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Abstract The generation of gravitational waves from a
post-Newtonian source endowed with a quantum spin, mod-
eled by the Weyssenhoff fluid, is investigated in the context
of Einstein—Cartan theory at the first post-Newtonian level
by resorting to the Blanchet-Damour formalism. After hav-
ing worked out the basic principles of the hydrodynamics
in Einstein—Cartan framework, we study the Weyssenhoff
fluid within the post-Newtonian approximation scheme. The
complexity of the underlying dynamical equations suggests
to employ a discrete description via the point-particle limit,
a procedure which permits the analysis of inspiralling spin-
ning compact binaries. We then provide a first application of
our results by considering binary neutron star systems.

1 Introduction

Nowadays, gravitational-wave (GW) astronomy represents a
fundamental mean to investigate gravity at extreme regimes
and offers valuable insights into the physics of compact
objects [1,2], as the best GW candidates are represented by
black holes (BHs) and neutron stars (NSs) [3]. GWs man-
ifest as perturbations of the spacetime and their theoreti-
cal description lays solid roots in general relativity (GR).
The GW theory is intimately intertwined with the two-body
problem. A variety of analytical and numerical techniques
has been developed to foretell approximately the dynam-
ics and the corresponding waveforms of compact-object
binary systems during their inspiral, plunge, merger, and
ringdown stages [4,5]. The motion and the radiation of
post-Newtonian (i.e., slowly moving, weakly stressed, and
weakly self-gravitating) isolated sources during their early
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inspiralling stage can be tackled via the Blanchet-Damour
scheme. This framework is built on the pioneering works
by Bonnor and collaborators [6-9] and Thorne [10], and
exploits two approximation strategies: the multipolar-post-
Minkowskian (MPM) and the post-Newtonian (PN) methods
[11,12]. Other two fundamental GW generation formalisms
are the Will-Wiseman-Pati approach, which extends the pat-
tern first developed by Epstein and Wagoner [13], and the
gravitational self-force (GSF) model. The former reckons
with the direct integration of the relaxed Einstein equations
(DIRE) and differs from the aforementioned MPM-PN pro-
gram in the definition of the source multipole moments [ 14—
17]. GSF is based on BH perturbation theory and explores
the dynamics and the radiative phenomena of extreme-
mass-ratio inspirals [18-21]. The effective-one-body (EOB)
framework provides a highly-accurate description of the
motion and the gravitational amplitude of coalescing bina-
ries in their late evolution phases [22-27]. A valid support,
especially for the demanding task of solving the Einstein
field equations in the most extreme regimes, is provided
by numerical relativity (NR). Indeed, NR simulations are
firmly harnessed to predict waveforms through the merger
and the ringdown, and validate the approaches used to study
binary systems [28—32]. Furthermore, NR is largely exploited
together with several phenomenological patterns (Phenom)
to perform the fitting and the parameter estimation of the GW
data [33-37].

The state of the art on the conservative dynamics con-
sists in the complete set of the equations of motion of point-
particle nonspinning binaries at the fourth post-Newtonian
(4PN) order, where the underlying calculations have been
undertaken within three different patterns: the Arnowitt-
Deser-Misner (ADM) Hamiltonian formulation of GR [38,
39], the Fokker-action approach in harmonic coordinates [40,
41], and the effective-field-theory model [42,43]; recently,
the SPN and 6PN levels have been worked out modulo a
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small number of unknowns [44—47]. In addition, this field
is currently investigated via new methodologies making use
of tools stemming from effective field theory and modern
scattering amplitude programs [48-50]. Regarding the GW
emission aspects, the 3PN-accurate waveform has been deter-
mined [51] and a great deal of efforts is being made in the
literature to extend our present knowledge regarding GW
templates of inspiralling compact binaries up to 4PN level
[52-54]. In the case of spinning binary systems, both the
radiative aspects and equations of motion have been worked
out with high PN accuracy [55-65].

The huge amount of complementary observational data,
triggered by the fast advance of the technological progress,
is increasing our capacity to acquire more and more accu-
rate information on gravitational sources and gravity itself.
These scientific achievements have motivated us to explore
the interplay between quantum and GR effects in GW phe-
nomena via the Einstein—Cartan (EC) theory. Indeed, in a
previous paper [66] we have solved, in the context of EC
model, the GW generation problem at 1PN level by exploit-
ing the Blanchet—-Damour formalism, which permits relat-
ing the outgoing radiative gravitational field to the struc-
ture and the motion of a spinning PN isolated source. The
final solution is encoded by the 1PN-accurate relations for
the radiative moments, which are given in the form of
well-defined (compact-support) integral expressions over the
stress-energy distribution of the matter field. This result can
be obtained after a detailed analysis regarding the gauge con-
dition, the coordinates covering the interior and the exterior
zone of the source, and the structure of the torsion tensor,
which is supposed to admit a vanishing trace. Furthermore,
the invariance of the Riemann tensor in the context of the
linearized EC framework must be invoked in order to match
the internal and the external fields and write the final expres-
sions of the radiative moments involving the new spin contri-
butions. Hereafter, “spin” is intended as the quantum (micro-
scopic) angular momentum of elementary particles [78].

In this paper, we apply the abovementioned Blanchet—
Damour scheme to a GW source described by the Weyssen-
hoff model of an ideal fluid with spin [67,68]. This choice is
motivated by the fact that it configures as a natural extension
of the GR perfect fluid and permits to simplify the demanding
calculations framed in EC theory. The hydrodynamical pic-
ture of the Weyssenhoff treatment can be obtained by consid-
ering first a perfect fluid, and then by assigning to each “fluid
element”, which contains a set of microscopic spin configu-
rations, a value of the spin density tensor via an average pro-
cedure [69,70]. The Weyssenhoff fluid has been considered
both in cosmological models and astrophysical problems. In
the first case, it has been proved that spin interactions in
the early stages of the universe could bring about significant
results, such as the avoidance of the big-bang singularity, as
well as the reproduction of cosmic inflation and dark energy
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mechanisms [69—72]. In astrophysical settings, the spin may
avert the spacetime singularity caused by the gravitational
collapse of a star [73-77].

In our analysis, the dynamics of the Weyssenhoff fluid is
investigated through the PN method, which permits obtain-
ing a hierarchy of PN mathematical problems to be solved
perturbatively order by order starting from the OPN level.
However, this approach still leads to a set of partial and
integro-differential dynamical equations, which in general
can be tackled through NR. Therefore, in order to obtain
analytical results, we resort to the point-particle procedure,
which is a valid pattern widely exploited in the literature [17].
In this way, the bodies can be treated as point-like objects and
their dynamics is described in terms of ordinary differential
equations. This prepares the ground for the analysis of inspi-
ralling spinning compact binaries, which can represent the
high-energy astrophysical testbed of our model.

The article is organized as follows: in Sect. 2, we briefly
recall the fundamental results of Ref. [66]; in Sect. 3, after
having set out the main concepts of the hydrodynamics in
EC theory, we deal with the Weyssenhoff model; then, we
pass from the continuous description to the discrete picture
of the fluid by exploiting the point-particle limit, which is
worked out in Sect. 4; in Sect. 5, we apply our theoretical
apparatus to NS binaries, and provide a first estimate of EC
corrections by studying the ensuing gravitational flux and
waveform; eventually, in Sect. 6, we give a summary of the
paper and draw the conclusions.

Notations. We use metric signature (—, +, +, +). Greek
indices take values 0, 1, 2, 3, while the Latin ones 1, 2, 3. The
flat metric is indicated by 17"‘/3 = ngp = diag(—1,1,1,1).
The determinant of the metric g, is denoted by g. €yy; is the
completely antisymmetric Levi-Civita symbol, whose value
is 1 if kli is an even permutation of 123. Four-vectors are
written as a* = (a°, @) and we employ the following nota-
tions: @ - b = §;a'b¥, la| =a = (a - a)'/?, and (a x b)' =
€;iixa b*. Round (respectively, square) brackets around a pair
of indices stands for the usual symmetrization (respectively,
antisymmetrization) procedure, i.e., A¢j) = %(Aij + Aj)
(respectively, A[,’j] = %(A,’j - Ajl')).

2 First post-Newtonian generation of gravitational
waves in Einstein—Cartan theory

We briefly recall the essential information on EC theory and
set up the mathematical tools in Sect. 2.1. After that, we intro-
duce the mathematical framework related to the GW genera-
tion problem in EC theory at 1PN level (see Sect. 2.2). Then,
we outline the procedure, based on the Blanchet—Damour
approach, which permits obtaining the approximate solution
(see Sect. 2.3). Finally, the general expressions of the asymp-
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totic gravitational waveform and the radiated power are dis-
played (see Sect. 2.4).

2.1 Einstein—Cartan theory

The EC theory is an extension of GR where both the spin
and the mass of matter play a dynamical role. This model
is defined on a spacetime .#, endowed with a symmetric
metric tensor gy and the most general metric-compatible
affine connection

A A 2
L =T — Kpy, (h
where I, denotes the Christoffel symbols and K;, = S5, —

A QA . : A — A
Suv — S}, the contortion tensor, with S, = I, dubbed
the Cartan torsion tensor. Hereafter, a hat symbol refers to
quantities framed in GR.

Given the matter Lagrangian density, it is possible to

introduce the metric energy-momentum tensor 7%, the spin

angular momentum tensor 7:,’,3 “, and the spin energy poten-

tial 5% [66,78]. In particular, the tensors ;5% and t£* are

related in the following way:
uobr = @By 4 By _ pyep, )

Another fundamental object is the total energy-momentum
tensor of matter T%?, defined as [78,79]

T = 7% — ¥, (u*P), 3)

* . . . . .
where V is the modified covariant derivative operator, whose
action on a generic tensor field of type (1, 1) is

%k
VoAl = (Vo +28a5P) A%, 4)

The EC field equations are (x = 167 G/c*) [78]

G =50, (52)
O =1 + %8""3 : (5b)
S8 — —41“7/[31"%V] . ZI“V‘STﬁya + .L,y&xtyaﬂ
1
+ Qg“ﬁ (418 T 1+ T 15) (5¢)

where the combined energy-momentum tensor @* satisfies

Vg0 = 0. (6)

The matter source’s dynamical equations can be obtained via
the generalized conservation laws of energy-momentum and
angular momentum, which read as, respectively,1 [78,79]

Utis possible to show that Egs. (6) and (7) are not independent (see
Ref. [78] for further details).

VT, = 25" S0 — Tup® Ry ™ (7a)
k
VAT;,LVA = T[;w]y (7b)

the Riemann tensor being given by

Ry = 8,0 — 8 T + T TS — T T

patlov oal pv
= Iéffpa + @UK;I)LU - %PK#\)
+ Kpo K5y — K5 K5, - ®)

2.2 The mathematical problem

The GW generation in EC theory is described by the follow-
ing well-posed mathematical problem [66]:

Op™” = x T, (9a)
9,6% =0, (9b)
lim §*P(,x)=0, forr<-—T, (9¢)

|x|— 400

ah* @, x) =0, fort < -7, (9d)

where h*f = \/=gg*? — n*f 0O = n“ﬁaaa,g, and

~ 1

TP = (—g) O 4 — AP, (10)
X

is the effective stress-energy pseudotensor encompassing
both the matter fields, described by O and the effective
gravitational source term A% = A% (b)), which includes all
the nonlinearities of EC field equations. The harmonic gauge
(9b) can be imposed provided we further require [66]

S =0, (1)

The gravitational source is supposed to be confined to the
region £2, defined by

.Q:{xeR3:|x|§c7}, (12)

with d the typical size of the source. This condition ensures,
on the one hand, that 7%#, ‘C)/,S ¢ and ®*P are smooth functions
in R* having a spatially compact support in §2, and, on the
other, that the torsion tensor vanishes outside £2.

We deal with PN sources in EC theory, for which the
spatial domain R3 can be decomposed as R® = ®, U D;,
where the set ; is the near zone and covers entirely the
source, while ®, encompasses the external weak-field region
of the source and is called exterior zone. For a PN source these
two domains intersect in the overlapping region ®,,. Finally,
the spatial region where a detector apparatus is located is
known as wave zone.

@ Springer
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2.3 Resolution method

The (approximate) solution of problem (9) can be worked
out as follows [66,81]. First of all, two preliminary steps
need to be carried out in the overlapping region ®,: (1)
calculating the multipole (re)expansion of the 1PN series
of the inner metric, which can be expressed in terms of the
source multipole moments I and J 2; (2) evaluating the 1PN
(re)expansion of the MPM external metric, which depends
on the canonical multipole moments My, and S;. Eventu-
ally, I;,, Jp and M, Sy are related to the radiative moments
UL, VL (representing the physical observables in the wave
zone) by exploiting the matching procedure. At 1PN order,
the relation between Iy, Jr and Uy, Vi, is given by (with
[ >2)[66]

0 .
Up(u) =1 p(m)+ O(c™), (13a)

) 5
Vi) = J @)+ 0 ), (13b)

the superscript (/) denoting the /-th time derivative with
respect to the variable u, and

Iy, (u) =/d3y yyo(y, u)

+ 1 1 d2 /d3 2 (y. 1)
2(21 + 3) ¢ du? yyyyo(y,u
421+ 1) 1 d 5
w2 |4 10 (.
(I+1D@I+3)c2du / Y yiLyoi(y, u)
+0(c™), (>0, (14a)
Jr(u) = /d3y Gab(ilii/lz—l)zzab(y, )
+0(c™), =), (14b)
where
O 1 ek oL
o= +, o] = s (15)
¢ C

and y(z) = yr stands for the symmetric-trace-free (STF)
projection of yy .

2.4 Asymptotic gravitational waveform and radiated power

Givenaset X* = (c¢T, X) of radiative coordinates, the exter-
nal metric can be put in the so-called radiative form, where its
coefficients admit an asymptotic expansion in powers of R !
at future null infinity (i.e., R = |X| - cowithl = T—R/c
and N = X /R fixed) [12,80-83]. The asymptotic waveform

2 We have used the multi-index notation, where L denotes the multi-
index iyi>...i, hence Iy, = I;j;, 4 [11].

@ Springer

%’jjTT(X ) describing the outgoing radiation is defined as the

transverse-traceless (TT) projection of the leading R~ term
of such an expansion. At 1PN order, it reads as

2
AT (x0) = 29

%yijkl(N){Ukl(u)

111 4
+ ; [gNaUkla(u) + gfab(kvl)a(u)-/\/'b}

1 1
S5 1A aUa
+3 [12/\/1; kiab (U)

1
+§Eab(le)ac(u)Nbc] + O(CS)}s (16)
where

1
P N) = Py Pj — Ee@zj«@kl,
P N) =38ij — NiNj, (17)

Piik (N) being the TT projection operator onto the plane
orthogonal to N

Starting from the results contained in Refs. [17,83,84],
we have proved that the standard GR formula of the fotal
radiated power F (also called, in the astrophysics literature,
total gravitational luminosity or flux of the source) is valid
also in EC theory. Therefore, at 1PN order, the total energy
radiated per unit time, expressed as a function of the retarded
time U, reads as

G(1) (1)
FU) = C_S{gUij(u)Uij(u)
1 1 (@ (1)

C_Z[_Uijk(u)Uijk(u)

189
16 M i
+EV,-,-(U)V,»,-(U)]+O(C )}. (18)

3 The semiclassical spin fluid and its post-Newtonian
approximation

Having set out the main aspects of the Blanchet-Damour
approach in EC theory, we consider, as a first approach to the
description of spin effects inside matter, the class of semi-
classical spin fluid models. Before getting to the heart of the
discussion, in Sect. 3.1 we first present the main principles
of the hydrodynamics in EC theory by making use of the
hypothesis (11). In Sect. 3.2, we consider the Weyssenhoff
fluid, which represents one of the most common frameworks
studied in the literature. Finally, in Sect. 3.3, we investigate
the Weyssenhoff fluid dynamics within the PN approxima-
tion scheme.
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3.1 Hydrodynamics in Einstein—Cartan theory under the
hypothesis Se? = 0

In this section, we introduce the basic concepts underlying
the hydrodynamics in EC theory.

The analysis of a fluid in EC framework turns out to be
more complex than in the GR case, but the assumption (11)
entails a great simplification. Indeed, the modified covariant
derivative (4) becomes

V() =V () =V () — K (). (19)

and the EC covariant divergence of a generic vector A"
assumes the same form as in GR, namely

VAR =V, AR — Kt AR =V, AR, (20)

The spacetime position of each fluid element is labelled
in a system of coordinates by x* = (ct, x). The description
of the kinematic properties of the fluid can be performed
in terms of two fundamental quantities: the timelike four-
velocity u* = % (where A denotes the proper time of an
observer comoving with the fluid) and the four-acceleration
at* = u"V,ut.

It is useful to introduce the projection operator on the

spatial hypersurface orthogonal to the timelike four-velocity
ut

v

PIY =

7Y
g, 1)
and the EC substantial derivative of the vector £* along u"
[67]

EM = yVV, EM, (22)

The latter is the natural extension of the concept used in GR
and in classical continuous mechanics, which allows to define
the EC time derivative for densities [67]

DEP =V, (uE") = EM + EMVyu". (23)

The above derivative operator is applied to objects which
are densities (e.g., the spin density tensor, which will be
introduced in Sect. 3.2) and has a precise physical meaning.
Indeed, its definition relies on the fact that the densities must
be not only transported along the fluid worldlines, but it must
be also taken into account how the volumes transform during
the dynamical evolution® (see Ref. [67], for more details).

3 By defining the expansion tensor Yop = P&‘PEV(MM), it is easy to
prove that the expansion scalar % = ¥, assumes the same form as in
GR [85],i.e., 9 = 2V,u®. This quantity describes how the fluid volume
changes during the motion.

The metric stress-energy tensor modeling the relativistic
perfect fluid which includes also spin contributions, can be
generally written as

of
Taﬁ — Tperf + @aﬁ’
utu”
6‘2

+ PHP, (24)

where @ is a symmetric tensor containing torsion terms
and whose explicit form depends on the chosen spin model,
P denotes the isotropic fluid pressure, and

e=pc® +e, (25)

the total energy density, which, in turn, depends on the rest-
mass density p and the internal energy density €. We note
that e can be functionally split in the sum of pc? and & due
to the perfect fluid hypothesis.

Upon introducing the rest-mass density current

JH = put, (26)

we can write the conservation equation for the rest mass as
(cf. Eq. (20))

V,JF=0, &  2p=0. (27)
Furthermore, Eq. (19) permits simplifying the expressions of

the canonical stress-energy tensor (3) and of the combined
stress-energy tensor (5b), which read as, respectively,

T = Tyl + @°F — V. (u™), (28a)
0 = 1%+ &% 1 %S“ﬂ. (28b)
Therefore, from Eq. (7a), we have
Vo (T + @ = V) = 21 5%

+2@;, S =2V, (13,7 ) SH — Type RHOP. (29)

The dynamics of the perfect fluid can be examined via
Egs. (27) and (29), supplemented by Eq. (7b). In this way,
we obtain a system of highly-non-linear differential equa-
tions, dubbed cardinal equations of the hydrodynamics in
EC theory, which can be written as

VuJHh =0, (30a)
VT + Vo @ =V, Vi ()

2T SM ;= 20,8

2V, (1307 )SH"* 4 1,06 R#7YP =0, (30b)
Vit = Thuwy = 0. (30c)

@ Springer
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Equation (30b) can be evaluated in the directions orthogo-
nal (by means of the projection operator (21)) and parallel to
the fluid four-velocity. The former components give the Euler
equation in EC theory, while the latter the energy-balance
law. Furthermore, Eq. (30c) leads to the rotational equations
of the fluid motion.

The system (30) comprises, in general, 11 independent
equations and at most 26 unknowns, which are represented
by: the 3 components of the fluid four-velocity (the fourth one
is constrained by the normalization condition u*u,, = —cz),
the rest-mass density p, the internal energy density ¢, the
pressure P, and (at most) the 20 independent components of
the spin angular momentum tensor r)L“ " Indeed, the inde-
pendent components of the torsion tensor S;\M " have been
lowered to 20 by virtue of the hypothesis (11) [66] and hence
also r)fL " has (at most) 20 independent components. This
is in agreement with the physical content of the EC theory,
where the torsion tensor is the geometrical counterpart of the
spin of matter, encoded by the tensor rAM " In the worst case,
S A“ " can be determined once the 20 components of t)fw are
known, but, as we will see in the next section, this number
can be drastically reduced by assigning a suitable functional
form for 7,"".

It is clear that the system (30) is in general not closed,
since there is no balance between the number of independent
equations and unknowns. However, this not a drawback of
the model, which, on the contrary, can reveal a rich dynam-
ical structure. In order to supply the missing equations and
correctly characterize the structure of the fluid under inves-
tigation, constitutive equations must be added to the system
30),e.g., P =P (p,e), P = P(e), p = p(e).

A fundamental and general aspect of our approach relies
on the possibility of describing the spin effects inside the fluid
by exploiting all kinds of (relativistic) spin models. Indeed,
the heart of this pattern consists in providing the functional
form of ®*# and %7, which is equivalent to assign 7%#
and u*P7 . In general, these two unknowns play a crucial
physical and geometrical role in the EC gravity framework.
Indeed, we can distinguish the following two classes: (1)
spin-geometry, represented by either TV or u®#7 (skew-
symmetric quantities), which rule the torsion field S,w)‘; 2)
mass-geometry, described by either @*# or T*# (symmetric
quantities), which shape the metric tensor g,,.

3.2 The Weyssenhoff fluid

This section is devoted to the description of the Weyssenhoff
fluid. In Sect. 3.2.1, we retrace the historical ideas behind
Weyssenhoff approach, since they are useful for its full com-
prehension. In Sect. 3.2.2, we present the model and the
related dynamical equations. We will see that it can be read-
ily analyzed within our general framework put forth in Sect.

@ Springer

3.1. A short digression on the first thermodynamic law is
contained in Sect. 3.2.3.

3.2.1 Historical introduction to the fluid with spin

The study of matter in its microphysical aspects can be tack-
led following different strategies framed either in quantum
models or from the standpoint of classical vision. Due to
the arguments developed in this paper, it is more suitable to
follow the latter approach, where the structure of physical
systems is derived starting from relativistic theories.

We consider what in the early literature was dubbed free
spin-particle, namely a material particle endowed with spin
and on which no force, apart from the gravitational pull,
acts [67,86,87]. We pursue the route paved by the “Krakow
school” in the years 19371947, characterized by the pro-
lific scientific activity of several Polish physicists, like M.
Mathisson, J. Lubariski, J. Weyssenhoff, and A. Raabe. In
1927, Einstein and Gromer derived the dynamical equations
of a free particle from the equations of the gravitational field
as the singularities in this field [88]. In 1937, inspired by these
ideas, Mathisson and Lubanski deduced the equations of
motion of a free spin-particle through a variational principle
in the case of a linearized gravitational field [86,87,89,90].
This new dynamics exhibits two peculiarities: (1) in the clas-
sical limit, it does not reduce to the Newton laws of motion,
since it keeps an additional term depending on the internal
angular momentum or spin of the particle; (2) the presence of
spin generates dynamical equations of the third order. How-
ever, Mathisson did not immediately realize that his results
were equivalent to those previously published in 1926 by
the Russian physicist Frenkel [91]. Indeed, the latter author,
after a discussion with Pauli, who showed him a letter by
Thomas on the famous “precession factor 1/2” [92], became
interested in deriving the equations of motion for a spinning
electron, which coincide exactly with those of a free spin-
particle only if the terms depending on the electromagnetic
field vanish. In 1947, after the Second World War, Weyssen-
hoff and Raabe proposed a third different method to obtain
the equations of a free spin-particle. These authors showed
that their results agree with those derived by Frenkel and
Mathisson [67]. However, their approach is more rigorous,
since it is constructed by exploiting fundamental concepts
from continuous mechanics and GR. In addition, the final
equations are presented in a much simpler form thanks to
the introduction of the linear energy-momentum four-vector
[67].

The last approach is the most used in the literature to
derive the equations of the incoherent spinning fluid. For this
reason, it is also called Weyssenhoff(-Raabe) fluid. Having
defined s*# as the spin density per unit rest-volume, we split
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it into two three-dimensional vectors

: (31a)
(31b)

The fundamental hypothesis behind the Weyssenhoff fluid
is that the vector g vanishes in the rest system of the fluid,
which translates in having the covariant relation [67,91]

s*Pug =0, (32)

since the fluid velocity u* = (u°, u) has vanishing spa-
tial components when evaluated in the fluid rest frame. This
hypothesis, also known in the literature as Frenkel condition
since it was first employed by Frenkel, arises from the fol-
lowing practical needs: (1) simplifying and closing the set of
differential equations underlying the dynamics by matching
the numbers of unknowns and equations; (2) letting s be the
vector which encodes the real physical degrees of freedom,
since ¢ can be gauged away by an appropriate choice of a
coordinate system.

Equation (32) can be written in three-dimensional form as

1
q = -uxs, (33)

c

from which it follows
g u=0. (34)

The vectors s and ¢ have the same transformation prop-
erties of the magnetic and the electric fields, respectively.
Therefore, the Frenkel condition physically tells us that s*#
is “purely magnetic”, meaning that its electric component
vanishes in the rest-frame coordinate system.

3.2.2 The model

We consider the Weyssenhoff semiclassical model of a neu-
tral spinning perfect fluid in the framework of EC theory
[68,69,78,93-96].

Following the general approach devised in Sect. 3.1, a spe-
cific fluid can be characterized by assigning the spin angular
momentum tensor 7yg" and the symmetric tensor @“P_ The
former, is given by [69]

Taﬂy = Saﬁuyv (35)

Sy = S[ap) being the spin density tensor, which is con-
strained, due to the hypothesis (11), to satisfy

Taﬂﬂ = saﬂ uﬂ = O’ (36)

i.e., the Frenkel condition (cf. Eq. (32)). This assumption
permits several considerable simplifications. First of all, the
torsion and contortion tensors can be written as

Sy (37a)

K, = (_fﬁv +Tu T )

X
5 (T;);v) ’
X
By (37b)

respectively; furthermore, the EC time derivative of s, does
not involve contortion terms and reads as (cf. Eq. (23))
Dspv = Vi (suou) ; (38)
finally, we can write the useful identity
ut (@s,w) = —ats,, (39)
where the acceleration a* is the same as in GR, i.e.,
at = u*Vut = at. (40)
The tensor & of the Weyssenhoff fluid is given by [69]
0B — o (1 o\ o [,
= i A sH %y
—x (szu“uﬂ + czsfsﬁ)‘> , (41)

where 52 = s/ sqp 1s the spin density scalar, satisfying the

condition Zs* = 0. Therefore, from Eq. (41), jointly with
Egs. (5¢), (24), and (35), we have

o, pB 1% .
7% =" + PP 42 <% - 5,{) ¥, [s ]

2
- X (szu“uﬁ + czsi‘sﬂ)‘) ; (42)
1
S = 26252 sP* 4 s2uuP — Eszczgaﬂ’ (43)

and hence the explicit expressions of the canonical and the
combined energy-momentum tensors are, respectively, (cf.

Eq. (28))

ulB
T = e — 20y5%%) % 4 PP, i
2
€ X Xc
O — (C_Z _ ESZ) u®u® _l_POlﬁP _ T SZgotﬂ
uyu? )
e
The general form of the four-momentum density is
ul)l
P = (=puu) = + 7, (45)
c

@ Springer
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where £¢ is a spacelike vector orthogonal to u®. An inspection
of Eq. (44a) suggests £* = —2a, s°%/c? and hence

1
p* = - (eu“ — ZaGSU“) , (46)
c

upon exploiting the relation e = —pyu® [69].

By substituting Eq. (46) in Eq. (44a), we recover the
usual form of the canonical energy-momentum tensor for
the Weyssenhoff fluid [78], i.e.,

T = p*uf + PP p. (47)

The internal structure of the fluid is described in terms of
the rest-mass density p and the internal energy density €. The
total energy density e can be written as (cf. Eq. (25))

e=e(p, s, ) = pc +e(p, 5, 50, (48)

where s denotes the specific entropy (i.e., the entropy per
unit mass). The functional dependence of ¢ partially resem-
bles that of classical physics, apart from the presence of
Suv, which embodies the new contribution due to quantum
mechanical effects and is specific of the EC theory.

We suppose that the fluid is adiabatic and that the rest
mass of the system is conserved. The first hypothesis can be
written as [85,97]

5§=0, (49)

whereas the second one is represented by Eq. (30a).

The translational equations pertaining to the fluid dynam-
ics can be obtained from Eq. (30b), along with Egs. (2), (35),
(37), and (41). As pointed out before, the projection along
the fluid four-velocity u* gives the energy-balance law (or
energy-conservation equation), which upon exploiting Eq.
(30a) reads as

&+ (e 4+ P)Vyu' =0, (50)

whereas the projection onto the hypersurface orthogonal to
ut gives the Euler equation, which after some algebra can
be written as

1 2 4
PZ&VP + 2 (P+e)ay, — C—2VU (u”apspﬂ) 51

+ xa*sipsl, = —s,u” R .
We note that, for s,, = 0, Eq. (51) reduces to the Euler
equation of GR [17,85].

Bearing in mind Eqgs (30c), (35), (37), and (44a), we find
that the rotational fluid motion is ruled by

aU
DSy = ) (uusgv — uvsaﬂ) , (52)

@ Springer

where we have exploited Eq. (46). Since the tensor s, has in
general six independent components, the Frenkel condition
(36) is crucial to correctly account for the three true dynami-
cal degrees of freedom associated with the spin of a particle.
For this reason, Eq. (52) gives rise to three independent equa-
tions.

Asdiscussed in Sect. 3.1, the system of the cardinal hydro-
dynamic equations can be closed once the needed constitutive
equations are provided. Therefore, the full set of differential
equations governing the Weyssenhoff fluid dynamics is (see
Eqgs. (27) and (49)-(52))

Pp =0, (53a)
1 2 .

Po,P + S (PF+oa—=V, (u"aspy)

+xa"$1,8,” + supu” R, ;P =0, (53b)
aO'

DSy — =z (uﬂsgv — uusgﬂ) =0, (53¢)

&+ (e+ P)Vyu" =0, (534d)

§=0, (53e)

P = P(p,e). (53f)

The above system contains ten independent equations and
exactly ten unknowns, i.e., the three components of the fluid
velocity u*, the rest-mass density p, the internal energy den-
sity ¢, the specific entropy s, the isotropic pressure P, and
the three independent components of s,,. It is also worth
noting that it explicitly includes an equation describing the
behaviour of s (cf. Eq. (53e)). This is due to the fact that,
unlike GR [17,85], in EC theory Eqgs. (53a) and (53d) do not
imply that the fluid evolves adiabatically (see Sect. 3.2.3).

In conclusion, the closed self-consistent system of gravity-
matter equations is represented by EC field equations (5)
supplemented by the set (53).

3.2.3 The first thermodynamic law

In the study of the hydrodynamics, it is important to inves-
tigate the implications of the energy-conservation equation
(53d) at thermodynamic level [69,85]. However, we note that
this analysis does not provide additional constraining equa-
tions to the system (53), but it allows to better understand
how the fluid behaves in EC theory.

The first thermodynamic law for a spinning fluid can be
written as [69,93,96,98]

P 1
dIT = 5dp + 6ds + = 22 dgh, (54)
P 2p

where
£

nm=1Ip,s, su) =
0

(55)
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is the specific internal energy, and

P

(817) (56a)
—_— = —, a
8'0 5,51V p2
oIl
(—> =0, (56b)
9s /), guv
oIl 1
( ) = S (56¢)
asHt 0.5 2 p

0 being the temperature and w,,, the thermodynamic variable
conjugated to s*" coinciding with the microscopic angular
velocity of the fluid.

Starting from the continuity Eq. (53a) and the energy-
balance law (53d), we obtain

. P
IT——p =0, (57)
0

which, once compared with Eq. (54), gives

.l
05 + 57% —0. (58)

Bearing in mind Eq. (53e), it follows that
o"’$,, = 0. (59)

Atthis point, some remarks are in order. First of all, as pointed
out before, it is known that in GR a perfect fluid evolves
adiabatically [17,85]. This result can be proved by following
the same procedure as the one we have adopted in this section,
i.e., by exploiting the fluid continuity equation jointly with
the energy-balance law. On the contrary, in EC theory the
same calculations do not imply the adiabatic-flow hypothesis
as long as the spin contribution in Eq. (58) does not vanish.
This shows that in EC hydrodynamics the adiabatic condition
must be explicitly imposed via Eq. (53e), which in fact has
been employed to obtain the final relation (59).

3.3 Post-Newtonian analysis of the Weyssenhoff fluid
dynamics

In this section, we perform the PN investigation of the
Weyssenhoff fluid dynamics, which is useful both for the
calculations carried out in Sect. 4 and, in general, for several
other applications. In Sect. 3.3.1, we outline the PN compu-
tational scheme. In Sect. 3.3.2, we present the PN expansion
of some basic quantities which are then exploited to compute
the OPN and 1PN orders of Eq. (53) in Sects. 3.3.3 and 3.3.4,
respectively.

3.3.1 The computational program

The EC hydrodynamics, although equipped with the sim-
plifying constraint Salgﬂ = 0, gives rise to a set of cou-
pled nonlinear differential equations (cf. Eq. (30)). Also in
the more specific case, where we consider the Weyssenhoff
fluid endowed with the Frenkel condition (36), the nonlinear
nature and the differential structure still endure (cf. Eq. (53)),
and we are, in general, not able to solve the mathematical
problem exactly. An analytical solution may be determined
by imposing symmetry requirements, like time independence
and spatial isotropy (as it occurs, for example, in GR for the
Schwarzschild metric). However, this approach reveals to be
very limited in its range of applications, where time variabil-
ity and spatial anisotropies occur frequently.

Since the EC gravity framework is geometrically more
tangled than GR theory, our goal is therefore not to search
for further exact solutions, but rather to take advantage of a
comprehensive and solid approximation method, which goes
beyond the symmetries and the particular functional form of
the starting problem. The mathematical formulation of the
GW generation problem naturally suggests us to resort to the
perturbation theory (see Refs. [99-101], for further details
and examples). This approach permits to determine a solu-
tion under the form of a power series of a small parameter
€ (represented, in our case, by € = 1/c), where expressions
of higher powers of € become smaller as the order increases.
The approximate perturbed solution is obtained by truncat-
ing such a series at a certain established order, suggested
either by the observational sensitivity of the phenomenon
under investigation or, from a theoretical point of view, by
the computational complexity (i.e., gradually increasing the
PN order calculations).

The strategy to build up the solution via the PN formal-
ism relies on expanding all the involved quantities, and then
extracting the coefficients of the expansions which are use-
ful to construct the differential equations at each PN level. In
this way, we obtain a series of PN problems, where the lowest
order permits obtaining the classical equations with eventual
spin corrections, and the higher terms provide the successive
perturbative corrections. The method is therefore iteratively
based on first determining (either analytically or numerically)
the solution of the OPN problem, and then proceeding order
by order to solve (either analytically or numerically) the suc-
cessive PN problems. Indeed, to compute the Nth PN order,
we need to use the parameters determined in the previous
iterations. Finally, gathering all these quantities together we
can provide an approximate solution to the original problem
up to the desired PN level.

It is important to remark that we apply this computational
program in the derivation of the OPN and 1PN orders of
Eq. (53) without solving them. As we will see, the obtained
results will be useful in Sect. 4.
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3.3.2 Preliminary: expansions of basic quantities

Given the harmonic coordinates x* = (ct, x) (cf. Eq. (9b)),
the 1PN series of the metric tensor, expressed in terms of the
retarded potentials V and V;, reads as [66]

go0 = —e 2/ 1 0(c79), (60a)
4

8oi = _c_3Vi +0(c™), (60b)
2 —4

8ij = 0ij 1+C—2V 4+ O(c™™), (60c)

where (cf. Eq. (15))

Yy

V(tx) = o (t—lx—yl/c,y), (61a)
lx — y]

Vit.x) =G Y _oi(t—1x — yljc.y). (61b)
lx — y]

The expansion of Eq. (61) for small retardation effects gives
LY -3
V:U+—8tX+O(c ) (62a)
2¢2

Vi=U; +0 (0_2) , (62b)

the potentials U, U;, and the superpotential X being given
by

U x)=G Y sy, (63a)
lx — I

Uit x) = Y it y), (63b)
lx — yl

X(t,x) = G/d3y Ix — ylo @, y), (63¢)

respectively. It should be noted that the term of order ¢~ in
Eq. (62a) is a function of time only.

Stating from Eq. (60), one easily obtains the PN structure
of the Christoffel symbols (see Ref. [99], for details.)

The spin angular momentum tensor rf " admits, in general,
the following PN series [66]:

0 =00+ @l 4 0(c7?),
ij _ (1)%/ + (3)rij +0 <c—3>7
rijo = (1)‘[.]0 O ]O +0 (c )

gt @t 4o (), o

@ Springer

M "
where W7/ ~ —

42 ch—2
nal velocity and mass of the source, respectively). Therefore,

the tensor (5¢) has the PN structure

(v and M being some typical inter-

S0 _ 0 g00 4 (1) g00 4 2500 4 (c—2> ,
SV = 05500 4 (1.5 g0i 4 25500 4 (c_g) ’

§1 =081+ WS+ Ol 40 (c72), (65)

2 =2n
with (WS ~ %%
Starting from Eq (64) along with the PN expression of
the Christoffel symbols, it is possible to derive the PN form
of the torsion and contortion tensors (37), the connection
coefficients (1), and the Riemann tensor (8). The components
of the the Riemann tensor needed at 1PN level are reported
in Appendix A.
Bearing in mind the definition of the spin angular momen-
tum of a test particle in EC theory (see Eq. (40) of Ref. [66]),

for the spin density tensor we find

i = Osoi + Psor + 07,

(66)
sij = =g i+ (3)s +0(c™,
Y2
where g wv indicates a factor going like pTg If we write
o
the fluid four-velocity equivalently as
u =y (c,v), (67)

(withy = Y and v = %—’t‘) its PN expansion can be eas-
ily constructed by means of Eq. (60) and the normalization
condition. Therefore, the Frenkel condition (36) leads to

O ((l)ui + (3>u")

+ @g0 Dyl +0(c73) =0, (68a)
O ((%O + (2)u0> + @500
+ Wy Oy 4 0(c™2) =0, (68b)

,Dl‘l

where ™yt denotes a term of order —— - We note that

Eq. (68a) results from a linear combirclation of Eq. (68b)
with coefficients v/ /c (recalling that ™Mu/ = “ l) «* 7 with
n = 1, 3). This implies that the latter gives rise to three inde-
pendent relations which can be used to gauge away the com-
ponents so; of the spin density tensor at different PN orders
in the equations of motion (cf. Sect. 3.2.1 and the discussion
below Eq. (52)). Indeed, from Eq. (68b) we obtain to leading
order and to next-to-leading order, respectively,

D0 =0(c™h), (69a)
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vk
= Wsip— +0(c™),

1 v?
V50 [1 +5 (V + 7)} + @

(69b)
or, equivalently,
Os; =0, (70a)
@y = (70b)

c

From the above equations it is clear that no components so;
are present at leading order, whereas they can be written in
terms of (D, at next-to-leading order. Furthermore, we see
that Eq. (68a) simply states that the three-vectors so; and u’
are perpendicular, but gives no information about the form
of s9;. On the contrary, Eq. (68b) allows to write explicitly,
at each PN level, an expression for sg; which turns out to be
both orthogonal to ' and vanishing in the fluid rest frame.
For our forthcoming calculations, it is useful to express
Eq. (53a) in an equivalent form. Indeed, bearing in mind
Eq. (67), and upon introducing the rescaled mass density
p* = y./—gp [17], Eq. (53a) yields the (exact) equation

dp* + 9 (p*uf) —o, 71)

the relation between p* and the proper rest-mass density p
being

x 171, —4
pr=p|l+ (—v +3V ] +0()|. (72)
cc \2

The PN expansion of the first thermodynamic law (54)
reads as (cf. Eq. (55))

Lde dp* w2 ds 1 dseP
R P) — 60— + — =
Py = D) St (07) O+ ey,
+0(c?), (73)
where
d k
5f(t,x) =0 f+vof, (74)

and we have exploited Eq. (72), the relations wg; = O (c‘l)
and w;; = O (co) (see Refs. [69,109] for details), and we
have supposed that both 6 and s are O(c°) quantities.

3.3.3 Equations of motion: OPN expansion

The results contained in Sect. 3.3.2 allow us to study the
hydrodynamic equations (53) within the PN formalism. In
our investigation, the rest-mass conservation Eq. (53a) will
be replaced by its equivalent expression (71) and will not

be expanded. Furthermore, by means of Eq. (67), Eq. (53e)
assumes the exact form

ds
= 0, (75)
and the constitutive Eq. (53f) will be simply written in terms
of p* (cf. Eq. (72)). Therefore, by computing the OPN expan-
sion of the remaining equations of the system (53) and by
exploiting the Frenkel condition (70a), we end up, after a
lengthy calculation, with the following system pertaining to
the dynamics of a Weyssenhoff fluid with OPN accuracy:

dp*+3;(v/p*) =0, (76a)
o* (dd—”; _ 8,~U> +auP=0 (C,z) . (76b)
jt (Vsiy) + Vst =0 (e72), (760)
‘(11_f +(e+ P)Fvk =0 (c_z) , (76d)
ds

- =0 (76¢)
P =P(p"e). (76f)

Equation (76b) originates from the OPN expansion of Eq.
(53b) and represents the Euler equation of the Newtonian
theory. Equation (76c¢) is the leading-order piece of Eq. (53c).
At this level, only the derivative Ps;; gives a contribution and
we end up with a homogeneous continuity equation for (Vs; e
Finally, Eq. (76d) is the OPN-accurate energy-conservation
Eq. (53d).

3.3.4 Equations of motion: 1PN expansion

In this section, we present the 1PN expressions of Egs. (53b)-
(53d).
The 1PN Euler equation (53b) reads as

dv' U +aP+ldP 1*aax
Ay 2ar  22”

LN (A P S
c2 \ dt ! E=p 2
* 2 dvt .dU dU;
+p—2{<v—+3u) VU, 4
C

dt dr dt

2
d . 2
+ |:vl (U—i—%)] —2v28iU+4v18iU1}

d fay, (@
Qg (T
ar | M \at %

k
_ = 3kU> (l)sk v }

+
A

2
2 (I)Sjk|: - vkajajU
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4
XcC
+ v (8ikdj131 + 8101 3) U + 73[k(1)5i|j]
+20; 0 Ux +5i[k3j]8tU] = O<C_4), n

whereas at 1PN order the spin Eq. (53c) becomes allowdis-
playbreaks

d
a <(l)sij) + (l)sij 3kvk

d | Ds;; (v?

ta [ F(F+u)+ O
Mg 742

+ |: Czl] <? + U> + (3)S,'j:| 3kvk

1 dof . )
g [ o= s

2 ) X vl
+C—2 ski | 0kUj — 09U +v 3jU—?3kU

Ui
— g (akUi — % Ux +v*a;U — ?8kU)}

oy .
+5 (v Vsyov =l Ospgu) =0 (). @8)

In deriving Eqgs. (77) and (78), we have exploited Egs. (62)
and (70).
The energy-balance law (53d) yields, at 1PN order,

de
dr 2 dr
(e+P)[d [v? v2 k
—(—=+3 — 0
+ 2 |:dl‘ 5 +3U |+ > + U ) okv

-0 (0—4) : (79)

. 1 (2 de
+(€+P)8jv1+c—2 — 4+ U

where we have exploited Eq. (62a).
Therefore, the Weyssenhoff fluid is described, at 1PN
order, by the following system:

dp*+3;(v/p*) =0, (80a)
Equation (77), (80b)
Equation (78), (80c)
Equation (79), (80d)
3—: =0, (80e)
P=rP (,0*, 5) . (80f)
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4 The point-particle limit of the Weyssenhoff fluid

The final outcome of the PN treatment contained in Sect. 3 is
represented by Eqgs. (76) and (80), which completely deter-
mine the behaviour of the Weyssenhoff fluid at OPN and 1PN
level, respectively. In general, these two sets comprise both
partial and integro-differential equations, whose resolution,
either analytically or via numerical means, turns out to be
highly challenging. This makes, as a consequence, the eval-
uation of the radiative moments parametrizing the asymp-
totic waveform and the radiated power (cf. Sect. 2.4) rather
demanding.

A widely used approach in the literature which offers a
way around this issue consists in employing the so-called
point-particle procedure, where the fluid configuration is
supposed to be described by a collection of separated point-
like components, usually refereed to as “bodies”. Within
this pattern, the equations underlying the fluid dynamics
become less complex as they are turned into ordinary differ-
ential equations. For these reasons, in Sect. 4.1, we introduce
the point-particle procedure and work out the 1PN-accurate
expressions of the radiative moments. As we will see, the
results of Sect. 3 will be crucial, since they allow us to go
from the fine-grained description to the coarse-grained pic-
ture of the Weyssenhoff fluid. Finally, in Sect. 4.2, we deal
with the special case of binary systems, which are known to
be the main candidates of GW events in high-energy astro-
physics.

4.1 The point-particle procedure

The evaluation of the 1PN-accurate total power of emis-
sion (18) requires the knowledge of the 1PN radiative mass
quadrupole moment U;; as well as the OPN mass octupole
Uij and current quadrupole V;;; on the other hand, the 1PN
asymptotic waveform (16) can be worked out once the OPN
mass 24-pole Ui jw and current octupole V; i are also known.
Having solved the 1PN GW generation problem [66], we
know that these are related to the source multipole moments
via Egs. (13) and (14). Therefore, in order to compute the
point-particle limit of the required radiative moments, we
first need to determine their fine-grained expression, i.e., the
form assumed in the case of a continuous distribution of mat-
ter represented by the Weyssenhoff fluid, see Sect. 4.1.1.
Then, after some premises outlined in Sects. 4.1.2 and 4.1.3,
the point-particle limit is performed in Sect. 4.1.4.

4.1.1 The fine-grained form of the radiative moments

In this section, we calculate the fine-grained expression of the
radiative moments occurring in the total power of emission
and the wave amplitude for the specific case of the Weyssen-
hoff fluid. This entails, first of all, the computation of the PN
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expansion of metric stress-energy tensor (42) and the tensor
(43). With the help of the results of Sect. 3.3.2, the former
yields

O7% = pe?, (81a)
@70 _ ¢ 4 QU + v?) — 28; (<1>s,~kvk) , (81b)
W70 _ . [pv" A ((Dsk,-)] , 81c)
@i = pvivj +8p— 20k <(1)sk(,-vj)> , (81d)
whereas the latter

0500 _ (05 g0i _ (0 gij — () (82)

where we have exploited Eqs. (62a) and (70), and (")TW
Vil

stands for the contributions in T, of order =5
-

By means of Egs. (72), (81), and (82), we have

o 4 ! —4
oc=p +pv—c—28k (sklv)+0(c ), (83a)
0; = p*v' — sk + O (C_Z) ;

.o — % 2 3_P o I -2
oii = p |V + — 20 (spv' ) +0O (¢ , (83c¢)
IO

(83b)

where o and o; have been defined in Eq. (15), while 0;; =
®' [66], and, inspired by Ref. [102],

sl L (gl (84)
po=>e 2\2 2 )|
Lo (=242 (85)
= - v\ —+ —,
Pv C2:0 ) o
with (see Eq. (63a))
U@,x)=G i,o* (r.x)+0 (c*2) (86)
' |x — x| ' ’

It should be noticed that the spin contributions in Eq. (83)
appear both explicitly, via the terms involving s;;, and implic-
itly, through, e.g., the specific internal energy I (see Eq.
(55)).

For our forthcoming analysis, it is useful to define a new
set of STF mass-type radiative moments / zad and current-
type radiative moments Jzad according to

D d D d
UL =17, v = JF (87)

Bearing in mind the above equations jointly with Egs. (13),
(14), and (83), the 1PN fine-grained form of I/, and the

: : rad grad rad rad
leading-order expressions of Iijk, Iijkl, Jij , and Jijk are
given by, respectively,

I3 = / d3x[x<”'> (0™ + pv)

4 4 o
+ 2 (S,'[xj + 5" — g(gljsk[xk> vli|

1 d? -
e | S
C
_ 2?_02% d3x|:x(ijk>vkp*
C
7 ' i\ -3
+ 3 <si1xf +5jx )x + O(c™), (88)
5o = [ Exxpt 4 o), (89)
150 = [ a0 o), (90)

Ty = /d3x KU o]
X %dex [<2ek1(isj)l> P <2€k1(ixj)) skl]
+0(c™), o1
Jirj?,?(t) = /de[p*xejek)l”xlvp +2snp8,$ixjek)l”xl

+sppx 2T I 4 0, 92)

where we have employed the Gauss theorem to discard the
integrals containing a total divergence (recall that, in our
model, both the spin angular momentum tensor (35) and the
metric energy-momentum tensor (42) have compact support)
and, in Eq. (91), the identity

KUk — kIt )k — (Kl k- (93)
4.1.2 The ADM mass and the center of mass

In Ref. [66], we have demonstrated that the mass monopole
moment /, which can be read off Eq. (14a) with [ = 0, gives

rise to a generalized notion of ADM mass (or total mass-
energy) of the fluid system and can be written as

1(t)=Mapm (t) = /d3x |:O' + iZ <10'U —O’ii):|
cc \2
+0(c™, (94)

and, in addition, satisfies

d
—M =0. 95
3 Mapm 95)
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In the case of the Weyssenhoff fluid, we find, with the help
of Eq. (83),

Maow = / &x o™ 40, (96)

where we have exploited Gauss theorem to discard total
derivatives occurring in o and o;; (cf. Egs. (83a) and (83c)).
For this reason, Eq. (96) resembles formally the GR expres-
sion [17]. The ADM mass (96) assumes the equivalent form

Mapm = m™ + 52 (97)
C
where
E=T + &+ En+0(), (98)
and
m™ = / d*x p*, (99a)
T = % d*x p*v?, (99b)
& = —% / d*x p*U, (99¢)
Eint = / d*x p*1T, (99d)

denote the total material mass, the translational kinetic
energy, the total gravitational potential energy, and the total
internal energy of the fluid system, respectively. It should
be noted that the contribution of the spin kinetic energy is
included in Eq. (99d). Furthermore, Eqs. (71), (76b), and

dr1 P dp* )
EZFI-FO(C ), (100)
which can be obtained through Egs. (57) and (72), assure
the constancy of the ADM mass (97), in agreement with Eq.
(95).

The case [ = 1 of Eq. (14a) yields the definition of the
dipole moment, which for the Weyssenhoff fluid becomes

: 2
I;(t) = /d3xx’p**+ C—Z/d3xsi1vl +0(c™, o1

where we have exploited the Gauss theorem.
The position of the center of mass of the fluid system,
which is defined as Z' = I; /Mapwm [17,80], reads as

. 1 . 2
X = oo [/ Exxip™ + C—2/d3x silvl] +0(c™),

(102)
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and satisfies the relation

d% .
MADM? =P + 0™,

(103)
' being the conserved ADM three-momentum of the system
(see Ref. [66] for further details).

It should be noted that an explicit spin correction term
occurs in Eq. (102). This is similar to the contribution appear-
ing in the analysis of spinning bodies within GR [17,103].
However, we recall the basic difference between EC model
and Einstein theory, as in the former the spin refers to the
intrinsic quantum angular momentum of elementary parti-
cles, while in the latter the spin is related to a macroscopic
rotation [78].

4.1.3 The coarse-grained description

We are now ready to apply the results of the previous sections
to the framework where the fine-grained description of the
Weyssenhoff fluid is replaced by the coarse-grained picture
involving separated fluid elements, which are characterized
by a small number of variables [17,102]. Therefore, we con-
sider a setup where the fluid distribution breaks up into a col-
lection of N weakly self-gravitating, slowly moving, widely
separated, and isolated spinning components surrounded by
vacuum regions of space. Each component, referred to as
body, is assigned a label A = 1,2,..., N, and, in our
hypotheses, the ratio @ = 1/§ < 1 (A and § being the typi-
cal size of A and the typical separation between the bodies,
respectively). The coordinate fluid density can be expressed
as p* = A ,0:‘, where the sum extends over each body,
and o} vanishes everywhere except within the volume occu-
pied by the body A. Furthermore, the (conserved) material
mass of A is m§* = [, d3x p*, the domain of integration
being a time-independent portion of the three-dimensional
space which extends slightly beyond the volume occupied
by the body A and does not include nor intersect another
body within the system (recall that p* = p3} within such a
domain).

Similarly, the spin density tensor s;; is zero in the vacuum
exterior of the bodies, whereas s;; = slf;‘ inside the volume
of the body A. The spin vector s 4 of A is defined by

(104)

i 3. A
ijisix(t) :/Ad xsjk,

and, owing to Eq. (76¢), is conserved modulo O (¢~2) cor-
rections, i.e.,

(105)
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Driven by Eqgs. (102) and (96), the center of mass worldline
1y (¢) of the body A is defined as

. 1 . 1 w2 _ua
A

2

+ 2/d3xsfl‘wlA—i—O(c_4), (106)
mac A
where
1 [w? Up
= Expi |1+ (2 +my- -2
mA A pr|:+C2<2+ A 2):|
+0(c™), (107)

is the total mass-energy of the body, which, along the same
lines as for MapwMm, can be shown to be conserved. In Egs.
(106) and (107), IT4 denotes the specific internal energy of
A; furthermore, u4 is the internal (self-gravity) potential,
which is readily obtained from the Newtonian potential (86);
finally, upon introducing the vector yi‘ =x' - ri‘ (t), mea-
suring the position of a fluid element relative to the center
of mass rﬁ‘ (), w% is given by wf4 = %yi = — vi‘ (1),
and represents the velocity of this fluid element relative to
the body velocity vz (1) = (%rj4 (t). The above definitions
permit renormalizing the internal selfgravity of A into the
mass m4.

4.1.4 The point-particle limit of the radiative moment

At this stage, we have all the ingredients needed to perform
the point-particle limit of the radiative moments (88)—(92).
For this reason we employ the same techniques as in Ref.
[102].

In EC theory, the following crucial identities hold:

2 _
+C—Z/Ad3yAs;}wlA =O(c 4), (108a)
3 i * _ -2
d"yayvupr =0(c , (108b)
Ay, wiph =0 (c? 108
B YAWpP = c ) (108c¢)
1 d? .
32 &y, yios
3P
=/d3yAp;<w§,—”—A+ A>+0( ?). (108d)
A 2 Ph

where Py4 is the pressure within body A and all functions
are supposed to depend on ¢ and the position y, + ra(?).
Equation (108a) is a consequence of Egs. (106) and (107);

Eq. (108b) stems from Eq. (108a) and, in turn, Eq. (108c) can
be obtained by evaluating the time derivative of Eq. (108b);
finally, Eq. (108d) derives from the virial theorem, which
reads as (cf. Eq. (83))

1
3.2, _ | 43 2 -2
dxxa_/dx(a” 20U)+O(c )

(109)

1 d?
2 dr?

By supposing that all bodies are spherically symmetric and
in static equilibrium, we find that the point-particle counter-
part of the radiative mass quadrupole moment (88) reads as

Iir;‘d = Z ma

rr 1+ — v
AA 2 2A

GmB 1 d2 2 (i j)
) 1§4 |ra —rgl + 14¢2 dr? (rArArA)
20 d( r(r/rk))
212 dr ATATA

+Z{ [(vA X §4) rA (va st)jrl’A

2 4 d i
- 53] (va SA)-I‘A] - ga[(m x sa) 1y
+(ra xsa) r;]} +0(c7); (110)

moreover, for the the mass octupole and current quadrupole,
the point-particle procedure yields, respectively,

rad -2
”k_ZmArArArA +O( )

rad kol
Jij ZmAe rArAvA

(111)

1 . . ..
+ 3 [3 (sgr;f‘ + sirg) —28Ys4 - rA] + 0 (cfz) ;
A
(112)

the mass 2*-pole and the current octupole give, respectively,

B Sedtideol). o
Jlr]a,? = Z[mArér/]{ k)lprAvA +2(rAsA Sn rA(Sk
A

—TA-SA 85%8? + 54 rArASk )] +O(c_2>.
(114)
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Equations (110)—(112) are required for the computation
of the instantaneous luminosity (18), whereas the whole set
of radiative moments (110)—(114) appears in the asymptotic
waveform (16) (cf. Eq. (87)). Itis clear that EC theory brings
in explicit corrections due to the spin s 4 of the body A in
1734, 529, and J7o.

We recall that, in deriving Eqgs. (110)—(114), we have
neglected terms O (?).

4.2 Binary systems

In this section, we set out the features of the special case
of binary systems, i.e., a collection of N = 2 weakly self-
gravitating, slowly moving, and widely separated spinning
fluid bodies having masses m 1, my (with m; > m»), posi-
tion vectors r1, r;, velocities vy, v,, and spin vectors sy,
s2. Let M = my + ma, p = "2 and v = 4 denote the
total mass, the reduced mass, and the symmetric mass ratio
of the system, respectively. As in the Newtonian framework
[17,104], the study of the dynamics is simplified once the
origin of the coordinate frame is attached to the barycenter
' of the system and the position of each body is determined
in terms of their separation vector. Accordingly, we introduce
the instantaneous relative position vector R and the instan-
taneous relative velocity vector V*# of the two objects

R(1) = ri(1) —ra(1),

d
V) = RO =v1(0) —va(0).

(115a)

(115b)

Moreover, starting from Eq. (102), we find that, within the
coarse-grained description of the fluid and resorting to the
same techniques as in the last sections, the position of the
barycenter of a binary system is defined by (we discard, like

before, O (ozz) corrections)
sz)] ;
— ]|
R
2 i
+ ) (vi x s1)

1 ,  Gmy ;
+m2[1 + ﬂ(lb — T)}ri

2 i —4
+—2(v2xsz) +O(c )

1
MADM% —m1|:1+2 2( 2

(116)

By employing a post-Galilean transformation (i.e., a particu-
lar subclass of general PN transformations [17]), it is always
possible to define the center of mass frame of the system by

4 The relative velocity vector has the same notation as the retarded
potential V (cf. Eq. (61a)); however, the latter will not be considered in
the following sections, and hence no confusion arises in using the same
symbol for both quantities.

@ Springer

setting Z' = 0 and &' = 0. Therefore, by means of Eq.
(116), we find that in a mass-centered coordinate system the
motion of the bodies is related to their relative motion by the
following relations:

_lm pmi—m) (o, GM
rl(f)—|:m1+—2M2C2 (V R >]R(t)

2_12) s1(0)  s2(1) XV(I)JFO((‘*), (117a)
ce L m my |
[ pm—m) (1, GM
rz(t)—[ m2+ 2M?2c? (V R )} o
2_; i) $200) xV(t)+O<C_4>' (117b)
ce L om my |

If we replace Eq. (117) in Egs. (110)—(114), we find that
the general form of the radiative moments for binaries of
spinning objects reads as

, i 3 (1-2v)GM
d_ , p.. 2 - 2 L7V EM
I = uRgj) 1+2 2(1 V)V = m }
w(l —3v) 3 d?

- T (VkR (jk)) — @(RzR(ij))
8u? | (V xs)UR)  (V x 50)% R

+ 2 2 2
Cc ml m2

1d|(Rxs)UR) (R xsy) RS
[ o) +

2
3dr mj mj
+0 (c‘3), (118)
15 = —uv/T—4vRjny +O( ) (119)
TR = — /T = dve i Rjp Vi
sfiRn <l R ,
B +o(c* ) (120)
Ilr,a/?l w(l = 3v)Ryijy + O (6_2) , (121)
I = M(l 3V)RijerypRIV)
2u? ik ik
+ Z (R0 RISY — R 548 R3]
A=1 M4
+s1 R<in5§>) +O(c_2>. (122)

The above equations completely determine the 1PN gen-
eration of GWs from binary systems in EC theory.

5 First application to binary neutron star systems

The theoretical pattern developed in the previous sections
will be now applied to the study of binary NSs. A full analy-
sis requires the knowledge of the 1PN dynamics in EC the-
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ory, which, at the moment, is not at our disposal. Despite
that, we can provide a first estimation by following a hybrid
approach. We exploit the EC definition of center of mass and
the general expression of the EC radiative moments obtained
in Sect. 4.2, along with the conservation equation of the spin
vector (cf. Eqs. (76¢) and (105)); furthermore, we consider
the quasi-elliptic I PN-accurate GR motion of a binary system
determined by Damour and Deruelle [104] (see Sect. 5.1).
We note that, in the full EC framework, only the time

derivatives of the radiative mass quadrupole moment Il.rj'f‘d

will contain new O(c~2) spin-dependent terms, whereas the
other moments will remain unaffected. Indeed, as pointed out
before, the EC OPN-accurate translational motion coincides
with the Newtonian Euler equation owing to the Frenkel con-
dition (cf. Eq. (76b)).

In this hybrid setup, we obtain the explicit expressions of
the flux and the gravitational waveform (see Sect. 5.2). We
conclude the section with a numerical estimate concerning
the EC corrections by examining binary NS systems (see
Sect. 5.3).

Any effect of GW back-reaction on the source dynam-
ics will be neglected. This hypothesis, which is valid to a
good approximation in some astrophysical GW sources (see
e.g. Refs. [105,106]), permits to derive a first model for the
description of GW phenomena in EC theory. Hereafter, we
no longer mention O (¢™") terms.

5.1 The Damour—Deruelle solution

We consider, within the hybrid approach set forth above, a
binary system consisting of two PN widely separated spin-
ning bodies having masses m, m, and spin vectors §1, §2.
As pointed out before, we assume that their dynamics is
governed by the Damour—Deruelle solution, which we now
briefly outline.

The problem of solving the motion of the binary system
can be reduced to the simpler equivalent task of determining
the relative motion in the PN center of mass frame (which
can be defined by means of the results of Sect. 4.2). For this
reason, given a harmonic coordinate system, we define, in
the same way as before, the instantaneous relative position
vector R and the instantaneous relative velocity vector V (cf.
Eq. (115)).

The total energy E and the total angular momentum J
of the system (which are conserved in the Damour—Deruelle
dynamics) read as, respectively,

GM
2 R

GM 5 R-V\* GM
+E|:(3+V)V +U< R ) +Tj|}, (123)

+ ! 3V4(1 3v)
1= -3
2|8

J=rRxv|is L [LZV
=X c? 2

M
(3+U)—]}.

(124)

The motion takes place in the plane orthogonal to J, which
is henceforth supposed to be directed along the z-axis. We
can thus introduce polar coordinates (R, ¢) and write the
equation of the PN relative orbit as

(125)

Gu 1 - 65) Gu
R()=<aR——> — + —,
¢ 2C2 1 + e(/) CcoS ((ﬂ K‘ﬂm) 2C2
where ¢j, is the initial angle and the following orbital param-
eters have been introduced:

GM 1 E
ar == [1 -5 —7)6—2}, (126a)
5 E 1/2
. 1+G§f42 [1+§(v—3)c—2]1 e
[72+ 0 -6
ey = ek (1 + 25;2) , (126¢)
K — J (126d)

(JZ _ 6G2M2/02)]/2 :
5.2 The flux and the gravitational waveform
It follows from the definition (87) that the instantaneous lumi-

nosity (18) attains the equivalent form (restoring, for a while,
the O(c™") terms)

G10,,® 11 @@
Fo = LT | g T T
1603

(127)

3)
45Jraddei|+O(c 4)}

whereas the asymptotic amplitude (16) becomes

2G
AT () = x| z/kl("){ 3w

11T @ 4 2)
+ E I:gna 1 E}i (u) + gnbfab(k J;?S(u)i|

1
|:12nanbl lab(u)
1 (3)rad -3
+§”b”c€ab(k I Dac@) | +0(c ), (128)

where u =t — |x|/c, n = x/|x|, and the radiative moments
have been derived in Egs. (118)—(122). We also note that in
Egs. (127) and (128) we have exploited the fact that, at this
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order, there is no difference between the harmonic and the
radiative coordinates [80,81].

At this stage, we can compute F and JfﬁT by exploiting
the Damour—Deruelle solution.

The instantaneous luminosity (127) can be written as

F(t) = For(t) + Frc(t), (129)

where the expression of the GR flux can be found in Ref.
[102], while the EC contribution can be obtained after a
lengthy calculation by exploiting the results of Sects. 4.2
and 5.1 . In the hypotheses that the motion occurs in the
xy-plane (i.e., R, = V, = 0) and the spins of the two
bodies are aligned with the total angular momentum J (i.e.,
Sx1 = Sx2 = Sy1 = sy = 0), we find for the EC luminosity

3

1) = ——
Fec(t) = 17773

{SGMMR (m%szz + m%szl)

X (R Vy

= [mzRﬁ (4VX2 vy
3 2 2 2
+58V7) + R? (35,2 (4v7 + v2)
2 2

—2maR, Vi (2V2 +83V7))
+2ReRyVy (maRy (83VE +2V7) + 95,211
+ R} (35,2 (V2 +4V2) = 2maR, v, (2972

[ p2 (a2 o v2
TZ[RX <4VX + Vy>

3 3

+2Vf))} + 2
2 2 2
+6RR VLV, + RS (V2 44V )}
2 2 2
+ wmy [Rx (4vx + vy) +6RR, V.V,
+ R§ (Vx2 + 4Vy2>:| (—2m2Rx Vy (521 + 522)
+2moRys;1 Vy + 2maRys,n Vi — 655150 + 35222)
+ umos;y |:V (3 (4R2 + R ) (5721 — 2522)
—2mRyV, (2R +29R?2) )
2 2 2

+ V7 (3(R2+4R2)
% (71 — 2572) — 2my Ry Vs (83R§ + 2R§))
+2R V.V, (2maR2V: + 83maR2V,
+9Ry(5z1 - 2322))

+2maR,V} (29R§ + 2R§)] } (130)
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The general form of the gravitational waveform can be
obtained after a long calculation by considering the time
derivatives of the radiative moments appearing in Eq. (128).
In this section, we give the component %”ET of the asymp-
totic amplitude in the hypotheses that the GW propagates
along the direction n = (0, 0, 1) and, like before, the spins
of the two bodies are aligned and orthogonal to the xy-plane
of motion. The resulting expression can be written as the sum
of the GR and the EC contributions, i.e., (in order to ease the
notation, henceforth we write 74 = 1)

A1) = AR @) + AT, (131)
where
GR _ 2 4 6
0= 37 o5 6{290 M ( Ry> 13R
2 2 2 2 woow
viov2) |22+ v (A B
() [ ()
2 p4 4 woow
_ 3GMR[2C (RE-RY)+ (m—% + m—%)
x (2RRy V.V, (R2 = R?)
+3RIRY (V7 = v2) + R} (27 = 3V})
+ Ry (3V2 = 2v2)) + v (2ReR, ViV,
x (Rf ) 17R?R? (v )
wrE (v = sv2) (32 - 7v2)) |
(132)
8uG? [(my mi
HEC@) = T A RS ( 571 + m—zszz) [R)% (2R, V,

—RyVy) + RS (2R, V. — vay)], (133)

ds, being the (constant) distance to the astrophysical source.

5.3 Numerical estimates

In this section, we deal with binary NS systems and provide
some numerical estimates of the contributions introduced by
EC model in the flux and the waveform. In Sect. 5.3.1, we set
the parameters which are necessary to perform the numeri-
cal computations. These are then discussed in Sect. 5.3.2.
Hereafter, a dot signifies a differentiation with respect to the
¢ variable.
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5.3.1 Parameter setting

The set of initial conditions characterizing our numerical
investigation is represented by (Rin, ¢in, Rin, ¢in). The initial
radius Ry, is expressed in terms of Ry, with R, = GM/ 2
for the initial angle and radial velocity, we assume ¢j;, = 0
and Rin = 0, respectively; ¢j, is a fraction of the Keplerian
velocity, i.e.,

. GM
¢Yin = B 3 0<pB=1,
Rin

where for § = 1 the Newtonian eccentricity ep vanishes
(leading to circular orbits), whereas in the limiting case
B — 0 we have e — 1. Therefore, given these premises,
the initial conditions are specified once we assign M, Rj,
and S.

A crucial point of our analysis regards the spins of the
NSs. These are modeled as follows

47 (6Gm;i\®
sziznh?< ) ) , i=1,2,

(134)

(135)

where, following Ref. [66], n = 10 m~3 is estimated as
the inverse of the nucleon volume. Therefore, if the masses
m1 and m, are known, then the spin components s, and s,
can be immediately calculated.

In order to gain useful information about the binary sys-
tem’s dynamics, we determine the minimum, average, and
maximum values of the relative radius (i.€., Rmin, Rav, Rmax)-
Furthermore, to perform some consistency checks, we define
a set of parameters, which must be less than 1 due to the
hypotheses underlying our model; first of all, the slow-motion
condition demands that we compute the maximum values
V"™ /e, vy /c attained by the ratios v1 /c, v2/c, respectively
(the velocities vy and vy of the two bodies can be obtained
starting from Eq. (117)); to verify whether the two bodies
remain widely separated, we calculate

12Gm;/c?
oA = ———,

i=1,2;
Rmin

(136)

finally, we monitor the strength of the gravitational field
through the factor

GM
C2Rmin )

Y = (137)

The values of the aforementioned variables, along with
other quantities characterizing the binary NS system to be
investigated in Sect. 5.3.2, are listed in Table 1.

Table 1 List of parameters of the binary NS system analyzed in Sect.
532

Parameters Units Values

mi Mo 1.60

ms Mg 1.17

M Mg 277

571 B 1.21 x 107
52 h 4.73 x 100
dso Mpc 40.00

R, m 4.11 x 103
Rin R, 2.00 x 10°
B 0.70

o 0.51

Ruin R, 0.65 x 10°
Ray R, 1.14 x 10°
Rinax R 2.00 x 10°
VX ¢ 2.03 x 1073
ypax ¢ 2.79 x 1073
a 1.07 x 1074
a 7.81 x 1073
y 1.54 x 1073

5.3.2 Discussion of the results

We consider a gravitational system consisting of two NSs,
whose parameters can be found in Table 1.

The order of magnitude of the spin components s, and s,
(in units of /1), physically representing the number of neutrons
inside the NSs, is consistent with the values reported in the lit-
erature (which are of the order of 10°7 neutrons) [107]; more-
over, the magnitude of the parameters v{"**, V'**, a1, a2, ¥
confirms that the slow-motion, wide-separation, and weak-
field hypotheses are fulfilled.

In order to estimate the EC contributions to the GR flux
and waveform, we define (cf. Egs. (129)—(133))

Frc(t)
E =|—], 138
=70 (138a)
En(t) = AR W) — |45 (1)) (138b)

The above quantities, along with the function R(¢) repre-
senting the relative distance of the NSs, are shown in Fig. 1.
From the plot of &£, we see that the spin effects become
more significant at the closest point of approach between the
objects, where the gravitational field becomes more intense.
This agrees with the spirit of EC theory, whose importance
is expected to increase in the strong-gravity regime. In our
example, the average contributions predicted by EC theory
are smaller than GR ones by a factor of 10~23. This difference
is consistent with the fact that the bodies are widely separated
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Fig. 1 Plots of the functions R(¢), Ex(t), and E,x (t). Upper panel:
time evolution of the modulus of the relative radius (cf. Eq. (125)); the
horizontal red dashed line corresponds to its average value (see Table 1).
Middle panel: trend of £x(t) (see Eq. (138a)). Lower panel: behavior
of £ (t) (cf. Eq. (138b)); the horizontal red dashed line represents the
modulus of the mean EC contribution, which amounts to 9.31 x 10~33

during their dynamical evolution. The EC corrections can be
also figured out starting from the trend of &€ ». As shown
in Fig. 1, it goes from its minimum to its maximum values
when the NSs get closer. Moreover, this function vanishes as
soon as 7711 (t) = 0 (cf. Egs. (131) and (138b)). These points
indicate when GR and EC effects become comparable and in
our example we have |%?R| = L%’ﬁcl ~ 1072, The same
information, expressed in terms of ¢, can be inferred from
the zeroes of 7711 (¢), which occur at ¢ ~ 4—1‘71, %n, %n, 14—17r
(see Fig. 2; the functional form of J#{1(¢) can be promptly
deduced from Egs. (131)-(133)).

6 Conclusions
This work configures as a natural continuation of the research

program started out in Ref. [66], where we have solved the
GW generation problem in EC model at 1PN level by resort-
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@ (rad)

Fig. 2 Gravitational waveform ., as a function of the azimuthal
angle ¢. The g-intercepts occurr at ¢ = 0.317, 0.81mw, 1.347, 1.797

ing to the Blanchet-Damour formalism. This general treat-
ment finds an explicit application here, where the matter
source is described by the Weyssenhoff fluid.

The structure of the paper is sketched in Fig. 3. In Sect. 2,
we have summarized the key steps of the previous article.
In this framework, the spinning PN source is supposed to
be a generic hydrodynamical fluid system. For this reason,
in Sect. 3.1, we have introduced the fundamental pillars of
the EC hydrodynamics verifying the simplifying hypothesis
that the torsion tensor has a vanishing trace, i.e., Saﬂﬂ =
Subsequently, we have modeled the spin effects inside matter
by employing the Weyssenhoff model of a semiclassical ideal
spinning fluid supplemented by the Frenkel condition (see
Sect. 3.2). The study of the Weyssenhoff fluid within the PN
approximation scheme, representing a fundamental tool of
the Blanchet-Damour formalism, is contained in Sect. 3.3.
Both at OPN and at 1PN level, the dynamics is ruled by a
system of partial and integro-differential equations, whose
resolution is extremely demanding. A less involved pattern
can be obtained if we employ the point-particle procedure,
which allows to characterize the fluid dynamics in terms of
ordinary differential equations by going from a continuous
picture to a discrete description of the system (see Sect. 4).
We have then derived, within EC theory and for the particular
case of binary systems, the 1PN formula (116) of the center
of mass position and the general expressions (118)—(122) of
the radiative multipole moments. Starting from these results
and the conservation law (105) of the spin vector, we have
resorted to the Damour—Deruelle solution in GR (which has
been briefly discussed in Sect. 5.1) to set up a hybrid approach
for dealing with binaries of spinning PN NSs, where we have
provided some numerical estimates of the EC contributions
to the flux and the waveform (see Sects. 5.2 and 5.3).

This paper contains some new theoretical results, which
can be summarized as follows:
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AT 1PN ORDER
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2

-

CONTINUOUS DESCRIPTON
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INTERGO-DIFFERENTIAL
EQUATIONS TO ORDINARY
DIFFERENTIAL EQUATIONS
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HYBRID APPROACH

SOLUTION

DAMOUR-DERUELLE
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DYNAMICS AT 1PN ORDER IN GR

BINARY NS SYSTEMS

Fig. 3 Flowchart of the paper. “Previous paper” refers to Ref. [66]

(1) development of a general pattern (subject to the hypothe-
sis Saﬂﬁ = 0) for the hydrodynamics in EC theory, where
the spin effects are modeled through the tensors @*# and
T (cf. Eq. (30));

(2) PN investigation of the Weyssenhoff fluid, which predicts
at OPN level that: (a) the translational motion matches
the Newtonian Euler equation (see Eq. (76b)); (b) the
rotational dynamics reduces to a homogeneous continu-
ity equation (see Eq. (76c)); (c) the expressions of the
luminosity and the gravitational waveform reproduce for-
mally the corresponding GR quadrupole formulas (cf.
Egs. (127) and (128));

(3) derivation of the radiative multipole moments for the
Weyssenhoff fluid both in the fine-grained and the coarse-
grained (for an N-body and a binary system) descriptions,
see Egs. (88)—(92), (110)—(114), and (118)—(122);

(4) computation, for the first time in the literature, of the
numerical value of the NS spin as conceived in the
Weyssenhoff semiclassical model (cf. Eq. (135));

(5) hybrid scheme for providing a first estimate of the EC
contributions to the GWs emitted by a binary NS system.

The calculation of the parameter n appearing in the spin
formula (135) has led to established results for the num-
ber of neutrons inside a NS. Moreover, our investigation has
revealed that EC contributions become more important when
the gravitational field strength grows (see Fig. 1). Therefore,
we could in principle extend our hybrid scheme to binary BH
systems and evaluate the corrections to the radiated power
and the asymptotic amplitude foretold by EC model. If we
suppose that, similarly to Eq. (135), the BH spin can be writ-
ten as

47 (2 3
s:nh—”< Gm) , (139)

3 c?

DISCRETE DESCRIPTION

(m being the BH mass) then we obtain that the EC effects are,
for known astrophysical masses (i.e., 6Mo < M < 101°M,
with M the total mass of the system), between 23 and 13
orders of magnitude lower than GR ones. These differences
are justified by the fact that our approach is restricted to com-
pact binaries in their early inspiralling stage. Despite that, our
analysis permits to infer that EC corrections can fulfill a rel-
evant role in the later evolution phases. This topic might be
useful for testing quantum phenomena in the strong-gravity
regime, and it is worth examining it in a separate paper. Fur-
thermore, GW phenomena could lead to interesting impli-
cations in the context of generalized EC theories. In partic-
ular, Ref. [108] puts forth a model where the gravitational
Lagrangian has an additional quadratic-torsion term whose
coupling constant differs from the Newtonian gravitational
constant G. This new contribution changes the interaction
strength between torsion and matter fields and hence novel
results can be found also in the GW framework.

In the context of the GR pole-dipole approximation, the
lowest-order “classical spin” contributions to the mass-type
and current-type radiative moments emerge at 1.5PN and
0.5PN level, respectively [80,110]. Therefore, in EC theory
we recover formally the same expressions as in GR, see Egs.
(118)—(122). This is a consequence of the Frenkel condition
(70) and the ensuing PN expansions of the tensors 7" and
SHV (see Egs. (81) and (82)). If we define the Kerr angular
momentumas J = GT’"za witha € (0, 1), we can provide an
estimate of the effects introduced by EC theory on a single
body by evaluating the ratio s/ by means of Egs. (135)
and (139). If we choose a = 0.5, in the NS case we have
s/J ~ 10~ form e [1.1,2.2] M, while foraBH s/ J ~
(10712 — 1072) with m € [3, 10'] M.

In conclusion, this paper prepares the ground for a sys-
tematic study of spinning PN binaries in EC theory. This
entails a comprehensive investigation of the 1PN dynamics
of binary systems in EC theory, which deserves consideration
in a separate paper.
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Appendix A: Post-Newtonian expansion of the Riemann
tensor

We report selected PN expansions of the Riemann tensor
components (see Eq. (8)). These are given by

X 4
DR = 0 (50 o+ 6_38[le]>

+ c%ai[ka”a,v, (A1)
@Rk, = C% (8krj 0101 + 811 919k) V, (A.2)
@O RN = Cl—za,-akv, (A.3)
@ RAygy = —x [ai (Dsiper) + %a,(”sk,-)}

+ 6145,(,- BV + 89,V

- Ci4 [4V 0,0,V 4+ 30, V; V

+20; (0 Vi + 0; Vi) 1, (A4)

k 1
DR = x coy Vs

@ Springer

2
+ C_3 (28k8[i Vj] + 3k[j8i]a, V) s (A.5)

= n

v

where (")R’f} ) = and we have used the Frenkel
c) a2

condition (70). The above equations give contributions in Eq.
(77).
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