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Abstract

The Fokker action governing the motion of compact binary systems without spins is derived
in harmonic coordinates at the fourth post-Newtonian approximation (4PN) of general relativity.
Dimensional regularization is used for treating the local ultraviolet (UV) divergences associated
with point particles, followed by a renormalization of the poles into a redefinition of the trajectories
of the point masses. Effects at the 4PN order associated with wave tails propagating at infinity
are included consistently at the level of the action. A finite part procedure based on analytic
continuation deals with the infrared (IR) divergencies at spatial infinity, which are shown to be
fully consistent with the presence of near zone tails. Our end result at 4PN order is Lorentz
invariant and has the correct self-force limit for the energy of circular orbits. However, we find
that it differs from the recently published result derived within the ADM Hamiltonian formulation
of general relativity [T. Damour, P. Jaranowski, and G. Schéfer, Phys. Rev. D 89, 064058 (2014)].
More work is needed to understand this discrepancy.
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I. INTRODUCTION

Gravitational waves emitted by inspiraling and merging compact (neutron stars and/or
black holes) binary systems are likely to be routinely detected by the ground-based network
of advanced laser interferometric detectors [1]. Banks of extremely accurate replica of theo-
retical predictions (templates) are a compulsory ingredient of a successful data analysis for
these detectors — both on-line and off-line. In the early inspiral phase the post-Newtonian
(PN) approximation of general relativity should be pushed to extremely high order [2].
Furthermore high accuracy comparison and matching of PN results are performed with
numerical relativity computations appropriate for the final merger and ringdown phases [3].

With these motivations in mind we tackle the problem of the equations of motion of
compact binaries (without spin) at the fourth post-Newtonian (4PN) order.! Solving this
problem is also important for various applications (numerical/analytical self-force compar-
isons, last stable circular orbit, effective-one-body calculations [4, 5]) and paves the way to
the problem of radiation and orbital phase evolution at the 4PN order beyond the Einstein
quadrupole formalism — whose solution is needed for building 4PN accurate templates.

Historical works on the PN equations of motion of compact binaries include Lorentz &
Droste [6], Einstein, Infeld & Hoffmann [7], Fock [8, 9], Chandrasekhar and collaborators [10—
12], as well as Otha et al. [13-15]. These works culminated in the 1980s with the derivation
of the equations of motion up to 2.5PN order, where radiation reaction effects appear [16—18]
(see also [19-24] for alternative derivations), and led to the successful analysis of the time
of arrival of the radio pulses from the Hulse-Taylor binary pulsar [25, 26].

In the early 2000s the equations of motion were derived at the 3PN order using different
methods: the ADM Hamiltonian formalism of general relativity [27-32], the PN iteration of
the equations of motion in harmonic coordinates [33-38], some surface-integral method [39-
43], and effective field theory schemes [44]. Furthermore, radiation reaction effects at 3.5PN
order were added [45—49], and spin contributions have been extensively investigated [50-60].

Works in the early 2010s partially obtained the equations of motion at the 4PN order using
the ADM Hamiltonian formalism [61-63] and the effective field theory [64]. More recently,
the important effect of gravitational wave tails at 4PN order [65, 66] was included in the
ADM Hamiltonian. This permitted to understand the IR divergencies in this calculation
and to complete the 4PN dynamics [67] (see also [68]). Notice however that the latter
work [67] did not perform a full consistent PN analysis but resorted to an auxiliary self-force
calculation [69-71] to fix a last coefficient.

In the present paper we derive the Fokker Lagrangian [72] at the 4PN order in harmonic
coordinates. We combine a dimensional regularization of the UV divergencies associated
with point particles with a finite part regularization based on analytic continuation dealing
with IR divergencies. We show that the IR divergencies are perfectly consistent with the
presence of the tail effect at 4PN order, which is incorporated consistently into the Fokker
action. However, like in [67], we are obliged to introduce an arbitrary coefficient relating the
IR cut-off scale to the a priori different scale present in the tail integral. This coefficient is
determined by using a self-force calculation (both numerical [69, 70] and analytical [71]), so
that our end result for the energy of circular orbits at 4PN order has the correct self-force
limit. We also checked that it is manifestly Lorentz-Poincaré invariant. In a companion

1 As usual the nPN order refers to the terms of order 1/c?" in the equations of motion beyond the Newtonian
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paper [73] we shall study the conserved integrals of the motion, the reduction to the center-
of-mass frame and the dynamics of quasi-circular orbits.

Up to quadratic order in Newton’s constant, our Lagrangian is equivalent to the La-
grangian derived by means of effective field theory techniques [64]. However, trying to relate
our result to the result obtained from the ADM Hamiltonian approach [61-63, 67], we find
a difference with the latter works, occuring at orders G* and G® in the Hamiltonian. Part
of the difference is due to the fact that we disagree with the treatment of the tail part of the
Hamiltonian for circular orbits in Ref. [67]. However, even when using our own treatment
of tails in their results, there still remains a discrepancy with the works [61-63, 67] that we
cannot resolve. More work is needed to understand the origin of this remaining difference
and resolve it.

In Sec. IT we show how to use the Fokker action in the context of PN approximations.
In particular we split the action into a term depending on the PN field in the near zone
and a term depending on the field in the far zone. The latter term is crucial to control
the tails which are then computed consistently in the action at 4PN order in Sec. I1I. We
explain our method for iterating the PN approximation of the Fokker action in Sec. V. In
Sec. V, we present the full-fledged Lagrangian of compact binaries at the 4PN order, both in
harmonic and ADM like coordinates, and we compare with the results [67] obtained for the
4PN ADM Hamiltonian in Sec. V C. Finally we explain in Sec. V D our disagreement with
Ref. [67] regarding the treatment of the tail term. The paper ends with several technical
Appendices.

II. THE FOKKER ACTION
A. General statements

We consider the complete Einstein-Hilbert gravitation-plus-matter action S = S, + Sy,
where the gravitational piece S, takes the Landau-Lifshitz form with the usual harmonic
gauge-fixing term,?

C3

1
Sg = 167G
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with I'* = g7/, and where S, denotes the matter piece appropriate for two point particles
(A =1, 2) without spin nor internal structure,

Sy = — ZmACQ/dt\/—(gW)A vhvy /. (2.2)
A

Here m, is the mass of the particles, vy = dy’y/dt = (¢, v4) is the usual coordinate velocity,
Yy = (ct,ya) the usual trajectory, and (g,, )4 stands for the metric evaluated at the location
of the particle A following the dimensional regularization scheme.

2 We also denote Sy = [dt L, and L, = [d®xL,. The Lagrangian L, is defined modulo a total time

derivative and the Lagrangian density £, modulo a space-time derivative.



A closed-form expression for the gravitational action can be written with the help of the
gothic metric g" = \/—gg"” and its inverse g,, = g, //—g as
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Sy =

Expanding around Minkowski space-time we pose g = n* + h* which defines the metric
perturbation variable h*”. The action appears then as an infinite non-linear power series in h,
where indices on h and on partial derivatives 0 are lowered and raised with the Minkowski
metric " = n,, = diag(—1,1,1,1). The Lagrangian density £, can take various forms
obtained from each other by integrations by parts. For our purpose the best form starts at
quadratic order by terms like ~ h[Jh, where [J = np"ﬁfw is the flat d’Alembertian operator.
So the general structure of the Lagrangian we shall use is £, ~ hJh+hOohOh+h hohOh+- - - .
See (3.1) for the explicit expressions of the quadratic and cubic terms.
The Einstein field equations derived from the harmonic gauge fixed action read

167G
A

T = [g| T +

Oh =

T

; (2.4a)
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The above quantity 7" denotes the pseudo stress-energy tensor of the matter and gravita-
tional fields, with 7" = \/L_fgéSm /69, and with the gravitational source term >, at least
quadratic in h and its first and second derivatives, being given by

YH[h, Oh, O*h) . (2.4b)

1
N = A — HPHY = HPO,W" = 2 g 9o HPH + 28,0g™ " Osh P H (2.5)

where A* takes the standard expression valid in harmonic coordinates while the “har-
monicity” is defined by H* = 9,h*" = —/—gT".3 As we see, the gravitational source term
contains all required harmonicities H*, which will not be assumed to be zero in the PN
iteration of the field equations (2.4).

The Fokker action is obtained by inserting back into (2.1)—(2.2) an explicit PN iterated
solution of the field equations (2.4) given as a functional of the particle’s trajectories, i.e.,
an explicit PN metric g,,(x;yp(t),vp(t),---). Here the ellipsis indicate extra variables
coming from the fact that we solve Eqs. (2.4) including all harmonicity terms and without
replacement of accelerations, so that the equations of motion are off-shell at this stage and the
solution for the metric depends also on accelerations ag(t), derivative of accelerations bp(t),
and so on. In particular, the metric in the matter action evaluated at the location of the
particle A will be some (g,,,) 4 = g, (ya(t); ys(t),vp(t), - ). Thus, the Fokker generalized
PN action, depending not only on positions and velocities but also on accelerations and their
derivatives, is given by

St [ys(t), vs(t), -] = / at / Ex L, [x: y(t), va(t), -

3 The expression of A* is given by Eq. (24) in [2]. Later we shall also need its generalization to d space

dimensions as given by (175) in [2]. The harmonicity terms shown in (2.5) are the same in d dimensions.
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where £, is the Lagrangian density of the gravitational action (2.3). As is well known, it is
always possible to eliminate from a generalized PN action a contribution that is quadratic in
the accelerations by absorbing it into a “double-zero” term which does not contribute to the
dynamics [21]. The argument can be extended to any term polynomial in the accelerations
(and their derivatives). The PN equations of motion of the particles are obtained as the
generalized Lagrange equations

3Se _ dLe  d <8LF)

T Oys  dt \ g

= - = 2.
Sup -~ Oyp @ 0, (2.7)

where Ly is the corresponding Lagrangian (Sp = [ dt Lr). Once they have been constructed,
the equations (2.7) can be order reduced by replacing iteratively all the higher-order accel-
erations with their expressions coming from the PN equations of motion themselves. The
classical Fokker action should be equivalent, in the “tree-level” approximation, to the effec-
tive action used by the effective field theory [44, 64, 74, 75].

B. Fokker action in the PN approximation

In the Fokker action (2.6) the gravitational term integrates over the whole space a solution
of the Einstein field equations obtained by PN iteration. The problem is that the PN solution
is valid only in the near zone of the source — made here of a system of particles. Let us
denote by h the PN expansion of the full-fledged metric perturbation h.* Outside the near
zone of the source, h is not expected to agree with h and, in fact, will typically diverge at
infinity.> On the other hand, the multipole expansion of the metric perturbation, that we
denote by M(h), will agree with h in all the exterior region of the source, but will blow
up when formally extended inside the near zone, and diverge when r — 0. Indeed M(h)
is a vacuum solution of the field equation differing from the true solution inside the matter
source. The PN expansion h and the multipole expansion M(h) are matched together in
their overlapping domain of validity, namely the exterior part of the near zone. Note that
such overlapping regions always exist for PN sources. The equation that realizes this match
states that the near zone expansion (r/c — 0) of the multipole expansion is identical, in a
sense of formal series, to the multipole expansion (a/r — 0, with a being the size of the
source) of the PN expansion. It reads (see [2] for more details)

M(h) = M(h). (2.8)

The question we want to answer now is: How to transform the Fokker action (2.6) into an
expression involving integrals over PN expansions that are obtained by formal PN iteration

4 We are here dealing with an explicit solution of the Einstein field equations (2.4) for insertion into the
Fokker action [see (2.6)]. Hence the metric perturbation depends on the particles, h(x;ya(t),va(t), ),
as does its PN expansion h(x;ya(t),va(t), --) and multipole expansion M (h)(x;ya(t),va(t),---) con-
sidered below. For simplicity we shall not indicate the dependence on the particles.

5 For instance, we know that h cannot be “asymptotically flat” starting at the 2PN or 3PN order, depending

on the adopted coordinate system [76].



of the field equations in the near zone and can be computed in practice? Obviously, the
problem concerns only the gravitational part of the action S, = [dt[ d*xL,. Note that
the PN expansion of the Lagrangian density has the structure £, ~ hOh + hOhOh + - - - .
Similarly, we can define the multipole expansion of the integrand, which takes the form
M(L,) ~ M(h)OM(h) + ---. We are now in a position to state the following lemma.

Lemma 1: The gravitational part of the Fokker Lagrangian can be written as a space
integral over the looked-for PN Lagrangian density plus an extra contribution involving the
multipole expansion,

s (TP & s (T
Ly=FP [ d'x (T—O) L,+ 1P [ dix (T—O) M(L,) . (2.9)
A regulator (r/rg)? and a finite part (FP) at B = 0, with ry being an arbitrary constant

and B a complex number, cure the divergencies of the PN expansion when r = || — +o0
in the first term while dealing with the singular behaviour of the multipole expansion when
r — 0 in the second term. The constant ry represents an IR scale in the first term and a
UV scale in the second; it cancels out between the two terms.

This lemma relies on the common general structure of the two sides of the matching equa-
tion (2.8), which implies a similar structure for the gravitational part of the Lagrangian
density, namely (see e.g. [2])

M(Ly) = M(Ly) ~ Y g r*(Inr)’F(t), (2.10)

where n;, = STF(ny) denotes an angular factor made of the symmetric-trace-free (STF)
product of unit vectors n' = x'/r, with L = 4;---i;, and n;, = n;, ---n;,. The powers of r
can take any positive or negative integer values a € Z, while the powers of the logarithm are
positive integers b € N. The functions F'(¢) denote very complicated multi-linear functionals
of the multipole moments describing the source. The formal structure (2.10) can be either
seen as a near-zone expansion when r — 0 or as a far-zone expansion when r — +o0.

To prove (2.9), we consider the difference between L, and the second term, namely

r\B

A, =L, gfo/d?’x (TO) M(L,) . (2.11)

Since L, is perfectly convergent, it does not need any regularization; the regulator (r/rq)?
and the finite part at B = 0 can be inserted into it without altering the result. Hence

B
A, = FP /d3x (1) [cg - M(cg)] . (2.12)
B=0 To
Now we remark that the difference between £, and its multipole expansion M(L,) is zero
in the exterior region and is therefore of compact support, limited to the PN source, which
is always smaller than the near zone size. Thus, we can replace it with the near-zone or PN
expansion, so that
r\Br—
A, = FP /d3x (&) |2, —Miz,)]. (2.13)
B=0 ro
Finally the integral over a formal near-zone expansion of a multipolar expansion, i.e., an ob-
ject like M(L,), multiplied by a regulator (r/rq)?, is always zero by analytic continuation in

6



B. To see why it is so, we evaluate the integral by inserting the formal structure (2.10). After
angular integration there remains a series of radial integrals of the type 0+°° dr rBret2(Inr)®
which are all separately zero by analytic continuation in B. Indeed, one may split the pre-
vious integral into near-zone fOR and far-zone f; * contributions. The near-zone integral
is computed for R(B) > —a — 3 and analytically continued for any B € C, except for a
multiple pole at B = —a — 3. Likewise, the far-zone integral is computed for ®(B) < —a — 3
and analytically continued for any B € C, except —a — 3. The two analytic continuations
cancel each other and the result is exactly zero for any B € C, without poles (see [2] for
more details). Finally, our lemma is proved,

FP /d3x (1)BZQ. (2.14)

9 B=o o

A

We now examine the fate of the second, multipolar term in (2.9) and show that it is
actually negligible at the 4PN order. For this purpose, we shall prove that this term is non-
zero only for “hereditary” terms depending on the whole past history of the source. Recall
indeed that the multipolar expansion M (h) is constructed from a post-Minkowskian (PM)
algorithm starting from the most general solution of the linear Einstein field equations in
the vacuum region outside the source (see [2] for a review, as well as Appendix A below).
This linear solution is a functional of the multipole moments of the source, i.e., the two
series of mass-type and current-type moments I (u) and Jg(u) that describe the source
(L =iy - +ig, with £ being the multipole order), evaluated at the retarded time of harmonic
coordinates u = t—r/c.% Tt is “instantaneous” in the sense that it depends on the state of the
source, characterized by the moments I, and Jr, only at time w. The PM iteration of this
solution generates many terms that are likewise instantaneous and many hereditary terms
that involve an integration over the past of the source, say [ dvQ(1+%=2)[I(v) or Ji(v)],
where @ is typically a Legendre function of the second kind [77-79]. One feature of the
instantaneous terms is that, for them, the dependence on u can be factorized out through
some function G(u) which is a multi-linear product of the multipole moments I, (u) or Jy(u)
and their derivatives. By contrast, for hereditary terms, such a factorization is in general
impossible.

This motivates our definition of instantaneous terms in the multipole expansion M(L,)
(supposed to be generated by a PM algorithm) as being those with general structure of type

ML) =D %(m G (u), (2.15)

where G(u) is any functional of the moments I, (u) or Jr(u) and their time-derivatives (or
anti time-derivatives), while k, g are positive integers with k > 2. By contrast the hereditary
terms will have a more complicated structure. For instance, recalling that M(L,) is highly
non-linear in M(h), the hereditary terms could consist of the interactions between instan-
taneous terms and tail terms producing the so-called “tails-of-tails”. The corresponding

6 The retarded cone in harmonic coordinates differs from a null coordinate cone by the famous logarithmic
2
prei
formalism but in the form of a PM expansion, i.e., it is formally expanded when G — 0; it is then

deviation, say U = u — 22—3M In( )+ (’)(%) Such logarithmic deviation is taken into account in the

responsible for the appearance of powers of logarithms.



structure would be”

u—v

ML yorea = D %(ln r)? H(u) / ' va(1 -

— 00

)K(v) , (2.16)

where H (u) and K (u) are multi-linear functionals of I, (u) and Jp(u). Obviously, more com-
plicated structures are possible. For hereditary terms in the previous sense, the dependence
over u cannot be factorized out independently from r. Now, we have the following lemma.

Lemma 2: The second term in the gravitational part of the Lagrangian (2.9) gives no
contribution to the action for any instantaneous contribution of type (2.15),

/dt/ d*x (%)BM(@)\M — 0. (2.17)

Thus, only hereditary contributions of type (2.16) or more complicated will contribute.

The proof goes on in one line. Plugging (2.15) into the action, changing variable from ¢ to
u and using the factorization of the function G(u), we get after angular integration a series
of radial integrals of the type 0+°O dr rB+2=*(Inr)9, which are zero by analytic continuation
in B as before.

We emphasize as a caveat that the object M(L,), made of instantaneous and hereditary

pieces (2.15) and (2.16), should be carefully distinguished from M(L,) whose general struc-
ture was given in (2.10). The multipole expansion M(L,) is defined all over the exterior
zone and can be constructed by means of a PM algorithm. At any PM order and for a given
set of multipole moments [, and J,, M(L,) is always made of a finite number of terms
like (2.15) or (2.16). On the contrary, M(L,) represents a formal infinite Taylor series when
r — 0 which, as we have seen from the matching equation (2.8), can also be interpreted
as a formal series M(L,) when r — +oco. In such a formal sense, M(L,) is in fact valid
“everywhere”.

Finally we are in a position to show that the multipolar contribution to the action —
i.e., the second term in (2.9) — is negligible at the 4PN order. Indeed, with the choice we
have made to write the original action by starting at quadratic order with terms ~ hllh
(after suitable integration by parts), we see that the multipole expansion of the Lagrangian
density, which is at least quadratic in M(h), takes the form

M(Ly) ~ M(R)OM(h) + M(h)OM(R)OM(h) + - - . (2.18)

Furthermore, M(h) is a vacuum solution of the field equations (2.4), physically valid only
in the exterior of the source. Hence M (h) = M(X) with no matter source terms, and this
quantity is therefore of the type

OM(h) ~ M(R)PM(R) + OM(R)OM(R) + - - - . (2.19)

7 In our computation we consider only the conservative part of the dynamics and neglect the usual radiation
reaction terms. Then, in the instantaneous terms (2.15), we should replace the retarded argument with the
advanced one, while in hereditary terms of type (2.16) we should consider an appropriate symmetrization

between retarded and advanced integrals.



Combining (2.18) and (2.19) we see that M(L,) is at least cubic in M(h). In a PM
expansion of M(h) [see (A5) in the Appendix A], this term is at least of order O(G?). Now,
from (2.17), we know that M(L,) must necessarily be made of some multipole interaction
involving hereditary terms, as displayed in (2.16), and these must be cubic. But we know that
at dominant order such terms are the so-called “tails-of-tails”, made of multipole interactions
M x M x Ir,(u) or M x M x Jr(u) (M is the ADM mass), which arise at least at the 5.5PN
order [78, 79]. Therefore, in our calculation limited to 4PN, we are able to completely neglect
the multipolar contribution in the Lagrangian (2.9), which becomes a pure functional of the
PN expansion h of the metric perturbation up to the 4PN order,

FP /d3x (i>BZg. (2.20)

9 B=o o

L

Note that since the constant ry cancels out from the two terms of (2.9), the term (2.20)
at 4PN order must in fine be independent of that constant. We shall explicitly verify the
independence of our final Lagrangian over the IR cut-off scale ry.

III. THE TAIL EFFECT AT 4PN ORDER

Let us recall that there is an imprint of tails in the local PN dynamics of the source at
the 4PN order. The effect appears as a tail-induced modification of the dissipative radiation
reaction force at the relative 1.5PN order beyond the leading 2.5PN contribution [65, 66].
Associated with it there exists a non dissipative piece that contributes to the conservative
dynamics at the 4PN order. Here we shall show how to consistently include this piece into
the Fokker action, starting from the result (2.20). To this end we first need the explicit
expressions for the parts of (2.20) that are quadratic and cubic in h, namely

! BI1_  _ 1—

@ _ _C 5. (T\P[1L w1

Ly = 392G b / () [Qhuymh 4hDh}, (3.1a)
4 Bl 1 _ B L - - B -

(3) — C— 3 L po( v i B o v p—

L = 5@ B4 / d X<7~0) [h ( 5 0ol Ooh™ + 48ph80h> hw(a,)h o,n" —H H)

_ —o=ve 1=
O G )} (3.1b)

We shall insert in (3.1) the general expression for the PN expansion of the field in the
near zone obtained by solving the matching equation (2.8) to any PN order [80, 81]. This
solution incorporates all tails and related effects (both dissipative and conservative). It is
built from a particular B-dependent solution of the wave equation, defined from the PN
expansion of the pseudo stress-energy tensor (2.4b), 7#/ by

= ()] <3-2>

C B=0

where the action of the operator Z=! of the “instantaneous” potentials (in the terminology

of [66]) is given by
G- @ e



in terms of the k-th iterated Poisson integral operator,
/|2k—1

s[5 ) fo () .

The general PN solution that matches an exterior solution with retarded boundary con-
ditions at infinity is then the sum of the particular solution (3.2) and of a homogeneous
multipolar solution regular inside the source, i.e., of the type retarded minus advanced, and
expanded in the near zone,®

v y 2G+oo A (t—r/e)— A (t+r/c
h# h# C4 Z 6' { ( />7, L( /)} (35)
=0 '

— "'part

Note that the particular solution (3.2) involves the scale sf,. Similarly, as we shall see, the
homogeneous solution in (3.5) will also depend on the scale s) (through sy = sje~'¥/12
introduced below).

The multipole moments A (¢) in (3.5) are STF in L = 4; - - - ¢, and can be called radiation-
reaction moments. They are composed of two parts,

AL () = FL(0) + R () (3.6)

The first one, F, corresponds essentially to linear radiation reaction effects and yields the
usual radiation damping terms at half integral 2.5PN and 3.5PN orders. These terms will
not contribute to the conservative dynamics (they yield total time derivatives in the action)
and we ignore them.

Important for our purpose is the second part, R, which depends on boundary conditions
imposed at infinity. It is a functional of the multipole expansion of the gravitational source
term in the Einstein field equations, i.e., M(X), and is given by Eq. (4.11) in [80]. The
function Ry, is responsible for the tail effects in the near zone metric and its contribution
to (3.5) starts precisely at 4PN order. We evaluate it for quadrupolar tails, corresponding
to the interaction between the total ADM mass M of the source and its STF quadrupole
moment [;;. Denoting the corresponding homogeneous solution by

o 2GR () (RM(t—r/)c) — R (t+r/c)
H“ - _? T (9L{ L , L } 5 (37)
=0
the relevant calculation at the quadrupole level was done in Eq. (3.64) of [66]:
— 4GPM [T [i(-z)t—T—TC—Ii(-z)t—T—i—’r‘C
H == / dTln(;—;) az-j{ a /)T i { /)}, (3.82)
—oi 2M oo [P —7—r/c) = ID{t—T471/c
TR / dTln(;;)ﬁj{ g o7 T/)T g (o7 T”}, (3.8b)
i 4 2M +oo 12(4) t— 71— c) — 12(4) t—1+
HY = — ¢ dTln(Qc;-O){ =T T/)T (=T T/C)}, (3.8¢)

8 Here and below, the presence of an overbar denoting the near-zone expansion r — 0 is explicitly understood

on the regular retarded-minus-advanced homogeneous solutions like the second term in (3.5).
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with the shorthand sy = s, e~ */!2. For systems of particles the quadrupole moment reads

Lij=>,m Ayﬁyﬁ, where () denotes the STF projection. Time-derivatives are indicated as

Ii(-"). Here, note that the constant sy in the logarithms a priori differs from 7 [the IR cut-off

n (2.20)] and we pose
So=roge . (3.9)

In this work we shall view the parameter « in (3.9) as an “ambiguity” parameter reflecting
some incompleteness of the present formalism. We do not seem to be able to control this
ambiguity,” which we therefore leave as arbitrary. The parameter « is the equivalent of the
parameter C' in [67] and we shall later fix it, like in [67], by requiring that the conserved
energy for circular orbits contains the correct self-force limit already known by numerical [69,
70] and analytical [71] calculations [see (4.32)]. We have checked that if we integrate by
part the quadratic contributions in the PN Lagrangian (3.1a), so that we start with terms

~ rBOhOh, the surface terms that are generated by the presence of the regulator factor r?
do not contribute to the dynamics modulo a mere redefinition of «.
At the leading 4PN order the expressions (3.8) reduce to
700 8G2M Feo cT )
H = SFEUR J/O drIn (230) Ly (t—71)+0(12), (3.10a)
—0i 8CﬂAJ cT \ (6)
= d 1 L7 (t— O (11 3.10b

=2 [T () 1m0, (3.100)
—i;  S8G?M [T cT\ L(5)
H = 3 drIn ™ L7t —7)+ 0 (10) , (3.10¢)

where we denote the PN remainder by O(n) = O(c¢™™). We insert the PN solution
h = hpat + H into the action (2.20) and compute the contributions of the tail part H (the
instantaneous parts are discussed later). The quadratic terms in the action [see (3.1a)] will
yield some ~ gDﬁpm that are very simple to compute since at 4PN order we can use the
leading expressions for hip.: [see e.g. (4.14) below]. Furthermore we find that some contri-
butions ~ ﬁaﬁpm 8Epart coming from the cubic part of the action must also be included
at 4PN order.!” Finally, inserting H into the matter part S,, of the action makes obviously
further contributions. We thus obtain the following 4PN tail effect in the total Fokker action
as (skipping the PN remainder)

Stail ZmAc /dt {—%ﬂ?+2icﬂ?jv; —H A} T G dt/d3 " o,U0,U .
(3.11)
Most terms have a compact support and have been straightforwardly evaluated for particles
with mass m, and ordinary coordinate velocity v (A = 1,2). However the last term
in (3.11) is non compact and contains the Newtonian potential U = ), Gma/|x — yal.
Next we substitute (3.10) into (3.11) and obtain after some integrations by parts,

- 2G2M [T oo cT
tail __ (7)
Sp- = — N dt ]ij(t)/o drIn (230) Lyt —1)+5,. (3.12)

9 Notice that we do not control the “bulk” PN near-zone metric outside the particles; the present formalism
is incomplete in this sense.

00

10 From (3.1b), these cubic terms are easily identified as oc #H’ 8 Ty

0 'Epart - %g” aiﬁpart 6jﬁpart'

part

11



We observe that the non-compact support term in (3.11) has nicely combined with the
other terms to give a bilinear expression in the time derivatives of the quadrupole moment
I;;. The last term S, denotes an irrelevant gauge term associated with a harmonic gauge
transformation with vector ¢ at the 4PN order. Such gauge term is due to a replacement of
accelerations in the action that we did in order to arrive at the form (3.12). For completeness
we give the “zero-on-shell” form of this gauge term as

+oo

- ZmA/_ d [aiA - (82'U)A] M s (3.13a)

2 +oo
where 7’ = G M / drIn (25 ) ](5)(t — 7). (3.13b)
0

An important point to notice is that the result (3.12) can be rewritten in a manifestly time-
symmetric way. Thus the procedure automatically selects some “conservative” part of the
tail at 4PN order — the dissipative part giving no contribution to the action. Indeed we
can alternatively write (ignoring from now on the gauge term)

ui GQM Feo teo cT
Sl — | dthy(t) /0 dflrl( )[12.37>(t—7)—1§97)(t+7) : (3.14)

5c8 250

which can also be transformed to a simpler form (after integrations by parts) with the help
of the Hadamard partie finie (Pf) [82, 83], as

dedt’ (3 (3) 1
t) 1 ) 1
[ e (3.15)

The dependence on the scale sq [see (3.9)] enters here via the arbitrary constant present in
the definition of the Hadamard partie finie.!! The result (3.15) agrees with the non-local
action for the 4PN tail term which has been considered in [67] [see Eq. (4.4) there] and
investigated in the effective field theory approach [74, 75]. Note however that while this
contribution was added by hand to the 4PN local action in [67], we have shown here how to
derive it from scratch. Varying the action (3.15) with respect to the particle world-lines we
obtain

Stall —

551?11 4G2M too g ©)
: = — Pt I 1
(SyfA (t) 508 mAyA( )250/6/_ ‘t | ij ( ) (3 6)

which coincides with the conservative part of the known 4PN tail contribution in the equa-
tions of motion [65, 66].

1 For any regular function f(¢) tending to zero sufficiently rapidly when ¢ — 4-0o we have

fee W) _ o[t T (1) (1)
pff ar o :/0 dTIn(T—()) [f (t—7)— fOt+7)
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IV. PN ITERATION OF THE FOKKER ACTION
A. The method “n + 2”

In the previous section we inserted the explicit PN solution i = Ay + H given by (3.5)
into the Fokker action, and showed that the regular homogeneous solution H produces the
expected tails at 4PN order [see (3.15)]. We now deal with the terms generated by the
particular solution in that decomposition. For simplicity, since the tails have now been
determined, we shall just call that particular solution h = Epart.

We first check that the variation of the Fokker action with PN gravitational term (2.20)
yields back the PN expansion of the Einstein field equations. Indeed, because of the factor
rB we have to worry about the surface term that is generated when performing the variation
with respect to h. Schematically we have the structure £, ~ rZ(hOh + hohoh + - - -).
When varying for instance the first term we get a contribution ~ rZhd5h on which we
must shift the box operator to the left side modulo a surface term. However the surface
term will contain the regulator 7, so we see that it is actually rigourously zero by analytic
continuation in B, since it is zero when starting from the case where R(B) is a large negative
number. Computing then the functional derivative of the Fokker action with respect to the
PN expansion of the field, we still have some factors 72 but in some local (non integrated)
expression, on which the FP prescription reduces to taking the value at B = 0. Thus we
obtain the PN field equations as expected, say

05k, [ -5 7], (4.1)
oh

where 3 denotes the non-linear gravitational source term and T ~ |g|T symbolizes the
matter tensor [see (2.4)]. In anticipation of the PN counting we address below, we have
inserted into (4.1) the appropriate PN factor ¢!/167G ~ c*.

We now discuss our practical method by which we control the PN expansion of the
components of the metric perturbation A in order to obtain the Fokker action accurate to
order nPN. As we shall see, thanks to the properties of the Fokker action [72], we essentially
need to insert the metric perturbation at half the PN order which would have been naively
expected.'? To this end we decompose the PN metric perturbation according to

o _ 00 i ’
P — R (4.2)

R

Written in terms of these variables the (gauge fixed) gravitational action takes the form!3

Sy =

1 0077 ——=0011 —07 _—012 —1] =17 —it =177 —3
3 O —2h 'O ‘On” — R"Or”
647TGBO/dt/d - {h h hOR +h“0r —1"Or” + O(R)

(4.3)

12 This point has been suggested to us by T. Damour (private communication).
13 We present here the expression in 3 dimensions. Later we shall use dimensional regularization, so we shall

need the easily generalized d-dimensional expression.
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Similarly the matter action reads at dominant order as

1 zz ’U' —01i ’Ui ’Uj —ij _
S = mAc2/d { 1+ﬁ——hi° CAhfl— St hA+O(hA, 25|, (4.4)
A

where the remainder term includes both higher-order terms in & as well as sub-dominant PN
corrections. Varying independently with respect to these components of h, we recover the
fact that to lowest order (EOOM,EOZ,EU) = 0(2,3,4), where we recall that O(n) = O(c¢™).

Consider first the usual PN iteration scheme, in which one solves the field equations
up to order n, i.e., up to order ¢™" included, where n is an even integer. This means
that (EOOH,EOZ,E”) are known up to order O(n + 2,n + 1,n) included, corresponding for
n even to the usual conservative expansion — neglecting the radiation reaction dissipative
terms.'* We collectively denote by h,[y.] the PN solution of the field equation up to that
order, functional of the trajectories of the particles y4(t) together with their velocities,
accelerations and derivatives of accelerations, not indicated here. From (4.1), we see that
the PN order of the functional derivative of the Fokker action evaluated for the approximate
solution h,[y4] will be given by the committed error in that solution. Hence we have for n
even (and ignoring the non-conservative odd PN orders)

0Sp -
—5t7 [Flysl ya] = O(n), (4.5a)
oh
0SF —
O [halysl.ya] = O(n 1), (4.5b)
oh
0SF -
_Z.Fj [hn[ys),ya] = O(n—2). (4.5¢)
oh
If now we write the complete solution as hlygz] = hn[yp] + Tnio, introducing some un-
controlled PN remainder term
Toto = (Tt Ty Trsa) = O(n + 4,1+ 3,0+ 2), (4.6)

the Fokker action expanded around the known approximate solution reads!®

Sr [hlys], ya] = Se[h }

5SF - 21
+ FP / dt / dx - [%T [Pnlys), yal oty

55k »
L0 5%0’ o [nlyB), ya| Ty + —r o Enlys) yal P, 4| . (A7)

The ellipsis stand for the quadratic and higher-order terms in the remainders 7,, ;5. Inserting
both the orders of magnitude estimates (4.5) as well as the orders of the remainders (4.6)
we readily obtain

Sk [E[yB], yA} = Sp [En[yB], yA} +0(2n), (4.8)

4 For this discussion we can neglect conservative half-integral PN approximations, which arise to higher

orders [78, 79].
15 The complete justification of this expansion is actually not trivial because of the presence of the regulator

(r/r0)? coming from the PN gravitational term (2.20) and the integrations by parts that are necessary

in order to arrive at (4.7). We deal with this point in Appendix A.
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which means that the Fokker action has been determined at the (n — 1)PN order. This is
not yet the nPN accuracy we were aiming for.

However, we notice that in this scheme the term R s responsible for the dominant er-
ror O(2n), together with a term of the same order, associated with the second variation
(62Sk/ (§Ezj5ﬁkl))7if+szlﬁrz. Thus, if one pushes by one order the precision of the compo-

-1 -/
nent h”, denoting h,|ya] the corresponding solution which is now accurate up to order
O(n+2,n+ 1,n 4+ 2) included, we see that
0SE —
5—{‘ [hn[yB]? yA] = O(?’L, n—1, n) ) (49&)
and 7,,.,=0(n+4n+3n+4). (4.9b)

Here the remainders are such that hlyp] = E; lys| + 7, 5. With the estimates (4.9) we now
obtain our looked for nPN precision, namely

Se[hlysl,ya] = Se[h,[ysl,ya] + O (20 +2) . (4.10)

Concerning the terms with higher order functional derivatives — the ellipsis in (4.7) — we

can remark that the derivatives are at most a factor ¢* multiplied by a remainder term that
is squared at least. In the scheme (4.9) the dominant source of error is now the term R

Since we ignore non-conservative odd PN terms, solving for (EOW, EOi, Eij) to order
O(n+1,n+2,n+ 2) with n an odd integer gives

% [EZ[yB],yA] =O0(n—1,nn-1), (4.11a)
and T, =0(n+3,n+4,n+3), (4.11b)

hence the error is still O(2n + 2). In conclusion, we find that in order to control the Fokker
action to the nPN order, it is necessary and sufficient to insert the components of the metric
perturbation

 o0ii —0i —ii O(n+2,n—|—1,n+2) when n is even,
h=(h ",k A7) up to order (4.12)
O(n+1,n+2,n+1) when 7 is odd.

Since in both cases all the components of h (for the conservative dynamics) are to be
computed up to order O(n + 2) we call the PN iteration up to that order the “method
n+ 2.

B. Metric potentials in d dimensions

From the previous result, we see that at the 4PN order we need the components of the
metric perturbation up to order O(6,5,6) included. To that order we shall parametrize the
metric by means of usual PN potentials (see e.g. [2]). But since we use dimensional regular-
ization for treating the local divergencies we provide the requested expression of the metric
in d spatial dimensions. To this end the appropriate generalization of the variables (4.2) is

=00 =i
EOOHZQ(d_Z)h 1‘|‘h ’ EOZ’ EU.

(4.13)
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We have (with W = W;; and Z = Z;;)

ﬁmznig-—%{%};ﬂ—a%th} (4.14a)
—%{2X+VW+% (%)QW—z%mm—z%Kv +0(8),

R = —%Vi - %(21% + %vw) +O(7) . (4.14b)

B = —Cil <W (5UW) 166 (Z - %51-32) +0O(8). (4.14c)

Each of these potentials obeys a flat space-time wave equation (in d dimensions) sourced by
lower order potentials in the same family, and by appropriate matter density components.
The list of requested wave equations is

OV = —4nGo, (4.15a)
OK = —4nGoV, (4.15Db)
o VUii 2(d—3) d—3 V2 2
DX——47TG|:d_2+ d—l Uz%“‘(ﬁ) <7+K)]+VVZ]8”
ooV + T yary 4 dd=1) (8,V)* —20,V; 0,V; + 06X (4.15¢)
1 YtYe 2(d_2) t (d 2) t VYV ) . C
av;, = —4nG oy, (4.15d)
. inG [5—d d—1 d—1 d(d —1)
OR=——— |2 Vo, - V0| — Ve — 4.1
R; T [ 5 Vo, 5 V,U] T 8kV0,Vk 1d—2) VoV, (4.15e)
Vo oo ) 4=l
~ 4rG Okl d—1
DZij = —m V(O’ij — 52-]- d — 2) - d — 2 813‘/(2 8]‘)‘/ -+ &Vk 8]Vk + 8k‘/2 8;3/]
dij d(d—1)
(d—1)(d—3)
2(d — 2) 8(,V8])K. (4.15g)

The presence of additional terms proportional to the harmonicity H* in the gravitational
source term (2.5) leads in principle to differences in these wave equations with respect to
previous works which used harmonic coordinates [38]. At the order we are considering, the

only such additional contribution enters the potential X. Tt is denoted by §X above. The
corresponding source reads

. . 1. .

When the equations of motion are satisfied the above potentials are linked by the following
differential identities coming from the harmonic gauge condition,

et aelv (i) v -2 )
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rofvit 5|h+ gl Lo, (1.17a)

2| - d—1
8t{Vi+g{R +2(d 2>VV}}
o o 4| 4~ 1 -

Note that we generally do not use these relations, which are true only “on-shell”, at the
level of the Fokker action. The only relation we are allowed to use for simplifications is

d—

2= 2)0tV +0;V; = 0(2), (4.18)
since it will hold for the Newtonian potentials V and V; regardless of the equations of
motion. According to Eqs. (3.2) and (3.5), in order to recover the “particular” solution, one
should integrate the latter wave equations by means of the operator of symmetric potentials
Z-', and in principle, one should implement the calculation by means of a factor (r/r()?
to cure possible IR divergencies. But at this relatively low level O(6,5,6) we find that
the IR regulator is in fact not necessary, and we can use the usual symmetric propagator
A1+ ¢20?A7%2 4 . ... The matter source terms are defined by

d—2 TOO Tii TOi B
( ) + g; = Uij = T” y (419)

=2 i )
7 (d—1)cz 7 c

from the components of the stress-energy tensor of the point particles,

Z ma vhoY S (x —ya) . (4.20)
vV —(gpo)a v /2 vV—Y

Finally the constant G is related to Newton’s constant Gy in three dimensions by
G =Gyl (4.21)

where ¢y denotes the characteristic length scale associated with dimensional regularization.

C. Implementation of the calculation

Having determined in (4.14)—(4.15) the metric components for insertion into the Fokker
action (2.1)—(2.2), we tackle the difficult (and very lengthy) calculation of all the spatial
integrals in the gravitational part S, of the action.’® To reach the 4PN precision we must
include non-linear terms in the action up to the sixth non-linear level, say

Ly ~ ¢ [ROR + hohoh + - - - + hhhhohoh| + O (10) . (4.22)

The matter part S, of the action is much simpler and will not be discussed.

16 Extensive use is made of the algebraic software Mathematica together with the tensor package zAct [34].
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Following previous works on the 3PN equations of motion [34, 38] we shall proceed in
several steps. The potentials (4.15) are first computed for any point in 3-dimensional space
and then inserted into the gravitational part of the action. The computation of potentials
extensively uses the famous function g = In(r; 4+ry+712), solution of the elementary Poisson
equation Ag = r;'ry ! [9], which permits one to deal with quadratic source terms of type
~ dVOV. One needs also to integrate a cubic source term ~ WV and for that we use
more complicated elementary solutions given by Eqs. (6.3)—(6.5) in [24].

The integration is then implemented by means of the Hadamard regularization (HR)!
to treat the UV divergencies associated with point particles. We thus compute with HR
the spatial integral (with non-compact support) of the terms in (4.22), say some generic
function F'(x) resulting from the PN iteration performed in 3 dimensions,

51,52

I = Pf / d*x F(x). (4.23)

The function F' is singular at the two points y; and ys, and the Hadamard partie finie Pf
depends on two UV scales denoted s4. We assume that the integral extends on some finite
volume surrounding the singularities so that we do not include the IR regulator r¥ at this
stage (see below for discussion of the IR divergencies). The HR is simple and very convenient
for practical calculations but is unfortunately plagued with ambiguities starting at the 3PN
order. Therefore, in a second step, we shall correct for the possible ambiguities of HR by
adding to the HR result the difference “DR—HR” between the corresponding result of the
more powerful dimensional regularization (DR) [85, 86] and the one of HR. While at 3PN
and 4PN orders the HR result contains logarithmic divergences yielding ambiguities, the
DR result gives some simple poles, i.e., < 1/ where ¢ = d — 3. The poles are followed by a
finite part oc €¥ which is free of ambiguities, and all terms of order O(g) are neglected.

We perform the similar PN iteration in d dimensions to obtain a generic non-compact d
dimensional integral of some function F(?(x), say

19 = / dix F9(x). (4.24)

When 71 — 0 the function F¥ admits a singular expansion more complicated than in 3
dimensions, as it involves complex powers of r; of the type p + ge (instead of merely p),

erﬂaf ) +o(rl), (4.25)

where p and ¢ are relative integers whose values are limited by some py < p < N and
g < q < q1 (with po, qo,q1 € Z). The coefficients fl(f,?q depend on the direction of approach
to the singularity n; = (x —y;)/r1, and are linked to their counterparts f;, associated with
the function F' in 3 dimensions by

> { O ;) = {‘p<n1). (4.26)
7=q0
17 Or, more precisely, the so-called pure-Hadamard-Schwartz regularization [38]. See [35] for precise defini-

tions of various concepts of Hadamard’s partie finie.
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One can show that at the 4PN order the functions (4 have no poles as € — 0, so the limit
e =0in (4.26) is well defined.

The point is that the difference DR—HR can be computed purely locally, i.e., in the
vicinity of the two particles, as it is entirely determined, in the limit € — 0, by the coefficients
fl(f;?q of the local expansion of the function F@. This is clear because the parts of the
integrals outside the singularities cancel out in the difference when ¢ — 0. Denoting such
difference by DI = I'D — I, for any of the non-compact support integrals composing the
gravitational action, we have the basic formula

€
9=q0

1 q1 1 ©
DI=2). [m " 1} (f Fa)are T 102+ 06). (4.27)

Here 1 < 2 is the particle label permutation, s; and s, are the HR scales in (4.23), the O(¢)
remainder is neglected, and the spherical angular integrals read

(Fas= /de—l(nl) f(ny), (4.28)

with d€24_; being the usual differential surface element in d — 1 dimensions. Notice the sum
ranging over the integer ¢ in (4.27) and the problematic case ¢ = —1. An important test of
the calculation (and more generally of the adequacy of DR to treat the classical problem of
point particles in GR), is that the spherical integral (4.28) is always zero in the case of the
offending value ¢ = —1.

The potentials (4.15) in d dimensions are in principle computed with d-dimensional gener-
alizations of the elementary solutions used in HR, notably the function ¢(¥ which generalizes
the function g = In(ry+79+712). This function is known in explicit closed form for any d (see
the Appendix C in [38]). Here we need only its local expansion when r; — 0. In practice, the
local expansion of a potential is obtained by integrating term by term the local expansion
of its source, and adding the appropriate homogeneous solution. We obtain in Appendix B
the local expansion of the function ¢(¥. We have checked that at the 4PN order we do not
need to consider the d-dimensional generalizations of the elementary solutions (6.3)—(6.5)
in [24]. We also found that the final 4PN results are unchanged if we add to the potentials
some arbitrary homogeneous solutions at order ¢, provided that the harmonic coordinate
conditions (4.17) for the potentials remain satisfied when the potentials are “on-shell”.

Once the HR calculation has been completed and the difference “DR—HR” added,'® the
next step consists in renormalizing the result by absorbing the poles o< 1/ into appropriate
shifts of the trajectories of the particles. There is a lot of freedom for such shifts. Here we
adopt some non-minimal prescription in order to recover the earlier shifts at 3PN order [38],
which yielded precisely the 3PN harmonic coordinate equations of motion in [34]. The latter
3PN equations of motion depend on two gauge constants 7 and ri, that we therefore intro-
duce into the shifts in replacement of the characteristic DR length scale ¢y. For convenience
we extend this prescription to 4PN order in the simplest way, so that ¢, disappears from
the Lagrangian and the logarithmic terms (in harmonic coordinates) are only of the form
In(ria/r}) or In(r2/rh), where 719 is the separation between particles, and are symmetric

18 Notice that the scales s4 cancel out in the final DR result.
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under 1 <+ 2 exchange. Our 4PN shifts read then

11GEZm? [1 a2y 3927 1
& = 3 126 : {g —2In (q A 1) - 1540} a%\f + 6—851,4PN, (4.29a)
=142 (4.29b)

At 3PN order we recognize the shift given by Eq. (1.13) in [38], where ¢, is defined by (4.21),

q = 4me™ depends on Euler’s constant yg ~ 0.577, and aﬁ\l is the Newtonian acceleration
of the particle 1 in d dimensions. The complete expression of the shift at 4PN order is given
in Appendix C. After applying the shifts (4.29) the poles o< 1/e cancel out and the result is
UV finite.

We also found that our “brute” Lagrangian depends on the individual positions y 4 of the
particles. Such dependence is pure gauge and we removed it by including appropriate terms
in the shift, so that the shifted Lagrangian depends only on the relative position y;, and
is manifestly translation invariant. More generally we found that our initial Lagrangian is
not manifestly Poincaré invariant, but that we can adjust the shift (4.29) so that it becomes
Poincaré invariant in a manifest way (modulo a total time derivative). The (global) Lorentz-
Poincaré invariance is a very satisfying property of our final 4PN dynamics.

Finally we discuss the very important problem of IR divergencies, which appear specif-
ically at the 4PN order. As we see in the complete formula for the 4PN shift [Eq. (C3)
in Appendix C], besides the UV logarithms In(rio/7) and In(ry2/r5), there are also some
logarithms In(r12/7¢) at the 4PN order, where 7y was introduced in the gravitational part of
the action [see Eq. (2.20)] as an IR cut-off dealing with the divergences of three-dimensional
volume integrals such as (4.23), caused by the PN expansion h diverging at infinity. The
fact that the constant rg can be completely removed from the calculation by applying the
shift (4.29) constitutes a very important test of the calculation. This is made possible by the
presence of the 4PN non-local tails [(3.14) or (3.15)]. To see that, we rewrite the logarithmic
kernel in the tail integrals (containing the constant sg) as

CT CT T12
In{— | =In| — In —= 4.
n<280) n<2r12)+n<ro)+a, (4.30)

where a links sy to ry and is defined by (3.9). We find that the second term of (4.30)
combines with the IR divergences of the 3-dimensional volume integrals to exactly produce
a term removable by a shift, hence the In(ry/rg) contributions in (C3). With the first term
in (4.30) we shall rewrite the tail integrals using the separation r12," being careful that 79
is no longer a constant and will have to be varied and participate in the dynamics. Finally
our end result will not only be UV finite but also IR finite.

The constant o which remains is the analogue of the constant C' in [67]. It does not seem
possible to determine its value within the present method. Like in [67] we shall compute
it by comparison with self-force calculations, which have determined the 4PN term in the
conserved energy for circular orbits [69-71]. Let us check that « is a pure numerical constant,
i.e., does not depend on the masses. Since « is dimensionless and is necessarily a symmetric
function of the two masses m; and ms, it can only depend on the symmetric mass ratio

19 Specifically, our choice is to insert r15 into Eq. (3.15) of the tail term, i.e., after integrations by parts.
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v =mymsy/(my + my)?. Thus, we can write very generally (with a finite or infinite sum)

a= Zan 74 (4.31)

In the Lagrangian « is in factor of ~ (IS’ ))2. We derive the corresponding terms in the
acceleration of the particles and look at the mass dependence of these terms. Imposing that
the acceleration should be a polynomial in the two masses separately,?’ we find that the only
admissible case is indeed a pure constant a = agy. Finally we adjust « so that the conserved
energy for circular orbits (that we shall compute in the sequel paper [73], see also Sec. V D)
agrees with self-force calculations in the small mass ratio limit — see the coefficient of v at
4PN order in Eq. (5.5) of [67]. Anticipating the result we find

811

_ o 4.32
4T (4.32)

V. LAGRANGIAN OF COMPACT BINARIES AT THE 4PN ORDER
A. Result in harmonic coordinates

The Lagrangian in harmonic coordinates at the 4PN order will be a generalized one,
depending on the positions of particles y4 and velocities v4 = dy,/dt, and also accelerations
a = dv,/dt, derivatives of accelerations b4, and so on. However, by adding suitable double-
zero or multi-zero terms [21] we have removed all terms that are non-linear in accelerations
and derivatives of accelerations. Furthermore, by adding suitable total time derivatives
we have eliminated the dependence on derivatives of accelerations. Note that the process is
iterative, since the latter time derivatives reintroduce some terms non-linear in accelerations,
that need to be removed by further double-zeros. Thus the generalized 4PN harmonic-
coordinate Lagrangian depends on y4 and v,, and is linear in accelerations a4.2! As said
in Sec. IV C, after a suitable shift the Lagrangian depends only on the relative separation
r12 = |y1 — y2| between the particles in harmonic coordinates. We denote the corresponding
unit direction by n12 = (y1 — y2)/r12. We systematically use parenthesis to denote ordinary
scalar products, e.g. (nj2v1) = nyz - v1 and (av2) = aq - vs.

We write the full 4PN Lagrangian in the form

1 1 1 1
L= Ly+ ngPN + 9L2PN + EL?)PN + §L4PN + O (10) , (5.1)

where the pieces up to 3PN order are known from previous works (see e.g. [2]) as

2
_ Gmimy  mqvi

Ly = 12 5.2
N 27"12 + 9 + ) ( a)
I G*mimy  myof
R 2r, 8

20 This can be justified from a diagrammatic expansion of the N-body problem based on the post-
Minkowskian approximation [87].
21 An exception is the 4PN tail piece which will be left as a functional of y4, v4, a4 and b4.
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with vi, = vl — vi.
Next we present the 4PN term. As we have discussed this term is the sum of an instan-
taneous contribution and a non-local tail piece, say

Lipn = Lk + LB . (5.3)

The tail piece has been found in Eqs. (3.14)—(3.15), but here we have to replace the Hadamard
partie-finie scale sy therein with the particle separation r5. Specifically, we insert r5 into
the form (3.15) of the action (after integrations by parts), so the Lagrangian reads

. G2 “+o00 dt/
Ik = Soidopn [ S

g 2ri2/c |t — t/| K
G*M @), [T () ()
0 /0 artn () [0 - 1) - 10+ 7)] (5.4)

Again, note that when varying the Lagrangian we shall have to take into account the vari-
ation of the “constant” ris = |y1(t) — yo(t)| in (5.4). The Lagrangian is defined up to a
total time derivative, and with the choice made in (5.4), the tail term is a functional of
Ya, V4, accelerations a4 and also derivatives of accelerations by = da,/dt. Splitting for
convenience the very long instantaneous contribution according to powers of G as

ins 5
L4P1t\1 = 4PN +G LELPN +G*L 4PN +G°L 4PN +G'L PN +G° Lz(LP)N ) (5-5)
we find
LO = L0 04142, (5.6a)
4PN T Hep 1 .
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These expressions depend linearly on accelerations a4 and do not contain derivatives of
accelerations. The only remaining constants are the two UV scales r] and r) which are
gauge constants and will disappear from physical invariant results. The correct value of «
given by (4.32) has been inserted.

We have checked that the full 4PN Lagrangian is invariant under global Lorentz-Poincaré
transformations. Indeed, the tail part of the Lagrangian is separately Lorentz invariant. We
have transformed the variables y4, v4 and a4 in Egs. (5.2) and (5.6) according to a Lorentz
boost (with constant boost velocity), and verified that the Lagrangian is merely changed at
linear order by a total time derivative irrelevant for the dynamics.

Finally, we have verified that our 4PN Lagrangian, when restricted to terms up to
quadratic order in Newton’s constant G, i.e., for Lffl]))N, LSP)N and LfP)N, is equivalent to
the Lagrangian obtained using the effective field theory by Foffa & Sturani [64].

B. Removal of accelerations from the Lagrangian

We shall now perform a shift of the particle’s dynamical variables (or “contact” transfor-
mation) to a new Lagrangian whose instantaneous part will be ordinary, in the sense that
it depends only on positions and velocities. Furthermore, the shift will be such that the
logarithms In(r2/7]) and In(ri9/7%) are canceled. This directly shows that the scales 1/, are
pure gauge constants. Here we simply report the resulting ordinary Lagrangian, which is
comparatively much simpler than the harmonic one (the shift is too lengthy to be presented
here). Our choice for this ordinary Lagrangian is that it is the closest possible one from the

28



ADM Lagrangian (see the discussion in Sec. V C). We have
- 1= 1 1 - 1=
L = Ly + —Lipx + — Lopn + 5 Lspn + 5 Lapn + O (10) (5.7)
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Next the 4PN term is of the form
Lapx = Ligk + Ligy (5.9a)
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Lk = Lipy + G Ligy + G Ly + G* Ligy + G Ligy + P Ly, (5:9)
where the tail piece L'k is exactly the same as in Eqs. (5.4) and where

7
Lo, = Sgmivl 12, (5.10a)
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C. Comparison with the Hamiltonian formalism

50400

o 2
611" ),

(5.10f)

In principle, by properly adjusting the contact transformation or shift from harmonic
coordinates, the ordinary Lagrangian obtained in the previous section, Egs. (5.7)—(5.10),
should correspond to ADM like coordinates, and by an ordinary Legendre transformation
we should obtain the (instantaneous part of the) ADM Hamiltonian. Concerning the tails
we also need to find a shift (which will be non-local [68]) that removes the accelerations and
derivatives of accelerations from the tail part of the Lagrangian (5.4), or, rather, from the
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corresponding action. Once the tail part of the Lagrangian becomes ordinary, we can obtain
the corresponding tail part in the Hamiltonian.
The tail part of the action is

Sf;aﬂ— // |dtdt ](3 [(3)( ) (5.11)

508 27"12/0

where the Hadamard scale sy in Eq. (3.15) has been replaced by ris = 75(t); the time
derivatives of the Newtonian quadrupole moment I;; = > , ma ygyﬁ are evaluated without
replacement of accelerations, i.e.,

ZQmA<3vAaA + 5] ) (5.12)

Here we look for a shift that transforms the action into the same expression but with the
derivatives of the quadrupole evaluated using the Newtonian equations of motion, i.e.,

(I 2

7® _ 2Gm1m2< A o)
T2

Ni9U15 + 3(n12v12)n§i2n{>2) . (5.13)

Note that here IAZ-(;’) is not the third time derivative of the quadrupole moment unless the
equations of motion are satisfied. The requested shift is easy to find and we get, after
removal of some double-zero terms which do not contribute to the dynamics,

Slail — Gtail 4 ZmA/ de [ai; — (@'U)A} Ers (5.14)

where 5’12"’“ is given by the same expression as (5.11) but with the derivatives of the
quadrupole moment computed on-shell, Eq. (5.13), while the second term takes the form of
a shift explicitly given by??

- 4G*M - de’ . dt’ (n12v12) ;23

= —— |20} Pf [ —— IO - / 1(4) pREE TN I

§A 5c8 [ Ua 2o e |t _ t'| v 2”2/0 |t ) + 1o Yali
(5.15)

Once the total action Sp = St + Stil is ordinary, the (Fokker) Hamiltonian is defined by
the usual Legendre transformatlon as

~ +OO . .
Sp = / dt {Z Pavy — H] : (5.16)
|5

The Hamiltonian is a functional of positions y4 and momenta p,, and reads then
H = H™' + g%l where the tail part is just the opposite of the tail part of the Lagrangian,
as also found in Eq.(4.5) of [67],

. G2M e A
Htall _ - 1(3) (t)zpf) / [(3) (t/) . (517)
ri2/c

08 %] . |t—t/| 1]

22 Note that in the shift vector itself, it does not matter whether we replace the accelerations with the

equations of motion or not.

32



To prove this we notice that the tail term is a small 4PN quantity, and that its contribution
in the velocity expressed as a function of the momentum cancels out in the Legendre trans-
formation at leading order. On the right-hand side of (5.17), the velocities present in the
quadrupole moment (5.13) are to be replaced with this approximation by v4 — pa/ma.

An important point is that since the action is non-local in time the Hamiltonian is only
defined in an “integrated” sense by Eq. (5.16) but not in a local sense [88, 89]. Thus, the
Hamiltonian equations of motion will be valid in a sense of functional derivatives, and the
value of the Hamiltonian “on-shell” does not yield in general a strictly conserved energy.
Indeed, we shall find in the companion paper [73] that in order to obtain an energy F
that consistently includes the non-local tails at the 4PN order and is strictly conserved,
i.e., dE//dt = 0 at any time, we must take into account an extra contribution with respect
to the Hamiltonian computed on-shell. The latter extra contribution is however zero for
circular orbits. We shall show in Sec. VD how to compute, in that case, the energy from
the Hamiltonian.

We have compared our 4PN dynamics with the 4PN Hamiltonian published in Refs. [61-
63, 67], but unfortunately we have not been able to match our results with these works.
Moreover, we fundamentally disagree with Ref. [67] regarding the contribution of tails to
the energy for circular orbits (see the details in Sec. VD), but taking into account that
disagreement is not sufficient to explain the full discrepancy.

We did two comparisons. One at the level of the equations of motion, looking for a shift of
the trajectories such that the equations of motion derived from the 4PN harmonic Lagrangian
in Sec. V A are transformed into the equations of motion derived from the 4PN Hamiltonian
published in Eqs. (A3)—(A4) of [67]. Our second comparison was directly at the level of the
Lagrangian, constructing from the harmonic Lagrangian the ordinary Lagrangian (see the
result in Sec. V B), then shifting the tail part according to Eq. (5.14), and constructing the
4PN Hamiltonian following (5.16).

However these comparisons failed. The best we could do was to match all the terms with
powers G°, G, G? (the terms G°, G* and G? in our Lagrangian also match with those of
Ref. [64]), G* and G®, as well as many terms with powers G* in the acceleration, but there
are residual terms with powers G* that are impossible to reconcile. When looking for the
ADM Lagrangian, the closest one we could find is given by (5.8)—(5.10) in Sec. V B, but its
Legendre transform disagrees with the published ADM Hamiltonian by G* and G° terms.

Finally the contact transformation which minimizes the number of irreconcilable terms
in both formalisms gives the difference between our harmonic-transformed acceleration a}
and their ADM acceleration (a)pjs as

C 2 Gimmymi [ 472 1429
ay — (al)DJS = - 8.5

i i 1027
15 A3l —72112(71122112) +n9 (‘ T(n12v12)2+ TU%)} , (5.18)

where we denote m = my + my and v}, = v — vj. Such a difference of accelerations cannot
be eliminated by a further contact transformation. It corresponds to the following difference
between Hamiltonians,

G*m

H— (H)pg = ——
(H)pis 315 81,

{1429 (m3(n12p1)® — 2mama(naopr) (naap2) + mi(niops)?)
G 2,.,2
+ 826(m2p? — 2myma(pipa) +m2pl) + 92— 2| (5.19)

12
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Our Hamiltonian H is defined by the sum of the tail part (5.17) and of the Legendre trans-
formation of the ordinary Lagrangian given by (5.8)—(5.10). In conclusion, from Eqs. (5.18)—
(5.19) we face a true discrepancy. Note, however, that this discrepancy concerns only a few
terms; for many terms our Hamiltonian agrees with the Hamiltonian of [67].

Furthermore, we observe the paradoxical fact that the difference of accelerations (5.18)
does not yield a zero contribution to the energy in the case of circular orbits. Similarly, the
difference of Hamiltonians (5.19) does not vanish for circular orbits. This is inconsistent with
the fact that the two groups agree on the conserved energy in that case. Recall that we have
adjusted our ambiguity parameter « to the value oo = % so that the 4PN energy for circular
orbits (computed directly from the 4PN equations of motion in harmonic coordinates [73])
agrees with self-force calculations [see (4.32) and the preceding discussion]. On the other
hand, the ambiguity parameter in Ref. [67], which is denoted by C, has been adjusted
(to the value C' = —%) using the same self-force results. This contradiction leads us to
investigate the validity of the derivation of the conserved energy for circular orbits using the

Hamiltonian formalism as presented in Ref. [67]. We address this point in the next section.

D. Energy for circular orbits computed with the Hamiltonian

As discussed in the previous section we can consider the non-local but ordinary Hamil-
tonian H(ya,pa] = H™'(ya, pa) + H [y, pa], where the tail term given by (5.17) func-
tionally depends on the canonical positions y4 and momenta p 4. In the frame of the center
of mass the Hamiltonian is a functional of y = rm = y; — y» and p = p; = —ps. Next,
introducing polar coordinates (r, ) in the binary’s orbital plane and their conjugate mo-
menta (p. = n - p,p,), we make the substitution p* = p? + p?/r? to obtain the reduced
Hamiltonian H,eq which is a (non-local) functional of the canonical variables r, p, and p,.?*
For circular orbits we have 7 = ry (a constant) and p? = 0. The angular momentum p?p is
then obtained as a function of the radius ry by solving the radial equation

6Hred
or

[ro, 1) = 0,p)] =0, (5.20)
while the orbital frequency €2 of the circular motion is given by

6Hred
Opy

[ro, 0} = 0,p)] = Q. (5.21)

The circular energy is then E = H.eq[ro, 0, p(r0)], the function p{(ro) representing here the
solution of Eq. (5.20). Finally, by inverting Eq. (5.21), we can express the radius ry as a
function of the frequency €2, or rather, of the PN parameter z = (Gm$/c®)?/3. This leads
to the invariant circular energy F(z).

The only tricky calculation is that of the contribution of the tail part of the Hamiltonian.
Because of the non-locality, the differentiation occurring in Eqs. (5.20)—(5.21) should be
performed in the sense of functional derivatives. As such, the functional variation of the tail

23 Because of the non-local tail term, the Hamiltonian depends also on ¢, so that Dy is not strictly conserved.
However, we can neglect this dependence on ¢ and the variation of p,, in the present calculation, since in

particular p, is constant in the case of circular orbits.
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term with respect to r(t) (where t is the coordinate time with respect to which the binary’s
dynamics is measured) yields

I (¢) too Q¢ . 1 /- 2
i Pf B¢y - = (1¥ . 22
or(t) 2r(t)/c/_oo [t —t'| ¥ () r(t) ( K (t)) (5.22)

The second term in the square brackets comes from the variation of the Hadamard partie
finie scale r(t) = r12(t) present in Eq. (5.17). Similarly, the functional variation with respect
to p,(t) reads

5 gtail 2G2 M

or(t) 58

5ﬁtaﬂ 2G*M afl(;’) (t) oo gy ~(3) /41
- (). (5.23)
dp,(t) 5¢8  Opy(t) 2r(tye ) o [t—1] "
We substitute into the radial equation (5.20) all the instantaneous contributions — this

poses no problem since the partial derivatives are ordinary — and add to that the tail
piece (5.22). Solving iteratively for pg as a function of ry, we find the standard Newtonian

result
Pl (ro) = mur/Gmry + O(2 (5.24)

which we can insert back into the tail integral entering (5.22), because the tail term is a small
4PN quantity. At this stage, and only at this stage, we are allowed to reduce the tail integral
and compute it in the case of circular orbits, i.e., for r = ro, p¥ = 0, pg(ro) being given

by (5.24), and for ¢ = wy + O(2), with wy = \/Gm/ro A straightforward calculation [90]
leads to the formula (modulo higher-order PN radiation-reaction corrections)

teo gy . . 4
( Pf / : 1}?(15/)) i H0) [m( WO) +7E} ,
2(0)/e ) oo [t =1 [rop0=0.50,(r0)] [rop0=0.50, (o) c
(5.25)

with 7 denoting the Euler constant. This result is used to determine the contribution of
the tail term in the link between pg and rg at the 4PN order. Denoting such contribution

by Ap}(re) we explicitly find
G2 [ [ o(If))? 1 .

Ap?p(ro) - = {(r (3] ) {ln ( ono) +'7E:| i (([Z(J?»))2> .
SCWo " liros=0m o) ¢ [ro:29=0.5 o)}

(5.26)

This is easily reduced by employing the Newtonian expression of the quadrupole moment,
valid for a general orbit (i.e., for any r, p, and p,), hence

w2 _ GPm P
(1) == (3 P2+ 3252 ) +0(2). (5.27)

Treating (7, ¥, pr, py) as independent variables, we differentiate (5.27) partially with respect
to r and take r =1y, p, =0, p, = p?p(ro) afterwards. We get [using also M = m + O(2)]

GOPmM/2y2 4dwor
Apy(ro) = —— 75— (—192 [m( ; 0) + E} +32) (5.28)

8
5ctr

Next, we consider the orbital frequency €2 = dg/dt given by Eq. (5.21). The tail contribution
therein has been displayed in (5.23). Using Eq. (5.24) to Newtonian order we simply find
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Q(rg) = wo + O(2). The tail term is consistently evaluated thanks to (5.25) as before. The
tail induced modification of the frequency, say AQ(rg), is then the sum of the direct effect
of the tail term in (5.23) and of a contribution due to the tail modification of the angular
momentum (5.28),

Ap2(rg) 128 G¥2m%%y 4w
AQ(r) = 2Pelro) 128 1
0= e [ ()
GO2m/%y Adworo

With the two results (5.28)—(5.29) in hand the contribution of tails in the invariant energy

for circular orbits expressed as a function of z = (Gm$/c*)?/? is readily found to be
224 4
AE(z) = —1—5mczyzx5 [ln (16x) + 2vg — ?} . (5.30)

This result fully agrees with our alternative derivation based on the direct construction of
the conserved circular energy from the equations of motion in harmonic coordinates (see
the companion paper [73]). Thus, by following the above Hamiltonian procedure, i.e., by
carefully taking into account the non-local character of the tail term during the variation of
the Hamiltonian [see notably (5.22)], we have shown that our Hamiltonian H defined by the
Legendre transformation of the ordinary Lagrangian (5.8)—(5.10) plus the tail part (5.17)
leads to the correct conserved invariant energy for circular orbits. This calculation confirms
our value a = % for the ambiguity parameter.

However, we find that, applying the same Hamiltonian procedure to the Hamiltonian
(H)pys, we do not recover the part of the invariant energy for circular orbits that is known
from self-force calculations, unless the ambiguity parameter C' is adjusted to a different
value, which would then in turn change several coefficients in the Hamiltonian for general
orbits [67]. We obtain that the value for which that Hamiltonian gives the correct circular

energy is

new 3 7159
O =Ct s = - (5.31)

One possible explanation for the discrepancy could reside in the treatment of the non-
local part of the Hamiltonian when reducing to circular orbits. Recall from Eq. (5.22) that
one must evaluate the tail integral for circular orbits after the differentiation with respect
to r. We think that the treatment of Ref. [67] effectively amounts to doing the reverse,
i.e., to computing first the tail integral for circular orbits by means of (5.25), and only then
performing the differentiation with respect to r. Indeed, we have been told by G. Schéafer
(private communication) that Ref. [67] uses a local version of the Hamiltonian computed
with Eq. (5.25), and then differentiates it with respect to the independent canonical variables
7, pr and p,, using w = p,,/(mvr?) for the circular orbit frequency, therefore arriving at

G*M 0 A 4
0 i (3))2 Py
(ApSD)DJS = 5w, <T87, ((Im ) {hl (mwc) + ’YE] ))

instead of our prescription (5.26). If one now applies the derivative with respect to r, one
finds that the tail induced contribution to the angular momentum as a function of ry in [67]

: (5.32)

[70,p2=0,p% (r0)]
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differs from ours by the amount

64 G9/2m11/2,,2

2GEM /5

2
DJS g Swo ]z'j ) )

[70,p2=0,p% (r0)]

Furthermore we find that the tail contribution to the orbital frequency 2(rg) as a function of
the radius agrees with us, so that, in the end, the tail contribution in the invariant circular
energy differs from ours by

= %mczyzf : (5.34)

AE — (AE)p;5 = wo [Ap?p - (Ap?o)DJs] 5

Finally the prescription (5.32), with which we disagree, leads to an incorrect invariant energy
E(z) for circular orbits when starting from our Hamiltonian or from the one in [67] but with
C' given by (5.31). On the other hand, if one applies this prescription, different from ours,
for the circular orbit reduction of the Hamiltonian in [67], without modifying the constant
C, one ends up with the correct E(z).

Similarly, we disagree with the computation of the effective-one-body (EOB) potentials at
the 4PN order in Ref. [68]. Indeed, a local ansatz has been made for the EOB Hamiltonian,
since it has been obtained by evaluating the tail term on shell for an explicit solution of
the motion (see Eqgs. (4.10)—(4.11) in [68]), which means effectively using Eq. (5.25) in the
case of circular orbits, and results in a local Hamiltonian. Note that the comparison to
the self-force results of the work [67, 68] have been recently complemented by deriving and
confirming with another method the EOB potential D(u) [91]. However, the problem in the
treatment of the non-locality described above might affect this comparison as well.?*

Still, if we now make the comparison with the Hamiltonian [67] but with the new value of
the ambiguity parameter (5.31), we cannot reduce the difference to zero. Indeed, the right-
hand sides of Egs. (5.18)—(5.19) do not correspond to a mere rescaling of the ambiguity
parameter. We get instead

i ; 2 G'mmim?2 [680 | .
CL/I — (CLI)%CJ% = E# {Tviz(nmvm) -+ n212< — 595(72,12’012)2 + 85U%2>:| s (535&)

cBri,
/ new 1 G'm 2 2 2 2
H' — (H)pys = 375 & 4 |4169 (m5(naap1)? — 2mama(nigp:) (naape) + mi(nizps)?)
12

Gmm3im?

— 1190(m3 p; — 2myma(pip2) + mip3) + 1190 } . (5.35b)

12

With respect to (5.18)—(5.19) we have performed for convenience an additional shift, hence
we denote our new acceleration and Hamiltonian with a prime. When using the value (5.31)
of the ambiguity parameter, the differences (5.35) can now be seen not to contribute to the
conserved invariant energy for circular orbits, which resolves our paradox. Unfortunately,
we have no explanation for the remaining discrepancy in Egs. (5.35).

24 After this work was submitted for publication, the authors of [67, 68] described in more details their

method for reducing the dynamics to a local-in-time Hamiltonian in [92].
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Appendix A: Complement about the method “n + 27

We compute the Fokker action S for a full-fledge solution £ of the field equations reducing
to the PN expansion h in the near zone and to the multipole expansion M(h) in the far
zone. These two expansions obey the matching equation M(h) = M (h) We suppose that

this solution is of the type
h = h, + dh, (A1)

where h,, is some known approzimate solution and dh is a remainder (or error) term defined
everywhere. We denote the approximate solution h, with the label n because we assume
that in the near zone the PN expansion of this solution agrees with the known solution
considered in Sec. IV A, i.e., h,. However we extend here that solution to the far zone
as well, where it agrees with the multipole expansion M(h,). Similarly the error in that
solution is defined both in the near zone, i.e., §h, and in the far zone, M(Jh).

Since we are considering here the true solution A (and not merely its PN expansion h)
there is no regulator r” in the first place, and we can freely integrate by parts the action
and write the usual expansion

Sp[h] / dt / d*x 5SF hn) 6h + O (6h) . (A2)

At this stage we apply the lemma (2.9) to the second term in (A2). We introduce the regu-
lator r® and transform it into an expression that integrates over the formal PN expansion,
plus a contribution that integrates over the multipole expansion (with, say, ro = 1):

05 0Sp — 0.5
/d3 5—;5h = FP /d?’xrB 5—;% + g:Po/d?’xrBM ( MF) M (6h) . (A3)
The first term of (A3) corresponds exactly to the PN remainder that is investigated in
Sec. IV A and yields to our method n + 2 [see Eq. (4.7)]. Here we worry about the second,
multipolar contribution in (A3) that was not considered in the arguments of Sec. [V A. We
shall argue that its contribution is completely negligible when re-expanded in the near zone
as compared with the 4PN order.

For the method n+ 2 we proved in Sec. IV A that if the PN solution A, is known to order
O(n+2,n+1,n+ 2) when n is even and O(n + 1,n + 2,n + 1) when n is odd, then the
contribution of the first, PN term in (A3) is very small, and the action is finally controlled
up to nPN order [see Eq. (4.12)]. We evaluate the contribution due to the second, multipolar
term in (A3), namely

Ty = FP /dt/ d*xrP M ( o ) M (6h) . (A4)
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We must impose that the error made in the multipole expansion in the far zone, i.e., M(Jh),
becomes equal when re-expanded into the near zone to the error assumed in the PN expan-
sion, i.e., 0h. Note that M(Jh) is not equal to M(dh) as the matching equation is only
correct for the true, complete solution h [see Eq. (2.8)]. Since the multipole expansion is
constructed from a post-Minkowskian (PM) expansion (see [2])

+00
M(h) =" Gy , (A5)
m=1

we shall assume that the error M(dh) in the far zone corresponds to some high PM order
mo, i.e., is of order O(G™°). Thus we have

mo—1

M(h,n) = Z Gmh(m) y (A6a)
m=1
+oo

M(Sh) = > G"hy) . (A6b)

To determine what my is we recall that the leading PN order of the near zone re-expansion
of the PM coefficients is E(m) = O(2m,2m+1,2m).?> Imposing then that this PN-expanded
PM error is equal to the previous one assumed for dh, we find the minimal PM order of the
error in the far zone to be 2mg = n+2 when n is even and 2mg = n+ 3 when n is odd, thus
(with [] being the integer part)

mo = ["] +1. (A7)

To obtain the magnitude of the term (A4) we first notice that any term in the integrand
which is instantaneous in the sense of having the structure (2.15) will yield zero contribution
thanks to our lemma (2.17). Thus it remains only the hereditary contributions which have
the more complicated structure given by (2.16). Next, we remark that since M(0h) is a small
error PM term of order O(G™), the variation of the Fokker action M (0Sg/dh) evaluated
for the approximate solution h, must necessarily also be a small PM term, because the
Fokker action is stationary for the exact solution. More precisely we find [because of the
extra factor ~ ¢*/G in front of (4.1)] that it must be of order O(G™ 1), hence

5SF +o00
M(ﬁ) = > Gk, (A8)

m=mgo—1

with some PM coefficients k). Thus we conclude that only hereditary terms that are
at least of order O(G*™~!) can contribute to the PM expansion of (A4). For our 4PN
computation n = 4 thus my = 3 from (A7), thus such hereditary terms must be O(G?).

We had argued at the end of Sec. IT B that cubic ~ O(G?) hereditary terms will correspond
for the leading multipole interactions to “tail-of-tails” and are dominantly of order 5.5PN
when re-expanded in the near zone. Here the hereditary terms ~ O(G?) should correspond
minimally to say “tail-of-tail-of-tail-of-tails” and give an even smaller contribution in the near
zone, presumably starting at the order 8.5PN. In conclusion we can neglect the term (A4)
and our use of Eq. (4.7) for the method “n + 2”7 is justified.

25 Such statement can be proved by induction over the PM order m.
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Appendix B: Local expansion of the function g(d) in d dimensions

In this Appendix we work out the local expansion near the singularities, say when r; — 0,
of the function ¢, defined in d dimensions by

gD = A~ (7’% dr% d) , (B1)

where A~! is the usual inverse Laplace operator in d dimensions. Such solution plays
a crucial role when integrating the non compact support source terms in the elementary
potentials (4.15) for d dimensions. The explicit form of this function is known and has been
displayed in the Appendix C of [38]. Here we shall complete the latter work by providing the
explicit expansion of ¢(¥ when r; — 0. This expansion is all that we need when computing
the difference between DR and HR — since that difference can precisely be obtained solely
from the local expansions 1, — 0 or ro — 0 near the singularities [see notably Eq. (4.27)].

1. Derivation based on distribution theory

Following Ref. [38] we first obtain a local solution in an expanded form near the particle
1, denoted as gl(jc)l, by expanding near ; = 0 the source of the Poisson equation for ¢(®

in (B1) and integrating that source term by term. For this purpose, we insert the well-known

expansion when r; — 0,
o=y () Ao, (B2)

where we have posed ¢; = —n; - njs = cos )y, following exactly the notation of Appendix
C of [38], and denoted Pe(d) (c1) = Céd/ 2_1)(01) the Gegenbauer polynomial representing the
appropriate generalization of the fth-degree Legendre polynomial in d dimensions

(_2)Z (d +(— 1) ~L~L

d
Pe()(cl): E'F(——l) nynys -

(B3)

After replacing Eq. (B2) into the right-hand side of (B1), we integrate term by term, using
the fact that Pz(d)(cl) oc W, by means of the elementary formula
~ L, o+2

AT ) = eyt (B4)

In this way, we arrive at the formal local expansion when r; — 0,

(d) 7“%2 dril ! ! (d)
= E P i B5
Yoct = f + 1 <’f’12 ) 4 (Cl) ( )

The trick now is to rewrite (B5) as an expression formally valid “everywhere”, i.e., not only
in the vicinity of the singular point 1, namely the following integral extending along the
segment of line joining the source point y; to the field point @

1
@ T 2—d
glocl 2(4_ d) /0 d)\‘y12 _'_)\Tl‘ . (B6)
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See the Appendix C in Ref. [38] for more details about this procedure (we recall that here
Y=y — Yy and 1, = T — y1).

Let us next add to gl(jc)l given in the form of the line integral (B6) the appropriate
homogeneous solution in such a way that the requested equation (B1) be satisfied in the

sense of distributions. Computing Agl(gc)l in the sense of distributions we readily obtain [38]

4—d

1
dA
Mgl =i+ g |

2—d
20— ), el il (BT)

showing that the true solution, valid in the sense of distributions, actually reads

d d
9" = giods + Ghiom (BS)
where gl(q?ml is obtained from the second term in (B7). Changing A into 1/\ we can arrange
this term as a semi infinite line integral extending from @ up to infinity in the direction n,,,

4—d

g@ =112 / T [+ Ay (B9)
homl1 2(4 o d) .

This is an homogeneous solution in the sense that Ag}(l?m = 0 in the sense of functions. One
can prove that the sum ¢(@ = gfjc’l + gy(li)m
Y- although the two separate pieces are not.
Here we shall only need the expansion when r; — 0. An easy calculation, inserting the
expansion (B2) into (B9) and performing the integral over A using analytic continuation in

d (which is the essence of dimensional regularization) readily yields (with e = d — 3)

(d) M = 1 i\’ (d)
= — — | P B10
Inom1 2(1 —8) - E—FE (7“12) ¢ (Cl)’ ( )

is indeed symmetric in the exchange of y; and

where ¢ = d — 3. Finally the complete expansion of ¢'¥ when r; — 0 is obtained by adding
the corresponding piece given by (B5), as

@ _ iy f 1 n\'T 1 1 ZP(d)() (B11)
g _2(1—5) g—l—l T12 €—|—€ T12 ¢ -

(=0

2. Derivation based on asymptotic matching

It is instructive to present an alternative proof of Eq. (B11) based on the same asymptotic
matching techniques as in the demonstration of Lemma 1 exposed in Sec. [T B. We start with
the definition of ¢ in the form of the d-dimensional Poisson integral, which we choose to
be centered on the particle 1,

k dde!
(d _ _Md 1 12—d, .12—d
= 7|7°1 T ry 5 O, (B12)

where kq stands for the constant factor I'(d/2—1)/7%?> " and 7, = x—y;. In this definition,
we decompose the source into two terms. The first one is taken to be the Taylor expansion
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of S = ri %274 near r; = 0, denoted as 7;(S) henceforth. The second term is thus the
dlfference dS(x,t) = S — T1(5). The key point consists in noticing that 5(x,t) vanishes
in some open ball of radius R; centered at the “origin” ry = 0. This means that one can
restrict the integration domain of the Poisson operator acting on 05 to the set of points
verifying 71 > R;. Therefore, for r; < Ry, the Poisson kernel |r; — 7|*>~¢ may be replaced
by its multipole expansion

rEopr?= (B13)

with the short notation rl = ritz ... ¢¥  After this operation, the integration domain may

be extended again to the whole space, since the source is still zero for r; < Ry. It is implicitly
understood here that all Taylor and multipole expansions are actually performed at some
finite but arbitrary high orders. The formal use of infinite series in the present discussion
just allows us to elude technicalities related to the control of remainders. However, we have
checked that truncations at finite orders do not change the backbone of our argument. In
particular, we are formally allowed to commute the sum and integral symbols.

At this stage, we have shown that

gD = —17-1(%d§d)

];7 < —)* 1 / / / /
Ka (gl) - /dd o, (T/d—2) [7’12 d,. 2 d 7—1( 2-d,. 2 d)]‘ (B14)
=0

47r i

Because A™VT; (ri%r37%) is precisely what we have defined to be gl(jc)l in Eq. (B5), the expres-
sion in the second line is identified with the homogeneous solution 9}(10) Now, the second
term within the square brackets is made of pieces of the form ~ (R/F/r] - 2+Z)( - ) (rFalE)
for ¢, k integers. Its radial integration leads to integrals fo drl e 1- . The latter are
just zero by analytic continuation on the parameter € = d — 3, as explamed in the proof of

Lemma 1 (with € playing the role of —B there). Hence the homogeneous solution reads
]'% +o0 (_)é 1
d d
Thom1 = e 2.7 TlL/ 10 N g )iy (B15)

Next we complete the proof by evaluating explicitly the integral entering the above formula
with the help of the relation 9, = (—2)T(¢ — a/2) /T (—a/2)r* “n/F. We first obtain2

7 +oo L
(d) kd (£+d/2_1>r(d_2>rl d /dd /14— 2d 12—d B
16
Fhomt = g 2 T(da (e +d—2) gk ) T (B16)

and, in the last step, we compute [ ddrlrit 4p2=4 by means of the Riesz formula, given e.g.

by Eq. (B.19) of Ref. [38]. Using the relatlon (B3) we find that the ensuing expression for

glﬁf?ml is in full agreement with Eq. (B10).

26 Recall that the spatial multi-derivative 9y (r>~?) is trace-free. The traces are actually made of derivatives
of d-dimensional Dirac functions but one can check that, when inserted into the integral of (B15), they

vanish by analytic continuation on e.
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Notice finally that the function ¢'® in d dimensions contains a pole in the dimension com-
ing from the monopole part of the expansion (BIO) or (B11), namely ¥ = —1e71 4 O(e°).
However, since in practical computations ¢'? will always be dlfferentlated thls pole is al-
ways cancelled out. Furthermore it was proved in Ref. [38] that the finite part of ¢ when
¢ — 0 recovers the 3-dimensional result In(ry + 72 + 712) [9] up to some irrelevant additive
constant, namely
@_ 1 1 m(w

97 ="5.735 5 )+O(5). (B17)

But here we only need the local expansion provided by (B11) up to order ¢ included.

Appendix C: The complete 4PN shift

In this Appendix we show the complete shift at 4PN order that removes, in particular, all
the poles oc 1/ and all the IR constants ry.2” Furthermore, this shift cancels the dependence
on the individual positions y 4 of the particles and is such that the shifted equations of motion
are manifestly Poincaré invariant (including spatial translations and boosts). It reads

11 G?m? g'/?r 327 1
L=3 4 1 {E —2hn ( l 1) a 1540} aﬂﬁﬁ&’”‘m’ (C1)

where G = Gy in this Appendix, a%\l represents the Newtonian acceleration of 1 in d

dimensions and we recall that § = 4me™. For convenience we divide the 4PN piece of the
shift in several pieces,

7 0,n 0,v1) 0,v
§14pN = 51 4PN + §§ 4P1131 Nyy + §§ 4I;N v} + §§ 41512\1 Vg, (C2)

TR SR
with v}, = v] — v} and

i iy % (11(n12v12) + 1—31(71121)1)) + nm(g: (535m:1)’m2 + 232m1m2 + dmym3)
%(12—1(71122112)2 — 11(n12v12) (n12v1) + %(nlzvl)2 - 2—32?1%2)) ; (C3a)
i = Ggmlmg{%[(—% 7521 (7:02))(”12012)2
+ (% + %ln(i—lj))(nmvm)(nmvl) + (—% - 6—;1 (7;—102))(“12“1)
+ (5 %111(%2))?@2} + ?;, (2 + a8 (%) (nrzv12) ()
+ (—% — %}4 ln(%))(nlgvlg)(vlgyl) + (—% - 438130(%))(”12%)7]%2]}

2T Another shift has been used in Secs. VB and V C to remove the accelerations in the harmonic Lagrangian

and compute the Hamiltonian. This shift, however, is too long to be presented.
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1 2761 33, ¢'/*ri. 11 v
3, 2 _ 221 My 22 2
+ G mlmg{ - [( ) n(Z 0 ) 5 n( v ) (n12012)

T

4 (% +331In <q12r1) 9561 (7"12) +11In(22 o %)) (n12012) (n1201)
G = 2T = S oo+ (-0 = S n(72) )
(% 99 ln(qlzrl) 156l (2102>)Uf2} i %2 [(% + 48 1n(i—f))(n12v12)2(n12y1)
+ (—% - % 1H(TT—1§))(H12U12)(U12?J1) + (—% - tﬁln(%))(nlgyl)vfg]}
+ Gl [ (515~ S ) - ()
%(— 13154 - %IH(E))(HH?A)]
 Gmima (-5 - 20 T - B )
58— ) ]+ G (G — 1o
?m(rr—f)) T—%(—g—; - ?111(7;—15))(%21/1)} , (C3Db)
(C3c)
ffgf\? = Ggmlmg{ = [(2303461 8111(%))(”12012) + (_% - 6—;1n(7;—102))(n12211)}
[ = ) (o)) + (G + 5 ) )]}
+G3m§m2{i[(% ~ 331n( 12“) + 31 (1112))(7“2@12)
+ (—% — 111n( 12?1) — %1 (7;—102) — 1—311 (2112))(711201)}

228 64

—+ - [(—g — T ll’l(a))(nlg’ulg)(nmyl) + (g 5 —In (7:02))(7)123/1)} } : (ng)
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