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Hamiltonian of a spinning test particle in curved spacetime
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Using a Legendre transformation, we compute the unconstrained Hamiltonian of a spinning test particle
in a curved spacetime at linear order in the particle spin. The equations of motion of this unconstrained
Hamiltonian coincide with the Mathisson-Papapetrou-Pirani equations. We then use the formalism of
Dirac brackets to derive the constrained Hamiltonian and the corresponding phase space algebra in the
Newton-Wigner spin supplementary condition, suitably generalized to curved spacetime, and find that the
phase space algebra (q, p,S) is canonical at linear order in the particle spin. We provide explicit
expressions for this Hamiltonian in a spherically symmetric spacetime, both in isotropic and spherical
coordinates, and in the Kerr spacetime in Boyer-Lindquist coordinates. Furthermore, we find that our
Hamiltonian, when expanded in post-Newtonian (PN) orders, agrees with the Arnowitt-Deser-Misner
canonical Hamiltonian computed in PN theory in the test particle limit. Notably, we recover the known
spin-orbit couplings through 2.5PN order and the spin-spin couplings of type Sk.S (and S%_,.) through
3PN order, Sk being the spin of the Kerr spacetime. Our method allows one to compute the PN
Hamiltonian at any order, in the test particle limit and at linear order in the particle spin. As an application

we compute it at 3.5PN order.
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L. INTRODUCTION

The dynamics of spinning bodies in general relativity is
a complicated problem which has been investigated in
several papers during the last 70 years, starting from the
pioneering work by Mathisson [1], Papapetrou [2-4],
Pirani [5], Tulczyjew [6,7], and Dixon [8]. Spin effects
on the free motion of a test particle were first derived in the
form of a coupling to the spacetime curvature in Refs. [2—
4]. The computation assumes that the test particle can be
described by a pole-dipole energy-momentum tensor [6,7],
thus neglecting the quadrupole moment (and higher multi-
pole moments) and providing spin couplings only at linear
order in the test particle’s spin.

The two-body dynamics of spinning objects can also be
computed in post-Newtonian (PN) theory [9], which is
basically an expansion in powers of v/c and GM/(c?r),
where v is the characteristic velocity of the system and r is
the binary’s separation. Currently, spin couplings have
been computed in the two-body equations of motion
through 2.5PN order [10-15], and in the Arnowitt-Deser-
Misner (ADM) canonical Hamiltonian through 3PN order
[16-20] and partially at higher PN orders [21,22]. These
coupling terms agree with those computed via effective-
field-theory techniques at 1.5PN, 2PN, and 3PN order [23—
26].

The main motivation for describing as accurately as
possible the dynamics of a binary system of spinning
compact bodies in general relativity comes from the forth-
coming observation of gravitational waves with ground
and space-based detectors. In particular, LIGO, Virgo,
and GEO could observe signals emitted by stellar-mass
black-hole and neutron-star binaries, and LISA could de-
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tect signals from supermassive black-hole binaries and
extreme-mass ratio binaries.

In this paper we compute the Hamiltonian of a test
particle in a curved background spacetime, including all
couplings linear in the test particle’s spin. Starting from the
Lagrangian given in Ref. [27], we apply a Legendre trans-
formation to derive the unconstrained Hamiltonian. The
Hamiltonian is unconstrained in the sense that the test
particle’s spin variables are given by an antisymmetric
tensor S*”, which a priori contains 6 degrees of freedom
instead of 3. It is well known that in order to fix the
unphysical degrees of freedom associated with the arbitra-
riness in the definition of S#”, a choice must be made for
the so-called spin supplementary condition (SSC). The
arbitrariness can be interpreted, in the case of extended
bodies,1 as the freedom of choosing the point, internal to
the body, whose motion is followed [29].

Building on the work by Hanson and Regge [30] and
generalizing the Newton-Wigner (NW) SSC to curved
spacetime, we then derive the constrained Hamiltonian
and the corresponding Dirac brackets, which should re-
place the Poisson brackets when computing the equations
of motion from that Hamiltonian. Quite interestingly, we
find that the NW SSC leads, at least at linear order in the
particle spin, to canonical Dirac brackets, i.e. the standard
sympletic structure for a set of dynamical variables

't should be stressed that any spinning “particle” must
actually have a small nonfinite size. An intuitive argument for
this can be found in Ref. [28], Ex. 5.6, where it is shown that any
spinning body must have a minimal size in order not to rotate at
velocities larger than ¢. A more rigorous proof can be found in
Ref. [29], Sec. 2.
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(g, p, S). As a consistency check of our results we also
compare our constrained Hamiltonian with the ADM ca-
nonical Hamiltonian for spinning bodies, as computed in
PN theory through 3PN order. In addition we provide
explicit expressions for the Hamiltonian of a spinning
particle moving in a generic spherically symmetric space-
time (using both isotropic and spherical coordinates), as
well as in the Kerr spacetime (in Boyer-Lindquist
coordinates).

Another important application of this work will be de-
veloped in a subsequent paper, where we will use the
Hamiltonian derived here to build a new effective-one-
body Hamiltonian [31-34] for spinning objects. This ap-
plication is crucial to take full advantage of the analytical
and numerical treatment of the dynamics of spinning
bodies throughout the inspiral, merger, and ringdown,
and build accurate templates for the search of gravitational
waves with ground-based and space-based detectors.

The paper is organized as follows. In Sec. II we briefly
summarize our notations. In Sec. III we apply a Legendre
transformation to compute the unconstrained Hamiltonian
and show that the equations of motion that follow from it
coincide with the well-known Mathisson-Papapetrou-
Pirani (MPP) equations of motion. In Sec. IV, after review-
ing the Dirac bracket formalism, we derive the constrained
Hamiltonian and the corresponding Dirac brackets using
the generalized NW SSC. In Sec. V, we specialize our
results to spherically symmetric spacetimes and to the
Kerr spacetime in Boyer-Lindquist coordinates. In
Sec. VI we restrict ourselves to the Kerr spacetime in
ADM coordinates, expand the Hamiltonian computed in
the NW SSC in a PN series through 3.5PN order and find
agreement with the ADM canonical Hamiltonian in the test
particle limit through 3PN order. Section VII summarizes
our main conclusions.

II. NOTATIONS

Throughout this paper, we will use the signature
(=, +, +, +) for the metric. Spacetime tensor indices
(ranging from O to 3) will be denoted with Greek letters,
while spatial tensor indices (ranging from 1 to 3) will be
denoted with lowercase Latin letters. Also, we will often
use ¢ as alternate for the timelike index O.

We define a tetrad field as a set consisting of a timelike
future-oriented vector &, and three spacelike vectors &}
(I =1,...,3)——collectively denoted as éﬁ A=0,...,
3)—satisfying”

Exélléguu = Mas> (21)

*We use the notation &% to denote any choice of tetrad given a
background spacetime. The tetrad without the tilde e’y refers to a
special tetrad, namely, the one carried by the test particle. The
tetrad e/, is special in the sense that it is a dynamical variable
whose evolution along the worldline is prescribed by some
Lagrangian.
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where nyr = —1, ny; =0, ;= 6;; (6;; being the
Kronecker symbol). Thus the internal tetrad space is
Lorentz-invariant, i.e. one can obtain any tetrad from an
existing one by applying a Lorentz transformation &/, =
A ,Bé&g, where
A CAB = A AB = 88 (2.2)
Internal tetrad indices denoted with the uppercase Latin
letters A, B, C, and D always run from 0O to 3, while internal
tetrad indices with the uppercase Latin letters /, J, K, and
L, associated with the spacelike tetrad vectors, run from 1
to 3 only. The timelike tetrad index is denoted by T
Tetrad indices are raised and lowered with the metric
Mag le.g., &4 = n,p(¢%)*]. With this convention the rela-
tion (2.1) can be easily shown to be equivalent to the
completeness relation
elel =4y (2.3)
We will denote the projections of a vector V onto the tetrad
with V4 = V#&4  and similarly for tensors of higher rank,
as well as Christoffel symbols. Partial derivatives will be
denoted with a comma or with 0, covariant derivatives with
a semicolon, while total covariant derivatives with respect
to a parameter o will be denoted by D/Dg. Finally, we
will denote the operation of antisymmetrization with re-
spect to the indices u and v as A-[#B"}- = (A-~BV- —
A~#B")/2.
We use geometric units G = ¢ = | throughout the pa-
per, except in Sec. VI where the factors of ¢ are restored,
playing the role of PN bookkeeping parameters.

III. UNCONSTRAINED HAMILTONIAN

In this section we derive the unconstrained Hamiltonian
by applying a Legendre transformation to the Lagrangian
describing the motion of a spinning particle in a generic
curved spacetime.

A. The Lagrangian and the Mathisson-Papapetrou-
Pirani equations

Building on the classic work of Hanson and Regge [30]
which analyzes the dynamics of a relativistic top in a flat
spacetime, Porto showed in Ref. [27] that the equations of
motion of a spinning particle in curved spacetime can be
obtained from the action

S = fL(a]’ ay, as, a4)d0-: (31)
o being a parameter along the representative worldline.
The Langrangian L is a function of the four Lorentz-
invariant scalars

(3.2)

a, = u#u/‘,
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a, = Q,,Qr, (3.3)
ay = u, Q"0 ,u?, (3.4)
ag = Q)‘MQ#VQVPQP/\, (35)

where u* = dx*/do is the tangent vector to the represen-
tative worldline, and where the antisymmetric tensor )4
describes how the tetrad e’y carried by the particle rotates
along the worldline

Q,LLV — nAB MDEE — eA,u dez +

“Do ' ds (36)

re 58" ub.
Moreover, the action (3.1) is assumed to be
reparametrization-invariant (i.e. its form must be indepen-
dent of the particular parameter used to follow the parti-
cle’s worldline), which translates in the requirement that
the Lagrangian L be a homogeneous function of degree
one in the “velocities” u* and Q) #” [30]. Porto then shows
that if one defines the four-momentum vector and the spin
tensor of the particle as’

aL
L 3.7
Pu=um | g (3.7
oL

[note that p,, is not the momentum conjugate to the coor-
dinates x* because (}** depends on u*, as can be seen in
Eq. (3.6)], then a variation of the action with respect to e’
which preserves the defining property (2.1) of a tetrad gives
the precession equation for the spin tensor

DSHY
Do

= SHAQOY — QFASY = pru? — pPut. (3.9)
The second equality in Eq. (3.9) follows from definitions
(3.7) and (3.8), and from the fact that the Lagrangian in the
action (3.1) depends only on a;, a,, as, and a, [30].
Moreover, a variation of the action with respect to the
particle’s position x* gives [27]

Dp* 1
Do = — ER”aﬂyu“Sﬂy.

(3.10)

Thus one precisely recovers the well-known MPP equa-
tions from the action (3.1), which therefore encodes the
dynamics of a spinning test particle in curved spacetime, at
linear order in the particle’s spin.

3Because of reparametrization invariance of the action (3.1),
these definitions maintain the same form whatever parameter o
is chosen along the wordline, as appropriate for physical quan-
tities like the four-momentum and the spin.
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Notice however that the set of Egs. (3.9) and (3.10)
consists of ten equations and 13 independent variables
(p*, u*, and S#”, subject to the normalization constraint*
of the tangent vector u*) and is therefore not closed. This
underdetermination can be addressed by imposing an SSC,
which is typically expressed as

S*w, =0, (3.11)
where w, is some suitably chosen timelike vector.
Equation (3.11) contains three independent constraints,
and is therefore expected to reduce the number of inde-
pendent variables from 13 to 10, thus closing the system of
Egs. (3.9) and (3.10). This is indeed what happens, as the
requirement that Eq. (3.11) be valid at all points along the
worldline implies the following implicit relationship be-
tween p# and u*:

pt = : I:(wVP”)u" —S’“’—Dw”].
w,u’ Do

14

(3.12)

It should be stressed once again that it is the under-
determination of the unconstrained MPP system that al-
lows one to impose any constraint of the form (3.11), and
that the constraint will be automatically conserved by the
time evolution of the system because of Eq. (3.12). Of
course different constraints of the form (3.11) will produce
different systems of equations describing the evolution of
the particle’s worldline. The physical reason for this is easy
to understand: the SSC (3.11) binds the test particle de-
scribed by the Lagrangian to a specific, SSC-dependent
worldline lying inside the worldtube spanned by the spin-
ning body, namely, the center of energy of the body as seen
by an observer with four-velocity parallel to w* (see e.g.
Ref. [29] for a lucid discussion of the physical meaning of
SSCs).

B. Deriving the Hamiltonian through a Legendre
transformation

It is convenient to rewrite the action (3.1) as

d a
S = fL(x“, ut, ¢, d¢ )do-,
o

where the Langrangian L can be now considered as a
function of the coordinates x*, the four-vector u*® =
dx*/do, the six parameters ¢¢, and their time derivatives.
The set {¢“} consists simply of the parameters of the
internal Lorentz transformation describing the orientation
of the tetrad field e/; carried by the particle with respect to
an arbitrary, but fixed, reference tetrad field & (x) covering

(3.13)

“For example one is free to select a parameter o = 7 such that
uy ut = —1, since the action (3.1) is reparametrization-
invariant. Any other choice of parameter simply yields a differ-
ent normalization constraint u, u* = —(do/dr)”%.
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the whole spacetime.’ Therefore, the tetrad carried by the
particle is given by

el (¢, x) = A B(p)ey (x), (3.14)

where A, B is a Lorentz transformation. We also note that
the parameters ¢¢ and their time derivatives enter the

Lagrangian only through the antisymmetric tensor Q“”,
which we write explicitly as

do® dey

Qrv = A
K do 9d°

el

+ Fzﬁg““uﬁ.

($2) + e (.0 ]
(3.15)
To construct the Hamiltonian we need to choose a particu-
lar 3 + 1 decomposition of the background metric. We take
o = t, where t is the time coordinate of that particular

decomposition. Using reparametrization invariance, we
can write

S = fL(x“, ut, ¢, cild) )da’,
o

- f LG, o', 7, 64, 1)dt,

(3.16)

where xX* =1 u® =1, u'=vi =dx'/dt, and ¢* =
d¢?/dt. The configuration space of the spinning particle
therefore consists of the set {x/, ¢“}. The total variation of
the Lagrangian considered as function of x', v’, ¢, and ¢*
is

oL _ . oL
0L = —ox' + — oV Sd)“
ax! v 6(]5“ aqb“

qu“

oL _ . . dL .
= _—0x'+ Pov' + — 8¢ + Pyadp A7
8xl X L v a¢g ¢ ¢ ()b ’ (3 )

where we denoted by P; and P 4. the momenta conjugate to
x' and ¢“ respectively. The total variation of the
Lagrangian considered as function of x, v/, and Q*" is
instead

oL
Sui +

oL
8xi +
! 90w

Q v

SOH”,

XU

(3.18)
Using Eq. (3.15), Eq. (3.18) can be rewritten as

>In what follows we will prove that the equations of motion are
independent of the choice of this tetrad field. This had to be
expected, based on Refs. [27,30].
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JL JL JQOHY .
SL=(—| +—— —_ ox!
(Gx’ 0 90m | ., ax v,¢,d)) *
+(8L L oL | 90w )5 l.
— S _ v
' g 0Q* |, 0V |igd
aL | o 50
o+ X,V a(f)a xv,é
JL QO rY .
G e 5. (3.19)
xX,v xv,¢

Comparing Eq. (3.17) with Eq. (3.19), and using
Egs. (3.7), (3.8), and (3.15), we obtain the conjugate mo-
menta

P; = p; +in*8S, eles.,
= Di + lnABS,uVEXé‘l’;;i’

=p, +E;,S*",

iuv

(3.20)

and

1 wdep

P¢a=§7] S’MVAad)a’

= ES#VAABeA z,

where we have introduced the tensor

(3.21)

Eyuy = 3mapehes, (3.22)

which is antisymmetric in the last two indices, and the
antisymmetric tensor [30]

)\AB(d’) AA ACB‘
a C dpC

A necessary condition to go from the Lagrangian for-
malism to the Hamiltonian one in the usual way (i.e. by

(3.23)

means of a Legendre transformation) is that the
Langrangian is regular [35], i.e. it satisfies®
9L
det( — _)#O, (3.24)
94'aq’

where q = (x/, ¢“). Under this condition, we can perform
the usual Legendre transformation to get the Hamiltonian

H=Pv' +Pud—L (3.25)

Since L is homogeneous of degree one in the “velocities™
[because of the reparametrization invariance of the action

SWhile this condition is sufficiently generic to leave our
Lagrangian essentially undetermined, it should be noticed that
there are famous examples in physics where this regularity
condition does not hold, such as the electromagnetic field (see
for instance Ref. [36], chapter 5), the Dirac field (see for instance
Ref. [37], problem 9.2d), the Schrodinger equation (see Ref. [38]
and references therein) and general relativity (see for instance
Ref. [36], chapter 9).
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(3.1)], Euler’s theorem implies that
oL oL
nv

"
e | PYOE

. 1
= VPt PSSO =L,

(3.26)

where we have used the definitions (3.7) and (3.8), as well
as the fact that with our time slicing u® = 1 and u’ = v'.
Using now Egs. (3.26), (3.20), (3.21), and (3.15) (with u® =
1 and u’ = v%) in Eq. (3.25), simple algebra allows one to
write the Hamiltonian as

H=—p,— s, geseh (3.27a)
= —p, — IntBs, geveh (3.27b)
=—DP:— Et,u,VS'MV’ (327(3)

where the covariant derivative with respect to ¢ in the
second term of Eq. (3.27a) above is a shorthand for cova-
riant derivative with respect to x° = 7, i.e. one can pull the
Lorentz transformation A ,Z(¢) outside the covariant de-
rivative as it is independent of x°. It should be noted that
using the tensor E, ,, defined in Eq. (3.22), one can com-
bine H and P; into a four-vector P, such that

Pa = (_H7 Pl) = Pa + Ea,u,VSMV' (328)

The MPP equations of motion can be derived from the
Hamiltonian (3.27¢) as follows. On one hand we have

dPy _  9H _ oL oL | 9Qr

dr 0" 007 |eus 00F |, 00
(3.29)

where the second equality follows from the definition of
the Hamiltonian (3.25) with the regularity condition (3.24).
[One could also derive the second equality by comparing
the Hamiltonian and Lagrange equations, but it should be
stressed that these two sets of equations are equivalent only
if the regularity condition (3.24) is satisfied [35].] Using
then Egs. (3.15) and (3.21), as well as the definition (3.8), a
straightforward computation gives the precession equation

DS*¥

Dt

The translational equations of motion can be obtained
following a similar procedure. In the neighborhood of

any event located on the particle’s worldline we can choose
Riemann normal coordinates and write

dPi_dpi 1d

= SAQY, — QHASY (3.30)

AB M4 v
dt  dt +§E(S‘”n €heni)
_ OH oL
ax' x| ypd
JL IQHY
= 2o | G (3.31)

where the last equality follows from the compatibility of
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the metric with the connection, i.e. g,,.; = 0, which be-
comes g,,; = 0in Riemann normal coordinates.” Making
use of Eq. (3.15) and using the fact that in Riemann normal
coordinates F;\U, = (, while their derivatives are nonzero,
we get

dp; 1

dr 3 Riay

usSh, (3.32)
where the Riemann tensor term arises from the derivatives
of the Christoffel symbols appearing in Eq. (3.15).
Rewriting Eq. (3.32) in a generic coordinates system, we
immediately get the spatial part of the translational MPP
equations

=R

i ~ aRiesn ST

(3.33)

The unconstrained equation of motion for p, is obtained as
follows. One starts from the formal expression

o
iy, HYy + - (3.34)

dt
In Riemann normal coordinates, the left-hand side is equal
to D p,/Dt. To evaluate the right-hand side, one makes use
of Eq. (3.27c) to eliminate p, in favor of the Hamiltonian
and other quantities whose explicit expressions in terms of
the phase space variables {x', P; ¢, P4} are known.
Straightforward algebra then yields
Dp, 1

=—_R

o 5 tozﬁyuasﬁy’

(3.35)

which can be combined with Egs. (3.33) in the well-known
equation translational MPP equations

Dp, =—1R

D 5 u“SﬁV.
t

(3.36)

papPy

Before concluding this section, we provide explicit expres-
sions for the Poisson brackets of the variables x’, P;, S*”,
and A# = A4Bgley. Using the definition of Poisson
bracket,

d J Jd J
I, g__g__f, (3.37)

oq OJm

where q = (x', ¢*) and 7 = (P;, P 40), we trivially have

(3.38a)
(3.38b)

{xi, PJ} = 6i‘:
{xi, xj} ={P, Pj} =0.

To compute the Poisson brackets involving S#”, let us first
invert Eq. (3.21) [30]:

"We stress that one is allowed to set g ur,i = 0in this equation
as we do not need to take derivatives of it (in which case, of
course, the terms containing g,,,,; would give a contribution, as
in general g,,,,;; # 0 even in Riemann normal coordinates).
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sazB A

S = 8485 paABP 4, (3.39)
where p48(¢) satisfies
PaP Ao = 2845 (3.40)
MB pCD — pACBD _ AD [ BC. (3.41)
Using these relations together with the identity
W Y WY

agpt  ag”
which can be immediately derived [30] by taking the

derivative of Eq. (3.23), it is straightforward to prove that
paB is arealization of the Lie algebra of the Lorentz group:

PSP opapa®

AC ,BD _
Py a¢b Py a¢b

= "Pa M p

BD . AC
a M

+pa” P+ pgtntP. (343)
Simple algebra then yields
{smv, SaB} = SwgVﬂ + SVﬁg/w — SMﬁgVa — Svag/-LB,

(3.44a)

while using Egs. (2.3) and (3.39) we easily obtain
{Swr, P} = Swvedel  + Sraghery (3.44b)
{s#7, x'} = 0. (3.44¢)

Finally, it is straightforward to show that A4? satisfies
(30]

(A8, ) = (A%, P} = (A%, AP) =0, (3.45)
{AAB §CD} = AACHBD — AAD pBC (3.46)

or, in terms of A*” = AABgkey
(AW, ) = (AR, AP} =0, (347
(AR P} = AVEE, + AreEE,  (348)
{A'U‘V, Saﬁ} = A,uagVﬁ — A:‘”ﬂg”a. (3.49)

IV. CONSTRAINED HAMILTONIAN

A. Imposing constraints in phase space: a Dirac bracket
primer

Let us briefly recall how constraints are imposed in the
Hamiltonian formalism (a very detailed review on the
subject can be found in Ref. [39]). Let us consider a
Hamiltonian H(q, a7, #) living in a 2n-dimensional phase
space and a binary “bracket” operation {..., ...} which is
antisymmetric, bilinear, and which satisfies the Leibniz
rule, as well as the Jacobi identity, i.e.

PHYSICAL REVIEW D 80, 104025 (2009)

{A, B} = —{B, A}, (4.12)
{aA + bB, C} = a{A, C} + b{B, C}, (4.1b)
{AB, C} = {A, C}B + A{B, C}, (4.1c)
and
{A,{B, C}} +{B,{C, A} + {C,{A, B}} = 0. (4.1d)

In Egs. (4.1), A, B, and C are arbitrary phase space func-
tions, while a and b are constants. Let us also assume that
the bracket operation gives the equations of motion for a
generic phase space function A through the Hamilton
equations

dA _ 0A
— =—+1{A H}. 4.2
dt at { } (4.2)
If we consider now a set of constraints & =0, i =
1,...,2m (with m < n) such that the matrix
Ci = {&., fj} 4.3)

is not singular,® these constraints can be imposed simply by
replacing the original brackets with the so-called Dirac
brackets. The Dirac brackets are in essence the projection
of the original symplectic structure onto the phase space
surface defined by the constraints. For two arbitrary phase
space functions A and B, the Dirac brackets are given by

{A, Blpg = {A, B} +{A, §HB, € 3[C '], (4.4)

It can be shown (see e.g. Secs. 1.3.2, 1.3.3, and Ex. 1.12 in
Ref. [39]), that the Dirac brackets are bilinear, antisym-
metric, that they satisfy the Leibniz rule and the Jacobi
identity, and that they provide the correct equations of
motion for the constrained system through the Hamilton
equations

dA  0A _

o o +{A, Hips,
where A is an arbitrary phase space function, and where the
new Hamiltonian H is obtained simply by inserting the
constraints in the original Hamiltonian H.

In summary, given a Hamiltonian H and a bracket
operation (e.g., the Poisson brackets in the case of an
unconstrained Hamiltonian), in order to impose a set of
constraints satisfying det(C;;) # 0 [with C given by
Eq. (4.3)], we need to replace the original bracket operation
with the Dirac bracket operation (4.4), and insert the con-
straints directly in the original Hamiltonian.

In Secs. IV B and IV C we start from the unconstrained
Hamiltonian (3.27c) and the unconstrained algebra (3.38a),
(3.38b), (3.44a)—(3.44c), (3.47), (3.48), and (3.49), and use
the procedure outlined in this subsection to impose the
generalized NW SSC. In particular, in Sec. IVB we com-

4.5)

8In the literature, constraints satisfying this condition are
known as second class constraints [39].
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pute the Dirac brackets in the NW SSC, showing that they
are canonical (i.e., they reduce to the usual Poisson brack-
ets) at linear order in the particle’s spin, while in Sec. IV C
we explicitly write the constrained Hamiltonian.

B. Dirac brackets in the generalized Newton-Wigner
spin supplementary condition

In this section, we consider the NW SSC generalized to
curved spacetime,

VHE =SHg, =0, 4.6)

with

W, =Py~ mElTL, “4.7)
where m = /= p, p” is a function of phase space varia-
bles that we define as the mass of the partlcle We stress
that the vector e is the sum of two timelike future-oriented
vectors and is therefore timelike itself, which implies that
Egs. (4.6) and (4.7) do indeed yield a legitimate SSC [29].
(We recall that with our notation one has &7 = —eér, and
that é; is future-oriented.)

While the NW SSC is well known to be the only SSC
condition which yields canonical variables in flat space-
time'° [30,40,41], there is no a priori guarantee that this is
the case in curved spacetime. In this section we show that
the NW SSC does indeed yield canonical variables at linear
order in the particle’s spin.

Because V*w w= 0, only three of the four constraints
(4.6) are independent. Since @ is a timelike vector, it is
natural to take the three independent constraints to be the
spatial components V'. The constraints V' may be viewed
as constraints on the momenta P ya, as there is a one-to-one
mapping between the spin tensor S#” and the six momenta
conjugate to the ¢“’s. This implies that by themselves, the
constraints V' do not form a consistent set of constraints on
phase space: an additional set of three constraints must be
imposed on the configuration coordinates ¢“ themselves in
order to retain a symplectic structure, i.e. that the constraint
hypersurface contains the same number of configuration
coordinates and conjugate momenta. The additional con-
straints we choose to impose are given by [23,30]

(ET) ——==A A(eA) — = (4.8)

m
It is worth pointing out once again that the mass m is a
function on phase space, and therefore its Poisson brackets
with coordinates and momenta are nonvanishing. It will
acquire a special status as a constant of motion (at linear

“Note that at this stage there is no guarantee that this function
on phase space is a constant of motion. We will show later that it
is indeed the case, but we emphasize that this is a nontrivial
result.

'We note that in quantum mechanics and flat spacetime the
NW SSC holds a special place [40,41].
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order in spin) only at the end of this subsection. Equa-
tion (4.8) may be alternatively rewritten as

A
At = Lp (et =
m

4.9)
which shows explicitly that it constrains the three velocity
parameters, say ¢*>6, of the Lorentz transformation that
relates the tetrad carried by the particle to the background
tetrad. Since A, is fully determined by A/, only three of
the four constraints given in Eqgs. (4.8) or (4.9) are inde-
pendent."' We will take the spatial components y; = 0 as
our three independent constraints on the coordinates ¢*.

In summary, for the generalized NW SSC, the vector of
constraints is

£=VLVEV3 X1 xa X3)-

In principle, the computation of the matrix C defined
in Eq. (4.3) can be performed directly using the uncon-
strained symplectic algebra (3.38a), (3.38b), (3.44a)-
(3.44c¢), (3.47), (3.48), and (3.49). However, since the con-
straints are formulated in terms of the momentum four-
vector p,, rather than the conjugate momenta P; and the
Hamiltonian H, it turns out to be quite useful to first
compute Poisson brackets between p, and other phase
space quantities, and then make use of these results to
compute the matrix C. The relevant Poisson brackets are

(4.10)

{x', p;} = &, (4.11a)
{x', p} = -0, (4.11b)
{xi, m} = —i(pf - p'vi), @.11¢)
{pi Pj} = —3RijurS*, (4.11d)
{pi P} = SRisp,v*S*" = Thpuut”, (4.11e)
{pi, mt = ;pMF,’-z(p - p'vh), 4.11f)
{py m} = Lp, T (pv* — pru”), @.11g)
{pi (eT)j} == l‘L‘(eT)/,u (4.11h)
{po (er)} = 2(=Qj,p" + Tlyp,vh), (4.11i)
{s#v, p;} = 252y, @.11j)
{47, p,} = —2plrur) — 25Me T ok, 4.11k)
{S#, m} = 2pteu”), (4.111)
{8, (er);} = 28\ e}), (4.11m)
{(er);, m} = — %Pt[pyﬂi,, + P,urf-;(lﬂ - p'vd)]
(4.11n)
{(ep)*, my = —L(&p),(p* — p'vh), 4.110)

where the Poisson bracket between an arbitrary phase

""One can also see this from the fact that X is orthogonal to the
timelike vector ey + p/(mc). Hence only its three spacelike
components are independent.
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space function A and the quantity p, is obtained as follows:

{Am=krﬂ—%w@mamwﬂ

PHYSICAL REVIEW D 80, 104025 (2009)

The remainders scaling as the square of the particle’s spin
are dropped, since the pole-dipole particle model is valid
only at linear order in the particle’s spin. The matrix C

SA dA 21 defined in Eq. (4.3) is therefore given by
=9 a2 A, (24)0(25) 5, 5P} (4.12)
C=K+3+0(? (4.16)
The total time derivative dA/dt is then evaluated with the
help of the unconstrained equations of motion. The Poisson .
brackets (4.11) along with Egs. (3.12) and (3.44a) yield where the matrices K and . are defined as
{(ViVi} = w,0*S7 + O(S?), (4.13) o
K :< o g ) (4.17)
Jz i, Ty o 3
i, xp =22 (5; - 2o ) + sMé}V<5; + L ’2)-’)
m w, p* ’ m )
with
+ 0(8?), (4.14)
1 i wl’vplu S piwj 4.18
{xi xjt = 2—m4(PiRjA,w = PiRinun) P SH 0 m ( j wp,Pu) (4.18)
1
— == Riju,S* + O(S?), 4.15
2m2 ijuy ( ) ( ) and
|
i = w, 0" S S )87 + 1) (4.19)
—§ingl (87 + LBy =L Ry, SP858) + 1 (8kp, — 85p)] ) '
The inverse matrix C~! can be easily computed at linear . m - wp
order in the spin, the result being [07'l; = o pF (6; + ” p’)' (4.22)
n t

C'=K'-K'SK'+ 0

(g8

(4.20)

where
4.21)

with

o, iy = —sii — st o(s2),
P

. 1 ) oo .
ot = =[50+ L = prun | + 015,
m

m

v k
(P, Viy = pysiegh, — sipr 2 Du p’,’ Ly Os?) = pAé;gi<sﬂ< — g %) + 0(s?),

[ 2p; 1
P Xj} = _ZpAeﬁi + m—;p[“u”](E,-W - PAFf\M5§/) + SW’I:—ZR

{SAB, Vz} — SAin _ SBiwA + @(SZ)’
2
{$, xit = - %P[Aefﬂ T3

2p. 2
Di plAyBl — ES/L[A]“ﬁl + O(S?).

To compute the Dirac brackets between two phase space
functions, one also needs the Poisson brackets between
those phase space functions and the constraints. For our
purposes, the relevant brackets are given by

(4.23a)
(4.23b)
(4.23c)

1
ijuv - E(Eil“};j + F;\]E/\lj)] + @(SZ), (423d)

2m
(4.23e)

(4.23f)

The matrix (4.20) and (4.23), together with the unconstrained algebra given by Eqgs. (3.38) and (3.44), is all one needs to
compute the Dirac brackets according to Eq. (4.4). Our results for the Dirac brackets involving x’ and P; are given by
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o -2 . .
I [w Wp —2P"0 ](S’/ - S”p sitl ) +O(s2) = O(52), (4.242)
(P7w,)? p' p'
, : Pw, —2p” .
{x', Pjlop = 8% + (S'k S’”Z + Skfp,)[—w ‘Zp - )Z ¢ ]paégé;‘ +O(S2) =8 + OS2, (4.24b)
r\[e*w, —2p'w,
(Po Pl = (skl sktp + g pt)[ et ]paeAek, ppelel, + O(8?) = O(s?). (4.24¢)
The crucial point now is that Eq. (4.7) implies * w , = 2p*w,, and therefore all terms linear in the particle’s spin on the

right-hand side of Egs. (4.24) vanish. Hence the Dlrac bracket algebra between x' and P; is canonical up to terms quadratic

in the particle’s spin.

The Dirac brackets involving the spin variables are most effectively computed by considering the projection of the spin
tensor onto the spacelike background tetrad vectors, i.e. S/ = §#*&! &/ We find

. Mt —2p"w,/ ..
o, §KLYp = [ 2 28 O “(’;‘aw )’; “ (S"" + s t) (@KL — eLek) + O(s?) = O(s?) (4.25a)
KL [0 w, = 2p"0,( AW K 2 2
{Pi,S }DB = W (S)’ - S7 t)p p'gecekl(e ey - e e ) + @(S ) = @(S ) (425b)
I e
{S”, SKL}DB — w a(),U«U )p2 Wy Syﬁpapﬂ(ééelg _ Eéég)(éfgé _ ~J ,3) + SIK5]L SJLé\IK _ SH‘(SJK
L 2 2P A
— SJK81L + @(S2) — SIK5]L + SJL&IK _ SIL5JK _ SJK51L + (Q(SZ), (425C)
[
where we have used w! = p, which follows directly from  where
Eq. (4.7). Again the terms proportional to w , * — 2p”w,
disappear. Defining a three-dimensional spin vector by 1
a = , (4.29a)
= lel/Kg/K (4.26) —g"
i
one can immediately rewrite Egs. (4.25) as Bl = =, (4.29b)
. 8
{xi, 8} pp = O(S?), (4.27a) - glig!
{P;, $'}pp = O(S?) (4.27b) YU =g — > (4.29¢)
i» 0" DB ) : 8
{SI, SJ}DB = EIJKSK + @(SZ) (4270)

Equations (4.27) imply that the phase space variables
{x, P;, SX} provided by the generalized NW SSC are ca-
nonical at linear order in the particle’s spin.

C. Hamiltonian in the generalized Newton-Wigner SSC

In this section, we provide an explicit expression for the
Hamiltonian (3.27¢) in the NW SSC, at linear order in the
particle’s spin. As explained in Sec. IVA, this is simply
obtained by inserting the NW SSC directly into the uncon-
strained Hamiltonian. Also, we express this constrained
Hamiltonian in terms of the variables x’, P;, S¥, which
have been proven in Sec. [V B to be canonical at linear
order in the particle spin.

We begin by rewriting the quantity p, appearing in the
unconstrained Hamiltonian (3.27¢) in terms of the mass
m = /= p,p” and the spatial components p; of the mo-
mentum four-vector. The result is

pi=—B'pi — ayym* + ¥Up;p;,

(4.28)

The crucial usefulness of Eq. (4.28) resides in the fact that
the canonical phase space variables {x/, P, SX} have van-
ishing Dirac brackets with the mass at linear order in the
particle spin. We have established this result by explicit
computation. As an illustration, we provide the details of
the computation of the Dirac bracket between x’ and the
mass (the other brackets involving the mass are computed
in a similar fashion). We start from

{xir m}DB = {xir v _p,u,p'u DB»

1 i oMV
- %{x » 8 p,leV}DB’

1 .
. P, putoss (4.30)

the last line following from {x/, x/}pg = O(S?). Using
Eq. (3.28) together with the fact that the Dirac bracket
with the Hamiltonian gives the constrained equations of
motion yields
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{x', mipg = —Lp*{x', P, — E,.55}pp,
= _%(pl - ptvi) + %pME,uoz,B{xi’ Sa'B}DB!
4.31)

where Eq. (3.12) must be employed to express the four-
velocity components v’ in terms of canonical variables.
Substituting Eq. (4.7) into Eq. (3.12), it is straightforward
to show that

i i _ M or (,—(Si/\_smp_i) 432
p p v (UVPV e/\;a'p p[ . ( . )
Next the Dirac bracket between x' and S*# at linear order
in spin can be computed directly following the procedure

outlined in Sec. IV B, the result being

2m(eT)le

{xi, S*B}pp = — S
w,p

(Sfﬂf + 5Bk LkP ) (4.33)
tP

Hence, since E,, . is antisymmetric in @ < B, we get

- 2m(eT) W p!
E,uoz,B{xl, Saﬁ}DB = Eﬂaﬁi(sﬁl + Sﬁkki)

w,p w,p'
m . wkpi
= | SBi + §Bk )
@ o
(4.34)

the second line following from the definition 2E,,z =
1*8(€4)a(@p)p.,. Substituting Eqgs. (4.32), (4.33), and
(4.34) into Eq. (4.31) one obtains

1 . J
I:(éT)/\_U_p(r(Sn\ _ St/\ p_f)
w,p” ’ p

V ka;)] (4.35)

P

{Xi, m}DB =
+ pM(éT)B;/L<S’Bi + S’Bk

Renaming dummy indices and making use of the NW SSC
to rewrite S* = —S¥w,/w,, one can see that all terms
cancel, therefore showing that the mass commutes with x’
under the Dirac brackets.

Since the constrained Hamiltonian depends only on
{x', P;, S} and the mass m, it follows that the mass may
be treated as a constant when taking the Dirac bracket
between an arbitrary function of constrained phase space
variables and the Hamiltonian.

Our Hamiltonian (3.27¢) now takes the form

H=pp + a\/mz + ¥ipip; — EapS*E.

Equation (4.26) implies S’/ = €//KSK while the NW SSC
[Egs. (4.6) and (4.7)] implies

(4.36)

S”(UJ
ST[ — ,
wr

(4.37)

where

PHYSICAL REVIEW D 80, 104025 (2009)

= puéy —m, (4.38a)
= pue;. (4.38b)

— SH
wr = w,er

— SH
w; = Cl)'uel

The canonical momenta P; are related to the linear mo-
menta p; by Eq. (3.20), which may be rewritten in terms of
the canonical spin variables as

P;=p; + EjxpS*5,

== (ZEITJ +ElJ ) JKLSL. (439)

In principle, in order to express the Hamiltonian (4.36) in
terms of the canonical momenta P;, one must invert
Eq. (4.39) to obtain p; as function of canonical variables
(recall that w, depends on p,). However, because our
Hamiltonian is valid only at linear order in the test parti-
cle’s spin, it is sufficient to write

pi = <2EIT, +E, ) e/KLSL + O(S2), (4.40)
where

@, =P, — méel (4.41a)

P, =P, (4.41b)

P, = _BiP‘ - a1/m2 + yYP,P,, (4.41¢)

w7 = @, =p eT —m, (4.41d)

@; = a),;“ = P,é (4.41¢)

We may now write the constrained Hamiltonian (4.36) as

H=pp; + a\/mz + Y pip; — FESx + O(S?),

(4.42)

where

FK = <2EMT,% + EM,,)e”K. (4.43)
T

By substituting expression (4.40) for p; into Eq. (4.42) and
expanding to linear order in spin, one arrives at last at the
following Hamiltonian:

a'yijPiFf

—__)SK)
"'mz + ’lePin

(4.44)

where Hyg is the Hamiltonian for a nonspinning particle,
simply given by

I:INS = ,BiPl- + a‘/mz + yi~iPin.

(4.45)
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V. EXPLICIT HAMILTONIAN FOR SPECIFIC
BACKGROUND SPACETIMES

A. Spherically symmetric spacetime in isotropic
coordinates

The line element for a generic spherically symmetric

spacetime in isotropic coordinates is given by
ds®> = —f(p)dt* + h(p)(dx* + dy*> + dz?),  (5.1)

where p? = x> + y? + z2. The natural tetrad associated
with this spacetime and coordinate system is

1
o = 7?55‘, (5.2a)
on = Lsn (5.2b)

e = ee—_

" Vh

where the symbol 84 is equal to 0 when p = 0 and it is
equal to 1 when u = I numerically.'> With a metric and a

convenient tetrad in hand, one may now compute the
quantity £, 45 as follows:

| - -
Eap=— 5[(€A)A(€§),M + (@)aI's, 25l (5.3)
The algebra is straightforward and the result is
I o
E/.LTI 4\/]{75#”1, (54a)
h/
E:U“]K = _ES‘M[]VLK], (54b)

where the prime symbol denotes a derivative with respect
to p, and where n; = (x/p, y/p, z/p). The last ingredients
needed in order to obtain the explicit Hamiltonian are @7
and @y defined in Egs. (4.41d) and (4.4le). A quick
computation yields

@ = —yJm?> + ¥IP,P; — m,
= —m(l +0),
1

wx = —=Pg,

K \/E K
where Q = 1 + yP,P;/m* and Px = P;&}. By substi-
tuting Egs. (5.4) and (5.5) into Eq. (4.43), we obtain the

following expression for the quantity F7,:

(5.5a)
(5.5b)

1 f!
Fl = - UKp,Py, (5.6
TR BN TR
h/
F; = _ﬂEIJKBJjnK. (56b)

Finally, by substituting Eq. (5.6) into the Hamiltonian

?More precisely, even though the spacetime index w and the
internal tetrad index I are completely different in character, both
indices may take on the same numerical value (1, 2, or 3
associated with x, y, and z, respectively).

PHYSICAL REVIEW D 80, 104025 (2009)
(4.44) and performing simple algebra, we arrive at
JOUf'h — fh') — fH
2Mp/TH*JO(1 + /0)

where Hyg is the Hamiltonian for a nonspinning particle,
and where

A= Ay + [ ](L S §Y, (57)

1.
0=1+ EP2, (5.8)
R P,P PP
R (5.9)
MS
L-S= pe”Kn,P,( K). (5.10)
m

The quantity M in Egs. (5.7) and (5.10) is introduced in
anticipation of specialization to the Schwarzschild metric
below. Since a spherically symmetric spacetime possesses
an SO(3) symmetry (associated with rotation of the x, y, z
coordinates among themselves) that is shared by the inter-
nal tetrad space, one may accompany any coordinate rota-
tion by the corresponding tetrad rotation, thereby
preserving the functional form of the Hamiltonian (5.7),
as well as the quantities (5.9) and (5.10). Thus one may
meaningfully identify the vectors L; = pe"’®n,; Py and S,
(which really live in the tetrad internal space) with space-
time vectors L; and S; which transform accordingly under
rotations of the coordinates x, y, z.

In the limit of flat spacetime, the Hamiltonian reduces to
Hys as expected, since the Cartesian components of the
spin are all constants of motion. For the Schwarzschild
spacetime in isotropic coordinates, we have

_ [1-M/2p)}
a5 = [ i)

M\4
+ (1 + 2—) (dx* + dy* + dz?).  (5.11)
p

Substituting these explicit expressions for f(p) and A(p) in
the Hamiltonian (5.7), one finds

6

1=t + 5700+ V0
M M .
X [1 3 + 2(1 - E>\/§](L 8%, (5.12)

where y = (1 + M/2p)~".

B. Spherically symmetric spacetime in spherical
coordinates

In this case, the metric takes the form
ds®> = —f(r)dt* + h(r)dr* + r*d6> + r*sin’0d ¢>.
(5.13)

Note that the functions f and & appearing above are not the
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same as in the isotropic case. However we follow here
generally accepted notation conventions. The natural tetrad
associated with this spacetime and coordinate system is

o = %5#, (5.142)
g = \/%55‘, (5.14b)
&=, (5.140)
& = rsilnﬁ 5. (5.14d)

The metric (5.13) and the tetrad (5.14) then lead to the
following result

E 5 = 2\/_ S[TA'()‘}B], (5.15a)
E. .5 =0, (5.15b)
Egap = \/—5 295 (5.15¢)
0
Egup = Sj‘_ 81,83, + cos082, 83, (5.150)
Next the computation of @ and @ yields

@r = —m(1 +0), (5.16a)

1
0, =—=P, 5.16b
1 \/ﬁ ( )

1
(2)2 = ;Pg, (516C)

1

Dy = Py, 5.16d
@3 rsing ? ( )

Equations (5.15) and (5.16) then allow us to obtain F L The
result is

Fj, = cosf5, (5.17a)
2 = f ﬁ¢ , sinf 4

P (erinﬁ\/fﬁ)(1 + \/@)5# NA Ou, (5.17b)
s _ (S P, Co L, 1

Fi <2V\/ﬁ—l)(1 + \/'Q)af‘ + \/56#’ (5.17¢)

where again P; = P;/m. The Hamiltonian then follows
immediately

o 1! ( 1 4 . )
H=H pP,S,+P,S
ns 2(1 + JO)rJfR\ sing #7203

f( cosf A P¢52 IA’(,S;)

— 4= P,S + =) (5.18
\/; P2sin?d *7' 2/l sing r2Jh ©-18)
The spin terms in the first line of the Hamiltonian (5.18) are
the spherical coordinate equivalent of the L - S§* terms of
the isotropic Hamiltonian (5.7). The spin terms in the

second line of Eq. (5.18) do not vanish in the flat space

PHYSICAL REVIEW D 80, 104025 (2009)

limit f = h = 1, and therefore represent coordinate effects
related to the fact that the components of the spin in
spherical coordinates and its associated tetrad must evolve,
even in the absence of spin-orbit coupling. Such spin terms
in the Hamiltonian represent therefore a type of gauge
terms.

Notice, however, that one could in principle eliminate
these gauge terms in the Hamiltonian by picking a
“Cartesian” tetrad, even though the coordinate system
chosen is the spherical one. For example one could pick
the ““isotropic™ tetrad (5.2), taking care of transforming the
components of €, from isotropic to spherical coordinates.
In that case the spin degrees of freedom Sk, which live in
the internal tetrad space, behave as the components of the
spin in Cartesian coordinates, and in that case the flat space
limit of the Hamiltonian should be free of gauge terms and
should reduce to the nonspinning Hamiltonian.

For the Schwarzschild spacetime, f=1/h=
1 —2M/r, and we obtain

_ _ M 1
H=HNS+ <_

ByS, + 13(,33)

(1 4+ JO)\ sind
1 —2M/r[ cosf ( 2M)1/2p g
JO r2sin%6 r ¢-1
P,S, P,S
92 093
"~ Zsing r? :I (5.19)
where
M\sy 1 1 g
0=1+ (1 )P + 5P r2s1n20P¢‘ (5.20)

C. Kerr spacetime in Boyer-Lindquist coordinates

Not surprisingly the computation of the Hamiltonian is
much more involved in Kerr spacetime, whose line ele-
ment, in Boyer-Lindquist coordinates, is given by

.
ds? = (—1 + 2]‘24’)51;2 - 4“M+S”19duhﬁ
Asin’6
+ Sgl d¢? + %dﬂ + 3de?, (5.21)
where
S = r? + a*cos?6, (5.22a)
A=7r+a*—2Mr, (5.22b)
w?=r+d? (5.22¢)
A = w* — a®Asin?6 (5.22d)

For sake of shortening some further formulas, we also
introduce the quantity

p* = r* — a*cos?0.

(5.23)

Our choice for the reference tetrad is given by the “sphe-

roidal” tetrad
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A
ey, =8, TE (5.24a)
e, = 8;\/%, (5.24b)
&2 = 5043, (5.24¢)
2aMrsi A
& = %;naa; + 69 sinﬁ\/;, (5.24d)

which reduces to the ‘““spherical” tetrad (5.14) for a = 0.
This tetrad then leads to the following components for the
quantities £, 4p:

M,w.2p2
Ern=—7 5.25a
iT1 2\/K22 ( )
a*/AMr cos sinf
EZTZ == \/KEZ » (525]3)
Eir3 =0, (5.25¢)
E;;, =0, (5.25d)
a/AM p? sinf
Epy = =, (5.25¢)
2WVAS,
aMrw? cosf
Eryy=——rorn——, 5.25
123 \/KEZ ( f)
ErTl = O, (5263)
Evp =0, (5.26b)
aM 2?3, + @2 p?) sind
E.3 = — ( ZJKAEP ) ,  (5.26¢0)
a? cosf sinf
E,, = cosusng 5.26d
12 2\/K2 ( )
E,; =0, (5.26e)
E =0, (5.26)
Egr1 =0, (5.27a)
Egry =0, (5.27b)
a*JAMr cosfsin20
E9T3 = AE , (527C)
JAr
Eypp = — 27
012 = S5 (5.27d)
Egi3 =0, (5.27¢)
E923 = 0, (527f)
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aMsin?6
E =———— (213 + w?p?), 5.28a
#T1 PUAS? ( p°) ( )
a*\[AMrcosfsin36
E = , 5.28b
¢T2 \/KEZ ( )
E¢T3 = 0, (5280)
E4in =0, (5.28d)
VA sing
Egpi3 = ——— (r32 — a®?M p%sin?0), 5.28e
#13 2\/K22( p ) ( )
CMrw* + AS?) cosé
E ;= , 5.28
$23 2\/K22 ( f)
while @7 and @y are easily found to be
or = —m(1 +Q), (5.29a)
A
0, = P,\/%, (5.29b)
D P \/T (5.29¢)
W, = = .29¢
2 6 E
V2
0y =Py,———, 5.29d
. ¢ sinﬁx/K ( )
where
A A 1 A DI
=1+=P+=-P+————_P°, 5.30
ST Asin?g ¢ (5.30)

with P, = P;/m. The coefficients F /’f are finally given by

- avA 5w
F;, = 2aMrcos€[A(1 n \/@23/2P¢ \//_\22]’
(5.31a)
| aM(Q2r*3 + w?p?)sing o
R YT S (5.31b)
2a3Mr cosfsin?6 R
B =5 \/;Pe, (5.31c)

IMrw* + AS?

VAZ?

F}ﬁ =COSH[ 2a3Mrsin?0 [A ]’

T AU+ o) |5
(5.31d)
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wip s,
2 - - E—
F; 32 [A(l n \/@sinePd’ a AsmH], (5.32a)
2 2O\ .k

F2 = aMQ2r* + p*w )smﬁﬁ ’ 532b)

' A1 +yO)s32 7

2a*MrA cosfsin®6

Fi="xa o (5.32¢)

> . TaMQrY + w?p?) 4
Fy = 51n9[ AT @23/2 .

2 2 2.+ 2
n J%(rE azllz/lp sin 0)] 5320

q.= _[ VA cosf
! A2V/E/O(1 + /O)sin?6
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3

M
F [
' JA(1 + JO)35/?

(p2w@2Py + 2a%rAsinf cosfP,),

(5.33a)
2 .

p3 =407y ij;;“a, (5.33b)

JAr
aMsin?6 .
F3 = 2a’rA cosfsinfP,
b~ IR + YOI

+ (223 + p2w@?)Py). (5.33d)

Inserting these results into the Hamiltonian (4.44), a long
but straightforward computation yields

NPE2O+ D)

. [A(l + JO)(r2? — a*Mp*sin’6) — M/O(p*w* —
, =

A2V/EJO(1 + /O) sind

2 2 2 o
+|:aM\/K(2r S+ w@p )s1n0](1 O+ 23,

A323./0(1 + /0)

a?A cosf sind

Hs = _[(AE)W\/'Q’(I v J0)

H == I—_INS + FI[SI, (534)
where
][(1 + JO)AS? + 2Mro*) + 2a2MraOsin?01P,,
aMAQr*2 + w?p?)sinf] A 4 2a’MrA cosfsin’6 23 . A
[ ] P, [AME\/'Q_(I " @)]<1 +4J0 —Asin2api’ + gP’f), (5.35)
4a2Mr3sin20):| 5. |:2a3MrA3/2 cos@sinzﬁ] 5 p
Polarsrga v I
N 1 A
AsinzﬁpgZS - 3 (%), (-3
. AA + &*2JO(rA — M(r? — a?))7
A+ JOAZ)P, — [r ]P
Jin+v2 (A28 + /O ’
][2a2rA cosfsindP, + (2r°% + @*p?)Py1P,. (5.37)

B [ aM~/A
A?23./0(1 + /0)

Setting a = 0 in this result and noting that for « = 0 one
has A =% 3 =72, and A = r(r — 2M), it is easy to
check that this Hamiltonian reduces to the Schwarzschild
result (5.19) in the nonspinning case.

VI. COMPARING THE HAMILTONIAN IN THE

GENERALIZED NEWTON-WIGNER SSC WITH

THE ADM CANONICAL HAMILTONIAN OF PN
THEORY

In this section we specialize our results to the case of the
Kerr spacetime, but this time using ADM transverse trace-
less coordinates. By expanding our Hamiltonian (4.42)
following the prescription of PN theory, we verify explic-
itly that we recover the known test particle limit results of
the Arnowitt-Deser-Misner (ADM) canonical Hamiltonian
computed within PN theory alone. The latter is currently

[

known through 2.5PN order for the terms linear in the spin
[17], and through 3PN order for the terms quadratic in the
spin [18-20,23-25,42]. We cannot reproduce the PN cou-
plings of the test particle’s spin with itself because the MPP
equations, as we have already stressed, are only valid to
linear order in the particle’s spin. In addition we also obtain
the terms linear in the spins at 3.5PN order of the canonical
ADM Hamiltonian in the test particle limit. Those contri-
butions have never been computed before.

In order to make the PN expansion as clear as possible,
we restore factors of ¢ in this section. However these
factors of ¢ must be viewed purely as dimensionless PN
bookkeeping parameters, and as such we are still formally
employing geometric units.

First, let us introduce the Kerr metric in ADM-TT
coordinates [21],
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_ [+ BB B

Suv ( _:8/' i ), (6.1)
, -1/a* —-pB'/a?

g/’« = (—Bj/az 'yij _ %), (62)

where y*y; = 8% and B’ = y*B,. Defining n' = x'/r
and introducing a dimensionless three-vector y defined as

S eIrr
= %, (6.3)

where M is the mass of the Kerr black hole and Sy, its
spin, the lapse function is given by [21]
M 1M 1M 1M
rc 2rc 4733 8]
L MPBx-n)* — X1, 1 M*[5x* —9(x - n)’]
+ . + =
2 e 2 rtc’

+ 0(9),

a =cCc—

(6.4)

the shift vector is given by

g — {2M2 _oM® 21 M*
23 PR 2 A
~ M[5(x - n)* — x?]

}eijk,\/jnk + 009), (6.5

AT
and the spatial metric y"/ is given by
¥ =18t — s*SIRTT + O(10), (6.6)

where €,;; = €% is the Levi-Civita symbol (with €53 =
€' = 1), and where the quantities A and h][ are defined
as

M\ MY =3y n)*] 1 M2
A=(1+ 2)+ L %éx JEN 4)2
2rc r’c 2 r'c
3M*(x - n)?
- 6.7
A8 6.7
4.2
Wt = _zwg.,+7M5,,+7M XM,
ij 2 A8 2 A8 ij A8
M*(x -n)’nin; 7T M*xx;
g M B iy | T M XX, 6.8)
rc 2 rc

For the reference tetrad appearing in the Hamiltonian, we
chose

PHYSICAL REVIEW D 80, 104025 (2009)

élTL = o),a, (6.92)
5#
et =L+ 0®). (6.9b)

VA

It turns out, however, that we only need the spatial triad é,;
through order 1/c’ for our purposes. (This makes the
spatial triad very simple because the spatial metric is
diagonal at that order).

The canonical spin S’ appearing in the Hamiltonian
(4.42) scales as the physical spin of the test particle. To
conform with standard power counting in PN theory, this
spin variable carries a power of 1/c. Therefore when
restoring the factors of 1/c¢ for the purpose of PN book-
keeping, we make the replacement”

Sl

c

s! (6.10)

Finally we define the orbital angular momentum as

Li = éikyxip,, (6.11)
and rescaled momentum and spin as
|
P=—P, (6.12a)
m
M
S =5 (6.12b)
m

which are useful to abbreviate formulas below. With these
tools it is straightfroward to expand the Hamiltonian (4.42)
in powers of 1/c as

_ _ 1 - 1 - 1 -
H=mc*+ Hy + ?HIPN + ?HI.SPN + ?HZPN

+ %HZ.SPN + %H3PN + %HS.SPN + 0@8) + 0(S?),
(6.13)

where
Ay = m<§ - %) (6.14)
A py =m<—%4—32—]‘r4ﬁ2 +2£;) (6.15)

This is appropriate if the particle is a black hole or a rapidly
rotating compact star. In the black hole case, § = am?/c, with a
ranging from O to 1 [see Eq. (6.3)]. In the rapidly spinning star
case one has S = mv,o R ~ mcR, ~ m*/c (where we have as-
sumed that the rotational velocity v, is comparable to ¢ and that
the sztellar radius R is of order of the Schwarzschild radius R; =
m/c?).
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_ 1 3
s = —3(25Km + —S*) ‘L (6.16)
r 2
- P° sm ., SM*., M?
Hoypx = +—P4+—p2__>
o <16 8r 272 43
m %
+ M3 (3nij l])SKerr(SKerr + ZSj)’ (6-17)

] T M 5.
HZ.SPN:ﬁI:_T(6SKerr+SS)_gpzs']'la
(6.18)

_ 5P M . 2TM? 25M3 e M4
H3PN—m<— _—P P4_ )

128 16r 1672 g7 L Tga
2;; - Kml: P2(3n 8:j) —g(%i,’ - 55ij)]
"o TU[2P S} PUS™ = (P X 8"V (P X Sger)]

n 6_”15*15{(8“(6,»,» —2ny), (6.19)

where n;; = n;n; and SKerr = Si(errSf<err The nonspinning
terms in the Hamlltoman (6.13) coincide with the corre-
sponding terms computed in PN theory in the test particle
limit [32]; the linear terms in the spins at 1.5PN and 2.5PN
order agree with the terms computed in the test particle
limit in PN theory [16,17]; the terms quadratic in the spin
of the larger body coincide with what derived in PN theory
at 2PN [33] and 3PN order [19,20]. We find that the

contributions at 3.5PN are given by

— 9m " R 1
H;spn = W(SKerr “n)(S" X Sker) - P — TV

X [S(SKerr ' n) Kerr](9S* + 4SKerr) L

+ 21m° Skerr * L
21’5 Kerr
7 27TM 4, 105 M?
+(— S L
(16;’3 8rt 8 )( )

(6.20)

While the terms of this expression which are cubic in the
spins (S, and Slz(errS*) have already been calculated for
generic mass ratios in Refs. [21,22], with which we agree
in the test particle limit, the terms linear in the spins are, as
far as we are aware, a new result. Of course, because our
Hamiltonian is only valid at linear order in the particle’s
spin, this result is still incomplete as it does not include
terms (5*)* and Sk..(S*)?, which are still unknown.
Finally, we stress that at leading order our generalized
NW SSC reduces to the so-called baryonic SSC of
Refs. [11,16]. In fact, at leading order p; = mv', p, =

PHYSICAL REVIEW D 80, 104025 (2009)

—mc?, and &, = ¢8',, which yields o, = —2mc? and
w; = mv'. Therefore our generalized NW SSC becomes
Sit ~

|
—SU%, 6.21)

2
in agreement with Refs. [11,16].

VII. CONCLUSIONS

In summary: starting from the Lagrangian put forward in
Ref. [27] building on the classical work of Ref. [30] on the
relativistic spherical top dynamics, we derived the uncon-
strained Hamiltonian for a spinning test particle in a curved
spacetime, at linear order in the particle’s spin. The equa-
tions of motion for this Hamiltonian coincide with the MPP
equations of motion. The latter are well known to describe
the motion and spin-precession of a test particle, but are
expressed in terms of the spin tensor S*” carrying 6
degrees of freedom. In order to eliminate three of these
degrees of freedom (which can be shown to correspond to
the choice of the point internal to the spinning body whose
worldline is followed [29]), we impose the so-called NW
spin supplementary condition, suitably generalized to
curved spacetime. Using the formalism of Dirac brackets
[39] we computed the Hamiltonian and phase space alge-
bra of the constrained system. In particular, we showed
that, in a generic curved spacetime, the resulting phase
space algebra is canonical, i.e. it has the standard sympletic
structure for the set of dynamical variables (g, p, S), at
least at linear order in the particle’s spin. As a conse-
quence, the equations of motion can be derived from our
constrained Hamiltonian by means of the usual well-
known Hamilton equations.

As an application, making specific choices of the tetrad
field, we computed explicitly the constrained Hamiltonian
for a spherically symmetric spacetime, both in isotropic
and in spherical coordinates, as well as for the Kerr space-
time in Boyer-Lindquist coordinates. We notice that differ-
ent choices of the tetrad field would lead to different
Hamiltonians connected by canonical transformations.
Also, we expanded our Hamiltonian in PN orders and
showed explicitly that it reduces to the test particle limit
of the ADM canonical Hamiltonian computed in PN theory
[16,17,19,20,33]. Notably, we recover the known spin-
orbit couplings through 2.5PN order and the spin-spin
couplings of type SkerS through 3PN order, Sk, being
the spin of the Kerr spacetime. Our method allows one to
compute the PN Hamiltonian, in the test particle limit and
at linear order in the particle’s spin, at any PN order, and as
an application we computed it at 3.5PN order.

Another application of this work will be developed in a
follow-up paper, where we will use our Hamiltonian to
build a new effective-one-body Hamiltonian for spinning
bodies [31-34]. Such work will be important to build
templates for the search of gravitational waves with ground
and space-based detectors, as it will permit taking full
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advantage of the analytical and numerical treatment of the
dynamics of spinning black hole binaries throughout the
inspiral, merger, and ringdown phases.

(10]
(1]

[12]

(13]
[14]

[15]
[16]
(17]
(18]
[19]
(20]

(21]
(22]

PHYSICAL REVIEW D 80, 104025 (2009)
ACKNOWLEDGMENTS

E.B., A.B., and E.R. acknowledge support from NSF
Grant No. PHY-0603762. We would like to thank Ted
Jacobson, Rafael Porto, and Jan Steinhoff for discussions,
and Gerhard Schafer for useful comments.

M. Mathisson, Acta Phys. Pol. 6, 163 (1937).

A. Papapetrou, Proc. Phys. Soc. London Sect. A 64, 57
(1951).

A. Papapetrou, Proc. R. Soc. A 209, 248 (1951).

E. Corinaldesi and A. Papapetrou, Proc. R. Soc. A 209,
259 (1951).

F. Pirani, Acta Phys. Pol. 15, 389 (1956).

A. Tulczyjew, Acta Phys. Pol. 18, 37 (1956).

A. Tulczyjew, Acta Phys. Pol. 18, 393 (1956).

W. Dixon, Proc. R. Soc. A 314, 499 (1970).

L. Blanchet, Living Rev. Relativity 9, 4 (2006).

B. Barker and R. O’Connell, Phys. Rev. D 12, 329 (1975).
B. Barker and R. O’Connell, Gen. Relativ. Gravit. 11, 149
(1979).

L. Kidder, C. Will, and A. Wiseman, Phys. Rev. D 47,
R4183 (1993).

C. Will and A. Wiseman, Phys. Rev. D 54, 4813 (1996).
H. Tagoshi, A. Ohashi, and B. Owen, Phys. Rev. D 63,
044006 (2001).

G. Faye, L. Blanchet, and A. Buonanno, Phys. Rev. D 74,
104033 (2006).

T. Damour and G. Schifer, Nuovo Cimento B 101, 127
(1988).

T. Damour, P. Jaranowski, and G. Schaefer, Phys. Rev. D
77, 064032 (2008).

J. Steinhoff, S. Hergt, and G. Schaefer, Phys. Rev. D 77,
081501(R) (2008).

J. Steinhoff, G. Schifer, and S. Hergt, Phys. Rev. D 77,
104018 (2008).

J. Steinhoff, S. Hergt, and G. Schifer, Phys. Rev. D 78,
101503 (2008).

S. Hergt and G. Schaefer, Phys. Rev. D 77, 104001 (2008).
S. Hergt and G. Schifer, Phys. Rev. D 78, 124004
(2008).

104025-17

R.A. Porto and I.Z. Rothstein, Phys. Rev. Lett. 97,
021101 (2006).

R. A. Porto and I.Z. Rothstein, arXiv:0712.2032.

R. A. Porto and I.Z. Rothstein, Phys. Rev. D 78, 044012
(2008).

R. A. Porto and I.Z. Rothstein, Phys. Rev. D 78, 044013
(2008).

R. A. Porto, Phys. Rev. D 73, 104031 (2006).

C. W. Misner, K. S. Thorne, and J. A. Wheeler, Gravitation
(Freeman, New York, New York, 1973).

K. Kyrian and O. Semerak, Mon. Not. R. Astron. Soc. 382,
1922 (2007).

A.J. Hanson and T. Regge, Ann. Phys. (Leipzig) 87, 498
(1974).

A. Buonanno and T. Damour, Phys. Rev. D 59, 084006
(1999).

T. Damour, P. Jaranowski, and G. Schifer, Phys. Rev. D
62, 084011 (2000).

T. Damour, Phys. Rev. D 64, 124013 (2001).

T. Damour, P. Jaranowski, and G. Schifer, Phys. Rev. D
78, 024009 (2008).

H. Goldstein, C. Poole, and J. Safko, Classical Mechanics
(Addison-Wesley, San Francisco, USA, 2002).

K. Sundermeyer, Lect. Notes Phys. 169, 1 (1982).

M. E. Peskin and D.V. Schroeder, An Introduction to
Quantum Field Theory (Addison-Wesley, Reading, MA,
1995).

L. A. Gergely, Ann. Phys. (Leipzig) 298, 394 (2002).

M. Henneaux and C. Teitelboim, Quantization of Gauge
Systems (Princeton University Press, Princeton, NJ, 1992).
T.D. Newton and E.P. Wigner, Rev. Mod. Phys. 21, 400
(1949).

M. H.L. Pryce, Proc. R. Soc. A 195, 62 (1948).

M. Levi, arXiv:0802.1508.



