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Study of eccentric binaries in Horndeski gravity
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We study the orbital evolution of eccentric binary systems in Horndeski gravity. This particular theory
provides a test bed to give insightful comparisons with data. We compute the rate of energy loss and the rate
of change of angular momentum for the binaries by calculating the multipole moments of the radiation
fields. We have used appropriate parameters for the eccentric binaries to compute the decay rates of its
orbital eccentricity and semimajor axis. We then compare this decay rate with that of general relativity.
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I. INTRODUCTION

General relativity (GR) is widely considered to be the
most successful theory of classical gravity. It is so because
it qualifies tests ranging from solar system, pulsar tests to
submillimeter scales [1-8]. However, it is incomplete. It is
widely expected that there will be a UV completion of the
theory by constructing a suitable quantum theory [9].
Nevertheless, GR along with the Standard Model being
the two cornerstones of physics, the GR theory itself cannot
explain all phenomena there is, the biggest instance being
the occurrence of dark energy and dark matter [10].
Supernovae type IA observations [11-14] show that our
Universe is expanding. To explain this in the context of GR,
one introduces an extra piece, “dark energy,” which is not
understood completely. Dark matter is yet another mys-
terious thing ever present in galaxies and taking part in
gravitational interactions [15-17]. All these questions
naturally seek out an attempt to investigate alternate gravity
theories [18,19].

One way we can modify GR is to add terms to it which are
higher curvature terms and also add in additional degrees
of freedom [20-27]. The simplest way is to add scalars
[28—33]. Such theories with extra scalars do give solutions
for some GR problems. For instance, the scalar field is
considered to be one of the main components of dark energy
and can also explain the reason for the accelerating expan-
sion of the Universe [34,35]. In this context, Horndeski
gravity presents itself to be one of the most general of such
theories evading instabilities of the Ostrogradsky type
[36,37]. The theory has been extensively tested in cluster
lensing experiments [38,39], cosmic microwave back-
ground data [40—44], etc., and widely studied in the context
of cosmology [45-49]. However, on the question of its
verification using LIGO-Virgo data [50-56], some recent
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works do restrict some parameters of the theory using the
event GW170817 [57,58].

In the Horndeski theory, there is a coupling between the
scalar and the matter fields. If we have scalar fields
describing dark energy, then there exists a mechanism
called the Vainshtein mechanism [59], responsible for
suppressing the scalar interactions. Current experimental
constraints also require this interaction to be screened in
high-density medium [60,61]. One can define a radius,
known as the “Vainshtein radius,” beyond which one can
neglect all the nonlinearities arising due to the presence of
higher derivative interactions [62—67]. In this paper, we
consider a Horndeski theory, where this mechanism is
neglected for binary pulsars in the strong field regime, and
the scalar field equations reduce to a massive Klein-Gordon
equation.'

The first detection of gravitational waves (GWs) was an
indirect one based on orbital decays of binary pulsars [69],
and it was only in 2015 we found a direct signal from the
coalescence of two stellar-mass black holes [50]. GWs
provide us with an opportunity to study dynamics and
hence perform quantitative tests. The study of radiation
clarifies predictions from GR and the alternative theories of
gravity. Therefore, studying orbital radiation is an impor-
tant task, which is what we have done here. Gravitational
fields for pulsars provide a strong test bed than the usual
solar system tests. Also, there is a high stability for pulse
arrivals so that we can minutely study the orbital dynamics
of such systems [70,71]. These facts suffice to put pulsars
as a particular interesting thing to study gravitational
radiation. We can do so in different models of gravity,
and some of them have been done in [72]. In [73], authors
have considered circular orbits for binaries and constrained
the effective mass of the scalar field using some binary
pulsar data. However, we know that there are eccentric

'A massless version of this theory has been considered [68]
where authors have computed time delay, Nordtvedt effects, etc.
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binary pulsars [74].> Motivated by that, in this paper, we
study decay rates corresponding to energy and angular
momentum for binary pulsar systems moving in eccentric
orbits, with the hope that, using these results, one can
possibly improve the bound on the parameters of the
theory. We compute the angular-momentum flux from
the method outlined in [76,77] and use a Keplerian para-
metrization for the pulsar systems. We conclude by finding
the expressions for the rate of change of eccentricity of the
orbits of the binaries.

We organize the paper as follows: In Sec. II, we give a brief
introduction to the Horndeski theory. In Sec. III, we look into
the field equations of motion and investigate their weak
limits. Section I'V deals with finding the equation of motion
for the binaries in this particular gravity theory, followed by
Sec. V, which outlines the way we use to calculate the stress
tensor. We find solutions to the field equations in Sec. VI
which, along with the stress tensor, help in calculating the
energy and the angular-momentum flux in Sec. VIIL. Finally,
we analyze the orbital dynamics for such systems in
Sec. VIII. We conclude with Sec. IX by providing a summary
of our results and future directions. Some mathematical
details are given in the Appendix.

A. Conventions

Choice of signature for the metric is (—, +, 4, +). We use
Greek indices (p,v,...) running over 0,1,2,3, and the
calculations are done in the centimeter-gram-second (cgs)
system.

II. HORNDESKI GRAVITY

The action functional for the Horndeski theory is given
by [37,78]

16712 / d'xy/=gLi + / d*xL,, (AX(9)g wil).

(2.1)

where c is the speed of light, g is the determinant of the metric,
and L, is the matter part of the Lagrangian, the matter fields

w{;, being labeled by j. L;’s are the Lagrangian densities for
the gravity part containing the metric and the scalar field ¢:

=Gy(¢.X).

Ly=Gy($.X)R+Gux[(O4)
Ls=Gs(¢.X)G,, V'V'¢

Gsx

L3 = _G3(¢ X)D(b’
- (V.V.9).

—[(O0)*+2(V,V.$) -3(V,V,0)’0¢].  (2.2)

%Also, we expect to detect gravitational waves from eccentric
binary systems in future detectors like the Laser Interferometer
Space Antenna [75]. Hence we expect to get better constraints on
the parameter space of the theory.

G, is the usual Einstein tensor, and R is the Ricci scalar. The
X is defined as

1
X - —Evﬂd)v#d)
G;(¢,X) are functions of the scalar field ¢ and X.
Furthermore, G;y = %?(

Since we are interested in studying gravitational radia-
tion from binary pulsar systems, we will concentrate on the
flux carried away by this radiation at large distances. At
large distances influences on the metric and scalar field ¢
are not significant from these pulsar sources. Hence we can
perturb the field equations in a background which is
Minkowskian (1,,) and expand the fields in the limit of
2 < 1[4,79]. The metric and the scalar field expansions are
given by

¢:¢O+g)v

G = M + h/w' (23)
In the subsequent sections we will solve these perturbations
in terms of power series of O(v/c)?, using the standard
post-Newtonian techniques.

The functions G;(¢, X) are arbitrary and meanwhile can
be expanded in Taylor’s series around ¢, which is the value
of ¢ in flat spacetime background:

G(¢.X) = Z G(m,n)imxn,

m,n=0
1 am+n
G =— G, X ,
() = int 0" o X (¢ X) o X=0
G(¢.X) = G(@)l,=0- (2.4)

To obtain the GR limit of this theory we can choose
Gy = LN and set all other G; = 0. Taking into account

existing constraints posed on the theory from various
observational data we reduce our original Lagrangian
(2.1) to the following [73]:

L, = Gy(¢,X),
Ly = G4(9)R,

Ly =-G; (¢)D¢,

Ls;=0. (2.5)
However, there are still some undetermined parameters left
which one hopes to constrain. Using one result of this paper
we hope to get back to this issue in a subsequent work.

Now, let us concentrate on the matter part of the theory.
Since we are studying gravitational pointlike masses, the
matter action for such a system is given by [80]

w= Y [ madyaz,

(2.6)
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Here, m,(¢) is the inertial mass of the particles and 7, is the
proper time along the world line of the particle, a being a
label denoting various point particles. As we will consider a
binary system, it will take only two values @ = 1, 2. The
above action was first considered in the context of scalar-
tensor theories to account for the internal structure of the
bodies [80]. This is so because, for alternate gravity
theories like scalar-tensor theories, laws of self-gravitating
bodies depend on their internal structure, and there is a
violation of the gravitational weak equivalence principle
(GWEP) [81,82]. The violation can be easily seen as the
scalar field and hence the mass which depends on the field
become position dependent. At this point, we like to
emphasize that, instead of a generic matter Lagrangian
L,, as mentioned in (2.1), we will be working with the
simplified matter action as mentioned in (2.6). This is a
valid approximation as long as the compact objects are far
from each other. Their motion can be effectively described
by assuming that they are point particles. Then the effect of
the scalar field on the internal structure of these objects can
be expressed by making their mass a function of the scalar
field as shown in (2.6) following the arguments given in
[68,73,80].

Varying (2.6) with respect to the metric we obtain the
energy-momentum tensor of the matter [73]

=S () PG -T0), (2)

V=97

and its trace is given by

__C—3 ma(¢> 3 7;_7;
T—w%;iyﬁ(a@% (2.8)

where ut = Z’T‘f‘ is the four velocity of the ath particle,
dr = —‘f’sz ds* = g, dx*dx” is an interval, w,u* = —c*

— (Gao1) = 2G3(1,0)0¢ — Goa.0)¢ + Gy(1.0)(0Oh — 9,0, =

1

1
G4(0,0) (aaavhz - 5 Dh;w - 5

where T = ¢*T,, is the trace, [1 = #*¥d,d, and the super-
script (1) refers to the leading order term.
By introducing

= 1 Gy10) -
Fry = hy — = h — 220, &
i Y Muw G4(0’0) 71;41/¢
~ G
h=—h-42005 (3.3)
Ga(00)

1 1 ~ ~ 8z
a;tavh - inﬂuaaa[}haﬂ + 2’7;41/':”1> + G4(1,0)77;w|:|¢ - G4(1,0)aﬂal/¢ = ? Tl(li/)7

and &°(F—7,(t)) is the three-dimensional Dirac delta
function. The inertial mass m which is dependent on ¢
can also be expanded around ¢, and takes the form [73]

4
) = maleh) 1 5275
1 ¢>2 2 / i
A\ Sq = S8a— sa) + 0(45)3 ’ (29)
()
d(Inm, _ P(Inm,
where s, = é(lmﬁ)) o and s}, = d((ln¢>2) b

Having obtained these expressions the field equations
can be expressed in the weak field limit which we will do in
the next section.

III. WEAK FIELD LIMITS

As mentioned earlier, the scope of this paper is to explore
radiation from a pulsar system at a large distance from the
source such that there is no influence of the source on the
metric and scalar field. Hence, the following perturbations
can be performed:

¢:¢0+$’

g;w = ’7;w + h;w' (31)
This leads to a Taylor series expansion of the arbitrary
function G;(¢, X) defined in (2.4).

The next thing to do is to obtain field equations in the
above limit, known as the weak field limit. Interested
readers may refer to [78,83] for the most general form of
the field equations. Furthermore, following [84] we have
neglected G0y and Gy ) as these terms have negligible
effects on gravitational waves. The linearized field equa-
tions up to O(%)* take the following form [85]:

_ 165070
c* o

(3.2)

|
the field equations can be decoupled and further using the
gauge 0,h” = 0, the field equations take the following
form:

16x

Oh,, = — T, 3.4

! ¢t G4(0,0) g ( )
~ ~ 167 2G4 0,0) oT(1)

O0f — m2p = L e|p) - 4O (55
§-mp=-7¢ Gun g | O
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where
G
2 = 2(2.0) . (3.6)
2G3(10) = Ga(01) — Giiéz;
Gia0
P (1.0) e elER)
2G4(0.0) (2G3(1.0> ~ Goon) —3 ﬁ)

In this paper, we have chosen the cgs system of units which
makes the dimension of my, inverse of the length and
consequently it plays a role of inverse characteristic wave-
length of the scalar field. The scalar field, whether it is
massless or massive, depends on the value of Gy, ) and the
perturbation of the scalar field is sourced by a combination
of energy-momentum stress tensor of the matter and the
derivative of the trace of the tensor with respect to ¢. This is
however not the case for the equation of izﬂy, where the
energy-momentum tensor of the matter field is sourcing the
perturbation.

Now using the expansions mentioned in (3.1) and the
fact that u,u" = —c?, the energy-momentum tensor takes
the following form after expanding the expression men-
tioned in (2.7) up to the linear order:

Q a 1 v%l % - -
T = Za:mau uﬂ<1 —Eh’,; — 50t 5 %)530— 7.(1)).

(3.8)
Note that we have to use also the expression of m(¢) as
defined in (2.9), and we have neglected the quadratic term

in (2.9) as we are considering fluctuations as mentioned in
(3.1). The trace of T is

o
==Y, (1 =5 s )8R 0)

and the derivative of trace with respect to ¢ reads

or m, 1 v2 b
@——&zu:% [sa<1—5hﬁ—262> —(s54—52 -5, )¢0]

X & (F=F, (1)) (3.10)

Given (3.9) and (3.10), we can solve (3.5) and (3.4) up to
1PN order to obtain the leading order static solution for

¢ [85]:

and the tensor field EW within 1PN near zone limit:

- 4 v\*4
hoo = Zru +(9<>

4(0,0)

- 4p.v;

B iv; m, v)©

C4G4(0,0) = Ta
- 4 m v\ 4
h=———— —“24+0(-).
Gy ; Tq - <C>

Using (3.3), we get the following expressions for metric
perturbations at leading order:

(3.12)

ho 2 m,
0 02G4(0,o) = Ta

N ﬁG4(1,0) z&e_ml\’ﬂ <1 B 2saG4(0,0)>

¢ Gao0) 5 Ta $0 Ga10)
4
+O(§ : (3.13)
2 m
hi =6
/ ! LzG4 0.0) Z Tq
4Gy Z Ma \om,r, <1 _2s_aG4(0,0))]
2 G4(o,0 = Ta b0 G4(1.0)
4
+(’)<E> : (3.14)
c
>
c“Gy0,0) Ty
16§G4 1,0) Zma e—mm;(l 2S_“G4 ))
c? G4(0 0) Tq bo G4 0
v\ 4
+O[ - (3.15)

IV. EINSTEIN-INFELD-HOFFMANN (EIH)
EQUATIONS OF MOTION

As mentioned in Sec. II, the Horndeski theory violates
GWEP due to the fact that the mass of the binary m,
depends on ¢ which in turn is spacetime dependent. This
dependence leads to the fact that different bodies will
respond differently to different fields. They will have
different trajectories. To be more specific the mass is
dependent on sensitivity parameters. In [86], authors
suggested a method by which we can see the effects of
these sensitivities on the equations of motion and it starts
with a Lagrangian which is called the Einstein-Infeld-
Hoffmann Lagrangian, Lgyy:
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dr
Lgy = _CZZ/ “(¢ ;
, vl Vi)
=—c ;ma (&)\] =900 = 290i o YT a2

= —Zmacz{l :
a

vy 1
B 2C2 B Z |:C2G4(0. )

§G4 ) My, (1

2517 G4(00>) —MyTap
c? G4( 0) Fab

¢0 G410

25l M (1 25, G4<°°>) } i o()} (1)
o Tap $o Gag10
|
Here, r,, = |F,(t) = 7,(7)|. The effective gravitational G, — {1 266G <1 25, Gy >>
f;lfesstatlllqte céillllolizn{gea}f((i) n(;lf;f from the above equation and G00) . $o Gai o
_ 4548Ga00) <1 B @Gét((m)) } (4.5)
$o $o Gai0)

1 2sy G4(00)) -
Gu — + 25 <1 e m¢’r“b
’ [G4(0 0) G4(0 0) $o Gano

(1 _ 25, Gapo, 0>) —_—" af}
¢0 G4 1,0 ¢O

When we substitute the Lagrangian (4.1) into the Euler-
Lagrange equation we get the n-body equations of motion
at the leading order:

(4.2)

S o LT (4.3)
el
with
G = {1 + (L +myry,)e "'
7 Gy ( rar)
25, G400 )
X |2EG <1 -—
{ o $o Ga10)
45,6G 25, G
_ 4548Ga00) <1 25, 4(0,0))} } (4.4)
bo $o Gaip)
Here, a; = % is the acceleration of the ith object, and 7;; is

the unit direction vector from the jth particle to the ith
particle. The terms having exponents cause the inverse
square law to not hold in this case. However, m, having
dimension of inverse length which is of the order of
cosmological scales and r,, being small compared to m;
makes m,r;; < 1. Under these approximations e™"#"« — 1
and

Note that although the inverse square law form is restored
the GWEP violation still happens. However, due to this
inverse square law form we can now apply the usual orbital
dynamical equations to our problem We can calculate the

orbital decay rate P given by %
the usual Kepler’s third law

27\ 2
() =GaMm
a (P) GioM,
GioMu

and E = — 2475, where a is the semimajor axis and G, is
the effective gravitational constant. M is the total mass of
this composite system. These relations will give us the
energy loss of the system. But before that we need the
energy-momentum tensor to complete the analysis which
will be done in the next section.

—5& P in turn satisfying

(4.6)

V. STRESS TENSOR

In this section, we want to introduce the tools to calculate
the radiation from the system. The system radiates away
energy and also suffers a loss in angular momentum. The
emission of this radiation include a scalar part and a
gravitational part, and the radiation is monopole, dipole,
octupole and dipole-octupole type. These will give us the
necessary orbital decay rate and, eventually, the change in
the orbital period. To find this, we need to first calculate the
stress tensor of this system. There are many methods to
calculate this (pseudo)stress tensor. But, all these results
give different stress tensors but lead to identical flux
expressions [87,88]. In [73], authors used Noether’s pro-
cedure to derive a nonsymmetric stress tensor. But it poses
no problem for calculating the energy flux. However,
difficulty arises during the computation of angular
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momentum, for which we have to use a symmetric
pseudotensor. In this paper, we have found a symmetric
pseudotensor using the method mentioned in [76,77] which
we describe below.

The approach works in the short-wavelength limit, where
A< \/LE’ where R are the values of the background Riemann

tensor components. Our background is flat; hence R =0
and thus the condition is always satisfied and now the task
remains is to take average of the quantities which requires
the following rules [68,89]:

@ (9 (hﬁyaé ) =0,

(i) (h,0ph,s) = —(0.hdgh,s).
The same rules are applied for the terms involving the
scalar field as well.

In [68], this method has been used to compute a
symmetric stress tensor in vacuum using transverse-trace-
less gauge (9, = 0,h = 0). It is given by

ct o 28Gy(0.0)
<T/u/> = <32 G (OO)a h auhpa R G, 410) u¢au¢
+m§”§G4(l,0)q~§ﬁ;w>' (51)
In the limit that G4 = G— and the remaining G;’s vanish

we get the effective stress tensor for GR. We now have
everything to proceed to calculate the fluxes save for the
solution of ¢ which will be done in the next section.

VI. RADIATION FROM THE BINARY PULSARS

The previous section gives us the energy-momentum
tensor. However, we are yet to find the solution of ¢ so that

we can calculate the 6,,&561/(;5 terms in addition to the A
terms. To compute the energy-momentum tensor we need
the solutions to the following equations:

g — m2gp = 16_”5 71 — 2G4(00) OT) ., (6.1)
Gu(10) 0P
- 16
I/ J——— ) (6.2)
c*Gu(00)
A. Solution to the tensor part
The solution to
- 16
Dhﬂu = T2 d T/(JL) (63)
c G4(0,0)

is obtained by Green’s function method and takes the
following form [79]:

~,w =— 4 /d3r
4 G4(o,o)

Since we want to find the solution at the far limit then
|| < |F|, 7 being the source point and 7 the point where
we want to find the field to. Taking this into account and
expanding the denominator we get [79]

T3 (1 = [F=7|/c)
|7 —7| ’

(6.4)

= rc G400 zcl'atl/d3rTﬂD (1= r/e,7)@P)
(6.5)

where 1 = % is the unit vector. Up to leading order (/ = 0)

we can use the conservation equation for the T,g,) tensor to

rewrite it as

- 4
ij:

/ BrT(t-r/e. 7)., (6.6)

VC4G4<0’O)

and eventually we get the following:

- 2 2
hij = 76 /d3r’TOO)(t—r/c 7r r; (6.7)

rc G4(0 0) 0t2

The above relation shows that up to leading order the
tensorial radiation is dominated by quadrupole radiation
and that the monopole and dipole radiation are not present.
This is exactly like GR. This happens because the graviton

is spin-2 as well as massless. At the leading order PN, T(%),

which is the sum total energy density of matter fields, is
negligible. So

Th = Y m,c5(F =7, (1)). (6.8)
Substituting this in (6.7) we get
- 2 0
= M..| 6.9
Y }"C4G4(0$0) 0[2 Y ret ( )
where
M;; = Zm“r?(t)r (1) (6.10)

is the mass quadrupole moment [79]. To find the flux for
this tensor radiation part we first find out the transverse-
traceless (TT) part of &;; by using the projection operator
Ajj > called the Lambda tensor. The TT part is h;; rp =
Ajjih® = Ayl 1791,

064046-6
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B. Solution to the scalar part

As mentioned earlier we need to find the solution to the
scalar equation also. From (3.5) we know that it takes the
following form:

- = r) 2000 9T _ 197 a7
G4(1,0) op c
(6.11)
. 26
where 7() = [T(1) — 644(<l°0° 95V, Again just like the ten-

sorial part we can find the solution of the scalar equation
using the Greens function method [90]. For the sake of
simplifying the calculation we assume Gy, o) = 0 to make
the equation massless. The usual Green’s function method
works:

OG(x,x') = —4x8*(x — x') (6.12)

and the solution is [90]
Y - B -
$= —iZ— Z/d* F(ar) TV, (6.13)

Again the integration region is similar to that of the
tensorial part; i.e., we find the field at a far point such
that || < |7|. Substituting the source term 7(!) from the
expressions from (3.9) and after doing the algebra we arrive
at the following expression [90]:

= 1
_iZl_n 1ni1ni2”i3~~ni,anL, (614)
1=0
where
M = M= (e, 2) ZM (t=r/c)rk(t=r/c)
(6.15)
and
G 2 G
M, (1)= [1_2MS_11_ Ya (1_2 4(0.0) § )
G0y 2¢? Ga10)
mp G4 0,0) sa>
-3 -
;”ab(f)cz(;«om ( Ga(1.0) %0

+6G4(1,0)§Z my, < Sa>
02G4(0,0) ,,#,”ab(l) G410 0

B ny, ( _2G4(o,o>sa>
i rap(1)c? Gy(1.0)Po
88s, 8 2G4y ) )]
= (s,—85+5,)E ). 6.16
( b0 o Gy1.0) ( ) (6.16)

VII. CALCULATION OF FLUXES

We now have the solution for the scalar part of the
Eq. (6.14) and also the tensorial part (5.1). Then the task
remains to put them into that of the pseudotensor. Also,
we consider a system of binaries with masses m; and m,.
The reduced mass (1) and the total mass (M) of the system

are defined as y = % and M = m; + m,, respectively.

We parametrized the orbit by polar coordinates (r,0) and
set the origin at the center of mass of the system. Then we
fix our frame at the center of mass. While doing this we
choose the following parametrization [91]:

X = rcosé, y = rsind, z7=0 (7.1)
with
a(l —é?)
= 7.2
1—ecosd (7.2)

where e is the eccentricity and a is the semimajor axis of
the binary orbit. The time derivative of 6 can be computed
by noting that angular momentum (L) is given by

L = ur?0. Then utilizing this we get

gnM

0= s(1=¢)72(1 +ecos)?,  (7.3)

G4(0,0) a

where G, is defined in (4.5). Also, henceforth we will label
the two bodies that the binary system is composed of by
1 and 2.

A. Energy loss for the binaries

The component of the energy-momentum pseudotensor
contributing to the energy flux of the system is T, and
we can calculate the energy flux from the following
integral [91]:

(E) = —cr? / (Ty,)dQ. (7.4)

where (T, ) is defined in (5.1). At this point for calculation
ease we have set Gy o) to zero which kills the third term in
(5.1). Also it helps to perform the orbital averaging needed
to obtain expressions for various fluxes. The contribution to
the energy flux due to the tensor part of the pseudotensor
takes the following form:
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. 512 G,
(Ep) = Cl 6r / dQ< (2 2409 oo,k >
>r*Gy(0,0)

C ~ ~
= 40 / dQ(auh" dgh,,).

o (7.5)

Then putting the solution for h from (6.9) we get

. 1 kel L ke
E)=——F——-—"- (M M —=(M . 7.6
(br) = = g (W0 5012 (19

Upon inserting the value of M;; from (6.10) and performmg
an orbital averaging over the orbltal period of the binary®
we get the following:

2UEMPG, 1 LB,
S(1—e2)7 24 56"

(7.7)

(i) = -

SCS G4(0,0) a

where G, is defined in (4.5).
Now we can focus on the scalar energy flux. It takes the
following form:

CS r2

. Gy
Eo) =Tz / dQ<2G4<00)§a°¢a’¢>

C5r2G4 1.0 ~ ~
— =S [ daiondo, ).

7.8
32ﬂG4(0y0> ( )

Using the solution for ¢ mentioned in (6.13) and neglecting
the terms O(1/7%) while taking the derivatives we get

. 2CSG4(| 0)5 1 . . 1 .., . 1 . - kk
E _ - "GV S - k k -
(Eg) G4(o ) <C6 MM, + 38 MM + 38 MoM;
kil
30 10M2M2 S0c 10M2 M2 50 10/\/1 /\/l3 > (7.9)
where
. 242G > M e’ ey 7a2AA,uzM
(MoM,) = mez 1 t7) (MoMy') = 28 2)7/2
3,272
ek auA 57 auA
My My)y =—————(32+84e> +—¢* ), M5 M 64 + 170¢* + 21
< 2 2> a5(1_ 2)7/2( e 8 ) < 2 2> a5(1 )7/2< + e+ € )
~3 2
ekl a’u 132 51 ~ 2192 3368 279
<M]1(M3 >:m|:A1Ad(1—T€2—§€4 _AlAd l—wez 64 6' 648
(MEMKY = @ A2a2(1 — 2)? 1+e2 +A‘2’(64+6082+5524+36 ) +24,A,( 143 243
D e 2) "o c i bl T A LTS TR

(7.10)

Here we have used the multipole expansion mentioned in (7.9). The first term of (7.9) is a monopole contribution.
The second and third terms of (7.9) are the dipole-dipole and monopole-dipole cross term, respectively. The fourth and
fifth correspond to quadrupole radiation and the last term is again a cross term between dipole-octupole combination. For
more details interested readers are referred to [92]. Here we have used (6.14) and (6.16). The details of the computation is

given in the Appendix. Please note that we have truncated our expression in (7.9) up to the mixed dipole-octupole

kil
term /\/lkM )

*For more details on orbital averaging the interested reader can refer to [91].
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Then finally putting all these together we get

. 32 MPG3 1 73 37 2G 2A2 M3 2
(E) = — 5ﬂ g125 1+ = +—e* | - 4010 Grap 21+
5c G4(0’0)[l (1 — 62)7/2 24 96 G4(0,0) CClS(l _ 62)7/2 4
& 2 2 2\2 et ALZJ ) 4 6
+m Ada (1—6) 1+? +a(64+608€ + 552¢ +36€)
< 3 Ta*AAUM e? 1 @ urA? 393
2 =4 e s 2 279 4
—|—2AdAd(1 + 3e —|—8e )} +6c3a5(1 _62)7/2e<1 + 7) +6Oc5 S0 =) (160+424€ + 2 e )
2 au? 132 51 ~ 2192 3368 279
AA 1T ——Fe?—"e* | —A A, 1 - 2 AT e 7.11
+15csas(1—62>7/2{ : d( 8 ¢ 8€> ! d( 64 © 64 € 646>H’ 1)

where

1 3 6Gy4(1.,0) ) < 3 6Gy(1.0)
A=—— - — 47y |+ - —+7 |p1].
¢ [<G4(O,O) G4(0.0) Vi G4(0,0) G4(0,0> 2

)
Ad:ﬂ(al_a2)y A:l—a/, Alzn’lzn’ll_(a]_(lz)’

mim3  \mi m
- 3 6Gyy) > < 336G
Ay = - + 1 |myfs + - + vy |myp |, 7.12
47 [(G4(0,0) G4(0,0) ! - G4(0,0) G4(0,0) ? e ( )
- 2G4(0,0) S12 5= <1 B 2G40 512)
' Gu1.0) Do Gu10) 9o
8512 8 2G40 ) )
Yo = = — . S1p0— S + 5 X 5 ) 7.13
o= (- T - s ) (1.13)

my + aym M
_ Qi M , a= . .
o 11 21y ~ g123 714
my + my a

One can arrive at a simple expression for circular orbit by setting ¢ = 0. The expression in (7.11) then becomes

322M3G3, 2G4 08 [ a2 I 2a°
WM G, 26400 A2 + Ag(Ag +24,)} +

(E) =

2
{204 + A A, - A ALY, (7.15)

U
563Gy00a>  Gapo) [3c%a 15¢%a

and a becomes the radius of the circular orbit. We now make few comments.

(1) Note that the first term in (7.15) comes from the comes at (9(0%).4 This is also observed in [73,92].
tensorial part of the radiation and has the same form Note that, in [92], authors have considered scalar-
as GR. The. cqrrections dug to Horpde.ski couplings tensor theory, a subclass of Horndeski theory, in the
are present inside the effective gravitational constant context of scalar radiation, and the results serve as a

G, defined in (4.5). The next three terms are due to
the scalar radiation. In the circular limit the monop-

ole contribution, i.e., ( MM o), vanishes as evident “It is well known in the literature that the dipole radiation, due
from (7.10) to the presence of a scalar field, gives a dominant contribution to

.. .- . ~ the energy flux expression compared to the tensor part. This is
(if) From (7.13) and (7.14), itis ev1dept that Ad.and. aare true even for other theories of gravity as long as a scalar field is
independent of ¢. Hence the leading contribution to present in theory; e.g., interested readers are referred to [93] for

the total energy flux comes from the scalar part and  similar computation for scalar-Gauss Bonnet theory.
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consistency check for our results. It is solely coming ~ We can repeat the same step by step calculation from the
from the dipole term (AMXM¥). The contribution ~ previous section to obtain the integrals for calculating
from the monopole-dipole term vanishes in this  the tensor part and the scalar part of 7/%. The integral
circular limit. for the tensor part takes the following form:

(iii) Finally, the last three terms of (7.15) correspond to

quadrupole and mixed dipole-octupole terms. 42 G0,

[\ = —iik
(L) € 30

/dQ(()O;t””xjakilW - zaOﬁakilaj>‘

B. Angular-momentum loss rate for the binaries (7.17)
Just like in Sec. VII A where we calculated the energy .

flux for the binaries using the components of the energy- . ] . ) .
momentum tensor defined in (5.1), the part of the tensor ~ Then putting the solution for 4;; mentioned in (6.7) and
which contributes to the angular-momentum loss rate is ~ performing the orbital averaging we get

given by the T;; component. Then we can calculate the

angular-momentum flux from the following integral [91]: 32u%(G 1, M)3/? 1 (

i) =—
< T> 505G4(0,0)a7/2 (1 - 62)2

7

1+—ez>, (7.18)

8

(LYY = —crieiik / dQ(T7%). (7.16)
where G, is defined in (4.5).

|

For the scalar part, after using the solution for ¢ in (6.14) we get

Gap) ¢
L _ ikm , _ k ym
(Ly) = crie /dQ<2 w00 167”50 hpxka"

ZCSG o m
_ Gt k< MEfy + 8/\/1 PMGT Mé”‘/w"> (7.19)
3G400)

where

ikm | A K Aqgmy GuM 2 2\2 | A2 3 14 2 5o
€ <M1M1>_a7/2(1—ez)9/2{Ad(1_e) +A < +3€ +8€>+2AdAd(1—€) 3+Z€ s (720)

e 8 wWaG,m? 7
ik ( fqke pqmPy — O IR [ 7.21
e (M My") 15472(1 - &2) ( +8 ’ ( )
: @2AA 7 @?A A 79 81
ikm ) gl ¢ m A1 Ag 2 a A 2 4
—_ - “d (1L S S e Y — . 7.22
€ <M3 M > 10a7/2(1 —62)2 < 26 > 10a15/2(1 _ e2)6 < 2 ¢ 4 ¢ ) ( )

Like in Sec. VII A we can identify the first, second and third term in the second line of (7.19) as dipole, quadrupole and
mixed dipole-octupole contributions, respectively. Finally summing up the tensor and scalar contributions from (7.17) and
(7.19) we get the full expression for the angular-momentum flux:

32 (GpM)? 1 < 7 2> 264006 F @’

Li = - 14— A2(] — ¢2)2
(L 5¢3Gy0a’? (1 -e?)? g¢ 3Ga0) Lea®(l - 62)9/2{ a(1—¢%)

~ 3 | 5 8 /42g3 M3 7
2 2 4 _ _ 2 2 12 2
+Ad<l+3€ +8€ ) +2AdAd(l e )<3+ e )}+7503 7/2(1 32) 1+8€

&2A, 7 A 79 81
Ayjll—2e ) ——4 (322224}, 7.23
50c510a7/2( — ¢?)? { "( 2°¢ > a*(1 —62)4< 2°7%¢ )H 72

*Note that our results for the ¢ = 0 case cannot be directly compared with results of [73] as our computation is valid only when the
mass of the scalar field is set to zero. However, a qualitative similarity with our results exists.
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where A, Ad, A1, and @ are defined in Eqgs. (7.12), (7.13),
and (7.14). Before ending this section, we now make few
comments.

(1) The first term in (7.23) comes from the tensorial part
of the radiation and has the same form as GR. The
corrections due to Horndeski couplings are present
inside the effective gravitational constant G;, de-
fined in (4.5).

First of all, note that no monopole contribution
exists to the angular-momentum flux. As the scalar
field is of spin zero, the monopole part of the
radiation carries energy flux as in (7.11) but not
angular-momentum flux.

Also note that & and A ; are independent of c. Just like
what we have done in Sec. VII A, we can the circular
orbit limit by setting ¢ =0 and come up with a
simplified expression easily for (L'). But, more
importantly, from (7.20) and (7.23) we can see that
the leading contribution to the angular-momentum
flux comes from dipole term [at O(1)] mentioned in
(7.20).6 This is consistent with the current results for
scalar radiation. We get dominant contributions from
the scalar radiation compared to the tensor part in both
the energy- and angular-momentum flux. Interested
readers are referred to [94].7

(i)

(iii)

24>

a(l —
a) = s
GioMu

Then using (7.11) and (7.23) we get from (8.2)

(

{ASaZ(I - e2)2<1 +
3 T AA*M
2,2 4 _ A
14 3e —|—8e )} +6c3a5(1—ez)7/ze

132 1
{an,(1-52e -3

242
GroMu

32UPM3G, 1 73
5C5G4(0’0)a5 (1 — 62)7/2
&2

+—
3c3al(1 — e?)°/?

37

(@) =

24 96

2

)

2

12

+ 2Ad21d( (1 +
2 &3,“2

+ 2
15¢3 a’(1— 62)7/2

8

and

e) =————
GiuMpue

1—|——ez+—e4> +

— e —§€4> _AlAd<l —

VIII. ORBIT DYNAMICS

Asdiscussed in Sec. IV, we have tacitly been able to restore
the inverse-square law in this non-GR theory. The advantage
is that at the leading order, which is supposed to be the
Newtonian order, the inverse law in this seemingly non-GR
theory allows us to use the usual planetary laws of Kepler to
study the orbit dynamics. There is a coupling between the
scalar field and the gravitational field in this theory. So there
must be a manifestation of such coupling in the dynamics of
the binaries. At the Newtonian order, we saw such effects in
Sec. IV through a redefinition of the gravitational constant,
providing an effective gravitational constant as mentioned in
(4.5). Neglecting effects like radiation reaction on the system,
we can write down the orbital energy and the orbital angular
momentum of the system as

_ GuMu

E = ,
2a

L2 = gleﬂza(l - €2>. (81)
However, since the system is radiating energy we can expect
a change of the orbit structures. We can however find this
change by calculating the rate of change of energy and
angular momentum of the system. Then we can write down
change in semimajor axis and the eccentricity in the follow-
ing way by taking time derivatives of (8.1):

62) (g12M)1/2

(E) —m<i> :

2Gy4(1.0)¢
G4(0.0)

2AG P M
ca’(1 - e2)7/?

(

_m
64

2
21€_
“(+5)

A
+ 6—1 (64 + 608¢? + 552¢* + 36¢°)

62

7

1 @A
60c3 a>(1 — e2)7/?
2192 3368
Tyl

160 + 424¢2 + % et

‘I

)+ )

2 (8.3)

4

®There is an (’)(L%) contribution coming from the scalar radiation also which can be traced back to the term (7.21).
7Although one cannot compare our result directly with the result of [94], as they have done the analysis for a scalar-tensor theory
which is only a subclass of Horndeski theory, a qualitative similarity with our results exists.
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oo BT, e (1) all =) R WO
15 c5G4 0a (1— )3 GiaMue | Gyoo) \ca*(1-e*)"? 4

Ql

2 12
— e2)? ) A
+3csa6(1 )7 {A M(1-e?) <1+ ) <4 (64 +608e% 4 552¢* 4 36¢°)

T AAPM e? 1 @A , 393,
+2AdAd( +3€ + e )} +m€<l +7> +6005a5(1 _62)7/2 <160+424e +T€ )

H 132 , 51, ~ 2192 , 3368 , 279 .
AA (1= et —a A, (1-222e2 220
156“(—6)7/2{1"’( g ¢ 3) M TG e T
2(G1aM)' 2 Gy 06 a? . 3
— > A2 1_ 2\2 A2 1 2 3,
303/2(1 — e2)1/2G4(0’0) (CIGC(] _ 62)9/2{ d( e ) + d( + 3e +86 >

1 - 5 8  WG,m 7 a/?A 7
~AA,(1 - € e 12 1+ = ! Agl1=2e?
Al —e ><3+4e }+7503a7/2(1—e) 8 ) Tsoc0ar (1= e |\ T2¢

aton(-7e-59))]

The expressions above in combination with the Kepler law

27\ 2
3(Z2) =G,Mm

give an off-hand estimate that the rate of change is somewhat related to the fraction of change in the orbital period of the
binary [91]. This provides an avenue to constrain some parameters of the theory as the orbital period of the binary is
something we can measure accurately [91]. Some observations can be made from the above expressions.
(i) It can be easily seen from (8.2) and (8.4) that the part coming from tensorial radiation for both (¢) and (a) is of the
same form as that of GR. We denote them as (¢), and (a);:

, 64uM2G> 1 73, 37
(a)r = —— l23 iz (1T e +5c
5c G4(0 0) (1 — e ) 24 96
: 304 MG, e 121 ,
e — +—0e 8.5
(@) 15 Gy (1 - €))7 304 (83)
|
The effect of the Horndeski couplings is encoded (iii) To get a further insight into our results, we investi-
in the effective gravitational constant Gj,. This gate the change in the orbital parameter, i.e., the
serves as a consistency check of our computatiop. semimajor axis, with respect to the eccentricity, as
We can see that the sign of both of these terms is this gives physical insight into the orbital dynamics
negative which consistent with the existing results [91]. Using (8.2) and (8.4) we apply the chain rule to
) [90,91]. Hence the O_rbit will try to circularize. compute 44 as a function of ¢ and then integrate it to
(ii) The rest of the terms in (8.3) and (8.4) come from the geta as a functlon of e. Following [91], we will get

scalar radiation part. Following our discussions in
Secs. VII A and VIIB, we can easily see that the gle)
leading contribution comes from the scalar part ale) = ay , (8.6)
compared to the tensor part. We know from
(7.13) and (7.14) that A; and @ is independent of
c. Hence, the term appearing at O(1) in (8.4) is the
leading order term” compared to the tensor part. This
term comes from the second term of (7.23).

where ay is the initial value of the semimajor axis at
some initial ¢ = e;. In Fig. 1 we plotted this function
g(e).” In Fig. 1, the blue line indicates the result for

°For GR, this function g(e) is well known. Interested readers
are referred to [91] for more details. GR results can be recovered

$This (9(%) can be easily traced back to the O(%) term by the setting all the Horndeski couplings to zero in the
appearing in (7.23) following our discussion below (7.23). expressions (8.2) and (8.4).
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gle]
500

100
50 —GR

— Horndeski

0.5

FIG. 1. The variation of g(e) as defined in (8.6) with respect to
the eccentricity, on a logarithmic scale. For convenience we have
set various constant terms related to the coupling constants ¢ and
mass of binaries appearing in the expression of a to be unity. One
can use other choices for these parameters but this will not change
the qualitative feature of the plot.

GR, where we used the leading order post-
Newtonian result for radiation coming entirely from
the tensorial part. The red line represents Horndeski
theory, for which the contribution comes from both
the tensorial and scalar radiation parts. Note that,
while making the plot, we have kept only the dipole
contribution, which is the leading order contribution
as discussed in Secs. VII A and VII B. One can use
other terms in the scalar radiation as discussed in
Secs. VIL A and VII B, but they will give subleading
contributions, and the qualitative features of Fig. 1
will not change.

Figure 1 rightly shows that, for a given e, the
function g(e) and hence the semimajor axis a of
the orbit due to radiation decrease more for the
Horndeski theory compared to GR. This is in line
with what we expect as the energy flux and angular-
momentum flux have extra contributions due to the
scalar sector of the theory, which makes the binaries
radiate away more energy than in GR.

IX. CONCLUSION

In this paper, we have looked into the Horndeski theory
without considering any screening. Our aim was to explore
the orbital dynamics of such a theory and look into the
radiation coming from eccentric binaries of such systems,
making our analysis more general than the previous studies.
The calculations have been done up to the next leading
order post-Newtonian expansion to find the solutions for
the scalar field. The theory generically violates GWEP and
admits a deviation from inverse-square law force expres-
sions. However, we managed to restore the inverse law
leading to usual planetary law relations. The radiation is
obtained from an energy-momentum tensor obtained from
short-wavelength approximation outlined in [76]. We have
also concluded that the orbital period change is related to
the changes in the major axis and eccentricity of the orbit,

which has a scalar and a tensor part. The tensor part is
precisely like GR, and the only effect on the orbital period
is the occurrence of an effective gravitational constant.
Unlike the scalar sector, it has no monopole or dipole
radiation. The monopole term in the scalar radiation
vanishes for a quasicircular case. However, since we have
considered eccentric binaries, there is a nonzero monopole
contribution in addition to the other terms. At this point the
appearance of monopole and dipole terms in the scalar
radiation is mainly a by-product of the computation.
Perhaps it will be interesting to understand the origin of
these terms from a more physical point of view along the
lines of the discussion presented here [95]. We leave this for
future study. Finally, we find that, for given value eccen-
tricity e, the semimajor axis a of the orbit due to radiation
decreases more for the Horndeski theory compared to GR.
This is in line with what we expect as the energy flux and
angular-momentum fluxes have extra contributions due to
the scalar sector of the theory, which makes the binaries
radiate away more energy than that GR. This serves as a
consistency check of our results.

It will be interesting to repeat this post-Newtonian analysis
by considering a more general matter Lagrangian [37], by
going beyond the point particle limit mentioned in (2.6). To
carry out the computation explicitly, one might have to
choose a specific form for the function A(¢) mentioned in
(2.1). We leave a detailed study of it for future investigation.
Also, we have simplified our computation by setting the
scalar field mass to zero. This has been done throughout
the paper, enabling us to perform the orbital average for the
eccentric orbit. It will be interesting in future to relax
this assumption and figure out how to perform the orbital
average.

But even after these simplifying assumptions, the
expressions mentioned in (7.11), (7.23), (8.2) and (8.4)
can be utilized to explore the theory-finding constraints on
the parameters of the theory just as done in using eccentric
binary pulsar data along the lines of [96-98]. Furthermore,
our analysis can be utilized to look at the imprint of the
signatures of such theories in GW chirping. Recent GW
observations offer an excellent possibility to test such
theories. The interpretation of such observations relies
on the orbital dynamics in such theories, which is where
our analysis becomes significant. One can integrate these
flux expressions mentioned in (7.11), (7.23), (8.2) and (8.4)
and find the expression of the phase that enters into the
exponent of the gravitational waveform [99]. This phase
then contains information about the Horndeski coupling
and the eccentricity parameter. Then one can do a proper
statistical analysis to constrain the coupling parameters and
search for the signature of the presence of eccentricity. Note
that, as discussed in Secs. VII A and VII B, we get a leading
order (compared to the tensorial part) contribution due to
the presence of the dipolar radiation. So our leading order
PN results should be enough for future investigation as that
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will already have contributions from some of the Horndeski
couplings. We hope to report it in an upcoming publica-
tion [100].

Also, it may be the case that the effect of the Horndeski
theory at 1PN order in the presence of eccentricity may be
mimicked by other theories or even GR without eccentric-
ity but with higher-order PN terms and vice versa in the
phase of GW waveform. In that context, perhaps one can
try to explore the odds ratios along the lines of [101] to see
which theoretical waveform coming from different com-
peting theories fits better with a particular GW signal. Also,
one can look into search algorithms by constructing
appropriate template banks of this theory and provide a
statistical likelihood for finding such binaries. We would
also like to look into the theory in the presence of screening
mechanisms which will be the most general scenario.
Furthermore, one might also consider the complete set
of post-Keplerian parameters and explore the sensitivities
of such theories to see whether they can be related to some
astrophysical objects like its dependence on the star mass in
this gravity theory. These will provide an exciting avenue to
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APPENDIX: MULTIPOLE MOMENTS

We list below the expressions for time derivative of the
individual multipole moments used in the calculation of
fluxes in the main text:

. esinf /Gy, B
MOZ—A/,{MW ?(13(1—62) 3/2(1+€C059),

explore. (A1)
|
Mk o _&/’t(al —(12) Cl(l —62)
b (1-¢%)3
r r
X {cos [w(t——)] (1 + ecos [ (t——)]) sin [m(z‘ —>] ( + ecos {w(l——)}) 0}
c c
(s~ G )+ (G St 7)o
+5 |- 6 + +
cz[ <G4(0,0) G4(00 Dty | mops Gaoo) G4 +72 |y
r r r r 3
x{cos [w(t——)] +ecos2[a)(t——)] —Zesinz[ ( —>]<1+ecos {w(t__ﬂ) ,
c c c c
— sin {w(f—f)] <1+3ecos [w(t—£>])< + ecos {w(l I)}) }, (A2)
c c c
A = U= D s os0) sin20 0)2
) = (1_6)5/2( + 3ecos@)sin20(1 + e cos )=,
M;z = —”g/2/g1(]7))5/2(8 cos @ + e(5 + 3 cos260)) sin20(1 + e cos )2,
o1l P 2/"(1 ) 2
M, ==& W(Secos@—i—8c0529+3ecos39)( + ecosf)?,
- 1_, WA a? 5 5
M; =-3@ m((—4—|—29e )cos O + 5e(8cos 26 + 3ecos30))(1 + ecos ),
— 2)
- 1, WA a® 5 )
M; =—5a W(—2+27e + 5e(18 cos @ + 3e cos 20))(1 + e cos 0)=. (A3)
—e°)

Here a;, ay, @, A; and A are defined in (7.12), (7.13) and (7.14). The effective gravitational constant G, is defined in (4.4).
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