fi+iyFo+iy,Fy  subject to  2Voy-Vi+ Vo~ Vo= —1.
(93)

6The

split of (87) with respect to the laboratory frame is given in Appendix A.2. The equation obtained by

contracting (87) with the laboratory observer field 9; is redundant because it follows as a consequence of (119) and

(120).
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Ve must be calculated to at least first order in € to obtain a time-like vector field. To see this
let X° =7V +Vj and note X© - X¢ = Vj, - Vj using the metric-product conditions in (87) and
(90). Using lemma 5 in Appendix A.1 V-V > 0 and so X* is light-like or space-like. Now introduce
Ye=X+eVi=e W +Vo+eViand note Y- Y =V, Vp+ 2V, -V 1 +0(e) = =1+ O(¢) using
(93). Therefore, there exists some value of € > 0 for which Y¢ is time-like.

It has already been stated that the pair of equations (87) in step 2 may be considered as 4
non-linear equations in 4 unknowns. Furthermore:

Lemma 2. The equations in each step SN + 2, for N > 1, are equivalent to a set of 4 independent
inhomogeneous linear equations for the 4 unknown components of Vy_1.

Proof. Step 3N + 2 involves solving (82) and (83) for Viy_;. Assume that the equations in steps 1 to
3N + 1 have been solved and define L,, as

n

Lo =" (Vv Vet =ity Forr) (94

r=0

Clearly (82) is equivalent to L,, = 0. The vector fields V_4, ..., Vy_o have been obtained in steps 1
to3N +1andso L, =0 forn=0,...,N — 1. It will now be shown that given any Vy_; satisfying
(83) with n = N the scalar field iy, Ly identically vanishes.

From (83) forn=0,...,N

n

U—Vvs(zvr1 n7‘1> Z(Vvsvrl n7‘1+zv Vv, Vir1
r=0

= (Vy.Vie1)  Vieros + Z Viego1 - Vv, Vo
r=0 q=n
where the second sum has been re-labelled by ¢ = n — r. The two sums are identical so

n

> (Vv.Varo1) - Vi =0, (95)

r=0
Using (94) and L, =0forall0 <n < N

N

v Ly = g v, Ln_n

n=0
N N—n
:ZZVTL 1 (VVN — in71FN—n—T—1)
n=0 r=0
N N-n
= E (an “Vvy mr Vo1 — v, v, Fanfrq)
n=0 r=0
N N
=3  (Var - Vg Vaenor —iv_yive_ o Fiv—oc1) (96)
n=0 s=n

where, in the final step, the innermost sum has been re-labelled by s = n+r. The double summation
n (96) is over the set
{(n,s)|n,s €{0,1,...,N},n< s}
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and so

N N N s
ZOZSnS_ZOZOSnS

for any summand S,,;. Therefore, using (96)

N S s
v Ly = E E Va1 Vg o Voot — E Wy Wy FN—s—1
s=0 n=0 n=0

=0 (97)

where the first term in the summand vanishes because of (95) and the second term vanishes because
W, 44, 1 = —v,_, ,tv, , and the sum over s is from 0 to n.

Note that the lemma applies to step 5 and beyond and so, for the purposes of the lemma, the fields
F_1,V_4, p1, Fy obtained in steps 1 to 4 are prescribed data. Let { Xy, Xy, X3, X4}, with X; € I'T'’M
fori =1,2,3,4, be any vector frame such that X; = V_; and define {e!, €2, €3, e}, where ¢! € TA' M,
to be the coframe dual to { X7, Xo, X3, X4}

e'(X;) =6
where 6} is the Kronecker delta. Equation (82) can be written as
L(Vy_1) = éxaa (98)
where £ is the R-linear differential operator on I'A' M
E(‘N/N—ﬂ = VV,JN/N—1 + Ve, Vo + (AT

where &1 € TA'M depends on {V_{,Vy...,Vn_o, Fo,..., Fy_1} but is independent of Vy_.
Hence, using (97)

i, (L(V1) = Ev1) = vy (£(Va) = €va) =0 (99)
Likewise, equation (83) can be expressed as
ix, Vo1 = iv_, Vo1 = O (100)

where the scalar field Cy_; € TA° M depends only on {V, ..., Vy_2}.
Using the coframe {e!, e?, €3 et}

4
Vo1 = Z )\N—l,iei
i=1
for component fields Ay_; ;. From (100) Ay_1; = Cy_1 and (98) becomes

4
£<Z )\N_Lie") = fN—l — E(C’N_lel). (101)
=2
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From (99) ix, annihilates (101) identically and

4
in <£<Z)\N1,iei>> = in (fN,1 — E(CN,lel)) for j = 2, 3,4
=2

Thus, using the inhomogeneous linear algebraic constraint (83), 3 inhomogeneous linear differential
equations have been obtained for the 3 unknown fields {An_12, Ay—13, Av—1.4} and Ay_1; is obtained
using (83), determining Vi _. O

In conclusion, the only non-linear equations in the hierarchy developed in theorem 1 are those
for V_1. All of the remaining equations are linear and therefore, in principle, simpler to solve.

4 Example : Charged beam propagating in free space

As a simple application of the hierarchy (80-84) consider a high-energy charged beam propagating
in free space. Unlike the exact “wall of charge” solutions derived earlier, the charge distributions
considered here have finite extent transverse to and along the direction of propagation. The first
eight steps of the hierarchy (80-84) are:

Step 1: The leading order Maxwell field F_; (the external field) is chosen to vanish so (86) is trivially
satisfied.

Step 2: Using (87) the leading order 4-velocity field V_; satisfies
Vy ,Voi=0, V41-V.1=0 (102)

since the external field F_; = 0. Therefore, consider solutions to (80-84) adapted to a null
geodesic coordinate system (u, v, x,y) where u =2z —t, v = z + t and

g=—dt@dt +dr @dr+dy @dy + dz ® dz
1
:5(du®dv+dv®du)—i—dx@d:c—i—dy@dy (103)
with the spacetime volume 4-form
*1:dt/\d2/\#J_1

where
#.1=dx Ndy.

The pair (0;,0,) and their duals (dt, dz) are related to (9,,9,) and (dv, du) as follows:

1 1
Oy = 5(32‘1‘@), auzg(az_at>7
dv=dz+dt, du=dz—dt.
Metric identities used in the subsequent steps are

w(duNa) = (=1)Pdu N#1a, *(dvAha)=—(—1)PdvAN#,«a (104)
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Step 3:

Step 4:

Step 5:

Step 6:

where #, (a A )N() = 1x# .« and « is any p-form such that ig,a = ig,a = 0. The vector field

V_; is chosen as

V,1 = Y-1 (&t + 8Z)
= 27—181)

(105)

where v_; # 0 is assumed and, using V9, = V9, = 0, the only non-zero component of (102)

1S

Oyy-1 = 0.
Hence, v_; is independent of v.
Using (105), equation (88) is
d(p1y-1) =0
and so, using (106)
Oyp1 = 0.

It follows that p; is independent of v.
Using (104), particular solutions to (89) may be written

F(] = dq)o/\du

where the scalar potential ®( is chosen to satisfy

0Py =0, di#.d1Py=p1y-1#.1

and d, is the exterior derivative in the (x,y) plane defined by
dif=0,fder+0,fdy

for any 0-form f € TA°M.
Using (90), the equations for V; are

Vv Vo + VvV =iy  Fy, Voi-Vy=0

and are solved by the particular solution
Vo=0

since iy, Fy = 0 using (107), (108) and (105).
Since Vp = 0 it follows that (91) has the form

d* (pgv_1> =0
and, using (105) and (106), is solved by any p, satisfying
avp2 =0

i.e. pg is independent of v.
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Step 7: Since Vj = 0 the Maxwell equations (92) are
dFy =0, dxFy=—py*xV_4
and, employing the same method used in step 4, are solved by the particular solution
Fy =d®, Ndu (109)
where ®; is chosen to satisfy
0y®1 =0, di#.d1P1=paya#.1l (110)

Step 8: Using (93), the equations for V; are

- - . 1
Vi Vi+Vy Vo =iy, B, Vo -Vi= 5 (111)
and since iy, F; = 0 (which follows using (109), (110) and (105)) a particular solution to
(111) is
1
Vi=—5—0u 0uy-1=0
271

using (106), (105) and V9, = V9, = 0. Hence, the function v_; is independent of u and
therefore, using (106), v_; depends only on z and y.

In summary these solutions, describing an ultra-relativistic charged distribution propagating along
the z-axis with its electromagnetic self—ﬁelds, are

V5:12”y 10y —eg— 5 Dy + O(e7)

(1 1 € 9
= ( V- 1+471)3t+ (57—1—471)@‘1'0(5)
FE:dCIDO/\du—l—ed(I)lAdu—l—O(eQ)

—(d®g + ed®;) A dt + (dPy + £d®,) A dz + O(e?)

where @y and @, satisfy

di#.d, Py =y pi#F1l, diFid Py =y_1pa# i1 (112)

and

Dy = Do(u, x,y), 1 = y(u,z,y),

P1 :pl(uaxay)a P2 :p2(uax7y)7

V-1 =F-1(2,y)
with v = 2z — t. The scalar fields pg, p1,7_1 are determined by their values on the space-like hyper-
surface t = 0 given as data. The potentials &, and ®; are then solved in terms of v_1pg and v_1p;

using the 2-dimensional Poisson equations (112) in the (z,y) plane.
The 3-velocity of the beam is along the direction z in the laboratory frame with Newtonian speed

ba-egb+0E) 2

=1———+0().
ot 547—_1 + O(£2?) 292, (%)
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For example, consider a Gaussian bunch with transverse radius R, travelling at constant Newtonian
2

speed 1 — £ to order £*:
0

2 2
N A e+ Y\ -
Y-1(z,y) = bo, pi(z,2,y) = agexp (— 7 ) E(2)
0
where ag, Ry and by are constants and = : R — R is a smooth bump function vanishing outside the
interval (—zy1,21) and =(z) = 1 for z € (—29,22) and z; > z9 > 0. Then the laboratory reduced
charge density v_1p; for some range of ¢ is

R R 22+ %\
Y-1p1 = Y-1(z,y)p1 (2 — t,2,y) = ag by exp (— Rzy ) E(z —1).
Working in the cylindrical polar coordinates (¢, R, ¢, z) where z = Rcos¢ and y = Rsin ¢, a cylin-
drically symmetric solution to (112) well-behaved at R = 0 is

R R2 82 _
by = {/0 a0b02—2 {1 — exp (—R—g)} ds} E(z—1t)

and the corresponding electromagnetic 2-form Fj is

R2 R?
FO = Qo bo ﬁ |:1 — exXp (—R—%>:| :(Z — t) dR N (—dt + dZ)
The laboratory electric field is radial, the magnetic field is azimuthal and their magnitudes are equal
and vanish outside of the support of =.

5 Conclusion

When analysing the dynamics of charged particle beams it is often fruitful to adopt a description
based on classical fields rather than classical point particles. Pathologies (such as pre-acceleration)
associated with radiating point particles are avoided by relying on field-theoretical notions.

A novel analysis of charged beam dynamics has been presented and a model of a freely propagating
charged bunch discussed. The approach relies on an asymptotic series representation of solutions
to self-consistent spacetime covariant field equations for (V, p, F') describing a charged continuum.
The asymptotic series for V' is based on the light-like vector field V_; leading to an ultra-relativistic
approximation. The hierarchy of equations obtained are more amenable to analysis than the original
non-linear field system and particular solutions have been presented.

There are numerous avenues for the development of this work involving ultra-relativistic charged
beams in the vicinity of beam pipes, RF cavities, spoilers, etc. leading to dynamical effects that are
often described in terms of “wake-fields” [8, 9]. This work will lead to a clearer understanding of
radiation-reaction exhibited by continuum models of charged particle beams.
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A Appendix

A.1 Definition of ultra-relativistic and light-like limited vectors

The spacetime description of a classical point particle with mass my > 0 invokes a parametrised
curve (world-line) with a future-pointing time-like tangent vector. For affinely parametrised curves
the tangent vector V' (4-velocity) is normalised: V -V = —1. A spacetime reference frame may be
associated with a time-like vector field U with U - U = —1 and an “observer” in such a frame is
modelled by an integral curve of U. The 4-momentum of the particle is defined to be p = my V.
At an event where an observer curve intersects the world-line of the particle one has the orthogonal
decomposition:

p=EU+P

where U - P = 0. Relative to U, the scalar £ is the energy of the particle (in units with ¢ = 1) and
P is its 3-momentum. The Newtonian velocity v of the particle relative to U is

P V

v=—m=——7—-U 113

& V.U (113)
Since U -U =V -V = —1 implies £2 = P - P + m3 it is traditional to say that the particle is
“relativistic” relative to U if £2 ~ P - P or equivalently v - v ~ 1. Clearly, such a notion depends
on both V and U and the nearness of Pg;QP to unity. Furthermore, one may always find a frame in
which P = 0 and £ = mq. However, given a particular frame U one may contemplate a 4-velocity V'
that is relativistic relative to it. To generalise this notion for any frame one may consider a family
of 4-velocities V® and invoke properties of V¢ as € tends to some limit.
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Let € € (0, emax) = {€ € R|0 < £ < €pax} be the running parameter introduced in the main body
of the article. A 1-parameter time-like vector field (which is not necessarily normalised) W¢ is
ultra-relativistic if for any time-like vector field Z € I'T' M

. [ |WE- Z|>
lim ( =00 (114)
W=

e—0

where || X|| = v—X - X for any time-like (or light-like) vector field X € I'T'M. Note that in this
definition Z is not a 1-parameter vector field.

Lemma 3. Our definition of an ultra-relativistic vector field (114) on spacetime is independent of
the choice of the time-like vector field Z.

Proof. Clearly (114) is independent of any rescaling of Z. Therefore let Z and Z be two g-normalised
future pointing time-like vector fields (i.e. Z-Z = Z - Z = —1) and define the vector field X; where

X, - (? +(2-2)2)
(Z- 22 -1V
Hence
Z=—(2-2)Z+((Z-2)*-1)X, (115)

and X; - Z =0, Xy - X; = 1. Choose space-like unit vector fields X, X3 so that (Z, X, X, X3) is a
g-orthonormal frame. It follows that

We-We=—(We- 22+ (W X1)* 4+ (W - Xo)? + (e - X3)?

which implies

(We . X;)? _ (We - Z)? L (We - X5)2 B (We - X3)2
we® we® we® we|®
and hence
|Wwe . Xq|  |[We-Z|
< . (116)
el el
The metric contraction of (115) with IIWEII is
Z-We . ZWE X, - We
=—(2-2) +((Z-z =)'
W=l W=l W=l
and so
. Z-WE 7w A X, - We
(Z-7) = — +((Z-2)? - 1)V
We]l [We]l We]l
which, using the triangle inequality for scalars, implies
. NZWE _ZWE e X P
22 < (2 zyp -y
[We]l Well e
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Rearranging the above equation gives

Z-We| _ . |2 W N | Xy - e
> 1|7 Z| -z 27 - )P
gl gl gl
and so, using (116)
Z-We| s NZWE ey aplZ WEZ W a1
>|2- 2] ~((Z-zp = 1)V - (12-21-(Z- 2" = )"2).
gl gl W< W]

Since |Z - Z| — ((Z - Z)* —1)"/2 > 0, and Z and Z are independent of ¢, it follows that

O

The connection between our definition of an ultra-relativistic vector field and v-v ~ 1 is exhibited
by introducing the 1-parameter family of Newtonian velocities v® of W*¢ with respect to the observer

field U:
WE

e = _ —U
M We-U

where U - U = —1. It follows that

We We We . we  2(We-U) We . We
€ vt — U . - U = U'U: 1.
vy (WE-U+ ) <W6-U+ ) We 02 weu w0

Thus lim._ove - v¢ = 1 <= lim._oWe-We/(We-U)? = —lim._o (|W¢|| /|W¢-U|)> = 0 and
hence lim. g v® - ve =1 <= lim._o|W*® - U|/||W¢| — oo (i.e. W€ is ultra-relativistic).

Observe that in definition (114) lim._o W*® may or may not exist. Given a l-parameter vector
field, W¢, W¥ is said to be light-like limited if W = lim. o W exists and is light-like (i.e. W° #£ 0
and |[W°]] = 0). The relationship between ultra-relativistic vector fields and light-like limited vector
fields is given by the following lemma:

Lemma 4. If W*° is light-like limited then W*¢ is ultra-relativistic. If W¢ is ultra-relativistic and the
limit lim._o W¢ exists and is nowhere 0 then W¢ is light-like limited.

Proof. If W* is light-like limited then lim. o |[W® - Z| = |lim._o(W?) - Z| = [W" - Z| > 0 since
WO is light-like and Z is time-like. Furthermore, lim._o(W® - We) = — |[W°||> = 0 and so W* is
ultra-relativistic.

If W is ultra-relativistic and the limit W° = lim,_,o W* exists and is nowhere 0 then (since W°-Z
is finite) ||W?|| must vanish to ensure (114) is obeyed. O

The 1-parameter family of velocity fields V¢ introduced in the main body of this article (see section
3) is ultra-relativistic. Moreover, the vector fields V_;, V and V} then have certain properties:

Lemma 5.

e The 1-parameter family of vector fields V¢ is ultra-relativistic if and only if V_1 does not vanish
anywhere.
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o [f V¢ is ultra-relativistic then Vi is nowhere time-like and Vi does not vanish anywhere.

Proof.
o If V_; # 0 then for any time-like vector Z, V_; - Z # 0 so
lim(|V° - 2|/ |V¥[) = (e Vs - Z]) = o0

since ||[V|| = 1 and so V¢ is ultra-relativistic. If there is some x € M such that V_i(z) = 0
then

lim(|V=(z) - Z(2)|/ [VE(@)]) = yg(l)(sol‘/o(w) - Z(x)]) # 00
so V¢ is not ultra-relativistic.

e Assume Vj is time-like. Since V¢ is ultra-relativistic it follows V_; # 0 and, furthermore, since
Vo is time-like V_; - Vj # 0; however, this conclusion contradicts (90) which states Vy and V_;
are orthogonal. Hence, V; is not time-like (i.e. Vj is space-like, light-like or zero).

Now since V_; is light-like and V; is not time-like then in order to satisfy 2V_;- Vi +V4-Vp = —1
from (93) Vi does not vanish anywhere.

O

A.2 The perturbation hierarchy in Gibbs’ 3-vector notation

To facilitate a comparison with existing fluid descriptions of beam dynamics [10, 11] that employ
Gibbs’ 3-vector notation the equations (52-56) in section 3 are here transcribed into that language.
By splitting with respect to an inertial observer field %c% where

g=—cdt@dt +drx@dr+dy @dy + dz ® dz

one obtains

Vioe=""1p
do
1 1 Oe
b= — - =
V x qoperczat,
0b
V><e—|—a—0,
V-b=0, (117)
0
—p+(£-V>p=qo(ve+—p><b),
ot mo mo
2, P'D
— —1
T e :
0
Moz (1) +V - (pp) =0
and p g
VO +— Vy=—p-e (118)
mo mgc



where a - b is the standard Euclidean dot product of two 3-vector fields @ and b. Note that (118) can
be obtained by taking the scalar product of p with the differential equation for p and the algebraic
constraint on v and p in (117). Therefore, like the final equation in (117) (charge conservation),
equation (118) is redundant. However, the two differential equations are treated very differently in
the subsequent asymptotic analysis. Equation (118) is automatically maintained order-by-order by
the algebraic constraint on v and p but charge conservation must be imposed order-by-order. Hence,
(118) is not included in the following.

The scalar field p is the reduced proper charge density introduced in the main body of the article
and the MKS fields (p, e, b) and ~y are related to (V, F') by

P
V=To 4 —
c moc
F:q_othE+@*<dt/\@>
mocC myo

where (P, E,B) are the vector fields

and (2,7, k) is an orthonormal inertial 3-vector frame.
The expansions for the 1-parameter families e®, b°, ¢, p® and p° corresponding to (78) are
e =cle_+e +ece +..., b°=c'b_1+by+cb +...,
Y= lyatntent..., p=cpatpotepit...,
pF=ep1+eipy+ ...
Substituting the above expansions into (117) yields the following hierarchy corresponding to equations
(86-93):

Step 1: The source-free Maxwell equations are satisfied by the prescribed external electric field e_
and external magnetic field b_y:

V- €_| = 0,
1 66,1
Vxb,=———
X0 =G e
ob_,
\Y% - =0
X e_1+ ot 5
V-b_,=0.
Step 2: The partial differential equation
Op_ _ 1
V-1 g - + (& : V) P-1 =40 <’71€1 +—p_1 X bl) ) (119)
t my mo
and algebraic condition
2 D1-P1
v+ W =0 (120)

are solved for v_; and p_;.
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Step 3: The leading order equation describing charge conservation is

0
mOa(V—lpl) +V . (pp-1) =0

and is solved for p;.

m002
q0

Step 4: Solve the Maxwell equations for eq and by with ~v_1p1 and qioplp,l as sources:

m002

V.ey= Y-1P1,
qo
1 1860
V xby=— _ —_—
X 0o QOplp 1+c28t’
0by
V x — =0
V.-b,=0.

Step 5: Solve

Opo Op_, Do P-1
V-1 o + Y N +(m0.v P11+ -~ V | po

qo0
= qo (7-1€0 + Y0€-1) + oo (p—1 X by +po x b_1),
0

P-1-Po
— 7%+ —55 =0
mgc
for vy and pg. Use of the above algebraic equation to eliminate 7, leads to an inhomogeneous
linear partial differential equation for py.
Step 6: The equation

0 0
Moz, (Yop1) + Moz, (Y-102) + V- (p1po) + V- (p2p-1) = 0
enforcing charge conservation is solved for ps.
Step 7: The electric and magnetic fields e; and by are solutions to the following Maxwell equations:

2

moc
V-.e = ; (v=1p2 + Y0p1) ,
0
1 1861
V xb = — _ ——
x by o (p2p 1+P1p0)+62 o
0b,
v — =0
et o =5
Vb1:O

Step 8: Solve

T ot ot ; ) )

q
= qo (v7-1€1 +Y0€0 + Me_1) + m_o (p—1 x by +py x by +p1 xb_y),
0

0 19) op_ _
pl_i_% po_i_% D 1+(P 1'V)p1+(@,v>po+<ﬂ.v)p_l
m m m

2p_1-p1+DPo- Do

=-1
2.2
mgc

— 2717 — 0% +
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for v; and p;. Eliminating v; using the above algebraic equation leads to an inhomogeneous
linear partial differential equation for p;.
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