arXiv:2308.01276v1 [physics.plasm-ph] 2 Aug 2023

Moment tracking and their coordinate transformations for macroparticles with an application to
plasmas around black holes

Alexander Warwick and Jonathan Gratus
Physics Department, Lancaster University, Lancaster, LAl 4YB, UK. and
The Cockcroft Institute, Daresbury Laboratory, Daresbury, WA4 4AD, UK.
(*).gratus @lancaster.ac.uk, orcid:0000-0003-1597-6084)
(a.warwick @lancaster.ac.uk, orcid:0009-0007-7300-9646)
(Dated: August 3, 2023)

Particle-in-cell codes usually represent large groups of particles as a single macroparticle. These codes are
computationally efficient but lose information about the internal structure of the macroparticle. To improve
the accuracy of these codes, this work presents a method in which, as well as tracking the macroparticle, the
moments of the macroparticle are also tracked. Although the equations needed to track these moments are
known, the coordinate transformations for moments where the space and time coordinates are mixed cannot be
calculated using the standard method for representing moments. These coordinate transformations are important
in astrophysical plasma, where there is no preferred coordinate system. This work uses the language of Schwartz
distributions to calculate the coordinate transformations of moments. Both the moment tracking and coordinate
transformation equations are tested by modelling the motion of uncharged particles in a circular orbit around
a black hole in both Schwarzschild and Kruskal-Szekeres coordinates. Numerical testing shows that the error
in tracking moments is small, and scales quadratically. This error can be improved by including higher order
moments. By choosing an appropriate method for using these moments to deposit the charge back onto the grid,

a full particle-in-cell code can be developed.

I. INTRODUCTION

In numerical simulations involving the dynamics of a
large number of particles, for example, in a plasma, it is
impossible to track the dynamics of every ion and electron.
In particle-in-cell (PIC) codes, the plasma is modelled
using macroparticles, where each simulated macroparticle
represents a large number of actual particles. To improve
the accuracy of a PIC code, there are two options: use more
macroparticles, or give each macroparticle more information.
A macroparticle typically has only a position and a velocity.
This paper presents a different method, in which a macropar-
ticle represents the moments of a group of particles ]
(figure[T). Such a model may be more efficient in cases where
a large number of particles can be accurately modelled by
only a small number of macroparticles and their moments,
and the electromagnetic field does not vary much across the
extent of the macroparticle. Additionally, in cases where
the dominating interactive force can be calculated from the
Liénard-Wiechert potential, the electromagnetic fields can be
calculated directly from the moments of the macroparticle l6].

There are several existing methods for tracking moments:
the code MERLIN implements a transition matrix approach
for particle accelerators [@] and a continuous model has been
developed through a Hamiltonian approach (5]. Moment
tracking can also be done continuously by differentiating the
definition of a moment and using the Vlasov equation lé .
In plasma physics, the concept of moment tracking is often
used to describe hybrid-Vlasov approaches, where individual
species of the plasma may be modelled through their bulk
properties ]. Moments in the context of hybrid-Vlasov
approaches are constructed by integrating over velocity space
only and can be interpreted as physical quantities such as
temperature and pressure. In this work, moments shall be
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FIG. 1: Tracking several individual particles compared to a
macroparticle with moments. The 5 particles (the black lines)
in the left diagram are replaced by a single macroparticle (the

orange line) in the right diagram. By tracking the moments,
quantities such as the difference between the centre of charge

of the 5 particles and the position of the macroparticle (the
first order moment, represented by the horizontal blue
arrows), and the variance in position of the particles (the
second order moment, represented by the green error bars)
can be tracked.

constructed by integrating over both velocity and position
space, giving related, but different quantities. The transport
of moments is also used in wider fields where the Liouville
equation holds, such as particle nucleation (1, crystal
growth m], and nuclear collisions [|E].

To perfectly track the moments, an infinite set of moments
is required. This is because, as is shown in this paper, higher
order moments generate lower order moments. Tracking
more moments is more computationally expensive, as these
moments come with additional computational work (both
more differential equations to solve each time step and
more memory usage per macroparticle). This increased
computational work is balanced by reducing the total number
of macroparticles in the simulation. At the quadrupole
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(second) order there are 33 equations to solve each time step
(21 quadrupole moments, 6 dipole (first order) moments, 3
components of velocity and 3 components of position). This
expands to 215 equations if the expansion is carried out to the
hexadecapole level (fourth order) (table ). To make moment
tracking computationally feasible, a truncation is required.
This truncation is the highest order of moments considered,
above which the contribution from higher order moments
are neglected. Care must be taken to ensure the truncation
is of as low an order as possible to minimise computational
load, whilst also ensuring that neglecting the higher order
moments does not significantly impact accuracy. This article
calculates all quantities to quadrupole order, although all
results presented can be generalised to arbitrary order.

Recently there has been a focus on using PIC codes to
model the dynamics of plasma around black holes (14-171.
Such plasmas may be important in active galactic nuclei,
pulsars and gamma-ray bursts [@—@]. Ref. [@] contains a
full review of these studies. In such systems, there is not a
preferred choice of coordinate system i.e. when modelling
a static uncharged black hole, there is a choice to work in
Schwarzschild coordinates, or Kruskal-Szekeres coordinates,
amongst others. Because there is a choice in coordinate
systems, it is useful to be able to transform between different
coordinate systems, especially where the time and space
coordinates are mixed together (such as the coordinate
transform between Kruskal-Szekeres and Schwarzschild
coordinates, shown in figure B). Coordinate transformations
that mix space and time coordinates also appear in particle
accelerators. When simulating the motion of a linearly accel-
erating bunch in a particle accelerator, the transformation into
the instantaneous rest frame of an accelerating bunch mixes
space and time coordinates (this transformation is similar
to the one shown in figure 2)), so the spacetime coordinate
transformations presented in this work are necessary.

The moments of a macroparticle depend on the choice of
time slicing (figure B). In all coordinate systems considered
in this article, the global coordinate time will be used as
the time slicing. This time slicing is a foliation given by
spatial hypersurfaces of constant coordinate time. In general,
different coordinate systems will give different time slicings.
This means when transforming between coordinate systems
that mix temporal and spatial coordinates, for example,
transforming between Schwarzschild and Kruskal-Szekeres
coordinates, the time slicing will change (figure B). This
time slicing may be the global Killing timelike vector in
relativistic scenarios, or the lab time in particle accelerators.
Another possible time slicing is the backward light cone of an
observer, which is the frame used when making astrophysical
observations. A choice of time slicing commonly used in
modelling plasma around black holes is found in the fiducial
observer (FIDO) scheme, where the time slicing is given
relative to local moving observers [21,22]. A fourth possible
time slicing is to take all the vectors orthogonal to the velocity
of the world line. By using geodesics to propagate these to
the world line, these can be used for the Dixon representation
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FIG. 2: A spacetime diagram in Kruskal-Szekeres
coordinates of a particle travelling at a constant r in
Schwarzschild coordinates (the orange hyperbola). The
diagonal blue lines are time slicings in Schwarzschild
coordinates (constant ¢), and the horizontal purple lines are
time slicings in Kruskal-Szekeres coordinates (constant T').
The dashed black line is the event horizon. The moments in a
given coordinate system have no components in the direction
of the time slicing in that coordinate system.
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FIG. 3: An example of two different time slicings. When
taking moments, the time slicing is the hypersurface the
moments are integrated over. By using a different time
slicing (e.g. either the horizontal dashed purple lines ¢ or the
curved dashed blue lines ), the distance between the centre
of the macroparticle (the orange line) and the nearby particles
the macroparticle is representing (the green contours) is
different, so different moments will be found.

of a multipole ].

One of the key results of this article is the formula for the
coordinate transformation of moments between coordinate
systems that mix space and time coordinates. The standard
integral representation of moments cannot transform mo-
ments between coordinate systems where the time slicing
changes. Simply transforming the moments into the new
coordinate system does not take into account the change in
time slicing. If one were to use the standard representation
of moments, an ‘effective’ coordinate transformation can
be performed. This is the process of reconstructing the



Number of . .
Order of . . . . Size relative to
Information known differential equations .
moments tracked to solve a standard macro-particle
Monopole (zeroth order) XH UH 6 1
Dipole (first order) ' GRIEA 12
Quadrupole (second order) XH UH, va, yab 33 5.5

Octopole (third order) XH UK, va, yab yabe 89 14.83
Hexadecapole (fourth order) | X* UK, V4, yab yabe yabed 215 35.83

TABLE I: The amount of information in a macroparticle that also tracks moments compared to a standard macroparticle. This
increased information results in more memory usage and a larger number of differential equations to solve.

distribution function from the moments, transforming the
distribution function into the new coordinate system and
retaking the moments in the new coordinate system. In
order to find the coordinate transformations that change the
time slicing, a different representation of moments must be
used, in terms of Schwartz distributions [@, ]. In this
representation of moments, the moments are transformed into
the new coordinate system, then projected onto the new time
slicing to find the full coordinate transformation.

This article calculates the moment tracking equations and
coordinate transformations for arbitrary coordinate systems.
The structure of this article is as follows: Section[lintroduces
the Vlasov equation, which describes the dynamics of colli-
sionless charged particles. Section [l introduces moments,
and the existing methods for modelling them. Section [V
introduces a distributional representation of moments in
terms of derivatives of Dirac delta functions and uses this
representation to show the time evolution of moments. Sec-
tion [Vl finds the coordinate transformations for the moments,
which is the main result of this work. Section [VI] shows a
computational model of uncharged particles circling a black
hole to validate the theory at a proof-of-concept level. Lastly,
section [VIIl uses the language of differential geometry and
de Rham currents to present a geometric interpretation of
the moment differential equations and finds the coordinate
transformations of the moments through this language.

A. Notation of indices

To study the dynamics of plasma, calculations are per-
formed in 7 dimensional phase space. Because of this, several
different summation conventions for indices are needed: sum-
mations over just space, just velocity, space and velocity, time
and space but not velocity, and space, time and velocity. In or-
der to account for all these different summations, this article
uses the convention that Latin indices a,b,c represent sum-
mations over 0, ..., 6; Greek indices i, v, p represent summa-
tions from 0, 1,2, 3; and an underlined index means there is no
summation over the 0 index, i.e. a=1,...,6 and u = 1,2,3.

The coordinates used are (1, x%, ut), where is the global time,

x* is a space coordinate, and u* is a spatial component of the
4-velocity. The notation (£¢) will be used to represent a gen-
eral coordinate, such that

=1,

ie. £* = u'. Dimensions are used such that c = G = 1. The
notation f/|, will be used to represent the evaluation of a func-
tion at a point, i.e. f|, is f evaluated at p. After their intro-
duction, the arguments of functions will not be written, unless
needed for emphasis.

Eh=xt, GEV =t M

II. THE VLASOV EQUATION
A. 7 Dimensional phase space

To calculated the complex dynamics of plasmas, calcula-
tions are performed in 7 dimensional phase space. These di-
mensions are time, 3 spatial dimensions and 3 proper velocity
(4-velocity) dimensions, where ¢ is the global coordinate time.
As previously stated, these will be represented in coordinates
as (t,x*,ut). The time component of 4-velocity, u° (¢, x*, u),
is a function in phase space, defined as the positive solution to
the quadratic equation

guvttu’ = —1 2

where g(t,x£) is the metric. In the specific example of
Minkowski spacetime with Cartesian coordinates, u¥ is the
Lorentz factor in special relativity, given by

1

u’ = (1 + i uﬂuﬂ)i. 3)

p=1

B. The Vlasov equation

Consider the dynamics of a group of charged particles,
each with charge ¢ and mass m with distribution function
f(t, x4 ut). By assuming these particles are collisionless,
they can be modelled by the Vlasov equation. To find the



Vlasov equation, consider an arbitrary spacetime with met-
ric gy (f,x2), Christoffel symbols I'y, (¢, x%) and electromag-
netic 2-form Fyy (t,x%). Let C(r) be a world line parame-
terised by 7, the same parameter as the global time £°. Let
7 () be the prolongation of C(z), that is, a curve such that
1

nh() = i), nto( =210

“
For a given value of ¢, 17(¢) is a point in 7-dimensional phase
space. In terms of coordinate functions (z,x%, ut), this can be
represented as

n°() =C0(t) =1, () = CL(1) = x[y (0,
s = 4w (5)

N’ =) 1.

-
i Wy

In general, 1(¢) is a curve in position-velocity phase space.
In this work 1 (¢) will be the curve moments are taken around.
In particle accelerators, the ideal orbit is a natural choice for
n(¢). This choice does not exist in plasmas; in these cases
choices for n(¢) could be the position of the macroparticle,
or a trajectory based on the initial centre of charge of the
macroparticle.

The Vlasov vector field, W, is the integral curves of 1, de-
fined as

Wiy = S0) ©
Finding these derivatives gives 7 ODEs,
WOy, — dc;(t) 1w, = dcdﬂ(t) B uﬁ |
t n - t u |y %
WE+3|,7 _ d C;(t)
dt

The acceleration can be found using the pregeodesic equation
combined with the (pre-)Lorentz force,

d*CH (1) (e dCY (1) dCP (1)
dr? VP dr dt .
dCH (1) g1 dcP (1)
= (= S —Fgth —~
<K PR ) n-‘r (muo vp& di ; (8)

where the 1/u’ term in the Lorentz force arises when coordi-
nate time time is the parameterisation, rather than proper time,
and x () arises from the parameterisation. k() can be found
by noting C? = ¢, hence d>C?/dt> = 0, solving this gives
dCV(t)dCP(r) g 1 dCP(r)

dt dt _EFFVP g dr ©)

From this, solving equation (7)) for all n gives

k=T},

wo— 1 wk="L
b MO’

uwuul gl uP

b3 =22 4 uv =
WhS = T S L et (10)
o uuPut g1 oy UP utt

The Vlasov equation describes the motion of the whole parti-
cle distribution,

W, f = 0. (11)
where d, = d/d&“.

This article will work exclusively in coordinate time
frames: these are frames where the parameterisation of 1 is
the same as the time coordinate. In any coordinate time frame,
the Vlasov vector field has the form of equation (I0). This for-
mulation of the Vlasov vector field is distinct from the 3 + 1
formalism used in other approaches for simulating plasma in
general relativity 21, 221, although the moment tracking and
coordinate transformations presented in this work can be used
in both formalisms.

III. MOMENTS

The collective properties of a group of charged particles
with distribution function f can be modelled by their mo-
ments. The zeroth order moment, known as the monopole,
is defined as

q= /f(t,x,u)d3xd3u (12)

and corresponds to the total charge of the macroparticle. The
first order moment, known as the dipole moment, is given by

VE(r) = / (= n00) ) (1,0, 0) dx P,

(13)
VES (1) = / (ME— g(t))f(t,x, u)d>x d’u.

These can be combined into a single equation,
ve = [ (g2=nt0)fexmwdsdn (4

where €9 and n® are defined by (1)) and (@) respectively. The
dipole moment corresponds to the deviation of the centre of
charge from the centre of the macroparticle. If the initial
centre of the macroparticle is chosen such that the dipole
moments are initially zero, then whilst the centre of the
macroparticle will obey the Lorentz force equation, the centre
of charge will not [26]. Hence, the two paths will diverge.
The dipole moment represents the difference between these.

This formalism can be generalized to the nth order moment,

i f((E-i0). (s

x ft,x,u)d’x d*u  (15)

where V is totally symmetric and n! is required for counting
due to the symmetry. Note the sums are only over space and
velocity coordinates, and there are no corresponding ‘time’
moments. The moments in this work are integrated over both



position and momentum space, in contrast to the conventional
moment equations for plasmas, which are just integrated over
velocity space (8]. The naming convention for multipoles
scales as 2%, so the zeroth order moment is the monopole, then
the dipole, quadrupole, octopole etc. (table[l). The quadrupole
moment corresponds to the variance of the macroparticle; the
octopole moment corresponds to the skew of the macroparti-
cle, and the hexadecapole moment corresponds to the kurtosis
of the macroparticle.

A. Dynamics of the moments

When parameterising with a global time, the dynamics of
the moments can be calculated by differentiating (I3) with
respect to time , @],

dvér-dn 1 d

a a a, _ 4, 3.3
= () (g e
(16)

By using the Vlasov equation and Taylor expanding around
1N, the dynamics can be found. As an example, the differential
equation for the dipole is

dve o | by..b a

7 pa %V—l 2y, ... Oy, Wey. a7

This differential equation is an infinite series of higher order
moments, and a choice must be made to truncate this series
at some point. Truncating at quadrupole (second) order, the
differential equations for the dipole and quadrupole are given
by

dve 1 e
—— = VEo,W4y + V9 a Wy,
dt 2
b (18)
= VLI WLy + VWL,

The dipole generated from the quadrupole can clearly be seen.
All moment tracking methods suffer from this error - higher
order moments generate lower order moments. The impor-
tance of the choice of truncation on the accuracy of the model
is discussed in section[VI}

B. Coordinate transformations of moments where the time
slicing is preserved

As moments are defined through integrals, they are highly
coordinate dependent objects. For coordinate transformations
where the time coordinate is unchanged, this definition of the
moments can be used to find the coordinate transformation.
Consider a new coordinate system denoted by hatted coor-
dinates (f,é@) where 7 =t (since the time coordinate stays
the same) and use hatted indices to represent a summation in
the new coordinate system. The distribution function f trans-
forms as a scalar density 27) of weight 1, i.e.

ol

= > 19
=1 19)

where a hatted variable represents that variable in the new co-
ordinate system, and d’& /d"& is the Jacobian. By expanding
£ in terms of & around 1,

a_ wl(wl_wzl) (Alz,,_wn) 0 9 e

g= X (8 At ) (=) S S
(20)

and noting 1) () = 1 (¢), the coordinate transformations can be

found. These are infinite sums in terms of all higher order

moments. Truncating the expansion at quadrupole order, the

coordinate transformations up to the quadrupole order for the

dipole and quadrupole are given by

ofe 1, 9%&e
b”5 | “ybe

98 72" oEhgE:
R 0Ea gkl
ab _ yyed 95~ 95"

Ve =y Jc 9gd

vi=v
@n

For coordinate transformations that mix the space and time
coordinates, this method for coordinate transformations will
not work. The difficulty in transforming coordinates using this
method arises from the important dependence on the choice
of time. In order to find the moments, the coordinate systems
defines a time slicing, which is a hypersurface of constant ¢
(figure 3). The integrals in the definition for the moments in
equation (I3) are over these hypersurfaces. When perform-
ing a coordinate transformation that mixes the time and space
coordinates, then the time slicing will also change. Chang-
ing the time slicing will give different moments. The integral
representation of moments in equation (I3) cannot be trans-
formed between coordinate systems that mix time and space
coordinates. In this article we present a new representation
of moments using Schwartz distributions. These distributions
are introduced in section [[V] and the use of this language to
find the coordinate transformations for the moments is pre-
sented in section[V]

IV. SCHWARTZ DISTRIBUTIONAL MULTIPOLES AND
THEIR TIME EVOLUTION

A. Ellis multipoles

Rather than defining moments explicitly through spatial in-
tegrals (equation (13)), an alternative representation of mo-
ments is through derivatives of Dirac delta functions. This
means that rather than modelling a macroparticle as just a
Dirac delta function and using a shape function to deposit
charge (the cloud-in-cell approach), the macroparticle is rep-
resented as a set of derivatives of Dirac delta functions. By
using the language of the Schwartz distributions presented in
this section, any coordinate transformation of the moments
can be calculated, including those mixing space and time co-
ordinates, which, as previously stated in section [I[Bl cannot
be done through equation (I3). By defining a moment through
the method presented below, there is no dependence on the
time slicing in the definition of the moment, and as such, the



spacetime coordinate transformation can be found. Represent-
ing a multipole expansion using derivatives of a Dirac delta
function is known as the Ellis representation of a multipole
[B, IE, IE]. It may also be known as the Schwartz distribution
representation of a multipole. In terms of Dirac delta func-
tions the expansion to the second order (the quadrupole) is

J= %/Rﬂ“V@ (3@25(6)(& —n)) dt
—./ngxﬂ (2.5 —m)) dr
—/Rﬂ“Vé(aéﬁ((’)(é—n))df"'/R%XQS((’)(é—n)dt
+/R1'7“q6‘°>(€—n)dt 22)

where

§9CE-m=8E"-n"...8¢° -1 (@3

and

Vi) = [ (€=t (e s,
Vo) = [t -ntyraE, q= [ rd.

1
XL(t) = VE<IWE,  X%t) = VEa,We+ EV@aéaQWﬂ.
(24)
where d°¢ = d3xd3u. Note ¢ has no dependence on time due
to the conservation of charge.

The terms V<4 X% V4 and X% are called the components
of a multipole. As this definition involves derivatives of Dirac
delta functions, they are defined by their action on test func-
tions (@o, . . ., ¢¢) Which are the components of a covector, and
have compact support. Equation (22)) acting on ¢, gives

a 1 > C
// 9ud’ & = E/RW V (0c0p9aln) dt
+/RX@ (aé¢£|,,)dt+/Rﬁ“Vé(9g¢aln)df
+ [ X2gulndi+ [ Aqoulndr. (25)

The evaluation of the test form at 17 will not be explicitly
written in future representations of _#¢, but is implicitly
present.

The components in 24) are only over (1,...,6) (there are
no terms of the form V° or V°!). By writing a multipole
in this way the components of a multipole are unique. The
components can be extracted by acting #“ on specific test
forms. The details of these test forms and how they isolate
the components of _#“ are outlined in appendix [A1l A
discussion on why this means they are unique can be found in
ref. [IE].

B. Relating the components of Ellis multipoles and moments

To show the components of (23) are the moments of f
(equation (24))), the distribution function f is squeezed. This
is the process of representing a function using a Dirac delta
function and the derivative of Dirac delta functions (figure
[). The moments of f are the coefficients of this expansion.
By doing this, it can be shown that the moments of the
distribution function f naturally appear in the components of
the Ellis representation of a multipole.

Squeezing a distribution can be shown using the language
of differential geometry, the process of which can be found in
appendix[A2]

N

FIG. 4: By squeezing the width of a function down whilst
increasing its height, such that its area stays the same, a
function can be represented by a series of derivatives of Dirac
delta functions. The coefficients of this series are the
moments of the function.

C. Time evolution of moments

The evolution of the moments defined by (22)) are governed
by two conditions: the conservation of charge, described by
the equation

da =0, (26)
and the Vlasov equation,
Wb — _gtwe=o. 27)

The combination of the equations (26) and 7)) are called
the transport equations, and are used to find the evolution of
the moments in the Ellis representation. The transport equa-
tions can also be defined by their actions on test forms A and
Qb

/ I Adt =0, / I Whaydt =0 (28)

where oy, is antisymmetric, and both A and «;, have compact
support. These two conditions give

ave :X“—b—i-X@, d_VQ =X ﬁ =0,
dt dt dt (29)

1
X% =yeq Wk, Xx4=viowe+ EVZQQQQWQ'




Equation (I8) can be found as a trivial corollary of this, so
this method can also be used to find the differential equations
for the moments. These differential equations are the same as
directly differentiating (T3).

Proof. The proof of this is in appendix[A3] O

Whilst both methods achieve the same result, there is a
different philosophy to each approach. The method presented
in section [[ITA] gives an infinite Taylor expansion, and picks
the truncation point at the end of the method. Alternatively,
the Ellis representation makes the choice of truncation when
first performing the multipole expansion to a specific order.
This order of expansion is then kept throughout. Whilst this
work only carries out this expansion to quadrupole order, it is
trivial to extend this result to higher orders.

V. COORDINATE TRANSFORMATIONS OF
MULTIPOLES WHERE THE TIME SLICING CHANGES

Having introduced the Schwartz distributional multipole we
are now in a position to calculate the coordinate transforma-
tions where the time slicing changes. Consider a new coordi-
nate system denoted by hatted coordinates (7, é@), where the
time coordinate is changed, and use hatted indices to represent
a summation in the new coordinate system. To find the trans-
formation rules of a multipole, it is assumed _#“ transforms
as a density, i.e.

7b aaéb d75
S =S e (30)
such that
[ road’s = | Febua'é G

is an invariant quantity.

Since 1¢ are functions on a world line, they transform as

Aa aéa df b
where
o dNA(D)
n“(7) 7 (33)

Recall ¢, and 0, are tensorial so the transformation rules
for these are

s 9 9gL 9
e = —x— s —_— = — . 34
W=oaM & aaaE oY

Note that if summations just run over (1,...6) in the original
coordinate system, in general the indices in the new coordi-
nate system will run over (0, ... 6). Using this, it can be shown
that using these transformation rules gives

U = veealAl,
vl — (xabaiad ¢ Lyeriag, (adac)) 4
- pa 3V \Ble ) | G0

. 1,
Ut =VEAL+ SVEAG (35)
ve = (X245 + VEqe9,(45)

N B e\ dt
+XLAG, + VR0, (Age)) o

where

B azga
¢ Qg e HEbEC

(36)

and a hatted index represents a sum over coordinates in the
new coordinate system.

Proof. The proof of this is in appendix [A4l O

Observe that U4, U, Y* and Y have indices ranging over
(0,...,6),notjust (1,...,6). Multipoles with components that
have indices running over (0...6) do not have unique compo-
nents. As shown in section [VA] for the components of a
multipole to be unique, the components must only range over
(1...6). The reason the multipole contains terms of the form
U etc. is because it is still adapted to the time slicing 7 from
the original coordinate system. To adapt the components to
the new time slicing, and thus find the full coordinate trans-
formation, they are projected onto the new time coordinate 7.
Consider differentiating along a world line,

Dy = 10 = do+ 1%y 37)

By rearranging this for dy, these terms are projected onto com-
ponents along d,, and components along the world line,

do = 9y — N0, (38)
Since U¢ are functions along a world line,

dUut
dt

o UL = (39)

with similar relations for U%, Y%, Y, and ¢|n. By using this
projection, terms like the U% term get projected into terms in
Vb, xab Ve and X<

Using this projection allows multipoles to be adapted to the
time slicing 7 in the new coordinate system, i.e. adapted such
that the components indices only range over (1...6), giving
the full coordinate transformation. The new moments are



Vb = yedpdal — feyedaa2 (40)
— AEVeLA2Al + fentyedalal,

. i raonid . Vopea s 5
Ve = VEAL — NAVEAD + EV”—‘Ai -3 NVEAY,  (41)

2.0 1 0 .f dt
= <X“—')A;A2 +5veLi“a, (A} ))

di

1o oa Vdt. o /oa
b oieadadvie 2 Dieida, (agal) v
Ldt ., .0 @dV@
~ & fag040
toar ey,
where
d*1)(7)

e = 42
| pr (42)
Similar terms exist for X?2 and X< such that (29) is still satis-
fied, and are shown in equation (A7) in appendix[A3l They

can also be found using (24) in the new coordinate system.
Proof. The proof of this is in appendix[A3l O

Equation Q) and equation () are a new result, and are
numerically tested in the next section to show their validity.
In the case there is no change in time coordinate, Ag =0,
this reduces to equation 2I). This work has transformed be-
tween two coordinate time frames, but can be generalized to
any frame, not just one where 7 = 1, with a more general
projection

o= — Iy — g—ag. (43)

VI. COMPUTATIONAL VALIDATION

To test the accuracy of the moment tracking and coordinate
transformation equations, a computational model was devel-
oped. The code tests if the truncation to quadrupole order is
acceptable, or if a higher order multipole expansion should
be used for practical cases. The results presented here are an
example of a coordinate transformation that mixes time and
space coordinates, focusing on the particularly challenging
case of black holes. This work is not solely limited to plasma
around black holes. In particular, the moment tracking can be
applied to any plasma.

To develop the code, the derivatives of the Vlasov equation
were calculated using the symbolic algebra software MAPLE.
The simulation itself was written in C++. The model uses the
forward Euler method to integrate both the particle motion
and the moment equations. Despite the high numerical error
associated with this method, it is acceptable for use as a test
to assess the validity of the equations, as the dominating error
is not numerical.

In all cases, only uncharged particles will be tracked. The
analytical results calculated in the previous sections can be ap-
plied to charged particles. To calculate the inter-macroparticle
forces needed for a full PIC code, a method to use the mo-
ments to deposit the charge from a macroparticle onto the
grid must be developed. This deposition process is beyond
the scope of this paper.

A. Kruskal-Szekeres coordinates

To validate the model, tests were performed in both
Schwarzschild and Kruskal-Szekeres coordinates. Coordi-
nates in Kruskal-Szekeres will be denoted with a capital let-
ter, e.g. time in Kruskal-Szekeres coordinates is denoted by
T. The transformation from Schwarzschild coordinates to
Kruskal-Szekeres coordinates (shown in figure2)) is given by

[r r t
R= r_s_leXp(Z_rs) COSh(Z_rS> , 44)
r r i t
T—1/r—s—1exp(2—rs) smh(z—rS). 45)

The numerical testing performed in this article uses mo-
ments over a size that may be considered small on astro-
physical scales. This is because for numerical simulations
in Kruskal-Szekeres, it is impossible to run the model with
large moments, or for large amounts of time. As R is updated,
the particle will eventually cross the event horizon (the point
T? — R? = 1) due to numerical errors from updating the po-
sition of the particle. This will happen with any numerical
differential equation solver that overestimates the true value.
This is another reason it is important to transform coordinates,
so a full PIC simulation can be performed in Schwarzschild
coordinates, then transformed to Kruskal-Szekeres at the end,
avoiding these numerical issues.

B. Computational results

To test the model, the motion of 200 particles that began
normally distributed at » = 30000 in Schwarzschild coor-
dinates with Schwarzschild radius r; = 3000, and a time
step size of Ar = 0.01 were modelled. These particles were
also transformed into Kruskal-Szekeres coordinates. In both
spacetimes, the particles were tracked and the moments taken
at t = 10, and the moments were taken at + = 0 and the
moments tracked using the differential equations (29).

The results of this tracking are shown in figure [3
with the moments used to calculate confidence ellipses in
Schwarzschild spacetime. Figure[3]shows two things: firstly,
whilst there is some deviation between the moment tracking
and particle tracking ellipses, neither accurately reflect the
underlying distribution of particles. This is because the data
develops a large skew, as the faster particles orbits get thrown
radially outwards. This means the particle distribution is no
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FIG. 5: The (r,uy) phase space portraits in Schwarzschild coordinates for the individual particles, the centre of orbit with the
path 1, and the ellipses used to visualize the actual moments and tracked moments of these particles. Also shown are the
ellipses generated from tracking the same particles and their moments in Kruskal-Szekeres coordinates, then the moments
coordinate transformed back into Schwarzschild coordinates. These ellipses show the range that 95% of particles will be
within, if the particles are normally distributed. The reason that 95% of particles are not within the ellipses in[3dandBhlis
because the data is no longer normally distributed. Note that if just a standard macroparticle was tracked, only the centre of
orbit would be known. [Associated dataset available at http://dx.doi.org/10.5281/zenodo.8082181] (Ref. [@]).

longer normally distributed, and as such, cannot be modelled
accurately with just the first and second order moments. To
improve this, higher order moments will also need to be
tracked. All models correctly predict the spread in the radial
coordinate, such that if the r and uy axes were equally scaled,
all models would correctly predict a long, horizontally thin
ellipse. The second feature is that whilst the data is initially
uncoupled, the velocity and position very quickly develop a
covariance (a V!¢ moment), coupling the uy and r motion
together. In this particular case, this is an expected result, as
particles with a faster magnitude of uy than the one required
for a circular orbit are spiraling outwards to a higher radius.

There is a significant displacement in the radial coordinate
in the Kruskal-Szekeres coordinates tracking (figure [Bb).
This is because in Kruskal-Szekeres coordinates, small errors
from the numerical integration will compound, and result
in the ideal orbit drifting from its expected position. This
compounding of errors is because Kruskal-Szekeres coor-
dinates involves exponential functions, so small deviations
can result in substantial offsets, which cannot be reduced by
decreasing step size. This effect is small, and can be avoided
by prescribing 1 beforehand, if it is known. If 1 is not known
beforehand it is still not a major issue, as the small offset
from these numerical factors is likely to be small compared
to the other effects within a plasma.

To quantify the error in the model, there are six different er-
rors that are analyzed: &p—sm, Ep—kp: Esp—km > Ekp—km Ekp—sp>
and &gp_sm. These errors are defined in table[[ll The subscript
sp represents that particles were tracked, then the moments
taken and the end of the simulation, all in Schwarzschild
coordinates. Whilst a subscript km represents moments
being tracked in Kruskal-Szekeres coordinates.  These

subscripts are defined pictorially in figure A hatted V
in table [ represents a coordinate transformation. As an
example, &p_sm represents the difference between tracking
the group of particles and taking their moments at the end
(the black ellipse in figure ISb), compared to tracking the
moments using equation (I8) (the blue ellipse in figure [3b),
all in Schwarzschild coordinates. These errors assess either
the error in the moment tracking model, the error in the
coordinate transformations, or the combined error of both.
These six errors allow both the errors in moment tracking
and coordinate transformations to be quantified and measured
over time.

The error &gn_sm could also be calculated, to show the
error in the coordinate transformations between two different
of moments that were tracked. The origin of this error would
not be discernible, as it would be impossible to distinguish
between errors caused by moment tracking in either coor-
dinate system, or the error from the coordinate transformation.

To examine the error, another simulation was performed,
again around a black hole with Schwarzschild radius
rs = 3000, and an ideal circular orbit at » = 30000 in
Schwarzschild coordinates. For these simulations the number
of particles was decreased to 20, and the time step used was
increased to At = 0.1, with 10° total iterations. This adjust-
ment was made to allow the simulation to run for longer, to
obtain better information about the long term behaviour of
the model. Note the time step size is in the respective frame,
so ¢ = 10000 in Schwarzschild coordinates corresponds to
T = 1200 in Kruskal-Szekeres coordinates. Figure [7] shows
the three different total errors as functions of time, where the
particles are normally distributed around the ideal orbit with
variance 10~2° in all dimensions.
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FIG. 7: The total error as a function of time for the different
kinds of errors the theory can generate. [Associated dataset
available at http://dx.doi.org/10.5281/zenodo.8082181]] (Ref.
29D

The error in all methods is small, although the error
from the coordinate transformations is more substantial than
the error from the moment tracking. It is postulated that

this increased error is because the higher order moments
affect the coordinate transformations twice, once during
the coordinate transformation (during equation (33)), and
once in the projection (during equation (38)). This suggests
that for a moment tracking code that also incorporates a
coordinate transformation, a higher order of moments will
be needed. The bumps and discontinuities in the results are
due to particles passing the macroparticle centre. If a particle
is travelling faster than the macroparticle centre, the particle
tracking moments (i.e. Vgp) will decrease, then increase once
the particle passes the macroparticle centre. The moment
tracking code will not see this behaviour, and will track the
moments as always either decreasing or increasing, rather
than the true mixture of both. These discontinuities are an
intrinsic part of modelling moments. They can be avoided
by sorting the particles before the modelling starts, so higher
speed particles are ahead of the macroparticle centre, but this
is no longer realistic.

To study the magnitude of the error, rather than just the
shape, 3 main sources of error can be identified: floating point
errors, numerical errors (the error arising from finite step size
in numerical integration), and truncation errors (the error aris-
ing from truncating the multipole expansion at second order).
These errors will dominate in different ways depending on the
size of the total initial moments (, where

=

(46)

2
V£|I:O’ =+ Z ’Va_b|t:0’ .
ab

Floating point errors can arise from a sufficiently small time
step and small number of iterations in any numerical differ-
ential equation solver, but in the case of this work they also
dominate if the moments are very small i.e. u ~ 107, Nu-
merical errors arise from the choice of integrator used, and in
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Error and description of the error

2
Esp—sm = \/Zg |Vsaf) - VsaTn| +Z@

The error between tracking particles then taking moments,
compared to tracking moments, both in Schwarzschild
coordinates.

2
Ep—kp = \/Zg Vs% — ‘A/l:lp +XYab Vsajb — \A/l?;h
The error between tracking particles and taking moments in
Kruskal-Szekeres coordinates then transforming these into
moments in Schwarzschild coordinates, compared to tracking
particles and taking moments in Schwarzschild coordinates.

a ~a |2 ab  v,ab
Esp—km = \/ Za|Vep = V| +Zas |Vop —Vicm
The error between tracking moments in Kruskal-Szekeres
coordinates then transforming these into moments in
Schwarzschild coordinates, compared to tracking moments in
Schwarzschild coordinates.

2
Ekp—km = \/ZQ Vka’p —Vim| +Xab
The error between tracking particles then taking moments,
compared to tracking moments, both in Kruskal-Szekeres
coordinates.

~a |2 .
Ekp—sp = \/Zg Vlz_lp _Vs% +2@ V]% _Vsapr
The error between tracking particles and taking moments
in Schwarzschild coordinates then transforming these into
moments in Kruskal-Szekeres coordinates, compared to
tracking particles and taking moments in Kruskal-Szekeres
coordinates.

“a |2 A
E&p—sm = \/Zg V]?p - VsaTn +Z@ V]% - Vs%
The error between tracking moments in Schwarzschild co-
ordinates then transforming these into moments in Kruskal-
Szekeres coordinates, compared to tracking moments in
Kruskal-Szekeres coordinates.

ab ab
Vsp — Vem

km

ab _yab
Vio =V

TABLE II: The types of error the numerical testing generates.
These errors show the accuracy of both the moment tracking
model and the coordinate transformations by comparing the

results to a particle tracking model. Figure |6/ shows these
errors diagrammatically.

the case of forward Euler, are linear in Az. The truncation er-
rors arise from only running the moment tracking code up to
quadrupole order. There is an infinite expansion of moments,
which is truncated to quadrupole order in this paper. Including
more moments will decrease the total error. At the quadrupole
level, the truncation error is quadratic. This means total error
e(u) ~ p?. This is verified in figure l The error is linear in
the low u regime, where numerical errors dominate, and as
increases, the total error increases at about £(u) ~ u'’. This
is a combination of the predicted quadratic increase, and the
numerical error. This quadratic behaviour suggests that if the
moments are half the size, the total error will be quartered.
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FIG. 8: The total error as a function of u, the initial total
moment, for the three different kinds of errors considered.
The gradient of the lines is approximately linear in low u,

and approximately 1.7 for larger . [Associated dataset
available at http://dx.doi.org/10.5281/zenodo.8082181]] (Ref.
[29D).

VII. GEOMETRIC INTERPRETATION OF THE
MULTIPOLE TRANSPORT EQUATIONS

A. Introducing de Rham current distributions

In this section we present the transport equations and
coordinate transformations of multipoles in the language
of differential geometry and de Rham currents[24, 25]. By
using this method there is a more obvious split between the
Ve and X% components. This split means it is simpler to
isolate each term when doing complicated calculations that
mix the two terms, such as during coordinate transformations.
It also means the evolution of the moments can be described
in a coordinate free way. This is in contrast to working
directly from equation (T3)), which is highly dependent on the
coordinate system, in particular the choice of time slicing.
The Ellis method also requires a coordinate system to define
the action on a test form.

On a manifold M with tangent bundle TM the coordinate
time frame hypersurface E is defined such that the Z° compo-
nent of any vector on M is 1,

E={ZeTM|Z°=1}. (47)

The bundle of p-forms is written APE such that a specific
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p-form (field) is denoted as @ € [APE. A vector field is
denotedas V € I'TE.

A distributional p-form is defined by its action on a test
(7 — p)-form ¢ € TA’"PE, this is a (7 — p)-form with com-
pact support. Given o € I'APE is a smooth p-form, a regular
distribution a” is constructed via

o9l = [ o ra. (48)

The definition of the wedge product, Lie derivatives, inter-
nal contractions and exterior derivatives for an arbitrary dis-
tribution W are defined as

(W1 +¥2) [9] = W1[9] + F2[9],
(BAY)[9] ="Y¥[¢ AB],
iv¥[9] = —(~1)*¥livg], d¥[g] = —(~1)*¥[d9],
Ly¥[¢] = —¥[Lv¢].
(49)
where f € TAYE andV € I'TE.

The order of a p-form distribution is defined as follows. If

WAk 9] = 0 for all ¢ € TAYE with compact support and

A € TAE such that n*(1) =0
(50)
where n* is the pullback, then the order of ¥ is at most
k. Note that a quadrupole (a distribution of order 2) also
includes the dipole and the monopole terms. Lie derivatives
and exterior derivatives both increase order by one. Internal
contractions do not affect the order of a distribution.

Given 1 : R — E is a closed embedding parameterised by
t, the de Rham pushforward with respect to 7 of a p-form
o € I'APR is given by the distribution

ne(@)lo) = [ n°(6) Aar 1)

The degree of the distribution 1¢ () is 6 +deg(). Since R
is a curve, the degree of « is either O or 1, and the degree
of n¢(e) is either 6 or 7. An internal contraction decreases
the degree by one and an exterior derivative increases the
degree by one. Lie derivatives do not affect the degree of a
distribution.

A distribution ¥ of degree 6 is a semi-multipole of order at
most [ if

WAldu) =0 forall A,u € TA’E

(52)
such that n*(A) =n*(u) =0.

The integral curves of the Vlasov vector field are tangent to
the de Rham pushforward, such that

iwne(a) = ng(i% o). (53)
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This work concerns the dynamics of a semi-quadrupole,
which is a semi-multipole ¢ of order 2 and degree 6. In
coordinates, this is denoted as

I = $LLyne (VL) — igLyng (X“2dr)
—Lyng(VE) +igne (X4dt) +ng(q).  (54)

where L, is the Lie derivative with respect to d,, and i,
is the internal contraction with respect to d,. Note in this
representation of the semi-quadrupole, the X%2 and V¢ term
are easier to distinguish by the additional internal contraction,
as opposed to the Ellis representation (equation (22)), in
which the separation between the terms was less clear.

The de Rham current representation of a multipole can be
related to the Ellis representation through the relationship

S = JidE, (55)
and conversely

= 7 NdE“ (56)

In ¢, there is no term of the form i,LyL: ¢ (X“dt) even
though this contains two Lie derivatives. Similarly, there is no
X%e¢ term in the Ellis representation. This term is included if
¥ is atull quadrupole, as opposed to a semi-quadrupole. The
advantage of the coordinate free approach used in this section
is that it can be shown that the X%2¢ term vanishes in a coordi-
nate system adapted to 717, and hence ¢ is a semi-quadrupole
in this adapted coordinate system. Since the definition of a
semi-multipole is coordinate free, ¢ is a semi-quadrupole in
every coordinate system. The coordinate free semi-multipoles
written in this form correspond to the semi-multipoles of ref.
], and the electric multipoles of ref. [@].

B. The distributional transport equations

By using the language of differential geometry, a more ge-
ometric approach to understanding the origin of the transport
equations can be found. To find the dynamics of multipoles
defined through distributions, the equivalent of equations (26)
and (27) for distributions are used,

dg =0, iw g =0. (57)

where W = W%d,. The d_# = 0 condition corresponds to the
conservation of charge, and the iy _# condition says that the
flow lines of _# are the integral curves of the Vlasov field.
These equations are the same as equations (26) and 27), i.e.
it is equivalent to the Ellis representation.

Proof. Using equation (33)
d g =d( f%d E)=d( 7°) Niud &+ FLad" &
=0y 79dE i, d E+(0) =9, 798°d"E
=0, JdE. (58)



This is zero if and only if d, #“ =0, sod_¢ =0is equivalent
to (26). For the iy _# term,

iw 7 =iw( 7%d &) = 7 Wipiad €. (59)

Since ipi, is antisymmetric, we can take the symmetric part of

faWb,
iw 7 = (W W) iiad"E. (60)

This is zero if and only if /“W}’ + /bW“ =0,s0iy 7 =0
is equivalent to equation (7). O

Since the conditions in the geometric approach are the same
as the Ellis representation, both languages give the same dif-
ferential equations for the moments.

C. Coordinate transformations

Coordinate transformations can also be found using the lan-
guage of distributions. The coordinate transformations for in-
ternal contractions are given by

o0 = Abiya = iy (Aba) 1)
and for Lie derivatives the coordinate transformations are
Lio=AbLo = Ly(Aba) — a nL;AL. (62)

Note that similarly to the transformation of d,, the indices in
the transformed coordinate system run from (0...6), whilst
the original indices only ran from (1...6). From these the
coordinate transformations for the semi-quadrupole can be
found. This is equivalent to the coordinate transformations
found through the Ellis representation (equation (33)).

Proof. The proof of this is in the appendix[A 6l O

As before, the transformed quadrupole is still based on
the original time slicing. In this case the projections to the
new time slicing are based on the internal contraction and Lie
derivatives along 1. The projections are given by

LOZLr‘]_ﬂQ a-: (63)

Pushing these through the distributions, @Q) and (@) are
found. These coordinate transformations are also the same as
the ones found through the Ellis representation.

io = iy — N%a,

Proof. The proof of this is in appendix[A7] O

VIII. CONCLUSION AND DISCUSSION

This paper found the dynamics of the moments of a
macroparticle obeying the Vlasov equation (equation (I8)),
and the coordinate transformations of the quadrupole
moments (equations @0) and @I)). By using the Ellis
representation or the de Rham current representation of
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the moments, coordinate transformations can be found
between frames that mix the space and time coordinates. By
representing a group of particles as a macroparticle and its
moments, this can be used in PIC codes. These results were
validated numerically for the case of particles orbiting a black
hole. This was done by transporting particles and moments
in both Schwarzschild and Kruskal-Szekeres coordinates and
comparing results.

The dynamics of the moments depend on the Vlasov field
and its derivatives. The focus of this paper was on how
the number of moments taken affects the accuracy of the
moment tracking. For a full PIC code, the derivatives of the
Vlasov field will also be important. If the electromagnetic or
gravitational fields quickly vary in space (i.e. the higher order
derivatives of the fields are large), then this will mean more
moments need to be tracked. The moment tracking model is
likely to work well in situations where both the distribution
of particles represented by a macroparticle can be described
by only a small number of moments, and the variation in
electromagnetic and gravitational fields across the volume
the macroparticle represents is small, such that the Vlasov
field across the extent of the macroparticle can be modelled
by just the Vlasov field and a small number of its derivatives
at the macroparticle centre. Since numerically calculating
the derivatives of the electromagnetic field requires a high
density grid, the moment tracking method may also work
in cases where a high resolution grid is already needed,
such as laser-solid interactions [@, 31]. In such cases, the
moment tracking method will be able to model much larger
macroparticles, with less particles per cell, even if more cells
are needed to compensate.

Another potential application of the moment tracking
method is to model inter-bunch forces within particle ac-
celerators. It is possible to calculate the Liénard-Wiechert
fields directly from the moments of a moving quadrupole
l6]. By using this method the electromagnetic field, and its
derivatives, can be calculated without the need to deposit the
charge onto a grid. This is particularly useful for modelling
coherent synchrotron radiation in particle accelerators, where
macroparticles are close together compared to the radius of
the beam pipe, such that the effects of boundary conditions
on the electromagnetic fields can be ignored.

A natural extension of this work is to a full PIC code.
With the work presented, it is possible to calculate all the
dynamics for a single macroparticle in an arbitrary spacetime
and external electromagnetic field. To convert this into a full
PIC code, a process that uses the moments to reconstruct the
distribution function and deposit the charge over multiple grid
points must be developed. This will allow inter-macroparticle
effects to be modelled. One approach for this is to use a
model function [|ﬁ|, @]. A model function is a function that
is assumed to be of a similar shape to the actual distribution of
particles, then shaped to have to have the required moments.
This method works well in cases where the distribution of
particles is similar to a top-hat function i.e. the distribution of



particles in a plasma. In particle accelerators, the distribution
of particles around the ideal orbit is not a top-hat, but rather
a Gaussian. The model function depositing method does not
work well for modelling these. An alternative approach in
this case is to model the particle distribution function as a
series of Hermite polynomials [33]. This can be related to
the moments, to approximate the distribution function using
the moments and Hermite polynomials. It is possible to
approximate the conventional plasma moments (the pressure
tensor, the energy flux density etc.) used in magnetohydro-
dynamics by using the higher order moments to approximate
the underlying distribution. This is through the same process
as depositing charge and current onto the grid, and requires
tracking moments of a higher order than the plasma moment
e.g. finding the pressure tensor would need the hexadecapole
moments to be tracked.

It may also be possible to add internal dynamics into the
moment equations. Whilst this has been previously done in
refs. [34] and [2] for specific applications of muon cooling
and space-charge respectively, it may be possible to come
up with general internal dynamics equations by modifying
the transport equations (equation (I8)). This would allow the
moment tracking method to model intra-bunch effects within
particle accelerators.

The applications of the coordinate transformations in
astrophysical scenarios are wide. A particularly useful case is
the transformation from the global time to the backwards light
cone frame. This is particularly useful in cases where black
holes are modelled in the fiducial observer (FIDO) frame,
where the global time coordinate is significantly different to
the backwards light cone frame global time. By doing this
the difficulty of calculating the backwards light cone through
ray tracing only needs to be done once, rather than each time
step. This transformation would allow the moments observed
by the observer a finite distance away from the black hole.

There are also applications of the coordinate transforma-
tion formulae in circular particle accelerators. Results from
accelerators are often presented in Frenet-Serret coordinates,
where the parameter is the position along the beamline, rather
than time. By finding either the Vlasov equation in Frenet-
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Serret coordinates, or finding the coordinate transformation
between Cartesian and Frenet-Serret coordinate systems for
a given beamline, the moment tracking can be applied to
circular accelerators. Additionally by using the spacetime
coordinate transformations presented in this article, the
coordinate transformation into the frame of an accelerating
bunch can be found (this is a similar transformation to the
one presented in figure[3).

Lastly the use of the Vlasov equation to model dynamics
may be extended to modelling stress-energy-momentum
uadrupoles as a source for linearised gravity. In both refs.
h] and m] it was shown that the dynamics of stress-
energy-momentum quadrupoles contain a number of free
components, known as constitutive relations. In the case of a
plasma these constitutive relations may be determined by the
Vlasov equation. In this case the dynamics will be governed
by the divergenceless of the stress-energy-momentum tensor
combined with the Vlasov equation.
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Appendix A: Proofs

1. Proof of unique components

This section shows that by acting an Ellis distribution #“ on specific test forms, the components of a multipole can be
extracted. If it is possible to do this, the components of a multipole are unique. The components are isolated using specific tests

forms:

qlio) = lim = | 8w
b p—
V(to_g%e// <

Vb‘ (to) = lim —

S [

e—0 €
X2(10) +q(t0)7*{10) = lim —
XEE(10) + V(1) -g%g//

//

(AT)

where ¥ : R — R is a test function such that y;(0) = 1, it is flat about zero and [ y;(r)dt = 1, 1y is the point at which the
moments are evaluated, and E, the coordinate time frame hypersurface, is defined by equation 7)) in section [VII}

Proof. Only the V2 term and X2¢ + V27 € term will be shown as the other terms follow trivially.

Consider _#“ acting on the Ve equation of (AT). The only non-zero derivatives are the £2 and E€ terms. There are three
possibilities, each ;’:g or £€ can either not be differentiated, differentiated once, or differentiated twice. If it is not differentiated,

then the evaluation at 1] gives (§2—1n2)|;, =n2—nb=0. If it is differentiated exactly once, then d,(E2—n?) =

82, a Kronecker

delta. If this is differentiated twice, then the derivative of a Kronecker delta will vanish. Thus the only non zero term when acting
¢ on the Ve equation of (&) is the term where the number of derivatives matches the number of £2 terms. In this case this
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happens when there are exactly two partial derivatives. This gives

i [0 (552 (60 (e [T 6 )5ty g [0y (52 ) vt 0

i=1

Noting 9|, =19, n° = 1, V2 = V&(¢) and introducing the substitution t = 7y + &#’ gives

i g e (50) (5b—"b)(éc—”c)ﬁw<5i‘”i>d75=3L“a./ﬂgv’”<fo+8t’>w<r’><w<o>>"dr’. (A3

Integrating and taking the limit, noting y(0) = 1 gives

glgg)g// ( )(&b—n G )Hw n')d’€ = V¥(1o) (A4)

as required. In the extension to a higher order multipole, this still works as the 80 term isolates only the V¢ term.
To isolate the X2¢ 4 VER< term of ¢, consider #“ acting on the X be 1 ybR< equation of (AI),
im L[ ey (150 (2 n8) TTw e - )z =sim & [ vy (20) [Twtey - ma
im — Z—n> — = lim — €
e—=0 € n i:lw n saOS,Rn il lw n

. 1 r—1 6
lim — [ X%y | —= . (A
+lim = | w( - )Hw(é [n—n')dr. (AS)

Repeating the previous process gives

7 bc b
i [ asw (50 (2 n) TTw (&= ) 78 =00 + V)G, (46)
X% can be isolated by finding V¢ using the appropriate test form. (|

Since the components V¢,V X% and X% can all be extracted using test forms, the components of ¢ are unique.

2. Proof of squeezed forms

This section shows that the components of the distribution _#“ (equation (22)) are closely related to the moments of f, defined
by equation (24). Consider a smooth 6-form that describes the flow of particles in a collisionless plasma,

0=fiwd & =fWid' & = fd&" 0 — fWdt Nigd§' (A7)
where A is the wedge product, iw is an internal contraction with respect to W, i, is an internal contraction with respect to d,,
dEVO = dEV NAEP NAES NAE} NdE® NdE® (A8)
and f is a solution to the Vlasov equation. This 6-form obeys the transport equations d0 = 0, iy 60 = 0.

The one parameter family of smooth 6-forms 6 is defined as

6£|t,£ 6f<t 5_) é:l .6

where £ refers to the combination of all spatial coordinates.

_ i6 (f (t7£ - ng) WQ) dt/\lédél...ﬁ (A9)

(t.€) (t.€)

By expanding 6, about € =0,

ONO = 799+ O(&%) (A10)
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where ¢ is a test form (a form with compact support) ¢,d&?, and

gy [ (3,050 - m) e — [ %% (.60 —m)ar— [ 47 (3,50E —m)) ar
+ [ Sxe6OE —mdr+ [ 7780 E—mdr (ALD

where
- e vese [ug (e n)ag e vhee [reg (i) (@ont)ae
X4 v”(a,,W“)|,,+lvbﬂ(abawa)h,, XL = 7e(9.We)|,.

where ¥ is the spatial part of E. Note X¢ is inhomogeneous in &, since V¢ contains an € term whilst V2 contains an €2 term.

Proof. Begin by wedging 6; against a test form ¢ = ¢,d&°,

0 N\ Oele) = 6f( & ”) dodt NdEIO| iﬁ ( )W“¢bd§bAthiad§1~-~6 (A13)
([’5)
B 5 77 1.6 1 a br: ggl.6
= _6f Podt Nd& —6 Weopdt NdEZ NigdE (A14)
€ (t.€)
- iéf(t,s_”)qbo( )dt/\dél LI tg—n)W“q)adt/\dél 5 (A15)
€ € e € (1.€)
Making the substitution £ = (€ — 1) /&, and making the evaluation at (z,£) implicitly,
1
9 N Oelie = -5 f(1,€)d0 (1, n+e€) edt na&'° (A16)

+ gf(t,E)WQ (n —i—gé) ¢Q (l‘,n +8£) Sédt/\dél"'(’

= f(t,€)0 (t,n + €&) dr N dE"° (A17)
+f(l,£_)Wﬂ (t,n +g£_) 00 (Ln —I—SE) dl‘/\d(;?l"'(’,

Taylor expanding ¢, ¢, and W< around 7, noting there are only spatial derivatives as §0|n —n'=r—r=0,

Audolndi NdE+ £(1,E)e (EL— L) Dy(9uW) s A dE'-
( ) (Eé_né) (EQ—ng)aéagﬁ)hdl‘/\d(;:l‘“é
%f(t Ee (EL ”Q) (EQ— ng) 00 (paW9) pdt NdE' 0 + O(€7).  (A18)

O A Oelre = £(t,€)Qo|ndt NE O+ f(t,€) WLy Pa|ndt AdES
b\y

+ft€( -n
#5308

Next, integrate this over E, splitting E into R x X. The terms only depending on £ can be integrated out,

Jondee= [ ([ re.@1az ) ubyar [ ( [ 88" ) welyoulyar
+f (e L8 (& -n) dél---"’) Dol + | (e L8 (& —n) dél---6> 0p(uW )|yt
+%/< /f )(éc ) El...6> e ot

+5/R<82/zf("@(52‘"2)( ne)dE' 6)9b9( @)\di + O(€%). (A19)



Using the definitions of ¢, V¢, and V% from equation (A12),

JLon6eke= [ atmlndi-+ [ aWelndulndi+ [ VPadulnds-+ [ V23,00 ya
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+% /R V@aéagq)ohdw% /R V0 0e (¢ W) ndt + O(€%).  (A20)

Next, expand the partial derivatives, and note Wﬂ|n =n4,

/¢/\98|t,£:/Q¢O|ndt+/q77£¢g|ndt+/vbaé¢0|ndt
JE JR R R

—boa 5 a 1 /¢
+/Rvén—ag%hdﬂ‘/RVQ‘PQM(QQW_)M‘”""E/va_abadpol”dt

J - — 1 [
5 VR 00 ulndr+ [ VEQW (D) i+ 5 [ VEOuln (@0 W ) d+ (). (A2

Inserting X¢ and X2 from equation (AI2) into this,

[Loneche= [ atlydr+ [ an®gulndi=+ [ 73,60l
JE JR R R

_ _ 1 _
+ [ Vo0 duladr+ [ Xquldr+5 [ V0000l
R R 2Jr

1/ 1/
+ = / V2190, 0c P |ndt + = / X9 (Dey)|ndt + O (7). (A22)
2 JR = 2 Jr

Recalling 1° = 1, this can be further simplified,

[Loneche= [ atlndr+ [ an®gulndi+ [ Vonopaulyd+ [ Xoulyar
JE JR R R JR

1/ i}
+§/Rv%“aéag¢a|ndt+/RX@(agqag)hdH o(e%). (A23)

This is the same as j “¢,, as required.

Thus there is a close relationship between the components of a multipole and the moments of f.

3. Proof of Ellis multipole transport equations solutions

O

In this section, the solutions to the transport equations (26) and 27) will be found. Begin by considering the conservation of

charge (equation (26)), and act on a test form A4

/ FU9AdTE = L / VL), 3, dhdr + / X9, duAdt + / VARt 3, Adt + / X49,Adt + / g dAdt = 0. (A24)
E 2 Jr == R - R = R R

From here, note

()  dA
dEa  dt

>

n

so integration by parts can be used to pass a derivative onto the V¢ and V%2 terms. This gives

1 [ dve:

a Te — _Z | 22 ab _ Lﬂ / a /ﬁ —
/E soadE =~ [ agaéxdtf/R X423, 9, A\dt /R - oadi+ [ xeopdi+ [ Slaa—o.

Collecting terms based on derivatives of A gives the first line of (29).

(A25)

(A26)
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To consider the effects of the Vlasov equation (equation @7)), act on W’ ¢, and expand the partial derivatives,

/E T W ad € = % /R VLR (g OhIW ! + 0y taa 0V + 0pCaa W+ Wy, 0000 ) i
+ /R XL (WO 0ac + OlacIpW©) dt + /R VIR (W0t + CucdyWE) dt
+ /R X4W? ot + /R gWPnC opedt.  (A27)
Next, look at terms of the form
Wl oy, (A28)
recalling the implicit evaluation at 1, W|,, = 11¢. Since ¢, is antisymmetric,
Wnb oy, = 0. (A29)

This is true for the derivatives of ¢, as well, since the derivatives are also antisymmetric. Rearranging the remaining terms in
derivatives of o, gives

/ T W odE = / (VC—bacWﬂ—X“—b) 10y Qyudi + / (v@acwo) 79y oodt + / X3, W ot
E R N - R N B R - N
1 1,
+ / <véabWﬂ+§v@a,,aCWﬂ—xﬂ> N oy dt + / <§vﬂabacwo+véabwo> N%oudt  (A30)
R - - - R - -

where the minus sign in the X¢ and X“? terms comes from flipping the oy, indices. Next, note that calculations are in a frame
where W9 = 1, so derivatives of W vanish. Two of the remaining terms give the required differential equations,

X4 — ybeg.we, (A31)
1
= Vio,we + EV@aQaQWﬂ. (A32)

Lastly, for the remaining integral, the third integral of equation (A30), taking the antisymmetric part of X @@Wi gives

X9, Wiayy = (XLAWE — XLIW) 0y (A33)
= (VEaWe W~ VLW W) 0y (A34)
=0 (A35)

So the differential equations in the bottom line of (29) uniquely solve the system, giving the equations of motion for the moments
through the Ellis representation of multipoles.

4. Proof of the Ellis multipole coordinate transformation

In this section the first step of the coordinate transformation for the moments is performed, to obtain non-unique components
in terms of U, U, Y“ and Y. Proceeding term by term using the known transformation rules: For the V term,

/ VEER99,0, Gudt = / V2?0, 0; Gadi (A36)
A b Oc (o
_/VbcAdAa_Aea (Aga (A ‘Pg)) dt (A37)

Performing these derivatives gives

i adl i g dt N
/ VER99,0, Padt = / vbe dA; - abc¢g - Lai+ / vEeq dA“d— ‘A gaé(q)g)—Adt

+/VbCAdAa fAZba ((Pf)—Adf—F/VbLAdAaZ AfA 0:0; ((Pg)
+ [ viendasalpia by G+ [ vieiiay d’Anga (60 Sedi. (A38)
e hve g N drf
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Simplifying these terms down
/ VN1 0,0, Pudt = / vbepaa, (A;’f,) (Isgd—idf—i- / VA0, (AS) aé(ég)d—fdf
JR o R %€/ e de R =
Csea N . dr R A s .
+ /R VAL, (Ag) %(4;) d—dt+ / VERIALAL 9:0;(6)di + /R VERIAL 3:(9,)di. (A39)

For the X% term,

/ X3, dudt = / X9, b di (A40)
R T R 2
A N dt
_ ab 4 ¢ A dps 2 ogs
= [ xe2aio: (addy) G (A41)
- / xebad 6.9 / X“—”AiA‘iaa(gﬁA)ﬂth (A42)
JR ab¥d gt JR LN
For the V¢ term,
00 saey 000 .
ayb 4 gy — / b4 gf A43
./Rn &L n aéb (A43)
0 s df
heaadlybpd 4%6,) 4 Ad4
/ Cdtv agd( «92) g (A44)
= / R a¢e dt—I— / CA“vbAdAf 0, Psdt (A45)
= / véﬁ“aa(Ajf)tﬁed—dH / ﬁévéAiadA(ﬁ@dt. (A46)
R t R
For the X4 term,
/ X4odt = / X4, di = / x4A5 5£dt (A47)
R JR T JR dt

Summing all these terms together gives the transformed quadrupole,

por e 1 NIV S
/ T dTE = / Judé =3 /R VERIALAL :0;(9,)di

Aod 1 A 7 1 7 A ~ . dt
b AC ad C o d d . é ~
+ /R (X“—AéAa—i— VLA o, (Ai) + 5 VLA 0 e)) 0e($4) di

+ / (V”Ad —VeAl )ajqﬁﬁdt
1 JF
+/ (XdAC—i-Vb “u(AG) + XPAG, + SV ERD, ( )>¢ D ai (a48)
R
This gives the coordinate transformations for the quadrupole components,
U = veeabal,
d ab ¢ 4d | Ljef aéma d L et idia o 4t
vl = (XLAGAd + SV Al a, (aF) +veLadiea, (A7) ) .
1 (A49)
U = VAl + 2V"CA,,C,

dt

1
Y<= (X”—’A + VER9,(A]) + XLAS, +2vde 110y ( )>d_f'

where the components of the quadrupole in the new coordinate system are no longer unique.
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This section performs the projection dy = dy, — 1149, into the quadrupole with non unique components defined by equation
. erforming this projection an can be written in a form where the components are unique, giving the
By perf g this projection U4, U Y% and Y% b t f here th p t que, giving th

full coordinate transformation for the quadrupole.

Inserting (38) term by term into the non-unique semi-quadrupole
1
/ IPd®E = = / N4U% 9,0, 9udt + / Y0y ¢,dt + / NUL0y padt + / Y4,dr + / N9qQ,dt.
. 2 Jr R - JR - JrR T JR
For the U term, noting the symmetry of U“®,
/ NOU 3y, duddt / NAU 3,0, dudt +2 / RAUM 9, 3 budt + / RO Qo0 dudt
R R - R - R
— / NU%0,,0,9.dt +2 / U2 0y 0y dudt — 2 / NNLUL 0,0, 9, dt
R - R - R -
+ /R 14U 0y 9 Pudt — /R N0 99y Pudt
bc = crrc0 d - ay7b0
- / U Zn_U_ )aba£¢adt_2/ - n U_ )aQ(Padt
+/ o (1°U™) dogudt — /n“n"Uooa;,&Oq)adt
— / ch 21’79UCO )y O Qadt —2 / 7 Ub0 OpPadt + / (n°U™) 9 ¢udt
/dt (7°U™) 120,¢ dt—/n“n”Uooa 8b¢adt+/n“nanU°°8b8 Pudt
= / ch 27U + 12 nCUOO) 00, Gudlt — 2 / “U”O) O Padt
2
a i ayr00 a arp00\ mb [ 4 ([ axnbyr00
+/Rdt2 (n‘v )<Padt—|—/Rdt (M°U™) 1”0y pudt /Rdt (n U )aégbadt.
For the Y term,
/ Y0y, pdt = / Y20y ¢,dt + / Y% adt
R JR - JR
— / Y20y, 0.dt + / Y0y gadt — / YN0, ¢,dt
R - JR JR -
— / (Y“Q—Y“Oﬁé) Oy Pudt — / L yadg,ar.
JR - JR dt

For the U term,
/ NU"0)9.dt = / U0 p.dt + / U0, ¢,dt
JR JR JR -
= / MU0y §adt — / U N0, Pudt + / N4UL0, ¢d1
R R - R -

_ i qarr0 ca(rrb _ 770mb
./Rdt("u)‘P“dH/R" (U Un)aé%dt.

Summing all these terms together,

C > C C! - = C d = d 1 dz = d
/ J9udTE = 3 / (ve=- 2n—U—°+nén—U00) Oy buct — /R " (nv™) Opgudt + 5 / o (1°U™) gudi
d
a 00\ »b b 00 ab a0 b _ “ ya0
+5 / o U™) 1120y 9dt — 5 / U )8b¢adt+ / Y -Y )a,,%dt / o Y ,dt

/ yr (1°U°) ¢udt + / Ub Ut ”) O Padt + / Y,dt + / N°q¢adt.

(AS50)

(AS1)

(A52)

(A53)

(A54)

(AS5)

(A56)

(A57)

(A58)

(A59)
(A60)

(A61)

(A62)
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Grouping terms together,
[ 7aude = 5 [ n® (U =200 + U™ 049,
d 1d
ab _ yaO0pb % ( oarrb0 - v a»byr00
—i—/R(Y rn dt(nU) 5 (nnU))3b¢adt
+1/ d—z(h“UOO)gb dt+1/ 4 (U%) 1"99, dt—/ —Y“% dt+/ n° (Ué—Uoﬁé)a Pudt
2 Jr dr? ¢ 2 Jrdt bra R dt ¢ R v
d
+ / (Yﬂ—— (f]“UO)> Padt + / N°q9.dt. (A63)
R dt R

Calculating some derivatives and symmetrising U% gives
/ F50ad'E = 5 / ch nuL - nﬁU@°+ﬁéﬁ9U°°) OO Pudt
+/R(Ya'z—Y“°hé—fz“% (UQO) +%r‘z“ﬁ2% (U°°)>3b¢adt+/R (—UQO%(n )+%U°°d (n U )) Oy Padt
+% /R j—;(ﬁauo") ¢adt+% / di(f;“UOO) 120y, Padt — / diya‘)q)adt
+ / Ut — U b) padt + / (Y“ j (1 “UO)> dudt + / N9gadr.  (AG4)

Noting dU /dt = Y® + Y4 gives

/ F50ad’E =5 / U”C U — nQU@°+nén9U°°) 00 Padt

+/ Yab yeOqb _ eyt _ jaylh 4 pa nbYOO)a ¢adt—|—/ ( Uoo (TI 7t ) Uboj( )) Iy adt

Lrd 00 Lrd 00y b 4 w0
+2/Rdt2(nU )¢adt+2/d (nU™) 120y 9udt /th Oudt
+ / Ut —u' b) O Padt + / (Y“ %(ﬁ“UO)> Padt + / N9qPadt. (A65)
JR

Rearranging for clarity,
/fQ¢ad7§ _ 2/ ch Ry — ncUb0+nbncU00) e qbadt—i—/ Yab yeOqb _ naYob+nanbYo0)a dudt

d d ., . a 1d /.
+/< U b Q%) — UIJOE(,7 )) 8g¢adt+/17 ( Uonb+2d (nbyoo)_ybo) IpPudt

[ (re- 0%) 4 L L (qayo0) Ly g ar (a66)
2dr? dt o

By noting 7° = 1 the Y%, Y40 ¥%0 and ¥° components vanish. Thus the projected moments are given by

Vhe — ybe by _ qeyt 4 pbpey 0,
0 d

. b a0 s bd .
Xeb =y —yOnt — ey ® £ ety 1 UTnt - (79 - UP - (79),

. 1d (A67)
b _ b 0,5b 2byr00\ _ b0
V=0t -Unl+ < 54 (n U ) Y20,

> d 1d? d

a__ya__ ars0 - 2ar700\ a0

Xa—vy —dt(nU)-i-z—dtz (new™) —th .

Combining this with (33)) give the full coordinate transformations for the quadrupole.
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This section finds the first step of the coordinate transformation for the de Rham current representation of a quadrupole,

obtaining non-unique components in terms of U, U% Y% and Y.

Consider a unique distributional quadrupole,
Wo = $1F L e (V) - L i me (X Par) — L mg(ve) + i e (X“dn) + g(q):

This is transformed by noting

o9& 9

0&a aggaéb
SO

(6 _ (& 98"

a b aég

Using Cartan’s identity the Lie derivative transformation can be found,
Ly(o) =digo+izda
— diy (AL A @)+ i (AL N da)
= dig(Ab A @) +izd (A A @) — i (daln )
—1; (Abna) ~i; (dabna)
For the double Lie derivative term, use the standard differential geometry result
Ly(fg) = fLug+gLuf Vf,g eTA’E.U eTTE
to find
Loyt = Ly (Lj(Af n o) — ig(daf n )
— Lo (ASA (LJ(AZ/\ o) — i j(dAS A a))) s (dAg/\ (LJ(AZ/\ o) — i j(dAT A a)))
= Lol (ASAf n @) — Le (i4(dAD) NAT A @) = Loi (A5 ndAG N @) — iol g (dAG A AT A )
+ip ((digdal) nAG A a) —ioig (dAG ndAT A @) +ic (igdas A dag )
= LeLy (A5A5 n &) — Leig (d (45A7) n o) —Le (945 A AT A )
+ie (d (9450 A8) na) —ieiy (Al ndAg A ).
Using ajAg = A;Agi, and noting the izl ; term vanishes as the term inside the brackets is symmetric, gives
Lalyo = LeLy (A5A0 n o) = Leig (d (AZA0) nr) — Le (Al A @) +ic (dAG nt).
This gives the coordinate transformation for the V42 term,

Lalpne (V) = LeL g (AZAGVL) — Leigng (d (4540) AVL) = Leng (ALVL) +iemg (dAg, AVEL).

(A68)

(A69)

(A70)

(A71)
(A72)
(A73)

(A74)

(A75)

(A76)
(A77)

(A78)

(A79)

(A80)

(A81)
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For the X% term,

iaLyTe (X2dt) = igLenc(A) AXdr) — iz (ng(dAg /\X“—bdt)) (A82)
= idAAgLéng( [ AX%dr) (A83)
— i gLenc(ALAS A X42dr) — ign. (Lé Ay nag AX@dt) (A84)
— iyLenc(ALAS AXLdr) — inc (AL, AX4Ldr) (A85)
=iiLeM (AZAEAX“Z’Z—;df) —iMe (Ai/\X‘”’Z—?df) (A86)
where dAg AX%dr =0 is used. The V2 and X< terms are more straightforward,
Lane(V4) =Lyne (Aﬁ AVQ) —ipMNe (dAE AVQ) (A87)
i (X4dt) = isn. (A"X“ Zt di ) . (ASS)

Summing these together (noting that the monopole term is invariant under transformation), gives

J = f L Lbng(V“ )— igLéng(X@df) — Lang (VE) +iang (X“dt) +ng(q)

1

. 1
— SLeLqm (asadver) —ijLen, <AdA o (azag) v“”) —Len. (ACV“ + Agbv“”)

a2 2
codt . . s odt ]
Fiene <A2X£d—fdt + (d(ALVE+ d(AS, VL) +A;_bX@)d—fdt) +1:(q). (A89)

By taking the external derivatives, this is equivalent to (33).

7. De Rham current representation of the projections

This section performs the projections Ly = Ly — %L, and iy = iy — )%, into the de Rham current representation of the
quadrupole with non-unqiue components. By performing this projection U¢, U Y and Y can be written in a form where the
components are unique, finding the full coordinate transformation for the quadrupole.

The non-unique quadrupole is given by

S = 3LalyNe(U*) = iaLpng(Y*"dt) — Lanig (U*) + iang (Y*d1) + ¢ ). (A90)
To find the projections, proceed term by term, beginning with the L,L;, term,

LoLync(U*Y) = LoLync (U2) + LoLo(U°) (A91)

= LaLyng(U™) + LaLy (U™) = Lant" Ly (U) (A92)

dUaO
= LaLyn (U2 — 72U0) + Ly, ( — > + Laiyns (U0dn?) (A93)
a0
= LaLypng (U = 7PU) + LyLyng (U = 7°U™) — Ly *Lang (U™ = n°U) + Lang ( T ) (A94)

dUOO > dUOO ) ; )
+Liyng (7) —N"LaNg (7) +LaipNg (U*Odné)

Filyle (Udi) —ipn“Lane (U™dit)

= Lalyng (U =00 = U™ + 0 U ) + Lyiane (U —20°0)ai*) (A95)
av®  du® a4, . , au® d a*u"®
+ LN (27 I B v (nUOO)) +ialg ( dn®+ (Uoodn )> + 1 (7)

+ipiaTe (UoodﬁﬂA dné)



and note the last term vanishes as R is only 1-dimensional. For the L,i} term,

Lyigng (YPdt) = Lyignc (Y*dt) + Laignc (Y% dt) — Lot %ipnc (Y dt)
= Lyigne(Ydt — 02y dt) + Ly (Y)
= Lyigne (Y2dr — 09y 2dt) + Loigne (Y2dt — 712y Pdt) + Lyne (Y°2) + Lon (Y™)
= Lyignc (Y2dt — 02y °2dt) + Lyian (Y¥dt — 02y %dt) — n2Lyin (Y9dt — 72y dr)

+LyMe (V) + Lyng (YY) = 1*Lang (Y™)
= Lyigne (Y2dt — Y dt) + Lyian (Y*°dt — 1%y Vdr)
— Lpynignc (YLdt — 7y dr) + Lyng (V%) + Lyne (Y*) — Lan®nc (Y™)
Mg (Y™dn®) + iiang (4 A (v =y ®)ar)
= Lyigne (Y2dr — 2y 2dt — ey Ldr + nnky Pdr) + Lyne (Y2 — ity ™)

, dy®0 d ;. 4000 00 ;- ay®
+lgng (7dt—a(nay )dl+Y dng +ng 7 .

The U“ term,
LN (U) = Lanc(U*) + Lyng (U°) = n*Lanc (U°)

a =aryr0 . 0 g.a dUO
=Ly (UL —N*U") +ignc (U dn®) + ¢ )

Lastly the Y term,
iaMe (Ydt) = igne(Ydt) + igne (YOdt) — ign“ne (YOdt)
= igNe (Yedt — 72Y dt) + n(Y°).

Summing these together,

1
Wo = Lol (U — U2 — U™ + i)

— Lyiane (Y@dt — 79y %ds — 7Ly dr + ienby Cdr — (U — ﬂéUOO)dﬁﬂ)

1 du® d du®
_ a __ parr0 Oa _ p»ay00y _ * a 2ar700Y
Lang(U* = nU° + Y%~y ) ngng<n —— o (U) —2— )

+i Ygdt—'QYOdt—dLgOdt—Uod'ﬂ—f—i 72y 90 g — yOqne
atlg n 0 e+ o (M) n

dt
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(A96)
(A97)
(A98)
(A99)

(A100)

(A101)

(A102)

(A103)

(A104)
(A105)

1, dUOO d (00, .p 1 [a*u® dy® au® 0
+§lgng ( dn*+—- (U d’?‘)) +§Tlg (7) -1 (7> -1 (7) +n:(Y")+1nc(q). (A106)

To simplify this, recall 29), giving

1
Wo = Lol (U — U2 — U™ + it u™)

— Lyian. (Y@dt — 2y 2dr — Ly dr + Rty ®dr + (U - ﬂéU"O)dﬁﬂ)
dy® 1 d?

1d
_ a__ par0, -
aTTg(U nU+2dt

This is the full coordinate transformation for the quadrupole in the de Rham current representation.

(nv™) - Y“O) +iaMg (Y“dt— Y dr = Ui — ——di + 5 -5 (1°U") dt)

+1N¢(q)-

(A107)




