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Mathisson-Papapetrou-Tulczyjew-Dixon (MPTD) equations in ultra-relativistic
regime and gravimagnetic moment.
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MPTD-equations in the Lagrangian formulation correspond to the minimal interaction of spin
with gravity. Due to the interaction, in the Lagrangian equations instead of the original metric g

emerges spin-dependent effective metric G = g + h(S).

So we need to decide, which of them the

MPTD-particle sees as the space-time metric. We show that MPTD-equations, if considered with
respect to original metric, have no physically admissible solutions: acceleration of the particle grows
up to infinity as its speed approximates to the speed of light. If considered with respect to G, the
theory is consistent. But the metric now depends on spin, so there is no unique space-time manifold
for the Universe of spinning particles: each particle probes his own three-dimensional geometry. This
can be improved by adding a non-minimal interaction, and gives the modified MPTD-equations with

reasonable behavior within the original metric.

Equations of motion of a rotating body in a curved
background formulated usually in the multipole approach
to description of the body [1H&]. We consider MPTD-
equations [31] , which describe the motion in pole-dipole
approximation, in the form studied by Dixon (for the
relation of the Dixon equations with those of Papapetrou
and Tulczyjew see p. 335 in [4] as well as the recent works

17, [8]):
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They are widely used now in computations of spin ef-
fects in compact binaries and rotating black holes [9-16],
so our results may be relevant in this framework. In the
multipole approach, x#(7) is called representative point
of the body, antisymmetric spin-tensor S*¥(7) is asso-
ciated with inner angular momentum, vector P*(T) is
called momentum.

In the present work we discuss behavior of MPTD-
particle in ultra-relativistic limit, when speed of the par-
ticle approximates to the speed of light. Since we are in-
terested in the influence of spin on the trajectory of a par-
ticle, we eliminate the momenta from MPTD-equations,
thus obtaining a second-order equation for the represen-
tative point a# (7). To achieve this, we compute deriva-
tive of the spin supplementary condition, V(S*P,) =
and take into account that P2 and Sk S,,, turn out to be
constants of motion of the equations (), say v—P? =k

and S? = . Then the derivative reads
PH = L(T;E)u, jwy =K, — L(S@)Mw (2)
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where appeared the matrix G constructed from the
"tetrad field” T as follows:

Guv = Guv + hy (5) = gaﬁjﬂufﬁv- (3)

Since this is composed from the original metric g, plus
(spin and field-dependent) contribution h,,, we call G
the effective metric produced along the world-line by in-
teraction of spin with gravity.

Substitution of the expression (2) into () yields equa-
tions without P*, modulo the constant of motion k. Be-
fore we begin the analysis of the resulting equations, we
point out how they can be obtained from variational
problem for vector model of spin, see [17] for details.

Consider the relativistic spinning particle described by
position z#(7) and by vector w*(7) attached to the point
xz#. The spin-tensor in our model is a composite quantity
constructed from w* and its conjugated momentum 7w* =

6‘94 as follows:
W

SH = 2(&)#7’( —w 7T'u) (SZO l)i7 Sij = 2613k8k> (4)

Here S; is three-dimensional spin-vector and D; is dipole
electric moment |18]. The spinning particle in flat space
is described by the Lagrangian action [19]
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The matrix Ny, = 7, — 245% is the projector on the
plane orthogonal to w”: N,,w"” = 0. The double square-
root structure in the expression (Bl seem to be typical for
the vector models of spin |20, 21]. In the spinless limit,
a = 0 and w” = 0, the expression () reduces to the stan-
dard Lagrangian of relativistic particle, —mc./—&#%,,.
Let us shortly enumerate some properties of the spinning
particle. The Lagrangian depends on one free parameter

« which determines the value of spin. The value a = 34i2
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corresponds to a spin one-half particle. L is invariant un-
der reparametrizations as well as under local spin-plane
symmetry [22], the latter acts on w and 7 but leaves S
invariant. So only S is an observable quantity. Canonical
quantization of the model yields the Dirac equation [23].
At last, the model admits interaction with an arbitrary
electromagnetic |24] and gravitational |25] fields.

The minimal interaction with gravity is achieved by
covariantization of the formulation (&), that is we replace
Nuw — Guw, and usual derivative by the covariant one,
W — Vwh = %2 4 T8 gows,

For the general-covariant phase-space quantities x*,
P, = gTLM — I‘guwo‘wB and S*¥, the variational problem
@) yields the dynamical equations (here G is given by
@) with T#, = 6%, — 55 (S0)",)

mc ~ 1
Pt = —(Tz)",  VP‘=—2¢Vi",
V—iGi 4
VSH = oplhirl (6)

as well as the constraints

S P, =0, P>+ (mc)*=0, S%=238a. (7)

For the latter use, we also present the first-order (Hamil-
tonian) action of the theory

A
/dT puiﬂ +7TH(‘;)H _ |:?1 (P2 4 (mc)2 +7T2 _ g)

w2

"1‘)\2(&)71') + A3 (Pw) + )\4(P7T)] . (8)

Comparing (@) and (@) with MPTD-equations () and
@), we conclude that all the trajectories of MPTD-
equations with given integration constants k£ and g are
described by our spinning particle with mass m = % and

spin o = g. By the way, we demonstrated that MPTD-
equations correspond to the minimal interaction of the
spinning particle with gravity.

Lagrangian form of the equations reads
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All the subsequent discussion will be around the factor
2Gx, where appeared the effective metric G, The equa-
tion for trajectory (@) became singular for the particle’s
velocity which annihilates this factor, tGZ = 0. Perform-
ing technical computations, we include all the factors into
the expression for reparametrization-invariant derivative

D= _;Gi %, representing (@) in the form

DDz" = f*(Dx, S, R). (12)

The singularity determines behavior of the particle in
ultra-relativistic limit. To clarify this point, two com-
ments are in order.

1. Consider the standard equations of spinless particle
interacting with electromagnetic field in the physical-
time parametrization z*(t) = (ct,x(t)), (\/%) =
—<3 F,&", then the factor is just ¢® — v2. Rewriting
the equations in the form of second law of Newton we
find an acceleration. For the case, the longitudinal accel-

3
eration reads a| = va = %(EV), that is the fac-
tor, elevated in some degree, appears on the right hand
side of the equation, and thus determines the value of
velocity at which the longitudinal acceleration vanishes,
v—>C . .

a; — 0. In resume, for the present case the singularity
implies that during its evolution in external background,
the particle can not exceed the speed of light c.

2. In a curved space we need to be more careful since
the three-dimensional geometry should respect the coor-
dinate independence of the speed of light. The notions
for time interval, distance and velocity can be done ac-
cording the known procedure [2G]. For the events a*
and z# + dz# in curved space g,,, the three-dimensional
quantities are

_ gopdxt
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dt =

. . —1 g
Then three-velocity vector v is v* = ( %) % or, Sym-

bolically, v = dd—””;. With these definitions, the four-
interval acquires the form similar to special relativity:
Guvdatdz” = —dt* (2 — vyv), and a particle (photon)
with propagation law g2 = 0 has the speed equal to c.

To define an acceleration of a particle in the three-
dimensional geometry, we need the notion of a constant
vector field (or, equivalently, the parallel-transport equa-
tion). The three-dimensional vector field with compo-
nents v’ along a curve x%(2°) is called constant, if this
obeys [27] Vv’ + 3(vdoyy~!)" = 0. Here the covariant
derivative is defined with help of three-dimensional met-
ric ;5 (2%, x), with 29 considered as a parameter. This
definition guarantees that scalar product of two constant
fields does not depend on the point where it was com-
puted, -%(vyw) = 0. The deviation from a constant
velocity is an acceleration

i dt \ 7' i1 1y
a' = (ﬁ) {Vov +§(v80~y~y 1) . (14)

The extra-term appeared in this equation play an essen-
tial role [27] to provide that for the geodesic motion we
have: a‘ﬁiio. For the static metric, dyy = 0, our defini-
tion reduces to that of Landau-Lifshitz, see page 251 in
[26].

Let us return to the Lagrangian form (@)-(I) of
MPTD-equations. The singular factor contains the ef-
fective metric G = g + h where g is the original metric.
So we need to decide, which one of them the particle sees
as the space-time metric?



Let us use g to define the three-dimensional geometry
(@3) and ([I)). Then even in static field (and with go; = 0)
we obtain rather surprising result that the longitudinal
acceleration grows up to infinity as the particle’s speed
approximates to the speed of light (the dots state for
irrelevant for the present discussion non singular terms)

1 vaSO“’RngAv”vp(SHU)’\ e
= ... H .
Ve c? —v? 16(mc)3 + o0

So MPTD-equations, if considered with respect to orig-
inal metric, have no physically admissible solutions. As
(vya) ~ #, this effect could be more appreciable for
neutrino.

Let us use G to define the three-dimensional geometry
(@) and ([I4). In this case the expression for longitu-
dinal acceleration as a function of the force (I2]) can be
obtained in compact form for an arbitrary original metric

C2 — V2 2 2 ¥ a, b
vya = 2 [(C -V )(V’Yf) + (V'Y)_]P abl" v
1, dt
+§(—dx0) (VvOoyv)| - (15)

For MPTD-particle f ~ (¢* — v2)~2, so (vya) =5 0,
and the theory is consistent with respect to the effective
metric G. Since G is spin and field dependent quantity,
we conclude that in this picture there is no unique space-
time manifold for the Universe of spinning particles: each
particle will probe his own three-dimensional geometry.

Can we modify the MPTD-equations to obtain a the-
ory with reasonable behavior with respect to original
metric g,,,7 The inspection of the computation traced
above shows that the nonphysical behavior originates
from the fact that r. h. s. of the equation for preces-
sion of spin (the second equation in (IJ)) too singularly,
DS ~ (¢* —v?)~1. Let us improve this behavior. As we
have seen above, MPTD-equations result from minimal
interaction of spinning particle with gravitational field.
We add a nonminimal interaction in such a way that
equation for precession of spin, DS ~ (¢ — v?)~1 is re-
placed by DS ~ (c?—v?)°. This improves the bad behav-
ior of MPTD equationf. To achieve this, we add the non-

1 K

.. . . _ M\ a B, . v
minimal interaction 5 {5(0S) = FrRapuwn’whn

into the Hamiltonian action (8). By analogy with the
magnetic moment, the interaction constant x is called
gravimagnetic moment [28]. The new interaction turns
out to be consistent with all the constraints of the model
for any value of k (approximate equations with nonvan-
ishing gravimagnetic moment were discussed in [2&8-30)]).
For the particular value x = 1, the effective metric G
turn into the initial metric g. The Lagrangian equations
read

mat 1
| = — v
\% [ ——irgj:] 4ﬁ1c9 LEY L (16)
verr = Y90 gln grle 4 (17)
4dmece
SHi, .. =0 (18)

where appeared the radiation mass m = m? + §%f3 +...,

and the dots state for irrelevant for the present discus-
sion contributions due to non homogeneity of a curvature,
O(VR). These equations can be compared with (@)-(TT]).
Even in homogeneous field we have modified dynamics for
both x and S. In the modified theory

1. Time interval and distance are unambiguously defined
within the original space-time metric g, .

2. Longitudinal acceleration vanishes as v — c.

That is, contrary to MPTD-equations, the modified
theory is consistent with respect to the original metric
guv- Hence the modified equations could be more promis-
ing for description of the rotating objects in astrophysics.

In conclusion, we note that MPTD-equations follow
from particular form assumed for the multipole repre-
sentation of a rotating body [6]. It would be interesting
to find a set of multipoles which yields the modified equa-
tions ([I6) and (7). Also, it would be interesting to find
the Lagrangian form of the variational problem (&) with
the nonminimal interaction introduced above.
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