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Abstract

We investigate stress-energy tensors constructed from the covariant derivatives of delta func-
tions on a worldline. Since covariant derivatives are used all the components transform as ten-
sors. We derive the dynamical equations for the components, up to quadrupole order. The
components do, however, depend in a non-tensorial way, on a choice of a vector along the
worldline. We also derive a number of important results about general multipoles, including
that their components are unique, and all multipoles can be written using covariant derivatives.
We show how the components of a multipole are related to standard moments of a tensor field,
by parallelly transporting that tensor field.

1 Introduction

Finite size objects can be approximated using moments. This makes sense when the object is viewed
from a distance. The usual definition of moments involves integrating over a spatial hypersurface
of an integrand which involves coordinates. For example one may define the quadrupole of a rank
(2,0) tensor S* as space 292°S" 3z, where a,b = 1,2,3 and u,v = 0,...,3. Such an object will
not, in general, be tensorial. Instead it will be highly dependent on the choice of coordinates, and
there will be no simple way of transforming the expression from one coordinate system to another.
In addition it is necessary to choose a foliation of spacelike hypersurfaces over which one can perform
the integration. By contrast one can represent an extended object by a distribution (in the Schwartz
sense) over a worldline, which may represent the “centre” of the object. This distribution is tensorial
in that it acts on appropriate test tensors to give a number. Using this action one can find the
transformation rules for the moments. In this article such distributions will be called multipoles.
The components of the multipoles are intimately related to the standard moments, as we show below.

There are many extended objects one may wish to approximate. For example a scalar field
concentrated at one point in space can be represented by a scalar multipole, while the current of an
extended charge may be represented by a vector valued multipole. In this article we are primary
interested in modelling, as a multipole, the stress-energy tensor of an extended massive object. Unlike
the current which can be used directly as a source for electromagnetism, the distributional stress-
energy tensor cannot be used directly in Einstein’s equations. This is because, unlike Maxwell’s
equations, Einstein’s equations are not linear. Instead one can use them as a source for linearised
gravity.

Even if one is not concerned with the effect on gravity, considering the stress-energy multipole is
useful. This is because the constraint that it must be divergenceless tells us information about the
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dynamics of the moments. For the monopole, there is just a single component, which is constant
and corresponds to the total mass. For the dipole there are 10 components whose dynamics are
completely determined by the Mathisson-Papapetrou-Tulczyjew-Dixon ODEs [1,2]. By contrast for
the quadrupole, as well as the 40 components which have ODEs, there are 20 free components [3].
One may consider the dynamics of these free components to be constitutive relations. They could
either be posited as part of the model or derived by considering the underlying matter which makes
up the extended body. For example, we would expect different results for dust than for a neutron
star.

Multipole distributions can be represented in a number of ways. In [3] we discuss the advantages
and disadvantages of using two different expressions to represent a multipole over a worldline. These
are labelled the Ellis [4] and Dixon [5-9] representations. The Ellis representation uses partial
derivatives and can be applied to multipoles over any line on any manifold. However, it requires
complicated coordinate transformation rules for the components, involving derivatives of the Jacobi
matrix and integration over the world line [3,10]. The Dixon representation uses covariant derivatives
and has the significant advantage that the components are tensors. Another advantage is that the
multipole naturally splits into different orders of “poles”. That is, it is a sum of a monopole, a dipole,
a quadrupole and so on. We refer to this in this as the Dixon split.

The price one pays for this is that the manifold needs to have a connection, and one must choose
a vector along the worldline, which we call the Dixon vector. In general changing the Dixon
vector will result in a complicated transformation, which not only mixes orders but involves higher
derivatives of the components.

With regards to multipoles over timelike worldlines in general relativity, these constraints are not
a problem. Spacetime is endowed with a connection, usually the Levi-Civita connection, and there
is a preferred vector over the worldline given by it’s tangent. Other possible choices of the Dixon
vector are discussed in the conclusion.

The key result of this article, given in section 4, is the derivation of the dynamics of the compo-
nents of the Dixon stress-energy quadrupole. This is the generalisation of the Mathisson-Papapetrou-
Tulczyjew-Dixon equations. These are derived from the divergenceless of the stress-energy tensors
and shows how the quadrupole couples to the curvature and derivatives of the curvature. Similar
equations have been derived by Steinhoff and Puetzfeld [11]. However their method leads to an im-
plicit equation for the dynamics. By contrast our equations are clearer with the time derivatives of
the relevant components given explicitly. The method, which involves commuting covariant deriva-
tives can be extended to arbitrary order multipole. However, as noted in [3], the equations do not
completely determine the dynamics of the quadrupole and must be augmented with 20 constitutive
relations.

In his work, Dixon makes two conjectures for the dynamics of the components of a quadrupole,
which we summarise in section 5. We can compare these to our dynamical equations and see that
neither of them couple to the curvature. Thus they do not correspond to the divergenceless condi-
tion and are not the generalisation of the Mathisson-Papapetrou—Tulczyjew—Dixon equations for the
quadrupole.

In addition to deriving the dynamical equations for stress-energy quadrupole, in this article we
also establish important results about the Dixon representation of multipoles in general. In particular
we show that all multipoles can be represented as Dixon multipoles and that both the Dixon split
and the components are unique. We show how the components can be extracted from a multipole
by letting it act on appropriate test tensors. All of these results are valid for an arbitrary tensor
multipole of arbitrary order. Thus as well as the stress-energy multipole, they can also be applied
to electromagnetic current multipoles. The uniqueness of the splitting and the components is an
essential step in the derivation of the dynamical equations, as it is applied to the divergence of the
stress-energy tensor.

This article is arranged as follows. In section 2 we give a summary of the stress-energy tensor. In
section 3 we give the properties of arbitrary multipoles as described above, namely: the Dixon split



Figure 1: The worldline C' (black), with the Dixon geodesic hypersurface 3(o) (grey) which intersects
the worldline at C'(0). Emanating from C(co) is the geodesic H, v (s) (red) which lies inside ¥(o).
The tangent to H,y at C(o) is the vector V* (blue), which is orthogonal to the Dixon vector N,
(green). All points in the Dixon geodesic hypersurface ¥(o) can be reached by a geodesic like H, /().

(section 3.4), the formula for the components (section 3.5) and the demonstration that all multipoles
can be written as Dixon multipoles (section 3.7). For this we define a natural coordinate system,
which is adapted to the worldline and the Dixon vector (section 3.2). We also define the Dixon
geodesic hypersurface which is the hypersurface generated from all geodesics which emanate from
the worldline in a direction orthogonal to the Dixon vector (figure 1). We make explicit the two
point tensor associated with parallel transport (section 3.3) and give the Taylor expansion of a test
tensor which respects parallel transport and the Dixon vector (section 3.6).

As stated the definition of the spatial moments of a extended object is in terms of the integral
over space with respect to some coordinate system. Fortunately, once we have chosen a Dixon
vector, one can use Dixon geodesic hypersurfaces, and the adapted coordinate system. Alternatively
one can parallel transport the tensor to the worldline. Thus the moments defined this way are
tensorial objects with tensorial transformation properties. Although they are still non-tensorially
dependent on the choice of the Dixon vector. There is a natural way of linking these moments with
the components of the multipole distribution. This is done by “squeezing” a regular tensor. This is
the process of reducing a tensor’s spatial extent while keeping the quantity of matter constant. This
is demonstrated in section 3.8.

In section 4 we derive the dynamical equations for the components of the stress-energy quadrupole.
In section 5 we compare these the equations proposed by Dixon. Finally in section 6 we conclude.

2 The stress-energy distribution

We shall use the notation as defined in [3]. Let M be a spacetime with metric g,,, signature
(—,+,+,+), and the Levi-Civita connection V, with Christoffel symbol I'y,. Here Greek indices
w,v = 0,1,2,3 and Latin indices a,b = 1,2,3. Let C' : Z — M where Z C R is the worldline of
the source! with components C*#(o). At this point we do not assume that o is proper time. Here
we consider stress-energy tensors 7T which are non-zero only on the worldline C*(¢), where it has
Dirac—¢ like properties. Such stress-energy tensors are called distributional.

Since we are dealing with distributions it is most convenient to consider 7" as a tensor density?
of weight 1. Thus w™'T* is a tensor, where

W=/~ det(gu) 1)

!'Even using proper time in Minkowski space, one cannot assume that Z = R since it is possible to accelerate to
lightlike infinity in finite proper time.

2An integral over M must contain the measure w. There is therefore the following choice: one can choose T"" or
¢, to be a density of weight 1, or put w explicitly in the integrand. Here we have chosen to make T a density.



The definition of the covariant derivative of a tensor Y#” density of weight 1 is given by
V.Y = wV (W YY) = LY+ 0, Y + T Y™ - TR Y" 4 (2)

where I'7 - are the Christoffel symbols. In this article the term stress-energy tensor always refers to
a stress-energy tensor density of weight 1, even if not explicitly stated. In addition the symbol T
always refers to a distributional stress-energy tensor density of weight 1 over the worldline C'.

As already stated the Dixon representation depends crucially on a choice of a vector field N, (o)
along the worldline C, called the Dixon vector. The only constraint on the choice of N, (o) is that
it is not orthogonal to the worldline C', N, o # 0. In section 4, we need to project out the spatial
components. Thus we scale N, so that

N,C*=1. (3)

As long as the worldline C' is timelike, a natural choice of the Dixon vector is C¥, i.e. Ny = =g cv
but this is not the only choice. Having chosen N,, the Dixon representation of a multipole is
given [6, Equation (1.9)] [8, Equation (4.18), (7.4), (7.5)] by

k
vV 1 v,
THY Z va Y, /Igu prrr(a) 60 (2 — C()) do . (4)
r=0
Tulczyjew [2] calls this the canonical form, in the case when N, = _Cw
Since T* is a stress-energy tensor, we have the symmetry of the indices
T =T"", (5)
which leads to
guupl...pT — guupl...pr ] (6)
We demand that the components {#71#F are orthogonal to the vector N,,
ij EHVPL-PE — () (7)
for j =1,...,k. The covariant derivatives do not commute. Instead they give rise to curvature terms

and lower the number of derivatives. We therefore make the minimal choice and impose £#/71Pk are
symmetric in the relevant indices.

SMVPI---pk — SMV(PI---Pk) . (8)

Since T" is a tensor density this enables us to throw the covariant derivative over onto the test
tensor ¢, giving

k
1
/M T Gy d'x = Z<_1)T_ /Igwplmpr(a) (Voo Vo) ‘C(o’) do . 9)

il
r=0

This follow since if v* is a vector density of weight 1 then from (2) V,v* = 0, v*.
At the quadrupole level the stress-energy distribution becomes

T _ / & 5D (2~ C)do + V, / e 5 (2 — C)do + 1V, V, / gree 5@ (2 — C)do  (10)
M M M

where from (7)

NP =0 and NP7 =0, (11)
and from (6) and (8)
EHV = gV CRVP — CVIP  CHVPT  (VRT ap CRVPO — (VP (12)
In this article we assume that T is divergenceless, i.e.
vV, T" =0. (13)

This gives rise to dynamical equations for the components £"#, £¥#? and £#°P, which we give below
in theorem 21.



3 Properties of the Dixon representation of arbitrary dis-
tributions over worldlines

In this section, general details of multipoles are presented, which are needed to analyse the stress-
energy distribution. The most important result we will use, is that the Dixon components are unique
(section 3.5). This is needed so that when we take the divergence of the stress-energy tensor and
write that as a Dixon distribution, we know that all the terms must vanish.

Since the results are true for all tensor distributions, not simply the stress-energy tensor, we have
chosen to derive the results for an arbitrary tensor of rank (m,0) and order n.

There are a number of concepts we need to define in order to show the uniqueness of the compo-
nents. First we need to establish the Dixon geodesic hypersurfaces, the adapted coordinate system
and the radial vector (section 3.2), the notation for parallel transport (section 3.3) and the Dixon
split (section 3.4).

The next step is to show that all multipoles are Dixon multipoles (section 3.7). For this we
need to be able to take a Taylor expansion of the test tensor (section 3.6). Since we are dealing
with tensors it is necessary to transport the tensors around. There is no unique way of transporting
tensors and different choices will lead to different Taylor expansions. The natural choice in this case
is to use parallel transport along the geodesics emanating from the worldline.

The final subsection of this section relates the moments of a regular distribution with the com-
ponents of a multipole. This is achieved by squeezing the distribution.

An arbitrary tensor density distribution of rank (m,0), weight 1, and order n with support on C'
is given by

N
1
gt Z k_ .V, : Cratm PPk §(4) (:E — C(o‘)) do , (14)
k=0
where
N, grtmerer = (15)
for j=1,...,k and

CHaim Pk — C“l"'“m(pl“'p’“) . (16)

Unlike £#7P1 Pk we do not assume any symmetry on the indices g, ..., t,,. For convenience when

dealing with arbitrary tensors we replace the indices p; - - - i, with the symbol p so that J##m = JE
and (KL HmPLTPk — (HPLT P, -

Let us introduce the notation for the symmetric sum of multiple covariant derivatives
k _
vpl"'ﬂk - V(PI ct vpk) : (17>

The result of applying a test tensor ¢, is given by

1
[ oudte =305 (1)t [ (96l do. (18)

Although the commutator of two covariant derivatives gives rise to curvature terms, these are of
a lower order so we can always write the distribution using the symmetric sum of indices.

The key advantage of imposing the constraints (15), (16) is that they give rise to unique compo-
nents (#P1Pk. We will see this below is section 3.5.



3.1 Notation and results for covariant derivatives

Given a vector V and a tensor Sﬁ introduce the notation®

VVSE = V”VPSE (19)
and the notation
VS =Ve...yeyr  Se (20)

Observe that in general V{,S% # (Vy)"S%. However they do coincide when we have a geodesic.

Lemma 1. If H(s) is a geodesic and ¢, is a tensor then

Vigbu = (Vi) dp- (21)
Proof.

Vb = P .Hﬂrvzlmpr% — [rr.. ~H”TV,,T VB = e .. .Hpr—lvH(vpr_l .. 'Vm(@)
— VH(H’” .. .Hﬂr—lvpr_l .. 'Vm@)
- ((VHHPI)HPQ o H P o [P .Hﬂr—z(vHHﬂr—1)> Vs Vo du
= VH(HPI .. .Hpr—lvpr_l .. 'vm(bg)
== (V) o,

O

3.2 The Dixon geodesic hypersurface, Dixon adapted coordinate system
and the radial vector

Given o € Z, the set of vectors which are perpendicular to N, are denoted
N* (o) = {vectors V* at the point C(0) }NM Vi =0}. (22)
Given V* € N+ (o) let H,y(s) be the geodesic satisfying
Hoy(0)=C(0) and  HY(0)= V", (23)

see figure 1. Note that the parameter s is not normalised, so there is no constraint on the value of
guVHiV(S)H(Z’V(S) = g, V*V?. The domain of H,y(s) is distinct from the domain Z of C'(o). It
will always contain the initial value 0. Although it may not go all the way to +oo it will go to the
edge of the Dixon tube which is defined below.

It is useful to label the point P(o,V) € M reached from C(o) travelling along the geodesic
H, v (s) a parameter distance 1, that is

P(o,V)=H,v(1). (24)
This gives the points for the geodesic H, y as
H,v(s)=Hysv(1) = P(o,sV). (25)

All the points P(o, V'), which are uniquely defined by (o, V) form a neighbourhood of C'. We call
this the Dixon tube, Upt C M. Clearly C' € Upy. There may be points where two different

3We write vectors in the usual index notation as V#. However when a vector is an argument to a function or is a
subscript we will drop the index and just write V.



geodesics H,y and H, v+, with o # o’ intersect. However these will be at some distance from
C and outside of Upr. In addition there may be points which are unreachable from C'. The set
{(c,V")|o €I, V' € N*(0), P(0,V) € Upr}, is diffeomorphic to Upr.

Since we are dealing with Schwartz distributions we demand that all test forms have compact
support which lie in Upr. This is not a significant restriction as any other test function can be written,
using partitions of unity, as the sum of two test tensors, one with support inside Upt and another
test tensor with support away from C'. This second test tensor, when acted upon by distributions
on C will always give zero.

To define the Dixon adapted coordinate system we require a frame along C, {e, €1, €2, €3} where
e"(0) is a vector at the point C'(0). We set (eg)* = C* and require (e)¥, (e2)*, (e1)* € N*+(o). Thus
for any U* € N+ (o) we can decompose it in terms of this basis, giving U* = U'(eq)* + U?(ez)" +
U?(e3)".

The Dixon adapted coordinate system (o, 2!, 2% 2%), is given on the Dixon tube such that

O'|p(gl,v) = PO(O'/, V) = 0'/ and Za‘P(J/7v) = Pa<0'/, V) = Va . (26)

We set 20 = o so that we can label the coordinates of a point p by (p°, pt, p?, p?). We use Latin
indices a,b,... = 1,2,3 and use the summation convention over Latin indices to sum from 1 to 3.
Any reference in the article to adapted coordinates, or whenever Latin indices are used we always
mean the Dixon adapted coordinate system.

Lemma 2. In the Dixon adapted coordinate system
Hg’v(s) =0, oy(s)=sV4 HOV =0 and Hgv(s) =Ve. (27)

Proof. Equation (27.1) follows* from HY, \,(s) = H) (1

: ) = P(o’,sV)? = o', (27.2) follows from
HE(s) = HE (1) = Po,sV)® = sV For (27.3) and (27.4)

’ d ‘Ta d a d a a
By =) =0 and = (Hoy ()= o (sV) = V"
]
The radial vector field, R", is a vector field on M given by
R*poyy = HY (1) (28)

It is a key ingredient for the Dixon split. In [3], the radial vector was not defined completely. Instead,
only some of the necessary properties of the radial vector field were given, in order to give the Dixon
split up to quadrupole order. Here the specific radial vector field is defined in order to give the Dixon
split to arbitrary order.

Lemma 3. The radial vector has the properties that

Rfle=0, VypR'=U, UPUSZ---UMV, , RY=0, (29)

p1-pr
forr >2, U € N*(o).
In the Dizon adapted coordinate system
R°=0 and R*“=2". (30)

4(27.1) refers to the first equation in (27).




Proof. Clearly R*|c = 0. '
Fix o and V and let H = H,y so that H(s) = P(o0,sV) and sH"(s) = R"|(s). Then

ViR = Vi (sH"(s)) = H"(s).

Hence setting V = U; and s = 0 we get (29.2).
For r > 2 we have from (21)

ViR = (V) R = (V) " (Vg RY) = (V) T Y = 0.

Hence setting s = 0 we have V{,R' = 0. Now setting V' equal to combinations of sums V =
Uy £ Uy +--- £ U,, and then taking the sums, we are left with (29.3). .
From (27.3) we have (30.1). From (27.4) and (26.2) R%|pyv) = Hgy = V* = 2% pv) giving

(30.2) O

We use the Dixon vector to define the Dixon geodesic hypersurface ¥(o) C Upr as the set
={P(0,V) €Upr |V* € N (0)}. (31)

This is given in figure 1.

3.3 Parallel transport

The Dixon geodesic hypersurfaces (31) are constructed from geodesics emanating from the worldline,
with initial tangent orthogonal to the Dixon vector. It is necessary to parallel transport tensors
along these geodesics. We therefore define a two point tensor I14|? where p and g lie along the same
geodesic. This tensor can be used to parallel transport tensors along the geodesics and hence defined
on the Dixon geodesics hypersurfaces. This is seen in lemmas 5, 6 and 7 below.
Given o € Z and V* € N* (o) and given s, s; € R such that P(o,s,V) € Upr and P(o,s,V) €
uDT, let
o

JP—;EZ:K; : {vectors at P(0,5V)} — {vectors at P(o,s1V)} (32)

be the two point tensor satisfying the differential equation

L) = T B2 WS ma ) s @
Observe that
| RG] = IEReey)  and  IPTVDIRZea =50 (34)
so that from (34.2)
P(o,51V) _ o (35)

VIP(o,51V)

From the definition (33) it may look like the parallel transport is dependent on the choice of
parameterisation of the geodesic H, ;. We see here that this is not the case.

Lemma 4. If soV* = 30\7“ and s1VH* = §1V“ then

M‘P(O’,Sov) - M‘P(Uﬁof/)
P(o,51V) P(0,51V) "

(36)

Le. given p,q € Upt along the same H,y, then Hﬁ‘z is independent of the choice of parameterisation
Of Hmv.



Proof. Let V#* = kV* so that sy = 8o/k and s; = & /k. Setting 4 = kL then (33.1) becomes

d P(o,50V) p o\ A P(osoV)
"Te 5P(o,§V) - _Px\p|P(Uv§V) ’{ﬁHa,V(S vIP(o,5V)

and the £’s cancel. Setting V* — xV# and likewise for sy and s; we see the ODE (33.1) is independent
of scaling of s,V sg, s1. The initial condition follows from (35). O

Lemma 5. Given (0,V), a vector U* the point P(c,s,V), and vector field U (s) along H,y then

Vi U'=0 and  U|p(er) = U", (37)
if and only if
P(o,s50V) 150
UM plo.avy = T o) O (38)

Proof. Let H(s) = H,y(s) then

P(o,50V) 15y d 0,50V) 1y ,
VH(Sl)(H P(os(‘)/ U ) = dS( l’j}Pas(\)/ U ) sy +Fup|H (s1) (Sl) U (Sl)
d P(o,50V) ” ,
- g(ﬂﬁ}P(Uvs(‘L) )’szs U + FIAJLp|H(81) Hp(51> U (Sl)
P(O’S()V)

= —T% | H?(s) 115 - U” + Fffp|H(81) H?(s1) U”(s1)

P(o,sV)

: p P(os |4
— _F/;p|H(Sl)H ( ) H ( 0

=0.

U”+pr|Hs1 1°(s1) U"(s1)

Hence result. 0

Lemma 6. Given a 1-form QAﬁu at the point P(o,soV), then

VHG,V¢N =0 and ¢M|P(U,80V) = Qg;u (39)
iof and only iof
v | P(o,sV)
Oulplosv) = T [ ) Ov- (40)

Proof. Given a vector U € T(sy)M and a vector field U(s) along H then such that (38) then

Vitton T paagyy ), U (50) = Vo (W7 200 60)] U7 (1) + T (1, 50) 0V g U
v | P(o,sV)
- VH(Sl)( HIP(o,50V) (bVUH(S)) ’sl
d P(o,sV)  ~ o,50V) A
- %(Hu P(o,50V) ¢ 11 Us(\)/) Up)‘ ((b'/ )}Sl =0
Hence (40) if and only if (39). O

We need to extend the results of lemma 6 for tensors with arbitrary number of indices, i.e. ¢,.
Let -

P(o soV P(o,s0V) um | P(0:50V)

H ‘ Hﬁll P(o,sV) I VA P(o,sV) * (41)
Lemma 7. Given a tensor qbﬁ at the point at the point P(o,s0V), then
VHJ,V¢H =0 and ¢ﬁ|P(0,SoV) = QASH’ (42)
iof and only iof
v | P(o,sV) A
¢M|P U SV P(o’ S()V) . (43)



Proof. Set ¢,, to be the outer product of 1-forms ¢, = }“ +- ¢y . Then apply lemma 6. O

Lemma 8. Let ¢, be a 1-form field over H, . Then

d* (u PosV) K
@ (H_}P(g7sov)¢ﬁ|P(075‘/)> = VHU’V¢V|P(O'7SOV) . (44)

Proof. Proof by induction on r. Clearly true when » = 0 and r = 1, Let H(s) = H,y(s). Assume

true for r,
( ( P(o,s0V) )
S1=82
i( dT' (HE P(O’,SQV) HB P(O’,SQV)
d
P
P

Y| P(g,51V) ¢E|P(0751V)>

drt ) P(o,s0V) . d
d3r+1( V| P(o,sV) ¢N|PUSV)> ~ ds,

S2=380

LIP(0,52V) “TXIP(0,51V) ¢H|P(U7slv))

8182)
8182)
S2=50

= VHVTH(bg‘P(U,SOV) =V; ( ) (bl/‘P(O' soV) — V ¢1/|P a,80V)

S2=50

(@,50V) A" [ p|P(0,52V) b,
Y|p(o,s,V) TH P(o,51V)

S2=50

d o,50V) r
=d—(H2‘!mZv Vi ¢u|P<aszV>)

S2

O

It is necessary to define a collection of tensor fields H{ v} , which are used to define the test tensors
needed to extract the components (#°*"P* in section 3.5. These tensors are parallel and form a basis
for tensors. These will be necessary to define a Taylor expansion of the test tensors and for extracting
the components of a multipole.

P(o,V)

_{Z} v
1L, [Pev) = Wl o)

(45)

The reason for placing the v in curly brackets is because these are tensor indices referring to the
point C(c). Therefore the covariant derivative V, does not produce the Christoffel symbols . Le.

v H{V} a H{V} _ 1’\0’ H{V} e I‘\O’ H{Z} . (46)

pHL TTOp  fm PHm T HL fm—10

Hence from lemma 7,

=iv}
VHU,VHE =0. (47)
Lemma 9. In adapted coordinates
k =ik
V.. ang =0. (48)

Proof. Fix o and V* € N+ and let H = H,y so that H(s) = P(0,sV). Since H is a geodesic

V... yuyk

ap--ag

={v} iv} {v}
Hg }C(a):v]‘ﬁfﬂg ‘C( VkH ‘C(J) 0.

Now setting V# equal to combinations of sums V' = Ul + UY & - - - + U¥, and then taking the sums,
we are left with

a a k {Z}
U - U Voo L | = 0.

ap--ag

since Vi _, is symmetric in ay, ..., a. Since this is true for all vectors V* = Uf',... ,U* at C(0)

we have (48)
U
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3.4 The Dixon split

Given an arbitrary Dixon multipole J#, or order n, let

JE = Z J(ﬁm v (49)
k=0
where
1
J(ﬁk) = 2l N /C%Pr--pkcg(ﬂx)(z —C)do. (50)
ILe.
1
oo = (1 [ GV o o

We call the set {J(ﬁk)} the Dixon split of J£. It is the first step towards the extraction of the
components.

Lemma 10.

|
s 7o) - [ bl < (52
0 for r>k.
Proof. This follows from two observations
Vi by = Vi, + Vr(Vrd,) ., (53)
and
T [Vrel =k T3 [9]. (54)

Equation (53) follows since in the Dixon adapted coordinates.

Vi(Vrou) = Vi(2*Vi,)
=2 ... 2"V, ... var(zbvb%)
=2 2"V . V(60 Vb + 2"V, Ved,)
=2 ... 2V, .. Ve, (Va0 + 2"V, Vi)
=22V . Ve @u+ 2" 2V, . Ve, 2"V, Vi)
= Vidu+ 2 ... 2Va, ... Vo, (2"Vo, Vig,)
=rVgo, + 2" .. A VAR Vi, Veou
= Vb + Vi ' du .

11



Equation (54) follows from

bV nou) = 10, = (-1 [t (2906,) do
= (—1)ka/gua1---akval...vak (+'V40,.) do
= (0 [TV (0,Vi0, + PV Vi) do
_ (-1)'?% / Cﬁal“'a’“val...Vakﬂ(Vak(bﬁ%—szaka(bE)
- (-1)’?%/0@1---% (val e Vb + Vi . ..vakfl(zbvakqusﬁ)) do
= (-1t / ¢ (K, . Vb + 2V, . Vo, Vi) do
= (V' 1 /gﬂal Uy Vg by do

= (~1)F B do

= kJ 5y 6]
We now show (52) by induction. Trivial for r = 0. Assume true for r, from (53) and (54)
T s T k!
T Vi 6ul = =1J ) [Vidul + T [VR(Vreu)] = W( — [ bu] + T [V roy))

=%( =0l + kTG w)—%f [6,) = mtﬁ)w-

In the case when » = k + 1 then

J(ﬁk) [V O] = W‘]_k) (0] =
Hence (52) holds for all . O
Theorem 11.
Tl = ST kg, (55)
(R Lt ()l 17 TR
Proof.
—~ (=) T T G § L e G D AR £ "
Z(k —r)! T!Jﬁ[ngbﬁ] B Z(k —7r)r! Z T Vidul = (k—=r)r (0 —k)! Jﬁ)[%]
o f—r =0 k=r (=0
n n N k e n n N k e
SRS (r) (1) e =32 (o () (1) ) i
(=0 k=r (=0 \ k=0
— Z 5r€ - (r [(bﬂ]
where we have used the standard result for the sums of products of binomial coefficients. O

Although the Dixon split, given by (49), is defined via the coordinate system, theorem 11 shows
that the Dixon split is actually independent of the coordinate system, once the Dixon vector is
chosen.

Corollary 12. If J& =0 then JE[Vi¢,] =0 for all r.
Proof. Follows trivially since if J&£ = 0, then J(ﬁk) =0forall0 <k <n. U

12



3.5 Extraction of the Dixon components

In this section we show how we can extract the Dixon components (#**“ in an adapted coordinate
system, by applying the distribution to particular test tensors.
Let 19 : R — R be any test function such that

/Rwo(z) dz =1, o(0) =1,

and ¢y(z) is flat in an interval about 0.
In Dixon adapted coordinates, given oy € Z and € > 0, choose a set of indices v. Let the tensor
(¢zoiar), be given by

00,€

v,a1--a _1>k al a 00 1 2 BN = )
(Bt Valoat oy = 24 ( T2 a2 b () ()L, (56)
Theorem 13.
Qe o) = limy T (075D (57)

Proof. Since 1y(2%) is flat about 2* = 0, then Vyy(2*) = 0. Since (¥ is totally symmetric in
ay ...ay we have from (48) V* HiZ} = 0. Also V2% = 9p2* = 4.

ay--ag

0O — 0y

lim 6, [(9%,17) ]=1imi/ICﬁb1"'ka’,fl...bk (zal---z“kw ( )%( D)do(22) o ()T dcr)

_%iéwwwwwmwm(”%wwww@ﬂ%wa
- lim ]; /gubl gy 8bk(z“1-~-z“’“)¢o(a_eao>¢ (0)%0%] _, do
—tim = [ oy (T do = ¢ o).
e Mhp(e (o — 0g)) — §(0 — 0g) as € — 0. .

Corollary 14.
Jt=0  ifandonlyif  (EMT% =0, (58)
and hence the Dizon components are unique.

Proof. Assuming J = 0 then from corollary 12 we have J(ﬁk) = 0, hence from (57) all the components
are zero. N

3.6 The Taylor expansion with respect to Dixon geodesic hypersurfaces

Given a test tensor ¢,, we need to take its Taylor expansion, in a way that respects the Dixon
geodesic hypersurfaces. We define the tensor field

P(O’V (

voulow)) (59)

¢g€)|P(U,V HV

by replacing V' with sV this becomes

P(a sV) ( P(a SV)<

O | piosvy = T woulew) = s 11 Vivéulow)) - (60)

13



In adapted coordinates H, (1) = P(0,V) = (0, 2%,..., 2%) we have

al a {V}
|01, 29 = 2 I, (Veyea,rlcw) - (61)

since

v|P(o Tt a ap L)
¢g€)|(07z1 ..... z3) = ¢$)|P(UV = H*’C VV¢V|C(U) - H (V ¢V|C(U)) =Vve..v kH (Vsl ak¢V|C(U))
=TI (VE L dle) -

ai--ag

The Taylor expansion, with respect to the Dixon geodesic hypersurfaces, of a test tensor ¢, is given
by -

N
1
Oulposv) = Y 77 4 lpeav) + O™ (62)
k=0

Lemma 15. The order O(s™*1), as s — 0, in (62) is correct.

Proof. Taking the Taylor expansion about C(o) along each geodesic H, v (s) and using (44) we have

N
1C(o) b /)
k}p(avsv)gbﬂP(a,sV) Z /{3_ d— ( v P(a,sV)¢ﬁ|P(Uvsv)> + O(3N+1)
N
_ A N+1
= Z %l Vyduloe +0(s™).
k=0
Hence
N N
&, _ f e P(U,SV O(s N+1 i (k) O(sN+1
w|P(o,sV) — Z Ll HlC(o) (bl/‘C(o + Z k! (bﬁ ‘P(O’,SV) + (S ) :
k=0 k=0
O
Lemma 16.
k!
<Z5(k m ¢g€) . (63)
Proof. From (48) and (61)
Vo) =22 2V, o)
= Zbl oo bTvbl b < @ akH{y}(Vsl ak¢u|C(U)))
a1 {v}
= 22Oy By (27 2T (Vo Bulo)
k! —{v} 1ok k!
_ ar  ak H \V4 o) = (k)
(k—r)! (Z ) ( ar- ak¢ |C( )) (k—1)! gbg
O

3.7 All multipoles are Dixon multipoles

In the previous subsection we showed that the components of a Dixon multipole are unique and
can be extracted using particular text functions given by (55). In this section we show that the all
multipoles can be written as a Dixon multipole. Thus we see that the Dixon multipole is merely
a representation of a multipole. Thus if a multipole is defined via (14) with respect to one Dixon

14



vector, N, then it is guaranteed that it can be written with respect to another Dixon vector NM. A
similar result is available in [12] but here an explicit formula is given, which in addition respects the
constraint (3).

We assume we are given an arbitrary multipole Y£ i.e. an operator which takes test tensors
¢, to give a number Y£[¢,]. In [3] we show how to construct an arbitrary distribution. This is by
taking a collection of monopoles, and allowing finite sums, derivatives, contractions and products
with scalar fields. In [3] we showed that all multipoles could be expressed as Ellis multipoles. Thus
another interpretation is that Y£ is given in the Ellis representation. An alternative is that Y is
given to us in the Dixon representation, but with a different Dixon vector N,. Even in this case it is
not obvious that the multipole can be represented as a Dixon multipole with the new Dixon vector.

Our goal is to establish Y# can be written as a Dixon multipole, but the only information we can
use are the values Y#[¢p,| for particular ¢,’s.

The result that all multipoles can be written as Dixon multipoles, should not be surprising as
if one were to count the number of components in the Ellis representation, it is the same as the
Dixon representation. However one should be careful, as the components in the Ellis representation,
also have the same number of components, but they are not unique. So simply counting number of
components is not sufficient.

We can deduce the order of Y# by the statement [3, eqn. (115)]: The order of Y is the smallest
n such that

YEA"1¢,] =0 for all tensors ¢, and all scalar fields A such that Al = 0. (64)

Having established the order of Y2 we can now perform the Dixon split. I.e. using (55) we can create
the multipoles Y(%)

N ()

Y(%) (9] = =)l

YE[V Gl - (65)

k=r
We can now use (57) to calculate the components of Y%,

0% () =l Y [(650), . (66)

We emphasise here that Y2 was not defined using 2% via (14), instead Y£ was given to us and
we have used various test functions to calculate the components.

It is now necessary to establish that (14) gives us the correct distribution. To do this we define
a new distribution as

N
Jh — Z 1 vk /ggpl---pk(;(zl) (:p — C(g)) do . (67)
' z

It is then necessary to show J& = Y&

Theorem 17.
JE=YE. (68)

Hence all all multipoles over C are Dizon multipoles over C.
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Proof.

1 k
Tiolu] = ( kl) /IWIW%("0)(V§1---ak¢v)|0<oo> dog

(=1)* B
- k! Iher(M K(b;z)vﬁ T) ]<v21 -ag )‘C(UO) daO

e—0
— <_1)k li Yﬁ v,aiar k d
N k! egr(l) (k)|: I( 0,€ )M(vay"akgbzﬂo(ao) UO}
L a g—0 v
= G | / 2 (T °) (=)o) ()T ) (V5,0 80 o) o)
. r o—o S
- 11—1;% k" GY'(%) _/w(]( O>w0 (253)2 o H{ }<V§1 Qg )|C(00) da'o]
r o—o
= lim kley(%) _/%( 0>¢0 (23)¢g“)|c(00)dgo}
[ — 0
= lig /gley(% _/%( 0) lcon) dao}
o

1)6 k k"

Hence

P = 3 Jtlo = 0 Lvefow] —va[ 3 L] —vegg,)

Since for any arbitrary distribution Y2 we can construct using (65), (66) and (67) J£, then (68)
implies all multipoles over C' are Dixon multipoles over C'.
Observe that between lines 7 and 8 of this derivation we swapped lim,_,q and Y R This is

permitted since Y(k) consists of only a finite number of derivatives and is hence continuous and

iy [Lin(®

in the LF-topology. O

¢(k lc(o0)doo — ¢>( lc(o) >

Corollary 18. Given a multipole J* defined by (14) with respect to one Dizon vector N, and given
a different Dizon vector N, then there exist unique components (£ so that we can write J& with

respect to Nu-

Proof. Using theorem 17 and corollary 14. O

3.8 Parallel squeezed tensors

So far, moments have been discussed as components of the distribution. There is also the intuitive
notion of moments in terms of integrals over space, multiplied by one or more coordinates.

In general relativity such objects are not covariant as they depend on both the choice of the
spatial hypersurface and the choice of the coordinates on that hypersurface. The other issue is that
the tensor has to be integrated, and this requires transporting the tensors to the same point.
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One choice, given in [3] is to use an adapted coordinate system. This is coordinate dependent.
However by squeezing the tensor field, one can produce a well defined distribution. This corresponds
to the Ellis representation of the distribution.

Dixon [8] gives a natural choice of moments. This uses the Dixon geodesic hypersurfaces, the
geodesic coordinates and parallel transport. Thus all the necessary structure is given to us uniquely,
once we have chosen the Dixon vector.

In this section we give a method of squeezing a tensor field, such that the coefficients of the
expansion are the Dixon components of the distribution.

Let UX be a tensor density (of weight 1) on M. From this we can construct the squeezed tensor
density UZ € T'TM given by

_ Po,e 'V ..,
Ueﬁ|P(o—7v) = € 3 Hg P(O’,V) U_|p(076—lv) . (69)
Let
(o) = (<1 [ vy ) U Y (10)
NL(o)

These components clearly satisfy (14) and (15). In Dixon geodesics coordinates this becomes

e8P (o) = (1" / 2 2R U a0 B2 (71)
3(o)
Lemma 19.
N Ek
/ U~ ¢Hd4x = Z(_l)kﬁ/ EHPL PR Vﬁl___pk<bﬁda 4+ O(N . (72)
M k=0 T
Thus
N Ek
UE=2 11V /Idc’ groe 50 (@ — C) + O(e). (73)
k=0

Proof. From (60) and (62) we have

N ok
) C(o) S ok N+1
T gy Oulriosy = 3 g Vonletoy + 06",
k=0

In Dixon geodesic coordinates (o, 2!, 22, 23). We set the vector field V# = ¢ W* and do a Taylor
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expansion in e.
/Ueﬁqﬁudad‘gz
™ "
:/dg/ Ueﬁgbud?)z
z 3(o) -
- /da/ Ug‘P(U,V) Gl poyy &V
z N+(o) -
- P(o,e™
=€ 3/‘d0'/‘L HM PE ) U ‘P(Ue_1V) (b,u‘P(oV d3v
N

_3 1) C (o) A P(o,e™1V) v 3
= /dg/m W oy Wleg  Ulreev) Gulper) &V

AP W) - 1 C(o) 3
/IdO' /NL(J) HE}C(U) U= |P O'W)H }P(U,EW) (bE‘P(a,eW)d w

I
S—

da/ H’\ P(UW UV|PJW)d W(Z 'VW<Z5,\\C(U)) +O( N+1)
N+(o) k

ek

E / dO'/ Hﬁ’gEZ;W) U£|P(U,W) WPL... WPk dgw(vlzl...pkﬁbMC(a)) + O(€N+1)
. Nl(o)
k

[
WE

k=0

[
WE

(—1)‘% /I do &1 (o) (VE ., alcw@)) + OV ).

b
Il

0

O

Thus we have shown the link between the components of the multipoles and the moments of a
regular distribution.

4 Dynamical equations in Dixon language

In this section we derive the key result of this article, namely the dynamical equations of the stress-
energy quadrupole, in the Dixon representation. These follow from the divergenceless condition (13).
As stated this has the advantage that they are tensorial. The tensorial expression is given below in
theorem 21. We first derive the equation in Dixon adapted coordinates.

Theorem 20. In Dizon adapted coordinates the divergenceless condition (13) corresponds to the
following dynamical equations for the components

Vg = —2¢10) (74)
VOSMOG — _gua + %guObc RabOc + ngac RMpOc + %é-pcba Rupcb + %gudbc Rabdca (75)

VoEt® = £ Ry + 56 Ry + 5V (65 Rounc) + 567 (VeRM ) + 3 V0 (€7% Rc)
— Lgrale (G RE ) (76)

together with the constraint
gt = 0. (77)
Proof. For this proof, all integrals are implicitly over Z. Let

F" =V,T" = F,

"

"

3)’
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where

Fiy=V, / &6(x — C)do,  Fly =V, V, / §0§(x — C)do,  Fly = 3V, V5, / Errr§(x — Cdo .

Manipulating F(“ 1 Fla “ and F in turn.

Fiyou] = /gﬂ"v ¢ do = — /ng gbudcr—/f“ovogbudo
- / 1V 4y, do + / (Vo) ¢, do
which using (52) in lemma 10 gives
F( Vi = F() VRO =0,
o S [
and  F{j[6,] = F{}\[Vro,] + / (Vo&") ¢, do .

For Fly [¢,] we have

Fly [,] = / PN N, ¢, do = / VA N / ¢,V ¢, do

(78)

— /SMOIJ VoV, ¢u do — /§u0b RpMOb qu do + /gu(ab \VAVA ¢u og— 1 /Suab Rp;wb qu do

_ / (V£ ™)V, 6, dor — / €0 R 6, dor+ / 4 Y 8, dor — L / erb [ 6 dor

Using equation (52) we can split F [gf)u] to give

(82)

(83)
(84)

(85)

F (ﬂ [ ‘bu} -
Ry [Van] =2 / Y 6 do
Fly (Vi) = 50 [Vho] = [ (9a6)V. 6, do
Fly[6u) = Floy [Vrd,] — / &P RY o 6y, do — 3 / £ Ry b, dor
Now consider Fly [¢,]-
Fiy [ou] = 2 / gHr N,V ,V, ¢ do = —= / grbe 7 Ny Vo do — = / SRS VAVA VNGRS

19
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The second term on the right hand side of (86) gives

/ grobe 7 7,V ¢, do
— [T 0dr — [ TAR ) do
= /f“Obc VoV V¢, do — /f“Obc (prOCVp Ou+ R 0cVy @y + VR yoy 0 + R o Vc¢p) do
= /f“Obc VoV Vy ¢, do — /f“%c (RObOCVO ¢p+ R0V a by + R o0c Vi 6
VR oy 6y + R yon Ve, ) do

_ / Vo(£%) V2, ¢, do + / Y (gMObC R%Oc) 6, do

- /f“Obc (RdbOcvd Ou+ R 0cVy 0p + VR yop 0 + R yop Vcébp) do
= — / Vo(£#) V2, ¢, do + / (vo (€79 R%.) + &7 (VCR“pOb))qu do

- / (SHObC RabOc + 2§p0ac RupOc) Va¢u do .

For the first term on the right hand side of (86), it is necessary to symmetrise the abc of £9%°,

/ §1 NV VyVa g do = / § Vo VoV @y do — / §1 NV o(RY b 6) do
= / £V Va Vi @y dor — / & (VR )0y + B Ve, ) do
= / S AA VTN / & ((Val po) b + R ey V) do
Continuing
/ gV ViVa 6y do
= / £,V oV ¢y do — / & (RN p G+ R acVs 8+ (VR )6y + B Vo, ) do
= / 1V Yy by dor — / & (RcV 0+ 2R 10V 6y + (VR ) 8y ) o
= / £ Vo VeV @ do — / & (R0 0+ Rae Va0 20V 6y + (Tl )y ) dor
— €5 9000udr+ [ Vo€ B 6o
- /f“abc (Rdbacvd Op + 2R 10V @) + (VcRpuab)%) do
— [€500T00udo [ (=€ R = 27 B ) 9,6, do

+ / (VO (guabc RObac) _ gpabc (VcRupab)> b, dor
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Hence
3 / Erbe 7 Vo, ¢, do
= / Erabe 7 )V, ¢, do
+ / ghabe 7 7,V ¢, dor — / greba ((vaRﬂpcb)@ + R, Va<;5“) do
+ / A AATILEE / (= € Rvae = 26 B ) Vo 6, do
b [ (Fol€™ B) = € (VR ) ),
_ 3/§u(abc) V (b by dor + / < _ goeba Ry — ghdbe pa, - _ o gpbac R“pbc) V.o, do
+ / ( — EPP (VR p) + Vo (64 RO%ac) — 7™ (VR pab)>¢u do
=3 / £ V(o) @y do + / (= €™ R*uie = 36 R e ) V1 6y do
+ / (vo (€1abe RO,,.) — 2¢rebe (chﬂpab))@ do .
Hence (86) becomes
_ /V (€19%) V2, 6, dor — %/ (Vo (gu()bc R%) + gPobe (VCRMPOI;)>¢M do
+3 / <§M0bc R%. + 2677 R“poc> Vapy do
-1 / gt 73 ¢, do + & / (gﬂdbc R + 36°7%¢ Rﬂpbc> Vb, do
+ 3 / ( — Vo (&4 R¥c) + 267 (chﬂpab))qsu do
== / N o0y do + 3 / Vo (") V2 ¢ do
+ / <§§”Obc R%c + €7 R o R ooty + %f“dbc R%%qe + %fpbac R“pbc) Vaoudo
! / (= V(€ R%e) — J6™ (VR ) — EV0(€7% R'sac) + 567 (VR p) ) 6 o

Splitting F [qbﬂ] gives

Py Vhon) = =3 [ 4 V8,6, do (87)
P Vaon] = $F (Vhou] + [ Vale™) V%0, do (38)
Fiy IV rou] = 57 [Vid,] + / ( €40 R%. + €P7%° RY o + L ROy, + e R“pbc)va Pudo
(89)
Fiy[ou) = Flg)[Vroy] + / ( — 1V (€M R%.) — 1677 (V. R* y00) — V0 (6" R%pac)
+ Lgpabe (chupab)) b do . (90)
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Since F* = 0, then from corollary 12,

0= F![Vieu] = F [V, (91)
0= F"[Viou] = F : VRS + Fly) [Vaenl (92)
0=F"[Vrou] = F(é) [Vréu] + Floy[VrOW + F) VRO, (93)
0= F¥o.] = F(é) [bu] + F(é) [bu] + F{{)[%] : (94)

From (91) and (87) we get (77).
From (92), (83) and (88) we can calculate V(&0

O_FM [v ¢M]+Fu [V ¢M —2/§Mab)vab¢ud0+/v SMOab Vzbgbudd,

which gives (74).
From (93), (80), (84) and (89) we can calculate V&

0= Fﬂ[vR(bu] = Fé) [VR(bu] + F(é) [vRﬁbu] + F(ﬁ)[vR(bu]
— _/é‘lﬂl Vagbu d(T + ;F(l; |: %gbﬂ] — /(Vogﬂoa)va ¢M dCT
lFﬂ [V (bﬂ] / (%guobc RabOc + éprac R“pOc + _'_%é“dbc Rabdc + %éfpbac R“pbc) Va (bu do
= / ( - gua - (voé,an) + %éHObc RabOc + éprac R“pOc + %é“dbc Rabdc + %éfpbac Rﬂpbc) va (bu do )

which gives (75).
From (94), (81), (85) and (90) we have

= FP(0,] = Fly[8,) + Fly o] + Fly 16,
= F(Tntyl + [ (Vo) éydo
+ Fy [Vrou] — / &% R o by do — 3 / P R oy b, do
Fi)[Vrou] + / ( — 1Vo(€"% RO.) — 377 (VR" ) — £ V0 (6" ROy
+ 367 (VR ) ) 6y o
— [ (T = 6 Rty — 367 R — 100 (£% ) — 36 (Vo ) = 190(6% )
L (TR ) ) 6 o

which gives (76)
U

As stated the key advantage with using the Dixon representation is that the components are
tensors. Therefore writing (74)-(77) using spacetime indices, results in tensor equations which are
valid for all coordinate systems. We introduce the spatial projection tensor

™ =6 —CPN,. (95)

a
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Theorem 21. The divergenceless condition (13) corresponds to the following tensor equations for
the components

Ve(N, 477) = —27fw?, grBa) (96)
Ve(N, ) = mb (= &' + N, CP ¢ R\ g, + (N, CP + Ll oo i g, + 178 gavkoRﬂWg : |
97

VN, %) = (N,C? + 5m) )P R yon + Vi (3N,C7 + g )N €477 R yg,)
+ (3N,C7 = Ax) €72 (VAR 55) (98)

together with the constraint
¥ T T ErPT) — (), (99)

Proof. The equations (74)-(77) are replaced by (96)-(99) as follows. V| is replaced by V.. Each
lower index 0 it is necessary to contract with C# and each upper index 0 it is necessary to contract
with IV,. Each spatial index a, b, ... it is necessary to project out using 7°. However if the spatial
index is one the third or fourth index of £7¥® or 7% the projection is not necessary.

As a result, in the adapted coordinate system where C? = ) and N, = 62 then (96)-(99) become
(74)-(77). However, (96)-(99) are clearly tensorial equations and therefore true for all coordinate
systems. ]

As was observed in [3], the equations for the components arising from the divergenceless condi-
tion of the stress-energy tensor are insufficient to completely determine the dynamics of the com-
ponents. To see this, from (12) we have (104-404100=150) components. From (11) this reduces to
(150-10-40=100) components. Using either (77) or (99) gives us 40 constraints, hence there are 60
components. Equations (74)-(76) or (96)-(98) give 40 ODEs. Hence there are 20 free components.
These still have to be determined via constitutive relations from a model of the underlying material.

These are similar to the equations have been found by Steinhoff and Puetzfeld [11]. However
their equations are implicit. On the right (98) we see that there is a covariant derivative of £/,
However this term can be expanded out to identified V;£7**?. One can then substitute in (96) and
the appropriate constitutive relations.

Corollary 22. As a simple consistency check we see if we reduce to a dipole. Set
A =0, &N = X CrCY + SMPCY) and € = 2PPCY) — 2mCPCY | (100)

where N, = —C’,,, m is the rest mass, X* is the displacement vector, P* is the rate of change of the
displacement vector and S* is the spin tensor satisfy

XMCW:O, PMC"“:0, C,5" =0 and S"+S"=0. (101)
Then we get the Mathisson-Papapetrou-Tulczyjew-Dizon for a dipole along a geodesics.
m=0, VeXt=-P' V.P'=1R" C"S*+R", C"C’X" and VaS" =0, (102)
Proof. Since C is a geodesic and N, = —C,, then VN, = 0. From (100) we have
Va(N, 1) = Vs <N,, (XPC'“C”’ + Sp(qu))) =V (Xp(’ju + %Spu) — C’HVCXP + %VCSPAL
While from (97) we have
V&N, §40) = —mbeh® = 210 (mCHC™ — PHCY) = —PPC*
giving

CHV e XP + 1V 8P = —prOw
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Projecting this out with respect to C), and T gives (102.2) and (102.4).
From (100.3) we have

Va(N&") = Vi (N, (PUC = 2mCHCY) ) = Ve Pr = 20V gm = VaP* = 2041V ¢ P
Substituting (100.1) into (98) gives
Ve (N,E™) = (N,CP + Lpl)emARe oy = (N,CP + Lrf) <XAC*PC” + SWO”) R" 55
= COXNCP R s+ S NCPCUS YR i+ N CPOPS T
+ 4l (XACCr 4 S0 ) R
= XPCPCPR! 5y + %Cﬁswmw +4m] (XACCY 4 S0 ) R
= X CPCPR" 155 + %c’*ﬁsmmw + ic‘*ﬂswmw
= XOCUCRY s+ ZCPSR yy  TCPSV R
= X CPCPRF 50 + %(JPSWR%A :
hence
Ve P" — 20" = XACPCPRY 155 + %C”SWR“,,W

Projecting this out with respect to ), and T gives (102.1) and (102.3). O

5 Comparison with Dixon’s results

In his work, Dixon makes two conjectures for the dynamics of the components of a quadrupole.
Neither of these equations correspond to the divergenceless condition. Thus they are not the gener-
alisation of the Mathisson-Papapetrou—Tulczyjew—Dixon equations for the quadrupole.
Recall from [3], that we can identify &# = [H £Wr = —[r and WA = ["M Using [9, eqn.
(1.37)] and [6, eqn. (2.4)] we can® write JW = IRVl = L(pedwv _ pudny _ prond g puesk),
In [7, eqns. (7.34)-(7.37)] Dixon proposes a simple rotational dynamics. Here he introduces a
(m)

M
connection (7.18), V¢ which he writes as £

el A A A

VeBt = VBt — (@ u® — i u®) B>, (103)

where u" is described as the body’s dynamical velocity. Using this connection we can define a rotation
tensor x{2y, where (7.34)

M A A
VeB® =xQ°\B", Q=0 and Qv =0. (104)
From this the dynamical equation for a non-rotating quadrupole is given by (7.36)
Mk A A A A
V"M = —xQF , J PR 4 Q7 TR — QY JEPE - xQE T Y (105)

It is clear that such a non-rotating quadrupole would not satisfy (96)—(99) and therefore not corre-
spond to a divergenceless stress-energy tensor.

°In [3], we identified J** incorrectly.
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(a) The Dixon vector given by the tangent (b) The Dixon vector given by the backward lightcone
to the worldline. of a distant observer event q.

Figure 2: The Dixon vector N,, and the corresponding Dixon geodesic hypersurfaces, for two different
scenarios.

By contrast in [8, eqn. (4.11)] Dixon proposes a non-dynamical equation based on symmetry. In
our language this becomes

g = 0. (106)

This is very similar to the constraint (99) but without the projections. Interestingly such a constraint
gives the same number of free components as the dynamical equations arising from the divergenceless
condition. Again such conditions on J#**? do not correspond to the divergenceless condition.

6 Discussion and Conclusion

The key result of this article is derivation of the dynamics of the Dixon quadrupole, as given in
section 4. It is clear looking at the method used to derive the equations, that this could be extended
to arbitrary order multipoles, giving rise to higher covariant derivatives of the curvature. In section
5 we compared these equations with two which had be conjectured by Dixon. We observe that since
Dixon’s equations do not couple to curvature as they were not compatible with the divergenceless
property of the stress-energy tensor.

In order to get to derive the dynamical equations it was necessary to establish many properties
of general Dixon multipoles, presented in section 3. These include the fact that all multipoles can be
represented as Dixon multipoles, that the components were unique and that they can be extracted
using particular test tensors. We concluded this section showing the link between the moments of
regular tensors and multipoles.

As noted throughout this article, all the results depend on the choice of the Dixon vector. There
are multiple choices of such Dixon vectors, and there may not be a natural one. In figure 2 we see
two such choice. In figure 2a we show the Dixon vector given by the tangent of the worldline. This
is a natural choice if one is interested in the multipole dynamics as observed by the particle itself.

Alternatively, one may wish to model the dynamics of the multipole as we, as distant observers,
see it. As seen in figure 2b, this involves constructing the backward lightcone from each event ¢ in
our worldline. This give rise to a lightlike Dixon vector which points from the multipole worldline,
C to q. The corresponding Dixon geodesic hypersurface is then tangent to backward lightcone. It
does not, however, coincide with the backward lightcone. For a very distant object the two would
be very close and this may be a sufficiently good approximation. However if the object and the
observer were closer this discrepancy may become important. It would then be necessary to use the
Ellis representation of multipoles and a coordinate system adapted to backward lightcones. As was
observed, the Dixon vector N, in figure 2b is lightlike. This does not affect any of the calculation as
the only constraint on the Dixon vector is (3).

As noted in section 4, there are 20 free components of quadrupole. The equations for these
components, also known as constitutive relations, will need to use additional information. This
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could be knowledge of the underlying matter which makes up the extended object, or they could
arise from observation. Now that the tensorial expression of the dynamical equations for the moments
are known, it will help in establishing the constitutive relations for different objects.

Once the additional equations have been chosen, one could ask how several quadrupoles gravita-
tionally interact. As stated in [3] this interaction can only be perturbative, where the quadrupoles
interact via gravitational waves. There is still the issue of gravitational radiation reaction. However,
this can be avoided if we only consider the action of one quadrupoles by the fields generated by all
the other quadrupoles. This is similar to the electromagnetic case considered in [13].
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