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Different extended objects can fall in different ways, depending on their internal structures. Some
motions are nevertheless impossible, regardless of internal structure. This paper derives universal
constraints on extended-body motion, both in Newtonian gravity and in general relativity. In both
theories, we identify a weak notion of “local symmetry” which precludes certain force and torque
combinations. Local symmetries imply that certain components of a body’s quadrupole moment cannot
affect its motion. They also imply that some forces can arise only in combination with appropriate torques.
Many of these symmetries are shown to be determined by the algebraic structure of the tidal tensor. In
general relativity, we thus relate qualitative features of extended-body motion to the Petrov type of the
spacetime. Doing so shows that local symmetries are in fact ubiquitous. In general relativity, there are at
least two such symmetries in all algebraically special spacetimes. Some of these are generated by Killing
vectors, and some are generated by conformal Killing-Yano tensors. However, many local symmetries do

not fall into either of these classes.
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I. INTRODUCTION

One of the most fundamental results in general relativity
is that freely falling objects move on geodesics [1-4].
However, geodesic motion is only an approximation. Real
objects have finite mass and are therefore affected by self-
interaction [5-7]. Real objects also have finite size and are
thus affected by internal structure [8,9]. Regardless, geo-
desic motion has the property that all future trajectories are
uniquely determined by initial positions and initial veloc-
ities. To the extent that objects do move along geodesics,
free fall is therefore “universal”: every object with the same
initial conditions falls on the same trajectory.

Expanding in powers of an object’s size, the first extended-
body correction to geodesic motion involves an object’s
angular momentum. However, taking this into account does
not spoil the universality of free fall. Once an appropriate
center-of-mass definition has been fixed, a unique trajectory
follows from a given position, a given linear momentum, and
a given angular momentum at some initial time. While more
initial data is required than in the geodesic case, all bodies
with the same initial conditions still follow the same trajec-
tories. We may thus view this as a refinement rather than a
failure of universal free-fall. Failure occurs when expanding
through one higher order in an object’s size.

More precisely, the universality of free-fall breaks down
once quadrupole moments are taken into account. Although
the trajectories of some objects can be uniquely predicted
given, e.g., their initial positions, initial linear momenta,
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initial angular momenta, and initial quadrupole moments,
equations of motion can still differ from one object to
another. Moreover, many bodies can be said only to satisfy
laws of motion rather than equations of motion: Although
trajectories are constrained by the laws of motion, they may
fail to be uniquely determined from any reasonable initial
dataset." Regardless, different bodies can fall in different
ways, depending on the evolution of their quadrupole and
higher-order moments. Our goal here is to constrain these
differences, both in general relativity and in Newtonian
gravity. For simplicity, we focus only on quadrupolar effects.

Although extended-body effects are instantaneously
small in most astrophysical systems, their effects can grow
over time. Perhaps the best-known Newtonian example is
the phenomenon of tidal locking [10-13]; another is the
chaotic tumbling of Saturn’s moon Hyperion [11,14,15].
Indeed, tidal effects are known to produce secular
changes in, e.g., orbital eccentricities, inclinations, and
radii [10,11,16]. In general relativity, tidal effects are often
studied as something which affects the late-stage evolution
of inspiraling binaries, potentially allowing gravitational

'One generally expects that unique predictions are always
possible given a sufficiently detailed model and sufficiently
detailed initial data. However, the question addressed here is
whether or not the future can be uniquely predicted, to adequate
precision, using only the small amount of initial data which might
be ascribed to an ‘“effective point particle” (possibly with
structure).
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wave observations to probe the composition of neutron star
interiors [17-19].

Regardless, the primary goal here is not to model
any particular astrophysical system. Instead, we identify
fundamental, model-independent limitations on extended-
body motion: what is possible and what is not? From this
perspective, it is useful to imagine a hypothetical spacecraft
which has been designed to be able to control its internal
mass distribution. Changes in that distribution can then be
used to modulate extended-body forces, and thus to control
a spacecraft’s motion. Such systems have been analyzed
before, both in Newtonian gravity [20-24] and in general
relativity [25-33]. In both contexts, shape-changing
spacecraft have been found to be able to produce large
orbital changes simply by modulating extended-body
forces over many orbits. Roughly speaking, this is accom-
plished by exchanging internal energy with orbital energy.
It is also possible (and in fact simpler) for a spacecraft to
control its rotation by similarly manipulating its internal
mass distribution.

There are limitations, however. Certain course corrections
cannot be produced, no matter how cleverly a spacecraft has
been engineered. This can be seen most easily in a uniform
Newtonian gravitational field, where internal structure
has no effect whatsoever; all objects fall identically.
Relativistically, the same is true in all maximally symmetric
spacetimes [8,34]. Different objects can fall differently only
when there is some inhomogeneity to “grab onto.” This can
be made more precise in general relativity by noting that for
each Killing field which may exist, certain force and torque
combinations are impossible, regardless of an object’s
internal structure [8,34-36]. Analogous results are also
known in Newtonian gravity [24]. However, it is natural
to ask if these are the only fundamental constraints on
extended-body forces and torques.

They are not. At least in vacuum spacetimes which
are of Petrov type D, certain torques are known to be
impossible even when there are no Killing fields which
exclude them [32]. Such constraints can in fact be related to
the presence of conformal Killing-Yano tensors, which
describe a different kind of symmetry. Indeed, we show
below that any conformal Killing-Yano tensor in a (not
necessarily type D) vacuum spacetime precludes certain
torque components. However, even this does not exhaust all
fundamental restrictions on extended-body motion.

We find that constraints due to Killing vectors and
constraints due to conformal Killing-Yano tensors are both
special cases of a certain type of “local symmetry.”
Crucially, these symmetries are very common. In general
relativity, we show that local symmetries exist in all
algebraically special spacetimes, and in many algebraically
general ones as well. We also find that every Newtonian
gravitational field admits at least one local symmetry.

A related theme in this paper is to describe how
extended-body effects depend qualitatively on the algebraic

structure of the relevant tidal tensor. In general relativity,
we derive local symmetries and discuss quadrupolar forces
and torques, in each of the Petrov types which can be
associated with four-dimensional vacuum spacetimes.
There are essentially three types of result. First, what is
the space of possible torques which can arise due to
extended-body effects? This is either four or six dimen-
sional, depending on the Petrov type (where the six-
dimensional case allows any torque whatsoever). Our
second type of result asks for the space of possible forces
which can be varied without simultaneously varying the
torque. This lies between zero and four dimensions. Our
third type of result asks how many of a body’s ten
quadrupole components can affect its motion. The answer
here lies between 4 and 10. In some Petrov type I space-
times, an appropriately engineered spacecraft could vary its
ten quadrupole components in order to arbitrarily control
all four force components and all six torque components. In
other spacetimes, considerably less is possible.

Although our main motivation here is to understand
motion in general relativity, the Newtonian case is already
rich and largely unexplored. In fact, all of the concepts which
appear in general relativity are already present in Newtonian
gravity. We thus begin in Sec. II by describing Newtonian
extended bodies. Newtonian tidal tensors are classified in
terms of their algebraic structure, and the corresponding
constraints on extended-body motion are derived. A concept
of local symmetry is introduced as well. Section III performs
the same analysis for extended bodies in general relativity,
introducing local symmetries in that context and explaining
how extended-body motion depends on the Petrov type.
Appendix A summarizes our notational conventions and
provides a table of symbols. Appendix B reviews some
material on principal null directions and the Petrov classi-
fication. Appendix C describes objects with tidally induced
quadrupole moments.

II. EXTENDED BODIES IN NEWTONIAN
GRAVITY

Before analyzing extended-body motion in general
relativity, we first discuss motion in Newtonian gravity.
This is partially because model-independent features of
Newtonian extended-body motion do not appear to have
been explored before and are interesting in their own right.
However, a thorough understanding of the Newtonian
problem also allows us to better understand which effects
are “fundamentally” relativistic and which are not.

Regardless, Sec. II A reviews the Newtonian theory of
extended-body motion in a form which emphasizes the role
of symmetry and which easily carries over into general
relativity. Section II B considers the effects of symmetry on
objects with arbitrary quadrupole moments. Section IIC
then classifies different tidal tensors according to their
eigenvalues and discusses how extended-body motion
differs in each case. Lastly, Section IID applies our
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formalism in order to describe motion in certain example
gravitational fields.

A. Generalized momentum and generalized force

We begin by reviewing a perspective on Newtonian
motion which was developed in [6,24,37] and which grew
out of Dixon’s formulation of extended-body motion in
general relativity [8,34,35,38]. The central object of study is
the “generalized momentum,” which unifies a body’s linear
momentum and angular momentum into a single object. If an
extended Newtonian body has momentum density p,, its
generalized momentum at time ¢ is defined to be

Pe(t) = /pa(x, )& (x)dV, (2.1)

where £(x) is any Euclidean Killing field. At fixed 7, the
generalized momentum may be viewed as a linear map from
the space of Killing fields into R and may therefore be
interpreted as a vector in the six-dimensional space which is
dual to the space of Euclidean Killing fields. Three of those
six dimensions describe a body’s linear momentum; the
remaining three describe its angular momentum.
Extracting linear and angular momenta from the gener-
alized momentum requires a choice of origin which is not
required for P itself. Letting y, be such an origin at time ¢,
the associated linear momentum p,(t;7,) and angular
momentum S = Sl%)(¢;y,) are implicitly defined by

Pe(t) = palt )2 () + 5 SP(E)Vabr). (22)
In this Euclidean context, V,V,é. =0 so V,p, =0.
The angular momentum does, however, depend on the
choice of origin, as is familiar even from elementary
discussions of Newtonian mechanics. In fact, the linear
and the angular momenta defined by (2.1) and (2.2) are
essentially2 equivalent to elementary textbook definitions:
using Cartesian coordinates x’,

pi(tsy,) = / pilx. 1)dx, (2.3a)

Si(ir) =2 [r=p)fiplnds (230)

The generalized momentum may be viewed as describ-
ing a body’s “bulk” state. Mass and momentum conserva-
tion constrain the evolution of that state and therefore the
evolution of the generalized momentum: differentiating
(2.1) may be shown to yield the “generalized force” [6,37]

*The only difference is that it is more conventional to consider
the angular momentum vector $¢=1e°S,, in place of the
bivector S%°. Both S¢ and S’ nevertheless encode the same
information in Newtonian mechanics.

Fel() E%Pé(t) = —//)(X’ NLD(x.0)dV,  (24)

where p denotes the body’s mass density and ® denotes the
Newtonian gravitational potential. Like the generalized
momentum, the generalized force is, at fixed ¢, a six-
dimensional vector in the space which is dual to the space
of Euclidean Killing fields.

In the same way that generalized momentum can be
decomposed into a linear momentum and an angular
momentum, the generalized force can be decomposed into
an ordinary force F,(t;7,) and a torque N® = N (1;y,),
both of which satisfy

Folt) = Fultsr)&(r) + 5N (057)Vu8o(r). (2.

Comparing this expression to the time derivative of (2.2)
recovers the laws of motion

D D B
—Pa=Fp 5= 2play? 4 Nab . (2.6)

The time derivatives here act on both arguments of p,(z;7,)

and S%(t;y,). Also note that the p[“j/f] term which affects
the angular momentum is purely kinematic and is therefore
natural to separate from the “dynamical” torque N¢’. It
vanishes when, e.g., y, is placed at an object’s center of
mass. Although the force and the torque which appear here
are equivalent to elementary expressions, we find it
convenient to work with the more-abstract concepts of
generalized momentum and generalized force. One reason
for this is that doing so allows forces and torques to be
considered simultaneously in a single calculation. Another
advantage is that the Lie derivative in (2.4) provides an
immediate connection with symmetries and conserva-
tion laws.

Regardless, the gravitational potential ® which appears
in the generalized force is, a priori, the sum of an external
field and a self-field. The gravitational self-field may
nevertheless be shown not to contribute to the generalized
force [6,37]. The ® which appears there can thus be
reinterpreted as a purely external potential. Doing so while
further assuming that all length scales associated with the
external field are large compared with the size of the body,
it becomes useful to Taylor expand £:® in the generalized
force (2.4). Doing so around y, results in

Fe(t) = =ML (y,. t) — D(t:7,) LV, P(y,. 1)

1.
+5 O (1) Lelap(vint) + ..., (2.7)

where M is the body’s mass,
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Di(tsy,) = / (c=r)iplendx  (28)

is its mass dipole moment, and

Qii(ty,) = / (= 1) (x = rYple s (2.9)

is its “full” (not necessarily trace-free) quadrupole moment.
We have also used

Eup(x,1) ==V, V,®D(x,1) (2.10)
to denote the Newtonian tidal tensor. This tensor is
always symmetric and trace free, where the latter property
follows from the vacuum field equation V2® = 0. The
definition (2.10) also implies that

Vi€ =0, (2.11)

which may be viewed as a Newtonian analog of the Bianchi
identity.

Our focus here is on the quadrupolar contribution to the
force and torque, which is given by the second line of (2.7).
That term can, however, be simplified by noting that, since
Eqp 1s trace free and L:g,, = 0, where g,, denotes the
Euclidean metric, arbitrary multiples of g/ can be added to
Q° without affecting Q“ L:E . The quadrupole moment

in that expression may therefore be replaced by its trace-
free counterpart

0" = (w500 )0 22

From now on, we refer to Q% (and not Q%) as the
quadrupole moment. Like &, this moment is symmetric
and trace free. In terms of it, the quadrupolar contribution to
the generalized force is

1
fé@ - EQabcfgab' (213)
Quadrupolar forces and torques therefore arise only when
the tidal field fails to share the same symmetries as the
background Euclidean space. Combining (2.5) and (2.13),
the ordinary force and torque are given by

1
F((I(I) _ _ chvagbc’

) N£1qb> = 2Qc[agb]c

(2.14)
at quadrupolar order.

A body which does not eject or absorb mass has no
control over the monopolar generalized force —ML:®.
Moreover, the dipolar force —D“L:V ,® can always be set
to zero by placing y, at the center of mass. The first
nontrivial contribution to “nonuniversal” free fall therefore

arises at quadrupolar order, which is our focus. In astro-
physical contexts, it is often assumed that all quadrupole
moments are induced by the tidal field. Such cases are
discussed briefly in Appendix C, where it is shown that
introducing an effective potential which depends on £%°& ,
can allow the quadrupolar force to be absorbed into the
monopole. However, our goal here is not to model any
particular system; unless otherwise noted, we allow for
arbitrary quadrupole moments below.

B. Constraints from symmetry

Intuitively, extended-body effects arise from inhomo-
geneities in the gravitational field. Depending on a body’s
internal mass distribution, different parts of it may interact
with slightly different gravitational fields, resulting in
different net effects. Indeed, no extended-body effects
are possible in a uniform gravitational field where
V,® = constant. This suggests that extended-body effects
should be constrained by any symmetries which may exist.

The simplest such constraints arise from symmetries of
the potential. It is immediately clear from (2.2) and (2.4)
that if there exists a Killing field Z¢(x) such that’

Lz®@(x,1) =0 (2.15)
throughout the body of interest, one component of the
generalized momentum must be conserved:

1
Pz = p,E* + ES“hVaEb = constant.  (2.16)

This is in fact not restricted to the quadrupole approxima-
tion. It is exact. As a consequence,

Fz=F,E+ %N”bvaEb =0. (2.17)
This too is exact. It implies that when ® shares a symmetry
with the background Euclidean space, certain force and
torque combinations are impossible, regardless of a body’s
internal structure. Such constraints hold regardless of
whether or not y, lies at the center of mass.

One simple example concerns the motion of an object in
a spherically symmetric gravitational field. In that case,
three generalized momentum components are conserved,
one for each of the three rotational symmetries. Similarly,
three generalized force components vanish. In more
elementary language, the angular momentum 3-vector
which is associated with motion around the origin is
conserved. As a consequence, nonradial forces—which
affect an object’s orbital angular momentum—can arise

'We use & here to denote a generic Killing field
but Z¢ to denote a specific Killing field which also generates
a symmetry of ®.
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only in combination with torques which produce compen-
sating changes in the spin angular momentum. Certain
linear combinations of force and torque components there-
fore vanish, and these are precisely the generalized force
components which are associated with the rotational
symmetries.

Returning to our discussion of generic gravitational
fields (which are not necessarily spherically symmetric),
symmetry in the sense of (2.15) is a fairly strong require-
ment. It is therefore interesting to ask if that requirement
can be weakened while still retaining interesting physical
consequences. Can constraints such as (2.17) continue to
hold even when Lz® # 0? Indeed they can. If there is a
one-parameter family of Killing fields Z¢(x) such that

Lz Eap(vist) = =V, Vp Lz @(y,,1) = 0, (2.18)
inspection of (2.13) shows that at least the quadrupolar
contribution to the generalized force must vanish:

FY = FP=e + %NSQV“E? —0.  (2.19)
The quadrupolar component of the constraint (2.17) there-
fore generalizes in three ways. First, we may consider
Killing fields which are symmetries of the tidal field but not
of the potential. Second, we may consider Killing fields
which preserve the tidal field only at y,. Third, we may
consider different Killing fields at different times. Although
these generalizations are straightforward, they considerably
weaken our notion of symmetry while still implying that
certain force and torque combinations are impossible. We
describe a one-parameter family of Killing fields Z¢ which
satisfy (2.18) as the generators of a local symmetry.
Somewhat more precisely, these are local symmetries
of the tidal field. The “ordinary” symmetries which satisfy
(2.15) are special cases. We refer to local symmetries which
do not preserve @ as “proper.”

Unlike ordinary symmetries of the potential, proper local
symmetries are not necessarily associated with conserva-
tion laws. A natural candidate for a potentially conserved
conserved quantity in this context is Pz, . However, the rate
of change of this quantity is not quite given by the
generalized force Fz, since now the Killing fields may
depend on time. Instead,

d

- (2.20)

7)5’ = .7:5’ +PE,
The first term on the right-hand simplifies due to (2.19) but
does not necessarily disappear. In some cases, both terms
simplify when y, is placed at an object’s center of mass; one
such example is given in Sec. I[I D 2 below.

What is interesting here is not so much that local
symmetries imply force and torque constraints; that much
is obvious from (2.13). What is more important is that

proper local symmetries are ubiquitous. We show below
that at least one (not necessarily proper) local symmetry
exists in every Newtonian gravitational field, and in many
cases, there are more. Local symmetries therefore play an
important role in constraining extended-body motion. We
now identify these symmetries and their consequences in
different types of tidal fields.

C. Constraints from algebraic structure

Any nonzero Newtonian tidal tensor can be classified, at
each point, in terms of its eigenvalues. These tensors must
be real, symmetric, and trace free, and therefore admit three
real eigenvalues (counting multiplicity) which sum to zero.
There are three possibilities:

(1) &,p has three distinct and nonzero eigenvalues.

(2) &, has two distinct nonzero eigenvalues and one

vanishing eigenvalue.

(3) &, has one doubly degenerate nonzero eigenvalue
and one nondegenerate nonzero eigenvalue.
Depending on which of these descriptions hold, we
describe £, as being of algebraic type 1, 2, or 3. Type
3 tidal tensors can be described as “algebraically special.”
Type 1 and type 2 tidal tensors are instead “algebraically
general.” It is shown in Appendix B that the algebraically
special Newtonian tidal tensors may be viewed as approx-
imations to Petrov type D spacetimes in general relativity.
Type 1 and 2 tidal fields instead correspond to Petrov type I
spacetimes, which are conventionally described as alge-

braically general.

Regardless, the three eigenvalues £,,£_, and =€, — E_
of the tidal tensor can all be encoded in the complex “tidal
scalar”

E=(E, +E)+i(EL-E)., (2.21)
which is analogous to the Weyl scalars used in general
relativity.4 However, £ depends on the ordering of the
eigenvalues. If £, and £_ are swapped, £ > &; if £, and
—&, — &_ are swapped, £ > —1i[€ 4+ (2—i)E; if &_ and
—&, — &_ are swapped, € > Li[€ + (2 + i)E]. The eigen-
values of a type 3 tidal tensor may nevertheless be ordered
such that £ is real. For type 2 tidal tensors, the eigenvalues
may be ordered such that £ is imaginary. In the generic type
1 case, £ must have both real and imaginary components.

One order-independent way to determine the algebraic
type of the tidal tensor is to compute the dimensionless ratio

*A four-dimensional Weyl tensor is associated, in general, with
five complex Weyl scalars. Without aligning the triad, a New-
tonian tidal tensor would be associated with two complex scalars
and one real scalar. In both cases, however, certain scalars can be
made to vanish by appropriately aligning the basis vectors. In the
Newtonian case, doing so leaves only &. In the relativistic case,
simplifications which arise when aligning the tetrad are discussed
in Sec. IIIC 1 below.
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4(det gab)z
(Scdng)3

E+EE+ )2
(S +4jEP+ ) (2.22)

If this vanishes, the tidal tensor is of type 2; if it is equal to
2/27, the tidal tensor is of type 3; in all other cases, the tidal
tensor is of type 1.

Forces and torques which arise in gravitational fields
with each of the three algebraic types may be understood by
diagonalizing &,,. If e} and e® are real orthonormal
eigenvectors associated with the eigenvalues £, and &_,
it will be useful to define the complex null vector

1
“=—(e% +ie?).

V2

m

(2.23)

Also defining 7, = i€ ,,m’in¢ = eahceﬁec_, which is an
eigenvector of &£,, with eigenvalue —&, — &_, the triad
(2%, m*, m*) forms a convenient basis with inner products

mm, = m*¢, =0, mém, =¢¢,=1. (2.24)
Using it, the tidal tensor can be written as
1
5ab = E (gab - 3fafb)Re g + Re(mamb)lm g (225)

The triad here is adapted to the tidal tensor, not the
quadrupole moment, so the latter can look more complicated
when written in an analogous form: introducing the three
“quadrupole scalars,” Qy,, = Qup°mb, Qpm = Qupmm?,

and Qyp = Qabfafb,

1
Ouw = EQ%@fafb - gab)

+2Re [(Qmm’/h(a + 2Qfmf(a)rhb)i| . (226)

While Q,, is real, both Q,,, and Q,,, can be complex.
Together, these scalars encode all five real components
of Qab'

Equations (2.25) and (2.26) can now be substituted
into (2.13) in order to show that the quadrupolar general-
ized force is
FO = (Im Q,,,)(Im E)im“Lem, — Re[Qy,, (3i°Re €

1
=+ mIm g)][:é:bﬂa - ZRC[(?’Q{f + 21ReQmm)£55]
(2.27)

This holds for all tidal tensors and for all quadrupole
moments. Using it and (2.5) shows that

FY¥ = (Im Q,,,)(Im €)im®V ,m, — Re[Q,,, (3" Re &
£ E)V, £, ~ {Rel(30s + 2iRe ) V.E],
(2.28)
and
N¢b = 2Re [Qy,, /(3" Re € + m"Im €))]
+2(Im Q,,,,) (Im ) irml*m?). (2.29)

Although the quadrupole components Q,, and Re Q,,,,, can
(at least sometimes) affect the force, these expressions show
that they can never affect the torque. By contrast, both the
force and the torque can depend on Qy,, and on Im Q,,,,,.

This shared dependence on Q,, and on Im Q,,,, can be
used to write the force partially in terms of the torque.
From (2.29), first note that

Re[Q/,(3m Re £ + mImE)] = =N} £}, (2.30a)

Substituting these expressions into (2.27) then results in

Fflq) _ (fdvafc + ﬁlbmcﬁldvamb)Ngz) + Re[QV,E],
(2.31)

where

0= (30 +2ReQ,,)  (23)

is a complex quadrupole component which does not affect
the torque. The quadrupolar force is therefore an affine
function of the quadrupolar torque. Furthermore, the space
of forces which can be varied independently of the torque is
spanned by the real and the imaginary components of V€.
These forces are all that can be produced if, e.g., the torque
vanishes.

One interesting implication of this is that if the torque
vanishes, and if y, is chosen such that D* = 0, the total
force, up to quadrupolar order, may be viewed as a purely
monopolar force in the effective potential

q)eff =0 - Re[(Q/M)E] (233)
Even in this restricted regime, a shape-changing spacecraft
can exert considerable control over its motion simply by
modulating Q at appropriate points in its orbit [24]. It may
also be noted that this @ is “physically equivalent” (but
not equal) to the effective potential (C3) which naturally
arises when the quadrupole moment is tidally induced.
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1. Type 3 tidal tensors

We have now determined the quadrupolar contributions
to the generalized force (2.27), the torque (2.29), and the
ordinary force (2.31). These expressions hold for any
extended body in any gravitational field, but can now be
specialized to discuss extended-body motion in each of the
three types of tidal field discussed above. Type 3 tidal
tensors are the simplest, so we begin with them.

Every type 3 tidal tensor admits a degenerate eigenvalue,
and the orthonormal eigenvectors e{ may be chosen to span
the associated eigenspace. Then, £, = &_ and £ =2&,.
The eigenvector £“ is associated with the nondegenerate
eigenvalue —2&,, and the tidal tensor (2.25) reduces to

gab = (gab - 3fafb>g+' (234)
It follows from (2.31) that at fixed torque, the quadrupolar
force in a type 3 field can be modulated only in the
direction parallel to V& .

Assuming that the tidal tensor remains type 3 in a
neighborhood of the relevant point, Eq. (2.27) reduces to

3 _
féq) =590l - 68 Re(Qpnm®)Lel . (2.35)

The motion is therefore unaffected by Q,,,,,; at least two of
the five (real) quadrupole components are irrelevant in type
3 tidal fields. It can also be observed that the torque (2.29)
reduces to

N = —12& ,Re(Q,,,ml*) ",

a (2.36)

which is controlled only by Q.

As Q,, encodes only two real control parameters, it is
not possible for an extended body to use its quadrupole
moment in order to control all three torque components; for
any such moment,

N?;))m[aﬁ’lb] =0. (237)

In terms of a vector torque N, which satisfies N = ¢®*N _,
this is equivalent to

(2.38)

Regardless, quadrupole moments cannot affect a body’s
torque within the degenerate eigenplane of the tidal tensor.
They do, however, affect the other two torque components.

One way to understand this torque constraint, and also
the fact that forces depend in part on torques, is via local
symmetries. Type 3 tidal fields admit at least three local
symmetries with the properties discussed in Sec. 1IB
above. To find them, first use (2.5), (2.31), and (2.37) to
note that

F =2 (284N, 0+ VPEWN ~30,0L:E,]. (239)

1
2
Equation (2.19) implies that we would like to find a
one-parameter family of Killing fields E¢(x) such that
Fz,(t) = 0 for all possible quadrupole moments. Varying
Q,, while noting that that quadrupole component cannot
affect the torque, one necessary condition is clearly
E(r)Ve€i(r) = 0. (2.40)

Moreover, since the torque can be varied throughout the
two-dimensional space which is not excluded by (2.37), the
other necessary condition is that

VeEL(y,) = 28S () A1V ) + idmlem®),  (2.41)
where 4, is real but otherwise arbitrary. Each Killing field
which satisfies these constraints preserves the tidal tensor at
7:» and therefore generates a local symmetry. Choosing
Ef(y,) =0 while varying 4, produces a family of pure
rotations about y,; these imply the torque constraint (2.37).
Setting 4, = 0 while varying E{ throughout the space which
is consistent with (2.40) generates at least two more local
symmetries; these imply that there are at least two force
components which cannot arise without accompanying
torques.

Our discussion thus far has assumed only that £, is
given by (2.34). However, somewhat more can be said by
recalling that a tidal tensor must arise as two derivatives of a
scalar field. That implies the “Bianchi identity” (2.11),
which may be used to show that for type 3 tidal fields,

V,E. = —%a(v ), (2.42a)

Vi, = (V- E)miny,. (2.42b)
The nondegenerate eigenvector is therefore geodesic, shear
free, and twist free, which is reminiscent of the Goldberg-
Sachs theorem for repeated principal null directions in a
four-dimensional spacetime. Regardless, applying these
expressions to (2.31) shows that

Fi == (V-£)[90,,E. £, +2N9 Y. (2.43)

Bl

The force component which is independent of the torque
must therefore be parallel to the nondegenerate eigenvector
£“. Although force components which are orthogonal to £¢
can be controlled as well (at least when V - £ # 0), they can
arise only with accompanying torques.

2. Type 2 tidal tensors

By definition, one of the eigenvalues of a type 2 tidal
tensor must vanish. Identifying #¢ with the unit eigenvector
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which corresponds to that eigenvalue, £, = —€_ and
&€ = 2i&,,. Equation (2.25) then reduces to
Suh = 25+Re(mamb). (244)
Inspection of (2.27) shows that in a type 2 field, Q,, cannot
affect the motion; up to four (out of five) real quadrupole
components matter in these cases. It also follows from
(2.29) that the quadrupolar torque can be controlled
arbitrarily in type 2 fields. However, the force can be
varied in only one direction without also varying the torque.
These are consequences of the fact that there are at least
two local symmetries in each type 2 tidal field. To identify
them, note from (2.31) that

1 N .
FE =316+ mPme 'V my) + VEN )
+Re Qun Ll (2.45)

As Re Q,,,, cannot affect the torque, ensuring that this
vanishes for all possible quadrupole moments implies that
the local symmetries are given by all Killing fields which
satisfy

E? (Vt)vag+ (Vt) =0,

VBl (y,) =28 (y, ) (£19V %)+ mlamb m?V .iny).  (2.46b)

(2.46a)

This space is at least two dimensional.

3. Type 1 tidal tensors

Type 1 tidal tensors admit three distinct and nonzero
eigenvalues. In these cases, the quadrupolar torque can be
varied arbitrarily. It also follows from (2.31) that at fixed
torque, forces can be varied through the space spanned by
V€, and by V,E_. That space is at most two dimensional,
so quadrupolar effects can never be used to fully control all
force and torque components. At least one force component
cannot be varied without an accompanying torque. This is a
consequence of the fact that type 1 tidal fields admit at least
one local symmetry. Indeed, all Newtonian tidal tensors
admit at least one local symmetry. This symmetry can be
found by determining all Killing fields which satisfy

Eta(Yt)vang(yt) = E?(yt>va5—(7t) =0,

VgL (y,) =28 (y ) (£19V 7 + mlamb m?V imy).  (2.47b)

(2.47a)

The impossibility of completely controlling all forces
and torques could have been anticipated by a counting
argument: the five components of the quadrupole moment
are not sufficient to independently control all six general-
ized force components. Nevertheless, there are cases in
which all force and torque components can be independ-
ently controlled using octupole and higher-order moments.

The situation is different in general relativity, where there
are ten quadrupole components and also ten generalized
force components. We shall see in Sec. III C below that
complete control of all relativistic forces and torques is
possible in the quadrupole approximation, at least in some
spacetimes. This suggests that there may be a sense in
which, at quadrupolar order, some “essentially Newtonian”
force or torque components can be controlled only
relativistically, via a body’s current (rather than mass)
quadrupole.

4. Summarizing the Newtonian constraints

We may now summarize our Newtonian results by
describing how much control would be available to a
spacecraft which has been engineered to arbitrarily control
its quadrupole moment. First, we have found that in a type
n tidal field, there are at least n local symmetries (with
n =1, 2, 3). In algebraically general tidal fields, which are
of types 1 or 2, appropriate spacecraft have complete
control over the quadrupolar torques which are exerted
upon them. In the algebraically special type 3 case, torque
vectors can instead be controlled only within the 2-plane
which is orthogonal to the nondegenerate eigenvector of
E.»- How such a spacecraft can control the quadrupolar
forces which act upon it is more complicated. However, one
general statement is that without changing the torque,
suitable spacecraft can arbitrarily control forces only
throughout the space which is spanned by the gradients
of the eigenvalues £, . For tidal tensors of types 2 and 3,
this space is at most one dimensional. For tidal tensors of
type 1, it is at most two dimensional. These and related
results are collected in Table L.

D. Examples of Newtonian tidal fields

In order to illustrate our results, we now discuss some
simple examples of Newtonian tidal fields, including their
local symmetries.

TABLE I.  Forces, torques, and local symmetries in Newtonian
tidal fields with different algebraic types. The second column
displays the number of local symmetries Zf. The third column
specifies the number of real quadrupole components which can
affect the force or torque. The fourth column specifies the
dimension of the space of possible quadrupolar torques. The
rightmost column displays the dimension of the space of
quadrupolar forces which can be varied at fixed torque. Starred
numbers are used to indicate that there is no constraint. All ranges
which appear here depend on the dimension of the space which is
spanned by V, £, and V,E_.

Algebraic type  {2¢}  {0n} N9} {FOIN}

1 1-3 3-5* 3* <2
2-3 34 3* <1
34 2-3 2 <1
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1. Type 3 examples

The prototypical example of a type 3 tidal tensor is
generated by the spherically symmetric potential ® = —k/r,
where k is a constant and r is a radial coordinate. Then,

k

Eap = 3 (3;'a?b - gab)v (248)

~

where 7, = V,r denotes the radial unit vector and g, is
again the Euclidean metric. The vector 7, is a nondegenerate
eigenvector of £,;,, so we may identity it with £,. Doing so,
the tidal scalar (2.21) reduces to & = —2k/r’. At
fixed torque, only the radial force can thus be controlled
using extended-body effects. Additionally, the torque con-
straint (2.38) implies that there can be no quadrupolar torque
along the radial direction. These constraints are intuitively
clear given the conservation of angular momentum. What is
perhaps less clear is that, even with these conservation laws,
an object which controls its quadrupole moment can still
exert considerable control over its orbit [24]. In this case, the
three local symmetries determined by (2.40) and (2.41) are
in fact the ordinary rotational symmetries of ®. They are not
proper local symmetries.

Another type 3 example is provided by ® = k(r? — 3z?),
where z is a Cartesian coordinate and k is again a constant.
This describes a constant tidal field and is essentially the
r — oo limit of the spherically symmetric example above.
Although quadrupolar forces vanish in this case, torque
vectors can be arbitrarily controlled in all directions which
are orthogonal to the z axis. Also, since V, & = 0, there are
four local symmetries rather than three—three translations
and a rotation around the z axis. Only the rotation is,
however, a symmetry of ®@. Each translation 0; is a proper
local symmetry, and the corresponding generalized
momentum varies according to

d dp;
— Py =—
dt’ % drt
at least through quadrupolar order. The linear momentum

P. 1s therefore unaffected by a body’s quadrupole moment;
its behavior is (at least instantaneously) “universal.”

2. Type 2 examples

The simplest example of a nonconstant type 2 tidal
tensor is generated by the cylindrically symmetric potential
® = klnr, where k is another constant and r is now the
distance away from the axis of symmetry. Let £“ be a unit
eigenvector of &£,, with eigenvalue 0, which must be
parallel to the symmetry axis. Also defining 7, = V,r,

k
“:ab = p (Z?a?b + fafb - gab)v (250)

and € = 4ik/r*. The two local symmetries which can be
found by solving (2.46) are in fact the ordinary translational

and azimuthal symmetries of ®. The translational sym-
metry along £ clearly precludes any force in that direction.
The azimuthal symmetry instead requires that any azimu-
thal force be accompanied by a torque along the symmetry
axis; one cannot exist without the other. Moreover, because
V,E is radial, only the radial force can be controlled
independently of the torque.

More interesting type 2 examples can be found by
superposing the potentials from multiple long, parallel
cylinders. Although doing so breaks the azimuthal sym-
metry of @, a proper local symmetry takes its place. The
geometric significance of this symmetry is, however,
difficult to visualize.

We therefore consider a simpler example instead: letting
y and z denote Cartesian coordinates, and letting k and a be
constants, suppose that

® = ke¥/?sin(y/a). (2.51)
The corresponding tidal tensor is then
£up = el ((V39,3 = V,29,2) sin(y/a)
—2V(yVy)zcos(y/a)l, (2.52)

which clearly admits #* = €?*V,yV.z as an eigenvector
with vanishing eigenvalue. That eigenvector generates an
ordinary translational symmetry of ®, which implies that it
is not possible to produce a quadrupolar force orthogonal to
the yz plane. The other two eigenvectors of £,, may be
arranged such that £ = 2ike¥¢/a?, which implies that the
force can be controlled independently of the torque only in
the z direction. Quadrupolar forces in the y direction can be
controlled as well, but only at the cost of accompanying
torques.

This last statement is a consequence of the proper local
symmetry

Ei(x) = /¥ (x —y,);0x + 2aV'y, (2.53)
which may be found by applying (2.46) to (2.52). It may be
verified that, although Lz £,,(x) vanishes when x = y,, it
does not vanish more generally. Geometrically, E¢ corre-
sponds to a rotation in the yz plane, with origin y,, together
with a translation in the y direction. Alternatively, it may be
interpreted as a pure rotation around a point which is
displaced from y, by a distance 2a in the z direction.
Regardless, the combination of translational and rotational
components here is what links forces to torques.

While proper local symmetries are not necessarily
associated with conservation laws, we can again see how
close they can get. Using the local symmetry (2.53)
together with (2.7), (2.19), and (2.20),
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d

EPE'(O = —Mﬁgtq) - D“ﬁgrvad) - Sabcpa}./?fc (254)
through quadrupolar order. If y, is chosen to lie at the
body’s center of mass, the last two terms here vanish,
leaving only the monopolar contribution —M Lz ®. While
Pz, can change, it does so only in the same way as for a

monopolar particle. In this sense, its behavior is universal.

III. EXTENDED-BODY EFFECTS IN GENERAL
RELATIVITY

We now move on to discussing extended-body con-
straints in general relativity. Following essentially the same
steps as in the Newtonian theory, we begin in Sec. III A by
reviewing the generalized momentum and the generalized
force in a relativistic context. Section III B applies these
concepts to determine how symmetries constrain extended-
body motion. It focuses on local symmetries in general
relativity and shows that some of these are generated by
conformal Killing-Yano tensors. Section III C then ana-
lyzes quadrupolar forces and torques in vacuum space-
times, deriving local symmetries and their physical
consequences for each of the possible Petrov types.
Lastly, Sec. IIID uses pp-wave and Kasner spacetimes
as examples with which to illustrate our results.

A. Generalized momentum and generalized force

As in Newtonian theory, the bulk state of an extended
body in general relativity can be described in terms of a
generalized momentum P,:(s) [6,37,39,40]. At least for a
test body with stress-energy tensor 77, it is useful to define
this as

Py(s) = / T, (1) (x)dS, (3.1)

at “time” s, where the hypersurfaces 2 are chosen to foliate
the body’s worldtube. Since there may not be any Killing
fields here, the vector fields & must be chosen more
broadly than in the Newtonian setting: They are “gener-
alized Killing fields” (GKFs). A complete definition for the
GKFs may be found in [6,39], but for our purposes, it
suffices to note that they require for their specification the
aforementioned hypersurfaces X, as well as a reference
worldline which we parametrize by y,. Both of these
structures can, e.g., be fixed using center-of-mass con-
ditions [8,36,41,42]. In that case, y, would be regarded as a
point on the body’s center-of-mass worldline. Regardless,
any GKF is uniquely determined by its value and that
of its first derivative anywhere on the reference worldline—
both of which can be chosen arbitrarily so long as
V(aép)(7s) = 0. The space of possible choices for &*(y,)
and V&, (7,) is ten dimensional, so the space of GKFs is
also ten dimensional. Noting that 735 is linear in the GKFs,

the generalized momentum may be viewed as an
s-dependent vector in the ten-dimensional space which is
dual to the space of generalized Killing fields.

These ten dimensions encode the four components of a
body’s linear momentum p, and the six components of its
angular momentum S* = §%!, both of which are tensors
on the reference worldline. As in the Newtonian setting, the
linear and the angular momenta can be defined implicitly
by using (2.2) to relate them to P;. For extended test
bodies, doing so results in the same momenta as those
found by Dixon [8,34,35,38]. When self-fields are signifi-
cant, those fields finitely renormalize the generalized
momentum (3.1), and therefore p, and S°° as well [6,40].

Whether or not self-interaction is significant, we may
again introduce the generalized force 7 = dP;/ds in order
to describe changes in a body’s generalized momentum.
Both an ordinary force F, and a torque N“* = N1! can be
extracted from F using (2.4). However, the force and the
torque are not simply the rates of change of p, and S*°. To
see this, first note that all GKFs satisfy Killing’s equation at
least through first order on the reference worldline [6,39]:

= vc’cfgab (ys) =0. (32)

'Cfgab (Ys)

Applying this and (2.4) while differentiating (2.2) results in
the Mathisson-Papapetrou-Dixon equations

D 1

%pa = _2 abcdysSCd +Fy, (33&)
D

= §ab = pplag?l 4 nab, (3.3b)

ds

The force and the torque, or equivalently F., encode
only dynamical contributions to the evolution. The terms

R peqi? S¢4 and 2 ple ys] which appear in (3.3) are instead
klnematlcal. They are related to the fact that the approximate
Poincaré symmetry which is encoded in (3.2) mixes trans-
lations, rotations, and boosts from one moment in time to the
next. This mixing of approximate symmetries physically
manifests as a mixing of linear and angular momenta over
time. However, our focus here is only on understanding
dynamical contributions which can differ from one extended
body to another, all of which are encoded in F, and in N,

Assuming that V, 7% = 0, differentiation of (3.1) shows
that, at least for test bodies,

1
.,/té :5/2 T“b[,égabwcdSC, (34)

where w¢ is a time evolution vector field for the foliation X.
The generalized force component which is associated with
a particular GKF &° therefore measures the degree by which
that GKF fails to be a genuine Killing field. However, this
“measurement” is weighted by 7%, which can vary from
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one extended body to another. Different weightings allow
different objects to experience different forces and different
torques in the same spacetime.

It is inconvenient to analyze these differences using an
integral expression for F. We instead assume that all
bodies we consider are sufficiently small that multipolar
expansions can be employed. Since L;g,, vanishes through
first order around y, the first nontrivial contribution in such
an expansion arises at second—i.e., quadrupolar—order. A
calculation shows that in fact [6,34,35,43]

1.
F& = =T LR pea. (3.5)

where J%¢¢ denotes the body’s full (not necessarily trace-
free) quadrupole moment. This moment has all of the same
algebraic properties as a Riemann tensor. For a test body, it
is the quadrupole moment derived by Dixon; see Eq. (9.12)
of [35] or Eq. (2.8) of [32]. If self-interaction is significant,
the relevant J%¢ is finitely renormalized with respect to
Dixon’s definition [6,40]. Also, the R,;.; which appears in
the generalized force must then be understood as the
Riemann tensor which is associated with a certain effective
metric. Although the details are not important here, we
assume that the metric which appears in all of our equations
is this effective one. It reduces to the physical metric when
considering test bodies but more generally includes both
“external” and “self-field” contributions. In a Newtonian
limit, it incorporates only the external gravitational field.
Regardless, all of our discussion is confined to spacetimes
which satisfy the vacuum Einstein equation, perhaps with a
cosmological constant’ A. The Ricci tensor is therefore

Rab = Agab’ (36)

and the Weyl tensor is related to the Riemann tensor by

1
Cuvea = Rapea + _Aga[dgc]b- (37)

6

Substituting this into (3.5) while using (3.2) shows that
LR ipea(v:) = LeCoupea(y,) for every GKF &% Similarly,
J<4 may be replaced in (3.5) by its trace-free counterpart
Jabed = (Jebed), o without affecting Fi”' [32.43.44]. The
quadrupolar generalized force in any vacuum spacetime
may therefore be written as

1

(q)
fé; G

JUALC e (3.8)

Using (2.4), the corresponding force and torque are

The cosmological constant has no direct influence on
extended-body effects, so there is no downside to including it.

1

FY = ~ "V Chee (3.9a)
4

NEqu) = _§J[acdecb]cde- (39b)

Much of our discussion below is focused on these
expressions.

In astrophysical contexts, it is often assumed that J¢><?
vanishes for isolated and nonspinning bodies but that
nonzero quadrupole moments can be induced either by
external tidal fields or by rotation. The former case is
briefly discussed in Appendix C, where the simplest
models are shown to result in very simple forces and
torques. Although the mass

M =\/=p,p° (3.10)
can vary in these (and other) models, a certain effective
mass is conserved at least for some bodies with tidally
induced quadrupole moments; see (C8). That is in turn
analogous to the existence of the Newtonian effective
potential (C3). Nevertheless, our main goal here is to
understand model-independent features of the extended-
body problem. We therefore make no assumptions below
regarding the specific form of the quadrupole moment.

One model-independent feature which can already be
deduced is that in a vacuum spacetime, many objects with
differing internal structures can experience identical forces
and torques. To see this, first note that J**“? has all of the
same algebraic properties as a Weyl tensor and therefore
has ten independent components. This contrasts with the 20
independent components of J*“?_ Einstein’s equation thus
implies that at least ten components of the full quadrupole
moment cannot affect an object’s motion.® Depending on
the Petrov type of the spacetime, we shall see below that
even more quadrupole components can fail to affect the
motion. As our focus is only on vacuum spacetimes, we
now refer only to J4*“? (and not to J**“?) as the quadrupole
moment in relativistic contexts.

B. Constraints from symmetry

If there exists a Killing field ¢, it is clear from (3.4) that,
regardless of an object’s internal structure, Pz is conserved
and Fz = 0. Killing fields therefore place universal con-
straints on extended-body effects. In fact, these constraints
hold not only for the full generalized force but also for each
term in its multipole expansion. This much has been known
since at least the 1970s [8,34-36]. What is new here is the
concept of a local symmetry.

®As noted in Sec. IT A above, the Newtonian analog of this
statement is that the vacuum field equation implies that one of the
six components of Q¢ cannot affect the motion.
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1. Local symmetries

A Killing field in a curved spacetime is analogous, in
Newtonian gravity, to a vector field which preserves not
only the Euclidean metric but also the potential ®.
However, we found in Sec. II B above that it was useful
to generalize this by considering symmetries of the tidal
tensor &,;, which are not necessarily symmetries of ®. We
also found it useful to allow the tidal tensor to perhaps be
preserved at only a single point.

Applying these ideas in a relativistic context, we now
define the generator of a local symmetry to be a one-
parameter family of generalized Killing fields Ef which
locally preserve the curvature:

L:E:Rabcd (}/s) =0. (31 1)
If such a family exists, it follows from (3.5) that
1
FY = FP5e + NYVEL =0 (3.12)

2

at time s. Conversely, a family of GKFs generates a local

symmetry whenever F. (Ez) = 0 for all possible quadrupole
moments.

As noted in Sec. Il A above, GKFs always satisfy
Killing’s equation through first order along the reference
worldline. Equation (3.11) asks if it is possible to extend
this through one higher order, in which case (3.2) is
supplemented by

vavb‘CE:gcd(ys) =0. (3-13)
This is not possible in general. However, cases where it is
possible are not uncommon and are physically interesting.

It is clear that every Killing field which may exist
generates a local symmetry, and each of these is associated
with a conservation law. A proper local symmetry, which is
a local symmetry which is not generated by a Killing field,
might fail to be associated with any conservation law.

2. Conformal Killing-Yano tensors as local symmetries

We now show that some proper local symmetries are
generated by conformal Killing-Yano (CKY) tensors. By
definition, a CKY tensor f,;, = f.)(x) must satisfy

v(afb)c = Garf ¢ (314)

- f(agb)cv

where f, =1V’f,,. A CKY tensor for which f, =0 is
called a Killing-Yano tensor. Regardless, the vacuum
Einstein equation implies that V ,f,) = 0 [45]. Using this
as well as (3.14) and the Ricci identity, every CKY tensor
may be shown to satisfy

vcvdfab = _vavbfcd + 2Rca[defb]e + vtz (Zgbcfd

= 9eafv) + Ve(29aaf b = 9anfa)- (3.15)

Antisymmetrizing over the index pairs ab and cd, it then
follows that
Rab[cefd]e = _Rcd[aefh]e' (316)

This can be viewed as an integrability condition for the
existence of a CKY tensor. Introducing the one-parameter
family of GKFs which are determined by

Bi(r,) =0,  VElr) =f"@), (3.17)
it implies that Lz R,;cq(7s) = 0. Every CKY tensor there-
fore generates a local symmetry. Since E¢(y,) = 0, these
symmetries have no translational components. They may
be viewed as generating a family of curvature-preserving
Lorentz transformations on the reference worldline.

It follows from (3.12) and (3.17) that the physical
consequence of such a symmetry is that one component
of the quadrupolar torque must vanish. In fact, since the
Hodge dual f%, = 1€,/ f .4 of any CKY tensor is also a
CKY tensor [45], two real torque components must vanish

N fay = N2 o, = 0. (3.18)
These constraints have previously been derived in Petrov
type D spacetimes [32], although it was not clear then
whether or not the connection with CKY tensors was
anything more than coincidence. Our derivation here shows
that it was not a coincidence, that these constraints are not
restricted only to type D spacetimes, and also that they can
be related to curvature-preserving vector fields.

CKY tensors have seen a number of other applications in
the literature, perhaps most prominently in the Kerr space-
time. There, the square of a Killing-Yano tensor can be used
to construct a quadratic conserved quantity for geodesics:
the Carter constant. Nontrivial Killing-Yano tensors never-
theless exist in spacetimes which are not Kerr, and Carter-
like constants may be constructed in those cases as well.
Killing-Yano tensors can also be used in order to construct
conserved quantities—or at least conserved currents—for
various field equations [45-52]. However, there are reasons
to expect that exact generalizations of the Carter constant do
not exist for generic compact objects [53].

In the context of this paper, it is interesting to ask if the
torque constraint (3.18) can nevertheless be used to con-
struct a quantity which is at least approximately conserved.
In the pole-dipole approximation where quadrupole and
higher-order moments are neglected, the existence of
conserved quantities which are either linear or quadratic
in the momenta have been investigated [54—56] at least in
combination with the Tulczyjew spin supplementary (or
center-of-mass) condition
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PaS? = 0. (3.19)
In that context, an approximate conservation law was
found which directly generalized the Carter constant.
Additionally, the quantity

1
PE = _Sabfab

=3 (3.20)

was found to be conserved when f7, is Killing-Yano and
when it satisfies certain other conditions as well. These
extra conditions are not satisfied in Kerr [54,57], although
their failure there merely reduces Pz to a quantity which is
approximately conserved within the pole-dipole approxi-
mation: in powers of the spin, dPz /ds = O(S?). If
quadrupole moments are included, but are assumed to be
spin-induced and with the deformability which is expected
for black holes, this quantity is instead conserved up to
terms of order S° [58]. However, Pz, is not so well
preserved for objects with any other deformabilities.

Our comment on this is that the situation may differ with
different spin supplementary conditions. Relaxing the
Tulczyjew condition (3.19) while also allowing for an
arbitrary angular momentum and an arbitrary (not neces-
sarily spin-induced) quadrupole moment, the torque con-
straint (3.18) implies that for an arbitrary CKY tensor f .

d . 1
— Pz =Pz =72 pfup + =5V, fue |, 21
s Pz, =Pz, =1, <P Sab +25 bf > (3.21)

at least if the octupole and higher-order moments are
neglected. It follows that Pz is conserved whenever 7°
is orthogonal to pf ., + %S‘“’V,,fm.. It may be possible to
construct spin supplementary conditions in which this is
guaranteed to occur. If so, we would have a new conserved
quantity for objects with arbitrary quadrupole moments.
Another point to note is that, although Pz is the
most obvious guess for a conserved quantity associated
with the local symmetry E¢, it is not necessarily optimal.
In the Schwarzschild spacetime, one of the torque con-
straints which is associated with a conformal Killing-Yano
tensor can in fact be derived from ordinary Killing
symmetries [32]. That implies that there is an associated
conservation law. However, the quantity which is con-
served in that case does not coincide with Pz , except at one
moment in time. We find a similar result when discussing
motion in plane wave spacetimes in Sec. III D 1 below.

C. Constraints from algebraic structure

The majority of local symmetries we consider are not
related either to Killing vector fields or to conformal Killing-
Yano tensors. We now use the algebraic structure of the
Weyl tensor to identify these symmetries and to determine
their physical consequences. We consider general vacuum

TABLEII. The Petrov classification and the Weyl scalars which
vanish with an appropriately aligned tetrad. The second column
summarizes the multiplicities of all principal null directions
which are associated with a given Weyl tensor. The third column
gives the respective multiplicities of the PNDs which are tangent
to * and n“ when these vectors are chosen as described in the
text. The fourth column lists all Weyl scalars which necessarily
vanish with this alignment.

Petrov type PNDs Multiplicities Vanishing ¥,
I I, 1, 1,1 1,1 Yy, ¥,

I 2,1, 1 2,1 Yo, ¥y, ¥,
D 2,2 2,2 Y, ¥, Y3, ¥,
1 3,1 3,1 Yy, ¥, V), ¥,
N 4 4, — Yy, ¥, V), Vs

spacetimes and determine how extended-body motion
depends on the Petrov type of the spacetime in which it
moves. No spin supplementary condition is assumed, and
there might not be any Killing vectors or CKY tensors.

1. A convenient basis

Simple expressions for forces and torques require
decompositions which are adapted to the spacetime geom-
etry, and not, e.g., to an object’s rest frame. Mathematically,
this corresponds to expressing forces and torques in terms
of a basis which is adapted to the principal null directions
(PNDs) of the spacetime’s Weyl tensor. As reviewed in
Appendix B, Weyl tensors can be classified according to
their Petrov type, which is determined by the numbers of
PNDs with different multiplicities; see the second column
in Table II. Although it is possible for the Petrov type to
vary from point to point, we assume below that it does not.

In order to introduce an appropriate basis, first let
(£, n%, m* m*) be a null tetrad where #* and n“ are real,
m“ is the complex conjugate of m“, and the only non-
vanishing scalar products are

min, = —¢“n, = 1. (3.22)
Many such tetrads exist. However, the space of possibilities
can be reduced by aligning #¢ and n* with PNDs of the
Weyl tensor. More precisely, we choose ¢ and n® to be
parallel to the PNDs with the largest and the second-largest
multiplicities, respectively’; see the third column of
Table II.

Given an arbitrary null tetrad, the Weyl tensor can be
described in terms of the five Weyl scalars ¥, ..., ¥,

"Even if rescalings of £ and n® are ignored, this prescription is
not necessarily unique. In the type N case, £ is aligned with the
sole PND, while n“ is essentially free. In type I spacetimes where
there are four PNDs with equal multiplicity, 12 alignments are
possible. Two possible alignments are possible in type D and in
type II spacetimes.
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which are defined by (B7) in Appendix B. However, some
of these scalars vanish when ¢ and n“ are aligned as
described in the previous paragraph. In type D spacetimes,
only ¥, can be nonzero; in type III spacetimes, it is only W5
which fails to vanish; in type N spacetimes, it is only Wy; in
type II spacetimes, both ¥, and W5 are nonzero; in type I
spacetimes, ¥, ¥,, and W5 can all fail to vanish. These
simplifications justify our choices for £ and n“ and are
summarized in the final column of Table II.

Further simplifications can sometimes be performed by
employing the type III tetrad transformations which are
described in Appendix B. These rescale #¢ and n* while
rotating m® and m“. Referring to (B6) and (B7), a type III
transformation which is generated by the complex scalar ¢
transforms the Weyl scalars via

Y, > 2y, I1=0,..,4. (3.23)
In the Petrov type D case, where aligning £“ and n¢ with
the two PNDs leaves only ¥, nonzero, type III tetrad
transformations have no effect. In the Petrov type III case, a
type III tetrad transformation can be used to set V5 equal to
any nonzero constant. Similarly, ¥, can be made constant
in any Petrov type N spacetime. In the Petrov type I case, a
type III tetrad transformation can be used to ensure that
Y, = ¥;. Although the simplifications afforded by type III
transformations are occasionally useful, we employ them
below only in type I spacetimes.

However a particular tetrad has been fixed, it is con-
venient to define from it the complex bivectors

X = 2¢lambl, yab = 2plaphl,

7% = 2(£lanb! — mlem?). (3.24)

These and their complex conjugates form a basis for all
bivectors. The basis elements X“*, Y%, and Z* are self-
dual, meaning that, e.g., X** = X%  Their complex
conjugates are instead anti-self-dual. It can also be shown,
using (3.22), that the nonvanishing antisymmetrized
products between members of this basis are
1

X[acyb]c — Ezab’

X[aczb]c — _Xab’ Y[aczb]c — yab.

(3.25)
|

If both pairs of indices are contracted, the only non-
vanishing inner products are

ZapZ% = 2X ,, YO = —4, (3.26)

The main motivation for introducing this bivector basis is
that it allows the curvature and the quadrupole moment to
be written down and manipulated without having to
perform coordinate computations; see, e.g., Eq. (BS).
These bivectors also provide a convenient basis for the
torque which is experienced by an extended body.

2. Quadrupolar forces and torques
in general vacuum spacetimes

The vector and bivector bases which have just been
described can now be used to compute forces and torques.
We allow for general vacuum spacetimes which are not
conformally flat and also for arbitrary quadrupole moments
(but no octupole or higher moments). As observed in [32], the
trace-free quadrupole moment J,;,.; has the same algebraic
properties as a Weyl tensor and may therefore be described in
terms of five complex scalars J, ..., J4 which are analogous
to the five Weyl scalars. Comparing with (B7) and (B8), any
quadrupole moment can thus be written as

Javea = 2Re[JoY oY ca + T\ (Y b Za + ZapY ca)
+ I ZipZea = XapY ca = YarXca)

- J3 (Xabzcd + Zachd) + J4Xachd]’ (327)
where
1 abycd 1 abzcd
Jo = ZJ“deX Xee, Ji = gfabch Z, (3.28a)
1 abvycd 1 abzcd
T2 = = 1 JapeaX Y = TeJapeaZ 25, (3.28b)
1 abzcd 1 abvycd
]3 = __Jabch z, ]4 = _]abch yee (328C)

8 4

At quadrupolar order, the generalized force may now be
computed by substituting these equations and the Weyl
expansion (B8) into (3.8). As £ has already been assumed
to have been aligned with one of the PNDs, ¥, will always
vanish. Contributions from the other Weyl scalars are

4
FU = gRe{ (W, (Ju X = 3I,Y ) LeZ = 203X LW, Y )] + 3[¥5 (1Y = J3XD)LoZyy — 20, L2 ]

+ [W5(3J2 X = JgYP)LeZyy — 201 YL (W3 X 0p)| + [Pa(JoY? + J1ZP) LeX yp — Jo LY }

(3.29)

The terms here which involve ¥, and W, were already obtained in [32]; the others are new. Much of the remainder of this
paper analyzes the implications of this expression. One consequence which is already apparent is that each Weyl scalar can
couple only to certain quadrupole scalars, as summarized in Table III.
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TABLE IlIl. Summary of which quadrupole scalars can couple
to which Weyl scalars in the generalized force (3.29). The scalar
¥, has been omitted as it always vanishes with our tetrad choice.

Weyl scalar Quadrupole scalars

lIll JZ’ JS’ J4
¥, Ji, I, J3
Y3 Jo, J1s T
\P4 JO’ Jl

3. Type N spacetimes

The simplest nontrivial Weyl tensors are of Petrov type
N. In that case, aligning £ with the sole PND results in
only ¥, being nonzero. Equation (3.29) then reduces to

4
FE = 2Re [‘I‘4(JOY“b + 2V X gy — 10551114} .
(3.30)

Equivalently, Egs. (2.4) and (3.25) can be used to convert
this into the force

4
P = SRe[Wy(JoY" + 1,2V, X = TV ).

(3.31)
and the torque
8
Ny = SReM(2 Xgp = JoZap). (332)

At most, J and J; can thus affect the motion, meaning that
there are only four real quadrupole components which must
be considered in type N spacetimes (rather than the ten
components which might affect motion in a general
vacuum spacetime).

It also follows from (3.26) and (3.32) that, regardless of
the quadrupole moment,

NWxab — (3.33)

The real and the imaginary components of this constraint
imply that there is a two-dimensional space of real torques
which cannot be produced by any quadrupole moment in a
type N spacetime. Torques can, however, be controlled
throughout the four-dimensional space which is spanned by
real combinations of X,,, Z,,, and their complex con-
jugates. Moreover, given any torque within this space, the
quadrupole scalars J,, and J; which produce it are uniquely
determined. This can be used to show that the force is a
linear function of the torque:

3
Féq) _ ZRe[(zhcydf _ thde)Vade

— 70V, In W, N (3.34)
It is therefore impossible to vary the force without
simultaneously varying the torque.

Both (3.33) and (3.34) are consequences of local
symmetries. One way to identify these symmetries is to
note that the generalized force can be written as

1
F& = {3 Re[(Z7YY — Y2V Xy

— 70V, InW,] + 2V INYY, (3.35)
where £ is any GKF. Recalling that local symmetries are
generated by families of GKFs Z¢ whose associated
generalized forces vanish for all possible quadrupole
moments, it follows that

3
VeEb = E:{ Re[(Y®Z? — 2 Ye)V X oy

+ZV, In Wy + A,X + A X (3.36)
at y,, where A, is any family of complex scalars and Z¢(y;)
is arbitrary. Setting E¢(y,) = 0 while varying 4, recovers
the two real symmetries which generate the torque con-
straint (3.33). Setting A, = 0 while varying Z¢(y, ) results in
four more local symmetries; these imply that forces and
torques must be linked via (3.34). In total, there are six local
symmetries in each type N spacetime.

4. Type III spacetimes

In Petrov type III spacetimes, we align the tetrad such
that W5 is the only nonvanishing Weyl scalar. The gener-
alized force (3.29) then reduces to

4
.F‘(:q) = §Re [lP3 (3J2X(lb — JoYab),Cézab

=201 Y Le(W3X )] (3.37)
which depends only on J,, J;, and J,. Six real quadrupole
components can therefore affect motion in type III space-
times. Converting the generalized force into an ordinary
force and a torque,

4
FY = SRe[H3 (30X — 1Y)V, Z,,

=27, Y%V, (¥3X,.0)] (3.38)

and

16

N = FRe[¥(1Zy = JoYap = 312X )] (339)
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Any torque whatsoever can thus be generated by an
appropriately structured object.

In fact, a given torque uniquely determines J, J;, and
J,. That may be used to show that the force is again a linear
function of the torque:

1 : : :
Fla) — ZRe[(Xbcydf — Ybe XN\, Z, . + Z%

X (YP°V, X, — 2V, In¥3)| N, (3.40)
It is therefore impossible to control the force independently
of the torque in type III spacetimes.

Local symmetries may be found in type III spacetimes by

first writing the generalized force which is associated with a
generic GKF & as

1 .
]:éw — ZRe{ga [(Xbcydf — YbCde)vaZbC + Z4f

s 1 :
X (Y9, X = 2V, InWs)] + 5 V¢! } N9,
(3.41)

This vanishes for all quadrupole moments when we choose
a one-parameter family of GKFs which satisfy

VaEéJ — 25{ [(Xab yed — Yabxcd)vfzcd + Zab

X (2Vf In ‘“P3 - YCdeXcd)] (342)
aty,, where E{ is arbitrary. It follows that there are four local
symmetries in type III spacetimes. Physically, these imply
that the force and the torque must be linked by (3.40).

5. Type D spacetimes

In Petrov type D spacetimes, we align the tetrad such that
Y, is the only nonvanishing Weyl scalar. The generalized
force then reduces to

]:éq) — 4Re [Lpz(leab _ J3X”b)£§zab — 2J2£§lp2] >
(3.43)

which depends only on Jy, J,, and J3. Up to® six real
quadrupole components therefore contribute to the motion
in type D spacetimes.

This statement can be refined by first using (2.5) to
extract the force

*In the type N and type III cases discussed above, we were able
to say exactly how many quadrupole components contribute to
the motion. In the type D case, the answer varies depending on
the properties of V,'¥,.

Fi) = 4Re[¥o(J,Y"* = J3XP)V, Z,,, = 20,99, ].

(3.44)
and the torque
N9 = 16Re[Ws(J3Xop +J1Ye)].  (345)

The torque therefore depends on J; and J5, but not J,. It is
also apparent that, regardless of the quadrupole moment,

N zab =, (3.46)
Quadrupolar torques can therefore be varied only within the
four-dimensional space which is spanned by real combi-
nations of X, Y., and their complex conjugates.

Unlike in type N or type III spacetimes, the force in a
type D spacetime is not necessarily a linear function of the
torque. Instead,

1
Fi = [ Re[(XPv Y —yPeX )V, 2, N,

- 8Re[/,V, ¥, ]. (3.47)
Unless W, is constant, this implies that the force can be
varied independently of the torque. In particular, the space
of forces which can be controlled at fixed torque is spanned
by the real and the imaginary components of V,%¥,.

If ¥, is constant, the force is instead linear in the torque,
and J, disappears from the laws of motion. Such an
example (necessarily with a nonzero cosmological constant
A) is provided by the Nariai or anti-Nariai spacetimes’ [59]
with line elements

dy* + dz*
[1+3A(? +22)]

ds* = =2dudv + Av*du* + (3.48)

In fact, F' E,'D = 0 in these spacetimes; extended-body effects
can influence only the torque, at least at quadrupolar order.
In more complicated type D spacetimes where ¥, is not
constant, the space of forces which can be produced at fixed
torque is either one or two dimensional. In Kerr spacetimes
with nonzero angular momentum, forces may be varied
throughout a two-dimensional space without also varying
the torque. In the Schwarzschild limit where the angular
momentum goes to zero, forces can instead be varied in
only one direction without also varying the torque [32].
Local symmetries may be derived in arbitrary type D
spacetimes by first writing the generalized force as

This is described as a Bertotti-Robinson spacetime in [59] but
as a Nariai or anti-Nariai spacetime (depending on the sign of A)
in Sec. 18.6 of [60].
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7= %Re{ém [(XPey ¥ = YPeX )V, Z).]

+2V4E NG — 8Re[1,L.P,]. (3.49)
This vanishes for all quadrupole moments when we
construct a one-parameter family of GKFs which satisfy

jran) ] — ] a C a C
VaEh = E_fRe[(X byed — yabxed)V,Z 4]

+ 2,2 4 2,2 (3.50)
at y,. Here, A, is arbitrary and E¢ must be orthogonal
to V,¥, at y,. Setting E¢(y,) =0 while varying A
recovers the two real symmetries which imply the torque
constraint (3.46). These are related to the fact that the real
and the imaginary components of Z, are proportional to
conformal Killing-Yano tensors. If we instead set 4, = 0
and vary E%(y,), our prescription results in two to four
additional symmetries. These imply that the force compo-
nents which are orthogonal to V,¥, and its complex
conjugate must be linked to torques via (3.47). In total,
there are between four and six local symmetries in type D
spacetimes. There are, e.g., four such symmetries in Kerr
(with nonzero angular momentum), five in Schwarzschild,
and six in the Nariai and anti-Nariai spacetimes.

6. Type II spacetimes

In Petrov type II spacetimes, we choose the tetrad
such that only ¥, and W5 are nonzero. The generalized
force (3.29) then reduces to

4
7 =3Reld/ 1LY ~6,L, Y, ~ 25/, YL Xa

+[B(W3J2 —WaJ3) X+ (3W,J | = W3Jo) YO L Z 0},
(3.51)

the ordinary force is given by

4
FY = SRe{4/\ VW5 =612V, ¥y = 2930 Y7V, X,

+[3(W3J2 —WaJ3) X + (3Wod | —W3J0) Y IV . Zp. ),

(3.52)
and the torque is given by
16
N((l%) = ?RC [‘P}]lzab + (3‘1‘2.]1 - lP3J())Yab
+3(¥oJ3 — W3J2) X ) (3.53)

These expressions depend on all quadrupole scalars except
for J,, so up to eight quadrupole components can affect
motion in type II spacetimes.

It also follows that any torque whatsoever can be
produced by appropriately varying the quadrupole moment.
However, unlike in the type N, type III, and type D cases
discussed above, a given torque does not uniquely deter-
mine the relevant quadrupole scalars. Instead, fixing N 53}
fixes only Jy, J;, and W,J3 — W3J,. Using this, the force
can nevertheless be shown to be an affine function of the
torque:

1
FIO = LRe[Y"Z019,X,, ~ 2219, In¥:

x (XY — yre X4V, Z, N}

- 8Re[J2Va‘P2}. (354)
By varying J, and J; at fixed ¥,J; — ¥3J,, the quad-
rupolar force can thus be controlled, at fixed torque,
throughout the space which is spanned by the real and
the imaginary components of V,%,. That space has at most
two dimensions. If ¥, is constant, which occurs only in
certain Kundt spacetimes [59], the force cannot be con-
trolled independently of the torque, and only six quadru-
pole components affect the motion. If V,¥, is nonzero and
linearly independent of its complex conjugate, there are
eight quadrupole components which affect the motion.

All local symmetries may be found in type II spacetimes
by first writing the generalized force as

1
Fe= ZRe{é” (Yo 74N Xy =229V, In¥; + (Xbey

— Y* XYWV, Z,] + 2V ING) — 8RelJ,L.,).
(3.55)

Ensuring that this vanishes for all possible quadrupole
moments, local symmetries are seen to be generated by the
one-parameter family of GKFs whose gradients satisfy

1
Vamb = 5:{ Re[2Z%V;In¥; — YIZ%V X,

+ (Xabyed — yab X\, Z,.] (3.56)
at y,, where E¢(y,) is constrained only to be orthogonal to
V,¥,. This implies that there are between two and four
local symmetries. Their presence requires forces which are
orthogonal to V¥, and its complex conjugate to be linked
to torques via (3.54).

7. Type I spacetimes

In type I spacetimes, only ¥, and W, can necessarily
be made to vanish by choosing an appropriate tetrad.
However, as noted in Sec. III C 1 above, a type III tetrad
transformation can always be used to ensure that ¥, = V5.
Applying such a transformation for simplicity, the gener-
alized force (3.29) reduces to
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8
Flo — gRe{zu1 + U3 LB+ (s = J) YLK,
1
= 3L + 5 (P13, + Jy) = 3¥,T5)X

+ (3%,J; — W, (375 + Jp)) Y] zgza,,}. (3.57)

All five quadrupole scalars Jy, ..., J4 appear here, so all of a
body’s quadrupole moment can affect its motion in at least
some type I spacetimes.

Using (2.5) to extract the torque from the generalized
force,

16
NEZ)) — ?Re{[slpz‘,::) —_ ‘Pl (3-]2 + J4)]X(/lb + [3l}l2]1

=V (31, +J) Y + ¥ (J) = J3)Zab}' (3.58)
All torques are therefore possible in type I spacetimes.
However, although all five quadrupole scalars appear here,
fixing the torque fixes only the three combinations

JI—J3, J()_J47

3W,(J, +J3) =W (6, + Ty + Jy) (3.59)
of quadrupole scalars. This observation allows the force to
again be written as an affine function of the torque:

1
ng) = ZRC [Yb”Z‘l«fvaXbc + (XPey Y —~ YbCde)VaZbCJ

8
% fof) + §Re 2(J) +J3)V, ¥, = 31,V,¥,].
(3.60)

Noting that J,; + J5 and J, can be varied arbitrarily without
affecting the quadrupole components (3.59), forces can
thus be varied, at fixed torque, throughout the space which
is spanned by the real and imaginary components of V,¥,
and V,¥,. If these gradients are all linearly independent,
that space is four dimensional. All ten force and torque
components can then be controlled independently. At the
opposite extreme, ¥; and ¥, may both be constant [59], in
which case the force is entirely determined by the torque.

Unlike in the algebraically special spacetimes discussed
above, there might not be any local symmetries in type I
spacetimes. Any local symmetries which do exist never-
theless satisfy

1
Vegh = z:{ Re[(Xabyed — yabxed)V 7.,
— Z9PYedV ;X 4] (3.61)

at y,, where E¢ can be varied arbitrarily at y, as long as it is
orthogonal to the real and the imaginary components of

both V¥, and V,¥,. This results in between zero and four
local symmetries, depending on which particular type I
spacetime is considered.

8. Summarizing the relativistic constraints

We have now derived quadrupolar forces and torques in
vacuum spacetimes and discussed qualitative differences
which depend on the Petrov type of the relevant spacetime.
As summarized in Table IV, our focus has been on three
characteristics of extended-body motion: the number of
torque components which can be affected by internal
structure, the number of force components which can be
controlled independently of the torque, and the number of
quadrupole components which affect the motion. These
characteristics have also been related to the presence of
local symmetries. Roughly speaking, there are fewer local
symmetries in spacetimes which are “more” algebraically
general, and in those cases, extended bodies can exert more
control over their motion.

Any torque whatsoever can be produced in type I, type II,
and type III spacetimes, but not in type N nor type D
spacetimes. In the latter cases, a two-dimensional space of
torques is inaccessible, regardless of the quadrupole
moment. It is interesting in this context to recall that the
relativistic torque is qualitatively different from its
Newtonian counterpart. The relativistic torque includes
three components which are physically similar to the
Newtonian torque, but it also involves three components
which are fundamentally non-Newtonian. These additional
components may be viewed as controlling the misalign-
ment between the 4-velocity and the 4-momentum: the
“hidden momentum” [26,32,61]. Constraints on the rela-
tivistic torque therefore affect an object’s ability not only to
control its spin but also to directly control its velocity. One
example of this is given in Sec. Il D2 below, where an
object in a Kasner spacetime is shown to be able to move
itself arbitrarily simply by controlling its torque. More

TABLE 1IV. Qualitative features of quadrupolar forces and
torques in spacetimes with different Petrov types. Column 2
lists the number of local symmetries. The upper bounds there also
provide an upper bound for the number of Killing vectors which
can exist. Column 3 lists the number of real quadrupole
components which affect the motion. The number of controllable
torque components is provided in column 4. Column 5 lists the
number of force components which can be controlled at fixed
torque. Stars are used to indicate that a given number is uncon-
strained.

Petrov type {29} {Jwea)  (NY}  {FOINY}
I 04 6-10* 6* < 4*

Il 2-4 6-8 6* <2

D 4-6 4-6 4 <2

111 4 6 6* 0

N 6 4 4 0
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generally, since at least four torque components can be
controlled in every nontrivial vacuum spacetime, the torque
can always be used to control at least some of an object’s
velocity.

Another of our results is that the quadrupolar force can
always be written as an affine function of the quadrupolar
torque: Egs. (3.34), (3.40), (3.47), (3.54), and (3.60) all
have the form

F& = 1Ny + ReY oy V¥, (3.62)
1

where the a; are coefficients and y,”¢ depends only on the
geometry (but not on an object’s internal structure). The
first term here describes that portion of the force which is
universally tied to the torque. The second term provides all
portions of the force which can be varied independently of
the torque and is also the only force which remains when

N((;Z) = 0. Interestingly, this latter term is simply a
linear combination of gradients of the Weyl scalars. It
does not depend on, e.g., any gradients of the tetrad.
Recalling (2.31), a similar result holds also for quadrupolar
forces in Newtonian gravity.

One generic feature of extended-body motion is that the
mass (3.10) is not necessarily constant at quadrupolar and
higher orders. Our result (3.62) nevertheless implies that at
least for torque-free, spin-free bodies with constant quadru-
pole scalars, there exists an ‘“‘effective mass” which is
conserved. As we have discussed already, it is always
possible to arrange for the torque to vanish. Adopting the
Tulczyjew spin supplementary condition (3.19), doing so
implies that if Sab g initially zero, it remains so. Then,
p. = My¢ [36], and it follows from (3.3) that

M

—_— = —ReZaIJ4_1j/?Va‘P1. (363)
1

ds

If all of the relevant quadrupole scalars (i.e., the ones for
which a;J,_; # 0) are constant, the effective mass

Meff =M+ ReZa1J4_I‘P1 (364)
1

is therefore conserved. A special case of this was used
in [32] in order to understand how extended-body effects
can be used to alter orbits in the Schwarzschild spacetime.
Appendix C identifies a somewhat different effective
mass (C8) which is conserved when quadrupole moments
are tidally induced with constant deformabilities. Using
different assumptions on the nature of the quadrupole
moment, certain other effective masses can be found as
well [8,34].

D. Example spacetimes

We now apply the general results derived above to two
specific examples: extended-body motion in pp-wave
spacetimes and extended-body motion in Kasner space-
times. Kasner spacetimes are type I, while pp-waves are
type N, so the Weyl tensors in these examples lie at the two
extremes of algebraic speciality.

1. Motion in pp-wave spacetimes

A pp-wave spacetime describes a plane-fronted gravi-
tational wave with parallel rays [60,62,63]. Besides their
interpretation as idealized gravitational waves, some pp-
waves also arise as ultrarelativistic limits of other (not
necessarily radiative) spacetimes. This can occur both via
“global” boosts [64,65] or via the Penrose limit, which
locally describes the geometry near arbitrary null geodesics
as effective plane waves [66,67].

Regardless of interpretation, any pp-wave spacetime can
be described by the line element

ds® = =2dudv + H(u,y, z)du* + dy* + dz>,  (3.65)
where H(u, x,y) is a dimensionless “waveform,” y and z
are transverse coordinates, and u is a null “phase” coor-
dinate. Imposing the A =0 vacuum Einstein equation
shows that

(0 +02)H(u,y,z) =0, (3.66)
so the waveform here must be harmonic'® on each
u = constant hypersurface. Harmonic functions in two real
dimensions can be related to complex analytic functions of

one variable, so the waveform of an arbitrary vacuum
pp-wave can be written as

H(u,y,z) = ReH(u,{(y,2)), (3.67)

where H is complex and analytic in the complexified
transverse coordinate ¢ = (y + iz)/v/2. A pp-wave is said
to be linearly polarized when arg H = constant, and other
properties of H can be used to classify pp-waves as

described in [63]; see also Table 24.2 of [62].
The most important category in this classification are the
vacuum “plane waves,” which satisfy
027-( =0. (3.68)

In any plane wave spacetime, there exist coordinates in
which

""That the nonlinearity of Einstein’s equation disappears in this
class of spacetimes is due to the fact that pp-waves are Kerr-
Schild transformations of Minkowski spacetime [68,69].
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H(u, ) = A (u)e?, (3.69)
where the complex function /# determines the curvature as
a function of phase; see ¥, in (3.77) below. Einstein’s
equation does not constrain /.

All vacuum pp-waves, whether plane waves or not, are
type N wherever they are not flat. The lone principal null
direction is parallel to

£, =-V,u, (3.70)
which physically describes the direction along which the
gravitational wave propagates. Its integral curves are the
“rays” of that wave. A calculation shows that

V,¢, =0, (3.71)

so these rays are geodesic, nonexpanding, shear free, and
twist free. It also follows that ¢ is Killing. For some pp-
waves, £ is the only Killing field. In special cases, there
can be up to five more'' [63]. All plane waves admit at least
five Killing fields in total, although some admit six. In this
latter case, all of the local symmetries described by (3.36)
are ordinary Killing fields. In other pp-wave spacetimes,
some local symmetries are Killing, while some are not.
Regardless, P, = p,£* is conserved for any extended body
moving in any pp-wave spacetime. Furthermore,

F,=F, " =0. (3.72)
This constraint holds not only for the full force but also for
its quadrupolar contribution.

In any pp-wave spacetime, it is convenient to use £, as
one element of the null tetrad (¢, n,, m,, m,), where n, =
~(V,v+3H?,) and m, = V,{. Employing this to con-
struct the X, defined by (3.24), a calculation shows that

V. X =0. (3.73)
The real and imaginary components of X, are therefore
Killing-Yano tensors. As described in Sec. III B 2 above,
each such tensor generates a local symmetry. For generic
pp-waves, these symmetries are truly local and are not
necessarily associated with any conservation law. However,
there are special pp-wave spacetimes where the local
symmetries associated with Killing-Yano tensors are
related to ordinary Killing symmetries. In those cases,
there are genuine conservation laws which can be asso-
ciated with Killing-Yano tensors (regardless of, e.g., spin
supplementary conditions).

To see this, consider the special case of a plane wave
spacetime. The waveform H is then given by (3.69).
Letting A(u) be any possibly complex solution to the

'UIf the vacuum restriction is relaxed, there can be up to seven
Killing vectors in total [70].

differential equation y”(u) =1/ (u)y(u) and letting ¢,
and u, be any families of constants, the vector fields

B4(x) = Re{[¢.x/ (u;) — ¢ (x)x (u(x))]£ (x)
— x(u(x))m*(x) }

are Killing. At fixed 7, varying over all possible y(u) results
in four real Killing fields with this form. In a flat limit, two
of these Killing fields describe translations transverse to the
rays of the gravitational wave. The remaining two describe
mixed boosts together with rotations and are a consequence
of the fact that moving transverse to a plane wave appears
only to rotate it. For all four of these Killing fields,

(3.74)

VeEb = Rely/(u)X). (3.75)
If u, = u(y,) and £, = {(y,) now denote an object’s phase
and transverse coordinates at some time 7, and if y(«,) = 0,
it follows that E¢(y,) = 0. Also choosing y'(u,) to be equal
to 1 or to —i reproduces the generalized Killing fields
determined by (3.17), when s = 7z, where the CKY tensor
fa» Which appears there is understood to be either the real
or the imaginary component of X ,,,. Since E¢ is genuinely
Killing, the generalized momentum component

Pa — Re{ [ () = () Py — ;) pom®

+ %A’(us)SabX“b} (3.76)
is conserved for any fixed 7; it is independent of s. Given
the aforementioned initial conditions for y(u), the first
line here necessarily vanishes when s =7, implying
that Pz = fRely/(u,;)X*]S,;(z). However, the first line
in (3.76) must be retained when s # 7. It is interesting to
note that in this case, where the symmetries associated with
Killing-Yano tensors can definitively be associated with
conservation laws, the quantities which are conserved do
not coincide with the real and the imaginary components of
S.»X, except at one moment in time. The situation here is
similar to the one in the Schwarzschild spacetime, where
the local symmetry associated with one (but not both) of
the conformal Killing-Yano tensors can be derived from
ordinary Killing symmetries [32]. In that case as well, the
associated conservation law is not trivial.

Returning to the case of a general pp-wave spacetime,
use of (B7) shows that with the above tetrad, the only
nonvanishing Weyl scalar is

1
Yy =—(02 — 0% +2i0,0,)H = —ZagH. (3.77)

1
4
Substituting this and (3.73) into the generic type N
force (3.31) shows that the quadrupolar force which acts
on an arbitrary extended body is
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4
FY = gRe[Jova‘Pzt],

1

= 5Re [Jo(ma0; — €,0,)07H]. (3.78)
This is clearly consistent with the Killing constraint (3.72).
It may also be seen that, although the torque (3.32) depends
on the quadrupole components J, and J,, the force here
depends only on J,. This suggests that there are two real
control parameters with which to control the force (at least
if the torque is allowed to vary as well). However, these two
parameters do not necessarily have independent effects. If a
pp-wave is linearly polarized, for example, the quadrupolar
force can be varied only in the one direction parallel to
V,|¥,|. The force can also be varied in only one direction
in a plane wave spacetime—whether it is linearly polarized
or not. In fact, the force is always proportional to £, plane
wave spacetimes; it is longitudinal.

2. Motion in Kasner spacetimes

The vacuum Kasner spacetimes may be viewed as
describing homogeneous but anisotropic (and empty) uni-
verses [60,62,71]. They have the line elements

3
ds® = —di* + ) 2i(dx')?, (3.79)
i=1
where u;, u,, and us are constants. ' Applying the A =0
vacuum Einstein equation results in

3
Zui:Zu%zl,

i=1 i=1

(3.80)

which implies that the space of vacuum Kasner spacetimes
may be viewed, in R3, as the intersection of a unit sphere with
a plane. This leaves a one-parameter family of solutions.

Except in special cases which we do not consider, the
Kasner spacetimes are of Petrov type 1. Being spatially
homogeneous, they admit the three translational Killing
fields 0,. Since the Weyl scalars in an appropriately adapted
tetrad can at most depend on ¢, there is a three-dimensional
space of local symmetries described by (3.61). However,
these three symmetries are simply the three translational
Killing fields. There are no proper local symmetries.

As in all type I spacetimes, the torque which acts on an
extended body in a Kasner spacetime is unconstrained.
However, the force can be varied only along ¢, = -Vt
without simultaneously varying the torque. Homogeneity
implies that the three spatial components

Pa[ = Di + M,'tzui_lsti (381)

These are more commonly denoted by p;, p,, and p;. We
use a different notation in order to avoid confusion with the
momentum.

of the generalized momentum are conserved, where no
sum over i is implied. Similarly, the force and the torque
are related via Fy = F; 4+ u;/?"'N"" = 0, where, again,
no sum is implied.

One interesting feature of motion in Kasner spacetimes is
that, despite their spatial homogeneity, it is still possible for
an extended body to exert essentially arbitrary control over
its trajectory. To see this in a special case, first fix a centroid
using the spin supplementary condition

Sapt? =0, (3.82)
which demands that y, be chosen such that the mass dipole
moment vanishes in the frame which is associated with the
background homogeneity. Given (3.81), this spin supple-
mentary condition implies that the three momentum
components p; must be conserved. However, the velocity
is not necessarily proportional to the momentum and is
not necessarily conserved: Differentiating (3.82) while
using (3.3) instead shows that

(=p - 0)i§ = (=7, - )p* = Npt" = SVt (3.83)

Suppose for simplicity that p; = 0. Choosing the body’s
quadrupole moment such that N ’(q ) = 0, itis then possible to

arrange for the angular momentum to vanish for all time, at
least through quadrupolar order. Doing so, the spatial

velocity becomes proportional to N’("q ) which can be

controlled arbitrarily. An extended body with vanishing
spatial momentum and vanishing angular momentum may
therefore translate itself arbitrarily, simply by controlling its
quadrupole moment. This takes advantage of the fact that,
although Kasner spacetimes are spatially homogeneous,
they are not boost invariant. A similar phenomenon has been
discussed before in flat Friedmann-Robertson-Walker
spacetimes [26], which are both homogeneous and isotropic
(though not vacuum). Torques may be used to control
translations in other spacetimes as well, but then changes
in the momentum can complicate the interpretation.

IV. CONCLUSION

We have derived universal constraints on the gravita-
tional forces and torques which can be produced by an
object’s quadrupole moment, both in Newtonian gravity
and in general relativity. Depending on the algebraic
structure of the relevant tidal tensor, certain quadrupole
moments can be irrelevant, certain torques can be impos-
sible, and only certain forces can be produced without an
accompanying torque. These results are summarized at the
ends of Secs. IIC and III C and particularly by Tables I
and IV. We have also found that the quadrupolar force can
be viewed as an affine function of the quadrupolar torque;
see (2.31) and (3.62). These results are independent of any
spin supplementary conditions.
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Fundamentally, our results are explained by the existence
of local symmetries. In the Newtonian case, local sym-
metries correspond to Euclidean Killing fields which locally
preserve the tidal tensor. In general relativity, local sym-
metries are generalized Killing fields which locally preserve
the Riemann tensor. Regardless, each local symmetry
precludes certain force and torque combinations. This
generalizes the well-known fact that Killing fields constrain
motion in general relativity. In fact, no further generalization
is possible; every universal constraint on extended-body
motion is associated with a local symmetry, at least at
quadrupolar order. Any generalized force which is not
forbidden by local symmetries may be experienced by a
suitably structured object.

The local symmetries we have introduced are an essen-
tially geometric concept and may thus be of interest not
only in the theory of motion. Roughly speaking, the
generalized Killing fields introduced in [39] provide a
sense in which full Poincaré symmetry can exist around a
given worldline in a curved spacetime. This results in
Killing’s equation being satisfied at least through first order
on the reference worldline. Additionally, certain geometric
structures (though not the metric) are preserved even away
from that worldline. However, it is natural to ask if Killing’s
equation can be made to hold through one higher order, at

least at one point along the reference worldline. When this
occurs, we have a local symmetry. Perhaps surprisingly,
examples are common and have the physically interesting
consequences described above. We have shown explicitly
how to construct all local symmetries, both in general
relativity and in Newtonian gravity. Their number depends,
in part, on the algebraic structure of the tidal tensor and is
summarized in the second columns of Tables I and IV. All
ordinary Killing fields generate a local symmetry in a
curved spacetime, and we have shown that conformal
Killing-Yano tensors do so as well. Many local symmetries
are, however, unrelated either to Killing vectors or to
conformal Killing-Yano tensors.

APPENDIX A: NOTATION

We use the same sign conventions as Wald [72], so, e.g.,
the Riemann tensor satisfies R ,.%w, = 2V, V@, for any
covector w,. The letters a, b, ... are used to denote abstract
indices in both three and four dimensions; i, j, ... are used to
denote three-dimensional coordinate components; a, f3, ...
are used to denote four-dimensional coordinate compo-
nents; I, J, ... are used for numerical indices which are not
associated with any coordinates. Hodge duals are indicated
by * and overbars are used to denote complex conjugates.

TABLE V. Table of symbols. The first group of symbols are used in both Newtonian and relativistic contexts. The second group lists
Newtonian symbols, while the third lists relativistic ones.

Symbol Description Reference

X Generic point

x! Spatial (usually Cartesian) coordinates

Vi Vs Reference point for object’s location at time ¢ (or s)

Gab Metric

&4 Generalized or ordinary Killing vector 3.2)

=2, 5? Local symmetry generator (2.18), (3.11), (3.13)
M Mass (3.10)

Pe Generalized momentum associated with &* 2.1), 2.2), (3.1)
Fe Generalized force associated with & (2.4), (2.6), (3.3), (3.4)
DPa> S Linear and angular momenta 2.2), (2.3)

F,, N Force and torque (2.5), (2.6), (3.3)
7, m4, m“ Newtonian semi-null triad (2.24)

o, &, Newtonian potential and tidal tensor (2.10), (2.25)
L€ Real eigenvalues of &,, and complex tidal scalar (2.21), (2.25)
Qab, Ouw Full and trace-free Newtonian quadrupole moments (2.9), (2.12), (2.26)
Qs Orms Omm Quadrupole scalars (2.26)

%, n®, m“, m“ Relativistic null tetrad (3.22)

Xxab yab  zab Bivector basis elements (3.24)

A Cosmological constant 3.6)

Raveds Cabea Riemann and Weyl tensors (3.7), (BY)

Yo, ..., ¥V, Weyl scalars (B7), (B8)

T aveds Jabed Full and trace-free relativistic quadrupole moments (3.27)

Jos s Jy Quadrupole scalars (3.27), (3.28)
fab Conformal Killing-Yano tensor (3.14)
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Symbols which are commonly used in the text are
summarized in Table V. Generalized forces, as well as
ordinary forces and torques, are often supplemented with a
“(g)” superscript to refer only to quadrupolar contributions.
We use the abbreviations “GKF’ (generalized Killing
field), “PND” (principal null direction), and “CKY” (con-
formal Killing-Yano). Three classification schemes are also
used: the algebraic structure of Newtonian tidal tensors is
summarized in Sec. II C, the analogous Petrov classifica-
tion for four-dimensional Weyl tensors is summarized in
Appendix B, and that Appendix also specifies the three
types of tetrad transformations which may be performed in
four spacetime dimensions.

APPENDIX B: TETRAD TRANSFORMATIONS,
PRINCIPAL NULL DIRECTIONS, AND THE
PETROV CLASSIFICATION

It is convenient in a four-dimensional spacetime
to introduce a complex null tetrad (£“, n%, m“, m*), and
using (3.24), any such tetrad can be used to construct the
bivector basis (X, Yo, zab X yab 7)) However, dif-
ferent tetrads are possible, and different choices result in
different bivectors. This Appendix reviews some facts
regarding the admissible tetrad transformations, as well
as their application to the construction of principal null
directions and to the Petrov classification. We also com-
ment on relations between the algebraic classifications of
relativistic and Newtonian tidal tensors.

It is explained in, e.g., Sec. 1.8(g) of [73] that all null
tetrads which are normalized according to (3.22) can be
generated from a single example using three types of
transformation. Type I transformations preserve #“, and
in terms of an arbitrary complex scalar a, these are given by

% 9,

m® — m“ + at®, (Bla)

ne — n +am + am® + |a|*¢". (B1b)

Type II transformations instead preserve n¢, and in terms of
an arbitrary complex scalar b, they are given by

n +— nt, m® — m* + bn¢, (B2a)
£+ % + bm® + bin® + |b|*n°. (B2b)

Lastly, the type III transformations
£ les, ntsnt. me s Sme (B3)

] ]

preserve the directions (though not the scales) of both £¢
and n“ and can be applied for any nonzero complex scalar
c. All three types of tetrad transformation affect the bivector
basis defined by (3.24). Type I transformations do so via

Xab 5 xab, Y s YO — azeb — g2X,  (Bda)
Z% > 79 4 2axb, (B4b)
type II transformations do so via
X s Xab 4 pzab _ plyab Y% > Y%,  (B5a)
7%\ 7 —2pyeb, (B5b)
and type III transformations do so via
X% > X, Y s c7lyab, 7% 7. (B6)

The bivector basis may be used to decompose a Weyl
tensor C,;,.4 into the five Weyl scalars [62,73]

1 1
¥ = 2 CapeaX X, ¥, = 3 CoupeaX*Z, (B7a)
1 ab 7cd 1 abvycd
q}2 = E Cabch Z = - Z Cabch Y . (B7b)
1 b7ed 1 byed
W3 =—-CupeaVZ, Py =—CppeaV"Y?,  (B7c)

8 4

which are in general complex. Working in the opposite
direction, one can instead write the Weyl tensor in terms of
the Weyl scalars and the given bivectors:

Cavea = 2Re[YoY Y ca + V1 (YarZea + ZapY ca)
+¥Y2(ZipZea = XapY ca = YarXca)

—V35(XapZea + ZapXca) + VYaXapXca)- (B8)
Regardless, it follows from (B4), (B5), and (B6) that type I
tetrad transformations preserve W, type II transformations
preserve ¥,, and type III transformations preserve P,.
The algebraic structure of a Weyl tensor largely depends
on its PNDs. Recall that each PND may be defined
as parallel to a nonzero real null vector field k* which
satisfies [62,72,74]
k[acb]cd[ekf]kckd - 0 (B9)
Noting that 7 is tangent to a PND if and only if ¥, = 0,
PNDs may be generated by using type II tetrad trans-
formations to rotate ¢ until the zeroth Weyl scalar
vanishes. If n“ is not already aligned with a PND, which
would occur only when ¥, = 0, this method can in fact be
used to identify all PNDs. Applying it, Egs. (B2), (BS),
and (B7) show that any b satisfying

P, + 4bY, + 6b2W, + 4035 + b*W, =0  (BI0)

is associated with a PND which is tangent to
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TABLE VI. Summary of Bel criteria and vanishing Weyl
scalars when £ is aligned with PNDs of differing multiplicities.

Multiplicity Weyl constraint Vanishing ¥,
l f[acb]cd[eff] fcfd = 0 lPO

2 l’ﬂ[ach]cdefcfd =0 LPO’ ¥

3 Cb(rdel’ﬂcfd =0 lPO’ lPl’ \PZ
4 Cbcdef(r = 0 lPo, IPI, le, IP3

ke = £9 4 bm® + bin® + |b|*ne. (B11)

Assuming that ¥, # 0, Eq. (B10) is a quartic polynomial in
b. This implies that there are at most four distinct PNDs.
The multiplicity of each PND is defined to be equal to the
algebraic multiplicity of the relevant root. Equivalently,
multiplicities can be determined by checking whether
or not (BY9) can be strengthened according to the Bel
criteria [60,74] which are listed in the second column of
Table VI. The final column of that table describes how
multiple Weyl scalars must vanish when ¢ is aligned with
a degenerate PND; we take advantage of this in Sec. III C in
order to eliminate as many Weyl scalars as possible.

The Petrov type of the Weyl tensor is determined by the
multiplicities of its PNDs. Assuming that C,;.; # 0, there
are five possibilities [60,62,73,74], described as Petrov
types I, II, D, III, and N:

I. Four multiplicity-1 PNDs.

II. One multiplicity-2 and two multiplicity-1 PNDs.

D. Two multiplicity-2 PNDs.

III. One multiplicity-3 and one multiplicity-1 PND.

N. One multiplicity-4 PND.

These cases are summarized in the second column of
Table II on page 13. “Generic” (or algebraically general)
spacetimes are of Petrov type I; all other possibilities are
referred to as algebraically special.

The Kerr family of spacetimes are all type D, and the two
PNDs which appear there are associated with shear-free
families of ingoing and outgoing null geodesics. In the
Schwarzschild case, these geodesics are purely radial and
twist free; more generally, they are twisted by the rotation
of the black hole. Type N solutions include, e.g., gravita-
tional plane waves, where the lone PND is parallel to the
rays of the gravitational wave. Although many solutions are
known with Petrov types II and III [60,62], most of their
interpretations are physically obscure. Nevertheless, there
is a sense in which all Petrov types appear generically when
expanding the Weyl tensor at large distances in an asymp-
totically flat spacetime: The peeling property states that as
one approaches future null infinity along an outgoing null
geodesic with increasing affine parameter r,

N 111 11 1
Cade _ abed + abcd + abed + abed + O(r_5), (B 12)
r 1’2 7’3 1”4

where N ;.4 is of Petrov type N, 111, is of Petrov type
I, 11,4 is either of Petrov type II or Petrov type D, and
I ,pcq 1s of Petrov type I; see Sec. 11.1 of [72].

The Petrov classification may be related to the classi-
fication of Newtonian tidal tensors which is presented in
Sec. I C above. First recall that a Newtonian gravitational
potential @ can be associated with the approximate line
element [12,72]

ds?> =—(14+2®)d? + (1 -2®)(dx* +dy> +dz*). (B13)

If V2® = 0, the corresponding Weyl tensor is

Cabea = 2[Ea1a(Mp)e + 2tyte) = Ecia(pja + 2tpt4)]  (B14)

through first order in ®, where 1, =-V,t and &, =
—V,V,® again denotes the Newtonian tidal tensor. If that
tidal tensor is of type 3, meaning that it admits a doubly
degenerate eigenvalue, and if #¢ corresponds to the
unit spacelike eigenvector of &,, which is associated with
the nondegenerate eigenvalue, the two null vectors
k% = t* £ ¢ both satisfy

k4 kS C k) = 0. (B15)
Referring to Table VI, this is the Bel criterion for a
multiplicity-2 PND. Type 3 Newtonian tidal fields are
therefore associated with approximate Petrov type D space-
times. Newtonian tidal tensors with types 1 and 2 instead
correspond to approximate Petrov type I spacetimes.

APPENDIX C: TIDALLY INDUCED
QUADRUPOLE MOMENTS

Although this paper is concerned primarily with model-
independent constraints on extended-body motion, the
formalism can easily be applied to specific models. This
Appendix describes a simple class of models which
describe what happens when an object’s quadrupole
moment is quasistatically induced by the applied tidal
field. We begin with the Newtonian case and then discuss
its relativistic counterpart.

1. Newtonian motion

Introducing a tidal deformability parameter x, which is
proportional to an object’s Love number, one of the
simplest nontrivial models for a Newtonian extended body
supposes that

Qup = kEqp- (Cl)
This can describe the approximate structure of a self-
gravitating, near-equilibrium fluid which is in a slowly
varying tidal field. Regardless, substitution into the gen-
eralized force (2.13) shows that
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FY = %ch(gabga,,). (C2)
Since the Lie derivative here is acting on a scalar, the
quadrupolar torque vanishes. The quadrupolar force is
instead proportional to the gradient of £&,,, so these
bodies act as though they were monopolar particles moving
in the effective potential
@ff:q)—L(‘:ab(‘: b+ (C3)
(& 4M a
In a spherically symmetric gravitational field where @ falls
off like 1/r, extended-body effects thus contribute a 1/r°
correction when all quadrupole moments are tidally
induced.

Regardless of @, the effective potential (C3) is closely
related—but not identical to—the more general effective
potential (2.33). Using (2.32) and (C1), the quadrupolar
term in that latter potential reduces to

_@5‘”’(9@, 1)Eqp(x. 1)

o (C4)

when the quadrupole moment is tidally induced. This
appears to differ by a factor of 2 from the quadrupolar term

_@gah(x, DEp(x,1),

aM (5)

which appears in (C3). Nevertheless, the gradients of both
potentials agree when evaluated at x = y,. This means that
they are physically equivalent. In the context of tidally
induced quadrupole moments, it is awkward for the two
tidal tensors in (C4) to have different arguments. But in the
more general context from which that potential arises, it
makes sense to assume that the quadrupole component Q
depends only on time.

The quadrupole moment (C1) is, in any case, highly
idealized, even for the astrophysically relevant case of a
self-gravitating fluid. Somewhat more realistically, internal
dissipation can result in the quadrupole moment depending
not only on the current value of £,, but also on its past
history; see, e.g., Sec. 2.5 of [12]. Allowing for this makes
it possible to obtain a nonzero torque. Indeed, refinements
of this sort are necessary to explain tidal locking and other
astrophysical phenomena [10-12,16].

2. Relativistic motion

It is also possible to construct relativistic models for
bodies with tidally induced quadrupole moments. Unlike in
the Newtonian case, however, we can easily introduce two
deformability (or “Love-type”) parameters here: suppose
that

Jabcd = K+Cabcd + K—CZbcd’ <C6)

where k. are two deformability parameters which describe
the body’s even and odd parity responses. Recalling (3.2),
substitution into the generalized force (3.8) shows that

1
féq) = - E [K+[r§(cadeCabcd) + K—‘Ci(cadeCthd)]‘

(C7)

Since this involves only Lie derivatives of scalars,
bodies whose quadrupole moments are described by (C6)
cannot experience any torque. Forces are, however, deter-
mined by gradients of the curvature scalars C“C,, .,
and CebedC*, .. This is similar to the Newtonian case
described above.

In the Schwarzschild spacetime, C“¢¢C*, . vanishes,
while C*¢1C ., does not, implying that only « can affect
the motion. By contrast, both x, and x_ contribute to the
force in Kerr spacetimes with nonzero angular momentum.
In some curved backgrounds, C*““C,; ., and Ce*<4C:,
both vanish, implying that there is no force or torque at all.
This occurs in, e.g., all “vanishing-scalar-invariant” space-
times, which are known to be in the Kundt class [75]. All
pp-waves are special cases.

Regardless of the spacetime, at least some effects of
deformability can be related to changing masses. To see
this, suppose that k. are both constant and that the centroid

has been chosen by enforcing the Tulczyjew spin supple-

mentary condition (3.19). Since Ngg,) = 0 here, we may

focus on nonspinning objects for which S = 0. The
momentum-velocity relation derived in [36] then reduces
to the trivial p* = My¢. However, Eq. (3.3) implies that,
although the mass M is not necessarily constant, the
effective mass

1
Meff - M- — (K+Cah0dcabcd + K Cubcdczbcd)

W (C8)

is. The constancy of M for relativistic deformable bodies
is closely analogous to the appearance of the effective
potential (C3) for deformable Newtonian bodies. Some
related senses in which conserved Newtonian energies are
interpreted relativistically as conserved masses have been
discussed in [32]. We also note that this effective mass
differs from (3.64). The latter assumes that the relevant
quadrupole scalars are constant along the object’s world-
line, which is not typically the case for an object with a
tidally induced quadrupole moment.

Although our model (C6) for tidally induced quadrupole
moments is simple, it differs from what is commonly
considered in the literature. There, one first introduces a
unit timelike vector u® which is interpreted as describing
the body’s instantaneous rest frame—perhaps the 4-veloc-
ity of its centroid. The Weyl tensor is then decomposed into
its electric and magnetic components via £,;, = Cpquu’
and B,, = C: ,,u‘u’, and one assumes that there are
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electric and magnetic deformabilities kg and kg such
that

Jabea = KE”[agb][c”d] - KB(”[aBb]eecdef

+ u[ch]eeabef)uf' (C9)

See, e.g., Eq. (2.14) of [76] and references therein. While
this model differs from (C6) in general, there is overlap
when x_ = 0. Regardless, the model involving x, and x_
results in considerably simpler force expressions than the
one involving kg and kg.
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