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Abstract

The effective-one-body (EOB) formalism accurately describes the conservative dynamics
of general binary orbits, but current implementations of radiation reaction remain largely
limited to quasi-circular inspirals. Extending EOB to eccentric orbits currently requires
the corresponding post-Newtonian (PN) energy fluxes in EOB coordinates, which are only
known to 1PN order. In this paper, we compute the instantaneous gravitational-wave en-
ergy flux in EOB coordinates to 2PN accuracy using a systematic coordinate transformation
between the Arnowitt–Deser–Misner (ADM) and EOB phase-space variables. We derive
the 2PN-accurate transformation laws for the relative coordinates and velocities between
the two coordinate systems and re-express the 2PN instantaneous energy flux entirely in
EOB variables. Working within the EOB test-particle framework (with finite mass ratio
ν) for an equatorial elliptic orbit, we adopt a Keplerian reparameterization in terms of
the semilatus rectum p, eccentricity e, and two phase variables (ξ, ϕ) associated with the
radial and azimuthal motion, which makes the calculations more transparent and facilitates
the subsequent computation of gravitational waveforms. Using the conservative orbital
angular frequency, we compute the orbit-averaged energy flux. In addition to the energy
flux, we also compute the corresponding 2PN angular momentum flux in EOB coordinates
using the same transformation method. Our results, expressed in gauge-invariant vari-
ables x = (Mω)2/3 and eccentricity et, agree with known PN results and show improved
accuracy compared to the 1PN EOB fluxes of Hinderer and Babak.

Keywords: eccentric inspirals; effective-one-body; 2PN energy flux; ADM-EOB coordinate
transformation

1. Introduction
The observation of gravitational waves (GWs) from merging compact binaries by

the LIGO–Virgo–KAGRA collaboration has inaugurated the era of gravitational-wave
astronomy [1–6]. With the sensitivity of ground-based detectors steadily improving and
space-based missions such as LISA, Taiji, and TianQin nearing realization [7–9], the demand
for highly accurate waveform models has become increasingly pressing. These future
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instruments will probe a broader parameter space, including lower frequencies, higher mass
ratios, and, importantly, orbital eccentricities—a feature that is often negligible for binaries
formed via isolated stellar evolution but can be significant for dynamical formation channels
in dense stellar environments [10–13]. Orbital eccentricity leaves a distinct imprint on the
GW signal: it introduces additional harmonic content, modifies the phase evolution, and, if
not properly modeled, can bias parameter estimation and tests of general relativity [14–18].

The effective-one-body (EOB) formalism was originally developed in [19–22] to de-
scribe the evolution of the binary system. Among the various modeling strategies, EOB
formalism stands out as one of the most successful frameworks for describing the con-
servative and dissipative dynamics of coalescing compact binaries, combining analytical
post-Newtonian (PN) results with strong-field information from black hole perturbation
theory and numerical relativity [23–27]. While the EOB Hamiltonian accurately describes
the conservative dynamics of general orbits (quasi-circular, elliptic, or hyperbolic), current
state-of-the-art implementations of the radiation-reaction force and the emitted waveform
remain largely limited to quasi-circular inspirals [28–31]. Extending the EOB formalism to
accurately describe eccentric binaries is therefore an important and necessary endeavor.

The computation of GW energy fluxes for eccentric binaries has a long history. The
GW energy flux or luminosity from a system of two point masses in elliptic motion was
first computed by Peters and Mathews at Newtonian order [11,12]. PN corrections at
1PN and 1.5PN were provided in [23–26,32] and used to study the associated evolution of
orbital elements using the 1PN “quasi-Keplerian” representation of the binary’s orbit [28].
Gopakumar and Iyer [29,33] further extended these results to 2PN order using the general-
ized quasi-Keplerian representation developed in [34–36]. The results for the energy flux
and waveform presented in [33] were in perfect agreement with those obtained by Will
and Wiseman using a different formalism [27]. Damour, Gopakumar and Iyer [37] later
discussed an analytic method for constructing high-accuracy templates for GW signals
from the inspiral phase of compact binaries on quasi-elliptical orbits, using an improved
“method of variation of constants” to combine the three time scales involved (orbital period,
periastron precession, and radiation reaction) without treating the radiative time scale as
adiabatic. A major advance was achieved by Arun, Blanchet, Iyer, and Qusailah [38–40],
who computed the complete 3PN energy flux for compact binaries on quasi-elliptical
orbits. This work included both instantaneous contributions and hereditary (tail, tail-of-
tail, and tail-squared) terms, and provided the orbital average of the flux using the 3PN
quasi-Keplerian parametrization of the binary’s orbital motion [41].

A significant step toward an EOB-based eccentric model was taken by Hinderer and
Babak [42], who laid the foundations for describing eccentric inspirals within the EOB
framework. Using a Keplerian-type parametrization of the orbit in terms of semilatus
rectum p and eccentricity e, they derived the EOB equations of motion for the orbital
phase variables and computed the instantaneous energy and angular momentum fluxes
to 1PN order in EOB coordinates. Their work also addressed the treatment of hereditary
contributions and outlined a strategy for attaching merger-ringdown waveforms. The
resulting 1PN-accurate fluxes represented a crucial proof of principle but left room for
improvement at higher PN orders.

In this paper, we extend the work of Hinderer and Babak by computing the instanta-
neous gravitational-wave energy flux in EOB coordinates to 2PN accuracy. Our calculation
is based on a systematic coordinate transformation between the Arnowitt–Deser–Misner
(ADM) and EOB phase-space variables. The ADM coordinates are widely used in PN
calculations of gravitational radiation [38–40], while the EOB coordinates are adapted to
the resummed, strong-field dynamics. Although the transformation between ADM and
EOB coordinates has been known at 2PN order for the conservative sector [25,39], its appli-
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cation to the dissipative sector—specifically to the fluxes—has not been fully worked out
at 2PN. We fill this gap by deriving the 2PN-accurate transformation laws for the velocity
components (radial and transverse) between the two coordinate systems.

Using these transformations, we re-express the 2PN instantaneous energy flux—originally
known in ADM coordinates from the work [38]—entirely in terms of EOB variables. We
then specialize to the case of a test particle moving on an equatorial elliptic orbit in a spher-
ically symmetric spacetime. For such orbits, we compute the orbit-averaged energy flux
by integrating over the radial period, making use of the orbital angular frequency derived
from the conservative EOB dynamics. We verify that our resulting orbit-averaged flux, when
expressed in terms of gauge-invariant quantities such as the orbital frequency parameter
x = (Mω)2/3 and the eccentricity et, agrees with known PN results, thereby providing a
stringent consistency check. Finally, we compare our 2PN EOB fluxes with the 1PN results of
Hinderer and Babak [42] and demonstrate the quantitative improvement in accuracy.

The remainder of this paper is organized as follows. In Section 2, we derive the 2PN
coordinate transformations between ADM and EOB phase-space velocity components. In
Section 3, we present the 2PN instantaneous energy flux in EOB coordinates, compute
the orbit-averaged flux for equatorial elliptic orbits, validate our results against known
PN expressions, and compare with the 1PN EOB fluxes of [42] to highlight the improved
accuracy. Finally, Section 4 contains our conclusions and an outlook on remaining tasks for
future work.

Throughout this paper we will use geometric units G = c = 1, and the units of time
and length is the mass of system M, and the unit of linear and angular momentum are µ

and µM, respectively, where µ is the reduced mass of the effective body.

2. Coordinate Transformations in Phase Space
In post-Newtonian theory, three coordinate systems are commonly employed: har-

monic (h), ADM (a), and EOB (e). Each serves a distinct purpose, and we discuss their
transformation laws at 2PN order. In the standard center-of-mass description, the motion
of two bodies with masses m1 and m2 on general orbits is expressed in terms of their
relative separation x and relative velocity v. By contrast, the effective-one-body (EOB)
approach maps this two-body problem into the motion of a single effective particle of mass
µ = νM (where M = m1 + m2 and ν = m1m2/M2) moving in an external metric. To work
with these formalisms, we introduce scaled position variables qh = xh/M, qa = xa/M,
qe = xe/M, and similarly for velocities or momenta per unit reduced mass, which we
denote simply by ph, pa, pe (omitting tildes). For harmonic coordinates, the phase-space
description is given solely by (qh, vh)—no ordinary Hamiltonian exists in this gauge. For
the ADM and EOB formulations, however, one can work with either coordinate-velocity or
coordinate-momentum representations, i.e., (qa, va), or (qa, pa) for ADM, and analogously
(qe, ve), or (qe, pe) for EOB. Each choice of phase-space variables naturally defines a set of
fundamental scalars, for example

(qh, vh) → Xh
1 = v2

h , Xh
2 = (nh · vh)

2 = ṙ2
h , Xh

3 =
1
qh

,

where nh = qh/qh, etc. The main transformation laws among phase-space vectors have
been derived by Bini and Damour [43]. In the following, we list the specific relations
needed to perform the transformation of variables from ADM to EOB coordinates:
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(1) qa → qe

qa = qe + ϵ2
[(

ν

2
p2

e −
1
qe

(
1 +

ν

2

))
qe + ν(qe · pe)pe

]
+ϵ4

{[
−ν

8
(1 + ν)p4

e +
3
4

ν
(ν

2
− 1
) p2

e
qe

− ν

(
2 +

5
8

ν

)
(qe · pe)2

q3
e

+
−ν2 + 7ν − 1

4q2
e

]
qe

+(qe · pe)

[
ν(ν − 1)

2
p2

e +
ν

2

(
−5 +

ν

2

) 1
qe

]
pe

}
, (1)

(2) pe → ve

pe = ve + ϵ2
[

2ne
(ne · ve)

qe
+

ve

2

(
v2

e (1 + ν)− 2(ν − 1)
1
qe

)]
+ϵ4

[
ne

(ne · ve)

qe

(
−2

(4ν − 3)
qe

+ (1 + ν)v2
e

)
+

ve

8

(
−4ν2 − 12ν + 12

q2
e

+
−4ν2 − 4ν + 12

qe
v2

e +
8(1 + ν)(ne · ve)2

qe
+ 3v4

e (ν
2 + 3ν + 1)

)]
, (2)

(3) vh → pe

vh = pe + ϵ2
[
−3ν + 2

2qe
(ne · pe)ne +

(
−ν + 4

2qe
+

2ν − 1
2

p2
e

)
pe

]
+ϵ4

[(
3ν(5ν + 1)

8qe
(ne · pe)

2 − 7ν2 + 23ν − 4
8qe

p2
e −

3ν2 − 9ν − 4
4q2

e

)
(ne · pe)ne

+

(
−15ν2 − 29ν − 8

8qe
(ne · pe)

2 +
3 − 8ν

8
p4

e +
7ν2 − 41ν + 8

8qe
p2

e −
ν2 − 15ν − 1

2q2
e

)
pe

]
, (3)

(4) vh → va

va = vh − ϵ4

{[
3ν

8qh
(nh · vh)

2 − 19ν + 2
4q2

h
− 7ν

8qh
v2

h

]
(nh · vh)nh

+

[
17ν

8
(nh · vh)

2

qh
+

1 + 21ν

4q2
h

− 13ν

8qh
v2

h

]
vh

}
. (4)

Using the transformations in (1) and (2), we obtain the transformation between the
EOB (denoted by subscript e) and ADM (subscript a) coordinates truncated at 2PN order:

xi
a = xi

e + δxi
e, (5a)

δxi
e =

(
νv2

e
2

− 2 + ν

2q
− 1 − 7ν + ν2

4q2 +
(16 − 5ν)re ṙe

2 +
(
2 − 5ν + 3(1 + ν)rev2

e
)
rev2

e

8q2 ν

)
xi

e

+

(
(1 +

1 + 3ν

2
v2

e )re + (
3
2
− 7ν

4
)M
)

νṙevi
e , (5b)

where q = re/M, ṙe = ne · ve. Next, using the transformations in (2), (3), and (4), we obtain
the velocity (ve = q̇e) transformation between the EOB and ADM frameworks

vi
a = vi

e + δvi
e, (6a)

δvi
e =

(
2 − 3ν

2q
+

ν(15νṙ2 − (2 + 13ν)v2)

8q
+

2 − 22ν + 3ν2

4q2

)
ṙe

xi

re

+

(
3ν

2
v2

e −
2 + 3ν

2q
+

1
8
(7 + 15ν)v4

e +
(52 − 15ν)νṙe

2 −
(
6ν + 23ν2)v2

e
8q

− 1 − 9ν + 2ν2

4q2

)
vi. (6b)
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Since the fluxes of energy and angular momentum in the ADM gauge are expressed in
terms of the three scalars v2

a, ṙ2
a , and M/ra, we can derive their EOB-expressed counterparts

via the coordinate transformations derived above.

3. Calculation of the Fluxes
The EOB approach provides a framework to combine post-Newtonian results with

strong-field knowledge from the test-particle limit and to further incorporate information
from numerical relativity simulations. Since many studies of compact binary coalescences
are performed in EOB coordinates, it is desirable for future applications to have explicit
expressions for the radiation-reaction fluxes directly in EOB variables. In this section, we
take the existing 2PN instantaneous fluxes in ADM coordinates and transform them into
EOB variables using the coordinate transformations derived in Section 2. In all expressions,
we will keep only terms up to 2PN order without indicating the omission of higher-order
terms. We then compute the orbital average of the instantaneous fluxes by employing an
explicit solution of the equations of motion. Finally, we validate our results by compar-
ing them with the known 1PN EOB fluxes, demonstrating the improvement achieved at
2PN order.

3.1. Instantaneous Fluxes

We start from the PN results for the instantaneous parts of the fluxes in ADM coor-
dinates given by Equations (5.1) and (6.11) of [38] and Equations (3.4a), (3.4b) and (3.5a)
of [40]:

F2PN =
32
5

µ2M2

r4

[
v2 − 11

12
ṙ2 +

(
785
336

− 71
28

ν

)
v4 +

(
−1487

168
+

58
7

ν

)
ṙ2v2 +

(
−170

21
+

10
21

ν

)
M
r

v2

+

(
687
112

− 155
28

ν

)
ṙ4 +

(
367
42

− 5
14

ν

)
M
r

ṙ2 +

(
1

21
− 4

21
ν

)
M2

r2

+v6
(

47
14

− 5497
504

ν +
2215
252

ν2
)
+ ṙ2v4

(
−573

56
+

1713
28

ν − 1573
42

ν2
)

+
M
r

v4
(
−247

14
+

5237
252

ν − 199
36

ν2
)
+ ṙ4v2

(
1009

84
− 5069

56
ν +

631
14

ν2
)

+
M
r

ṙ2v2
(

4987
84

− 8513
84

ν +
2165

84
ν2
)
+

M2

r2 v2
(

281473
9072

+
2273
252

ν +
13
27

ν2
)

+ṙ6
(
−2501

504
+

10117
252

ν − 2101
126

ν2
)
+

M
r

ṙ4
(
−5585

126
+

60971
756

ν − 7145
378

ν2
)

+
M2

r2 ṙ2
(
−106319

3024
− 1633

504
ν − 16

9
ν2
)
+

M3

r3

(
−253

378
+

19
7

ν − 4
27

ν2
)]

−µ2M3

r5

[
320

3
ṙ4ν − 736

5
ṙ2v2ν +

184
5

v4ν +
M
r

ṙ2
(
−12

5
− 56ν

15

)
+

M
r

v2
(

16
5

+
48ν

5

)]
, (7)
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Gz
2PN =

µ2Mϕ̇

r

[
16
5

v2 − 24
5

ṙ2 +
16
5

M
r
+

(
614
105

− 1096
105

ν

)
v4 +

(
−296

35
+

1108
35

ν

)
ṙ2v2 +

(
−464

105
− 152

21
ν

)
M
r

v2

+

(
38
7

− 144
7

ν

)
ṙ4 +

(
496
35

+
788
105

ν

)
M
r

ṙ2 +

(
−596

21
+

8
105

ν

)
M2

r2

+v6
[

533
63

− 353
9

ν +
614
15

ν2
]
+ ṙ2v4

(
−2246

105
+

12653
105

ν − 15637
105

ν2
)

+
M
r

v4
(

11
21

− 1333
63

ν +
4022
315

ν2
)
+ ṙ4v2

(
715
21

− 3361
21

ν +
448
3

ν2
)

+
M
r

ṙ2v2
(

21853
315

+
2942
105

ν +
2551
315

ν2
)
+

M2

r2 v2
(
−4210

63
+

2962
35

ν − 6856
315

ν2
)

+ṙ6
(
−52

3
+

652
9

ν − 388
9

ν2
)
+

M
r

ṙ4
(
−22312

315
+

1999
45

ν − 277
9

ν2
)

+
M2

r2 ṙ2
(

5666
105

− 6938
45

ν +
3058
105

ν2
)
+

M3

r3

(
336188

2835
+

11878
315

ν +
44
45

ν2
)]

, (8)

where F denotes the energy flux, Gz denotes the z−component of the angular momentum
flux, and ϕ̇ is linked to the orbital velocity by v2 = ṙ2 + r2ϕ̇2.

The flux in EOB coordinates is then obtained from the expression in ADM coordi-
nates (7) by the transformation

FEOB = FADM(r, ṙ, v2) + δF a to e, (9a)

δF a to e = δ1,r
∂FADM

∂r
+ δ1,ṙ

∂FADM

∂ṙ
+ δ1,v2

∂FADM

∂v2 . (9b)

Here, the notation is ra =
√

δijxi
axj

a = re + δr, where δr represents the correction at
2PN order, and similarly for ṙ and v2. The corrections to r, ṙ, and v2 are determined from
Equation (1) to be

δr =
xi

e
re

δxi
e

= −M+ν(rṙ2+
1
2

rv2− M
2
)− M2

4r
+

νM
8

(
14−2ν

q
+ṙ2

(
28−19ν+4(1+3ν)qv2

)
+v2

(
2−5ν+3(1+ν)qv2

))
, (10a)

δṙ =
xi

e
re

δvi
e +

re ẋi
e − ṙxi

e
r2

e
δxi

e,

=
ṙM2

4r2 +νṙ
[

5
2

v2−ṙ2− 3M
r

− M2

8r2

(
26−2ν−2qṙ2

(
20+7ν−2(1+3ν)qv2

)
−qv2

(
4−50ν+(11+27ν)qv2

))]
, (10b)

δv2 = 2vi
e

(
δvi

e

)
,

=
2M

r

(
ṙ2 − v2

)
+ ν

(
3v4 − 3(v2 + ṙ2)M

r

)
+

15ν2ṙ4 M
4r

+
M2

4r2

[
ṙ2
(

4 − 2ν
(

22 − 3ν − (25 − 14ν)qv2
))

−v2
(

2 − ν
(

18 − 4ν −
(

6 + 23ν − (7 + 15ν)qv2
)

qv2
))]

, (10c)

where the subscript E has been omitted in the second equalities on the right hand sides. To
obtain Equation (10), we have also used the relation

rṙ = vi
exi

e. (11)

The above equations provide the 2PN generalization of Equation (3.5) of [42]. In
what follows, we omit the subscript E on the EOB coordinates for brevity. Unless other-
wise indicated, all coordinates and momenta are understood to refer to the EOB gauge.
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Using Equation (10) in Equation (9) gives for the additional contribution to the flux in
EOB coordinates

δF a to e =
2ν2

105q7

[
48
(

2 − 7ν − 4ν2
)
+ 2qṙ2

(
561 − 539ν + 239ν2

)
+4q2ṙ2

(
28(1 − ν)− (128 − 121ν + 204ν2)ṙ2

)
+ 4q4ṙ2ϕ̇2 M2

(
84(2 − ν)− (702 − 7006ν + 1691ν2)

)
−q3

(
84νṙ4 + 7ν(7 + 15ν)ṙ6 + 8

(
999 − 119ν − 14ν2

)
ϕ̇2 M2

)
− 6νq5ṙ2ϕ̇2 M2

(
266 − (141 − 635ν)ṙ2

)
+3νq7ϕ̇4 M4

(
112 − (4123 − 2841ν)ṙ2

)
− 4νq6ϕ̇4 M4(1335 − 599ν) + 52νq9ϕ̇6 M6(62 − 51ν)

]
. (12)

The angular momentum flux further involves the quantity r2ϕ̇ = ϵ3jkxjvk. Its transforma-
tion is given by

r2
a ϕ̇a = r2

e ϕ̇e +
(

vy
e δxe − vx

e δye + xeδvy
e − yeδvx

e

)
= r2ϕ̇

[
1+2

(
ν v2− (1+ν)M

r

)
−

2 − 16ν + 3ν2 − ν(5 + 9ν)q2v4 + 2νr
(
(5ν − 17)ṙ2 + (7ν + 1)v2)

4q2

]
, (13)

then we obtain the transformation connecting two azimuthal angular velocities

δϕ̇ = ϕ̇a − ϕ̇e

=
νϕ̇
(
r3ϕ̇2 − rṙ2 − M

)
r

− 4ϕ̇

q2

− νϕ̇

4q2

[
22 + 9ν − 2qṙ2

(
21 + 16ν − (1 + 15ν)qṙ2

)
− q3ϕ̇2M2

(
20 + ν(7 − 32qṙ2)

)
− 2(1 − ν)q6ϕ̇4M4

]
. (14)

Using these transformations leads to the following contribution to the angular mo-
mentum flux

δGz
a to e =

µ2ϕ̇

105q4

[
− 2(5058 + ν(2245 + 292ν)) + 2q

(
336 + (1297 + 6810ν + 2372ν2)ṙ2

)
−2q2ṙ2

(
42(2 + 3ν)− (148 − 4197ν − 2497ν2)ṙ2

)
− q4ϕ̇2 M2

(
168(2 + 7ν) + (340 − 5468ν + 9153ν2)ṙ2

)
−q3

(
84νṙ4 − 7ν(139 + 169ν)ṙ6 + 2(714 − 1735ν − 1138ν2)ϕ̇2 M2

)
− 6νq5ṙ2ϕ̇2 M2

(
238 − (477 − 88ν)ṙ2

)
+3νq7ϕ̇4 M4

(
392 + (840 + 2417ν)ṙ2

)
−q6ϕ̇4 M4

(
1842 + 1087ν − 3290ν2

)
+νq9ϕ̇6 M6(4621 − 6158ν)

]
. (15)

3.2. Orbit-Averaged Fluxes

For nonspinning binaries confined to the equatorial plane θ = π/2, a Keplerian
reparameterization of the constants of motion and the equations of motion is already
available. This formulation is given in terms of the semilatus rectum p, the eccentricity
e, and two phase variables (ξ, ϕ) that encode the radial and azimuthal geometry of the
orbit [42]. These variables are defined by expressing the radial motion as

r =
pM

1 + e cos ξ
(16)

so that turning points of the motion correspond to ξ = (0, π)mod(2π). Differentiating
Equation (16) leads to the following evolution equation

ξ̇ =
(1 + e cos ξ)2

epM sin ξ
ṙ +

cot ξ

e
ė − 1 + e cos ξ

ep sin ξ
ṗ , (17)
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where the conservative part

P(e, p, ξ) =
(1 + e cos ξ)2

epM sin ξ
ṙ . (18)

Eccentric planar orbits possess two frequencies characterizing the radial librations between
the turning points and the azimuthal rotations. The next step is to substitute for ṙ and ϕ̇

from the EOB dynamics. To compare with existing results we perform a 2PN expansion
of the conservative EOB dynamics expressed in terms of (e, p, ξ) in Equation (2.15) of [42],
which leads to

P =
(1 + e cos ξ)2

Mp3/2

[
1 − 6(1 + e cos ξ)− ν(1 − e2)

2p

+
4
(
3e2 cos2 ξ + 4e2 − 2e cos ξ − 9

)
+ ν
(
21 + 26e2 − 3e4 + 12e2 cos(2ξ) + 4

(
3e2 + 11

)
e cos ξ

)
+ 3
(
1 − e2)2

ν2

8p2

]
, (19)

ϕ̇ =
(1 + e cos ξ)2

Mp3/2

[
1 − 4e cos ξ − ν(1 − e2)

2p
+

16e(e − 2 cos ξ)−
(
15 − 2e2 + 3e4 + 8(1 − e2)e cos ξ

)
ν + 3

(
1 − e2)2

ν2

8p2

]
. (20)

Using these expansions in Equations (7) and (12) and truncating at 2PN order yields the instan-
taneous energy flux in EOB variables. Since the instantaneous fluxes are gauge-dependent, it
is more convenient to compare orbit-averaged fluxes across different approaches.

In the Newtonian limit, the radial and azimuthal frequencies coincide, but relativistic
effects break this degeneracy. The radial frequency is defined by the time required for ξ to
increase from 0 to 2π, i.e., one full radial period between successive periastron passages.
The corresponding radial frequency is given by

ωr =
2π∫ 2π

0 dξ/P
. (21)

We associate to this frequency an angle variable ψr defined by

dψr/dt = ωr. (22)

Any function of r can thus be decomposed in a Fourier series as

f (r) =
∞

∑
k=−∞

fkeikψr , fk =
1

2π

∫ 2π

0
dψr f e−ikψr . (23)

The orbit-average ⟨ f ⟩ is the zero-coefficient computed from

⟨ f ⟩ = 1
2π

∫ 2π

0
dψr f = f0. (24)

The relation between the two radial phase variables, ψr associated with the frequency and
ξ with the orbit’s spatial geometry is

dψr

dξ
=

ωr

P . (25)

Thus, integrals over ψr can also be computed by converting them to integrals over ξ:

∫
dψr f = ωr

∫ dξ

P f . (26)

Now, we calculate the fundamental orbital frequencies in terms of the geometric
parameters. Firstly, we express the radial frequency ωr which reflects the period of the
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radial motion from the periastron to apastron and back to periastron again, and the orbital
period Tr can be calculated by taking ξ from 0 to 2π, then

ωr =
2π∫ 2π

0
1
P dξ

. (27)

In Equation (20), we have already written the variation of ϕ with coordinate time t.
Rigidly, the radial motion is the real periodic motion. When the particle passes through the
periastron twice, ∆ϕ will be larger than 2π because of the periastron procession caused by
the relativistic effect. We can then define the frequency of the azimuthal motion by ∆ϕ/Tr.
So, we compute the azimuthal frequency from the orbit-average of the ϕ motion as

ωϕ = ⟨ϕ̇⟩ =
∫ 2π

0
ϕ̇
P dξ∫ 2π

0
1
P dξ

. (28)

Just replacing r in these equations with ξ, the above two integrals only contain argument ξ

and can be integrated easily. Here, we do not write down the fully expanded expressions
of these two integrals, it is direct and trivial.

Mωr =
(1 − e2)3/2

p3/2

1 +
(1 − e2)(−6 + ν)

2p
+

3(1 − e2)(8 − 20
√

1 − e2 − 24e2 +
(

8
√

1 − e2 + 5e2 − 1
)

ν + (1 − e2)ν2)

8p2

, (29)

Mωϕ =
(1 − e2)3/2

p3/2

[
1 +

ν + e2(6 − ν)

2p
+

3
4p2 (19 − 10ν)

−
3
(
1 − e2)(18 + 20

√
1 − e2 + 24e2 −

(
5e2 + 8

√
1 − e2 + 7

)
ν −

(
1 − e2)ν2

)
8p2

. (30)

A check on these results is that the test-particle (ν → 0) limit of Equation (29) agrees with
Equations (5.1) and (5.2) of [44]. Using Equations (24) and (26), performing the averages of
the fluxes, and truncating at 2PN order leads to

⟨F⟩ =
32µ2(1 − e2)3/2

5p5M2

{
1 +

73
24

e2 +
37
96

e4 +
1
p

[
− 1247

336
− 5ν

4
− e2

(
9181
672

+
325ν

24

)
+e4

(
809
128

− 435ν

32

)
+ e6

(
8609
5376

− 185ν

192

)]
+

1
p2

[
23329
9072

− 15
√

1 − e2

2
+

(
3
√

1 − e2 +
31
18

)
ν + e8

(
108780ν2 − 304890ν + 371627

64512

)
+e2

(
−142187

2592
− 245

√
1 − e2

16
+ (

49
√

1 − e2

8
+

62581
1008

)ν +
105ν2

8

)

+e4

5
(

96390
√

1 − e2 − 690839
)

24192
− 3

64

(
170
√

1 − e2 − 1393
)

ν +
1855ν2

32


+e6

7
(

6660
√

1 − e2 + 14543
)
− 36

(
518

√
1 − e2 + 17079

)
ν + 552720ν2

16128

]}, (31)
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⟨Gz⟩ =
32
(
1 − e2)3/2

µ2

5Mp7/2

{
1 +

7
8

e2 +
1
p

[
−1247

336
− 7ν

4
− e2

(
425
336

+
401ν

48

)
+ e4

(
10751
2688

− 205ν

96

)]
+

1
p2

[
23329
9072

− 15
√

1 − e2

2
+

(
3
√

1 − e2 +
10993
2016

)
ν +

ν2

2
+ e6

(
60984ν2 − 179115ν + 209911

16128

)

+e2

−662486 + 11340
√

1 − e2 − 9
(

504
√

1 − e2 − 61277
)

ν + 197757ν2

12096


+e4

−1743550 + 317520
√

1 − e2 − 27
(

4704
√

1 − e2 + 21941
)

ν + 1347948ν2

48384

}. (32)

The quantities (e, p) are gauge dependent as they are defined by the EOB dynamics. We
therefore reformulate the expressions in terms of the gauge-invariant variables E, Pϕ, and
ωϕ, or equivalently the dimensionless quantities

x = (Mωϕ)
2/3, (33a)

ϵ = −2(E − M)

µ
, j = −

2(E − M)P̂2
ϕ

µM2 . (33b)

where E and Pϕ are expressed in Equation (2.12) of [42]. Existing PN results are usually
given in terms of (x, et), where et is one of the eccentricities in the QK parameterization.
To convert between et and the EOB eccentricity e, it is easiest to proceed as follows. First,
we compute the quantities from Equation (33) in terms of the EOB parameters. Using
Equation (30) in Equation (33a) gives an expression for x(e, p), which can be inverted
to obtain

x = (1 − e2)

[
1
p
+

ν + e2(6 − ν)

3p2 +
1
p3

(
5 − 3e2

2
+ 5e4 −

(
1 − e2

)3/2
(5 − 2ν)− 39 + 10e2 + 11e4

12
ν +

2(1 − e2)2

9
ν2
)]

. (34)

The PN parameter et is given in terms of ϵ and j, e.g., in Equation (7.7e) of [38]. Inserting
therein the EOB variables from (2.12a) and (2.12b) of [42] we obtain the following relation
between the eccentricity parameters

e2
t = e2

[
1 +

2
p
(1 − e2)(ν − 3) +

1 − e2

2p2

(
39 − 30

√
1 − e2 − e2

(
54 − 26ν + 6ν2

)
− (29 − 12

√
1 − e2)ν + 6ν2

)]
. (35)

Using the relations (34) and (35) to transform the flux results from the PN variables to
variables (p, e), we find agreement: our energy flux matches Equations (8.18)–(8.19c) of [38],
and our angular momentum flux matches Equations (4.10)–(4.11c) of [40].

To illustrate the importance of the 2PN corrections, we compare the 1PN and 2PN
energy and angular momentum fluxes as functions of the semilatus rectum p for selected
values of eccentricity e and mass ratio ν, as shown in Figure 1. The relative differences are
defined as

∆F =
⟨F1PN⟩ − ⟨F2PN⟩

⟨F2PN⟩
, ∆Gz =

⟨Gz
1PN⟩ − ⟨Gz

2PN⟩
⟨Gz

2PN⟩
. (36)

For small p (i.e., orbits closer to the central black hole), the relative differences grow
significantly, reaching up to ∼50% for high eccentricities near the last stable orbit (LSO).
This trend is consistent across different mass ratios, indicating that the 1PN approximation
becomes inadequate in the strong-field regime. The results also show that, for a fixed value
of p, the deviation increases with eccentricity e, since a more eccentric orbit with the same
semilatus rectum lies closer to the LSO, where strong-field effects are more prominent.
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We note that the 2PN result is expected to be more accurate than the 1PN one for
several reasons. First, the PN expansion for the energy flux of eccentric binaries is known
to converge in the weak-field regime, and higher PN orders systematically improve the
agreement with exact numerical results in the test-particle limit. Second, the 2PN flux
incorporates higher-order nonlinear effects that become increasingly important near the
LSO, where the 1PN flux significantly underestimates the energy loss. Finally, the ADM-
to-EOB coordinate transformation is derived consistently at 2PN order, ensuring that the
improvement is a natural consequence of including the next order in the PN expansion.
We therefore consider the 2PN flux to be a more reliable approximation for eccentric EOB
inspirals, particularly in the strong-field regime.

e=0.5,ν=0.1

e=0.5,ν=0.01

e=0.1,ν=0.1

e=0.1,ν=0.01

10 12 14 16 18
0.0

0.1

0.2

0.3

0.4

0.5

p

Δ
ℱ

e=0.5,ν=0.1

e=0.5,ν=0.01

e=0.1,ν=0.1

e=0.1,ν=0.01

10 12 14 16 18
0.0

0.1

0.2

0.3

0.4

p

Δ




Figure 1. Relative differences between the 1PN and 2PN orbit-averaged energy and angular momen-
tum fluxes, defined as ∆F = (⟨F1PN⟩ − ⟨F2PN⟩)/⟨F2PN⟩ and ∆Gz = (⟨Gz

1PN⟩ − ⟨Gz
2PN⟩)/⟨Gz

2PN⟩,
plotted as functions of the semilatus rectum p for selected values of eccentricity e and mass ratio ν.
When p becomes smaller, the deviation could become larger due to the orbit approaching LSO.

4. Conclusions and Outlook
In this paper, we have extended the effective-one-body description of eccentric inspi-

rals by computing the instantaneous gravitational-wave energy flux in EOB coordinates to
2PN accuracy. Our calculation is based on a systematic coordinate transformation between
the ADM and EOB phase-space variables. We derived the 2PN-accurate transformation
laws for the relative coordinates and velocities between the two coordinate systems, and
re-expressed the 2PN instantaneous energy flux entirely in EOB variables. Working within
the EOB test-particle framework for an equatorial elliptic orbit, we adopted a Keplerian
reparameterization in terms of the semilatus rectum p, eccentricity e, and two phase vari-
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ables (ξ, ϕ) associated with the radial and azimuthal motion. Using the conservative orbital
angular frequency, we computed the orbit-averaged energy flux. Our result, expressed in
gauge-invariant variables x = (Mω)2/3 and eccentricity et, agrees with known PN results
and shows improved accuracy compared to the 1PN EOB fluxes of Hinderer and Babak. A
detailed comparison for four representative orbital configurations, summarized in Figure 1,
reveals that the semilatus rectum p is the primary factor affecting the discrepancy between
the 1PN and 2PN fluxes. For orbits close to the last stable orbit (LSO), the 1PN flux deviates
from the 2PN result by approximately 50%, indicating that the 1PN approximation becomes
inadequate in the strong-field regime. In addition to the energy flux, we have also com-
puted the 2PN angular momentum flux in EOB coordinates using the same transformation
method, providing a complete set of dissipative fluxes for eccentric inspirals at 2PN order.

The Keplerian reparameterization in terms of semilatus rectum p, eccentricity e, and the
phase variables (ξ, ϕ) offers several advantages. It makes the calculations more transparent
by cleanly separating the radial and azimuthal degrees of freedom. It also provides a natural
framework for orbit averaging and for the Fourier decomposition of the gravitational
waveform, as the phase variables evolve linearly with the fundamental frequencies of
the motion. This structural clarity considerably facilitates the subsequent computation of
gravitational waveforms. The present work thus provides a key ingredient for building
high-precision eccentric EOB waveform templates. In future work, we plan to compute
more accurate fluxes by incorporating higher-order PN corrections and extending our
approach to include the spins of the compact objects and orbital inclination effects, thereby
enabling a full three-dimensional description of eccentric EOB inspirals.

Author Contributions: Conceptualization, C.Z. and W.-B.H.; methodology, C.Z. and W.-B.H.; soft-
ware, C.Z.; validation, C.Z.; formal analysis, C.Z.; investigation, C.Z.; resources, C.Z.; data curation,
C.Z.; writing—original draft preparation, C.Z.; writing—review and editing, C.Z.; visualization, C.Z.;
supervision, C.Z. and W.-B.H.; project administration, C.Z. and W.-B.H.; funding acquisition, C.Z.
and W.-B.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the National Key R&D Program of China (Grant No.
2021YFC2203002), and the National Natural Science Foundation of China (Grants No. 12303080, No.
12173071 and No. 12473075).

Data Availability Statement: The data supporting the findings of this study are available within the
article. No additional datasets were generated or analyzed beyond the theoretical calculations and
numerical results presented herein.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations
The following abbreviations are used in this manuscript:

EOB effective-one-body
PN post-Newtonian
ADM Arnowitt–Deser–Misner
GW gravitational wave
LSO last stable orbit

https://doi.org/10.3390/universe12070194

https://doi.org/10.3390/universe12070194


Universe 2026, 12, 194 13 of 14

References
1. Abbott, B.P.; Abbott, R.; Abbott, T.; Abernathy, M.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.; Addesso, P.; Adhikari, R.; et al.

Gw151226: Observation of gravitational waves from a 22-solar-mass binary black hole coalescence. Phys. Rev. Lett. 2016, 116,
241103. [CrossRef] [PubMed]

2. Abbott, B.P.; Abbott, R.; Abbott, T.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.; Addesso, P.; Adhikari, R.; Adya, V.; et al.
Gw170608: Observation of a 19 solar-mass binary black hole coalescence. Astrophys. J. Lett. 2017, 851, L35. [CrossRef]

3. Abbott, B.P.; Abbott, R.; Abbott, T.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.; Addesso, P.; Adhikari, R.; Adya, V.; et al.
Gw170814: A three-detector observation of gravitational waves from a binary black hole coalescence. Phys. Rev. Lett. 2017, 119,
141101. [CrossRef] [PubMed]

4. Abbott, B.P.; Abbott, R.; Abbott, T.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.; Addesso, P.; Adhikari, R.; Adya, V.; et al.
Gw170817: Observation of gravitational waves from a binary neutron star inspiral. Phys. Rev. Lett. 2017, 119, 161101. [CrossRef]
[PubMed]

5. Abbott, B.P.; Abbott, R.; Abbott, T.D.; Abernathy, M.R.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.; Addesso, P.; Adhikari, R.X.;
et al. Observation of gravitational waves from a binary black hole merger. Phys. Rev. Lett. 2016, 116, 061102. [CrossRef] [PubMed]

6. Abbott, B.P.; Abbott, R.; Abbott, T.D.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.; Addesso, P.; Adhikari, R.X.; Adya, V.B.;
et al. Gw170104: Observation of a 50-solar-mass binary black hole coalescence at redshift 0.2. Phys. Rev. Lett. 2017, 118, 221101.
[CrossRef] [PubMed]

7. Danzmann, K.; LISA Study Team. Lisa: Laser interferometer space antenna for gravitational wave measurements. Class. Quantum
Gravity 1996, 13, A247. [CrossRef]

8. Hu, W.-R.; Wu, Y.-L. The taiji program in space for gravitational wave physics and the nature of gravity. Natl. Sci. Rev. 2017, 4,
685–686. [CrossRef]

9. Luo, J.; Chen, L.-S.; Duan, H.-Z.; Gong, Y.-G.; Hu, S.; Ji, J.; Liu, Q.; Mei, J.; Milyukov, V.; Sazhin, M.; et al. Tianqin: A space-borne
gravitational wave detector. Class. Quantum Gravity 2016, 33, 035010. [CrossRef]

10. Coleman Miller, M.; Hamilton, D.P. Production of intermediate-mass black holes in globular clusters. Mon. Not. R. Astron.
Soc. 2002, 330, 232–240. [CrossRef]

11. Peters, P.C. Gravitational radiation and the motion of two point masses. Phys. Rev. 1964, 136, B1224. [CrossRef]
12. Peters, P.C.; Mathews, J. Gravitational radiation from point masses in a keplerian orbit. Phys. Rev. 1963, 131, 435. [CrossRef]
13. Portegies Zwart, S.F.; McMillan, S.L. Black hole mergers in the universe. Astrophys. J. Lett. 2000, 528, L17–L20. [CrossRef]
14. Divyajyoti; Kumar, S.; Tibrewal, S.; Romero-Shaw, I.M.; Mishra, C.K. Blind spots and biases: The dangers of ignoring eccentricity

in gravitational-wave signals from binary black holes. Phys. Rev. D 2024, 109, 043037. [CrossRef]
15. Gupte, N.; Ramos-Buades, A.; Buonanno, A.; Gair, J.; Miller, M.C.; Dax, M.; Green, S.R.; Pürrer, M.; Wildberger, J.; Macke, J.; et al.

Evidence for eccentricity in the population of binary black holes observed by ligo-virgo-kagra. Phys. Rev. D 2025, 112, 104045.
[CrossRef]

16. Samsing, J.; MacLeod, M.; Ramirez-Ruiz, E. The formation of eccentric compact binary inspirals and the role of gravitational
wave emission in binary–single stellar encounters. Astrophys. J. 2014, 784, 71. [CrossRef]

17. Wen, L. On the eccentricity distribution of coalescing black hole binaries driven by the kozai mechanism in globular clusters.
Astrophys. J. 2003, 598, 419–430. [CrossRef]

18. Zevin, M.; Samsing, J.; Rodriguez, C.; Haster, C.-J.; Ramirez-Ruiz, E. Eccentric black hole mergers in dense star clusters: The role
of binary–binary encounters. Astrophys. J. 2019, 871, 91. [CrossRef]

19. Buonanno, A.; Damour, T. Effective one-body approach to general relativistic two-body dynamics. Phys. Rev. D 1999, 59, 084006.
[CrossRef]

20. Buonanno, A.; Damour, T. Transition from inspiral to plunge in binary black hole coalescences. Phys. Rev. D 2000, 62, 064015.
[CrossRef]

21. Damour, T. Coalescence of two spinning black holes: An effective one-body approach. Phys. Rev. D 2001, 64, 124013. [CrossRef]
22. Damour, T.; Jaranowski, P.; Schaefer, G. Determination of the last stable orbit for circular general relativistic binaries at the third

post-newtonian approximation. Phys. Rev. D 2000, 62, 084011. [CrossRef]
23. Blanchet, L.; Schaefer, G. Higher order gravitational radiation losses in binary systems. Mon. Not. R. Astron. Soc. 1989, 239,

845–867. [CrossRef]
24. Blanchet, L.; Schafer, G. Gravitational wave tails and binary star systems. Class. Quantum Gravity 1993, 10, 2699–2721. [CrossRef]
25. Junker, W.; Schäfer, G. Binary systems: Higher order gravitational radiation damping and wave emission. Mon. Not. R. Astron.

Soc. 1992, 254, 146–164. [CrossRef]
26. Wagoner, R.V.; Will, C. Post-newtonian gravitational radiation from orbiting point masses. Astrophys. J. 1976, 210, 764–775.

[CrossRef]
27. Will, C.M.; Wiseman, A.G. Gravitational radiation from compact binary systems: Gravitational waveforms and energy loss to

second post-newtonian order. Phys. Rev. D 1996, 54, 4813. [CrossRef]

https://doi.org/10.3390/universe12070194

http://doi.org/10.1103/physrevlett.116.241103
http://www.ncbi.nlm.nih.gov/pubmed/27367379
http://dx.doi.org/10.3847/2041-8213/aa9f0c
http://dx.doi.org/10.1103/physrevlett.119.141101
http://www.ncbi.nlm.nih.gov/pubmed/29053306
http://dx.doi.org/10.1103/physrevlett.119.161101
http://www.ncbi.nlm.nih.gov/pubmed/29099225
http://dx.doi.org/10.1103/physrevlett.116.061102
http://www.ncbi.nlm.nih.gov/pubmed/26918975
http://dx.doi.org/10.1103/physrevlett.118.221101
http://www.ncbi.nlm.nih.gov/pubmed/28621973
http://dx.doi.org/10.1088/0264-9381/13/11a/033
http://dx.doi.org/10.1093/nsr/nwx116
http://dx.doi.org/10.1088/0264-9381/33/3/035010
http://dx.doi.org/10.1046/j.1365-8711.2002.05112.x
http://dx.doi.org/10.1103/physrev.136.b1224
http://dx.doi.org/10.1103/physrev.131.435
http://dx.doi.org/10.1086/312422
http://dx.doi.org/10.1103/physrevd.109.043037
http://dx.doi.org/10.1103/vpyp-nvfp
http://dx.doi.org/10.1088/0004-637x/784/1/71
http://dx.doi.org/10.1086/378794
http://dx.doi.org/10.3847/1538-4357/aaf6ec
http://dx.doi.org/10.1103/physrevd.59.084006
http://dx.doi.org/10.1103/physrevd.62.064015
http://dx.doi.org/10.1103/physrevd.64.124013
http://dx.doi.org/10.1103/physrevd.62.084011
http://dx.doi.org/10.1093/mnras/239.3.845
http://dx.doi.org/10.1088/0264-9381/10/12/026
http://dx.doi.org/10.1093/mnras/254.1.146
http://dx.doi.org/10.1086/154886
http://dx.doi.org/10.1103/physrevd.54.4813
https://doi.org/10.3390/universe12070194


Universe 2026, 12, 194 14 of 14

28. Damour, T.; Deruelle, N. General relativistic celestial mechanics of binary systems. I. The post-Newtonian motion. Ann. l’IHP
Phys. Théorique 1985, 43, 107–132.

29. Gopakumar, A.; Iyer, B.R. Second post-newtonian gravitational wave polarizations for compact binaries in elliptical orbits. Phys.
Rev. D 2002, 65, 084011. [CrossRef]

30. Yunes, N.; Buonanno, A.; Hughes, S.A.; Miller, M.C.; Pan, Y. Modeling extreme mass ratio inspirals within the effective-one-body
approach. Phys. Rev. Lett. 2010, 104, 091102. [CrossRef] [PubMed]

31. Yunes, N.; Buonanno, A.; Hughes, S.A.; Pan, Y.; Barausse, E.; Miller, M.C.; Throwe, W. Extreme mass-ratio inspirals in the
effective-one-body approach: Quasicircular, equatorial orbits around a spinning black hole. Phys. Rev. D—Part. Fields Gravit.
Cosmol. 2011, 83, 044044. [CrossRef]

32. Rieth, R.; Schäfer, G. Spin and tail effects in the gravitational-wave emission of compact binaries. Class. Quantum Gravity 1997, 14,
2357–2380. [CrossRef]

33. Gopakumar, A.; Iyer, B.R. Gravitational waves from inspiraling compact binaries: Angular momentum flux, evolution of the
orbital elements, and the waveform to the second post-newtonian order. Phys. Rev. D 1997, 56, 7708. [CrossRef]

34. Damour, T.; Schäeer, G. Higher-order relativistic periastron advances and binary pulsars. Il Nuovo C. B (1971–1996) 1988, 101,
127–176. [CrossRef]

35. Schäfer, G.; Wex, N. Second post-newtonian motion of compact binaries. Phys. Lett. A 1993, 174, 196–205. [CrossRef]
36. Wex, N. The second post-newtonian motion of compact binary-star systems with spin. Class. Quantum Gravity 1995, 12, 983–1005.

[CrossRef]
37. Damour, T.; Gopakumar, A.; Iyer, B.R. Phasing of gravitational waves from inspiralling eccentric binaries. Phys. Rev. D—Part.

Fields Gravit. Cosmol. 2004, 70, 064028. [CrossRef]
38. Arun, K.; Blanchet, L.; Iyer, B.R.; Moh’d SS, Q. Inspiralling compact binaries in quasi-elliptical orbits: The complete third

post-newtonian energy flux. Phys. Rev. D 2008, 77, 064035. [CrossRef]
39. Arun, K.; Blanchet, L.; Iyer, B.R.; Qusailah, M.S. Tail effects in the third post-newtonian gravitational wave energy flux of compact

binaries in quasi-elliptical orbits. Phys. Rev. D—Part. Fields Gravit. Cosmol. 2008, 77, 064034. [CrossRef]
40. Arun, K.; Blanchet, L.; Iyer, B.R.; Sinha, S. Third post-newtonian angular momentum flux and the secular evolution of orbital

elements for inspiralling compact binaries in quasi-elliptical orbits. Phys. Rev. D—Part. Fields Gravit. Cosmol. 2009, 80, 124018.
41. Memmesheimer, R.-M.; Gopakumar, A.; Schaefer, G. Third post-newtonian accurate generalized quasi-keplerian parametrization

for compact binaries in eccentric orbits. Phys. Rev. D—Part. Fields Gravit. Cosmol. 2004, 70, 104011. [CrossRef]
42. Hinderer, T.; Babak, S. Foundations of an effective-one-body model for coalescing binaries on eccentric orbits. Phys. Rev. D 2017,

96, 104048. [CrossRef]
43. Bini, D.; Damour, T. Gravitational radiation reaction along general orbits in the effective one-body formalism. Phys. Rev. D—Part.

Fields Gravit. Cosmol. 2012, 86, 124012. [CrossRef]
44. Forseth, E.; Evans, C.R.; Hopper, S. Eccentric-orbit extreme-mass-ratio inspiral gravitational wave energy fluxes to 7pn order.

Phys. Rev. D 2016, 93, 064058. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/universe12070194

http://dx.doi.org/10.1103/physrevd.65.084011
http://dx.doi.org/10.1103/physrevlett.104.091102
http://www.ncbi.nlm.nih.gov/pubmed/20366977
http://dx.doi.org/10.1103/physrevd.83.044044
http://dx.doi.org/10.1088/0264-9381/14/8/029
http://dx.doi.org/10.1103/physrevd.56.7708
http://dx.doi.org/10.1007/bf02828697
http://dx.doi.org/10.1016/0375-9601(93)90758-r
http://dx.doi.org/10.1088/0264-9381/12/4/009
http://dx.doi.org/10.1103/physrevd.70.064028
http://dx.doi.org/10.1103/physrevd.77.064035
http://dx.doi.org/10.1103/physrevd.77.064034
http://dx.doi.org/10.1103/physrevd.70.104011
http://dx.doi.org/10.1103/physrevd.96.104048
http://dx.doi.org/10.1103/physrevd.86.124012
http://dx.doi.org/10.1103/physrevd.93.064058
https://doi.org/10.3390/universe12070194

	Introduction
	Coordinate Transformations in Phase Space
	Calculation of the Fluxes
	Instantaneous Fluxes
	Orbit-Averaged Fluxes

	Conclusions and Outlook
	References

