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Abstract.

Making use of a minimal action principle, in this work we derive the dynamics
of a test rigid body moving in a curved spacetime by means of a parametric
invariant lagrangian formalism. In doing so we complete a line of research
due to Bailey-Israel and Anandan-Dadhich-Singh. This is accomplished through
the following new contributions: by fixing the lagrangian of the system, the
elaboration of a complete variational procedure, the formulation of a rigidity
constraint and the derivation of conserved quantities, already found, but in a
very different form, in other approaches to the problem. The dynamics and the
equations obtained are also generalized to all orders in the metric expansion by
means of new mathematical tools. Besides, by a selection of an appropriate spatial
section of the body world-tube, we obtain the simple Papapetru expression of
the canonical momentum which, remaining unchanged to all orders, contributes
to some reductions of complexity of the dynamics. Finally, in the quadrupolar
approximation, applications of our results are presented in the form of useful
observables in the context of ideal tests in general relativity

PACS numbers: 04.20.Fy
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1. Introduction

The quest for a relativistic theory of extended bodies is a long-standing problem,
having important implications in general relativity and in astrophysics. In the
multipole extended body formalism - originally due to Mathisson[1], developed by
Papapetru[2], and Taub[3] and culminating in 1974 with the elegant Dixon theory[4]
- the dynamics are obtained by integrating the conservation equation V,T"#* = 0 on
the body world-tube and using multipolar expansions, with various ad-hoc choices
and settlements (for an historical conceptual review see Dixon[4] (1974)). In order to
reduce the mathematical complexity of the Dixon theory, a very different approach to
the problem was realized in 1980 by Bailey and Israel [5]. In that work the authors
studied, by an ’eccentric variational’ method, the equations of motion of a collection
of identical point-like charged sources, which, in the case of null charge, reduced to
a fluid of incoherent matter. Although the Bailey and Israel approach was more
simple than the Dixon one, generalizations of the work to other more interesting
non-charged matter configurations, having internal interactions, was not given by the
authors and, up to now, any realistic modelization of an extended body coming from
such an approach remains not carried out. This is due to the fact that the eccentric
variational method of Bailey and Israel was essentially an n-body problem, a non-
obvious coarse-graining procedure of average being required in order to obtain the
dynamics of the collective extended body variables.

On the other hand, a general reduction of complexity of the dynamics of an
extended body can be obtained by the notions of test body and rigidity. For
example in the Dixon works [4] (1970a and 1979), the interdependence between the
energy-momentum tensor and the gravitational self-field of a body involves many
complications, so that relevant simplifications descend from the use of the test body
approximation. Likewise, although no body can be actually considered as a rigid
object, owing to the underlying inertial stress caused by rotation and curvature, in
spite of its high abstract content, the notion of rigidity appears as another powerful
concept. In the past, different constraints were imposed in order to implement the
abstract idea of rigidity in general relativity (for a discussion see [4](1979) and [6]).
Nevertheless, in spite of the simplifications introduced by both the notions of test body
and rigidity, concrete applications of the Dixon theory have been scarcely studied (see
[7] and references therein), because, notwithstanding its elegance, it appears formally
intricate and, in some respects, too general.

In the restricted domain of the test body approximation, another attack to the
complex dynamics of an extended body was realized by a collection of studies based
on classical action principles (see Frenkel[8] and Barut[9] for the special relativistic
case of spinning particles in electromagnetic fields and Kunzle[10] and Souriau[11] in
Einstein-Maxwell fields). In all these works, the variational procedure was carried out
without specifying the functional lagrangian form. The most important result of this
approach appeared in 1975 and was again due to Bailey and Israel (BI)[12]. In that
work the body was abstractly modelized as a point-like object having a spin angular
momentum described by the gyration of an orthonormal tetrad e®,, defined on the
particle world-line, and experiencing an arbitrary unspecified multipole coupling with
the external gravitational field. The evolution of a spinning test body in a curved
spacetime was then obtained by means of a minimal action principle applied to a
parametric invariant lagrangian L, whose general functional form, also in this case,
was not specified, the resulting equations of motion being, as a consequence, only
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the general abstract dynamics obeyed by any model of a spinning multipole particle.
No explicit model of test body derived by a minimal action principle ’a la BI’ was
known until the recent publication of the Anandan, Dadhich and Singh (ADS) work
[13], which give some progress. In this paper appears, for the first time, the part of
the lagrangian coming from the external coupling to the spacetime. However, as in
the BI work, the explicit connection between the internal degrees of freedom of the
lagrangian was not identified so that, using a non complete variational approach, ADS
partially derived the equations of motion by a minimal action principle applied only
on trajectory variation but not on the rotational quantities variation. For clarity, let
us resume the main ADS formalism.
In the starting point ADS consider a general action of an extended body

= — 41’ .
5= [ vt (1.1)

the integral being extended over a world tube A in spacetime whose thickness A is
assumed small compared to the radius of curvature R. The lagrangian L nominally
encodes all the properties of a rigid body, vaguely defined as a body ”...subject only to
external gravitational forces and no other forces.” [13]. Besides, the multipole structure
of the body is expressed through the following definitions of 2n-multipole moments

L /5ymm5yﬁn\/ngWdeZp, (1.2)

with dy* = z# — ~4#, the 4-velocity y* = dy*/d\ = (1,0,0,0) being the tangent
vector of the reference world line 7 (\) of the body. In this expression, the integral
domain is extended over an unspecified arbitrary space-like hypersurface identified by
the unit normal vector field w”. The ADS multipole moments are thus defined by
means of normal coordinate systems related each others by linear transformations.
All the final results obtained by ADS in this class of coordinate systems are then
inductively extended to a general coordinate system. The progress obtained by the
ADS method relies on the identification of every coupling of the gravitational field
with the multipole moments (1.2), a question not answered in the BI work. In
fact, the core of the ADS method is based on the expansion, around the reference
world-line z, of the action (1.1) with respect to the first order metric variation,
0Guv = Guv,o }Zdy" + %gltVJ)\‘Z dy? 8y +... and on the use of the canonical definition of
the energy-momentum tensor in order to obtain, from (1.2), the multipolar expansion
of the action. The final step of the ADS method consists to write down the resulting
multipolar expansion of the action in a Bl-like formalism

S:/z[g,ag] d\+0 [(59)2}, (1.3)

and to extremize this action (85 = 0) in order to derive the equations of motion.

In spite of this progress, the ADS strategy does not find L [g,dg] completely,
because two important quantities remain unrelated: the spin tensor and the Ricci
rotation coefficients. Furthermore, ADS do not use a parametric invariant formalism,
so that they define the canonical momentum up to a unknown term transversal to
the four velocity, while the minimal action principle is applied only to the trajectory
variation, the spin evolution being derived simply by induction from a corresponding
Newtonian scheme. In addition, the following inductive procedure adopted by ADS,
crucial in order to obtain a covariant generalization of the Newtonian multipole mo-
ments,
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900.ij |17 = —2Roio;|, 1Y
— goo,ij |17 = =2Rouo;| 17
— JapB,uv |ztuua,6 = *2Ra,uﬁz/|z quuauﬁ’ (14)

inevitably does not possess an univocal character, the definition I/ = t%% being not
used in the same way in all occurrences of I%.

The present paper is devoted to complete this BI-ADS works and to supply to
various inadequacies again existing. This is useful because, in concrete applications
of the test body dynamics, the BI-ADS approach is more simple and manageable
than the Dixon theory. Our new contributions are obtained primarily by finding the
explicit dependence of the lagrangian on all the observables and by the elaboration of a
complete variational procedure applied on all the variables introduced, successively by
the formulation of a mathematical well defined rigidity constraint and the derivation of
conserved quantities, similar to those already found, but in a very different formalism,
in other approaches to the problem[4][5]. The dynamics and the equations obtained
are also generalized to all orders in the metric expansion and this is made possible
thanks to a new covariant Taylor expansion of the metric field. Besides, by a space-
like section of the body world-tube, selected orthogonal to the reference world-line,
we obtain the simple first order Papapetru [2] expression of the canonical momentum
which, remaining unchanged to all orders in our work, contributes to some reductions
of complexity of the dynamics with respect to the other approaches (compare the
Dixon-Ehlers-Rudolph canonical momentum [4](1979)[6] with our expression (6.5)).
Finally, in the quadrupolar approximation, applications of our dynamics are presented
as typical examples of quantities relevant in the context of ideal tests in general
relativity.

The structure of the present work is the following. Without use of normal
coordinates of ADS, in Section 2 we give a new covariant expansion of all quantities
involved. This is necessary in order to adopt a clear and manageable BI parametric
invariant formalism and in view of generalizations. In Section 3 we re-define the
multipole moment tensors in a general coordinates system and, by a generalization
of the ADS method, we formally expand the lagrangian to all orders in the metric
variation. The abstract structure of the lagrangian is found in Section 4 by adding
to the system, as in the BI formalism, internal degrees of freedom represented by
the vectors of an orthonormal tetrad, co-rotating with the rigid body, the gyration of
which simulates the angular velocity observable. In Section 5, we find univocally the
explicit form of the parametric invariant lagrangian, which is formally equivalent to
a multipolar particle having the Lorentz subgroup of spatial rotation £ ,, as internal
symmetry. Then, by the assumption of a rigidity constraint, in Section 6 we apply a
minimal action principle on a trajectory variation and on a tetrad variation, thus
obtaining the equations of motion to all orders and without the use of the ADS
Newtonian generalization (1.4). In Section 7 we derive the conserved quantities related
to cyclic variables of the lagrangian. Finally, in view of applications, in Section 8 we
give examples of these conserved quantities up to quadrupolar expansion, as well
explicit illustrations of useful classical-like observables, such as relativistic principal
axes of inertia and relativistic ellipsoid of inertia surface, both related to the relativistic
analogous of the Euler equations.

Throughout the text, unless otherwise specified, use has been made of natu-
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ral units: ¢ = 1. The metric signature is +2, with determinant g. The dual of a
second-rank antisymmetric tensor T, g is defined as *T,3 = %%@wTW, where, in a
{z"} coordinate system, the Levi-Civita tensor is 0, ususps = V=901 popsps, With
Oprpopspa = +1 (—1) for an even (odd) permutation of 0123. As usual eg,, will stand
for the contraction of the Levi-Civita tensor with the velocity, i.e. ngu au®.

2. Covariant expansion of the metric

In this Section we establish in a covariant way the expansion of a parametric
invariant lagrangian describing a small test body immersed in a curved space time.
Preliminarily, we covariantly expand the metric tensor g, on the thin world tube A
of the body around a representative world line -y (A) of the trajectory. While ADS
define all multipole moments over an unspecified space-like hypersurface, we chose it
orthogonally to v (A). To this end we introduce some mathematical tools.

Cover A by a neighborhood W of ~ constituted by the union of normal
neighborhoods of the points of [14]. Let us call ¥ = ¥ (X) the space-like sections of
W N A spanned by all space-like geodesics o, (1) which stem from p = o, (0) = v (N)
in a direction X* orthogonal to the vector 4 (\). More precisely, X'* is the space-like
tangent vector to o, (1) at p whose size ||X|| is the measure of the proper length of
o, fromptoqg=o, (n)

n
1) = / 164 din, (2.1)

Denoting by X*(q) the vector which satisfies (2.1) for the unique geodesic of ¥ joining
p and ¢, then X*(q) is a vector at p and a function on ¥ > ¢ which obeys the
orthogonality relation

X"(q) A (p) = 0. (2.2)
It is easy to show that
0
Xy = =52 (0, 0), (2.3)

where Q (p, ¢q) is the world-function [14] and z#» = z* (1,) are local coordinates for
Oy

The first approach to a covariant Taylor expansion of the metric tensor around
xHr seems to tentatively give it over 3. This is suggested by the fact that there exists
a unique tensor which reduces, at the pole p of any normal coordinate system {z'*}
centered in p (normal coordinate systems naturally induced on X)), to the n—fold
repeated partial derivative of the metric tensor[15] and because the vector X*(q)
appears to play a role similar to that of a coordinate distances dz'# between p and q.
Indicating this tensor at p as QMPVPMPm,{ﬂp7 in a normal coordinate system we have
g%%“i,,w%p = Gu vkl sl - In the following we will give the explicit form of this
tensors up to the desired order. Thus the hypothetical Taylor expansion of the metric
could be

=1
gl»’fql’q (q) = Z ﬁg/“‘pupnlp"‘”"p (p) X" (q) R (Q) . (24)
n=0

On the other hand, at the Lh.s. of (2.4) we have a tensor at ¢, while the r.h.s. appears
as a scalar at ¢ and a tensor at p. In order to recover consistency we introduce an



Dynamics of a test rigid body from a minimal action principle 6

operator able to ’transport’ a tensorial index from a point to another. We will call it
the basis connector.
Consider the bitensor

XU’PV'J = _VVXNP|$(77q)' (25)

A long calculation shows that this quantity can be expanded as follows (see [14] for
details)

Xupl’q = _g/»"p)‘p]'—‘l’qu +O(R||X||F) ) (26)

where O (R||X||T) is a complicated integral expression of products of the Riemann
tensor, of | X|| and T, the last being the connector FVQAP, the operator causing the
parallel transport along the geodesic o a vector from p to ¢, i.e.

V/—Lq = F#q APV)‘F’ (27)

V#q being the parallel to V), at g. But we are interested in the change of tensors from
a point to another caused uniquely by the transformation of the basis between the
points, not by curvature. Then, suppose that the chart defining the coordinate system
{z} contains a sufficiently wide region U of the body dynamics. Consider in U the
flat metric g, satisfying the property g, (p) = guv (p) and 0xguw (P) = Oxguw (p). So
we have I'}}, (p) = I}, (p) but R0 () = 0. The two metrics considered will have
by construction the same normal coordinate systems centered on p. By the use of the
connector operator I’ VqA induced by g, and using (2.6) we can define the following
basis connector two point tensor

— _
XMPVQ = _gllp)\pr,,q P = —VDXM;;|$(7](1)’ (28)

which is an exact operator to all order in the coordinate {x} (X is defined as X
with the use of §). Using (normal) cartesian coordinates {z'#} centered on p we have

D

Y A . .
I‘% P = 6”: [14]. By construction, this operator accounts only for the change of tensors

caused by an arbitrary basis. This is also evident from the following interpretation of
the operator action. The scalar character of X, (v) at x = x (1,) and definition (2.5)
allow us to write X, ,, = 90X, /0x"?. On the other hand, from the chain rule

= P VS W
L, Jw =0y . I\ ’i (2.9)
with 1, < 7y < Npy... <My < 1 We have from (2.9), in the limit n — oo,
o0
OXHi—1
X/J'puq == W, (210)
i=1

with A, = pp and Ay = v4. This relation can be regarded as an infinite product of
changes of coordinate operated from the infinitesimally near points r;_; to r; of the
geodesic &, in the active interpretation point of view. In fact, the variation 9X*i—1
of a connecting vector X*-1 of two points 7;_; and r;, on a geodesic straight line &
(Ruups = 0), due to the (partial) change of the coordinate z*i-1, is equivalent to the
effect of the change from the basis {ex, , } to the basis {ey,}, or equal to dz'*i, with

{z'} coordinates of {ef‘} in the passive point of view. Thus in (2.10) we can use
OXAi-1 Qg

oz i QxMi’
from which follows the interpretation. In conclusion, if V#» is a tensor at p, then

(2.11)

VVvea =VHr X le: 7 is the "equivalent” vector at g corrected with the entire basis history
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change along the trajectory. The operator X, ,, will be used in the the right hand
side of (2.4) in order to obtain a tensor at ¢ by saturation of both indexes at p.

Finally, taking into account (2.4), a final change is required, in order to
consistently use the Taylor theorem. In fact, in its genuine formulation, all expansions
and approximations depend rigorously on the variable increment dz# (x) = z# —x# and
on the coordinate position x, not on an arbitrary function of the coordinate position,
like X# (z). Thus, because of the tensorial character of our expansion, we must
substitute X'* (z) in (2.4) with X* (x), the only quantity which reduces, in cartesian
coordinates (and without ambiguous mixing of various order of approximation in
the performed metric expansions) to a coordinate increment in any point. This
problematic aspect appears also in the Dixon formalism but only after the introduction
of tensor-valued distributions. In fact, while we choose to Taylor expand directly on
the foliation ¥ induced on A by X (z) (note that X*(q)¥, (p) = 0), the Dixon approach
employs as a preliminary step a Taylor-like expansion on the tangent space M, at p
using the vector X* € M, but in a formulation that requires the introduction of a
tensor-valued distribution of the energy-momentum tensor TH on M,,.

With the use of the above introduced tools the covariant expansion of the metric
is thus

Guv = g;w + (212)
- 1 A K K

Z Egpo)\onlo"'ﬁnoXpolu‘X OVX 10"'X "07

n=1

where we have suppressed the subscript ¢ and used the o instead of p. Note that, in a
normal coordinate system {2’} centered on p, this expansion reduces to the ordinary
Taylor expansion or
1
Gy =Y It oy, 0T O (2.13)
n=0
The use of the expansion (2.12) is a crucial point in order to have a clear and
manageable invariant variational formulation of the multipolar test body dynamics.

3. Covariant expansion of the lagrangian

In this section we expand the lagrangian in the action (1.1) following the ADS
approach, but in a full covariant way. This give the possibility to generalize ADS
approach to all order in the metric expansion.

In a general coordinate system let z = x(¢) and z, = x(p) = v (\). Thus,
assuming that the lagrangian L depends on the field variables and on g,,, not on its
derivatives, as it happens for all known reasonable matter distributions, we have

S :/ L,y/=gd'z
L
_|_/ <8L V_g> 59#ud4$
A g

09
1 0 0L\/—g 4
= —— | 69,009,.d7T... 3.1
2 A <agpo- agp‘y ) , gp g,u, z ( )

where 09, (2) = guv (2) — G (z) and L, = L| . = and so on. In (3.1), L,
cannot contains the Riemann tensor or its covariant derivative and so it encodes all
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special relativistic dynamics. The perturbed lagrangian, obtained by the repeated
application of the operator % ( )g 09w, describes, through the covariant expansion
of the metric, all general relativistic contribution to the dynamics at the order desired.

To write explicitly higher order term, we express (3.1) in a more useful form. By
construction X*¢, is a bitensor in the g metric, thus we have

_ -1 _ Vo

Guw = XP, X = X Xy = Guona X1 X700 (3.2)
In posing dg,n = 0gu,v, X* o, X"°, with

. 1 K K

G, = Z_:l 1 Gitovionsy i, X1 X0, (3.3)

we have
OL\/—g OL,\/—g
(8) N L) (3.4)
g/u/ g/tollo

and

0 8L\/—g)

——— | 09,60G,, = 3.5

<8gpa— agl“/ , ng' gu ( )

0 OL,\/—g

— - 5gp00059uouo

99p,0, OGpigv,

and similarly for higher order terms. We now express the measure in the integrals in

a way useful to obtain a parametric invariant action. Let % be the space-like surface

section induced on A by ,. We can split the invariant proper volume as follows
V—gd*z = ld\d>%. (3.6)

with I = I, (A) = {—=gu [z (V)] 2" (X) & (/\)}_1/2 the length factor of a congruence
of time-like trajectories x (\) orthogonal to X (A) at every point € ¥ ((A,g) is
globally flat), with x, (A\) = +(A\) parametrized in such a way to have I, = l,, =

{=9uv [xo (N)] ZH (N) ¥ ()\)}1/2 constant in . Thus, posing

o

JAAMF1owFn0 (X) = (3.7)

2/ L, X" X" \/—gd*x
SN

we define all 2n-multipole moments as follows

MHevolitofino (\) = (3.8)
0
_ M”lo~"”"to by
8-9”01’0 ( )
and, from them, other derived quantities, such as

MPoToltoVoRio fing (\) — (3.9)
6 M,uou,,fclo...fino ()\)
9po,
and so on for other quantities M®te-“mof1o--fno with m odd integer. Observe that

Malo“umo“lo“‘“no — (310)

M(@10020)-e (@1 ) (K1 i)
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and
Ma3oa404..amomo...nno — (3.11)

= Mozloazoagoou;o...amomlo...mno
galoD‘?o

and similarly for other contractions. By construction, all 2n-multipole moment tensors
(3.8) and all the other derived tensors, are space-like in the index 1, ...k, with respect
to the reference world-line vy (\). Note that if L is linear in the metric, only the 2n-
multipole moment (3.8) will be employed in the expansion. Higher power dependences
of L on the metric will determine the use of the other quantities introduced.

Using this apparatus, turning back to (3.1) and (3.6) we have

S— / LOYdr = / £, (\) + £, (V) (3.12)
+ L, (A)+..]dx,

where
L, = l/ L,d°S (3.13)
' HCY I

is the unperturbed lagrangian in ¥ ()\), whose physical content must reproduce the
special relativistic dynamics. Analogously,

1 VoK K
E(sg _ lz Tn!MMD 0Klg---Kng (3.14)

: groolﬂomlinn7
where n runs over the desired 2n multipolar order. £, is the first order multipolar
expansion of the lagrangian, which encodes the influence of the gravitational field on
the dynamics. Here, | = 1, (A) = [—gu¥* (A\) ¥ ()\)]1/2 is the length factor along ~y
which reduces to unity in the proper time parametrization. Using the definition of the
energy-momentum tensor in (3.8) we have

M,U'ol/n"ﬁlo---"'{no ()\) — (315)
/ TH Xt X2, X o, X o d®S)

DICVI
Higher order terms of the expansion are

1
»Cég"” = ZZ 7ga1...o¢ Ky (316)
~ AN M N

. Mal ‘..aMﬁl ...IiN ,

where m = M/2 is the order of the metric expansion, N = n + p + ... + ¢, while
An =nlpl...ql. In (3.16) we have suppressed the subscript , and used the quantity

g(xl...aMﬁl...nN = galaznl...nn (317)
: ga3a4ﬁn+1 Rotp
Y

A 1% PN g1 PN

Finally, we use the energy-momentum conservation law to obtain the symmetry
properties of the multipole tensors. Consider the quantity ?u (T ;L”X "0,,>. In
a particular global coordinate system in which X”Luz = 5'///1’ it becomes

?u’ (T;l”lX Yo ,,/) = 0 because of the energy-momentum conservation law. Thus in
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any coordinate system we have ?u (T;‘VX”OZ,) = 0. Using (2.8), this relation enables
us to write

v, (T;‘”X”UVX”DX’“D...X""o) (3.18)
== (n+1) X", X, TV HX 0 Xrno),

Integrating this equality over ¥ (\) with the measure \/—gd*x we obtain the symmetry
properties of the 2n-multipole moments

Mo toR1gwkn,) — (). (3.19)

These symmetries were not found by ADS, while they are formally identical to that

contained in the Dixon work. Because of the commutation of the operators V, and

6g8 this relation is easily generalized to the other higher multipolar quantities such
Pooo

as (3.11)

Mo‘l"'(aM“l"'”N) =0. (320)

Some brief comments are necessary now.

First, note that the expansion of the lagrangian is not limited to the first order
in the metric variation, which contributes to a more generality of our equations
than to those of ADS. A further observation concern the expression of the multipole
moments (3.15), which are only vaguely similar to those of Dixon. This is because in
some case Dixon defines multipole moments containing only higher-order information,
the monopole moment (n = 0) and the dipole moment (n = 1) being identically
vanishing [4](1979). A more important discrepancy lies on the fact that the Dixon
resulting expressions of the multipole moments [4](1974 and 1979) are obtained by
intergrations on a space-like hypersurface orthogonal to the momentum P, while our
3—dimensional sections ¥ over which we define our quantities are orthogonal to the
reference world line «4*. This shows that the re-definition of the canonical momentum
operated by ADS [13] (up to an unknown term transversal to the four velocity) in
order to obtain formally the same dynamical equations of Dixon, is not necessary
and is simply conventional, also because ADS use the Pirani S#”u, = 0 condition[16]
instead of the Tulczyjew-Dixon condition[4][17] S**P, = 0. As the techniques and
the definitions used are different, the present method and the Dixon theory give rise
- even though formally identical - only to similar dynamical equations (Section 6).
The present multipolar method seems to be more simple and manageable compared
to that of Dixon, because of the more simple mathematical tools used, thanks of the
cited orthogonality and to a simpler calculability of multipole tensors by virtue of the
use of a flat metric g. Besides, by the introduction of the sections ¥ we will obtain
in Section 6 the simple Papapetru expression of the canonical momentum which,
remaining unchanged to all orders, contributes to some reductions of complexity of
the dynamics.

In the next Section we will give the explicit form of £ up to the desired order.

4. The lagrangian structure

The purpose to find the lagrangian functional requires some care about on the order
of expansions we will use in the next.

The hypothesis of a weak metric variation within the spatial body extension force
us to define consistently the spatial size A of the body. We designate this quantity as
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the maximum of || X,|| in A. Thus, for a body moving in a spacetime having radius
of curvature R, we adopt the ADS assumption that the spatial size A of the body
be small compared to R, or A/R =~ O (1). The ADS method is based on a generic
assumption about the weakness of the metric but, to our purposes, it is sufficient to
assume a Dixon-like criterion, requiring that the induced metric h,, in Y be weak.
Thus A/R =~ O (1) means exactly that the variation of the gravitational field must be
small on ¥ (what is, actually, the Dixon criterion[4](1979) p.190 and p.196).

The notion of spatial size A enables us to define another parameter in the
expansion, which accounts for the ’surface velocity’ vs of the body, interpreted as
the spatial velocity of the points of 9% as measured by a Fermi-Walker observer on 7.
We adopt the constraint that the Fermi-Walker observer will not experience a surface
horizon on the region occupied by the body. Being vy &~ AQ with Q angular velocity
of the body (see the next Section), this condition is equivalent to make all expansions

up to the standard (v, /c)?, or to consider negligible all quantities of order O [(AQ)S} .

Thus, our goal is to find the explicit form of the lagrangian up to this order.

Finally, because we wish to carry out exemplifications up to the quadrupole
moments of the body, it is sufficient to use Zi:l (see [13] for details) in the multipole
expansion (3.14). Thus m =1 and n = 1,2 in (3.16). In this case we will consider

negligible all the quantities of order O {(59)2 L(AQ)® (A/R)?|.
The first step amounts to define in a standard way the above mentioned angular

velocity €. To this end we use an orthonormal tetrad field e*(\) defined on the
representative world-line of the body ~v(\):

Navely(N)ep(N) = g (V). (4.1)
Consider the tensor

Quu = €ape’y — 2€5,€00) = Wyw — 2U[, Ty (4.2)
with e/ dual of the tetrad field and w, = wj,,), having defined the normalized four
velocity as

ut = —. (4.3)
We have

Qt u? = 0. (4.4)

The tensor components of Q#, are the Fermi rotation coefficients and represent the
spatial angular velocity tensor of the body, while w,,, is the corresponding spacetime
generalization. The spatial angular velocity vector is

Q¥ = *Q . (4.5)
Note that Q#, fulfills a crucial property: because of the spatial summation on the
Lorentz indices

Q#V = éa[ueay] - U[Mil,,,], a = 1, 2, 3 (4.6)
then %, is invariant with respect to the Lorentz subgroup £ _, of spatial rotation
transformations €%, = Afotbeby, provided that the Lorentz spatial rotation matrix
A%, is constant along the trajectory

( e )': 0. (4.7)

rotb
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Our main purpose is to derive all the equations of motion, for the trajectory
and for the spin of a test body, by means of a parametric invariant action principle
] fv L (N)dX =0, for a total variations of the trajectory v#(A) and of the tetrad field
e*(\) with fixed endpoints. This is just the BI formalism [12]. Thus we write the
unperturbed Lagrange functional as

£, = £, 1100 .9 () 500, eN), (), MOV], (48)

the dot meaning the convective covariant derivative along the world-line. £, must
necessarily depend only on quantities defined on the reference trajectory as, e.g., on
the multipole moments M#*1-%()). As we pointed out, £, does not depend on
derivatives of the metric tensor and must reproduce, in the non relativistic limit, the
classical physics of a body in a constant gravitational field or in a free falling reference
frame.

Now we assume a dependence of the lagrangian on the tetrad field ef and é¥ is
accomplished through the angular velocity tensor €,,,

£, =L, 11,5 (0, 20, MOV (4.9)

With this choice £, will be invariant under the internal Lorentz subgroup of spatial
rotation constant along the trajectory, the physical meaning being immediate: the
spatial angular velocity tensor 2, and the spatial angular velocity vector Q* will be
obviously unchanged no matter the tetrad e®, is linked to the body.

Another important symmetry is required: the action S = fyﬁ()\) dA must
be parametrically invariant. This is accomplished provided that £ is a 1st-degree
functional polynomial in the 4*’s, or

oL
= —AH. 4.1
L 67“7 (4.10)

Thus, the symmetries described will give the constraints required to construct
the covariant model up to the order desired.

5. The model

First, let us search for the explicit form of the unperturbed lagrangian reproducing, in
the non relativistic limit, the dynamical evolution in a constant gravitational field or
in a free falling reference frame. Note that in the ADS work the part of the lagrangian
corresponding to our £, remains unknown because the internal degrees of freedom are
uncorrelated.
We start by decomposing the unperturbed lagrangian as

L, =L, +Lg, (5.1)

where

L, =—-IM, (5.2)
is the O [(AQ)O} contribution to the lagrangian, M = M}, being obtained from (3.15)

with n = 0. This lagrangian term manifestly satisfies (4.10). £,, is easily interpreted
as the mass lagrangian of the body.
For the other coupling we use as a guide the Newtonian analogy. We observe that

the O {(AQ)l} contribution to the lagrangian obtained by means of the geometrical
object M/t is absent by dimensionality. Thus a condition on this tensor will result
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as a gauge. If we assume the most simple gauge M/"* = 0, we obtain the usual
condition which states that the reference world line v will be the center of mass of
the system as regards to which the subspace ¥ is defined and the quadrupolar tensor
is referred.

The last task is to find the O [(Aﬂ)ﬂ spin lagrangian contribution £, which

describes the spin of the body.
First, we introduce a natural definition of the antisymmetric spin tensor as

S =2 M, P QHs, (5.3)
with the spin vector being

St =* S, (5.4)
Here,

MR = M L2 (5.5)
and from the spatial character of the multipole moments we have the property

MEA =0 (5.6)

and consequently both the spin tensor S#¥ and the spin vector S*, like Q*¥ and QH,
will have spatial character

St u” = 0. (5.7)

Thus the spin tensor satisfies the Pirani condition [14].
Finally, the exact form of the rotational energy £ must reproduce the Newtonian
limit. Thus we assume

1
Lo = —IS" Q. (5.8)

Note that £, can be written also as
1
L, = 51905/\/1“9{ (5.9)

and therefore it turns out to be the most simple scalar built out with two tensors,
symmetric and antisymmetric, defined along a world line . It is easy to see that any
other coupling constructed by means of the multipolar tensors and the other variables

must be of higher order than O [(AQ)ﬂ or must violate the dimensionality.

Thus, collecting all the definitions, the explicit parametric invariant lagrangian
satisfying the imposed symmetries is

L= —1 (M + is#mw) (5.10)

1
+1 Z 7ga O KR M-S Fy
i AN 1 M ™M1 N
If we limit ourself to study the quadrupolar expansion, we must restrict to the
0 [(69)*, (AQ)?, (A/R)ﬂ approximation. Thus, using the relations [15]

Guvp =0 (5.11)
2

gp,ypa = - gRu(pa)ln
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we get

1
Ly = _EIMWPURMMV (A, (5.12)

having used the symmetry property of the quadrupolar tensor. To this order (5.10)
becomes

1
L= —IM- ZZSWQW (5.13)
1 vpo
— él/\/l” P Rypou -
Because the tensor wt” = éFe®” depends only on the free tetrad lagrangian

variables e# and é (o = 1,2,3) and on el = u*, then from (4.3) it is a zero degree
polynomial in 4#. From (5.3) and (4.2), also S*” is of the same degree, while [ is of
order one. Thus, from (5.13) we easily verify that the total lagrangian £ is of order
one and that it satisfies (4.10), as required.

In conclusion we have found the explicit form of the lagrangian of a test tiny body
in a curved space time. In the next Section we will impose an analytical constraint on
the structure of the multipole moments in order to give rigidity to the body. All the
equations of motion will be then derived through a minimal action principle applied
on the variation of the trajectory v* and on the variation of the rotational variable
e

6. The Minimal Action Principle

In order to apply the variational procedure to the lagrangian functional (5.10), we
consider the covariant variation of the trajectory carried out by the operator

0y =67 "V, (6.1)

Contrarily to the BI approach, we do not assume that the operator ¢, holds the tetrad
fixed by parallel propagation, but that it is extended by Fermi-Walker transport in
order to preserve its character. Thus d,e," # 0. Indicating by J. the operator which
acts on the internal lagrangian variables e,*, the total variation will be described by

0 =0y + e (6.2)
e Variations

Applying the total variation to the lagrangian we have

oL oL oL
0L = —oy* owh” ) 6.3
a;WW-l-awWw +6M/\/l (6.3)
8£ LV 8£ ee KR,...R
+ 3/\/{#1/6’/\/“ + Z OM Xy by -Fy OMErSaTain
M,N
oL "
+ Z mégalaﬂ/] 1-4.)§N7
M,N
with
oL
PH = W (6'4)
the canonical momentum of the system. In (6.3) we have used the obvious covariant
variation d,¢,, = 0 and assumed the condition degu, = 0cgu = 0 because the

geometry is kept fixed (observe that g,, (A) = gu. (A)).
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As a first step, we derive the analytical expression of P¥. From (5.10) we have
PH = —Lu" + SHu,,. (6.5)

This expression coincides with the simple Papapetru[2] but here it holds to all order.
Thanks to our formalism, this Papapetru relation between the moment and the other
quantities is simpler than the corresponding non-linear Dixon-Ehlers-Rudolph one (see
[4](1979) and [6]).

We consider now the second term in (6.3). A direct calculation yields

oL l
Owhv = _551“/' (66)

Note that (6.6) would have been equivalent to a definition of the spin tensor if
its explicit form (5.3) were unknown. This happened in the BI approach, where
the abstract definition of the spin tensor was indeed performed without any model
specification [12]. When applied to our explicit lagrangian, but with an (l)_1 factor
in front, the BI like definition correctly gives the spin tensor,

S = (07 (220 ) =

e
2 oL ow* 2 0L
- —_— = 6.7
1 ok G o¢"! I Qwhv (6.7)
Then, with the use of the proper time parametrization A\ = 7, the length factor

disappears and the two definitions become coincident.

The third step will amount to evaluate the dependence on the quadrupolar
moments in (6.3). It is easily derived as

oL
OMHv

and so on for other higher order variations.

Finally, to perform the total variational procedure, we display the explicit form
of the variations 0&#, dw"”, MMV SMH*P? etc. Using (6.1) and (6.2), the variation
of the unnormalized four-velocity yields

1 1
= 5% Ql = 5 (2.0 — Q%R 1 (6.8)

B = 6,40 = 69" (DA + T, 4Y) = (07) (6.9)
where we have made use of the first order relations
doyH

SV DA = A (a') — 4 (z) ~ % = 500", (6.10)

The variation of the spacetime angular velocity tensor gives

Vo Sl .av . av __ - av
dwh” = éle™ 4 élde™ = (deh)e

+ W eqr0e™ + R 367 47, (6.11)
having employed the double derivative relation

Sl = (8,eM) + RM xean 07" A (6.12)
and the commutation equation

5oélt = (Suckt) (6.13)

between the covariant convective operator 4#V, and the variational derivative
operator d.. In fact, using d.e# = 0, we have

deeh = 0. (e51) Vel + (0cel) = (deek) (6.14)
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The variations of the multipolar tensors are obviously at the core of the rigidity
condition. Applying the total variation we have

MM =5 (eley M) (6.15)
= 2MEH 5,V g, 06 + elel SM.

For higher order term, using the symmetries properties (3.10), we have

M

SMO1Qpr Ry hiy — Z(seg;M(xl...al...aMnl...nN (616)
=1

+N562NM(X1...(1MK]1...K)N71Z)

ay (e VN3] KN aj...ap b ..by
+eg, - eamepl..epy oM )

But what about 6M® or §M% @ b1+Ox | the variations of the multipolar tensor
in the body reference frame, induced by the variation of the trajectory?

e Relativistic Rigidity Condition

Let v* (A, €) be a l-parameter family of time-like curves with both definitions,
of the orthonormal tetrad field e® (A,e) and of the multipolar tensor field
MO ®uffn () e), extended on them, € being an infinitesimal parameter. Then
e (A, €) is the Fermi-Walker transported of e (), 0) along v* (A, €). A slightly varied
curve ~'* (\) with respect to the reference trajectory v* (A) = v (A, e = 0) with end-
fixed points is given by the smooth arbitrary function of re-parametrization e (\),
such that v'# (X) = v# [A, e (A)]. Consider an arbitrary variation of the reference curve

7 (N)

T— 1 o™
ot =4 (A) =4 (N) = Be de. (6.17)
Then
'
57Ma1...aMb1...bN = a; VHMal'”bN(Se =
€
N Mde  dy" by ..b
“@ey _9r ay...ay b ..by 1
K o o dA) x| VMBI oA (6.18)

(M anbrbn ) — (MBaabibn )] 6N,

where we have used 0v'*/OX = dvy* /dX and the subscript in the dot derivative denotes
along which curve the covariant convective derivative is computed.
The last relation suggests to assume

(M“l"'“Mbl“'bN)lym(,\) =0, V"N, (6.19)
or

Sy Mttty =0, (6.20)
which is equivalent to the total variational condition

SMO bty — (6.21)

in (6.16), because of e/d.e* = 0. All this relations can be obtained from the following
relativistic Tigidity condition on the 2n-multipole moments

6/\/[a1“2b1"'bN = 0. (622)
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or
(M %2br-by ) = 0. (6.23)

In fact (6.21) can be easily obtained from (6.23) using (3.11) and the relations
5egaia7, = &ygaia]_ = 0. Formally our relativistic rigidity conditions on the multipole
moments coincide with that of Dixon [4]. Contracting (6.21) we have also JM = 0
and the condition of the constance of the 'rest mass’ M = 0. The interpretation
is straightforward: because of rigidity, in the body reference frame every non inertial
stress caused by rotation, or curvature, leaves unchanged all tensors M@ ®~ . This
considerably simplifies the variational procedure. On the contrary, in the case of a non
rigid body, it will be necessary to specify an equation of state describing the internal
structure of the body and the evolution of the energy momentum tensor along the
trajectory.

e Equations of motion

Applying the action principle to the lagrangian, and using the equations obtained
in the previous subsection, after a tedious calculation we have

0L = X, 00" + Epq0e™ + S (6.24)
with
oL\ oL .., .
XM = — <W> + 8wij XY
1
H1Y =M INY W Ga (6.25)
i AN
and
oL \° oL .
B == <3wW) * 25wﬁ[uw v+ (6.26)

L 1 .
oM+ 2 3 g(g[“%w%'le )

(o3

N I
+1 Z 7ga T [,uM ! Nit,]
i AN 1 N-1

S being a surface term. In (6.26) >__, means the sum over the cyclic permutation
of the position of the indexes of the tensors included in the sum (for example
Z(‘p ANVUBPH)\ = AMDUBPN/\ + AI/O'MBHAP + AJMUBAPH)’
Because of the independence of the variations §vy* and de** the minimal action

principle gives

X,=0, E,=0. (6.27)
On the other hand, using in what follows an affine parametrization, from (6.6), (6.8),
(4.4) and (6.5) we have

or oL .
= Sup ™ = Puy).
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Thus, with the aid of (6.4) and (6.6) and the previous equations, in an affine
parametrization the constraints (6.27) become the equations of motion to all order

. 1 o L ek
PM = inivaltS u” + Z TNM ' Nvﬂgal“"'@z\] (629)
M,N
and
Srv = g pligrl 4 (6.30)

1 [v Ja, ...k
2 g ok MHIG By
F23 TG, e

By defining, similarly to Dixon [4], the following tensor

Jﬁpya = M[K[Vp] o] (631)
and using M =1 and N = 2 we have
oL oL
v]kpo |kpo|v] _
28M[M|HPU|M +28Mfwa[u -
2 Rp|\V (T
_3 /L\paK\Jl olv] (632)
s0, in the quadrupolar approximation, the general equations (6.29) and (6.30) become
. 1 1
PN = §RHVUNSK/VUO' + EJKPUVVMRVRPU (633)
and
. 4
§ = 2PVl SR, T (6.34)

As previously stated, equations (6.33) and (6.34) formally coincide with those of Dixon
(apart from a sign convention and the metric signature). The present formalism is
suitable in searching for interesting implications when we have to deal with cyclic
variables.

7. Conserved quantities

In this Section we derive the expressions of the conserved quantities coming from the
existence to cyclic variables in the lagrangian. We obtain this result to all order in
the expansion of the lagrangian.

Let z¢ be a cyclic variable of the metric. Thus

0cgur =0
), A7\ = T2, Al ). (7.1)
Consider the first term in the right hand side of the equation of motion (6.29)
having posed = c. We have

1 K v, o K K K v, o

iR uacsn u = (a F + I‘po_]_"lc)y - ch]'—‘ll:a) S u
=1y g v I (s srue T8, Ru)

Qd)\ 2 cv K ko™~ p

1d . o0 1 v
- 55 (FCVSK ) 2 cu D)\S (72)
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Using the last term and the equation of motions (6.30) and the last of (7.2) we obtain

ST AS Y= T, P

- Z —rﬁ I (020G ey ) (02, MO i)

— Z 71111 gal K-/MQIIHKN_lu’ (73)
]WN

o, being summed within the same round brackets. On the other hand the last term
n (6.29), in the case of the cyclic component, becomes

1
Z MR vcgal...n —
M,N An N

-y ﬁEﬁil (Meernngy ) (TG, oy oy )

N [0 RPN K

= 3 LM, Gy iy (7.9
Collecting (7.2) and (7.3), the equations of motion (6.29) give

D 1d

—P. = re,.s.”)—TIs, Pou” .

pate= 5 gx Tade”) — Lo P (7.5)
or

d 1w ov)

= <P + 5185, ) =0 (7.6)

by which we obtain the conserved quantities along the trajectory of the rigid test body
corresponding to the cyclic coordinate x°

Q.=P.+ zrgs v (7.7)
that, using (6.5), explicitly are
1
Qe = —Luc+ S i+ S8, S," (7.8)

Note that these conserved quantities, not found by BI-ADS, hold to all order in the
multipolar expansion.

In order to give concrete examples of our results useful in applications, in the
next Section we will investigate some conserved quantities and some properties of the
relativistic moment of inertia tensor by the introduction of the principal axes of inertia
and of the axial moment of inertia of a rigid test body.

8. Relativistic dynamics of a spinning rigid test body

In what follows we give some examples of the dynamical evolution of a test rigid body
in the quadrupolar approximation.

e Conserved quantities
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As an example of (7.8) we consider the conserved quantity £ = —3cQ; associated to
the cyclic temporal coordinate ! in the Schwarzschild metric in the polar coordinates.
In standard units, using ¢ as the speed of light, we have

E:—%c@tzEM—i—ET—I—ESO, (8.1)
with

E, =clu (8.2)

E. = —cS" .

Esyo = - %CSH/\&cgtA-

Consider the field k& = (fgtt)fé 0; of static observers in the space time outside the
horizon. It will use the tetrad

0 = (*gttr% O (8.3)
a7 _( 7"7)_ 87"
05 = (g00) % Do

Thus we have

v2\ "2 om 2

where v is interpreted as the local velocity of the body as measured by k. Using the
quadrupolar expansion (5.13) of the lagrangian, in the weak gravitational region of
space-time where r >> 2m = QGMG, neglecting the term of O (1}3/03)7 the first term

n (8.2) becomes

C2

1 MoM

E, = M+ 5Mvz -G (8.5)

;
1 1
+ 35 Qs+ MR 6

having used the standard units redefinitions S*¥ — ¢S*” and Q" — cQ*”. In the
r.h.s. of (8.5), the first three terms are the barycentric energy contribution of the
rigid body. The remaining terms encode effects coming from the internal structure of
the body: the spin rotational energy and the gravitational energy due to quadrupolar
distribution of the "internal masses” within the small space-like region 3 (7) occupied
by the body and comoving with it. Thus E,, is the mechanical energy.

The origin of E, in (8.2) is equally well justified: it is the Thomas precession
energy contribution of the spin caused by the non inertial motion of the body.

The last term seems more obscure but it can be rapidly calculated. Using the
Schwarzschild metric, equation (5.4) and the tetrad (8.3), we have

1
E, = —%\/—gétmgu”S"&gtt (8.6)
= csinf (ueS¢ — u¢56)
= -2 (wfs? + wis?)
r

where we have defined the local angular orbital velocity w? = —ch and w? = cgi)sin&.
By defining the spatial angular momentum vector measured by the observer K at
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infinity as I'= Mr2& and the zero order geodesic potential V' = —M we finally
have
1 19V 5 -
E,, = -—S5-1 8.7
SO M2c2r Or (8.7)

It is the spin-orbital coupling of gravitational origin: the right hand of equation (8.7)
is formally double of the analog quantity in the special relativistic case of an atom
immersed in a magnetic field, the factor 2 being of general relativistic origin. Summing
all the terms the we have a complete description of the conserved total energy.

Analogous examples could be derivable from the angular conserved quantity com-
ing from the cyclic variable 2% in the Schwarschild metric.

e Spin dynamics
Now we briefly study the intrinsic rotational dynamics of the body. In a proper time
parametrization, (4.5) and (5.3)-(5.6) give
SH = (M"o00, — MF) QY. (8.8)
The quantity in round brackets is formally identical to the Newtonian expression of

the moment of inertia tensor in cartesian coordinates[18]. This suggests the following
definition of the relativistic moment of inertia tensor ITH

TM = (Mg = M), (8.9)
By the use of this quantity, the spin vector has the form
S =Tr, Q. (8.10)

In a general coordinate system and in completely relativistic domain, the rigidity
condition (6.19) holds as

7 = 27, V)", (8.11)

which is formally similar to the classical one [18], apart from the use of a covariant
convective derivative and the occurrence of the spacetime angular velocity tensor
w"”" instead of the space angular velocity tensor £2*%. The simple use of the fluid
TH = putu” in the definition of multipolar tensors would tell us that (8.9) is indeed
a good definition.

In order to go on and to introduce the principal axis and axial moments of inertia
of the body, we specialize our quantities in a tetrad. MH"” it is a real symmetric
tensor, then it is an orthogonal matrix and consequently diagonalizable. It has 10
independent components or degrees of freedom. Consider the tetrad ¢ and the
decomposition M* = M®thtY. M9 is diagonalizable too. Using the £, , symmetry
of the model, we operate the ordinary diagonalization procedure with a change of
the tetrads t# — e#, where the use of the symbol e/ is in order to assign a special
character to this tetrad: ef is the tetrad which diagonalizes the Lorentz mass tensor
M and therefore the Lorentz moment of inertia tensor Z¢°. Thus we have

3
MM =N " MOeliel, (8.12)
a=0
with M% a Lorentz vector, with 4 degrees of freedom. Because the four bivectors

etel are constructed with the use of a tetrad e, they possess 6 degree of freedom:
16 degrees belonging from the vectors components of the tetrad, reduced to 6 by the



Dynamics of a test rigid body from a minimal action principle 22

imposition of the 10 orthonormal conditions (4.1). Thus the decomposition (8.12)
contains the 10 exact degrees of freedom of a symmetric tensor.

But what are the principal axes? It is easy to show that, being identically M% = 0,
the transformation

M = (T 410 - 1) (8.13)
a+i=1,2,3mod(3)

1

[\]

realizes the diagonalization of the moment of inertia tensor
3 3
1
= T%tel — = Turu. 8.14
; hed = 5 Z::l (8.14)

Notice the separation between the spatial and the temporal components. The form
of (8.14) suggests that the triad e** (a = 1,2, 3), is the triad of the principal axis of
inertia. The diagonal form of (8.14) shows also that (8.13) implicitly defines the azial
moments of inertia Z®, which behave as a Lorentz spatial vector in the tetrad utilized.
Using (1.2) we can invert (8.14) obtaining

z° :/ T [(X)? 4 (x42)?] a*s (8.15)
()

a+i=1,2,3mod(3),
from which we easily recover the well known Newtonian expression in the non
relativistic limit. Besides, the use of the rigidity condition (8.11) gives, after a short
manipulation, the rigidity property of the axial moment of inertia vector
(%) =o0. (8.16)
With the aid of (8.14) the spatial spin vector, (8.10) takes the form

3
St = T, (8.17)
a=1

In the case of the most simple model of a rigid body, the spherical rigid body, it is
obvious to define it by imposing

T'=17"=1=1 (8.18)
In this case, being 22:1 eke? = h#, (8.17) becomes

St =TQ*~. (8.19)
showing that in the case of a spherical body, the spatial spin vector S* and the spatial
angular velocity vector Q* are aligned, as expected.

We now focus our attention to the spin vector evolution. Using (5.4) and (6.34)

it is easy to prove that

: 2
SH = SFq,ut + gR’\pmJ”p”"e" v (8.20)

or that the usual special relativistic Fermi-Wolker transport of the spin is broken by
the curvature term. From this evolution equation, using the spin expression (8.10)
and the rigidity condition (8.11) after a short calculation we have also

Tn (QV - Q”ﬂ,ﬁuy) - (8.21)

2
€KMU <IUVQVQ,{ + SRPAAuijU/\) .
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These are the equations of spin evolution in the language of the moment of inertia
tensor. We now translate this equation in a form containing the axial moment of
inertia vector. Employing (8.14), (6.31) and saturating the previous equation with
the principal axis of inertia e,,, we have (Latin repeated index are not summed)

: 25
Za (Qa) — Q2 (Ib - Ic) - gRb B’YM'y[ca]ﬁ =0, (8'22)

c=b+1mod(3)=a+2mod(3),a=1,2,3.

We call (8.22) the Relativistic Euler Equations because they are formally identical to
the classical Newtonian ones in the case of flat spacetime[18].
Finally, consider the rotational energy —L

1 v
—Ls=—3 (2. — Q%R ) M. (8.23)
Solving (8.9) with respect to the mass tensor,
1
MM = [2 (Ra ™) g — T+ (8.24)
and using (8.14), after a straightforward calculation (8.23) takes the form
13
_ 2
—Ly =3 ;IQQG. (8.25)
Projecting the spin vector (8.17) along the principal axes,
Sy = ToQa, (8.26)
(repeated index are not summed) and collecting (8.25) and (8.26), we obtain
3
S
——— = 1. 8.27
2 7. L) (8:27)

On the other hand, for the spin vector in the tetrad components we can write
3 s2
S2

a=1

=1. (8.28)

Let us now consider the constraint (4.10) of parametric invariance, or £ = P,u’.
Using (6.5) and (5.7) and the equation of motion (6.34) we have

.1 )

L= éjnpouRunpU- (829)
From (5.13) and the rigidity condition (6.23), equation (8.29) gives

5 1 7TKPOV

£y =2 I Rnpr. (8.30)
On the other hand, from (8.20) we have

-4
(%) = 3B ponT "7 Sy (8.31)

Thus, in the trivial case of flat spacetime, we have S = ﬁs = 0 and using the rigidity
condition Z, = 0, equation (8.27) describes the Relativistic Binet ellipsoid in the
variables S,. Intersecting this ellipsoid with the spherical surface of the constant
modulus of the spin, equation (8.28), we obtain the complete trajectory of the spin
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spatial vector in the principal axis system of reference, provided we have an initial
condition to assign.

The outcome of the naive case of zero curvature tensor everywhere can be
extended if the spacetime is maximally symmetric, i.e., in the constant scalar curvature
case, namely when

R
R,uupa = E (gupgua - guagup) . (832)
Employing (8.30) we have in fact
A R 7R 7K A _ R rab _
£S - 6 (J KA j K A) - 36J ab — 0. (833)

having used the symmetry properties in (6.31) and the rigidity condition. Similarly,
from (8.31) we have

(52) = g (j,@N Ry m) €3S, (8.34)
— %Rj"f€ W\EM,\VSM

Using (6.31) we finally have
($?) = gRM% Mk, A8, =0 (8.35)

thus obtaining the same conclusion on the trajectory of the spin previously deduced
in the flat manifold.

Finally, we can ask whether the most general case in which we can infer the same
result is that of a rigid body with hight degree of symmetry or of a body for which

M[m[yp] o] = T =0. (836)

But we have also M[K(”’J) o] = 0 because of (3.19) and therefore M.,"” ,; = 0.
Saturating the first two indexes we have M,*° = M, ?*1?) " On the other
hand, saturating the first two indexes in (3.19) we have M, = —2M,,(PIEI?) op
M,."P? = 0. Then (5.5) and (8.9)-(8.10) give " = 0 and S* = 0 and therefore a
trivial case. Inversely, the weaker condition M, *?? = 0 or 7" = 0 and S* = 0 cannot
give (8.36); however, for ordinary matter, such as TH¥ = pi*&"”, * a congruence on
A, it is easy to see that (8.36) will be also true.

9. Conclusions

Applying a minimal action principle, in this work we have completed a line of
research due to Bailey-Israel and Anandan-Dadhich-Singh concerning the variational
formulation of the dynamics of a test rigid body immersed in a curved spacetime. In
particular we have found the dependence of the lagrangian from the internal degrees
of freedom and, employing a rigidity constraint, we have derived, by a complete
variational procedure, the equations of motion to all orders as well as conserved
quantities coming from cyclic variables. The equations obtained give rise to some
simplifications on the dynamics of an extended rigid test body in general relativity
with respect to the Dixon theory. Finally, in view of applications, we have found
explicit expressions of these conserved quantities, of relativistic Euler equations and
of some other classical-like observables implied in the dynamics up to quadrupolar
order.
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