2001.03654v3 [astro-ph.HE] 5 Oct 2020

arxiv

Relativistic three-body effects in hierarchical triples

Halston Lim! and Carl L. Rodriguez?

! Department of Physics and MIT Kavli Institute,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA
2Harvard Institute for Theory and Computation, 60 Garden St, Cambridge, MA 02138, USA

The hierarchical three-body problem has many applications in relativistic astrophysics and can
play an important role in the formation of the binary black hole mergers detected by LIGO/Virgo.
However, many studies have only included relativistic corrections responsible for the precession of
the pericenter of the inner and outer binaries neglecting relativistic interactions between the three
bodies. We revisit this problem and develop a fully consistent derivation of the secular three-body
problem to first post-Newtonian order. We start with the Einstein-Infeld-Hoffman equations for
a three-body system and expand the accelerations as a power series in the ratio of the semimajor
axes of the inner (a1) and outer (az) binary. We then perform a post-Keplerian, two-parameter
expansion of the single-orbit-averaged Lagrange planetary equations in § = v? /c2 and € = ai/a2
using the method of multiple scales. Using this method, we derive previously indentified secular
effects at d¢>/2 order that arise directly from the equations of motion. We also calculate new secular
effects through de* order that can lead to eccentricity growth over many Lidov-Kozai cycles when
the tertiary is much more massive than the inner binary. In such cases, inclusion of these effects can
substantially alter the evolution of three-body systems as compared to an analysis in which they are
neglected. Careful analysis of post-Newtonian three-body effects will be important to understand
the formation and properties of coalescing binaries that form via three-body dynamical processes.

I. INTRODUCTION

The hierarchical three-body problem, in which a bi-
nary is orbited by a distant third companion, has wide
applications in astrophysics. Triple systems can explain
phenomena over a wide range of scales from asteroids to
supermassive black holes (SMBHs) [1-13]. A key charac-
teristic of hierarchical triples is the exchange of angular
momentum between the inner and outer orbits, which
can lead to large inclination and eccentricity oscillations
known in the literature as the Lidov-Kozai (LK) reso-
nance [14, 15]. Dynamical models of triples undergoing
LK resonant excitations have complemented observations
and informed theories about the formation and evolution
of these systems, especially in the context of exoplanets
and compact object mergers [16-19].

Traditionally, the LK effect is calculated by expanding
the orbit-averaged, three-body Newtonian equations of
motion as a power series in € = aj/ay, where a; and as
are the semimajor axes of the inner and outer binaries,
respectively. Perturbations that accumulate over each
orbit (unlike periodic average-free perturbations) are re-
ferred to as “secular” perturbations. The leading secu-
lar effect, the Newtonian-quadrupole or “quadrupole” for
short, arises at order € beyond Keplerian forces which
scale as 72, These quadrupole terms facilitate the ex-
change of orbital angular momentum which induces os-
cillations in the eccentricity and inclination.

Higher-order perturbations can change the nature of
the LK effect. The addition of ¢* (octupole) order pertur-
bations can cause orbital flips [20-22], extremely large ec-
centricities [23-25], and chaotic evolution [20, 26]. These
behaviors persist through €® (hexadecapole) order [27].

The implications of two-body relativistic effects in
LK triples have been thoroughly studied. In a post-

Newtonian expansion of the two-body equations of mo-
tion, the leading relativistic effect induces the precession
of pericenter and appears at order § = v?/c? (“1pN”
order) beyond Keplerian forces, where v is the velocity
of the inner binary. If the 1pN precession timescale of
the inner binary is much shorter than the quadrupole
timescale, eccentricity growth is suppressed [23, 28, 29].
Alternately, if the 1pN precession timescale is compa-
rable to the quadrupole and octupole timescales, eccen-
tricity growth is heightened [23, 29]. Dissipative terms
appearing at order 6°/2 (“2.5pN” order) cause the or-
bit to shrink due to gravitational radiation. Eccentric-
ity peaks induced by the LK effect can drastically in-
crease the efficiency of gravitational radiation, driving
the inner binary to merge much faster than if the binary
were circular [30-32]. This has exciting implications for
compact-object binaries with third companions as po-
tentially eccentric gravitational-wave (GW) sources for
LIGO and LISA [12, 33]. The outer binary’s 1pN pre-
cession appears at order d; = V?2/c? beyond Keplerian
forces (in the outer binary), where V is the velocity of
the outer binary. While many studies have included the
outer 1pN precession, it does not typically have a strong
effect [29, 34].

In comparison, little is known about relativistic three-
body effects or how they may alter eccentricity growth
in LK triples. Even though the three-body 1pN (3BpN)
terms are required for a self-consistent 1pN secular evo-
lution, they are generally not included in the majority of
analyses of hierarchical triples. The 3BpN effects can be
derived with a post-Keplerian, two-parameter expansion
which we illustrate in Fig. 1. We differentiate two-body
1pN (2BpN) effects from three-body 1pN (3BpN) effects
as follows:

e 2BpN refers to the 1pN pericenter precession ef-
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FIG. 1. Secular effects on the inner binary in a post-

Keplerian, two-parameter expansion in the post-Newtonian
parameter § = (v/c)? and ratio of semimajor axes ¢ = a; /as.
At zeroth order, both the inner and the outer orbits remain
fixed; the orbital vectors e; = ein (pointing toward the bi-
nary’s pericenter) and j1 = 4/1 — e2h (parallel to the orbital
angular momentum) do not change. The leading three-body
effects induce the LK resonance which induces perturbations
Aer, Aji o € over a single orbit P& = 27/1/Gm/a3. The
1pN effects on the inner binary appearing at ¢ order induce
a precession of the pericenter. In this study, we investigate
three-body 1pN effects (3BpN) due to accelerations through
de* “IpN-octupole” order (which includes the shaded region).
Certain 3BpN effects are distinct, such as the de Sitter pre-
cession, which causes e; and ji to precess about the outer
orbit’s angular momentum. Other 3BpN effects appear as
corrections to the quadrupole and 1pN terms.

fects on both the inner and the outer binaries. We
consider the outer 1pN precession as a two-body
effect as this effect does not depend on the inner
binary separation and would happen identically if
the inner binary were replaced by a single body of
equivalent mass.

e 3BpN refers to all other 1pN effects not including
the 1pN pericenter precessions.

The 3BpN terms are referred to as the “interaction
terms” by Ref. [29] or “cross terms” by Ref. [35].

One approach to study the 3BpN cross terms is to di-
rectly integrate the complete three-body pN equations, as
done in Refs. [36-39]. While these numerical solutions are
exact, much work is required to gather physical insight.
Approaches involving analytic expressions from pertur-
bative calculations can play an important role in inter-
preting the output of N-body codes and understanding

underlying physics. Such a synergy is common in the ex-
isting literature on secular effects in LK triples (e.g. the
case of orbital flips in hot Jupiter systems [21, 29]). Fur-
thermore, such integrations are typically far more time
consuming than an integration of the secular equations,
prohibiting a broad exploration of the parameter space.

To our knowledge, only four existing studies [29, 35, 40,
41] investigate 3BpN cross terms on the inner binary with
an orbit-averaged, perturbative approach. Although re-
sults from these studies suggest that specific 3BpN terms
can significantly affect the evolution of the inner binary,
they either only consider a subset of the relevant 3BpN
terms [29, 41] or derive them restricting the outer orbit
to be constant [35, 40].

In this study, we derive the general case for arbitrary
masses and orbital parameters, using a set of equations
averaged over the inner orbit. We then focus on the spe-
cific case where the outer companion is much larger than
the inner binary (e.g. a binary BH around a supermas-
sive BH) and identify the specific cross terms that can
influence the dynamical evolution of the inner binary.
In much of the parameter space for secular hierarchical
triples, 3BpN effects are subdominant to 2BpN effects
and do not alter the evolution of the triple.

In certain regions of parameter space, the magnitude
of 3BpN terms can approach that of 2BpN terms and
substantially change the evolution of the inner binary.
The 3BpN effects coherently modulate the amplitude of
quadrupole LK oscillations which can lead to a greater
range in eccentricity. In systems with initially moderate
inclinations, the 3BpN terms can interact with the oc-
tupole terms and cause even larger eccentricity growth
and significantly reduce merger times.

The outline of this paper is as follows: In Sec. II we
review the existing literature on relativistic cross terms
in hierarchical triples. In Sec. III we present a derivation
starting with the Einstein-Infeld-Hoffman equations for
three bodies. We then conduct a multiple-scale analysis
of the Lagrange planetary equations to compute secular
effects through 1pN-octupole order. The derived 3BpN
cross terms are presented in App. A. We provide a Math-
ematica notebook upon request that contains a complete
derivation. In Sec. IV A, we discuss general features of
the 3BpN effects and estimate where in parameter space
their effects may be important. In Sec. IV B we present
examples of systems where the quadrupole LK resonance
is significantly altered by 3BpN effects. In Sec. IV C we
analyze a population of hierarchical triples including oc-
tupole terms and gravitational-wave emission to identify
systematic 3BpN effects that impact a population of LK-
driven mergers around a SMBH.

II. EXISTING STUDIES ON THIRD-BODY 1PN

EFFECTS

Most investigations on relativistic triples take into ac-
count post-Newtonian corrections due to binary motion



along with Newtonian third-body interactions. In com-
parison, little is known about three-body relativistic in-
teractions in triples. To date, the authors are aware of
four previous studies that consider these effects in hier-
archical triples. We summarize these studies below and
then comment on how their results motivate our current
work.

(1) Naoz et al. [29] derives 3BpN cross terms using the
orbit-averaged three-body 1pN Hamiltonian, which
is calculated by applying two successive canoni-
cal transformations: the first transformation reex-
presses the Hamiltonian in terms of action-angle
variables (Delaunay orbital elements) and the sec-
ond transformation removes periodic terms that de-
pend on mean anomaly angles. With the orbit-
averaged Hamiltonian, the time evolution is then
determined through Hamilton’s equations. How-
ever, as pointed out in Ref. [35], the presented
orbit-averaged Hamiltonian approach may not take
into account secular 3BpN effects generated indi-
rectly from first-order variations in the orbital el-
ements. As we will show, the leading-order peri-
odic effects generate additional secular 3BpN cross
terms.

(2) Will [35] uses the Lagrange planetary equations
to calculate post-Keplerian perturbations as we do
here. Reference [35] also discusses how lower-order
periodic perturbations generate higher-order secu-
lar perturbations. However, this particular analysis
does not systematically distinguish between secular
and periodic variations, which complicates inter-
pretation of the results [42]. The 3BpN cross terms
are also derived by restricting the outer binary’s or-
bit to be constant, circular, and coplanar and only
considering terms to leading order in the tertiary’s
mass, ms.

(3) Will [40] revisits the 3BpN cross terms in applica-
tion to Mercury’s orbit around the Sun. This anal-
ysis uses a multiple-scale analysis to systematically
account for periodic effects. Similar to Ref. [35],
this analysis assumes the outer orbit is constant,
circular, and coplanar, and considers effects up to
linear order in mg. With these assumptions, the
3BpN terms induce a precession [c. f. their Eq. (1)]

over one inner orbit equal to
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where @ is the pericenter angle measured from a
reference direction, R is the circular radius of the
outer tertiary, a is the Mercury-Sun semimajor
axis, and mg is the mass of the tertiary planet.
In this paper we will investigate a different limit
where the tertiary is more massive than the inner
binary.

(4) Liu et al. [41] considers additional relativistic inter-
actions between the spins and orbital angular mo-
menta in triple systems containing a SMBH with
masses m; = 30, my = 20My, and mg 2 108-
10°Mg. For the inner and outer orbit they in-

clude the 1.5pN spin-orbit (Lens-Thirring) pre-
cessions. For point-particle effects they include,
through analogy with spin effects, the de Sitter pre-
cession of the inner orbital plane. They write the
frequency for this cross-term precession effect as

3 G3/?mz(4m + 3m3)
inLout =35 N

2 2y/Mad*(1 - e2)
As we will show, this term is one of many cross-

terms that arises naturally in our multiple-scale ap-
proach.

Qr

(2.2)

Current discrepancies in the literature over the secu-
lar 3BpN cross terms exist (e.g. between Refs. [29, 35]),
in part, due to differences in how lower-order periodic
perturbations are considered in generating higher-order
secular perturbations. Therefore, our first aim is to out-
line a clear procedure that systematically accounts for
periodic effects for general hierarchical triple configura-
tions.

IIT. CALCULATING 3BPN CROSS TERMS
A. 1pN Equations of Motion

The Einstein-Infeld-Hoffman (ETH) equations describe
the post-Newtonian gravitational dynamics of a system
of pointlike masses. The equations are expressed in terms
of coordinate positions r; = r;n; and velocities v;, where
i labels each mass. For a system of pointlike masses the
accelerations are given by
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where N, =n; — Ny and T —Tj; = TNy,

In a hierarchical triple, two bodies of mass m; and msg
constitute an “inner” orbit with separation r = ri2 and
center of mass ry. A tertiary body of mass mg follows an
“outer” orbit about the inner orbit’s center of mass with
separation R = rs — 1o, where |R| > |r|. For the inner
and outer orbits, we define the velocities as v = dr/dt,
V = dR/dt and the separation unit vectors as n = r/r,
N = R/R. In the center of mass frame,

Zmiri = mrg + msrs = 0(0_2), (3.2)
which leads to
mo ms
=—r——R
1 m M )
mq ms
=——r——R .
T2 m M ) (3 3)
m
r3 = MR,

where m = mj +meo is the total mass of the inner binary
and M = m + mg is the total mass of the triple. Post-
Newtonian corrections to the center of mass frame are not
relevant at 1pN order since only differences of position
vectors appear, and also velocities only appear in terms
that are already 1pN order [43]. In this frame, the 1pN
acceleration of the inner orbit’s center of mass ry will
also affect R.

The EIH equations can be rewritten by grouping all
post-Keplerian accelerations on the right-hand side,

d2R GM
— N =A, 3.4
dt2 R? (3-4)
r Gm
yrel +—mn=a, (3.5)

where a and A contain both relativistic and third-body
terms. In the absence of post-Keplerian accelerations
(a,A = 0), Egs. (3.4) and (3.5) take on their homoge-
neous forms resulting in Keplerian motion for each orbit.

The post-Keplerian accelerations a and A contain
terms that depend on powers of ry3, 723, which can be
expanded as a power series in € = r/R. The Newtonian
interactions between the inner and outer orbits first ap-
pear at €3 order, conventionally referred to as quadrupole
order in the literature [27].

In the limit that m < M, perturbations on the outer
binary due to the inner binary are small. Thus, for the
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outer binary, we only consider Newtonian three-body ef-
fects and the 2BpN term for the outer orbit,
A = Ale + Aquad + Aoct~ (36)
In contrast, perturbations on the inner binary due to the
SMBH can be significant (e.g. see Ref. [41]) so we include
the 3BpN accelerations,
@ = A1pN + Gquad + Goct + A3BpN- (3~7)
The quadrupole accelerations scale relative to the Kep-
lerian accelerations as

Gm 3 (M3
QAquad ™~ (72> X € (H) ) (38)
GM
Aquad ~ <R2> X 62. (39)
whereas the 2BpN accelerations scale as
Gm
Qai1pN ~ (7/.2) X 6, (310)
GM
Ale ~ (R2> X (527 (311)

where § = v?/c?> ~ (Gm/r)/c® is a parameter charac-
terizing pN perturbtions on the inner binary and ds =
V2/c? ~ (GM/R)/c* is a parameter characterizing pN
perturbtions on the outer binary.

The 3BpN effects can arise directly from the equations
of motion through asp,n or indirectly through the inter-
action of lower-order effects from a@quaqa and aipn. The
interaction of lower-order perturbations on the outer bi-
nary (Aquaa and Apn) will also induce 3BpN effects due
to the coupling between the orbits. We express all pN
corrections in terms of §, using

62 = Je <M) .
m

Cross terms due to the interaction of A;,n and @qyaq are
order dz¢3 ~ Je*. Therefore, we must expand the direct
contributions from asppn to comparable order Set:

Gm M\*
Qa3BpN "~ (7“2) x ek (m) ,

(3.12)

(3.13)



where the powers of nonzero terms include

(k,0) €{ (4,2),(4,1),(4,0),(4,-1),
(2 2) (% %) (’ _’) (3,1),(3 0)7
(3.8).(3.1), < ,—f> 2,20, &
(1,1),(1L0), (1, 1), (5,3), (3, -3 }.

(1,
Only the k£ > 5/2 terms generate nonzero secular ef-
fects. We verify that our expression for asppn agrees
with Ref. [35] [c. f. Eq. (4.7b)] when ms < m.

B. Lagrange Planetary Equations

Equations (3.4) and (3.5) constitute a second-order dif-
ferential equation for the positions and velocities of the
two orbits. It is possible to rewrite this as a first-order
differential equation for the time-dependent osculating
orbital elements {p;,e;,t;,w;, Q;} (e.g. see Ref. [44]),
where ¢ = 1,2 labels the inner and outer orbit, respec-
tively. The positions and velocities of each orbit are de-
fined in terms of the orbital elements as

r 7p1n/ [1+ ey cos(f

v = 1/ {elsm n + [1+ e cos(f)]A},

R = pgN/1+62COS F),

=) / {62 sin(F)N + [1 + ea cos(F)]A},

where the bases {n,A\;h} and {IN,A, H} of the inner
and outer orbits, respectively, can be defined with respect
to a reference basis {ex, ey, ez} as

(3.15)

n =[cos Qy cos(wy + f) — cos g sin Qy sin(wy + f)] e
+ [sin Qq cos(wy + f) + costq cos Qg sin(wy + f)] e
+ sin ¢g sin(w; + f)ez,
A =dn/df,
h =n x A,
N ={[cos Qs cos(wa + F) — cos 1o sin Qs sin(ws + F)] e
+ [sin Qg cos(wy + F) + cos 1o cos Qg sin(ws + F)] ey
+ sin ¢o sin(ws + Fez,
A =dN /dF,
H =N x A.
(3.16)

The basis vector ez is conventionally chosen to align
with the total angular momentum of the triple. The true
anomalies f and F of the inner and outer orbits, respec-
tively, track the phase of each orbit. w; is the argument
of the pericenter, and §2; is the longitude of the ascending
node.

The dynamical equations recast in terms of the above
osculating orbital elements are referred to as the La-
grange planetary equations. For the inner binary, the

planetary equations read

dp1
ot A Gm TS

des [ (. 2c05(f) + e1 + €1 o8’ (f)

dwr 1 [p1 ([ 2+ ejcos(f) .
dt e Gm( cos(f)R + 1+ e cos(f) sin(f)S
cos(wy + f)
elCOtLll—i—el cos(f)W)
du [ p1 cos(wi + f) W
dt —\ Gm1+ejcos(f)
A [ p1osin(wi + f) CSC(M)W
dt —\V Gm 1+ e cos(f) ’
(3.17)
where
R=a n,
S=a- A (3.18)
W=a-h

are the vector components of the perturbation a pro-
jected onto the inner orbit’s basis.

The planetary equations are supplemented by an ad-
ditional sixth equation that converts between the true
anomaly f and time,

ﬁ _ \/Gmpl dw1 dQl

@ a a W
where the first term on the right-hand side is the usual
Keplerian expression and —w; — 2 cose; is a post-
Keplerian correction.

The equations for the outer orbit are the same as
Egs. (3.17)-(3.19), but with the substitutions m —
M, {f,pl,el,Ll,wl,Ql} — {F,pg,@g,Lng,Qg}, and
(R,S, W) — (Rs,S3,Ws), where (R3,S3,Ws) = (A -
N, A-A, A-H) are the vector components of the pertur-
bation A as projected onto the outer orbit’s basis. Equa-
tions (3.17) and (3.19) along with the outer orbit’s coun-
terpart equations are exact reformulations of Eqs. (3.4)
and (3.5).

From the planetary equations, one can see that inner
binary perturbations that scale as

(3.19)

Gm kgt

generate orbital perturbations that scale as

d61 1 kot

— ~ —=€"0 3.21

i~ e (3.21)
where PX is the Keplerian orbital period. Similarly,
outer binary perturbations that scale as

GM
A ~ ﬁfkde (322)



generate orbital perturbations that scale as
de 1 1 M\
2~ = () T (3.29)
dt Pout Pin

where PX, is the Keplerian expression for the orbital

period.

Using first-order perturbation theory, the secular per-
turbations on the orbital elements are calculated by tak-
ing the orbit average of the planetary equations, with
constant orbital elements on the right-hand side:

dX, o1 [Tax,
= lim —

< dt >t T—)ooT/O dt

We use a = 1,2, ...,10 to label the orbital elements. We

reserve the first five indices (1 < a < 5) for the inner

orbit’s elements and the last five (6 < o < 10) for the

outer’s. In the literature (e.g. Ref. [27]), this integral is

evaluated by using the double-orbit average approxima-

tion, which uses the fact that each term on the right-hand

side of Eq. (3.17) can be rewritten as a sum of products

whose factors depend periodically on either f or F' in
addition to the orbital elements Xjg:

(3.24)

ZA (Xgs, f)Bi(X5, F). (3.25)

With this factorization, the average can be approximated
assuming P, < Pyy. One first averages over the inner
orbit and then subsequently averages over the outer orbit
(while holding Xz fixed),

in Pout
< > Z / Aydt x / Bdt
¢ P 1n out 0

2 2
dt
E d B; —dF.
—Pmpout / f x /O '

dF

(3.26)

The post-Keplerian corrections to (df /dt), (dF/dt), P,
and P,y appearing in Eq. (3.19) generate cross-term or-
der effects and are not considered in first-order pertur-
bation theory.

Before evaluating Eq. (3.26), the factors 4; and B; can
be simplified. By substituting Egs. (3.15) and (3.16) into
Eq. (3.17), one can verify that A; and B; depend on the
ascending nodes €; only through powers of cos(AQ) and
sin(AQ), where AQ = Q7 — Qo. The equations greatly
simplify by setting A2 = 7. The justification comes in
two parts. First, one initially aligns the reference direc-
tion ez with the total orbital angular momentum so that
AQ = 7. Also with this choice, Newtonian and 2BpN
perturbations lead to €1 = 5 at all subsequent times.
This simplification is different from eliminating the nodes
in the Hamiltonian, which can lead to the incorrect equa-
tions of motion as discussed in Ref. [24]. The simplifica-
tion we describe here is applied directly to the equations

of motion. We adopt the node-eliminated simplified set
of equations, but note that the cross term perturbations
in general lead to 0y # Q5. However, our quadrupole-
order evolutions (Sec. IVB) result in AQ ~ 7 within
10%, which provides a rough consistency check. Includ-
ing corrections that depend on A) is left to future work.
First-order perturbation theory is sufficient to calcu-
late Newtonian secular efforts up to order €, or 1pN
secular effects of order §. Second-order perturbation the-
ory is required to calculate mixed-order (Je*) secular
effects that are generated from either lower-order peri-
odic (average-free) perturbations or post-Keplerian cor-
rections to (df /dt), (dF/dt), Py and Puy. We refer to
these as the “indirect” 3BpN cross terms, in contrast
to secular effects that arise directly from the equations
of motion. To calculate these periodic variations, one
must solve for the instantaneous values of the elements
and integrate the planetary equations with respect to an
orbital phase. A few choices for the orbital phase in-
clude the true, eccentric, and mean anomalies. We use
a placeholder ¢ to represent whatever angle is used to
reparametrize the planetary equations, which read,

dXo  dX, dt
dp  dt do’

Qa (X5, F(9), f(9)) = (3.27)

The planetary equations for the inner binary [Eq. (3.17)]
can be organized as

Xa :(Xa)le + (on)quad + (Xa)3BpN7 (328)

where each term on the right-hand side is due to plug-
ging ai1pN, Gquad, and asppn into Eq. (3.17), respectively.
Because the scaling with § and e for each of these accel-
erations [Egs. (3.8), (3.10), and (3.13)],

(X“>1PN ~ P%, (3.292)
(X")quad ~ ;% (3.29D)
(X“)sgpN ~ f;f; (3.29¢)

For the outer binary [Egs. (3.9) and (3.11)], the terms
scale as

. 52 565/2
Xa) = .
( o~ PR = PR (3.30a)
) 2 7/2
Xa> = 30b
( quad nglt RIS (3 30 )

We also include post-Keplerian corrections to dt/d¢
[Eq. (3.19)],

dt dt dt dt
-(8), (@) () o
d¢ d¢ K d(b 1pN d¢ quad
where (dt/d¢)k is the Keplerian expression. Combining
Egs. (3.28) and (3.31), we can write the re-parametrized



planetary equations @, up to 1pN-quadrupole order as

Qo =(%a), . KZ))K i ((Z)qdl

(3,2, e
i (Xa>3BpN <CCZ;>K
where the cross terms include
(Xa)le (j;)quad (3.33)
(X )quad (j;) (3.33b)
(XQ)SBPN (;Z)K (3.33¢)

In addition to the above cross terms in Eq. (3.33), addi-
tional cross terms arise from lower-order periodic varia-
tions and corrections to the orbital periods P, and P,.
These additional cross terms can be calculated through
a multiple-scale analysis described in Sec. 11 C.

C. DMultiple-scale analysis

The method of multiple scales provides a clear pro-
cedure for how to systematically calculate higher-order
secular effects due to lower-order periodic effects. We re-
fer the reader to Ref. [45] for a review of the method of
multiple scales and Refs. [27, 46, 47] for applications in
a post-Keplerian, two-body context. The multiple-scale
method has also been applied to postadiabatic calcula-
tions in extreme-mass-ratio inspirals around Kerr black
holes [48, 49].

In a multiple-scale analysis of the planetary equa-
tions with two bodies, one introduces an additional long-
timescale variable, 8 = €@, to artificially separate the sec-
ular and average-free parts of the orbital elements with
the ansatz X, = X, (0)+eWo(X5(0), ), where X, is the
slowly evolving secular part and W, is the average-free
periodic part. W, itself is expanded in a power series,

W, = Wéo) + eVV(gl)~ + ..., which can then be used to
iteratively solve for X, to desired order.

To calculate cross terms in a three-body context, one
must consider perturbations by both relativistic effects
and orbital interaction effects. Thus, we introduce two
long-timescale variables 6 = e¢ and 7 = §¢ such that

d 0 0 0
N 7_;’_674_57

5= 99 - (3.34)

The slow changing variables 6 and 7 resolve changes
occurring over a quadrupole timescale and pN pericen-
ter precession timescale, respectively. The fast changing

variable ¢ describes changes occurring over an orbital pe-
riod. Practical considerations which inform our choice of
¢ are discussed in Sec. IIID.
We introduce an ansatz to Eq. (3.27) which reads
Xa(Xa(0,7),6) = Kal0,7) + Wa(X3(6,7),6), (3.35)
where X 5 is the average (secular) part of X, and W, is
the average-free (periodic) part of X, defined as

1 2m
2w
with 6 and 7 held fixed in the integral.
We expand the average-free part
Wao(Xg,0) = Y 0™ Wi (X, 0), (3.38)

£,m=0

where (W ™), = 0. Note that W2 = 0 is chosen to
enforce constant orbital elements at zeroth order. We
substitute the ansatz [Eq. (3.35)] back into the planetary
equations [Eq. (3.27)] and separate the average part,

dX,,
do

from the average-free part,

— (Qu)y (3.39)

e awém 8wﬁm 8wém
Lem o] L4+1 cm o L sm—+1 o
265 o0 +e€e76 90 + €% oy

£,m=0

B A}—(QQ)’ (3.40)

where the perturbations @, are written in Eq. (3.32) and
we use

dXo = 0X, .0X,
= .41
i oo o (3-41)
in writing Eq. (3.39).
We also expand
- > 1 QO
Qa(Xp+Wp,0) = @ Ws.. W, (3.42)

=0 n! 8)2(30)27

where the periodic parts W, are written in Eq. (3.38),
repeated indices are summed over all ten elements, and
QY = Q(X5,9). (3.43)
The periodic parts W, combine with perturbations Q.
according to Eq. (3.42) and generate cross terms.
Written above, Egs. (3.39), (3.40), and (3.42) are the
central equations which can be iteratively solved to ob-
tain the secular evolution in terms of ¢ to desired order.



To calculate the secular time evolution, one must use the

conversion
dX, o <d¢>
dt ¢>

TR (3.44)

where the conversion factor (d¢/dt), also includes post-

Keplerian corrections and combines with dX, /d¢ to gen-
erate additional cross terms.

D. Discussion on orbit averages

Our discussion above is general as we did not specify
the short-timescale variable ¢. To solve for the cross-
term contributions in Eq. (3.39) we must choose what
phaselike variable to use.

In principle, ¢ can be any phaselike variable character-
izing the inner or outer orbits. In practice, it is difficult
to explicitly write both F' and f in terms of a single vari-
able ¢. To address these difficulties, we choose ¢ = F
and average the perturbations @, over the inner orbit,
using the assumption P, < P,,. This expresses the
equations of motion in terms of F' only:

Q. r) = Sl ~ (i) L ey
where the inner-orbit average is
w, = [Tac Ly s
" P o df
with the inner period is defined as
27
Pi, :/0 j—;df, (3.47)

holding F fixed. The orbit-average defined in Eq. (3.36)
when evaluated with Eq. (3.45) is also consistent with the

J

1 2m

(Qa)?,BpN ~ DK

K
‘Pin 0

1N por [
N (Z?()Q /0 (Xo‘)quad (Z;)K ((?;’)K af =

m

where the last two terms are from post-Keplerian correc-
tions to Pi,.

The leading mixed-order secular terms in (Qa)sppN

usual double-orbit average encountered in the literature
[Eq. (3.26)].

In the inner-orbit average [Eq. (3.46)], we include post-
Keplerian corrections to (dt/df) which combine with X,
to generate additional cross terms:

b ()
el (7).

Cross terms also result from post-Keplerian corrections
to the orbital period:

(3.48a)

(3.48b)

pioN _ / " (dt) df, (3.492)
in 0 df IpN
T dt
pavad / ( ) df, 3.49b
in -\ - (3.49b)
which are order ¢ [Eq. (3.49a)] and €3 [Eq. (3.49b)] be-

yond the Keplerian period PX. Collecting the post-
Keplerian corrections, the perturbations ), can be writ-
ten up to 1pN-quadrupole order as

Qa(Xﬁ;F) = (Qa)le + (Qa)quad + (Qa)BBpN, (350)
where
1 dt dt
(Qa quad — Irf/ Xa (df)}( (d.F)de’
1 dt dt
a)1pN — SK Xa T = d7
(@i = Ef/ (df>K(dF> /

() (1) G o () (i) () (), (i),
(), (), i)+ (3

Pquad

(PK)? /027r [(Xa)le (ZD (dt )K

df

)t (1), ().,

df,

(3.52)

(

come from taking the orbit average <(Q((10))3BPN>F. Ad-
ditional cross terms arise the interaction of (Q.)1pn and
(Qa)quad With periodic variations W, [Eq. (3.42)].



A multiple-scale analysis of the single-orbit-averaged
equations accounts for average-free perturbations peri-
odic with F' but neglects those periodic with f. We
leave an investigation of the average-free f-periodic vari-
ations to future work, but point out that the single-orbit-
averaged equations have been shown to agree well with
N-body integrations in the Newtonian test-particle limit
(m2 < m) [50].

The leading perlodlc parts are WOt and W20 for the

inner binary and W2 and W"‘ for the outer binary.
This can be shown by combining Eqs. (3.29), (3.30) and
(3.45), which leads to the expansions

> 9(Q8)
(Qa)le = (Q&O))le + Z OxX - Wgo
=t ’ 3.53
10 8( (0)> (3.53)
+ Z O‘~ 1pN 507
~ 0X;
((10) quad
(Qa)quad Oé quad—’_[gzl aXﬁ
0 o00) GED
+ Z a~ quad ng’
o~ 0X,

The first two terms on the right-hand side of Eq. (3.61)
are from periodic variations of the inner orbit’s elements.
The third and fourth terms are from periodic variations
of the outer orbit’s elements. The last term is directly

from the equations of motion asppn and from corrections
to (dt/df), (dt/dF), Py, and Py [Eq. (3.52)].

In App. A we present the cross terms as an average
time derivative using Eq. (3.44). With ¢ = F, and con-
verting between F' and t,

B an 2w
i ar Pout.

(3.62)

dX, dX, /dF
dt — dF \ dt

The outer orbital period P,y ;can be calculated with the

where the lowest-order periodic parts are,

F
W30 = / AF(Q)quaa)dF' + C, (3.55)

0

F

wot = / AF(Q)1pn)dF’ + D, (3.56)

0
1<ac<5, (3.57)

for the inner binary, and
70 r 0 ’

We = / AF(Q)quaa)dF’ + E, (3.58)

0
Wil = / AF((QV)1pn)dF’ + H, (3.59)

0
6 < a <10, (3.60)
for the outer binary. The integration constants

C, D, E, H are determined by (W/™)r = 0 and are iden-
tical to those in Eq. (B11) in Ref. [49)].

The total 3BpN secular contribution is

(3.61)
(Q( )3BpN> .
F
[
single-orbit average approximation [Eq. (3.46)] as
J 2w d 27 d
t t t
=2 (), = [ (i) o= [ (i), 2
0 0
(3.63)

We take into account leading-order corrections to Py
from the standard corrections to (dt/dF') [Eq. (3.19)] and
also periodic variations in (dt/dF").

IV. EFFECTS OF THIRD-BODY 1PN CROSS
TERMS DUE TO A SMBH

A. Dominant cross terms around a SMBH

For completeness, we keep cross terms of all powers
in (m/M) in the derivation in Sec. III, but we work on
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FIG. 2. Estimated regions in (a1, a2) in parameter space where 3BpN cross terms are expected to be significant in hierarchical
triples with a SMBH. Each line is found by equating the timescales (or scaling magnitudes X, ) of various effects. The
descriptions corresponding to each line describe the relative timescale of two secular effects in the region to the right of the
line. For example, the solid red line (Quad < 1pN) marks where the quadrupole (LK) and inner 1pN precession effects operate
on the same timescale; to the right of this line (for larger a1, smaller a2) LK effects dominate over 1pN precession in the inner
binary (using criterion from Ref. [51]). We shade the region of secular parameter space where the de Sitter (dS) cross terms
are at least comparable to both 1pN precession and octupole (Oct) effects, and also where the librating cross terms (LB) are

at least comparable to octupole effects.

the assumption that the inner binary’s mass is small rel-
ative to the total mass [Egs. (3.6) and (3.7)]. In this
Section, we closely examine the dominant cross-term ef-
fects when m < M and locate regions in parameter space
where their effects become significant in triples undergo-
ing strong LK oscillations.

We are in particular interested in how the dominant
three-body 1pN (3BpN) cross terms interact with other
secular effects, including the two-body 1pN (2BpN),
quadrupole, and octupole terms. The conventional pic-
ture is that 1pN pericenter precession in the inner binary
will quench eccentricity growth if the timescale for pre-
cession is much shorter than that of quadrupole (LK)
effects [30, 52].

However, in some cases, inner 1pN effects can instead
stimulate eccentricity growth. Refs. [23] and [29] demon-
strate heightened resonantlike eccentricity excitation if
the inner orbit’s 1pN precession timescale is comparable
to the Newtonian (quadrupole and octupole) timescales.
Given this resonantlike behavior between the inner 1pN
and Newtonian terms, it may be unsurprising if the 3BpN
cross terms also lead to resonantlike behavior when their
effective timescale approaches that of inner 1pN or New-
tonian effects.

The mixed-order (§€*) cross terms are higher order
than the inner 1pN () terms. But as ¢ = M/m increases,
so does the relative strength of cross terms which scale
with positive powers of q. We consider the contribution
of the cross terms relative to the inner 1pN precession
effect,

(dwl ) G3/2m3/2 )
dt Jipx a)*(1-¢}) P’

(4.1)

=}

such that the total contribution from all cross terms reads

dX, ) ]
( dt 3BpN Py, gzn;

(4.2)

where f‘™ contains numerical factors of order unity and
factors including e;,wj, ¢;. The scaling magnitude,

4 m
= () (3)
m as

can be used as an estimate for which cross terms will be

dominant or subdominant given an initial set of triple

parameters. Since the semilatus rectum has dimensions

of length, we compensate by defining f}! with an ad-

ditional factor of p; so that a given perturbation leads

to the same scaling factor Ay, across all elements. The

inner 1pN precession term [Eq. (4.1)] has a scaling mag-
nitude of X9 = 1.

We compare the cross-term scaling magnitudes for
a generic hierarchical triple system with m; = mo =
25My, m3 = 4 x 105M, and initial semimajor axes
a; = 1 AU and as = 2000 AU. For a wide portion of
parameter space, when m < M, the dominant 3BpN ef-
fect on the inner binary is the geodetic (de Sitter-like)
precession of the inner orbit’s vectors, e; and ji, as they
are parallel transported around the SMBH. This de Sitter
cross term, which comes directly from the EIH equations
(asppn), induces the orbital element @y = wi + Q4 cos ¢q
to precess at the rate

(4.3)

(@) _ G¥P(4m + 3mg)mg
dt /3BpN 2M1/262ag/2(1 —€2)

Ccos ¢, (4.4)



and has a scaling magnitude X%% = 0.13, ignoring
smaller corrections proportional to X 15 = 107X 33,

For the same initial parameters, the second dominant
cross-term effect perturbs the pericenter at a rate

(%) _15G3?mam €3(1+ by — 203)
dt /3BpN AM Y 2a1a3 %2 G(1+02)
1+ cos?t

X ( COS ¢ COS 2w1 €os 2wy + sin 2wq sin 2w2) ,

(4.5)

where {1 = \/1 — €% and l5 = /1 — €2, and has a scaling
magnitude X 13 = 3 x 1073, In isolation, the cross-term
effect in Eq. (4.5) will lead to bounded oscillations in wj.
For this reason we refer to Eq. (4.5) as the “libration”
cross term. The term arises from the interaction of the
inner 1pN precession with outer quadrupole effects. Note
that if the 1pN-binary precession [Eq. (4.1)] is dominant,
the libration cross term will average out.

The third dominant cross terms arise from the inter-
action of inner quadrupole effects with the outer 1pN
precession. Unlike the previous two cross terms, these
perturbations affect all inner orbital elements, and are
presented in App. A; as an example, we write the per-
turbation on eccentricity below:

3
2

<@ ) 15G32M2aY ety
dt /spN  32c2ml/2a) 0}

X sin 2wy — 4 cos ¢ cos 2wy sin 2ws| — ge, sin? ¢ sin 2w1>
(1.6)
where

e, = 6(8 + 3€3 + 4de3). (4.7)
These effects have scaling magnitude Xpy = 4x 1074, and
are the leading relativistic corrections to the quadrupole
effect. Therefore, we call terms that scale as Xoy as
“relativistic-LK” cross terms. The scaling X5, suggests
that the relativistic-LK cross terms will surpass the li-
bration cross terms in magnitude when ¢ > ¢5/3. Other
cross terms besides those written in Egs. (4.4)—(4.6) are
negligible with scaling magnitudes X31, Xa9 < 1075,
Although the scaling magnitudes X7, quoted above
are specific to a system with initial parameters
(a1,as,m, M) = (1AU,10*AU,50Ms,4 x 105My), the
general conclusion is the same in much of parameter
space: the de Sitter, libration, and relativistic-LK cross
terms [Eqs. (4.4)—(4.6)] represent the dominant relativis-
tic three-body secular effects. For the remainder of the
paper, we focus on the effect of these three dominant
cross terms and neglect other subdominant cross terms.
Inspired by recent direct detections made by LIGO,
we choose my; = 30Mg and mg = 20My. As the mass
ratio ¢ increases, so does the region of (a1, as2) parame-
ter space where cross terms are expected to be signif-

(e%@ [(3 + cos 2u) cos 2w,

11

icant. When ¢ = 107, the resolution required to re-
solve quadrupole effects becomes computationally bur-
densome, as the quadrupole timescale goes as /m/M
[29].

Given the masses and initial eccentricities, we can iden-
tify regions in parameter space where the cross terms
are significant by comparing timescales for various effects
(Fig. 2). Our primary interest lies in triples where the
LK effects may lead to eccentricity growth, so we demand
that the inner 1pN precession not squash LK effects (c.f.
Eq. (10) in Ref. [51]). Another constraint we impose is
that the GW timescale is longer than the LK timescale
(c.f. Eq. (31) in Ref. [33]). We must also stay in the re-
gion of parameter space where the secular approximation
is valid. We use the criterion from Ref. [53] and restrict
our initial parameters assuming the maximum eccentric-
ity achieved is e; = 0.99. This limit is somewhat arbi-
trary, since we also verify the secular criterion for each
evolution a posteriori. Finally, we estimate where the de
Sitter precession rate exceeds the inner 1pN prececssion
rate, and where the librating cross term exceeds the oc-
tupole terms. We set ms = 2 x 107 Mg and eg = 0.8,
and we leave a wider exploration of parameter space and
larger mg to future work.

B. Case study

In this section, we discuss two examples of resonantlike
behaviors induced by the 3BpN terms. We demonstrate
the effect of these behaviors by comparing evolutions:
one with and without 3BpN cross terms. We restrict our
attention to the three dominant cross-term effects dis-
cussed in Sec. IV A and initially neglect octupole effects
and GW dissipation. Later in Sec. IV C we discuss the
3BpN effects conjunction with octupole effects and GW
dissipation.

In Fig. 3, we plot the various parametrized trajectories
in phase space each with the same initial value for

0, =4/1—¢e?cost.

When only including quadrupole and 2BpN effects, ¢, is
a constant of motion in the test-particle limit (mg — 0).
Although we work outside the test-particle limit, we con-
sider systems where the ratio of inner to outer angular
momentum is sufficiently small Li/Ly ~ 0.008 so that
¢, is still nearly constant [24]. Since ¢, is nearly con-
stant, the trajectories are closed and exhibit either libra-
tion or circulation (see Ref. [52] for a review). Circulat-
ing trajectories are those for which w; spans all values
in (0,27), increasing or decreasing monotonically with
time. Librating trajectories are those for which w; spans
a subset of (0, 27), oscillating with a constant amplitude
about the fixed point. The separatrix is the trajectory
separating the two types of behavior.

The cross terms lead to the thickening of both librat-
ing and circulating phase space trajectories. This is due

(4.8)
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FIG. 3. Three-body 1pN (3BpN) effects for a librating sys-
tem, including quadrupole (Quad), inner and outer 1pN pre-
cessions (2BpN), and 3BpN effects. We plot trajectories in
(t1,w1) phase space (top) and (e1,w:) phase space (bottom)
for a triple with (m1,ma, m3) = (30Mg,20Me,2 x 10" Mg),
ez = 0.8, and (a1, a2) = (0.10 AU, 209.84 AU). Each trajec-
tory is initialized with wi = 90°, we = 282.27°, 1 = 192.5°,
and Q> = 12.5° but with different initial e; and ¢1 such that
L, =+/1—ejcosty = —0.6593. In the limit that m/M < 1
and a1 /a2 < 1, when only considering 2BpN and quadrupole
effects, the z-component of the angular momentum of the in-
ner binary £, [Eq. (4.8)] is nearly constant (left). As a result,
all trajectories are closed and either exhibit circulation or li-
bration. 3BpN effects lead to thickening of the phase space
trajectories. For librating trajectories inside the separatrix,
3BpN effects can significantly modulate the amplitude of LK
cycles, filling nearby regions of phase space (blue). The time
evolution of the blue trajectory is plotted in Fig. 4. Trajec-
tories near the separatrix switch between librating and circu-
lating (red).

to cross-term induced oscillations in the Newtonian-order
angular momentum expression, which causes £, to oscil-
late. A similar cross-term effect is described in Ref. [35].
As /£, oscillates in time, the triple’s trajectory in phase
space migrates through multiple nearby “closed” tra-
jectories corresponding to different initial ¢,. For tra-
jectories near the separatrix, this causes the system to
switch between circulation and libration (red trajectory
in Fig. 3). We note that a similar effect can be seen in
triples where the octupole terms have a strong influence
on the dynamics (c.f. Fig. 4 in Ref. [23]), but is identified
here due to the influence of cross terms.

Maximal eccentricity growth in the inner binary oc-
curs when 3BpN effects are comparable to 2BpN effects
in magnitude. Fig. 3 (blue trajectory) shows an exam-
ple of this behavior in phase space. The addition of
cross terms significantly thicken the librating trajectory,
completely filling the interior region. The evolution over
time for the same system is shown in Fig. 4 (top panel).
The amplitude of LK oscillations in eq, ¢t1,w; changes as
¢, modulates about its initial value and is larger when
0.(t) < £,(0) and smaller when £,(¢t) > £,(0). We find
that the opposite is true for retrograde systems.
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FIG. 4. Evolution of a triple system exhibiting the 3BpN
librating resonance. We plot the time evolution (top) includ-
ing quadrupole and 2BpN effects (red), and the time evolu-
tion including quadrupole, 2BpN, and 3BpN effects (blue) on
the inner binary. With 3BpN effects, the angular momentum
component £, oscillates about its initial value. This induces
modulations in the amplitude of LK oscillations in eq, ¢1, and
w1, which reach a maximum when £, is at a maximum (e.g.
near t = 350 yr). We also show the instantaneous magni-
tudes of quadrupole, 2BpN and all 3BpN perturbations on é;
[Eq. (4.9)] in units of yr~" (bottom).

In Fig. 4 (bottom panel), we also plot the individual
contribution from each effect toward the perturbation on
the inner binary’s orbital vector,

- d(€1’l’l)
| dt

dey
dt

(4.9)

where n is the unit vector pointing toward the pericen-
ter [Eq. (3.15)]. The three dominant perturbations on
the inner binary are from the quadrupole (“Quad”), in-
ner 1pN precession (“2BpN”), and de Sitter precession
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FIG. 5. Three-body 1pN (3BpN) effects for a circulating sys-
tem, including quadrupole (Quad),inner and outer 1pN pre-
cessions (2BpN), and 3BpN effects. We plot trajectories in
(t1,w1) phase space (top) and (e1,w:) phase space (bottom)
for a triple with (m1,ma, m3) = (30Mg,20Me,2 x 10" Mg),
ez = 0.8, and (a1, a2) = (0.94 AU,191.86 AU). Each tra-
jectory is initialized with w1 = 90°, we = 120°, Q; = 89.1°,
and Q2 = 269.1° but with different initial e; and ¢1 such that
l, =+/1—e1costy = 0.4449. For circulating trajectories out-
side the separatrix, 3BpN effects can significantly modulate
the the amplitude of the LK cycles, filling nearby regions of
phase space (blue). The time evolution of the blue trajectory
is plotted in Fig. 6. Trajectories near the separatrix switch
between librating and circulating (red).

(“dS”). We find that significant modulations only oc-
cur, however, when including the relativistic-LK effect
[Eq. (4.6)]. The period of LK oscillations is about 10 yr,
while the cross terms induce coherent modulations to the
LK oscillations with a period of about 700 yr. Through-
out the evolution, the dS cross terms exceed the 2BpN
perturbations,

d61
dt

d61

- (4.10)

ds 1pN
In general, we find that in systems where Eq. (4.10) is
true at some point, there is nontrivial addition of the
3BpN and 2BpN effects leading to resonantlike modula-
tions resembling Fig. 4. On the other hand, when the
cross terms are always subdominant to 2BpN terms, the
modulations are suppressed.

In Fig. 5, we show an example of a second resonantlike
effect for circulating trajectories. Similar to the librat-
ing behavior, the phase space trajectory is substantially
thickened so the system spans a larger range of incli-
nation and eccentricity. However, unlike the librating
effects, the circulating trajectory undergoes LK oscilla-
tions where the mean eccentricity changes with £, and the
LK oscillation amplitude is roughly constant (Fig. 6, top
panel). During the peaks in the LK oscillations, the dS
and 1pN perturbations can exceed the quadrupole per-
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FIG. 6. Evolution of a triple system exhibiting the 3BpN
circulating resonance. We plot the time evolution includ-
ing quadrupole and 2BpN effects (red line, top), and the
time evolution including quadrupole, 2BpN, and 3BpN ef-
fects (blue line, top). We also show the instantaneous mag-
nitudes of quadrupole, 2BpN and all 3BpN perturbations on

é1 [Eq. (4.9)] in units of yr™'.

turbations, so that

d€1
dt

d€1
dt

d€1
dt

d61

d -
an di

quad

(4.11)

1pN quad ds

For the system plotted in Fig. 6 (bottom panel), this
occurs during the high-eccentricity phase of the modula-
tions, when £, < £,(0).
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FIG. 7. 3BpN effects on a population of merging triple systems. We plot the maximum eccentricity e1,max, residual eccentricity
in the LIGO band e1,Lico, and the merger time tmerge for evolutions with and without 3BpN effects (left). We also plot the
change in each quantity after adding 3BpN effects (right). For systems with moderate inclinations 35° < 1o S 75°, 3BpN
effects lead to enhanced eccentricities up to €1, max 5 0.99, creating a “shoulder”-like cluster in the final distribution. In these
systems, the interaction of octupole and 3BpN effects lead to large modulations in the LK oscillations that significantly increase
eccentricity. We plot the time evolution of a representative system exhibiting this mechanism in Fig. 8, which is also plotted

above with a green dot.

C. 3BpN effects on a population of triples

To study how 3BpN perturbations systematically af-
fect a population of triples, we focus on the region of
parameter space described in Fig. 2, where 3BpN effects
are expected to be significant. We generate initial sepa-
rations for 10,000 triples by sampling a log-uniform dis-
tribution within this (a1, a2) region and set ea = 0.8,
my = 30Mg, ma = 20My and m3 = 2 x 107 M. For the
inner eccentricity we assume an initially thermal distribu-
tion, uniform in e?. We also assume an initially isotropic
distribution so that Q;,w;, cos¢; are uniformly sampled
across all possible values. For each evolution we include
quadrupole, octupole, and two-body 1pN secular effects
on the inner and outer binary, as well as GW dissipation
in the inner binary. We evolve each system twice — with
and without 3BpN cross terms. We integrate the secu-
lar equations using GSL, which implements the explicit
Dormand-Prince (8,9) method with adaptive time steps
[54]. We ensure that numerical errors do not impact our
overall conclusions by comparing evolutions with differ-
ent error tolerances, €, = (107*5,107*2), which control
the time step.

As the inner binary shrinks due to GW dissipation, it
eventually enters a GW-dominated regime and decouples
from the outer orbit. We integrate each system until the
Keplerian orbital frequency reaches f,.1, = 5 Hz, approx-
imately corresponding to a gravitational wave frequency
of 10 Hz, the lower edge of the LIGO sensitivity range,
after which we consider the system “merged”. For the

masses we consider, this occurs when

2
orb

Gm 1/3
a; = ( ) =43x 107> AU=44 R,, (4.12)

where R, = 2Gm/ c? is the gravitational radius. All sys-
tems in our population merge before a Hubble time,

tmerge < tn = 1.38 x 10" yr, (4.13)

which is expected given that the timescale for GW dissi-
pation is [55]

ay 5 ¢ al(l—e)/?

t s S
W Nday/dtygy|  64G® mymam

ay oNT7/2
0.1AU) (1=en) ™
For systems that achieve large eccentricities through the
LK resonance, e; 2 0.9, the merger timescale can de-
crease by up to three orders of magnitude. When ec-
centricity is very large, €1 max 2 0.999, the evolution be-
comes nonsecular, which we identify using the criterion
from Ref. [53]. We neglect these nonsecular evolutions in
our analysis, which account for 4.0% of all runs.

In Fig. 7, we compare the effect of 3BpN terms on
the maximum eccentricity €1 max, the merger time ¢y,erge,
and the residual eccentricity upon entering the LIGO fre-
quency band epjgo as a function of initial inclination.
We define er1co as the eccentricity when the frequency
of the peak GW harmonic reaches 10 Hz:

2 forn (1 + €)' 195
(1—e)r

(4.14)
— 4.3 % 10° yr x (

=10 Hz. (4.15)

faw =



We also plot the fractional change in merger time defined
as

3BpN 2BpN
Atmerge _ tmegge - tme?ge ) (416)
. 3BpN 2BpN
<tmerge> % (tmelr)ge + tme?ge)

When including 3BpN effects, a shoulderlike cluster in
the maximum eccentricity distribution appears around
0.95 S €1max S 0.99 for systems with initially mod-
erate inclinations 35° < 19 < 75°, where ¢ is the ini-
tial mutual inclination. In these systems, the 3BpN ef-
fects lead to a preferential increase in e; max and e1 1o,
and decrease in tmerge- This effect is strongest when the
2BpN and 3BpN (de Sitter) perturbations can briefly ex-
ceed the quadrupole perturbations [Eq. (4.11)]. The re-
sulting behavior resembles the effects shown in Fig. 6,
where coherent perturbations to the LK oscillations oc-
cur with some characteristic amplitude and frequency.
For these coherent perturbations to occur, the de Sitter
term [Eq. (4.4)] must be the largest cross term, followed
by the relativistic-LK terms [Eq. (4.6)],

dey
dt

dey
dt

dey
dt

d€1

— <
dt

~

1pN

~

ds

(4.17)

RLK quad

Including the octupole terms can enhance the 3BpN
effects and lead to larger eccentricities than with
quadrupole terms alone. We show an example of this in
Fig. 8, also plotted with a green dot in Fig. 7. Initially,
the system undergoes LK oscillations with a period of
about 5 yr. During the first few LK cycles, the eccentric-
ity oscillates between 0.2 < e; < 0.8, while the inclina-
tion oscillates between 39° < 11 < 60°. The 3BpN cross
terms induce periodic modulations to the LK oscillations
(similar to Fig. 6) that occur over a period of about
300 yr. Over longer timescales around 0.05—0.1 Myr, the
octupole terms interact with the 3BpN cross terms lead-
ing to cycles of enhanced eccentricity growth, reaching
up to e1,max = 0.986. Eventually, the 2BpN precession
arrests these octupole modulations near a phase of high
eccentricity (around t ~ 3.6 x 10° yr) and the system
transitions into a GW-dominated regime.

For highly inclined systems 80° < 1o S 100°, the
coherent modulations cease to be coherent if the rela-
tive ordering of the various cross terms is different from
Eq. (4.17). For instance, if the maximum eccentricity
is sufficiently large €1 max < 0.99, the libration cross
terms, which go as e;/;? [Eq. (4.5)], can become sig-
nificant. In these systems, the cross terms lead to a sys-
tematic suppression of eccentricity growth and delayed
merger times (Fig. 7). For moderately retrograde sys-
tems 120° < 1o S 160°, the 2BpN and 3BpN perturba-
tions approach the quadrupole perturbations in magni-
tude, resulting in modulations with no characteristic am-
plitude or frequency. Although these systems may reach
large eccentricities, where ej r1go0 > 103 (Fig. 7), the
long-term evolutions for these systems do not converge
with our current code, unlike the coherent modulations

15

observed in systems with initially moderate prograde in-
clinations (Fig. 8). We leave further investigation of these
non-coherent behaviors to future work.

V. DISCUSSION

In this paper we derived and investigated three-body
post-Newtonian (3BpN) secular effects in hierarchical
triples containing a SMBH. We expanded the Lagrange
planetary equations to 1pN-octupole order with a two-
parameter perturbative expansion in the pN parameter
d = v/c and the ratio of semimajor axes € = a1 /as. Using
a multiple scales method, we derived secular 3BpN terms
that can significantly change the evolution of the inner
binary. Upon request, we will provide a Mathematica
notebook that contains a complete derivation.

When the mass of the inner binary is relatively small
(m < M), three dominant 3BpN effects emerge. The
main effect is the de Sitter precession, which parallel
transports the inner orbit’s angular momentum vector
along its path around the tertiary. Other dominant
effects include 1pN corrections to LK oscillations and
three-body corrections to relativistic precession. While
the dS term comes directly from the EIH equations, the
other 3BpN terms arise from the interaction of lower-
order perturbations and can be derived with a multiple-
scale analysis.

For a population in the parameter space where 3SBpN
effects are expected to be important, we found system-
atic eccentricity growth for systems with initially mod-
erate inclinations. The 3BpN effects altered the evolu-
tion of these triples by inducing coherent modulations
in the quadrupole LK oscillations, which led to a larger
range in eccentricity and inclination. The octupole terms
enhanced the 3BpN effects inducing greater eccentric-
ity growth, and caused systems to merge more rapidly
through GW dissipation. At high inclinations, the mod-
ulations become less coherent, with varying amplitude
and frequency, and can suppress eccentricity growth.

With orbit-averaged methods, one can only get an es-
timate on the merger times and eccentricities. It would
also be insightful to compare results from this analysis
with integrations from N-body codes that include all
3BpN effects. Given the rich and complex behavior we
observe in this analysis, further work is warranted to fully
explore the implications of relativistic three-body effects
in hierarchical triples.
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Appendix A: Appendix

We present the all the three-body pN secular
terms through 1pN-quadrupole order (e3/c?) for general
masses. We also present the 1pN-octupole order (e*/c?)
terms to lowest order in (m/M).

Since the equations are lengthy, we organize their pre-
sentation by distinguishing the direct cross terms which
come directly from asppn, from the indirect terms which
come from the interaction of lower-order corrections to
(dt/df), (dt/dF), Py, Pout, and periodic average-free per-
turbations W,.
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The equations are written in terms the total inclination L =11+t and ¢q.
J

1. Direct cross terms

The direct cross terms come directly from asppn [Eq. (3.13)] inserted into the planetary equations [Eq. (3.17)—
(3.19)], which are then orbit averaged [Eq. (3.26)] using the Keplerian-order expressions for (dt/df), (dt/dF), Py and
Pout:

~ 27 27
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156, G3/2M2p% 203 (sin (2w1) (—e2(cos(2e) 4 3) cos (2ws) — 128in%(1)) + 4e3 cos(r) sin (2ws) cos (2w1))

32¢2\/mp3l3
3ereay/T — AnG3/2 M3/ p 3 sin(1) (5 cos(2t) — 11) sin (wy) cos (wa) — 14 cos(t) sin (wz) cos (w1)) (A9)
16c2py/* (2
B 3G3/2M2p§’/2£§ sin(¢) (€3 sin (2wz) (—5e? cos (2wy) + 303 — 5) — 5e? cos(¢) sin (2wy) (6 — €3 cos (2w2)))
16¢2\/mp3tt
A (3/2 V3/20, 03
3627/3 G M 1 (cos(L)(1 cos(wy) cos(wa)(—5(e3 + 207 — 463 + 2¢;) cos(2w; ) + 2047 (A10)
8c2py /1T — 0103(4, +1)5/2 2

42003 + 02 — 1801 — 9) — 17(¢, — 1)(¢1 4+ 1)3sin(v) cot(1) sin(wy ) sin(wy)) + cos?(¢) sin(w; ) sin(ws) ((¢1 (¢1

x (01 (17€1 +44) 4+ 7) — 30) — 15) sin®(wy) + (€1(301 — 2)(£1(9¢1 + 14) 4 10) — 10) cos®(wy)) + 5 cos> (1)

x cos(wy) cos(wa) (€1 (—£3 4+ 403 + 01 — 2) — 1) sin®(wy) + £1 cos®(w1)) — T(¢1 — 1)(£1 + 1)3 sin(z) cot (1)

x cos(wi ) cos(wy) + sin(wy ) sin(ws ) (541 sin?(wy) — 51 (L1 ((£1 — 4)01 — 1) +2) + 1) cos?(wy) — 4(¢1 + 1)*(3¢3 — 2)))
G3/2M2 3/253

322 /mpirt
+20e302 cos(t) sin(2wy ) sin(2ws) + sin(2¢) cot (1) (6 — €3 cos(2ws))(—5e? cos(2wy) — 362 4 5) — 3¢2(5 cos(2w1)

+1)(e3(— cos(2wz)) — 2))

<1()efe§ sin(¢) cot(vy) sin(2wy ) sin(2wa) — £2 cos(2¢) (5 cos(2w) — 3)(6 — €3 cos(2ws))

_3ereay/T— AnG3/2 M3/ %03 sin(v) esc (11) (17 cos(z) sin (wq) sin (wa) + 7 cos (w1 ) cos (wa)) ALl

8c2py/ 03 —

3G3/2 M2 3/2Z2 sin(c) esc (1) (5efed sin (2wy) sin (2ws) + cos(z) (6 — €3 cos (2ws)) (—5ed cos (2wr) — 363 + 5))
16¢2\/mp3tt

2. Indirect cross terms due to corrections to (dt/df), (dt/dF), Pn, and Pous

These cross terms come from 1pN and quadrupole corrections to (dt/df), (dt/dF’), Py, and Py, which combine
with perturbations from aquaq and aipn-.

a. Cross terms from (dt/dF)ipn X (Xa)quad

These cross terms come from 1pN corrections to (dt/dF) which combine with (X4 )quad:

5 2 27
o Lof(x df dF. Al2
dt PK / Pllé ( )quad (df) ( >1pN f ( )
0 0
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dpy  1562G3/2M2p} (3
dt — 32c2\/mpilt

X sin(2w,) COS(2w1)>

(sin(2w1)((€§ +12)(cos(2¢t) + 3) cos(2ws) + 4(¢2 — 4) sin®(1)) — 4(£3 + 12) cos(1) (A13)

23 3/2
% _ 15@&1‘462 f;jfé; (sin@wl)((eg 1+ 12)(cos(2e) + 3) cos(2ws) + 4(62 — 4)sin(1)) — 4(¢2 + 12) (A14)

x cos(¢) sin(2wz) COS(2w1)>

dy 3M263(Gpy)3/? sin(1)
dt 32¢2\/mpili

— 1) cos(2wy) + 303 — 5))

(56? cos(t) sin(2wy ) ((£3 4 12) cos(2ws) — 203 + 8) + (£3 + 12) sin(2ws ) (5(¢2 (A15)

dwy  3MZ03(Gpy)3/?

At 162 /mpie?
+4)) + sin® (wo) (303 4 4) cos(t) (402 cos(v) + (5 — 4¢7) sin(1) cot(21)) — £3(£3 — 20))) 4 £2 cos? (w1 ) (cos? (w2)
x ((£2 —20) cos(¢)(sin(z) cot (1) — cos(t)) + 4(303 4 4)) + sin®(wo) (3¢ + 4) cos(¢)(sin(¢) cot(11) — cos(t))

<sin2(w1)(0082(w2)((€% —20) cos(1) (462 cos(v) + (5 — 40%) sin(1) cot(11)) — £2 (303 (A16)

+ 4(5% —20))) + 10((% + 12) sin(ws) sin(wq ) cos(wy ) cos(wg)(%f cos(t) — (E% — 1)sin(¢) cot(e1)) — 4@(5% - 4))

dQy  3M?(3(Gp1)®/?sin(e) esc(iy) . )
7; = 16012\/>p4€4 ! (56%@% +12) sin(wy ) sin(2ws) cos(w; ) — cos(1)((£3 + 12) cos(2wsy) — 203 (A17)

+ 8)((5 — 4¢2) sin?(wy) + £2 cosz(wl))>

b.  Cross terms from (dt/dF)quaa X (Xa)1pN

These cross terms come from quadrupole corrections to (dt/dF) which combine with (X4)1pn:

dt dt
— . 1
= e [0, (), () o i

—9 -1 292 -1 293 /
% :607 JnGm(ty 5 >2 il (52 )t3/Gmp ((cos(2L) + 3) sin(wy) cos(wy ) cos(2ws) — 2 cos(¢) sin(2ws) (A19)
c2e?esps

X cos(2w1))

de; (6 —1)°6(fs — 1)*63(Gm)*/(=5n + 11nt, — 144, +10) .
== 2 2 A2
7 1S o (cos(2¢) + 3) sin(ws ) cos(wy ) cos(2w2) (A20)

— 2cos(t) sin(2wy) COS(2w1)>

dwy _3n(6 — 1% (0 — 1)°63(Gm)?/
— = 4 2 2 2 —22 2 2 A21
it e (cos(20) + ) cos(2w1) cos(2ws)(Tn + £1(=220 + (3 + 21 +28)  (A21)

—22) — 8(¢1 + 1) sin®(¢) cos(2wa ) (—Tn + 3nfy + 21 + 22) + 16 cos(¢) sin(2wy ) sin(2ws) (71 + £1(—227

+ 3nly + 20 + 28) — 22))
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c.  Cross terms from (dt/df)ipn X (Xa)quad

These cross terms come from 1pN corrections to (dt/df) which combine with (Xa)quad:

dt
& Pl / PK/ quad< > o <dF)de dF (A22)

dpi 3G/ /mimap?/ 3 sin® (1) sin(2w1) (7 — 3(n + 2)65 + 16(n — 5)63 — 17(n — 10)¢% + (3n — 122)¢2 + 38) (A23)
dr 8c2eip3ls

3G3/2 0 —1)203 in(2
% _ \/ﬁm3\/171(16lc26 )*45 sin ( ) sin(2w1) <77(€1(3€1(£1(3€1 —8)+10) —2) — 1) + 241 (41 (44 (A24)
1P 2

x (50 + 66) — 32) — 38) — 38>

diy _SGS/Q\/ﬁmg\/pTég sin(2¢) sin(2wy ) (n — 3(n + 2)¢$ + 16(n — 5)¢3 — 17(n — 10)4] + (3n — 122)¢2 + 38) (A25)
dt 32c2eip303

dw1 _G3/2\/ﬁm3\/>(€1 — 1)2€g
dt 32c2e$p302

x 01 +92) 4+ 8) — 2(n + 38)) — 38) + 67 sin”(¢) cos(2w1 ) (n((£1 — 2)01 (261 (361 + 8) — 17) + 17) + 24, (1 (24
X (£ +14) +63) — 74) — 74) + £3(¢1 + 1)(3cos(2) + 1)(3(n — 10) + £1(3(n — 10) + 261 (—4n + (3n + 2)¢,

( — 62 sin(r) cos(¢) cot(t1) cos(2wy ) (—n + £1(€1(—6n + £1(=10n +3(n +2)  (A26)

+22))) = 3(¢1 — 1) (€1 + 1)3sin(2¢) cot(e1) (=1 + (91 + 2)63 — 38))

Q,  3G3/? 1l 5(¢) s
% ‘Fms*{;j b;néz) cos(e) cse(u) ((z1 — 1)2 cos(2w1 ) (= + €1.(£ (=61 + €1(—100 + 3(n + 2)64 (A27)
1 2

+92) +8) — 2(n +38)) — 38) —ef(—n + (99 +2)3 — 38))

d.  Cross terms from (dt/df)quaa X (Xa)1pn

These cross terms come from quadrupole corrections to (dt/df) which combine with (Xg)1px:

dt
t out / PK / 1pN ( )quad <d‘F>de " (AQS)

dpi 3(n — 2)G¥>/mmapy > (L(6 +4) — 9)64 + 503 — 1)3 sin® (1) sin(2wy)

dt 2c2elp30? (A29)
3G3/? 0 —1)%43 in(2
dey _ Vinms /Pl — 1)*Gsin® () sin(e) ¢ 1+ 1l (0 (€1 (50, + 28) — 42) — 2) — 20, (£, (4, (A30)
dt 16¢2elp3
x (701 + 22) — 56) + 6) — 6)

dwy G2\ /mms /P16 — 1)%43 .92

W = 320266])3 6 sin (L) COS(2W1)(T]((€1 - 2)51(2£1(3€1 + 8) — 17) + 17) + 261 (51(2€1 (A31)
1P2

X (€1 + 14) + 63) — 74) — 74) + (61 + 1)(3cos(2e) + 1)(3(n — 10) + £1(3(n — 10) + 264 (—4n + (3 + 2)¢1 + 22))))
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e. Cross terms from PinN X (Xa)quad

These cross terms come from 1pN corrections to P, which combine with (Xa)quad:

~ 27 27
dX, 1 preN . dt dt
« —Zin X, = ) df dF A32
dt  PK / (Pﬁf)?/( )quad (df>K<dF>K f dF, (A32)
0 0

out

where above we expanded 1/P;, [Eq. (3.45)] to linear order in PiipN and

P1PN7<dt) df = K(Gm) e2(—(21n +8)) (f1 + 1) + 21y + £, (21 + £1 (80 — 1 (941 +49)) +8) + 8
i df o\ pre? 1+ 4 '
(A33)

PN que to periodic perturbations since PX only depends on the elements e; and py,

There are no contributions to P,

which are not perturbed at 1pN order. Pi;pN does not depend on F' and can be factored outside the outer orbit integral
[Eq. (A32)]. As a result, these cross terms are equal to the usual secular quadrupole terms times a multiplicative

factor:
dX, PPN (ax,,
L = A34
dt ng dt (A34)
quad

where the secular quadrupole terms can be found in the literature (e.g. Refs. [49, 56]).

f. Cross terms from Pquad X (Xa)le

These cross terms come from quadrupole corrections to P, which combine with (Xa)le:

it 27 2
aX ! e s dt dt
. 5 Xa = (55) dfdr A
dt nglt / (Pllrf)z / ( >1pN (df)K (dF)K if ’ ( 35)
0
where above we expanded 1/P;, [Eq. (3.45)] to linear order in Pquad and
Fla o [(dt
PQuad / () + W30_= () d A36
in ) [ df quad B 8X5 df K f ( )
1 F))3p3
=Py sl ;j:n;z(s \pi ( —5(302 — 7)(6 cos(20) sin?(F + ws) 4 3cos(2(F 4 wy)) + 1) — 3(1702 — 49)

x c0s(2w1 )(—2 cos(2¢) sin?(F + wa) + 3 cos(2(F + ws)) + 1) + 12(49 — 17¢%) cos(¢) sin(2w; ) sin(2(F + wz)))

The periodic contributions average to zero, so the only correction comes from (dt/df )quad, leading to

dwi 3G *m3l3/mpy (6 (1763 — 49) sin®(¢) cos (2w1) + 5 (367 — 7) (3cos(2t) 4 1))
dt 64c2p3l3 '

(A37)

g. Cross terms from PoftN X (X )quad

These cross terms come from 1pN corrections to Py, which combine with (Xa)quad:

X, PlptN 7 dt\ [ dt
- ou SN g aF A
o [ 5,0 (), () e (3%




23

where
27
dt 51 0 [ dt 3GM Y\ (=3 + 03)(—5 + 203)
1IpN _ at 3 at K 2 2
w= [1(F), s ) - Ga) == o
These cross terms are equal to the usual secular quadrupole terms times a multiplicative factor:
dX, PPN (dX,
- A4
dt ~  PK dt (440)
quad
h.  Cross terms from P x (Xo)1pn
These cross terms come from quadrupole corrections to P,,; which combine with (Xa)le:
dX. P‘*“ad 7 dat\ [ dt
= - — ) df dF A4l
dt out /PK-/ le( >K<dF>Kf ’ ( )
where
I/ o (d Wz o (d
. t 70 t t Io t
Pg?:d:/ () + Wi — () sz/<(> + W2 < ) > dF (A42)
3 d quad aXB dr K 3 dr quad ? 8X,3 dr in
T T[4 o (d d
IR AN C)
= — + W2 — | —= — | df dF
0/ P O/ (dF quad ? aXﬁ dF K df
2
PR P (o ) | = B(=8(A1 — Au) (A + A2)5 — 3UA(3(AF + BAZ + 4)63 — 20) — 663
5 (9) (e ) (— 30800 = 4004+ A0 - 364304 +347 + 00— 20) — o83
x (A2 +3A3 +4)03 — 20) + 405(3(A2 + A2 +2)03 — 10) + 6(7TA? + 13A3 + 20)034y + 3(TA? + 13A3 +20)43
— A3(403 — 5) (Lo (Lo(la(£o(8ly — 27) — 54) + 12) 4 78) + 39) + A3 (407 — 5) (L2 (Lo (L2(L2(802 + 9) + 18)
—12) — 42) — 21) — 100(2¢3 + 1)) — 6£5(—5e?(cos(2t) + 3) cos(2w1 ) cos(2wy) — 20€? cos(t) sin(2w; ) sin(2wy)
+2(362 — 5)sin(1) cos(2w2))) ,
where

A] = cos 1 coswy coswsy + sin wy Sin we

Ao = coS 1 Ccosws sinwy — cos wi Sin wg

. . (A43)
A3 = coswi coSws + COS L Sin wy sin wg
A4 = coswsy sinwy — oS ¢ cos wy sin wa.
These cross terms are equal to the usual secular quadrupole terms times a multiplicative factor:
dX,  Ph (dX,
2= Ou}t( - (A44)
dt Py dt
quad

3. Indirect cross terms due to periodic 1pN perturbations

These cross terms come from average-free, periodic 1pN perturbations which combine with perturbations from
Qquad- The inner binary periodic perturbations do not generate secular effects,

/Z Wit wdF—O (A45)
t out ﬁ




24

The outer binary periodic perturbations generate secular effects which read

21 a quad
w2 dF. A46
/ > wh 2% (46)

t out

a. Cross terms from periodic 1pN effects on the outer binary

dpy _156%G3/2m pi/zﬁg
dt 32¢2/mMp3ls

<sin(w1) cos(w1)(cos®(wo)(Ly, — cos?(1)Ky,) + sin?(wy) (Ky, — cos?(1)Le,)) (A47)

— 2F}, cos(t) sin(2ws) cos(2w1)>

del 15elm3£3(Gp1)3/2
At 2562 Mpi2y/m

— 2sin?(1)(Ky, + L(ZQ))

<8Fg2 cos(t) sin(2ws) cos(2w1 ) + sin(wy ) cos(wy ) ((cos(2¢) + 3) cos(2ws ) (Ky, — Ly,) (A48)

3 3/2 o
% 3m§icg?/@§wpf;l(b) (Feg sin(2ws ) (5e? cos(2wy) — 367 + 5) + Ze% cos(t) sin(2wy ) (cos(2ws) (K¢, — Ly,) (A49)

+ Ky, + L62)>

dw1 - 3m3€§(Gp1)3/2
dt 642 /mMpiet
+ sin?(wy ) (sin? (wa) ((5 — 463) sin(v) cos() cot(e1) Le, — £3(Ky, — 4cos?(1)Le,)) + cos?(wa)((5 — 463)
x sin(r) cos(t) cot (1) Ko, — £3(Lg, — 4cos®(1)Ky,))) + £2 cos?(wy ) (cos? (wa) (sin(t — 1) cos(z) ese(y) Ko,

(20Fg2 sin(ws) sin(wy ) cos(wy ) cos(ws) (e sin(t) cot (1) 4 2¢7 cos(t)) + 263 Hy, (A50)

+4Ly,) + sin? (w2) (4K, + sin(t — t1) cos(t) CSC(Ll)L42))>

sy 3msl3(Gp1)3/? sin(1) esc(t1)
dat 64c2\/mMp3il

1
(561ng sin(2wy ) sin(2ws) + i cos(1)(—5e? cos(2wy) — 302 + 5)(cos(2ws) (A51)

X (K@ - sz) + K£2 + sz))v

where
Fy, = M?(—32 + 663) + mm3(29 — 1143) (A52)
Hy, = 8M?(2 — 502) + mm3(7 + £3) (A53)
Ky, = AM? (12 + 703) + mmga(—65 + 2143) (A54)
Ly, = M?(—80 + 5202) + mm3(51 — 2363). (A55)

4. Indirect cross terms due to periodic quadrupole perturbations

These cross terms come from average-free, periodic quadrupole perturbations which combine with perturbations
from a;,n. The secular effects from periodic perturbations on the inner binary are

t / Z W30 Q“ 9(Qa)1pn dF, (A56)
out




and on the outer binary are

> T 10 (0)
dXa 1 / 70 0(Qa”)1pN
— = T W2 - ~ dF.
dt — PX, Bz;; P aXg
We find that only w; is affected, with no secular effects on the other elements.

a. Cross terms from periodic quadrupole effects on the outer binary

don _ OnG/2m?/2 (5(03(TA? — 43A2 — 36) + 60) + £5(302(13A% + 31A2% 4 44) — 220) — 3(202(17A2
dt 326263\/171])%51(% 2\*1 1 4 2 1 1 4 1%2 1
+ 35A% 4 52) + 303(TA?3 4 1343 4-20) — 8305( Ay — Ay)(Ay + Ay) — 80305(A; — Ay) (A + Ay)

+ A3(407 — 5)(le — 1)* (Lo (Lo (L2(£2(802 +9) + 18) — 12) — 42) — 21) — A3(465 — 5)(fy — 1)?

x (Lo(l2(la (0o (80 — 27) — 54) + 12) + 78) + 39) + 20(13(5 — 5)),

where Ay, As, A3, and Ay are defined in Eq. (A43).

b. Cross terms from periodic quadrupole effects on the inner binary

dwi  15G32mmg(1 — £5)(1 + 245)e3Cy

dt 462 V Mplpg/2€1 (1 + 62)

where Cl = A1A3 — A2A4.
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(A57)

(A53)

(A59)
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