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The spin-curvature coupling as captured by the so-called Mathisson-Papapetrou-Dixon (MPD) equations is the
leading order effect of the finite size of a rapidly rotating compact astrophysical object moving in a curved back-
ground. It is also a next-to-leading order effect in the phase of gravitational waves emitted by extreme-mass-ratio
inspirals (EMRIs), which are expected to become observable by the LISA space mission. Additionally, exploring
the Hamiltonian formalism for spinning bodies is important for the construction of the so-called Effective-One-
Body waveform models that should eventually cover all mass ratios.

The MPD equations require supplementary conditions determining the frame in which the moments of the
body are computed. We review various choices of these supplementary spin conditions and their properties.
Then, we give Hamiltonians either in proper-time or coordinate-time parametrization for the Tulczyjew-Dixon,
Mathisson-Pirani, and Kyrian-Semerdk conditions. Finally, we also give canonical phase-space coordinates
parametrizing the spin tensor. We demonstrate the usefulness of the canonical coordinates for symplectic in-
tegration by constructing Poincaré surfaces of section for spinning bodies moving in the equatorial plane in
Schwarzschild space-time. We observe the motion to be essentially regular for EMRI-ranges of the spin, but for
larger values the Poincaré surfaces of section exhibit the typical structure of a weakly chaotic system. A possible
future application of the numerical integration method is the inclusion of spin effects in EMRIs at the precision
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requirements of LISA.
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1. INTRODUCTION

The detection of black-hole and neutron-star binary inspi-
rals by the aLIGO and aLIGO-Virgo detectors mark the dawn
of gravitational-wave astronomy [1-7]. The equations of Ein-
stein gravity are put to test not only by the phenomenon and
detection of gravitational waves itself, but also by the precise
shape of the detected signal [8]. Furthermore, the analysis of
the signal from neutron-star binaries provides precious astro-
physical information about their composition [9-11], and the
observations of the electromagnetic aftermath is key to the ex-
planation of the origin of the energetically unfavorable heavy
elements in our Universe [12, 13].

Upcoming space-based missions such as LISA promise to
probe the gravitational-wave spectrum in lower frequencies
than terrestrial detectors such as Advanced LIGO and Virgo
and, thus, to explore the dynamics of many other types of
sources of gravitational radiation [14]. One such particular
class of sources are the so-called extreme-mass-ratio inspi-
rals (EMRIs), during which stellar-mass compact objects spi-
ral into massive black holes, which have masses at least five
orders of magnitude above the solar mass [15].

Independent of the mass ratio between the components of
the system, neither the primary nor the secondary of the binary
can be modeled as point particles in an accurate treatment of
the inspiral, and effects of the finite size of the bodies must
be taken into account. This is clear in the case of binaries of
comparable size and mass, but in the case of EMRIs a more
careful argumentation must be given.

Let us denote the mass of the primary massive black hole
as M and the mass of the secondary stellar-mass object as .
Then the mass-ratio in EMRIsis ¢ = /M ~ 107*—10"" and
one can describe the gravitational field of the secondary as a
perturbation on top of the gravitational field of the primary. As
a result, the secondary is usually described as moving on the
original background while being subject to a self-force whose
relative size with respect to the Christoffel-connection terms is
of the order O(q) [see 16, 17, for reviews and a complete list
of references].

Now consider the effects of the finite size of the secondary.
If the secondary is rotating at relativistic speeds, a matter ele-
ment on its surface will feel a relative acceleration with respect
to the center of mass that is proportional to the velocity of the
surface v, the radius of the object r, and the local space-time
curvature R. Under the assumption of a balance of forces in-
side the body, this will result in a “spin force” ~ pvrR act-
ing on the center of mass. Let us further assume that the bi-
nary orbital separation is within a few horizon radii of the pri-
mary, and that the secondary is either a maximally spinning
black hole, a few-millisecond pulsar, or a few-second pulsar.
We then get respectively vr R ~ 1¢/M, 107 q/M,10~4q/M.
When we consider that the Christoffel symbols scale as ~
1/M, we see that the relative size of the acceleration caused
by the spin force is then O(q), the same as the gravitational
self-force.

The effects of the self-force and the spin force on the orbit
will thus both scale as O(gq) and would be essentially impos-
sible to distinguish from a geodesic when using observables

collected over just a few orbital periods. Nevertheless, the or-
bit will only decay over O(1/q) cycles and the small deviations
amount to secular effects in the phase of the orbit. The final
orbital phase ¢¢ can then be schematically written as a sum of
contributions of the form [18]

b5 = oy O(q™) (1)
+ d)(()io): + (bg/)g + d)spin O(l) (2)
+ 382 + 63 + bquaa O(q) 3)
+ o o), @

where “avg” and “osc” stand respectively for contributions
from the averaged dissipative, and oscillating dissipative and
conservative parts of the self-force computed from the met-
ric perturbations of order (n). Then, at the same order as the
first-order conservative piece of the self-force appears the con-
tribution of the spin force. Both the O(¢~!) and the O(1)
terms must be eventually included if sub-radian precision is to
be achieved in the EMRI wave-form modeling.

The O(q) contributions to the phase then contain the con-
tribution of the next-to-leading effect of the finite size of the
secondary, the quadrupolar coupling. In particular, this will
include the spin-induced quadrupole that scales as ~ S? for
neutron stars and black holes [19-21], where S ~ mruv is the
spin magnitude. Tidal deformation of the body also formally
appears in the quadrupole; however, it can be estimated to enter
the equations of motion at relative order O(g*) [22-24] and it
will thus enter the phase only at O(¢?) for conservative effects
and perhaps at O(q?) if the dissipative tidal effects contribute
to the orbital decay time.

In summary, we see that the spin-curvature coupling con-
sidered at least to linear order is an indispensable piece of any
EMRI model. However, the spin-curvature coupling also plays
an important role in the post-Newtonian (weak-field and slow-
motion) description of comparable-mass binaries [25, 26]; the
conservative dynamics includes all fourth-order spin-induced
effects so far [27]. But still, a wave-form model that encom-
passes mass ratios from comparable to extreme is highly de-
sirable. This is one goal of the effect-one-body (EOB) model
[28-32], being probably the best candidate to succeed in this
endeavor. While incorporating all O(1) self-force effects is
progressing [33], one flavor of EOB models already incorpo-
rates the test-spin force on a Kerr background to linear order
in the test-spin via a Hamiltonian [29, 34], the central piece
encoding the conservative dynamics in any EOB model (but
see the progress of the other EOB flavor in Refs. [35-38]). In
this context, exploring simplified Hamiltonian descriptions of
spinning bodies appears to be crucial.

In this paper, we study the Hamiltonian formalism for a spin-
ning particle moving in a given space-time metric. In Section 2
we review the so-called Mathisson-Papapetrou-Dixon (MPD)
equations that capture the effects of the spin force on the orbit,
and the properties of the equations under various supplemen-
tary conditions that are needed to close the equations.

We then proceed to the Hamiltonian formalism in Section
3. We present the Poisson brackets and various sets of vari-
ables that can be used during the evolution, and Hamiltonians
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for all the usual “comoving” supplementary conditions both
in proper-time and coordinate-time parametrizations. Next, in
Section 4, we also give a set of canonical coordinates covering
the spin tensor, which is useful for the numerical integration of
the MPD equations. Finally, in Section 5, we demonstrate the
power of the new coordinates and Hamiltonian formalism by
numerically studying spinning particles moving in the equato-
rial plane of a Schwarzschild black hole.

The paper also contains a number of Appendices that pro-
vide context to the presented results and details of the deriva-
tions mentioned in the main text.

We use the G = ¢ = 1 geometrized units and the (-
+++) signature of the metric. Our convention for the Rie-

mann tensor R“ of is such that QaN [@B] = = R¥ Bay for a
generic a,,, or explicitly R, | 3 2F"p [ 51” V[a 4"

The anti-symmetrization of a tensor is written as W[aﬁ] =
%(Waﬁ — Wpq), while the symmetrization as W, =
5 (Wap + Wp,). We denote the covariant time derivative by
an overdot, As" = DAL /dr = A @ M with
any indices is the Mlnkowskl tensor, and 6“ denotes the Kro-
necker delta.

2. MPD EQUATIONS

The equations of motion of massive bodies in a gravitational
field is among the most basic topics in Newtonian mechanics,
and among the toughest problems in general relativity. Sur-
prisingly, just assuming the covariant conservation of energy-
momentum of the body restricts these equations to be of the
celebrated MPD form in general relativity. The MPD equa-
tions to pole-dipole order read [39-41]

: 1
Pt = —51%’;%@”5“A : (5a)

SN = prgA — PAit (5b)
where z#(7) is the world-line of some representative centroid
from within the rotating body, S** the spin tensor, and P* the
momentum (flux of stress-energy) of the body. Here 7 is the
proper time, ©#%, = —1. But it is noteworthy that the MPD
equations are invariant under affine reparametrizations of the
world-line.

The relation between #” and P is underdetermined and
has to be derived from a supplementary spin condition. A
supplementary spin condition is usually given in the form
SV, = 0, where V, is some time-like vector. The physi-
cal interpretation of this supplementary condition is that V¥
is the frame in which the momenta of the stress-energy tensor
P* and S”" are computed, and the position of the referential
world-line z#(7) is then the center of mass of the spinning
body in this frame [42].

The MPD equations as stated here do not include the contri-
butions from the quadrupole and higher-order mass moments
of the body. They are in fact universal at pole-dipole order,
i.e., independent of the internal structure of the body. Amongst
other effects and as already mentioned in the Introduction, one
expects the rotation to deform the body and thus produce a

structure-dependent quadrupole moment that scales as S?; this
holds in particular for rotating black holes and neutron stars.
Since we are not including such spin-quadratic terms in the
equations either way, it is often meaningful to truncate the for-
mulas at some low order in S.

Some of the identities that are useful independent of the sup-
plementary condition read

jj(HS'Vﬁ)cycl, =0, (6)
P* = mgt 4 i8S (7
m = —PFit. ®)

A number of other useful identities along with a brief historical
review of the MPD equations can be found in Ref. [43].

We also define the spin vector s*, the spin magnitude S, and
a mass-like quantity M by

1 1
P= MY G, = ———kSMV,
s 2/ Vv, AR v v
)
KA
S = 5 SK}‘ = \/sHs,, (10)
M= \/—PaPa, (11)

where xS = /A S,y /2. Tt should be noted that the defini-
tion of s* will be different whenever a different supplementary
condition is chosen. Now we see that S**s, = 0 and we can
build a projector on the sub-space orthogonal to V,,, s, as

1 Lk VEV, sts,
ht, = S2S Sk = ((5*},—&- A 5 ) . (12)

Now, the question is which supplementary spin condition
should be adopted to close the system of MPD equations. The
best answer that one can give, however, is that virtually any
condition is physically viable, at least at the (universal) pole-
dipole order. Hence, in the remaining part of this section, we
review all commonly proposed classes of supplementary spin
conditions.

2.1. The KS condition

Eq. (7) indicates that the momentum is generally linearly in-
dependent of the four-velocity. Kyrian and Semerdk [44] (KS)
asked the question under which supplementary condition is the
momentum proportional to the four-velocity, P* = ma*, and
found that this is true when we assume the existence of a time-
like vector w,, such that S**w, = 0 and w, = 0. We also
conventionally set wo,w® = —1. The MPD equations then
simplify into the form

PF = mit (13a)
m=0, (13b)
it = R“ L AE S (13¢)
SEA = o. (13d)
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This is probably the simplest form of the MPD equations one
can acquire and it can in fact be generated by a large set of other
supplementary conditions, which is discussed in Appendix A.
In terms of variables that need to be stored and updated
during every step of a numerical integration, the system of
equations (13) is characterized by a phase space (z#, 27, S"*).
An important point is to realize that once an initial condition
with some vanishing direction of the spin tensor is chosen,
S*wy,| =, = 0, the equations of motion (13) will evolve
with two vanishing directions (the first one proportional to w*,
and the second one proportional to s*) in a way so that we can
always choose for one of them to fulfill w* = 0. In other
words, once the initial condition is set up with a degenerate
spin tensor, the set of equations (13) can be evolved at face
value without further reference to the auxiliary vector w#.
Nevertheless, the equations of motion can also be re-
expressed using w, and the respective spin vector s, as

1

it = —%R"  ivs w, (14a)
m

Wt =§"=0, (14b)

where xR\ = lewge”i N /2. In this case the phase space
(xH, v, s w") consists of the coordinate positions, veloci-

ties, the spin vector, and the auxiliary vector w?.

2.2. The MP condition

Another supplementary spin condition considered by vari-
ous authors [39, 45, 46] is S*1¢, = 0. We will call it the
Mathisson-Pirani (MP) spin condition due to the pioneering
works using this condition in the context of curved space-time
[39, 46]; in the context of flat space-time, it is often called the
Frenkel spin condition due to the pioneering work of Frenkel
[45]. Under this supplementary condition, the MPD equations
are simply the equations (5) with the substitution of the fol-
lowing relation in place of z* [47]

T = lP” oh — iS”“‘S =PV (0h —h") . (15)

- m v SQ vk | — v v/ "
Once again, in this representation the phase space needed for
numerical evolution is (x#, P¥, S**), the same number of
variables as for the KS condition.

Another representation of the phase space is through the
spin vector and higher order derivatives of the position:

zh :fﬂ(ml”x’)\’fé’i’s’}/)’ (16)
A

N = Vi, i, 17)

where f* is derived in Appendix B and its explicit form is
given in equation (B6). In other words, the phase space in this
description consists of (z*,4",i",s*). When we compare
these variables with that of the KS condition, we see that even
though we are not evolving any auxiliary w?*, we do, however,
store additional data in the acceleration vector i*. A recent
discussion of this degeneracy of the MP condition was given
by Costa et al. [47].

2.3. The TD condition

The Tulczyjew-Dixon supplementary spin condition [48,
49] S* P,, = 0 leads to the MPD equations of motion where
we substitute £# throughout by [50, 51]

” m(Pu

_ 25H Ryyryr PV SN
MZ

4M2 +Rxnw£SXnSWE> ’ (18)

where M is an integral of motion, M = 0. The other mass m
is not an integral of motion, and can be easily expressed as a

function of P, §%, Ropys fromz# 2, = —1 as
2
A2M? — BS?
A =4M? 4+ Rop58°P S (20)
B = 4h" R, 5, P* SM Ryypyn PV S9T . 1)

The phase space is then parametrized by (z#, P¥, S®*).
Once again, there is the possibility to transform to a spin
vector which yields [cf. 52]

. 1

Pr= *R! |\ iVs" PN, (22)
1

M = m*me\s”i”s”’PAP“, (23)

where we use equation (18) to eliminate ©¥. This set of equa-
tions is non-linear and complicated, but the phase space is now
composed only of (z#, P¥,s"), which is probably the most
economic set of variables possible.

2.4. The CP and NW conditions

The Corinaldesi-Papapetrou (CP) [53] and Newton-Wigner
(NW) [54, 55] condition employ an external time-like vector
field £#(x¥) in the supplementary condition

s (e +al2) <o,

v (24)

where o = 0 corresponds to the CP and a = 1 to the NW
condition. The convenience of these supplementary condi-
tions lies in the fact that one can recast the evolution for the
spin tensor in terms of a tetrad basis S5 = eZleZ S* and by
choosing for instance eg = £, we can eliminate 3 of the six
independent spin-tensor components S°/, I = 1,2, 3 as

(07

SOI:_
M+ aP

P;S7t J=1,2,3. (25)

The equations of motion for the spin tensor are obtained with
the help of (6) as

] (Mgm;)\ - aRRA75575/2)iA

G = 2l
o (ME, + aPy)ix

;o (20

where the notation & in the curvature tensor signifies the part
orthogonal to P".
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The momentum-velocity relation then attains the following
implicit form

mit =pH 27)
(MSH;)\ - (XR,%,\,Y(;S'M/Q)J‘?)‘

(MEy + aPy)dx

G 1)

This relation is not exactly reversible into a ©* (P, ) or P, (")
formula in the general case and one thus cannot always use
the CP/NW condition to give a set of evolution equations in
strictly closed form.

Nevertheless, it is possible to iterate the momentum-
velocity relation by starting from ## = P*/m + O(95) to
obtain results of higher and higher precision with respect to
powers of S. The first iteration yields

fn;)\P)\
(mé&, + aPy ) PX
(28)

1,
mit =P — <S““ + 2S“waP“>
m

+0(5?).

Formulas such as the one above inserted into the MPD equa-
tions along with the assumption that (25) is exactly true at all
times lead to closed-form evolution equations with the phase
space (z#, P,, ST7). By counting the variables, we see that the
NW and CP conditions lead to systems with the same “mini-
mal” number of degrees of freedom as the TD+MPD equa-
tions. One other reason the NW condition received heightened
attention in the recent years is the fact that it can be formulated
as a Hamiltonian system with the canonical SO(3) commuta-
tion relations for the spin vector [34, 56, 57].

3. HAMILTONIANS FOR SPINNING PARTICLES

In this section we construct Hamiltonian formulations of
the MPD equations supplemented by various choices of spin
conditions. Besides being of fundamental interest, these are
often advantageous for certain applications. For instance, in
forthcoming sections we study a numerical integration of the
MPD equations using efficient symplectic integrators on phase
space. EOB waveform models use Hamiltonians to encode
the conservative binary dynamics since they can naturally be
mapped between the case of two bodies and a reduced mass in
a fixed (effective) background.

3.1. The Poisson brackets

Before we are able to discuss Hamiltonians, we need to set
up the stage in the form of a phase space endowed with a Pois-
son bracket. Consider the set of non-zero Poisson brackets for

the phase-space coordinates z*, P,, S7*

{at,P,} =08, (29a)
{P,, P} = —%R,WHAS“, (29b)
{§m P} = —T" S —T%,. 5", (29¢)
{sm, Sn)\} _ nguA . gp,/\Sun + guAS,m (290)

_ gunSuA )

This set of brackets arises in many models for spinning-
particle dynamics [34, 58-63] and we provide our own mo-
tivation from field theory in Appendix C. Furthermore, it is
easy to prove that the Poisson brackets follow from the generic
effective action used in Refs. [21, 57, 64] (see Appendix E).
The Poisson brackets (29) can be partially canonicalized
by choosing an orthonormal tetrad ef} , ederB = pAB (=
Minkowski metric), and adopting a set of variables [59—-61]
SAB — S””e;:‘ef, (30)

1

1
pu =P, — geVA;#e%SAB =P, - 5rws'fﬁ. (31)

Under this change of variables the only non-zero brackets read
{z",p,} =3},

{SAB §CD} — pACGBD _ ADGBC | . BD gAC
_ pBCgAD

(32a)

(32b)

In this coordinate basis it is clear that S5 and its commu-
tation relations are a representation of the generators of the
Lorentz group. Additionally, we see that 25 = S48S5, 5 =
S‘WSM,, and 2(5*)2 = SABSCD€ABCD = S“DS'MGNVH)\ are
Casimir elements of this algebra. That is, the spin magnitudes
S, 8* commute with all the phase-space coordinates and will
always be integrals of motion independent of the Hamiltonian.

However, if we compare with the MPD equations (5), we
see that

4

dr (33)

(S%) = S, 8™ = 28, p"i" .

In other words, for conditions such as NW/CP that have S £ 0,
the herein presented bracket will either not have any corre-
sponding Hamiltonian, or the Hamiltonian dynamics will de-
scribe the NW/CP+MPD system indirectly through some de-
formed (non-MPD) set of variables.

3.2. Hamilton’s equations of motion

We are now in a position to study the equations of motion
for a generic Hamiltonian H (z#, P,, S"*) with the Poisson
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brackets (29). We obtain
dzH 0H

—_— = 34
dx ~ op,’ (342)
dP, oOH oOH
v, 27 (TH gk K QMY) —
o F o g TS TS
(34b)
_ ER aiskx
9 VWAX 6Pw )
dsme Y oH AR K oH YN
Eh +F”)‘8PVS +F”>‘6PI,S = o)
H
8881“/ (gTHSY — gV SRE 4 gV GV _ g GV

where ) is some parameter along the trajectory. These equa-
tions cannot be expected to make any sense on the full phase
space, but only on the part where some supplementary condi-
tion S#*V,, = 0 holds.

By comparison with equations (5), the equations (34) will
be the MPD equations when the following equalities are ful-
filled

OH OH OH
oSmv (g""S"™ + perm.) = P“—ap — P”’—ap , (35)
0% K
0H OH 0H
g7 _ r“ s 4 gy~ e YT p
e~ gger LS H 10,57 v P,
(36)

where = means that the equalities need to hold only on a cer-
tain “on-shell” part of the phase space where conditions such
as S*”V,, = 0 hold. The fact that the equalities are = makes
them impractical to solve directly and we resort to heuristic
approaches.

3.3. Hamiltonian for KS condition

Khriplovich [61] postulated the following Hamiltonian for
semi-classical spinning particles which is to be used along the
Poisson brackets (29) (see also d’Ambrosi et al. [63])

1 " o m

HKS*ng P,upuf 9 -
However, at the time of the publication of this Hamiltonian it
was not clear what is the relation of the generated set of equa-
tions with the MPD equations. Nevertheless, we can now com-
pare the generated equations of motion (34) with those corre-
sponding to the relatively recently discovered KS supplemen-
tary spin condition (13) to see that the two sets of equation
agree.

In other words, the Hamiltonian (37) generates the MPD
equations under the KS spin condition. The only requirement
that needs to be fulfilled by the initial condition apart from
four-velocity normalization is for S** to have some vanishing
time-like direction w”, S**w, = 0.

(37)

3.4. Hamiltonian for TD condition

Our initial heuristic is to simply reproduce the momentum-
velocity relation under the TD condition and see whether this

is sufficient to determine the correct Hamiltonian. We take the
velocity-momentum relation (18) and combine it with (34a) to
obtain

OH _, m y
or, M2

Now let us assume that the equations of motion hold under
the on-shell conditions M = /—P*P, , S** P, = 0 where

M is now some chosen constant independent of phase-space
coordinates. Then the following holds

25VH Ry 7SN 8)
AMZ + Ry SX159E )

9 (9" P,P, + M*)F] = 2FP¥,

oy (39)
6% (G,S"™P,) = G,S" (40)

where F, G, are arbitrary functions of the phase-space coor-
dinates 2", Py, S°. By choosing appropriate F, G, we are
able to reproduce all the terms on the right hand side of (38)
and thus obtain the Hamiltonian

. m [ . ASTRYSN N
T oMz [\ T AME § Ry St | T
(41)

+ M2 =0,

where we substitute the expression (19) for m. A straight-
forward computation of Hamilton’s equations of motion then
shows that they agree with the MPD equations of motion under
the TD supplementary condition.

An interesting fact discussed in Appendix D is that the
Hamiltonian (for a different time parametrization, A # 7) can
be obtained by applying S*¥ P, = 0 as a Hamiltonian con-
straint of the Khriplovich Hamiltonian (37). However, this
procedure does not seem to work for any other supplementary
condition.

3.5. The MP Hamiltonian

Similarly to the TD condition, we are now looking for a
Hamiltonian that generates the MP momentum-velocity rela-
tion (15)

OH 1 1
~ v 7 1K
TD# = —mp <6V — 7525 SM) .

We can compose it from the single on-shell condition
P,P,(g" — S#:S% /S?) = —m? similarly to the previous
section (m is now a fixed number independent of the phase-
space variables) to obtain

(42)

1 1 m
Hyro — mv _ __GQuRGr \ p P, 43
MP = 5 (g [ N) I 5 (43)

Once again, the computation of the equations of motion shows
that they are identical to the MPD equations under the MP con-
dition.
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3.6. Linear NW and CP Hamiltonian?

Let us try to reproduce the linearized NW/CP momentum-
velocity relation (28)

OH 1
—_p KL KW K
UL (g Do)

gm;APA

(44)

We use the on-shell condition P*P, = —m? + O(S?) and
St (aPy,/m+ &,) = 0 to build the unique Hamiltonian that
reproduces the relation above

1 v
Hxw/cp = %g” PP,

1 &P (P
a (mé&y +aPX)PXS “m )

However, the computation of Hamilton’s equations related to
this Hamiltonian show that they are not a set of MPD equa-
tions. It is thus probably possible to cast the NW/CP+MPD
system into Hamiltonian form only through a more sophisti-
cated set of variables such as in Refs. [34, 56, 57, 65].

(45)

3.7. Coordinate-time parametrization

All of the above-stated Hamiltonians (37), (41), and (43)
generate motion parametrized by proper time 7. It is possible
to generalize them to any time parametrization A with d\/dr
an arbitrary function of any variables by exploiting the fact that
the Hamiltonians have a constant value for any trajectory. We
can then get the new A\-Hamiltonians as

Hy = (Cdli)_l (H. — Hy).

The constant Hy is —m/2 for the KS and MP Hamiltonians
(37) and (43), and O for the TD Hamiltonian (41). These
Hamiltonians evolve the full set of variables z*, P,, S7*.

However, it is also possible to use the component of “non-
covariant” momentum p; from Eq. (31) expressed as a func-
tion of the other variables to generate the equations of motion
parametrized by coordinate time ¢. To show this in the sim-
plest possible way, we pass to the coordinates p,,, SAB defined
in equations (30) and (31). We compute

(46)

dpi  OH (9H\T'  d(—p)
dt B al" <8pt> oxt H=const. ’ (47)
d'  9H (0H\ ™' _ 0(-p)
dt apz (3pt) B 8;07 ‘H:const.’ (48)
ds4s — [5AB gCDY OH (0H\
dt 250D \ ap, )

AB D ( )
- {547, 5y Gk

H=const.

(mé&y + aPy)Px’

where we have used the implicit function theorem. In other
words, for any phase-space function F(z*, P;, SA5)

dF
={F — 50
dt { b H=const. ( )
We now list the respective Hamiltonians Hy = —p¢| g—const.

for the KS, TD, and MP spin conditions, given here in terms
of the phase-space coordinates P,, SrA

, iy 1
Hiks = —Pw' 4+ \/a?m? + vJ P, P; + §I‘l,m5”’i, (51

1 - tj o
’}/l] =~ +wloﬂ,

(52)

) » 1
HtTD = —PZ(I)I + \/d2M2 + ’S/"JPZPJ + 51_‘”,{155”” s (53)

s 4SW(URM S“A

Y Ve nwgsxnswf’ G4
Hyp = —P@' + y/a2m? + 59 P, P; + %Fth”“, (56)
g = gt %S’“‘Sl;, (57)
&= _gz y A= _19tt , 7Y = ;Z + o'’ (58)

where we have chosen roots of p; corresponding to particles
traveling forward in time.

Now the reduced set of variables, to be evolved by the spatial
part of the Poisson brackets (29) and the Hamiltonians above,
are 2%, P;, S#"%. Alternatively, one can rewrite the Hamiltoni-
ans using the variables z*, p;, S 4B and use the spatial part of
the brackets (32).

4. CANONICAL COORDINATES AND NUMERICAL
INTEGRATION

In this section, we elaborate on the structure of the phase
space. Being a geometric space (symplectic manifold), con-
straints can be viewed as defining a surface/submanifold. The
projection of the Poisson bracket into the constraint surface
leads to the so-called Dirac bracket [66, 67]. Furthermore,
canonical coordinates can be adopted (at least locally), which
we construct explicitly. This is crucial for the symplectic inte-
gration studied in the next section.

4.1. Importance of canonical coordinates and Dirac brackets

Let us assume that we have a set of constraints ¢ = 0
and the constraint algebra C%® = {2, &b} with C** a non-
degenerate matrix with an inverse C’;)l. Then it is possible to
define a new constrained Poisson bracket [66, 67]

{A,BY ={A, B} — {A,®*}C,,}{®",B}.  (59)
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The bracket {, }’ is often called the Dirac or Dirac-Poisson
bracket. If we have a Hamiltonian that fulfills {®*, H} = 0,
then the equations of motion generated by {, }’ and H are the
same as with {, } and H. The bracket-constraining procedure
was originally devised for the purposes of canonical quantiza-
tion. Nonetheless, it is also useful for classical Hamiltonian
dynamics.

When we want to study a classical Hamiltonian system at
high accuracy over a large number of periods (such as would be
the case of EMRISs), it is highly advantageous to use symplectic
integration [see e.g. 68]. Most symplectic integrators require
that the equations are formulated in terms of pairs of canonical
coordinates, i.e. a colection of phase-space coordinates x?, 7;,
with 7 some labelling index, such that {x*,7;} = &} (how-
ever, there do exist symplectic integrators for special classes
of systems that require no such coordinates [69, 70]).

The usefulness of the constrained bracket {, }’ in this con-
text can be twofold. First, it may be easier to find canonical
coordinates for {, }’ rather than {, }. Second, the constraints
®® = 0 are only integrals of motion with respect to the dy-
namical system evolved by the unconstrained bracket {, }, and
they cannot be forced to be zero during integration, otherwise
the advantageous properties of the symplectic algorithm are
broken. On the other hand, in the case of the bracket {, }’,
the constraints ®* commute with any phase-space variable. In
return, they are effectively promoted to a “phase-space iden-
tity” and can be used to reduce the number of variables in a
numerical integrator symplectic with respect to {, }'.

For example, Barausse et al. [34] applied the NW supple-
mentary condition as a constraint to the bracket (32) (along
with brackets and constraints for auxilliary variables) to ob-
tain, at least at linear order in spin, a simplified bracket for the
reduced number of variables p,,, ¥, ST/ (see Subsection 2.4).
This system was then easy to cover by approximate canonical
coordinates and thus to study by symplectic integration [71].

As for the possibility to reduce the variables in the case of
other supplementary conditions, the TD condition S** P, =
0 applied as a constraint leads to a very complicated Dirac
bracket that mixes the spin and momentum degrees of free-
dom. As aresult, it is very difficult to find the canonical coor-
dinate basis for the TD-constrained bracket.

On the other hand, as discussed in Subsections 2.1 and 2.2,
the KS and MP condition in fact do not allow to reduce the
number of evolved variables to the same extent as the TD and
NW/CP conditions. A closer inspection shows that the KS and
MP conditions cannot even be formulated as a constraint on the
phase space p,,, z”, S5, and the Poisson bracket will thus al-
ways be (32). Hence, for the purposes of the TD, KS, and
MP conditions we have decided to find the canonical coordi-
nates covering the full phase-space p,,, 2", S AB for the uncon-
strained bracket (32).

4.2. Canonical coordinates on S*%

The p,,, " sector of the phase-space coordinates is already
canonical, so we are looking for canonical coordinates cover-
ing the spin tensor S4Z. To find the canonical coordinates,

we mimic the procedure of Tessmer et al. [72] by express-

ing S4B as a simple constant tensor S4¥ in some “body-
fixed frame” plus a Lorentz transformation A 4 into the “back-

ground frame” e;j‘. The parameters of the transformation,

when chosen appropriately, then turn out to be canonically
conjugate pairs of coordinates.

The details of the procedure are given in Appendix E, we
only summarize here the resulting coordinates

A= 8" \/(812)2 + (§23)2 + (S31)2, (60a)
B=/(512)2 4 (§23)2 + (S31)2 — 9, (60b)
523
¢ = — arctan (531> , (60c)
23
1) = — arctan (ggl) — arccos (5’03\@) , (60d)
1232 232 3142
. (522 + (5%)* + (5% 00

[(513)2 + (332)2} [(501)2 + (502)2 + (503)2] :

Even though the construction in Appendix E provides the path
to the derivation of these coordinates, one may simply ver-
ify their Poisson brackets by direct computation. The brackets
then are {¢, A} = {+), B} = 1 and 0 otherwise.

The backwards transformations from the canonical coordi-
nates to the spin tensor read

S = D[Acos(2¢ — ) + (A + 2B +2S)costp] , (6la)

592 = D[Asin(2¢ — ) + (A + 2B +2S)sin¢)] , (61b)
593 = 2DE cos(¢p — ), (61c)
S12=A4+B+S, (61d)
S = _Esing, (61e)
S31 = Ecos ¢, (61f)
B(B + 28
D= —2((3:5)), (61g)
E=+/—-A(A+2B+29). (61h)

The coordinates cover the space of general antisymmetric ten-
sors with a degenerate time-like direction and a closer consid-
eration reveals a number of similarities with hyperspherical
coordinates in R%,

The coordinates have singularities at B = 0 and A =
0, —2(B + S) which have the character similar to those of the
singularities at » = 0 and cos() = 1, —1 in spherical coor-
dinates in R3. As a result, the physical coordinate ranges then
are B € (0,00) and A € (—2(B + S),0). The coordinates
¢, are simple angular coordinates similar to the azimuthal
angle ¢ in spherical coordinates in R3, and they both run in
the [0, 27) interval. Some more details about the coordinate
singularities are given in Appendix E.

One last remark is that the coordinates ¢, v are dimension-
less and have finite limits as S — 0, whereas A, B have the
dimension of the spin and should generally go to zero when
S — 0. However, if we keep a = A/S,b = B/S finite, then
the evolution of the coordinates a, b, ¢, ¢ can be used to track
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the evolution of a “test spin”, i.e. an intrinsic spin of the par-
ticle that is transported along the trajectory while not exerting
any back-reaction on the orbit itself.

There is a special case when A, B can remain finite while
S — 0, and that corresponds to the body-fixed frame be-
ing infinitely boosted with respect to the background frame
and the vanishing direction of the spin tensor becoming light-
like. This particular limit may be useful for the description of
massless particles with spin but we consider it to be physically
meaningless for the current context of massive bodies.

5. SPECIAL PLANAR MOTION

We now want to study a simple restricted problem that
would allow us to demonstrate the properties of the canon-
ical coordinates. We do so by considering a motion in the
equatorial plane of the Schwarzschild space-time under the
KS condition. Then we require that both the four-velocity
and the spin tensor are initially vanishing in the ¥ direction,
S =0, = 1) = 0. We then easily compute that

d29
2 0, (62)
s

=0, 63)

In other words, the conditions S*? = 0, 9 = 0 will be satis-
fied throughout the motion.

A similar system restricted to the equatorial plane can be for-
mulated by requiring Py = S*¥ = 0 also for the MP and TD
conditions, and, furthermore, the background could be gen-
eralized to the Kerr space-time. However, we choose here to
study the special planar problem only in the KS incarnation
and in the Schwarzschild space-time because of its simplicity.

It should also be noted that this system is more general than
the motion of a particle with the spin vector aligned normal
to the equatorial plane; such motion can be acquired from the
system described below by setting B = 0. However, for B # 0
the motion is different from the aligned-spin case. The spin
vector undergoes nutations and exerts non-uniform torques on
the orbit that, nonetheless, never push the worldline out of the
equatorial plane.

5.1. The Hamiltonian

For our computations, we choose the coordinate-aligned
tetrad in the usual Schwarzschild coordinates ¢, ¢, r, 9: eg =
V=Iubs € = JIpg0fs € = VIO e = /G000
The choice of the tetrad and even the order of the legs are im-
portant for the final form of the Hamiltonian and the physical
interpretation of the quantities appearing in it. However, the
choice of the tetrad never matters for the real physical evolu-
tion of the KS, TD, or MP conditions (unlike in the case of
the NW/CP condition where the choice ~ £# ~ e} is crucial
[73D).

The condition SY# = 0 then translates into either A = 0
or A = —2(B+ S) for S*2 > 0 and S'? < 0 respectively.
Here we choose S'2 > 0, and ¢ thus becomes a redundant
coordinate (see more details in Appendix E). In a typical right-
hand-oriented interpretation and for an orbit with positive ¢,
this corresponds to a spin vector counter-aligned to the orbital
angular-momentum vector.

When the dust settles, the Hamiltonian (37) expressed in
canonical coordinates in the case of the special planar motion
reads

2
[  M\/B(B+25)siny
C2m|1—-2M/r bt r2

Hsp

(64)

+(1—2i1w>p,2«+:2(pg,—\/l—in(B—&—SOQ].

The system has two obvious integrals of motion p,, p;, since
the coordinates t, ¢ are cyclic. However, it should be noted
that the orbital angular momentum and energy will generally
vary during the evolution since they relate to the phase-space
coordinates as

o L (pt_M\/B(B—;2S)sim/)> 65
m T
1 r°/2(B + S)
Y= <m B m) | (©0)

5.2. Poincaré surfaces of section

We have constructed the problem so that only two degrees
of freedom become dynamically important, r, p,, and 9, B.
Since the trajectory is also constrained by four-velocity nor-
malization, all the phase-space trajectories of a given p,, p;
are then confined to a 3-dimensional hypersurface. We make
a natural Poincaré surface of section through this hypersurface
by sampling this set of trajectories and recording the phase-
space variables every time v finishes a 27 cycle. Thanks to
this construction, we obtain well-defined 2D Poincaré surface
of section, whereas in the general case the surface of section
becomes higher-dimensional and new methods need to be em-
ployed for visualization [see 74].

We have integrated the trajectories using the 6-th order
Gauss collocation scheme with a fixed-point iteration of the
collocation points [see, e.g., 68]. Additionally, we exploited
the parametrization invariance of the trajectory by using a time
parameter A such that

D 5 67)
dr  r(r—2M)./B(B+2S)+¢’

where €, 7 are constants we set to 104, 10M respectively.
This effective time-stepping does not spoil the symplecticity
of the integrator because the respective equations of motion
can be generated by a Hamiltonian of the form (46).
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FIG. 1. Poincaré surfaces of section for the special planar problem at p;/m = —0.97, p,/m = 3.7M created by snapshots after every cycle
in the spin-angle v. The left column corresponds to .S/m = 0.05M and the right column to S/m = 0.1M. The outer parts of the nested
sections correspond to small B/S whereas the inner parts to growing B/S. The left column features a smaller number of orbits because the

“outer” orbits are plunging into the black hole.

With these measures in place and by using a standard single-
thread computation in C++, we were able to integrate through
10* spin cycles within minutes at a relative error less than
10712 in the four-velocity normalization. Of course, such
efficiency and long-term accuracy would hardly be possible
without the canonical coordinates and geometrical integration.
This is an important point of the present section.

In general, the dimensionless parameter S/(Mm) can

10

be understood as a perturbation strength non-linearly cou-
pling two exactly integrable systems, the geodesic motion in
Schwarzschild space-time, and the parallel transport of the
“test spin” on top of that geodesic. As such, the dependence
of the phase portrait of the special planar problem on the par-
ticle spin should have the same characteristics as any weakly
non-integrable system [e.g. 75]: The originally smooth phase-
space foliation by regular oscillations of the trajectories should



V. Witzany, J. Steinhoff, and G. Lukes-Gerakopoulos

Hamiltonians and canonical coordinates for spinning particles

0.15;

0.14-

0.13
g
=
L
0.12-
0.11
)
0-10 52 53 5.4 5.5 5.6 5.7
r/M

5.40 550 555

535

5.45
r/M

FIG. 2. A detailed Poincaré surface of section of a single chaotic trajectory at p; /m = —0.97, p,/m = 3.7M, S/m = 0.05M (compare with
left column of Fig. 1). The trajectory was integrated over ~ 10° spin cycles (~ 10? orbital cycles) so that we would observe its release from
the sticky fractal layer around the resonance into the general separatrix chaos.

now feature occasional “breaks” in the form of resonances and
thin chaotic layers.

In order to demonstrate the presence of such structures, we
probed values of p;, p,, so that phase-space trajectories in the
studied congruence are near unstable circular orbits in the orig-
inal geodesic flow. This is because the neighboring phase
space also contains the “homoclinic” infinite whirl-zoom or-
bits that are well known to act as “seeds of chaos” in perturbed
black hole space-times [see, e.g., 76-79]. However, as can be
seen from equations (65) and (66), the variations of .S also
have the unfortunate effect of shifting the meaning of py, p,,
and this easily pushes us into the phase-space regions of orbits
plunging into the black hole.

As already discussed in the Introduction, we should be al-
ready imposing self-force effects along with the spin-force
even for the smallest values of S/(mM) in a self-consistent
physical model. Thus, it does not make sense to study the
influence of the spin beyond perturbation-like values and we
choose to study only S/(mM) < 0.1.

Furthermore, the ratio B/S is equal to v — 1, where ~ is
the usual gamma factor of the Lorentz boost from the body-
fixed frame to the background frame (see Appendix E). The
unconstrained nature of the KS condition allows this v to be
arbitrary, but we believe that if it becomes too large, the world-
line becomes shifted outside of the interior of the real physical
body, and the system of equations instead obtains the character
of some sort of perturbed geodesic-deviation equation. Hence,
we only allow B/S < 5 in our initial conditions.

We show two Poincaré surfaces of section in the relevant
ranges in Fig. 1. In these sections, we are able to find reso-
nances corresponding to ratios as low as 1 : 1 or 1 : 2 in the
spin-orbital frequencies. Additionally, small chaotic layers can
be found near the saddle points of the resonant chains (see Fig.
2).

As we go to smaller values of S/(mM) < 0.01, the reso-
nances become extremely thin, and most of the chaotic struc-
ture is disqualified based on the criterion B/S < 5. If we
ignore the B/S criterion and go to B/S 2 10, chaos can be

found up to S/(mM) ~ 1073,

5.3. Comparison with previous results

Let us briefly compare these results with the study of Lukes-
Gerakopoulos et al. [74], who studied the chaotization of gen-
eral orbits of spinning particles in Kerr space-time while us-
ing the NW-condition Hamiltonian of Barausse et al. [34].
The motion of non-planar orbits with general spin orientations
leads to richer dynamics, as an additional degree of freedom
enters the interactions. Consequently, Lukes-Gerakopoulos et
al. found chaotic motion in the phase space until S/(mM) =
1073,

At face value, it might not be clear whether our findings are
in tension or in agreement with those of Lukes-Gerakopoulos
et al. [74]. As discussed in Subsection 2.4, the NW condition
constrains one more degree of freedom than the KS condition.
Consequently, an analogous special planar motion PV = &V =
S#9 = 0 would in fact have only a single active degree of
freedom under the NW condition and would thus be integrable
at any value of spin. Additionally, even the non-planar motion
under the NW Hamiltonian of Barausse e al. [34] is integrable
to linear order in S in Schwarzschild space-time, at least under
the right choice of £# [73].

In this sense, we are adding a result to this chain of re-
search by showing that the KS+MPD system is not integrable
in Schwarzschild space-time even in the planar case. Hence,
one should be cautious in issuing general statements about the
(non)-integrability and chaos in MPD equations near black
holes, because such statements seem to be dependent on the
context and approximations made.

6. CONCLUSIONS AND OUTLOOKS

In this paper we have built the Hamiltonian formalism for
spinning particles under all commonly used “comoving” sup-

11
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plementary conditions, that is, conditions that utilize only the
local dynamics of the body and no background vector field.
The full set of canonical coordinates that we provide is the
minimal set of variables needed to evolve the Mathisson-Pirani
and Kyrian-Semerdk conditions. Hence, our formalism allows
to integrate the respective equations at peak efficiency. How-
ever, the canonical coordinates contain a redundant degree of
freedom for the case of the Tulczyjew-Dixon condition. Nev-
ertheless, a pair of extra variables to be evolved in a numerical
routine is a small price to pay for the long-term quality of the
evolution such as the one seen in Section 5.

Of course, it would be interesting to see whether a minimal
set of canonical coordinates can be found for the Tulczyjew-
Dixon condition. In principle, this can be achieved by con-
straining the Poisson bracket similarly to Barausse et al. [34],
and by finding the canonical basis thereof. However, the con-
straint procedure introduces non-zero commutation relations
between momenta, space-time coordinates, and spin degrees
of freedom. Consequently, the canonical coordinates would in
fact be an intricate transformation of all p,,, z*, S AB We plan
to investigate this possibility in future work.

Another less obvious application of the canonical coordi-
nates is the fact that now we are able to formulate a Hamilton-
Jacobi equation by making the action S also a function of the
spin angles 1, ¢ with the gradients defining the conjugate mo-
menta S, = A, Sy = B. We are currently preparing a

manuscript presenting solutions to the Hamilton-Jacobi equa-
tion in black hole space-times.

Similarly, we believe that the herein presented formalism
can be very useful to the various averaging and two-timescale
approaches to EMRIs [18, 80-82] since we can easily con-
struct action-angle coordinates in the spin sector and thus pro-
vide an elegant treatment of the non-dissipative (‘“fast”) part of
the dynamics of the binary. Furthermore, the simplicity of the
Hamiltonian under the Kyrian-Semerdk condition makes it an
attractive alternative to the Hamiltonian of Barausse et al. [34]
in EOB models [83].
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Appendix A: The generalized KS conditions

The only condition that we need to be fulfilled for SrA =
0 to hold is that S#”w, = 0 for some time-like w". From
equation (6) projected into w” we then get

w’i, 8" =0. (A1)

Because the product of any two time-like vectors is non-zero,
we then get simply S®* = 0. The supplementary condition
can thus be of the form S#"w, = m* with

SHap, = 1 (A2)

because then we will have S #aw, = 0. Inthe case when m* =
0, we get that w, must lay in the degenerate directions of the
spin tensor, w, = aw, + Bs, with «, § arbitrary functions of
any variables [84]. However, we may generally set m* # 0
and then the only condition on the evolution is Eq. (A2). One
particular option is w* = m* = 0.

Nevertheless, it should be noted that only the initial choices
of w#, m” matter. This can be seen from the fact that if the
equations of motion are expressed in terms of S*¥, we need
no reference to w*, m” as long as equation (A2) is satisfied.

In summary, once we allow for m* = 0, the initial con-
ditions for S** are completely unconstrained. The study of
d’Ambrosi et al. [85] can be understood as conducted exactly
in the m # 0 generalized KS condition.

One last note is that the vector m* represents a mass dipole
in the frame w*, and by setting its dynamics to fulfill different
evolution equations than in Eq. (A2), we can in fact obtain
other supplementary conditions [86].

BV = — (mi, — *Ryaey @ s"d7) €
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Appendix C: Field-theoretic motivation for Poisson brackets

We assume a fixed 3+1 split of space-time which consists
of a family of non-intersecting spatial hypersurfaces >; (we
will suppress the ¢ in the following) with coordinates 2* and
induced metric d;;, volume element d¥ = Vdd3z. This
means that our time parametrization is fixed and what we ex-
pect to find is not strictly the parametrization-invariant Poisson
bracket (29), but rather a constrained bracket with new terms
in the temporal sector [see 56, 67, for more details].

ToSy + &%, +

Appendix B: The expression for =" under MP condition
Take the equations (5) and (7) to express

VS (B1)

VKA

(ma* + &, STH) = %R”

Now use S#¥i,, = 0 along with its time-derivatives and the
fact that 2,27 = 0, ,P7 = 0 to obtain [46]

Lo, .
mit — &, S = _inmx”S“. (B2)

We now contract the expression above with S,,,,/S? and par-
tially re-express the result using the spin vector s* to obtain

14
58 7ﬂiﬂsv
92 P I

aae(5g4iﬁjv (B3)

+ #RMM:&*SV“SW :
That is, we now have the expression for the jerk =" on the
subspace orthogonal to s*, ©*. The projection of the jerk into
velocity can be computed from the second derivative of four-
velocity normalization as ©#&, = —#"&,. For the projec-
tion of the jerk into the spin vector, we use the Fermi-transport
property §* = —s”x, " to express ", = 0. This allows us
rewrite the projection as

sHT, = —(s"E,) (B4)
Now let us project Eq. (B2) into s to obtain
e 1 s VSK,)\

st = —%mes T . (BS)

We now see that the time-derivative of £ s,, can be completely
expressed by known functions of /', &, &, s*.
From that, it is now easy to compose the complete prescrip-

tion for the jerk only in terms of the variables 2#, #*, 57 as

1
A K. .o Koo (e v
— (*RHM%US“QS s"EVE7 4 25 Ryt i x”)) sv.

mS?2
(B6)

We can then take a Lagrangian density £ = L/—g (L is
the Lagrangian scalar) and obtain a Hamiltonian density using
the usual Legendre transformation

Mg = 8(2:;“)’ — at¢a:f(7rba¢ba"')a (Cl)
meww)=a£;ﬂ@w—c, (C2)

where ¢® stands for a generic collection of fields. Note that
T, is a density on X (not in the whole space-time). In the fol-
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lowing we will always assume that all the fields and momenta
vanish smoothly at the boundary of X (spatial infinity).

This system now has the non-zero local Poisson brackets
(meaningful only when evaluated for fields at the same ?)

{o°(2",6), m(y', 1)} = 50 (2" — ),

where we can generate brackets for gradients by commuting
the gradient with the bracket. It can be shown that this gener-
ates a Poisson bracket for functionals

(C3)

AW, ¢] = / Ao sy %2t 0%, (C4)

B(t)[m, ] = / B(rasmain 6, %5 )Pz, (CS)
0A OB 0B 5A .

(A0, B} = [ 557~ s, (o)

where A, B are densities on ¥ and F/d f is the variational
derivative
6F _0F o oF
of —of  0x'0(fa)

(€7

where we have assumed that F is dependent only on f and its
first-order gradients (for higher order gradients we get a series
of analogous terms of varying sign).

1. Total momentum

We define a particular momentum quantity I, that will play
an analogous role as the covariant momentum P,

7/ T9n,d¥,
by

where n,, is the unit normal to 3.

For this expression, we choose the canonical stress-energy
tensor generated by diffeomorphism invariance rather than the
Hilbert stress-energy tensor

IT,.(2) (C8)

=5 (‘?;y) ¢, —onL. (C9)
The momentum can then be rewritten as
I, (t) = —/Tragb“m — 52/3(13:0. (C10)
Namely, we have
I, = — /’H + 4% T’ d3e (C11)

where 'y‘Lb are some connection coefficients for the covariant
derivative of the fields ¢“, ¢%,, = ¢, + 7%, ¢".

We require that (¢*7,) ,, = (¢%7,);,, and the validity of the
Leibniz rule, which leads us to the definition of the pseudo-
covariant derivative of 7, as T, = a0 — 'ybwm,. This con-
vention is at odds with the usual convention for the covariant

15

gradient of a density; its intuitive meaning is that 7., is rather
some kind of “total density variation” of 7.

Since {6%(x, £), H(y', 1)} = dyd(a, )6 (2’ — ) then
we get

{(ba(xlv t), Ht} = _¢a,t - V%b(bb = _(ba;t(mia t) :

For the spatial part we obtain similarly

(C12)

{0%(a7,1), 1} = — /{cﬁ“mbébﬂ}d‘?’x = —¢% (1)
(C13)
For the momenta we obtain analogously

{wa(aci,t)7HM} = —Tau+ 'ybuam, = —wagu(xﬂt). (C14)

That is, at least for functions of fields and momenta which do
not involve their gradients, {-,1I,, } is minus the covariant gra-
dient operator.

2. Mutual momentum brackets
Let us compute the bracket {II,,, II, }. We start with

{Hi? Ht} = //{Wc((b(ll + ’y(fidqbd)a H+ ’Y(;bﬂ-a(éb} d3$ d3y
(C15)
= -2 / Wc;[i(bit]dg.f .
The spatial brackets then yield

{1, 1L} = / {me(9%; + V5a8?), ma (9% + V440" } dPx dPy

(C16)
= —2/7('&[1@5(7]](13(1}'
In summary {II,,I,} = -2 [m.,¢ , d*z. On the
other hand, in the brackets (29) we have {P,,P,} =
—Ropu S8 )2.

We try to simplify the brackets further, starting with
{IL;,11,}. To do that we reexpress

7rc;i¢c;j = (ﬂc(ﬁc;j),i - 7Tc¢c|ji ’ (C17)

P =9+ ’Vcib¢b,j + ’chb¢b,i + VCjb,i¢b + ’chb’Ybiaéﬁa
(C18)

=% — ijidfk )
Even though ¢<; ; is missing a part to be fully covariant with

respect to the background space-time, its antisymmetric part
is in fact covariant and yields

¢c|ji - ¢c|ij = Rcbji¢b-

We then assume that the field vanishes at the boundaries of X
and obtain

{IL;, 11, } = /Wc;mc;i — ¢ AP = —

(C19)

b33
abijﬂ—a(b dz.

(C20)
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For the {II;, I1;} bracket we can use a similar trick but some
of the gradients will be with respect to ¢ and do not integrate
out to boundary terms. As a result, we obtain

{I1;, 11, } = — / @ Tad*d3z + / (me¢l) o d®z. (C21)

In summary
dII dIl
— a b33 t v t
{I,,,11, } = —/waﬂrad) d’z + 9, T 5V—dt”
(C22)

This is an exact relation for an arbitrary collection of fields
vanishing at infinity and an arbitrary 3+1 split. Note that for
a single scalar field the first term vanishes and we probably
cannot get anything resembling the Poisson brackets (29). In
the next Section we briefly describe a formal expansion of this
relation.

3. “Monopole” approximation

We now assume that the fields ¢, 7, are non-vanishing only
over a small volume as compared to the variability length of the
curvature. Then we can expand the integral from the {II,,, IT, }
bracket as

/ R, mad" Pz =R, (x4, 1) / Tad’d3x (C23)

+ Rabw;k(xi,v, t) /Xkﬂ'aébdgm
+ o,

where 2% is some referential point inside the volume where
the fields are non-vanishing, and the vector field X* (2%, 2%, t)
can be constructed, e.g., as the gradient of Synge’s world func-
tion around m{,v [87]. If we take only the first term of this ex-
pansion, we obtain

1 a 7
{0, T, ()} = = 5 R (@, S, (C24)
dIl dI1
t v o st 1
S e Ve ral S
St =2 / Tad*d3x (C25)

where the spin tensor S corresponds to the antisymmetric

part of S,* drawn into tetrad components.

4. {Sp,1I,} bracket

Let us start with the spatial part,

(S 10;} = -2 / {mag®, w0l Y3z Ay (C26)
= 72/7ra¢b;i + Wa;igbbdgz

=-2 /(Waﬁbb),i + 'Yzl')dﬂaﬁbd - %‘caﬂdbbdgx~

The temporal part reads

{St.11,} = -2 / {mad® H 4+~ ymep? Pz dy  (C27)

=-2 /(Wa¢b),t + ’Vé)dﬂa¢d - 'thaﬂ'c(bbdz%x .

The first term in the last line can be rewritten as dS,”/dt.
Assuming again a leading-order expansion of the integrals
we obtain

{SbH}_—b8d+ 08b+5td8ab
a7u_7uda ’Y/Jac udt

T (C28)

This is in good correspondence to the respective Poisson
bracket in (29).

5. {8}, S} bracket

{8),8% = / / {mad®, mep?}dad?y = 680 — 6,180
(C29)
The corresponding Poisson bracket in (29) contains additional
terms that follow once we anti-symmetrize S,°.

6. The world-line coordinate

The referential point for the “monopole” approximation de-
fined above can be constructed as

i 2 f(90me) AP
W= ff((ba”a)d‘gx

T

(C30)

With f an arbitrary differentiable, positive definite function of
its argument. Then we can compute

_ J 2 f1(¢ma) (¢°ma) id>x

J 27 f(¢ma)dPx [ f(¢7a) (¢ Ta) id%x
ff(d)aﬂa)dgx ff(gb%ra)d?’:c

:f(xj),if<¢a7ra)d3x — 5

J f(¢oma)d3z .

That is, this is exactly the canonically conjugate coordinate we
are looking for.

The time coordinate ¢y is just ¢. In principle, we can then
write the commutation relation in a unified form that empha-
sizes the similarity with the other brackets and thus the terms
coming from the time-parametrization constraint

(T} = (C31)

+

“w
{al TI,} = 6% — 5t 0w

b (C32)
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7. Discussion of field-theoretic motivation of Poisson bracket

The spin structure of the brackets comes from the internal
field structure already in a monopole, rather than a pole-dipole
approximation. However, for instance a perfect fluid can be
described only by a set of scalar fields and would not gener-
ate these “spin dynamics”. Hence, the present “derivation”
of the Poisson brackets is not a fundamental reasoning as to
why such a set of brackets should apply to the motion of com-
pact astrophysical objects. We thus understand the procedure
given in this Appendix merely as one of the possible moti-
vations for the Poisson brackets (29). The procedure above
also provides an interesting field-theoretic background for the
spinor and vector-based models of classical particles with spin
[62, 88-91].

Attempts to derive brackets for higher-order multipoles
break down as inelegant non-covariant terms start mixing into
the expressions. We are convinced that for a generalization of
the procedure above to higher multipoles, a more careful con-
struction of the multipolar expansion must be given. Namely,
definitions of “vector-like” quantities such as II,, are not co-
variant even with respect to coordinate changes on X and co-
variant definitions with similar properties must be found.

Appendix D: Constraining the Khriplovich Hamiltonian
1. Constraint theory

Let us first introduce some elements of Dirac-Bergmann
constraint theory as presented, e.g., by Dirac [66], Hanson
et al. [67].

Let ®* = 0 be a set of constraints on phase space we want
to impose on the system, with a some index labeling the con-
straints. Let us further assume that the matrix C* = {®%, @b}
is non-degenerate and we can thus find an inverse matrix C,,".
The goal is to find a Hamiltonian A’ which fulfills {®*, H'} =
% = (0, where = denotes an equality which is fulfilled under
the condition that all the constraints ®* = 0 hold. Such a
Hamiltonian can be obtained from the original one as

H' =H - {H,®"}C,,'®". (D1)

In our particular case we will be imposing the constraints of
the form S*”V,, = 0. By counting the components of the
constraint, we might be tempted to state that there are a total
of 4 constraints imposed on the system. However, two compo-
nents of the constraint are satisfied trivially due to the identities
SV, V, = 0 and S*V, xS, V" = 0. As a consequence,
the matrix C*\ = {S*V,, S "V, } will be degenerate on
subspaces corresponding to these trivial constraints. However,
it can be easily seen that if we find any pseudo-inverse CZ A>
then the following Hamiltonian will conserve the non-trivial
parts of the constraint and thus also the whole set S#*V,, = 0
H = H —{H, S"’”VU}CL\SMVK ) (D2)

The last note to this procedure is that in the following we
never constrain the Poisson algebra; in other words, the Pois-

son brackets are always those given in (29). More details about
this topic are discussed in the main text in Section 4.

2. Obtaining the TD Hamiltonian

The first constraint that we apply to the Hamiltonian (37) is
S#¥ P, = 0. The constraint algebra yields

{SH P, ST P} 2 —M2SHR (D3)

- 1
M? = —g"P,P, + Z}szSlwsmA ) (D4)

The pseudo-inverse of S#* on the constrained phase space is
—Sun/ 52 (cf. eq. (12)). The last bracket that needs to be
evaluated is

1
{Hks, S"™ Py} = %RWWS““P”SW. (D5)
The constrained Hamiltonian then reads
1 1
e 117 KA - uv
Hrp = 2,ug PMPV + {HKS7 S 1{:),\}./\;1252 SMHS P,
1 1
_ 7 H v g&C
= ﬂ (g’ + MQRXECSX S’ ) P,P,,
(D6)

where we can apply = equalities for expressions multiplied
by the constraint S#¥ P,, without changing the resulting equa-
tions of motion. We have also chosen to change the notation
m — p because as we will see, the meaning of the parameter
v will be different from the definition (8). This Hamiltonian
generates the equations of motion parametrized by some pa-
rameter A which does not need to be equal to proper time 7.
The equations of motion read

1
o v v £¢
= ; (g“ + 2/\;12 XECSXNS ) Py, D7)
1
P O R (a8, (D8)
SV = phalV — PYaV (DY)

where we denote the derivatives D/d\ by primes. By com-
paring the equations above with the MPD equations of motion
under the TD supplementary condition (18) we see that the
parameter A fulfills

d\  um

dr — M2’
where we substitute Eq. (19) for m. Another way to charac-
terize the parametrization under the condition that P* P, =
~M? = —4? is that it holds that P®z/, /M = —1. This
is exactly the parametrization introduced by Dixon [49] and
vouched for by Ehlers and Rudolph [50] (see also [92]). The
Hamiltonian for world-lines parametrized by proper time is
discussed in the main text in Subsection 3.4. One should com-
pare the above-given constraint procedure with the analogous
constraint procedure in the vector-variable model of Ramirez
and Deriglazov [62].

(D10)
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3. Other attempts

We attempted to use the MP momentum-velocity re-
lation (15) and thus to apply the constraint S’ (5% +
878y, /S?)PY = 0. The problem is, however, that
once the spin tensor is degenerate, the identity S*¥ (05 +
A8\, /S?) = 0 holds automatically and has no time deriva-
tive under the Kriplovich Hamiltonian. In other words, the MP
condition expressed in terms of momenta is satisfied by any
degenerate spin tensor and it cannot be used in our constraint
procedure.

The Corinaldesi-Papapetrou condition S*”¢, = 0, where
&¥(x*) is now some fixed vector field, can be applied as a con-
straint to yield the Hamiltonian

1
H=—g"P,P, +

59" PuP, §2 — £, P8 (DI

Yielding the equations of motion
' = —R“mA W GRA @ gw gV SVEEH | (DI12)
give — —?25)\;790/7(5)‘”5& o (D13)

Nevertheless, this set of equations are not the MPD equations
under the Corinaldesi-Papapetrou condition.

Appendix E: Construction of canonical coordinates

Consider the effective action for spinning bodies given in
Steinhoff and Schaefer [64]:

1
S = /pﬂi” + 5ks*ABQAB — Hdr, (ED)

dABA

where Q48 = A4, — and AA 4 are the components of
the “body-fixed frame” with respect to the background tetrad
eﬁ. The body-fixed frame is defined by the property that the

spin tensor is constant in it, S AB — const., and A4 i thus in
fact carry the dynamical state of the spin tensor along with
gauge degrees of freedom. We further assume here, unlike in
Refs. [21, 57, 64], that the Hamiltonian H is only a function
of the gauge-independent p,,, ", S 4B Tt is then easy to show
that the equations of motion following from dS = 0, where
Pusx”, A, SAP are varied independently, imply

L= (rmy, (E2)

where f is any functionof p,,, ¥, S AB and the bracket is given
as in Eq. (32). In this sense, our Hamiltonian-based approach
can be understood, up to the discarding of the A4 A variables, as
equivalent to the action-based approach of Refs. [21, 57, 64].

We now realize that if the term S, 5048 /2 can be trans-
formed into the form Y, piX* with p;, x* some dynamical

variables, then p;, x* are the desired pairs of canonically con-
jugate coordinates on the phase space. To do so, we mimic the
approach presented in Tessmer ef al. [72] and re-express

dAAB
*SABA A? -
(E3)

1
~SaptP = —SABA ANFOAB =

2

In other words, we are now looking at the dynamics of the spin
tensor purely from the perspective of a Lorentz transformation
AA 1 from the body-fixed frame into the referential tetrad.

We now choose the spin tensor in the body-fixed frame
to have one degenerate time-like direction and one non-
degenerate space-like direction; conventionally Si; =
—S5; = S and other components zero. Note that this assumes
that the spin tensor will eventually fulfill a supplementary spin
conditions of the form S#*V,, = 0; non-degenerate spin ten-
sors will thus not be possible to express in terms of the coor-
dinates that we give in the following paragraphs.

To enable an intuitive discussion, let us further identify the
legs AA AB AC with the z, y, z-axes in Cartesian coordi-

nates, and the AD with the time axis. Then, by finding the
dual of the spatial part of the spin tensor, we see that it is a
vector of magnitude .S pointing purely in the z-direction.

The spin tensor is invariant with respect to rotations around
the z-axis, and with respect to boosts in the z direction. Out of
the total 6 parameters of a general Lorentz transform A4 ., 2
will be gauge degrees of freedom of the body-fixed tetrad4 In
order to not mix the gauge degrees of freedom and the true
dynamical degrees of freedom, we parametrize the general
Lorentz transform as

A = R<avﬁz)B(v21ﬁz)B(u>ﬁw)R<_9aﬁ¢) ) (E4)
where R((,7) stands for a rotation by angle ¢ around 7,
and B(v,7) a boost in the 7 direction. The numbers
o, vy, u, 1, 0, ¢ are then generally time-dependent parameters
of the transformation, and the vectors 7i,,, 7l are given as

_’1/1 = (_Sin%COSVJ},O) ) (ES)
iy = (—sin¢,cos ¢,0). (E6)
When the dust settles, this transformation yields
1 AAQ
~Sup0AB = SA L E7
2SAB SAj—— dT (E7)
cosf — 1 .
=-Sa+ 57 +S|— -1 .
val _u2¢ <,/1_u2 >¢

The —S¢ term is a total time derivative and so it will not con-
tribute to the equations of motion. From the other terms we
see that we have two canonical momenta A and B conjugate
to ¢ and 1) respectively defined through the parameters of the
Lorentz transformation as

cosf —1
A=8—"_ " ES
e 9
1
B = — 1
S(m ) E9)
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Expressions for these coordinates in terms of the components
of the spin tensor are given in the main text in equation (60).
The expressions for the spin tensor components in terms of
A, B, ¢, are then given in equation (61).

1. Coordinate singularities and the special-planar Hamiltonian

Imagine a particle moving along = 0 and y = 0 in Carte-
sian coordinates in Euclidean space, and make the usual trans-
form to spherical coordinates , 1, . In principle, the coordi-
nate ¢ = arctan(z/y) is not defined, and we are at ) = 0 or
¥ = 7 depending on the sign of z. By a limiting procedure
x — 0,y — 0, we are able to obtain any value between 0 and
27 for ¢ at the pole.

However, it is clear to us from the point of view of the more
fundamental Cartesian coordinates that nothing is wrong, as
the value of ¢ is of no consequence for them at ¥ = 0. Simi-
larly, ¢ is not defined at the pole, and by taking the azimuthal
angular momentum along with 1 to zero, we obtain any value
for (» between —oo and +-00; again, this is of no physical con-
sequence and evolving ¢ is redundant.

The singularity at the pole of spatial spherical coordinates
is similar to the singularity of the canonical coordinates for
the spin tensor at S4% = 0. By inspecting the transformation
laws (60) we see that the coordinate ¢ = — arctan(S23/53%)
is undefined and we are eitherat A = O or A = —2(B + 5)

depending on the sign of S'2.

In the case A = 0 (S'? > 0), we see from the parametriza-
tion of the spin tensor (61) that the value of ¢ will in fact be of
no consequence to the spin tensor. These conclusions can then
be easily applied to an evolution that fulfills S43 = const. = 0
to reduce the number of variables we need to evolve.

In the case A = —2(B + S) (52 < 0) the situations is
somewhat more complicated. If we have an evolution that
keeps 543 = const. = 0, we will also have S43 = 0. This,
however, leads only to A = —2B, and it is in fact the combi-
nation 2¢ — 1) that uniquely parametrizes the spin tensor. For
practical purposes, it then useful to define new canonical coor-
dinates D = A/2—B,E = A/24+B,§ = 20—, e = 2¢+1)
so that D, § and F, ¢ are conjugate respectively. The equation
S43 = 0 with S12 < 0 leads to £ = 0 and the redundance of
the coordinate e.

For the special planar problem in Sec. 5, we chose S'2 > 0
for simplicity. A trick that can be eventually used to avoid the
redefinitions of coordinates is simply to permute the definition
of the tetrad elements 1 <+ 2, which will lead to a change of
the physical meaning of the sign of S12.

Another singularity is at S4° = 0 which unambiguously
leads to B = 0 and ¢ undefined. Once again, we see in (61)
that the value of ¢ is inconsequential in that case. An inter-
esting fact is that if we have an evolution such that S4° =
const. = 0, then the coordinates A, ¢ reduce just to the canon-
ical coordinates for the SO(3) Poisson algebra [e.g. 71].
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