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In this paper, we investigate the gravitational-wave generation problem at the first post-Newtonian order
in the context of Einstein-Cartan theory by exploiting the Blanchet-Damour formalism. The quantum
intrinsic spin carried by slowly moving, weakly stressed, weakly self-gravitating sources is described
geometrically by means of the torsion tensor. We obtain the expression of the source multipole moments
with the required accuracy. The analysis of the physical meaning of the lowest-order nonradiative moments
and of the asymptotic gravitational waveform is also performed. Eventually, we draw our conclusions and
estimate the order of magnitude of the spin contributions in the gravitational-wave signal.
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I. INTRODUCTION

Gravitational-wave (GW) astronomy is an emerging
branch of physics which is making many significant
breakthroughs. The birth of the GWs observational cam-
paign started in 2016, when the Laser Interferometer
Gravitational-Wave Observatory (LIGO) and the Virgo
Collaboration teams announced the first direct detection
of GWs resulting from the merging of two black holes
(BHs) [1]. This event, called GW 150914, has opened a new
era both in astrophysics and in cosmology. In 2017, the first
case of GWs originated by colliding neutron stars, called
GW170817, was pinpointed by LIGO and Virgo, and the
consequent emission of short-gamma-ray bursts was
observed by INTEGRAL and Fermi Gamma-Ray Burst
Monitor [2]. This cosmic phenomenon has been a signifi-
cant milestone in multimessenger astronomy. A total of
50 GWs events have been spotted to date by LIGO and
Virgo, as reported in the Gravitational-Wave-Transient
Catalog 2 [3].1 This number is destined to increase, due
to the support of other operating detectors (such as the
high-frequency ground-based second-generation interfer-
ometer Kamioka Gravitational Wave Detector (KAGRA)
[4]) and near-future apparatuses based both on Earth
(e.g., the third LIGO detector LIGO-India [5] and the
third-generation interferometers Einstein Telescope [6]
and Cosmic Explorer [7]) and in space (e.g., the
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low-frequency Laser Interferometer Space Antenna
(LISA) [8]). These devices are expected to enable very
precise tests of general relativity (GR) in the strong-field
regime with an unprecedented sensitivity, which will
range from some tens of hertz to about one kilohertz
for ground-based interferometers and from some yHz to
about one-tenth of a hertz for space-based ones [9—11].
Furthermore, we also mention the low-frequency galactic-
scale GWs detectors called pulsar timing arrays (PTAs),
whose frequency band goes from 100 to 1 nHz [12,13].
These new technologies are expected to establish whether
GR is the only fundamental theory suited to the descrip-
tion of gravitational interactions or instead extended
theories of gravity need to be introduced.

In the literature, a plethora of methodologies aimed at
inspecting GWs phenomena have been conceived.
Nowadays, a crucial role in the study of the dynamics of
compact binaries is fulfilled by numerical relativity. In
2005, the first successful numerical simulation of the GWs
coming from an inspiraling pair of BHs through their
merger and final ringdown was achieved [14,15]. Since
then, several international scientific communities devel-
oped advanced numerical codes featured by steadily
improved and largely used high-performance computing
facilities (see review articles [16—18] for more details).
Numerical techniques provide gravitational waveform
templates capable of both validating the theoretical pre-
dictions and fitting the observational data [19-23]. In the
current GWs data analysis, two families of inspiral-merger-
ringdown approaches are generally employed (see
Refs. [24,25] for more details and Ref. [23] for a review):
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(1) Effective-one-body (EOB) models are built on
post-Newtonian (PN) and perturbation theory results
[26-28] and describe both the dynamics and the wave-
forms in the time domain of generic binary systems;
(2) Phenomenological patterns (Phenom) provide a
closed-form characterization of the frequency-domain
waveform from generic configurations of compact bina-
ries [29-35]. Moreover, a framework which borrows ideas
and techniques from quantum field theory and is exten-
sively used to study the problems of motion and radiation
of compact binaries is given by the effective-field-theory
approach [36-39]. This method brings out efficient tools
to compute observable quantities, and hence it is essential
in the construction of the template waveforms necessary
for the GWs detection [40—42]. Furthermore, two different
GWs generation frameworks have been developed up
to a high PN accuracy: the Will-Wiseman-Pati method,
which uses a direct integration of the relaxed Einstein
equations (DIRE) [43,44], and the Blanchet-Damour
formalism [45-48].

In our work, we will resort to the Blanchet-Damour
method, which yields reliable descriptions of the motion
and radiation of binary BHs only during their early
inspiraling stage. In this framework, the generation prob-
lem is investigated, for PN (i.e., weakly self-gravitating,
weakly stressed, and slowly moving) sources, by splitting it
into two subproblems and by employing two approxima-
tion techniques: in the exterior region, the solution is found
by means of the multipolar-post-Minkowskian (MPM)
scheme, which combines a post-Minkowskian (PM) algo-
rithm and a multipolar decomposition, and it is written as a
function of either the so-called source multipole moments
or the canonical multipole moments; in the near zone, the
solution is constructed through the PN pattern. Since the
two procedures have, for PN sources, an overlapping
domain of validity, the solutions are then matched together.
This strategy permits expressing the multipole moments
parametrizing the external MPM field in terms of the
properties of the source.

The state-of-the-art computations for compact binaries
with vanishing angular momentum give the gravitational
waveform up to 3.5 PN order” in the case of circular orbits
[47] (with the 4 PN mass-type quadrupole moment recently
calculated in Ref. [49]) and up to 3 PN for eccentric orbits
[50,51]; the GW energy flux for binaries moving on circular
orbits has been obtained at 4.5 PN [52]; the dynamics is
fully known at the 4 PN level [53], and a new methodology,
referred to as Tutti Frutti [54], has succeeded in extending
the current knowledge in the conservative dynamics of
binary systems up to the 6PN order (although some of the

*We recall that the qualifier nPN refers to a correction of the
order ¢~ relatively to the “Newtonian” quadrupole formula,
which corresponds in turn to a 2.5 PN radiation reaction
contribution to the equations of motion.

underlying coefficients are missing) [55,56]. On the other
hand, in the case of spinning compact binary systems, the
effects in the radiative field and the energy flux are such
that the spin-orbit (SO) contribution is known at 4PN
[57,58], whereas the spin-spin (SS) [59,60] and the spin-
spin-spin (SSS) [61] are known at 3PN; the SO, SS, and
SSS interactions in the equations of motion have been
computed at 3.5PN [62-65], 3PN [59,60,66], and 3.5PN
levels [61], respectively.

GWs theory has been also investigated in the context of
alternative theories of gravity [67,68]. In particular, 2PN
gravitational waveforms generated by a binary of non-
spinning compact objects have been worked out in
massless scalar-tensor models by exploiting both the
DIRE approach [69,70] and the MPM formalism [71].
On the other hand, leading PN spin-orbit effects in
quasicircular nonprecessing compact binaries coupled
to a light scalar field have been recently computed
[72]. In addition, GWs propagation has been analyzed
for a broad class of scalar-tensor theories by exploiting
the geometrical-optics method [73]. GWs have been
studied also within string-inspired frameworks, such
as: Einstein-Maxwell-dilaton [74], Einstein-dilaton
Gauss-Bonnet [75], and Einstein-Maxwell-dilaton-
axion models [76]. Lastly, in Ref. [77], analytical wave-
forms for the inspiral stage of a compact binary system in
scalar Gauss-Bonnet gravity patterns have been con-
structed up to 1PN order (further results can be found
in Refs. [78,79]).

GWs can also represent a promising tool to test quantum
gravity through the spectroscopy analysis of more sensitive
data [80]. In the literature, some proposals have been set
forth. Some authors argue that GWs can be used as a probe
to reveal or constrain quantum modifications at the horizon
scale to BH dynamics and address important issues, like the
BH information loss paradox, the firewall phenomenon,
and the gravastar proposal [8§1-83]. The quantum-induced
fluctuations which affect two freely falling bodies in a
quantized gravitational field might be measured by GWs
observatories [84], thus providing valuable hints regarding
the existence of gravitons and relevant information about
the properties of the GWs source itself [85]. Such a research
program is devoted to the exploration via GWs interfer-
ometers of the quantum properties of the spacetime, i.e., its
“foamy” or “fuzzy” structure [80,86]. Furthermore, the
uncertainty in the arm length of a detector due to quantum
metric fluctuations, as predicted by the theory of quantum
gravity supplemented by the holographic principle, leads to
a signal that could be observed at macroscopic distances by
a GW apparatus, as discussed in Refs. [87,88]. A pivotal
role in multimessenger astronomy will be assumed by
the project High Energy Rapid Modular Ensemble of
Satellites—Scientific Pathfinder (HERMES-SP), which
will work in parallel with LIGO, Virgo, and KAGRA
[89]. It has been launched with the purpose of detecting and
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localizing bright high-energy transients such as gamma-ray
bursts, which have been recognized as the electromagnetic
counterparts of GWs events [90] and are important means
to infer precious information on the quantum aspects of GR
[91]. Among its various scientific objects, there are indeed
tests concerning the granular structure of the spacetime at
the Planck scale [92].

Motivated by the above-mentioned theoretical and
observational proposals investigating the emergence of
possible quantum phenomena within the GWs realm, in
this manuscript, we study the GWs generation problem
in the context of Einstein-Cartan (EC) theory (also known
as U, or Einstein-Cartan-Sciama-Kibble theory) by
exploiting the Blanchet-Damour formalism. The EC
model provides a complete geometrical description of
matter at microscopic level since it predicts that the
torsion tensor, defined as the antisymmetric part of
the connection, couples to the spin of elementary par-
ticles, in analogy to the well-known coupling between the
metric and the energy-momentum tensor [93,94].
Hereafter, the word “spin” indicates the intrinsic quantum
angular momentum of particles, in contrast with the
classical angular momentum due to a macroscopic
rotation [95].

The research carried out in this paper aims at under-
standing possible quantum imprints in the propagation of
GWs produced by PN sources in EC theory, namely,
spinning, weakly self-gravitating, slowly moving, and
weakly stressed sources. The paper is organized as follows.
In Sec. II, we briefly outline the Blanchet-Damour formal-
ism. In Sec. III, we deal with the GW's generation problem
at 1PN level in EC theory. Eventually, concluding remarks
are given in Sec. IV.

We use metric signature (—, +, +, +). Greek indices take
values 0, 1, 2, 3, while the latin ones take values 1, 2, 3. The
flat metric is indicated by y% = Ny = diag(=1,1,1,1).
The determinant of the metric g, is denoted with g. €;; is
the standard Levi-Civita symbol with €53 = 1. Round
(respectively, square) brackets around a pair of indices
stands for the usual symmetrization (respectively, antisym-
metrization) procedure.

II. GRAVITATIONAL WAVES IN GENERAL
RELATIVITY: BLANCHET-DAMOUR
APPROACH

We outline the general relativistic GWs theory by first
introducing the mathematical problem (see Sec. Il A) and
then its approximate resolution following the approach
devised by Blanchet and Damour (see Sec. II B).

A. Mathematical problem of GWs generation

We consider a spacetime .# endowed with a metric g,
and define the gravitational field amplitude [47]

0 = g% — . (1)

where g% = ,/=gg® denotes the inverse gothic metric.
The GWs generation problem in GR is described by the
set of equations [45,47,48,96]

O — T, (2a)
956% =0 (2b)
‘xllirilmf)“ﬁ(t ,x)=0, fort<-T, (2¢)
0,9 (t,x) =0, fort<-T, (2d)
where O = 79,0, y = 162G/ c*,
T = ()1 A ©

is the effective stress-energy pseudotensor, and
AP = y(=g)(t] + 1]). (4)

tLL being the Landau-Lifshitz pseudotensor [97], whose
expression, worked out in harmonic coordinates, reads as

)(( g)fi[i = _gaﬂgyéaehﬂalcf)& - 29&97((18]([)/1)687[)&

1
+ 22— )
39,5059, (5)

+ gyéggKas f)ay 6/(‘ f)ﬁé

X (delcgia - g/d.geo‘)

and tH being an additional harmonic-gauge contribution
which can be written as

2(=9)tf = 9,0,(h " — h7y). (6)

The gauge condition (2b) is equivalent to the matter
equations of motion, i.e., [47,97]

Ih” =00 TP =0 V,7%=0.  (7)

The mathematical problem (2) is defined in .#, which
we assume to be homeomorphic to R* and topologically
split in space R* and time R. Since the gravitational source
is localized, T% € C%,,,,(R*, Q); ie., it is a smooth
function in R* endowed with the spatially compact support

Q={xreR: x| <d} 8)

where |x|=r=,/8;x'x/ is the harmonic-coordinate

radial distance and d denotes the typical size of the source.
Since the source is supposed to be PN, the reduced
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FIG. 1. The domains in which the spatial part R® of .Z is
decomposed: gravitational source location €, inner zone D; D Q,
overlapping zone D, = D; N D,, exterior zone D,. The dashed
circle having radius A permits defining the wave zone ®,, C D,,
the region where a detector is framed.

wavelength %4 of the gravitational radiation is such that
%> d. Therefore, the spatial domain R? can be further
decomposed as R* = D, U D,, where (see Fig. 1)

2 ©)

D, ={xeR:|xl<r,

D.={xeR:d<x

with d<r,<%}. (10)

The set D, is called the interior zone, while D, is called the
exterior zone. For a PN source, these two zones overlap
in the so-called overlapping region ®,,, being thus defined
by [47]

D, =D.ND,={xeR:d<x|<r}. (11)

Finally, the spatial region where a detector apparatus is
located is known as wave zone, formally defined as

D, = {x e R A< |x|}. (12)

B. Approximate resolution

The fundamental problem of GWs generation consists in
formally relating the material content of the source in € to
the asymptotic gravitational-wave field §,4 in D,, [45,47].
This issue cannot be solved analytically and appropriate
approximation methods should be invoked.

In the exterior domain D,, it is supposed that the metric
(1) admits the MPM expansion [45]

+00
=G, (13)
n=1

where each f)?f ) admits a finite multipolar expansion.

Equation (13) is exploited to solve perturbatively in D,
the vacuum Einstein equations, and the resulting MPM
solution is parametrized by the symmetric-trace-free (STF)
source multipole moments, defined as [47,48]3

B
th: g)/(t(IL’JLvWLaXL»YLvZL)’ (14)

where I; and J; are the mass moments of order | and
current moments of order I, respectively, while W, , X;, Y,
Z; are the gauge moments of order I. A coordinate
transformation allows to define a canonical metric depend-
ing on the STF canonical mass-type M; and current-type
S; moments [47,98].

By employing radiative coordinates, the MPM solution
can be written in terms of the SFT mass-type radiative
moments U; and current-type radiative moments V
[45,46,99—-101], which are related to the canonical ones
via some highly nonlinear relations [47].

In the near-zone 9;, the Einstein field equations are
perturbatively solved through the PN iteration [47,102],
where the field amplitude §* admits the general PN
expansion (indicated with an overline)

+o0

HP(t,x;¢) = Zcim(m)f)"ﬂ(t,x;log c). (15)

m=2

The matching procedure allows us to obtain the explicit
expressions of the source multipole moments and stems
from the existence of the overlapping region D,, where
both MPM and PN expansions are valid. The matching
equation reads as (spacetime indices suppressed) [47,103]

M(B) = M(D). (16)

where M (1) is the near-zone reexpansion of the multipolar

expansion of the radiative field, whereas M (}) is the far-
zone reexpansion of the PN expansion §.

ITII. GRAVITATIONAL WAVES IN
EINSTEIN-CARTAN THEORY

This section concerns GWs emitted by PN sources in the
context of EC theory. A brief account of the EC model
is given in Sec. III A. This prepares the ground for the
analysis of the mathematical problem underlying the
GWs generation, which is presented in Sec. IIIB.
The resolution of this problem, when sources are negligibly
self-gravitating, can be tackled via linearized EC theory,
which we discuss in Sec. III C. On the other hand, for
weakly self-gravitating spinning sources, the problem can

3We use the multi-index notation, where L denotes the multi-
index iyi,...i;, made of [ spatial indices [45].
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be approximately solved by the Blanchet-Damour method,
which has been set out in Sec. II. In this case, upon
introducing the domains (9)—(12) (see Fig. 1), the solution
is built up in three stages: the inner field is examined by
resorting to the PN method in the near zone D; (see
Secs. Il D and III E); the gravitational field in the external
vacuum region D, is investigated by exploiting the MPM
scheme (see Sec. III F), and finally the two solutions are
matched in the overlap domain D, (see Sec. III G, where
we will see that a matching procedure less general than the
one described in Sec. II B is sufficient for our purpose). In
Sec. III H, we perform a physical analysis of the non-
radiative source multipole moments. The section ends with
the evaluation of the 1PN asymptotic waveform; see
Sec. I L.

A. Einstein-Cartan theory

Gravitational interaction is the only fundamental force of
nature which is not fully understood at the microscopic
level. For this reason, it seems necessary to extend the
principles of GR to the microphysical realm. This objective
may be framed within EC model, where the novel object is
represented by the torsion tensor. As we will see, the torsion
tensor is the geometrical counterpart of the intrinsic spin
carried by particles, in analogy to the GR correspondence
between the curvature of the spacetime and the mass energy
of matter fields.

EC theory is defined on a spacetime .# endowed with a
metric tensor g,; and with the most general metric-
compatible affine connection

T, =0% - K, (17)
K, =8/, -5 ,-S.,=-K/,. (18)

where fﬁy denotes the Christoffel symbols and K W’l denotes
the contortion tensor. Hereafter, the hat symbol denotes
quantities framed in GR.

The antisymmetric and symmetric parts of (17) read as,
respectively,

A
T

(19)

Hv uv

1
E(rﬂ -T%) =8,%

[NSE

F?mz) (Ffw + Fﬁﬂ) = ffw + 2S/1(M”)’ (20)
where S,,,ﬁ is the Cartan torsion tensor.
The affine connection (17) permits us to define the

covariant derivative operator V and the modified covariant
*
derivative operator V, whose action on a generic tensor

field of type (1,1) is given by, respectively,

V,A% = 9,A% + T2, Ay —T¥ ,A%,  (21)

vaAﬂv = (va + 2Saﬂﬂ)Aﬂv- (22)
The Riemann tensor
G GPFL‘,, — 80Fﬁp + I ’,f,,,l“,’fa — Fﬁgrgp (23)

permits us to define the (asymmetric) Ricci tensor R, =
R%,,, and the Ricci curvature R = R,*, which in turn allow
us to write the (asymmetric) Einstein tensor as

Gaﬂ = Raﬂ - %gaﬂR (24)

Given the matter Lagrangian density L., =
L, (¥, V¥, g), supposed to be minimally coupled to the
gravitational field [93] and with ¥ denoting a generic
matter field, it is possible to introduce the metric energy-
momentum tensor 7%, the spin angular momentum tensor
7,7, and the spin energy potential u,”* as [93,104]

T — Léﬁm , (25)
V=9 0Yup
1 6L,
Tyﬂa — _—g 5K 7 , (26)
1 6L
/4}'/}" - = (27)
Vamt!) 5Sa/37

Furthermore, by employing Eq. (18), the tensors ,u/’“ and
ryﬁ"’ can be related in the following way:
M(l/)’y — _Ta/iy + T[)’ya _ T}/”ﬂ. (28)

The variation of L, with respect to the metric and the
torsion, Egs. (25) and (27), contributes to the total energy of

matter. The total energy-momentum tensor of matter T
can be defined as [93,105]

'ﬂ'(lﬁ — Ta/} _ vy(ﬂaﬂy), (29)

and it is known to coincide with the canonical energy-
momentum tensor, whose expression is [93-95,105]

1 oL
T, = |8, — ™ V|
/ V') / 8(8(1‘11) /

EC field equations can be written as (recalling that
y=161G/c*)

(30)

G :’%@aﬁ, (31a)

@a/i — Ta/)’ +)§S{Iﬁ, (31b)
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where the tensor S% reads as [93,95,105]
Sa[)’ = —4Tay[5’l'ﬂ5y] _ 2,[(1}/5,[/3},6

1
+ o9, + Ega ﬁ(4Tﬂy[6 )+ 77°7,5).  (32)

and G? is the Riemannian part of the Einstein tensor (24).
In Eq. (31), we have formally removed the torsion, since we
have employed the following identities [94]:

Su’ =

X
2% 5

(T/u/L + 5/[1,71/]/)'0)’ (33)

X
pra = 5 (_Tm/a + Tya,u - T“uu—‘sﬁfupp + gﬂvral’p)' (34)

The combined energy-momentum tensor ®* occurring in
Eq. (31) contains spin contributions implicitly in 7% and
explicitly in S%. Moreover, it satisfies the relation

V,0% =0, (35)

where @ﬂ denotes henceforth the covariant derivative with
respect to the Levi-Civita connection.

In EC theory, the dynamical equations of the matter
source can be obtained by means of the (generalized)
conservation laws of energy-momentum and angular
momentum, which read as, respectively [93,94,105],

*

V,T,) = 21Tl1"SW’1 —7,,°R,"", (36)

V;L‘L'm/1 = —H—[MD]' (37)

In particular, the translational dynamics of a spinning test
particle can be derived from the conservation law (36) by
employing the so-called pole-particle approximation [106]
(see also Ref. [94] for further details). In this way, we get
the Mathisson-Papapetrou-like equations

dp*
dr

+ 1%, P 4 K+, PPy = —R¥, SPou?,  (38)
7 being the proper time; u* being the 4-velocity; and
T
Pryt = uo/d3x./—g—, (39)
c

,z.;w/l

St oyt = uo/d3x\/—_g (40)

c

being the total momentum and spin angular momentum of
the test particle, respectively.

B. Mathematical problem

Along the same lines as for GR, we introduce also in EC
theory the gravitational field amplitude [cf. Eq. (1)]

§ = g% —y, (41)

where g% = \/—_gg"‘ﬂ denotes the inverse gothic metric.

The starting point of GWs generation problem is now
represented by the EC field equations (31), which, likewise
in GR, can be written in the form of inhomogeneous flat-
space d’Alembertian equations once a generalized har-
monic gauge is invoked [see Eq. (42b)]. The differential
problem is defined in the spacetime .#/, which, as in GR,
we suppose to be homeomorphic to R*, and is supple-
mented by two boundary conditions already exploited in
GR, i.e., Egs. (2¢) and (2d). In this way, we obtain the
following well-posed mathematical problem:

O = y(~g)0" + A, (42a)

H* =0, (42b)

Jim 5% (1,x) =0, for 1< T, (42¢)
X|—-+400

9,57 (1,x) =0, forr<-T. (42d)

If we define OJ, = ¢*V,V,, and ﬁg Egﬂ”@;ﬁy, the
generalized gauge condition (42b) reads as

HY=0x% = H* - 25%, =0, (43)
Ae=0l = Lo (44)
= XN = —- s
g \/_—g A

and hence it is equivalent to

0,9 = 2,/=gS™,. (45)

It is clear that, due to the presence of the torsion tensor, we
have obtained a gauge condition which differs from the
corresponding expression employed in GR [cf. Eq. (2b)].
For this reason, the right-hand side of EC equations (42a)
will exhibit new contributions, which generalize those
occurring in Einstein equations. These new terms are
included in the EC pseudotensor A*, which can be written
as [cf. Eq. (4)]

A = y(—g) (B + B + 1), (46)

where % and 7 are the generalized version of the Landau-
Lifshitz pseudotensor (5) and of Eq. (6), respectively, while
7" is a new additional contribution due entirely to the
torsion (and for this reason, we have not indicated it with a
tilde). Their expressions are
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(=9 =x(=9)tL + (2y/=957 )0, 9" —4(—g)S* 5",
(47)

x(=9)ty = x(=g)tiy — 4(=9g)5".S"",
- 2[)(1(1/8(1 [2\/__9S”>6e] + aa[hﬂy(z\/__gsaee)]
+ (2y/=95%) 0., (48)

x(=9)ts" = =" + §)0u(2/=95")
+2[n + ]9, [2/=g5" ]
+4(=g)8" 8 — (4y/=g8™) 09", (49)

The generalized gauge condition (42b) leads to the identity

A, lx(~g)O" + A = D(2y=g5,).  (50)

which in turn is equivalent to (35). In deriving Eq. (50), we
have taken into account that

A,y (=g) (@™ +177)] =0, (51)
along with the following equations:

aub((_g)?{-{y] = _4av[(_g)sﬂeeswf] - f)(waaay(z\/__gsﬂee)
+ 04[(2y/=98" ) (24/=95°,)]
+ (0.5")0,(2y/=g5%). (52)

Oulr(=9)ts’] = D(2y/=g8"c) = O, [y (—9)T . (53)

1. Simplification of the generalized harmonic
gauge condition

In EC theory, the generalized harmonic gauge (42b)
amounts to requiring that the spacetime coordinates x®
satisfy a set of Riemannian d’ Alembertian equations having
a nonvanishing source term due to the presence of §%; see
Egs. (43) and (44). The same factor also occurs in the
definition of the tensors (47)—(49) and can be interpreted as
a correction to the analogous GR quantities induced by the
torsion. Therefore, we can simplify all the above expres-
sions if we require that

s, = 0. (54)

In general, the torsion tensor has 24 independent compo-
nents, which have been lowered to 20 thanks to the
condition (54). This permits us to further reduce the degrees
of freedom of the EC theory with respect to the GR case
and hence the complexity of the involved computations.
There exist various physical systems where Eq. (54) is
satisfied. One example is furnished by the semiclassical
model of the neutral Weyssenhoff spinning fluid, where

such an identity follows, via Eq. (33), from the so-called
Frenkel condition [93,107]

To = sp5uP =0, (55)

u® being the fluid velocity and s,5 = s[4 being the spin
density. However, there is a plethora of other physical
examples where the Frenkel condition is applied: the model
of Frenkel spinning electrons and all spinning bodies in
curved spacetimes [108] and hydrodynamics of fluids
endowed with spin (although these are framed in GR,
the spinning proprieties can be suitably recovered also by
resorting to the EC theory) [109]. Finally, Eq. (54) is valid
whenever the torsion tensor is totally antisymmetric, as
occurs, for example, in the case of the Dirac field [93].
Through the assumption (54), Eq. (45) becomes identical
to the GR gauge condition (2b). Furthermore, Eqs. (47)—
(49) turn out to be less complex, because 7] and 7 reduce

to their corresponding GR counterparts (5) and (6),

respectively, whereas tgﬁ vanishes identically. As a conse-

quence, the gravitational source term (46) assumes the
same form as the GR expression (4). Therefore, once
Eq. (54) is employed, the mathematical problem (42)
reads as

Og = 3, (56a)
9,5 =0, (56b)
‘x‘lirilmf)“ﬁ(t,x) =0, fort<-T, (56¢)
09%(t,x) =0, fort<-T, (56d)

where we have defined the EC pseudotensor
&% = (—g)0% +}(A“ﬂ. (57)

The mathematical problem, written as in Eq. (56), resem-
bles that of GR [see Eqs. (2) and (3)]. Furthermore, bearing
in mind Egs. (50)—(53), the condition (54) allows us to
write the conservation laws

7 =02 9,27 =0V,07 =0, (58)

which turn out to be very similar to Eq. (7). Subject to the
hypothesis (56d), Eq. (56a) can be formally recast in the
integrodifferential form

b = O T, (59)

where (1! is the retarded Green function, defined as
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_ 34/
mrgr=_ [ &
4z Jrs |x — x|

_ /
gop <t— =] x) (60)

c

In our analysis, we will suppose that the gravitational
source is confined to the region Q, defined by Eq. (8). This
means that for the metric energy-momentum tensor (25)
and the spin angular momentum tensor (26) we can write
T% € CZup(R*, Q) and 7,7 € €, (R, Q). In other
words, the combined energy-momentum tensor ®* is such
that % € C,,,(R*, Q) [see Egs. (31b) and (32)].
Moreover, the compactness property of Tyﬂ", jointly with
Eq. (33), permits us to conclude that the torsion tensor will
vanish in the region Q. = R3\Q.

2. Implications of the hypothesis S™,=0

We note that if we had not considered the assumption
(54) Egs. (43)—(45) would have led to two different gauge
conditions, depending on whether the mathematical prob-
lem (42) had been addressed in Q (where in general
S, #0) or in Q. (where the compactness hypothesis
guarantees that $%, =0). On the other hand, having
enforced Eq. (54), the gauge condition is the same in both
Q and Q.,;, where it is simply given by (56b). In addition,
in the mathematical problem (42), the generalized harmonic
gauge defines one set of coordinates x; in Q and another
set x, in the external region ., the former satisfying

A

Ugx{ = 28%, and the latter satisfying the harmonic gauge

ﬁgx‘e’ = 0. Since x; and x, are solutions of the inhomo-
geneous and homogeneous wave equations, respectively,
they are related by the formula x; = x, + x,, where x;, is a
particular solution of the inhomogeneous equation.
Therefore, the generic transformation which permits us
to move from the inner coordinate system x; to the
outer coordinate system x, is the following linear function
(defined up to a global multiplication constant), xt =
fH(x;) =t —xp, while its inverse is given by x!' =
(f)(xe) = x¢ + xp.

C. Linearized Einstein-Cartan theory

One way to handle the mathematical problem (56)
consists in exploiting the linearized EC theory, which deals
with the regime of weak metric and torsion fields [110]. We
suppose that in the spacetime .# there exists a reference
frame in which we can decompose the metric tensor g,
into Minkowski metric 77,4 plus a small perturbation /4,
ie., [111]

gaﬁ = 770:/5 + h(x[f’ |haﬂ| <1 (61)

The functions h, are related to the gravitational field

amplitude (41) through

Bop = —Ous + O(R?), (62)

where we have defined

1

and h = n""h,,, (in linearized theory, indices are raised and
lowered by 7,,). Neglecting terms quadratic in £, the de
Donder gauge (56b) assumes the form

0,0/ =0, (64)
and Eq. (56c¢) is equivalent to

lim h,, =0 fort<-T, (65)

r—+oo

where the radial distance r is calculated in terms of
coordinates for which Eq. (64) is valid. Furthermore, from
Eq. (56d), we obtain, at linear order,

Oihgy =0, fort<-T. (66)
If we exploit Eq. (29) jointly with Egs. (17), (22), (33),
and (34), then by retaining in Eq. (56a) only those terms

linear in both the metric perturbations and the torsion field,
we obtain

Deaﬂ = _)(Ta/iv (67)
where
Taﬂ = —l]—aﬂ + ayﬂaﬂy (68)
is the symmetric stress-energy tensor deduced from the
linearization of Eq. (29). The gauge condition (64) is
equivalent to the flat-space conservation laws for T%
and T, ie.,

6ﬂ90’ﬁ - 0 = 8ﬁT05ﬁ - O < 3ﬂTaﬁ - O (69)

In linearized theory, an important role is fulfilled by the
infinitesimal local coordinate transformation

X — XM= Xt — E(x), (70)
&#(x) denoting four arbitrary functions small enough to

guarantee that |, | < 1. Equation (70) induces the gauge
transformation on A, [112],

Py (%) = B (x') = Py (%) + (£11),,- (71)

where (the components of) the Lie derivative of the flat
metric along the vector & is given by [113,114]
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<£57])W, = glvﬁ’/lyu + ’/Mvvygl + niyvugﬁ
- 256 (np/ASpau + npuS/)a/A)' (72)

Since |&#| < 1 and both the metric perturbation functions
and the torsion field are weak, we obtain, at first order,

(£e1),, = 046, + 0,8, (73)

and hence from Eq. (71), we end up with
h/w(x) - h;/w(xl) = hﬂu(x) + 28(/451/)- (74)

Therefore, the linearized gauge transformations of EC
theory assume the same form as those of linearized GR
[48,115], provided that |&|, |h,,|, and |S”,,| are small.

To within the precision of the linearized theory, the tiny
changes induced in the functional forms of all scalar,
vector, and tensor fields by the infinitesimal coordinate
transformations (70) can be ignored, except in metric,
where the small deviations from the flat metric 7, contain
all the information about the gravitational field. This means
that, in particular, the Riemann tensor, the stress-energy
tensor, and the spin density tensor are unaffected by gauge
transformations (74). Let us evaluate the invariance of the
Riemann tensor, which will be crucial in Sec. III G. In the
EC model, it can be written as [116,117]

>

N

R R

mpo — Nuvpo up

=2V, Ko + Kpo Ko — KopoK,l L (75)

and hence at first order, we obtain

lin __ plin
R/wpa - R;wpa

~20,K,) (76)

po>

where we know from the weak-field limit of GR that

Al 1
Rty =3 (0,0,h

Hupo p'tuc

+0,0,h,,—0,0,h,,—0,0,h,,). (77)
As pointed out before, in linearized EC theory, we have

Mlin  __ plin
R;wpo - R;wpm

(78)

but now, we see that this condition is due to the fact that
each term in Eq. (76) is separately invariant, i.e.,

R:tllizx;l)a = R/ltizl}pm (79)
(a/lepzr)/ = 8/4Kupa- (80)

D. Post-Newtonian expansion

In the following sections, we deal with the question
of the generation of gravitational radiation by spinning,
weakly self-gravitating, slowly moving, and weakly
stressed sources, i.e., PN sources in EC theory. This means
that we can exploit the Blanchet-Damour approach
(which has been summarized in Sec. II) in order to solve

approximately the mathematical problem (56). Thus, we will
first compute the gravitational field in the interior domain D,
of the source via the PN method.* In Sec. IIID 1, we
give some preliminary remarks and discuss the PN order
of the relevant quantities. The OPN limit is presented in
Sec. III D 2, while the details of the calculations regarding the
1PN inner metric and the conservation laws are reported in
Secs. III D 3 and III D 4, respectively.

We recall that PN series are performed in terms of ¢~! by
keeping G fixed, whereas in the PM pattern, the expansion
parameter is G, and c is fixed (see Ref. [120] for details).
Furthermore, we stress that in our analysis of spinning PN
sources we do not suppose, unlike linearized EC theory, that
torsion is weak. Indeed, strictly speaking, this hypothesis
should be invoked in the exterior weak-field region D,
where the MPM series is physically valid. However, the
torsion field vanishes in ®, since the spin angular momen-
tum tensor TM/ has compact support in € [see Eq. (33); note
that in the PN formalism the region Q.,, coincides with D, ].

1. Preamble to the PN expansion

At 1PN level, our calculations can be more appropriately
carried out in terms of the metric tensor components g,
whereas at higher PN orders, the use of the gravitational field
amplitude I)"/} 1s more convenient, likewise for the GR case
(seeRefs. [47,121-123]). Therefore, the starting point of our
PN investigation is represented by Eq. (31) worked out in
harmonic gauge (56b). This is equivalent to considering
Eg. (56a) in terms of g,4; see Eq. (41). In this way, we get

2
o v X v
2Ra/} = )(g(w/}u ™ + ? gaﬂﬁusﬂ ’ (8 1)

where

2Raﬂ = _gﬂyga/;’,;w + 99" |:gay,/)(2.g/7’[v.o'] + gw;./i)

1
+ 9pup9ve.a — Egﬂp,agvo',ﬂ] (82)
1
gaﬂ v = Jou9py — Egaﬂgmn (83)

and g,p, = 0,94 (for a comparison, see Ref. [121]).
Moreover, the inspection of the PN order of the various
quantities occurring in Eq. (81) will be crucial. For this
reason, let (”>gm, denote the term in g,, of order (v/c)",

whereas (")T/w is the contribution in 7', of order d% v (with

M, d, and v being the mass, the typical linear dimension, and

*A PN investigation similar to the one developed in Sec. III D 3
can be found in Refs. [118,119]. However, our PN analysis will
consider both instantaneous and retarded potentials with the
purpose of using, afterward, the Blanchet-Damour formalism.
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the internal velocity of the source, respectively). We also
have for the torsion field S W’l, the spin angular momentum
tensor 7,/, and the tensor S*, respectively,

e

M "
- ? "2
M2 UZn

S~

(n>T/1”D

(84)

By considering the physical interpretation of the compo-
nents of 7,* [124],

790 = energy-dipole-moment density,

70"/ = (energy-dipole-moment flux)/c,

7,/ = (spin density)c,

7,/% = spin flux, (85)
their PN order reads as
TOIO _ O(CZ),
7" = O(c),
770 = 0(c),
7k = O(co), (86)
and hence we get the following PN series:
TOiO = (O)T()io + (2),[01'0 + ...,
Toij = (I)Toij + (3)Toij + .
Tijo = (I)T,‘jo + (S)Tl'jo + ey
Tl'jk = (Z)Tijk+ <4)T[jk+.... (87)

Therefore, bearing in mind Eq. (32), we obtain the following
PN expansion for S#:

S0 — (0500 4 (1)§00 4 (2)g00 4
S0 —(05)§0i 4 (15)0i 4 (25)G0i 4

Sij = (0§ii 4 (Ngij 1 @)§ii 4 . (88)

This can be summarized by’

"We are employing a standard notation in the literature (see,
e.g., Ref. [122]) according to which
A =0(c7?,¢7P) & A° = O(c™7),A’ = O(c™P),
" =0(c™,cP,c™")

& T% = O(c™1), % = O(cP), T = O(c™).

8% = 0(c*, 3, ). (89)
Thanks to the above equation, the tensor 0%, defined in
Eq. (31b), has the same PN structure as the metric stress-
energy tensor in GR, i.e.,
0% = 0(c?, ¢, ). (90)
Therefore, we can expect that the PN analysis of Eq. (31a)
will yield for the metric g,, a PN expansion analogous to
the GR case, as we will show in the next sections.

2. OPN expansion

The PN expansion (88) allows us to consider a OPN limit
for the metric tensor represented by

goo = =1+ @ggg + O(c™), (91a)
g0i = O(c™), (91b)
gij = 6;; +O(c™2). (91c¢)
By exploiting (89) and (91), Eq. (81) gives
@lgoo = =24, (92)
A = %‘ )00, (93)

where A =§Y0,0; is the three-dimensional flat-space
Laplace operator. The solution of Eq. (93), together with
the boundary condition that the field ¢ vanishes at spatial
infinity, is given by the Poisson integral

)= a7 (£or)

3
G d’y 0)

c* Jrs lx —y|

T(1,y).

(94)

where —c?¢ represents the (sign-reversed) gravitational
potential.

3. IPN expansion

The 1PN approximation of the inner metric can be
obtained by solving iteratively Eq. (81) starting with the
linearized result (91).

We first consider the spatial components (i.e., a = i,
p = j) of Eq. (81) and get the results

N

2R;; = —0(Pg;;) +O(c™), (95)

Gy T =5 55T+ T%) + O(c™). (%)
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2 2 1
2GS =% |y + 58,(S0 = S%)| +0(c™)
— O(c), (97)

and hence g;; satisfies the equation
X -
Cgij = =56,;(T% + T%) + 0(c™). (98)

From the last equation, if we analyze only O(c™2) con-
tributions, we obtain the Poisson equation

X
A(Pg) =— 551'/'<0>T00’ (99)

which, by means of Eqgs. (92)—(94), leads to the same result
as in Einstein theory, i.e.,

<2>gij = 51‘,;(2)900 = —2¢0,;. (100)

Therefore,
Eq. 9lc)]

we obtain the 1PN approximation [see

The temporal component (i.e., a = = 0) of Eq. (81)
can be worked out, after some algebra, as follows:

2Rp0 = —0(Pgo0) — O(Wgno) + 2(@g;;® goo.i;)

1
~ 3 (@) +0(c™) (102)

1
2900, T" = x [5 (T + 1) — (2>gooT°°] +0(c™),

(103)

Ve 71
Egoﬂobsw =5 [2 (89 4 Skk)] +0(c79). (104)

Therefore, Eqs. (102)—(104) give
1
- D((2>900) - D((4)900) + 2((2)91‘]‘(2)900,1'1') - EA((z)QOO)z
1
=y |:§ (TOO + Tkk) _ (2)900T00:|

5 (105)

71
+% L (8% + Skk)] +0(c™®).
By exploiting the result [cf. Egs. (92), (93) and (100)]

2 ((2>gij(2)900.ij) =2 (<2)900<2)900,jj)

= 200 <_?§(0>T00>, (106)

Eq. (105) can be further simplified, yielding

1
- D((z)goo) - D((4)900) - §A<(2)900)2

_ X 700 Kk xr 0 Kk -6
_E(T +T )+Z(80 + 8%)+0(c™®).  (107)

By considering only O(c™*) terms, the above equation can
be written as

2
X X
Al// — ¢.00 + Z ((Z)TOO + (Z)Tkk) + § ((O)SOO + (O)Skk)’

(108)
where we have defined

Wgoo + 2¢° = =2y (109)
Owing to the asymptotic flatness property of the metric
tensor g,s, the potential y vanishes at spatial infinity, and
the solution of Eq. (108) is

1 &Sy [P »x
tx)=— L [ Yy [P X oo, opu
w(t.x) 4z |x—y{c28t2+4 { *

_|_)§( ((O)SOO + (O)Skk):| }([,y)_ (1 10)

From the above equations, we see that, at the 1PN order, g
reads as [see Egs. (91a) and (92)]
goo = =1 =2¢ =2(¢* +y) +0(c™®).  (111)

The 1PN approximation of the mixed components (i.e.,
a =0, f=1i) of Eq. (81) leads to the following results:

2Ry = —O0®gy; + O(c™), (112)

)(go;u'uT}w = _)(T()i + O(C_S)? (113)
xr 7 coi

5g0ﬂil,8’“’ = —7801 + O(C_7). (114)

In the above equations, if we disregard O(c~) terms, we
obtain
Dgol' :)(T()i +O(C_5). (115)

Furthermore, if we ignore retardation effects in Eq. (115),
we obtain the Poisson equation
A (Wgo) = x T, (116)

and we can write gy; at 1PN order as [cf. Eq. (91b)]
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goir = &i +0(c™), (117)

where, due to the asymptotic flatness of g,4, the instanta-
neous potential {; is subject to the boundary condition that
it vanishes at spatial infinity and hence, from Eq. (116), its
expression reads as

4G d3y )
ct ) e-yl

Ciftx) = - T%(t.y).  (118)

The 1PN results (101), (111), and (117) depend on the
instantaneous potentials ¢(z,x), w(z,x), and ;(z,x),
expressed by the Poisson integrals (94), (110), and
(118), respectively. On the other hand, the 1PN metric
can also be written in terms of retarded potentials. In fact,
since ¢ = O(c™?) and y = O(c™) [see Egs. (92) and
(109)], Eq. (111) becomes

2V 2V? R
Joo = -1 +? - 7 + 0(0_6) = —e_zv/C + O(C_é),
(119)
where we have defined the retarded potential

V = —c%(¢ + ). Starting from Egs. (93) and (108), it is
easy to show that the potential V represents the retarded
solution of the following equation,

OV = —4zGo, (120)
and hence can be written as [cf. Eq. (60)]
d3y
V(t,x) =G o(t—|x—yl|/c,y), (121)
=yl
where we have defined
@0 4 @k T00 4 Tkk S0 4 Gkk
o=—5 =" + (87G) —% (122)

Using Eqgs. (119) and (120), Eq. (107) reads as

2
Cllog(—go) =7 (T + T4) 477 (5 + 8) +0(c™).
(123)

By introducing terms beyond 1PN order, Eq. (101)
becomes

2V

gij = 6ij (1 + 7) +0(c™), (124)

which means that g;; satisfies the equation [see Egs. (120)-
(122)]

X

Og;; = 2

8;;(T™ + TH)

2
X _
- Zéij(soo + Skk) + O(C 4). (125)

Furthermore, thanks to Eqgs. (112)—(113), Eq. (115) can
be replaced by

2
Olge; = 2T +%s°i +0(c™). (126)

Note that in the above equation terms containing torsion
contribution are beyond 1PN level [cf. Eq. (88)]. However,
we have decided to include them in Eq. (126) since this
choice will be convenient for the subsequent calculations.
Therefore, Eq. (117) can be equivalently written as

4
goi = ——Vi+0(c™),

. (127)

where the potential V; represents the retarded solution of
the (flat-space) wave equation
av, = —4zGo,, (128)

and hence it can be written as

3
Vi(tx) = G / ;_yﬂam— —yl/cy).  (129)

where
aiE®:i :TTW+(8”G)SC—(:. (130)
4. PN conservation laws
From the conservation law (35), we obtain
0,0+ D0 = %(a,aj, —edV)+0(c), (131
0,0, + 0;0;; = 60,V + O(c™?), (132)

where, for our purposes, we only need Newtonian accuracy
in Eq. (132), and we have defined

. . Si
Gij = @lj = TU + (SHG)T (133)
c
In Egs. (131) and (132), we can replace the retarded
potential V with the instantaneous potential U, which is
defined by the expansion of Eq. (121) for small retardation
effects. This calculation gives
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1
V= U+2—028?X+0(c‘3), (134)
where
d3y

Ult,x) =G | ——oa(t,y 135
(1x) =G [ 2 0(0) (135)

satisfies the Poisson equation
AU = —4zGo, (136)

with the boundary condition, following from the asymp-
totic flatness of the metric tensor g4, that it approaches zero
at spatial infinity, whereas

X(tx) =G / Fylr—ylo(ty)  (137)

is known in the literature as a superpotential (i.e., a potential
sourced by another potential; see Refs. [96,125] for further
details).
Similarly, the retarded potential V; can be expanded as
[see Eq. (129)]
V,=U;+0(c™?), (138)

where the instantaneous potential U, is the solution of the
Poisson equation

AU,’ = —47TGGi (139)
and, being subject to the boundary condition that it

vanishes at spatial infinity (as demanded by the asymptotic
flatness of g,4), can be written as

d3

oyl (140)

oi(t.y).

Note that U; = —(c3/4)¢; + O(c™2) [cf. Eq. (118)].
If we ignore terms O(c™2) in Eq. (131) and take into
account Eqs. (93) and (116), we obtain

480¢+8ié’,’ - 0, (141)

which in turn is equivalent to the gauge condition (56b).

E. Multipole analysis of the inner metric

Let us recall from Sec. III D 3 that the inner metric at
1PN order reads as [cf. Eqs. (119), (124) and (127)]

gy =~/ +0(c™),

. 4
g = - VI +0(c),

953 = 51'/'(1

where hereafter we indicate explicitly with the superscript
“in” that we are investigating the inner field. Since ¢ and o;
have compact support, we can perform the multipole
expansion of the retarded solutions of the wave equa-
tions (120) and (128) in the region outside their sources,
i.e., in the overlapping domain ®,,. Exploiting the results of
Appendix B of Ref. [121] and the assumption of slow
internal motions of the matter distribution, we obtain, in the
Blanchet-Damour multi-index notation (see footnote4),

2
+ 3 V”‘) +0(c™), (142)

Vin:Gl*z?(—li)'aL(zLi ) o, .
o o (5
+GZ( o tou () o),
(144)

where u=t—r/c and (3, = ¥y denotes the STF pro-
jection of y;)

I () = / Byy oy, )

+ﬁ 12 dd: /d3yy<L>y20(yvu)’ (145)
Ko =1 [ &350 ), (146)
Jr(u) E/d3y€ab<i,)v)L—1>a6b(,y’u>» (147)
pp(u) E/d3yy<iL>6i(ya u). (148)

Note that, according to the recipe of Sec. II B, Eqgs. (143)
and (144) should be denoted with M (V") and M (Vir),
respectively. Despite that, hereafter, we do not follow this
convention in order to ease the notation, since the operation
of taking the multipole expansion will always be clear from
the context.
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At this stage, we perform a coordinate transformation
from the source-covering coordinate system x* to the new
coordinate system x'*, a priori valid only in ®,. Therefore,
we have [121]

/0 o 4G o (-1) 21+18 (ﬂL(”))

By (R DT T R R

=yl (149)

Such a transformation does not spoil the gauge condition
(56b), and hence it guarantees that the new inner metric
/(x') has the same functional form of gy (x) [see
Eq. (142)], i.e.,

gl = 2"/ + 0(c),
. 4 .
gy == Vin+0(c™)

. 2
gij = 6ij <1 + ?V’m> +0(c™). (150)

The only difference with gif, (x) is that the metric (150) is
parametrized in terms of new scalar and vector potentials
V/in and V" depending, unlike Egs. (143) and (144), on
only two families of STF tensors, i.e., the source multipole

moments /; and J;. Indeed, we have (suppressing for
simplicity the primes on the new coordinates)

fin __ s (_1)1 IL(”) o
14 _GZZO: T aL< , >+0( ),

(151)

where I, (1) = dI, (u)/du. In Eq. (151), I, is given by

420+1) 1.

1 (u) m;h(”l

= (u) — (153)

and hence [cf. Egs. (145) and (148)]

I (u) = / Fyyuyo(y.u)

1 1d [ 5
+m?@ Eyy iy o(y,u)

42141) 1d
(I4+1)(21+3)c*du

/d3yy(iL)O'i(y’”)v (154)

while, in Eq. (152), J; is given by Eq. (147), and we have
exploited the conservation law (131) up to O(c™?) terms to
write

Ky (u) = 1.(u) +0O(c™?). (155)

It is worth noting that in this section the source multipole
moments /; and J; parametrize the multipole decompo-
sition of the inner field, as an inspection of Egs. (150)—
(152) reveals, whereas in Sec. II B, they characterize the
exterior field [cf. Eq. (14)]. However, this difference with
respect to the GR procedure will not alter the outcome of
our analysis, as we will show.

Until now, we have expressed, within ®,, the 1PN inner
metric gﬁ‘; in terms of the source multipole moments /; and
Jr, given in Egs. (154) and (147), respectively. In the next
section, we will study the external gravitational field with
the purpose of relating, via the matching procedure, /; and
J; to the radiative moments U; and V; appearing in the
asymptotic metric (cf. Sec. I1 B). We will see that a crucial
role in this framework will be fulfilled by the canonical
moments M; and S;.

F. External metric

Since the tensor field ®* has compact support in Q, the
mathematical problem (56) assumes in the outer region D,
the same form as in Einstein theory and hence can be
addressed by resorting to the MPM algorithm devised in GR
(see Sec. II B). The output of this procedure is the canonical
external metric, which is parametrized in terms of the
canonical multipole moments M; and S, . To perform the
matching, which allows us to relate M; and S; to the source
moments /; and J;, expressed by Eqgs. (154) and (147),
respectively, itis essential to first consider the PN expansion,
in D, of the canonical external metric. However, we stress
once again that, at this level, we only need to exploit an
“order by order” matching procedure, so a less general
pattern than the one outlined in Sec. II B [103,120,123].

When the external metric is expanded in a PN fashion in
the matching region D, each term I)‘Zf ) [cf. Eq. (13)] has,
according to the results of Ref. [45], the following structure:

I)“ﬂ :O(C—Zn c—2n—1 c—2n)'

(n) (156)

This means that in order to perform the matching to the inner
field we need to go one step beyond the linearized result in

the MPM algorithm; i.e., we need to compute f)’(’f) and f)’(’f)
[see Eq. (13)]. In this way, as shown in details in Ref. [121],
we end up with the 1PN (re)expansion for the canonical
external metric gf’l’; valid in D,,,

gy = —eV" 7 1 0(c™°).

4
g = =S Ve 0(e),
C

2
g5t = by (1 + W’“) +0(c™), (157)
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where the external potentials V*' and V$*', kept in PM form,
are given in terms of the canonical moments M; and S; by

yeu = Gi =V, (MLr<u>>,
vre= -6 G o (M)

[ Spr—1(u)
+ I 1€iabaaL—l ( p .

It should be stressed that in Eq. (157) no tails effects
appear. This result agrees with the theorem stated in Sec. V
of Ref. [120] according to which such hereditary terms
denoted as t [w1th n > 2, the index n occurring in t (n)

being the same as the one labeling f)"ﬂ in Eq. (13)], qurckly

(158)

become negligible in the near zone Q) when the index n
increases. In particular, when n = 2, the tail t‘(’zﬁ) occurring

in f)‘(’% is such that, in ®,,

log ¢
aff g

which is far beyond the remainder of Eq. (157).

(159)

G. Matching of the internal and external fields

We now have all the elements to apply the matching
procedure It consists in requiring that the internal field
> constructed in Eq. (150), and the near-zone-expanded
external metric gj;', given in Eq. (157), should be
isometric in their common domain of validity, i.e., the
overlapping region ®,,. Let x” be the harmonic coordi-
nates a priori valid only in the exterior part D, of the inner
domain 9; and related to the source-covering coordinates
xf used in D; by the transformation (149). Upon denoting
with x4, the coordinates employed in the outer region D,,
the matching pattern requires the existence of a (PN-
expanded) coordinate transformation, described through
the map

u yn
‘j ‘x - x’éxt - xln

A CE (160)

such that the pullback .7* ¢°*! of ¢**' by .% gives [113,126]

(F* ) = G- (161)

The above equation, worked out explicitly, leads to the
exact relation

aXglxt axéxt ge;t(x t) _ g/m( )
ax/ﬂ 8x/1/ [¢7 528 124 1r1

(162)

The vector ¢ (x!,) occurring in Eq. (160) admits a
multipolar and PN expansion appropriate in ®, and is
supposed to be of order (see, e.g., Refs. [120,122,123])

@" =0(c73, ™). (163)

Starting from Eq. (162), jointly with Egs. (160) and
(163), it is easy to see that the effects of the coordinate
transformation (160) reduce to those of a standard linea-
rized gauge transformation (see Sec. IIIC) up to
O(c™%,¢77, ¢7®) contributions, i.e.,

™70 = g (i),

(164)

ext (

gx(xh) — D, — O, + O(c™®

where we have expressed both sides of the equation in
terms of the inner coordinates x/, and the error terms turn
out to be even better than what needed a priori [i.e.,
O(c™5,¢77,¢7®) instead of O(c %, ¢73, ¢™); see Egs. (150)
and (157)]. It should be stressed that the result expressed by
Eq. (164) could be expected a priori since the inner and
outer fields take the same functional up to O(c™®, ¢, ¢™#)
order; see Eqgs. (150) and (157).

As a consequence of Eq. (164), we can use the invariance
of the linearized Riemann tensor R}jﬂpa, which has been
demonstrated in Eq. (79), to write the following identity for

the components RA% it

;0,958 = 900) — 900: (963" — 967

— 900, (g5"" = g67) + Do0o(g — gif') = 0. (165)
The above equation permits obtaining the sought-after
relation between the canonical moments M; and S,
occurring in Eq. (158) and the source moments /; and
Jp [cf. Egs. (154) and (147)] parametrizing the inner
metric, i.e.,

Mp(u)=1
Sp.(u)

(1) +0(c™),
T (1) + O(c™2).

(166)

We point out that the remainder occurring in Eq. (166)
agrees with the one appearing in Eq. (3.25) of Ref. [121].

In the context of Einstein theory, the analysis of the
structure of gii' in the asymptotic wave zone D,, has been
performed in Ref. [46] and has revealed that it is always
possible to define a set of radiative coordinates X* =
(c¢T,X) where the external metric admits an asymptotic
expansion in powers of R™! at future null infinity (with

= |X| = (6;;X'X/)"/?). The same conclusions can be
trivially drawn also for our problem, since in D,, where
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both the spin angular momentum tensor (26) and
the torsion tensor vanish, EC theory is formally
analogous to GR. Therefore, following the calculations
of Ref. [121], we can easily obtain the relations between
the radiative moments and the canonical moments, i.e.,
(with [ > 2)

()
Up(u) = My (u) +0(c7?),

0
Vi(u) = S;(u) +0(c™), (167)
where superscript (/) denotes the /th time derivative of the
moments with respect to the u variable and the O(c™?)
stands for the tails effects.

Equivalently, in terms of the source moments, from
Eq. (166), we have (with [ > 2)

()
I, (u)+0(c?),

l)
Jo(u) +0(c™?).

Up(u)

—

Vi(u) (168)

Equations (167) and (168) represent the final result of the
matching procedure and solve the GWs generation problem
in EC model at 1PN level.

H. Lowest-order source multipole moments

The lowest-order source multipole moments can be
read off from Egs. (147) and (154) [see also Eq. (166)].
By exploiting Egs. (131), (132), and (134) along with the
Gauss theorem, which allows us to discard integrals
containing a total divergence, a lengthy calculation yields
the following expressions:

I(t) = /d3y [a+% GGU“‘ —o—jj)] +0(c™), (169)
L(1) = / Py, [wé(éwm—aﬁﬂ +O(), (170)

Ji(t) = /d3y€,»jkyj6k +0(c7?). (171)

Moreover, we can introduce the quantity

Pi(1) = %Ii(t) = /d3y (ai - %68,@)() +O(c™),
(172)

where the superpotential X(z,y) has been introduced
in Eq. (137). By exploiting Eq. (35), we can demonstrate
that

d
10 =0, (173)
d d?
S Pu1) =5 1i(1) =0, (174)
d
(1) =0 (175)

The PN expansion, up to O(c™2, ¢™3, ¢™2) terms, of the
total stress-energy pseudotensor (57) yields

~ . 7 1 1
&00 _ M@0 ___~ 9. ying.yin + O(c2 17
( g )G) 3 0;,U™o;U (c ), ( 6)

~ . . 1 . . . .
0i _ (_ ,in\@Q0i in 5 y7in in 9  y7in
T = (~g")0" + = (30,Um0,U" +80,U"9,U)

+0(c), (177)

Jij in\@yij 1 in in 1 in in
S = (—g")@ +R<8,U o,U —§5ijakU nhU )

+0(c™2), (178)

where the determinant of the inner metric field reads as

gn = —<1 + —2U"‘> +0(c™). (179)
c

Bearing in mind Eqgs. (176)—(179), it is simple to show that
Egs. (169)-(172) can be equivalently written as

1

(1) = / dPy&, (180)
1 3 00

1) = [ dyy&”. (181)
1

Pi(t) =~ / Py, (182)
C
1 3 &0k

Ji(t) = dyeipy; T, (183)

where the evaluation of J;(f) necessitates only O(c™!)
accuracy in Eq. (177).

In the following, we will analyze I, &; and J; in two
ways: in Sec. IIIH1, we will evaluate them in flat
spacetime, and in Sec. I H2, we will consider surface
integrals. Both arguments permit us to clearly disclose their
physical meaning.

1. Flat-space limit

We can evaluate Egs. (180), (182), and (183) in the
absence of the torsion and the gravitational field in two
steps: first, we consider their expressions in GR (i.e.,
vanishing torsion), and then we calculate them in
Minkowski spacetime (i.e., no gravity). This means that
we need a modus operandi to “detach” the spin of the
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matter field from the torsion (i.e., the geometry) in such a
way that we can “switch off” the latter while maintaining
the former.

The GR limit of Egs. (180), (182), and (183) can be
taken by replacing, in the formula of £ [cf. Eq. (57)], @
with the GR metric stress-energy tensor, which we hereafter
denote with 7 to distinguish it from the one defined in EC
theory [see Eq. (25)]. This procedure turns out to be
equivalent to performing in Egs. (180), (182), and (183)
the substitution [cf. Eqgs. (28), (29), and (31b)]

T — V,l(r"” + Tlpw + Tiuﬂ) _I_%(S;w

= T -V, (3 e g, (184)
where T# and #** are the GR canonical stress-energy
tensor and the spin density tensor, respectively, which
differ, in general, from the corresponding EC definitions
(26) and (30). In GR, we can adopt the canonical definition
of spin density tensor [124]

g = O iy, (185)

(0;%)

¥ being the matter field; L, the matter Lagrangian density,
minimally coupled to the gravitational field through the
replacements 0,'¥ — @M‘P and 7,, — g,,; and f* being
the matrices representing the generators of an infinitesimal
coordinate transformation appropriate to the representation
of W.

By means of the prescription (184), Eqgs. (180),
(182), and (183) go over into their GR counterparts 1,

Z;, and J,, ie.,

A 1
I - I—?/d3y‘l°0,
~ 1 .
'@l’_)‘@l’:7 d3ny0’,
c

o 1
Ji—=Ji= _/d3y€ijkyjs0k7 (186)
c

where % can be read from Eq. (3) (recall that, in the

notations adopted in this section, the metric stress-

energy tensor is indicated with 7%). Therefore, we can
conclude that Egs. (180), (182), and (183) reduce, in flat
spacetime, to

1 1
o= [avn = eyt sy

1 ) 1 )
o= [yt = [erh. (s

1 ikO
J?at = E / d3y€ijk (}’j—ﬂ—ﬁgt + Txglat)

1
= / dyey; T (189)
where
YR y)
Tha = Tha — 0(The + Tt +70a) (190)

is the symmetric stress-energy tensor associated to the
canonical stress-energy tensor Tj. according to the
Belinfante-Rosenfeld symmetrization procedure [127].

Equations (187)—(189) agree with the special-relativity
limit of Egs. (39) and (40). In particular, /™ and 2! give
the mass and the 3-momentum of the source, respectively,
while J is the total angular momentum of the source
[94,124,128]. Therefore, our PN-expanded results (180),
(182), and (183) lead to well-defined objects in flat
spacetime. For this reason, we can conclude that also in
EC model, like in Einstein theory, the 1PN lowest-order
source multipole moments have a precise physical content
and Egs. (169), (172), and (171) give rise to a generalized
notion of total Arnowitt-Deser-Misner (ADM) mass and 3-
momentum and total angular momentum of the system,
respectively.

2. Surface integrals

At 1PN level, the contributions of tﬁﬁ to Egs. (180)—(183)
can be ignored since
(=gt = 0O(c™2,¢73,¢™) (191)
[the form of ti’lﬂ is reported in Eq. (6); see also the
discussion before Eq. (56)]. This allows us to evaluate
Egs. (180) and (182) in terms of Gaussian flux integrals
over a two-dimensional closed surface ., which com-
pletely surrounds the source and lies in a 3-surface of
constant time x°. From Eq. (180), we have

1 < 1 j

where

HFowp — ghv qop — gho g

(193)

Along the same lines, we can write for Eq. (182)

1 )
= — ¢ 09,HWKS, + O(c™).

194
o (194)

g,’ :l/d’jy(ioj

c

Equations (192) and (194) display an expression resem-
bling formally the ADM mass and 3-momentum, respec-
tively, of an asymptotically flat spacetime in GR [96,115].

084067-17



EMMANUELE BATTISTA and VITTORIO DE FALCO

PHYS. REV. D 104, 084067 (2021)

Since the metric tensor components occurring in Egs. (192)
and (194) contain also torsion contributions, we can
conclude that the 4-vector 2 = (cI, 9'), having compo-
nents given by Egs. (169) and (172), represents a gener-
alized ADM 4-momentum in EC theory. In particular, the
torsion tensor introduces in Eq. (169) corrections going
like the square of the energy-dipole-moment density
[cf. Eq. (85)]. We also note that, in our approach, the
volume integrals, and hence also the surface integrals,
defining 7 and £; can be evaluated with the near-zone
information available to us.

It is known that in GR the ADM 4-momentum has a
well-defined meaning in the asymptotically flat region
outside the source, where linearized GR guarantees that
it behaves as a special relativistic 4-vector under Lorentz
transformations, and that it is invariant under infinitesimal
coordinate transformations [115]. This is true also in EC
model, and we can calculate, in particular, the integral
$, 0;HOkdS, within the linearized EC theory (see
Sec. I C). In fact, since the 2-surface .& resides in the
asymptotically flat region of the spacetime .7, it can be
evaluated by means of Eq. (61). In this way, we obtain, in
the weak-field region far from the source,

1 . 1
— ¢ 0;HY%dS :f 0:gix — Org;i)dS,. 195
)(cz ]{y J k ){C2 5/'( ]g]k kgu) k ( )

Having recovered a quantity having the same functional
form of the ADM mass in GR [96,115], we can interpret it
as generalized ADM mass of EC theory, confirming thus
what we have obtained before.

Finally, J;, given by Eq. (183), cannot be written via a
surface integral because it is known modulo O(c~2) terms
[see Eq. (171)]. Explicitly, it can be written as [cf. Egs. (89)
and (130)]

1 )
s =1 / Bye, v, T + 0(c2), (196)
C

and we see that it is the EC generalization of Eq. (189).

L. Asymptotic gravitational waveform

Having obtained the sought-after relation linking the
source multipole moments and the radiative moments
[cf. Eq. (168)], we can evaluate the expression of the
asymptotic waveform at 1PN level. Let

G X) = Ny + 0 (X) (197)
denote the external metric written in radiative coordinates
X* = (cT,X). The asymptotic gravitational waveform of
the PN source is defined starting from the transverse-
traceless (TT) projection of the leading R~! term of the far-

zone expansion at future null infinity (i.e., R — co with
U=T—-R/c and N=X/R fixed) of the metric

coefficients (197) (for details, we refer the reader to
Refs. [47,48]). At 1PN order, one finds that this quantity
reads as [121,123]

2G
%};T (Xﬂ) — C4—R Pijkl(N) { Ukl(u)

111 4
+; |:§NaUkla(u) +§€ab(kV1)a(u)Nb]

171 1
+3 |:ENuhUklah(u) +§€uh(kvl)ac(u)N”‘}

—|—O(c‘3)}, (198)
where P; i, (N) is the TT projection operator onto the plane
orthogonal to N, i.e.,
1

Pijui(N) = PyPj — Epijpklv (199)
where P;;(N) =6;; — N;N;. At this level, in order to
compute (198), we only need 1PN accuracy for the
mass-type radiative quadrupole moment Uy,;, whereas for

the remaining radiative moments, their OPN expression
suffices. From Eqgs. (154) and (168), we find that

d2
Un(u) = P {/d3y)’(kl>"0” u)

11d [, 5
+H?W yyyay oly, u)
201 d
N Zdu dBJ’Y(kli)Ui(,Yv”)}+O(C_3)v (200)

where we recall that ¢ and o, are given by Egs. (122) and
(130), respectively. Then, the spin contributions to
Eq. (200) appear implicitly in 7#¥, and explicitly, via the
function ¢(y, u), in the terms (’S% and (V)S// [cf. Eqgs. (88)
and (89)]. The latter factors, bearing in mind Egs. (32) and
(85)—(87), introduce in the waveform (198) corrections
proportional to the square of the energy-dipole-moment
density of the system.

In GR, the lowest-order SO effects introduced by the
classic angular momentum in the source multipole
moments emerge at 1.5PN order in the case of the mass-
type multipole moments I; and at 0.5PN level for the
current-type multipole moments J; [47,129]. On the
other hand, in EC theory, the above analysis shows that
the explicit contributions of the spin to the source multi-
pole moments, and hence also to the radiative multipole
moments, occur only for the 1PN mass-type multipole
moments, whereas in the current-type ones, for which we
have only Newtonian accuracy, spin modifications can
implicitly be contained in T% [due to the presence of o;; see
Eq. (147)]. As pointed out before, this means that in the
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1PN waveform (198) the tensor S* yields explicit spin
corrections to the leading Uy, (U) term.

The evaluation of the waveform (198) necessitates the
knowledge of the source dynamics at 1PN. The explicit
form of the dynamical equations can be obtained from the
conservation laws (36) and (37) once the specific expres-
sions for the canonical energy-momentum and spin tensors
[Egs. (30) and (26), respectively] are provided. In other
words, a particular model characterizing the matter source
should be assigned in order to investigate its dynamics.
However, the analysis of Eq. (38), which describes the
translational motion in the case of a spinning test body,
reveals precious information regarding the source dynamics
in EC theory. First of all, the interaction between spin and
curvature, represented by the combination R¥,,,57°u” on
the right-hand side of Eq. (38), has a completely different
nature from the corresponding GR expression occurring in
the Mathisson-Papapetrou equation [130]. Indeed, in GR,
this term is obtained in second or dipole-particle approxi-
mation, whereas in the EC model, it arises already in first
approximation (i.e., the pole-particle approximation).
Unlike the GR case, where it involves the macroscopic
angular momentum of the body, in EC theory, this factor
depends on the intrinsic spin of the test particle, and hence
it vanishes by taking the formal limit 72 — 0 [106].
Furthermore, due to the presence of the Riemann tensor,
it contains contributions proportional to the torsion of the
background geometry [cf. Egs. (19), (20), and (23)].
Therefore, the spin of the test particle will interact with
the spin of the matter source generating the background
gravitational field. The torsion of the background geometry
also contributes to the quantity K*, Pu*) appearing in the
left-hand side of Eq. (38), which therefore yields inter-
action terms similar to those described before if we recall
that 4-momentum P* and the test particle 4-velocity u* are
no longer related through the usual proportionality relation
involving the test particle rest mass.

Finally, from the conservation law (37), we obtain the
equations controlling the rotational degrees of freedom of
the source. Also in this case, we expect interaction terms
similar to those underlying the translational dynamics.

A practical application of the above results deserves
consideration in a separate paper.

IV. CONCLUSIONS

The GWs generation theory accomplishes several goals,
like acquiring further (and sometimes peculiar) information
about existing and new gravitational systems, revealing the
fascinating nature and proprieties of BHs, inquiring the
physics of dense matter in neutron stars, and shedding light
on the early stages of the Universe formation. Encouraged
by the recent discoveries and the great amount of actual and
near-future very sensitive data, which will offer viable
opportunities to scrape the quantum world, it becomes
fundamental to update our theoretical assessments. In this

perspective, we considered interesting to explore the GWs
generation problem in the context of EC theory at 1PN
order by employing the Blanchet-Damour formalism,
briefly recalled, in the GR case, in Sec. II.

In EC theory (see Sec. III), the initial well-posed
mathematical problem (42c) is in general very complex.
We simplify the mathematical scheme by assuming that
§%,=0, an assumption widely employed in different
physical contexts which permits us to obtain the following
advantages: (1) The EC field equations become more
treatable. (2) The gauge conditions in the interior and
exterior zones are the same, thus avoiding junction con-
ditions of two different (i.e., internal and external) coor-
dinate systems. In addition, the compactness of the spin
density tensor 7%** guarantees that the EC field equations
reduce to those of GR theory in the exterior zone and thus
the assumption of weak torsion field is unnecessary. For
negligibly self-gravitating sources, the resolution method
can be tackled by considering the linearized EC theory.
Instead, for weakly self-gravitating sources, the Blanchet-
Damour formalism is applied. Equations (167) and (168)
represent the concluding result of the matching procedure
and the solution of the GWs generation problem in EC
model at 1PN level. This section concludes with the
analysis about the physical meaning of the lowest-order
source multipole moments and the 1PN asymptotic gravi-
tational waveform in EC theory. In particular, the critical
argument behind the former investigation relies on the
philosophy that, through the disentanglement of the spin
from the torsion tensor (i.e., its geometrical counterpart), it
is possible to descend to the GR theory keeping the spin
contributions, which are no longer coupled to the geomet-
rical background.

For a concluding discussion, we estimate the order of
magnitude of the spin contributions to the GW signal in EC
theory, in order to make a comparison with respect to GR.
To this end, we consider the linearized metric stress-energy
tensor, defined in the compact region €, for a spinning and
pressureless fluid,

uu
T — P~
c

— @ (s ut), (201)

where ®% has the dimension of the time variation
of an angular momentum over a volume and s is the
spin density tensor. We underline that 7% is a generic
tensor, which does not refer to any particular
physical model, because we aim at providing a model-
independent estimate of the EC effects. We consider the
following assumptions: the energy density is p = Mc?/V,
where M and V = Vol(Q) are the mass and the
volume of the whole gravitational source, respectively;
O = 2u#9,s7%; and the velocity u® is constant in time
and space.
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The linearized problem 0% = —yT* [cf. Eq. (67)],
can be further approximated to A% = —yT%, whose
solution is expressed by the function

4G
0 =
C4R Q

4 .
:4—G Muuf —2u / DisVidx |, (202)
"R Q

T dx

where we have assumed that s* is independent of time
and R is the distance between the observer and the
source, supposed to be located very far, which permits
us to move R out of the integral. Regarding the integral in
Eq. (202), we can now apply the Gauss theorem and do the
approximation

/(8is“i)d3x = / (s%0,)dE ~ s9Z, (203)
Q o0

where X is the measure of the boundary of Q calculated as
¥ = 87(2GM/c?)? (namely, the sum of the surfaces of the
two compact objects in the binary system modeled as
spheres) and s%, which has the dimension of a spin density,
is obtained by projecting s% along the direction where
the spins in the matter are aligned. We further assume

lu| = /6;u'u/ =10* m/s is the spatial velocity of a
compact binary system; s* = s§% with s = +/s%, = nh,
where n = 10* m™ is estimated as the inverse of the
nucleon volume (supposing that all nucleons in a given

volume have aligned spins); and §* stands for the versor of
s“. Finally, we obtain

4G
07 = —— [Mu®u’ — 2nh3@uf)Y).

R (204)

Assuming that both u* and s* have nonvanishing compo-
nents only along the z direction, we can write u' = u* = |u|
and s’ = s% = s5°. We distinguish the two gravitational
amplitudes,

4G

OR = ﬁ(MMz)’ (205)
4G

GEZC = = (./\/l|u|2 — nhlu|X), (206)

where the former is the solution within GR, whereas the
latter is framed in EC theory. This allows us to finally
compute the spin contributions over the GW signal in GR
theory through the following formula:

P >
e Ml

(207)

In Fig. 2, we plot £ in terms of numbers of solar masses
M/Mg (namely, the total mass of the system). The

corresponding GW frequency fgw can be roughly esti-
mated via the formula [48]

Fow = 1vVGM
6w = NG
where % is a generic orbital radius. To fix the ideas, in

Fig. 2, we have considered the Schwarzschild innermost
stable circular orbit (ISCO) radius

(208)

6GM

Hrsco = 2 (209)
for which Eq. (208) becomes
{;S\‘,z,o ~4.4 kHz(Mgy/ M). (210)

In addition, we have shown in correspondence with the
horizontal line £ = 1 (where GR and EC effects are of
the same order) the frequency ranges for ground-based
(10 — 10% Hz), space-based (1076 —10~! Hz), and PTA
(10=° — 1077 Hz) detectors in terms of M /M. In prin-
ciple, the horizontal line of the frequency ranges can be
extended for values £ < 1. However, this depends both on
the specific model exploited to describe the EC effects and
on the GR template used for the detection of the GW
frequency. Other important information on EC model is
encoded in the values attained by & for the different
classes of plotted astrophysical objects, which read as
follows: & € [10715,3 x 10~1%] for neutron stars, £ €
[10715,1071] for stellar BHs, £ € [107!%,10719] for inter-
mediate stellar BHs, and € € [107!°, 107#] for supermas-
sive BHs.

From our speculative graph, we find that for masses
M >8.23 x 10'* M, the EC effects are of the same order
of magnitude as in GR. This corresponds to GW frequen-
cies of the order of 5 x 10~!2 Hz, which are 3 orders of
magnitude lower than the minimum frequency range of
PTA apparatuses. Since this value corresponds to an
orbital period of the order of 6 x 10% yr, our speculative
analysis can explain why quantum effects have not been
detected to date with the current technology. We also
note that BHs with masses grater than 10'' Mg have
never been observed. In addition, the detection of a
GW signal strongly depends also on ‘R, the distance
between the gravitational source and the observer. This
information is substantially canceled out through the ratio
in Eq. (207). The goal of the plot in Fig. 2 aims at
generally conveying the impact of the EC theory on the
observations.

Beside astrophysical compact objects, another
fundamental test bed of the EC prediction power is
represented by the GWs emitted from early stages of
the formation of the Universe [131-134]. Indeed, the
analysis of Egs. (31) and (32) reveals that the physical
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FIG. 2. Relative EC spin contribution over the GW signal in GR, &, in terms of the number of solar masses of the whole gravitational
system, M /M . The purple line describes the BH case, whereas the orange one characterizes the neutron stars. The dashed vertical lines
delimit the neutron stars (1-2.14 M) and stellar BHs (1-10 M), intermediate stellar BHs (10 — 10° M), and supermassive BHs
(105-10"" M) ranges. No astrophysical objects with masses greater than 10!! M have been detected so far. The dashed green line is at
&€ =1, where EC and GR effects are comparable. The blue, red, and brown lines are the observational mass ranges of ground-based,
space-based, and PTA detectors, respectively. In our estimate, the purple line will reach the green dashed line at M = 8.23 x 10'* M,
which corresponds to a frequency of the order of 5 x 102 Hz [cf. Eq. (210)].

regime in which EC theory predictions deviate signifi-
cantly from GR expectations is ruled by the mass density
factor [93,95,110]

m2ct

=g 1.21 x 10°7 kg/m?,
T

PEC (211)

where m, = 1.67 x 10727 kg is the mass of the neutron.
Equation (211) represents a cutoff parameter for the
EC model, in the sense that for densities of the order
of ppc the spin effects become the dominant source
of the gravitational field. We can evaluate the epoch
when the Universe has reached a density of the order of
pec- If we consider the radiation-dominated era (which
starts when the cosmic time ¢ ~ 10732 s and extends until
t~15x10"% s or equivalently ¢=~4.7 x 10* yr [135])
of the Friedmann-Robertson-Walker cosmological
framework, the density of the Universe can be described
by [115,126]

3

pi) =5 cn (212)

In accordance with the cosmological approach, we can
define the density parameter

() =",

PEC

(213)

which for values greater than the unity indicates the
importance of the EC model in the description of the
Universe evolution. In Fig. 3, we provide the plot
of the function Q(¢) during the first moments after
the big bang (assumed to be at 1 = 0 s). Our estimation
shows that in the first 10732 s the quantum effects are
very strong (Q; =4 x 10") and play a fundamental
role in determining the Universe dynamics. This scenario
is well known in the literature, and a cosmological
quantum-gravity framework must be invoked in order
to provide an accurate description [136—140]. From our
calculations, we infer that Q; = 1 at the cosmic time
t~6x 1073 s, suggesting that we can resort to the
EC model at the beginning of the radiation-dominated
epoch (i.e., for 10730 s <t <1072 s, which leads to
10" <Q; <1072). The formalism developed in this
paper could be in principle exploited to extract funda-
mental information regarding the GWs from the early
Universe in order to not only better understand its
formation process but also to have tighter constraints
on different cosmological models and gravity theories.
However, its application to cosmological events demands
that the following main improvements are taken into
account: (1) The linearized theory should be superseded
since EC equations must be expanded around a curve
Friedmann-Robertson-Walker-like background. (2) The
stress-energy tensor of the cosmological fluid filling the
Universe should be considered.
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FIG. 3.

Plot of the density parameter €, defined in Eq. (213), as a function of the cosmic time . The following cosmological eras

have been considered: Planck epoch (t <10™s), grand unification epoch (107 s <t < 107¢s), inflation epoch
(10736 s <t < 10732 ), and electroweak epoch (10732 s <t < 10712 5). The light gray-shaded area represents the radiation-
dominated epoch (10732 s < t < 1.5 x 10'% s). The dashed red line is located at Q; = 1. The continuous blue line represents the
trend of Q;, whereas the dashed blue line refers to stages where quantum-gravity cosmological approaches should be invoked and hence
Eq. (212) is not reliable. The blue line crosses the red dashed line at t ~6 x 107> s.

Our estimations, albeit very simple, suggest, together
with theoretical developments, more and more the route of
the future observations toward a deep understanding of
gravity at the quantum level.
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