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ABSTRACT

We study the resonant relaxation (RR) of an axisymmetric, low-mass (or Keplerian) stellar
disc orbiting a more massive black hole (MBH). Our recent work on the general kinetic theory
of RR is simplified in the standard manner by the neglect of ‘gravitational polarization” and
applied to a razor-thin axisymmetric disc. The wake of a stellar orbit is expressed in terms of
the angular momenta exchanged with other orbits, and used to derive a kinetic equation for
RR under the combined actions of self-gravity, 1 PN and 1.5 PN general relativistic effects of
the MBH and an arbitrary external axisymmetric potential. This is a Fokker—Planck equation
for the stellar distribution function (DF), wherein the diffusion coefficients are given self-
consistently in terms of contributions from apsidal resonances between pairs of stellar orbits.
The physical kinetics is studied for the two main cases of interest. (1) ‘Lossless’ discs in which
the MBH is not a sink of stars, and disc mass, angular momentum and energy are conserved:
we prove that general H-functions can increase or decrease during RR, but the Boltzmann
entropy is (essentially) unique in being a non-decreasing function of time. Therefore, secular
thermal equilibria are maximum entropy states, with DFs of the Boltzmann form; the two-ring
correlation function at equilibrium is computed. (2) Discs that lose stars to the MBH through
an ‘empty loss cone’: we derive expressions for the MBH feeding rates of mass, angular
momentum and energy in terms of the diffusive fluxes at the loss-cone boundaries.
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1 INTRODUCTION

Dense star clusters orbit massive black holes (MBHs) in galactic nuclei. Within the sphere of influence of the MBH, the inverse-square
Newtonian gravity of the MBH is the dominant force on a star when its speed is non-relativistic. Were cluster self-gravity to be neglected
completely, every star would orbit the MBH in a closed Keplerian ellipse. The orbits are not closed when the small perturbation due to
self-gravity is taken into account; in addition to oscillations over the (fast) Kepler orbital time, the orbital elements of the ellipses also
evolve over longer time-scales. This long-term behaviour is called secular evolution, for which there is a well-developed theory in planetary
dynamics (Murray & Dermott 1999). In contrast to a planetary system, a low-mass star cluster orbiting an MBH is a many-body system, for
which both the dynamics and the statistical mechanics are important. In Sridhar & Touma (2016a,b), hereafter referred to as Papers I and II,
respectively, we presented a general theory of the secular evolution of these systems.

Let us consider a stellar system of size R with N > 1 stars, each of mass m,, orbiting an MBH of mass M, . The typical Kepler orbital
period, Tyep = 27(R®/GM.,)"/2, is the shortest time-scale in the problem. In common with other large N stellar systems, a Keplerian system
may, in the first approximation, be treated in the ‘collisionless’ limit, N — oo and m, — 0, while M = Nm, is held constant. In this limit
each star moves like a massless test particle that is acted upon by the MBH and the smooth mean gravitational field of the stellar system.
For a low-mass stellar system, the total mass in stars, M = Nm,, is much smaller than M, ; the mass ratio, ¢ = M/M, < 1, is an important
small parameter. The Keplerian orbital elements of every stellar orbit evolve over secular times, Ty, = gt Tiep- In Paper I, we exploited the
fact that there are two different time scales, Tiep and Tiec > Tiep; thus, we began with the collisionless Boltzmann equation (CBE; Binney &
Tremaine 2008), valid for a general stellar system, and averaged it over the fast Kepler orbital phase using the method of multiple time-scales.
This resulted in a reduced description where each star is replaced by a Gaussian ring, which is a Keplerian ellipse whose eccentricity,
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inclination, apsidal angle and nodal longitude evolve over times 7., whereas the semi-major axis remains constant. The distribution function
(DF) of Gaussian rings obeys a secular CBE, and hence many conclusions followed from general considerations: a secular Jeans theorem
can be used to construct a rich variety of secular collisionless equilibria with greater ease than in the full, non-averaged dynamics; the linear
instability of these equilibria is also simpler to study; and an arbitrary initial condition may be expected to undergo ‘violent’ (collisionless)
relaxation to some coarse-grained secular equilibrium state, over times ~ a few Te..

When N is large but finite, as is the case in practice, a collisionless equilibrium state is realized only in an approximate sense. The
small graininess inherent in the sampling of such a state will make the stellar system evolve in time due to gravitational ‘collisions’ between
the stars. Two-body encounters between stars enable exchanges of both energy and angular momentum with a coherence time of the
order of the orbital time T.,. The incoherent sum of many such encounters results in kinetic evolution over the two-body relaxation time
Trelax = € >NTiep : Some stars gain energy and increase their orbital radii while those that lose energy go into more tightly bound orbits,
leading to a gravothermal catastrophe (Binney & Tremaine 2008). However 7.}, is usually greater than the Hubble time for galactic nuclei of
interest. Rauch & Tremaine (1996) proposed a more efficient process, called resonant relaxation (RR), which can be thought of as driven by
gravitational interactions between pairs of Gaussian rings. Since the Keplerian energies (equivalently the semi-major axes) of Gaussian rings
are conserved, they can only exchange angular momentum. This has a coherence time ~ T which is longer than the coherence time (Ti,)
of two-body relaxation. The incoherent sum of many such encounters results in kinetic evolution over the RR time Ty = NTgec = &Trelax »
which can be shorter than the Hubble time for galactic nuclei of interest.! RR leads to a genuine equilibrium within a Hubble time (which
can be expected to evolve very slowly due to two-body relaxation). In Paper II we presented a first-principles theory of RR, which is based
on the rigorous kinetic theory of Gilbert (1968).

Gilbert’s theory applies to general stellar systems and is based on a systematic 1/N expansion of the BBGKY hierarchy of equations:’
the O(1) secular theory describes collisionless mean-field dynamics, and the collisional theory emerges at O(1/N). In order to derive a theory
for RR in Paper II, we orbit-averaged Gilbert’s kinetic equations by using the method of multiple scales that was introduced in Paper I. A
resonantly relaxing stellar system can be thought of as passing through a sequence of quasi-stationary, collisionless equilibria. The RR theory
of Paper II places no restriction on either the spatial geometry or the orbital structure of the stellar system, so both of these could evolve with
time. Scalar and vector RR are naturally treated on par as contributions arising from the apsidal and nodal resonances between stellar orbits.
But this very generality of our theory of RR required a formulation in terms of the abstract, yet compact, Poisson-Bracket notation. The goal
of the present work is to make concrete this abstraction and derive explicit formulae that describe the physical kinetics of an astrophysically
interesting system.

The model stellar system must be as simple as possible, so we are able to see in explicit form how the kinetic theory works; the system
must also be realistic enough to describe interesting physical phenomena such as the feeding of mass, energy and angular momentum to the
MBH. Hence, we begin by considering stellar systems whose DFs possess high spatial symmetry. The simplest three-dimensional DFs are
those corresponding to spherical, non-rotating systems. These could be reasonable approximations to the stellar nuclei of many galaxies,
and it is important to work out their RR kinetics and the rates at which mass and stellar orbital energy are fed to the MBH. However, for
the simplest case of a non-spinning (Schwarzschild) MBH, the inflow of stars cannot carry, by symmetry, a net angular momentum. This
limitation can be overcome only by relaxing the requirement of complete spherical symmetry: one could introduce some net rotation in
the DF or/and consider a spinning (Kerr) MBH. But an exactly spherical and rotating system is somewhat unnatural, and the exclusion of
Schwarzschild MBHs seems rather extreme. Hence, it is useful to study RR in non-spherical and rotating DFs. This can be done — and it is
important to do so — but it comes at the expense of working with a more complicated orbital structure. We need a simpler system in order to
display the physical kinetics of RR as transparently as possible. Our choice is an axisymmetric Keplerian disc of stars confined to a plane,
with the spin of the MBH (when it is non zero) directed perpendicular to the disc plane. We note that this limits our study to scalar RR.

Discs are naturally rotating and we may expect RR to feed angular momentum, in addition to mass and energy, to the MBH through
a loss cone. Discs around compact objects are ubiquitous in the Universe; a two-dimensional system is, of course, an idealization of a
realistic disc but it is often useful in the study of disc dynamics (Binney & Tremaine 2008). In particular, the exploration of the (secular)
statistical mechanics of two-dimensional Keplerian discs by Touma & Tremaine (2014) brings important insights into the nature of secular
thermal equilibrium, whereas a corresponding detailed study does not exist for three-dimensional systems. They consider both axisymmetric
discs and non-axisymmetric discs. In this paper, we make a beginning by providing the kinetic theory of the approach to secular thermal
equilibrium of razor-thin axisymmetric discs.

In Section 2, we recall the salient results of Papers I and II for a general Keplerian system orbiting an MBH. This generality is necessary
because we introduce in Section 3 the ‘Passive Response Approximation’ (PRA) in the context of RR (the PRA is a standard simplification

! The typical angular momentum (per unit mass) of a test ring is L ~ /G M,a where a is its semi-major axis. The torque experienced by the test ring, due to
all the other rings, is N ~ (Gm,/a)Nl/z. Acting over a coherence time T, this causes a change in L of the order of N Tyec. Over longer times ¢ 3> Ty, the
net change in L is ~ N Tyee(t | Teee)'/?, which is of the order of L when  ~ NTgec = Tres.

2 The BBGKY hierarchy applies to many-body systems and has been used to derive the well-known Boltzmann equation for dilute gases and the Balescu—
Lenard equation for electrostatic plasmas (Liboff 2003). One begins with the N-particle DF obeying the Liouville equation in 6 N-dimensional phase space and
integrates this over various phase space coordinates. This gives a hierarchy of equations for ‘reduced’ DFs, where the equation for the s-particle DF (with 1 <
s < N — 1) depends on the (s + 1)-particle DF. The aim is to derive a closed equation for the one-particle DF in six-dimensional phase space by closing the
hierarchy of equations by exploiting a small parameter.

MNRAS 465, 1856-1878 (2017)



1858  S. Sridhar and J. R. Touma

of the kinetic equations for plasmas and gravitating systems, wherein gravitational polarization is ignored). From Section 4 onward we
specialize to the case of a razor-thin axisymmetric disc. The wake produced by a stellar orbit is expressed in terms of the angular momenta
exchanged between two stellar orbits, now viewed as two gravitationally interacting Gaussian rings. In Section 5 we obtain an explicit form
of the collision integral and use this to write the RR kinetic equation in the ‘conservation’ form. The kinetic equation is then cast in the
Fokker—Planck form and the diffusion coefficients identified. The collision integral, the RR probability current density and the diffusion
coefficients get contributions only from orbits that are in apsidal resonance. Formulae for the total mass, energy and angular momentum of
the stellar disc are derived. In Section 6, we consider a ‘lossless’ stellar disc — a disc in which there is no loss of stars to the MBH. We
demonstrate that the kinetic equation conserves total mass, angular momentum and energy, and prove an H-theorem on the non-decreasing
nature of the time evolution of the Boltzmann entropy. Therefore, RR drives the system towards a stationary state of maximum entropy, which
is a secular thermal equilibrium described by a DF of the Boltzmann form. The RR probability current density vanishes at equilibrium, but
particle correlations do not. We calculate the two-ring correlation function at secular thermal equilibrium. In Section 7, we consider the disc
with a loss cone and derive explicit formulae for the rates at which mass, angular momentum and energy are fed to the MBH. Conclusions
follow in Section 8.

2 SECULAR THEORY OF KEPLERIAN STELLAR SYSTEMS

Here, we provide a brief review of some of the results of Papers I and II, which are needed later for elaborating the RR of axisymmetric
discs. We consider a model system composed of N >> 1 stars, each of mass m,, orbiting an MBH of mass M, . The stellar system is Keplerian
when the dominant gravitational force on the stars is the inverse-square Newtonian force of the MBH. An isolated and only mildly relativistic
system is Keplerian when its total mass in stars, M = Nm,, is much smaller than M, ; then the mass ratio ¢ = M/M, < 1 is a natural small
parameter. The limiting case of negligible stellar self-gravity, ¢ — 0, reduces to the Kepler problem of each star orbiting the MBH indepen-
dently on a fixed Keplerian ellipse. An orbit is then conveniently described in six-dimensional phase space, in terms of the evolution of its
Delaunay action-angle variables {/, L, L.; w, g, h}. The three actions are I = /GM,a , L = I+/1 — ¢2 the magnitude of the angular mo-
mentum and L, = L cos i the z-component of the angular momentum. The three angles conjugate to them are, respectively, w the orbital phase,
g the angle to the periapse from the ascending node and / the longitude of the ascending node. The Kepler orbital energy E (1) = —1/2(GM/I)*
depends only on the action I. Hence, when ¢ = 0, all the Delaunay variables except w are constant in time; w itself advances at the (fast) rate
27/ Tiep = (GM. Ja*)' /2.

When ¢ <« 1 and non-zero, the self-gravity is small but its effects build up over long times. Secular theory seeks to describe the average
behaviour of quantities over (secular) times Ty = &' Ty, , by averaging over the fast phase w. It should be noted that the stellar system
must be stable on the fast time Ty, in order for the secular description to make sense (see footnote 4 of Paper I). Since w is no longer
present in the secular theory, its conjugate action / is a conserved quantity; hence the semi-major axis of every stellar orbit is constant in
time. Then, the stellar system can be described as a self-gravitating system of N Gaussian rings. Each ring is a point in five-dimensional
ring space with coordinates R = {I, L, L;; g, h}, representing a Keplerian ellipse of given semi-major axis, eccentricity, inclination, periapse
angle and nodal longitude. A ring can deform over secular times Ty , under the combined action of mutual self-gravity between the rings,
secular relativistic corrections and external gravitational fields (which can vary over times T..). This is represented by an orbit R(7), with [
= constant, parametrized by the slow time variable T = ¢(time).

2.1 Collisionless dynamics

Over times approximately several Te. < NT., the stellar system can be thought of as ‘collisionless’. As noted in the Introduction, the
collisionless limit corresponds to assuming that the system is composed of an infinite number of stars, each of infinitesimal mass, and the
whole having a mass M equal to the total stellar mass (N — oo, m, — 0 with M = Nm, held constant). The Keplerian stellar system is
described by F(R, t), the ring DFE. When the MBH is not considered to be a sink of stars, the DF is normalized as

/mz, DdR = 1, (1)
so we may regard F as a probability DF in five-dimensional ring space. Ring orbits are governed by the secular Hamiltonian:
HR,71) = ®R.7) + H(I.L, L) + ®“(R, 1), 2

which is the sum of three terms accounting for self-gravity, general relativistic corrections to the MBH’s field, and external gravitational
sources. Since time is measured by the slow time variable &(time), each of the three pieces is scaled by e ~!. Thus, the mean-field potential of
all the rings is ¢ ®(R, 7), where

DR, T) = / F(R', 1) ¥(R,R)dR/, ring mean-field potential (3a)
dw dw’ 1
Y(R,R) = —GM.% y{ v aw ,  ‘bare’ inter-ring potential (3b)
J 2@ 21 |r —F|
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is determined self-consistently by the DF itself.*> The second term, H™!, determines the general relativistic 1 PN (post-Newtonian)
Schwarzschild precession of the apses and 1.5 PN Lense—Thirring precession of the apses and nodes. The third term, &%, is the scaled tidal
field due to an external source — see equations (30)—(34) of Paper I for more details on all three terms. The motion of each ring, R(7), is
governed by the following Hamiltonian equations:

I = +/GM,a = constant,

dL  9o0H dg 0H dL, = 0H dh  0H @
dr =~ 9g’ dr =~ oL’ dr on’ dr — dL.’
During collisionless evolution, the DF is constant along the orbit of every ring. Hence, F(R, 7) obeys the secular CBE:
dF oF
_— = — F,H] = 0, 5
o 5. T I ] ®)
where [, ] is the four-dimensional Poisson Bracket,
wf (0X10x2  0x10x 0x10x2  9x10x2

, = |5 5= _— = , 6

L. %2 ( og oL oL ag ) T \on aL. ~aL. on ©

whose action is restricted to the four-dimensional / = constant surfaces in the five-dimensional R-space. An important general property,
valid for quite general F'(R, t) and H(R, 1), is as follows: the probability for a ring to be in (/, ] 4 dI) is a conserved quantity. In other words,
the PDF in one-dimensional /-space, defined by

P() = / dLdL.dgdh F(I, L, L., g, h, 1), )

is independent of 7, as can be verified directly using the ring CBE equation (5).

Secular collisionless equilibria F = Fy(R) are stationary (i.e. t-independent) solutions of the ring CBE equation (5) and satisfy
[Fo(R), Hy(R)] = 0. These can be constructed by a secular Jeans’ theorem which states that F is a function of R only through the
time-independent integrals of motion of Hy(R), and any (positive and normalized) function of the time-independent integrals of Hy(R) is a
stationary solution of equation (5). Linear response and stability properties of a secular equilibrium Fy(R) can be studied by looking at the
behaviour of small perturbations. For a small perturbation F(R, 7), the change in the self-gravitational potential is £®, which is related to
F through the Poisson integral equation (3a):

PR, 7) = /dR/ FI(R,1)¥(R,R). €))

As discussed in Paper I, one can also allow for a non-zero change in the external tidal field ®{¢. When @ = 0, the perturbed Hamiltonian
H, = @, is entirely due to self-gravity. Substituting F = Fy + F, and H = Hy + @, into equation (5), linearizing and using equation (8) for
@, we obtain the following linearized CBE (or LCBE) determining the secular stability of an equilibrium Fy(R):

aF !/ / !/

S (R, Hy) +/dR[Fo, YR, R)| F(R,7) = 0. ©)
The equilibrium is said to be secularly stable if there are no growing solutions to equations (9).* A Fourier transform in time gives a linear
integral eigenvalue problem for secular stability that is much simpler than the corresponding problem for full stability. In Paper I, a stability

result was proved for razor-thin axisymmetric discs; this is discussed further in Section 3 and later.

2.2 Resonant relaxation

Over times ~ Ties = NT.., the small O(1/N) effects, due to ring-ring gravitational encounters (‘collisions’), build up and cannot be neglected.
The evolution of F(R, t) is now governed by the ring kinetic equation in the BBGKY form:

oF R, 7T)]

o [F,H—iN } = C[F], (10)
where

CIF] = %/ [W(R,R), FP(R, R, 7)] dR’ (an

is the “collision integral’ and (1/N)F? is the irreducible part of the two-ring correlation function. When compared with the secular CBE of

equation (5), two new O(1/N) terms appear in the kinetic equation (10). The first term, ® /N, accounts for the fact that the mean-field acting

3 Here, W(R, R') is proportional to the gravitational interaction potential energy between two rings, R and R’, and has been scaled in a manner such that the
equations of motion contain only quantities of order unity.

4The typical time-scale of growth of a secular instability is Tsec, Which is much shorter than the RR time-scale Tres = NTgec. Hence, the collisional terms, as
discussed in Section 2.2, may be neglected while considering the dynamical stability of a secular equilibrium.
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on any given ring is due only to the other (N — 1) rings. The second term, C[ F], drives irreversible evolution due to RR. We briefly note how
these terms arise from the BBGKY hierarchy: the equation for the one-particle DF depends on the two-particle DF. Gilbert (1968) expressed
the two-particle DF as the sum of a ‘reducible’ part and an ‘irreducible’ part. The reducible part is equal to the product of two one-particle
DFs which, evidently, has no information on particle correlations. This corrects the mean-field potential by accounting for the fact that only
(N — 1) particles act on any given particle. The irreducible part contains information about correlations between particles that develop due to
gravitational ‘collisions’, which eventually drives kinetic evolution. Upon orbit-averaging Gilbert’s equations, these give (see Paper II) the
terms ®/N and (1/N)F2.
The kinetic equation applies to the collisional evolution of F' whenever it satisfies

P(R, 1)

F(R,7), H —
(R, 1) N

~ 0, being of the order of 1/N or smaller. (12)

In other words, F'(R, t) may be thought of as passing through a sequence of secular collisionless equilibria in a quasi-static manner. The
dependence on 7 is very slow, occurring over the RR time-scale 7\.; = NT. . Each of these equilibria must be secularly stable, i.e. the LCBE
equation (9) for linear perturbations about F(R, t) must not have growing modes.> For equation (10) to be a closed kinetic equation for the
DF F(R, t), we still need to specify F{? in terms of F. The BBGKY equation determining F\2’ depends on the three-ring DF. In general,
the three-ring DF satisfies an equation that depends on the four-ring DF. More precisely, it is the irreducible part of the three-ring DF that
depends on the four-ring DF; the reducible part depends only on the one-particle and two-particle DFs and does not need information on the
four-ring DF. It turns out that the reducible part is O(1/N), whereas the irreducible part is O(1/N?), which is of higher order than the theory
aims to be. Hence, the BBGKY hierarchy closes at the level of the two-ring DF; in other words, the equations for F and F? form a closed
system.

However, the equation for F{? depends on the 11 independent variables R, R’ and 7 in a complicated manner. The resolution of
this difficulty lies in the fact that the irreducible part of the two-particle correlator can be expressed in terms of the linear response of the
purely collisionless problem, which involves fewer independent variables. We describe this briefly below in the context of secular dynamics.
Consider the following gedanken experiment due to Rostoker (1964) and Gilbert (1968): from the N rings distributed according to the DF F,
select one ring and place it an orbit R'(z’) such that it arrives at the location R at time t’ = 7. This small perturbation to the system will
induce an additional response throughout the stellar system. We write the net perturbation to F, at any instant t/ < 7, as
F(R,t) (R —TR/ () W(RIR (), )

N + N + N
where R/(t’) is the location at time 7" of the ring which arrives at R’ at time 7. The first term on the right side can be thought of as the

decrement suffered by F when one ring is removed from the system, and the second term accounts for the placing of this ring in a particular
orbit. The last term is the collisionless response of the system: the quantity, W(R | R/, t), will be referred to as the wake at location R, at

Fi(R, ) = — , (13)

time t, due to a ring located at R’. Since the experiment does not alter the total mass of the system, there must be no net mass either in F; or
in W. Also the average value of W at any location R must vanish. Hence, the wake satisfies the two identities:

0, zero mass in the wake of ring R’ ;

/ W(R,R/,t)dR

/ WMR, R, 1)F(R, t)dR’ 0, zero net wake at R due to all the rings. (14)

The ring selection in the Rostoker—Gilbert experiment is imagined to be made in the distant past so that the system experiences an ‘adiabatic’
stimulus. Hence, the wake also builds up gradually from zero in the distant past.

Since N >> 1 the perturbation is effectively infinitesimal, so F; must satisfy the LCBE equation (9). Substituting equation (13) into (9),
we obtain the following ring wake equation:

a‘:f + [WRIR (). ), HR,T)] + [F(R, ), ®*(R,R'(z'), 1) = [®" (R, R'(z).7), F(R.7)], fort <t. (15)

Here, ®% is the gravitational potential due to the wake:

PY(R, R, 7)) = / WMR"|R,tHYW¥(R,R")dR", ring wake potential. (16)
®P is the difference between the ‘bare’ inter-ring interaction potential and the mean-field potential of equations (3a) and (3b):

PR, R,7) = W(R,R) — ®(R, 1), ring perturbing potential. a7

Equation (15) should be solved with the ‘adiabatic turn-on’ initial condition, W(R | R'(z’), t’) — 0 as v’ — 0. The right side of equation (15)
is the ‘source term’ for the wake because if it were absent W = 0 would be a solution for all time that is compatible with the initial condition.

3 In the course of RR evolution, it may happen that a system goes through a sequence of stable secular equilibria and arrives at one which is secularly unstable.
Then RR evolution would have tipped the system into an instability which will grow and saturate (due to collisionless relaxation) on the short time-scale Tec;
clearly the collision terms can be ignored while describing this fast process. The new equilibrium state is evidently stable, and subsequent RR evolution is
described as given above.
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The third term on the left side depends on the ring wake potential, @, which is determined in equation (16) as an integral of W over R-space.
Hence, equation (15) for W is an inhomogeneous linear integro-differential equation in the six independent variables R and t. This is, of
course, difficult to solve in full generality; in Section 3, we discuss a method of producing iterative solutions.

Extending the work of Rostoker (1964) in homogeneous plasmas to inhomogeneous stellar systems, Gilbert (1968) proved, using
non-trivial operator identities, that the wake function, W, completely determines the irreducible part of the two-ring correlation function, F2).
In the secular case this can be written as

FPR,R,1) = WRIR, 1) F(R,7) + WR' |R, 1) F(R, 1) + / WRIR ", Ty WR'|R", ) F(R", t)dR". (18)

T

This decomposition of F? allows for a nice physical interpretation: the irreducible part of the two-ring correlator at (R, R') is the sum of
three different contributions from the wake function: (a) the wake of R at R; (b) the wake of R at R’; (c) the product of the wake values
at the points R and R’ of a third ring at R”, summed over all locations R”. All three contributions come with suitable F-weighting. The
third term accounts for the contribution of collective effects (‘gravitational polarization’) to the microscopic processes driving RR. This is the
nature of the full theory at O(1/N). Substituting equation (18) for Fi(rf) into the kinetic equations (10) and (11), and manipulating the resulting
expressions, we can also write the kinetic equation in a form where the dissipative and fluctuating contributions to the ring collision term are

displayed explicitly:¢

L [F H—w} = CU[F] + C™[F], (19a)
ot N

C™[F] = %/ [W(R,R), FR,D)W(R'|R, )] dR/, (19b)
CMe[F] = %/ FR. 1) [W(R.R) + ®" (R, R, 1), WR|R 1) dR. (19¢)

It is necessary to specify boundary conditions for the DF and the wake. We consider two cases, one in which the stellar system does not lose
stars to the MBH, and the other in which stars are lost to the MBH.

1. No-loss boundary conditions: when the MBH is not considered to be a sink of stars, the set of N rings is a closed system and the ring
DF is normalized as f F(R,t)dR = 1. Subject to this normalization F (R, t) can take any positive value at any location in R-space; in
other words, the domain of F is all of R-space. Similarly, the domain of the wake function W(R | R/, 7) is all of R and R’ spaces.

2. Empty loss-cone boundary conditions: a star that comes close enough to the MBH will be either torn apart by its tidal field or swallowed
whole by it. We can only require that at some initial time 7,

/ F(R,t)dR = 1, initial normalization. (20)

At later times T > 7o, we will have [ F(R,t)dR < 1. The loss of stars at small distances from the MBH can be simply modelled by an
absorbing barrier: we assume that a star is lost to the MBH when its pericentre distance is smaller than some fixed value ry., the ‘loss-cone
radius’. When the loss cone is empty, stars belonging to the cluster must necessarily have pericentre radii a(1 — ) larger than r,. . Hence the
domain of F(R, 1) is restricted to regions of /R-space in which / and L are large enough:

I, <1 where I, = \/m;

2172
L) <L < I, where Li(I) = I {2 - (%) } . 1)

The boundary conditions on the ring DF and wake functions are
F(R,7) =0 forl <1 and L < L,.(1),
WMRIR,t) = 0 forl, I’ <l and L < Li.(I), L' < Li.(I"). (22)

Equation (15) for W and the kinetic equation for F' — either equations (10)—(11) and (18) or (19a)—(19c) — together with suitable boundary
conditions are the fundamental equations governing RR.

3 PASSIVE RESPONSE APPROXIMATION

The coupled equations for the DF and the wake, together with either the No-loss or Empty loss-cone boundary conditions, offer a closed and
consistent description of RR. One way to make progress is to try to solve equation (15) and obtain W as a function of F. We introduce the

6 The decomposition of the collision integral into dissipative and fluctuating components is traditional, and follows from the theory for a general stellar system.
In Gilbert’s words (see section V of Gilbert 1968), ‘The first of these clearly represents the deceleration of a star by its associated polarization cloud. The
second term represents the effect on a star of the rapidly fluctuating, random fields produced by its neighbors.” We are dealing with the secular version which
is valid for Keplerian stellar systems.
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‘convective derivative’, dW /dt’ = oW /ot" + [ WRI|R (), 1), H(R, r’)] , which is the time derivative while following the ring orbits
R(t") and R'(z"). Then equation (15) and the initial condition can be written as

dw
dr’

= [®(R, R(t). 1), F(R.T)] + / dR" [W(R,R"), F(R, )] W(R"|R'(x)), 7)),
with adiabatic turn-on initial condition ~ lim W(R IR (), ") = 0. (23)

The initial condition on W implies that at early times W is small, so the time rate of change of W is dominated by the first term (i.e. the source
term) on the right side. Then we can expand the wake perturbatively as

wo=w"4+ w4+ w4 .. 24

and substitute this into equation (23) to get

dw®

i = [PRR@), ), FR, ], with  lim WORIR'(), ) = 0; (252)
dw(n+l)

i / dR" [W(R,R"), F(R,T)] W"(R"|R'(x'). ),

with  lim W DR|R' (), t) = 0, forn=1,2,.... (25b)

T/——00

The physical meaning of these equations is as follows: the lowest order wake, W, is driven directly by the source term, [®P, F], and the role
of the self-gravity of the wake on its own evolution is neglected. The stellar system can be thought of as responding passively to the forcing by
the source term, and we will refer to this as the ‘PRA’, and to W) as the PRA wake function. As W' builds up from zero, its gravity acts as
the source for W, and so on; in general W acts as the source for W * 1. These higher order wakes, W, W® etc., correct for the neglect
of gravitational polarization in the PRA. Direct integration of equations (25b) and (25b) gives the following explicit hierarchy of solutions:

WORI|R 1) = / [®P(R(), R'(t), 7)., F(R(x)),t)] dr’, (26)

WONR| R, 1) = / de / dR" [W(R(T), R"), F(R(z), T) ] W(R"|R(). 7)), forn=1,2,.... (26b)

We recall from equation (12), and the discussion following it, that the full RR kinetic theory applies to systems that evolve in a quasi-stationary
manner through a sequence of secularly stable (collisionless) equilibria. This property is inherited by the above PRA integral expressions for
wakes of various orders. Here F should be regarded as a slowly varying function of t’, with time-scale ~ T > T ; this fact is used later
in Section 4.2, to simplify in a standard manner the time integral for WV,

The expansion for the wake, equation (24), can be substituted into equation (18), and F{¥(R, R/, t) can be expanded to different orders.

The lowest order,

FEYR, R, 1) = WOR|R,1)FR,7) + WOR'|R, 1) F(R, 1), 27

irr

is the PRA form of the irreducible part of the two-ring correlation. When compared with equation (18) we see that the polarization term has
dropped out because it is quadratic in WV . The two contributions to F>'" come from the wake of R’ at R, and the wake of R at R'. The
PRA kinetic equation in the BBGKY form is

oF D(R, 1 , , ,
— + {F, H—M} = C[F] = —/[\IJ(R,R), FEU(R, R, 1)] dR. (28)
ot N N
When equation (27) is substituted into (28), we can express the PRA kinetic equation in the fluctuation—dissipation form:
oF P(R, s .
— + {F, H— M} = CIF] = C™[F] + C"™[F], (292)
ot N
. 1
CH™[F] = 5 / [W(R,R), FR,H)W(R'|R,7)] dR/, (29b)
1
CM[F] = N/ F(R,0)[W(R,R), WI(R|R,1)]dR. (29¢)

Comparing with equations (192)—(19c), we see that, as expected, the wake potential ®* has dropped out of the right side of equation (19¢)
for C™°[ F]. Similar to the general case, equations (14), the PRA wake function satisfies the two identities,

/ WO(R, R, 7)dR = 0, zero mass in the wake of ring R’;

/ WOR, R, 1)F(R', t)dR’ 0, zero net wake at R due to all the rings. (30)
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Formula (26a) for W) and the kinetic equation for F — either equations (27) and (28) or (29a)—(29c) — are the basic equations governing
RR in the PRA. They should be solved with either the no-loss or the empty loss-cone boundary conditions on F and W' discussed in the
previous section.

The PRA has a history in both plasma physics and stellar dynamics. The Landau (1936) equations for electrostatic plasmas is a PRA
of the equations of Balescu (1960) and Lenard (1960). The general collisional theory for stellar systems, which was initiated by Gilbert
(1968), was simplified by Polyachenko & Shukhman (1982) through a PRA applied to systems with integrable mean-field Hamiltonians.
They computed the integral for the irreducible part of the two-particle correlation function and showed that only the resonant part contributes
to the kinetic evolution. They also proved an H-theorem and derived a Fokker—Planck equation for spherical stellar systems. There has
been some work on the applications of the kinetic equation (in either the Gilbert form or the Polyachenko—Shukhman form) but we do
not review this literature. Even in the more tractable PRA form, the Polyachenko—Shukhman kinetic equation applies to inhomogeneous
systems, and computing interactions between realistic stellar orbits can be complicated. Further simplification can be achieved through a
local approximation (Chandrasekhar) by assuming that stars encounter each other on constant velocity orbits. Then one descends from the
Polyachenko—Shukhman equation to the familiar description of classical two-body relaxation given in Binney & Tremaine (2008).

The PRA wake is given in equation (26a) as a formal time integral over the histories of the two ring orbits R(z’) and R'(z’) in the
quasi-statically deforming secular equilibrium, F (R, ). The formalism is general and does not require that the secular Hamiltonian, H(R, 7),
be integrable (at fixed 7). However, matters simplify when the secular Hamiltonian is integrable (at fixed 7), because we can proceed with
the calculation of the time integral using techniques similar to Polyachenko & Shukhman (1982). In the rest of this paper we apply the PRA
equations to the RR of razor-thin axisymmetric discs.

4 WAKES IN A RAZOR-THIN AXISYMMETRIC DISC

A razor-thin (flat) disc corresponds to the idealized case when all N rings are confined to the xy plane. The angular momentum of every ring
points along 2, so a ring is specified by its semi-major axis, angular momentum and apsidal longitude. Ring space is three-dimensional: we
write R = {I, L, g}, where L stands for the angular momentum which can now take both positive and negative values (— [/ <L <[),and g
is the longitude of the periapse.” Earlier formulae apply with dR = d/ dL dg. Ring space is topologically equivalent to R?, with [ the radial
coordinate, arccos (L /1) the colatitude, and g the azimuthal angle.

The secular theory applies to discs that are stable against fast axisymmetric instabilities.® The general non-axisymmetric, time-dependent
ring DF is F(I, L, g, ) which is normalized as

/dIdeg F(I,L,g,t) =1 (3D

for the case of no loss of stars to the MBH. When the MBH is a sink of stars, the above normalization holds only at some initial reference
time when the star cluster’s mass is M. The secular Hamiltonian is

H(I,L,g,t) = (U, L, g, 7) + HU,L) + (U, L, ¢, 1), (32)
where
o, L, g, 1) = /dl’ dL'dg' w(I,L,g,I',L', g YF(I',L', g, 1) (33)
is the self-gravitational potential,
1 Sgn(L)

Hre] I, L) = —B 34

a,L) IL 15372 (34
is the relativistic correction, and ®'" is an external tidal potential.
4.1 Collisionless limit
Ring orbits in the mean-field (or collisionless) limit are determined by the equations of motion:

dL 0H d 0H

I = \/GM,a = constant, — = — bt = (35)

dr g dt AL
The DF satisfies the ring CBE,
dF oF 0H oOF 0H OF Ja

ar _oF _ohor  ofZor oF F,H] = 0, 36
dr ot 0g aL+ oL og ot + ] (36)

7 This is the convention for the symbols (L, g) we use in the rest of this paper.
8 Hence the theory does not apply to very cold discs violating the Toomre (1964) criterion, because they are unstable to axisymmetric modes growing over
times ~ Tiep. So the discs we study are understood to have velocity dispersions large enough to make them stable to fast modes.
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where the Poisson Bracket is now two-dimensional, because it involves only the canonically conjugate pair (L, g). The probability for a ring
to be in (1, 4 dI) is a conserved quantity, i.e. the PDF in one-dimensional /-space, defined by

P(l) = /deg F(, L, g 1), 37

is independent of 7, as can be verified directly using the ring CBE equation (36).

Secular equilibria, both axisymmetric and non-axisymmetric, can be constructed by using the secular Jeans theorem. For an axisymmetric
system any F(I, L) is a secular equilibrium because / and L are two isolating integrals of motion of the (integrable) secular Hamiltonian
equation (32):

H(,L) = ®(,L) + H"U,L) + &, L). (38)

Here, we have allowed for an external axisymmetric potential ®**'(/, L); since such a field does not cause acceleration of the MBH, we have
®U(], L) = (I, L) as written above. Using equation (35) the orbit of a ring is given by

dg 0H
I = constant, L = constant, — = Q(,L) = —. 39)
T oL
Therefore, every ring has constant semi-major axis and eccentricity, with its apsidal longitude precessing at the constant rate $2(Z, L).
From equation (9) the LCBE determining the secular stability of an axisymmetric, secular equilibrium F(/, L) is
0F 0F 0F 0 ’ g royr royr o
—_— Q— — —— [ dI'dL'dg'" v, L, g, I',L,¢gh»FiI',L',g',t) = 0. (40)
ot g 0L 0g

The ‘bare’ ring-ring interaction potential, (I, L, g, I', L', g’), is a complicated function of its arguments. But, even without the knowledge
of its specific form, symmetry properties of W (see below) were used in Paper I to obtain some general results on secular stability:

(1) All axisymmetric perturbations of F(/, L) give rise to nearby axisymmetric equilibria.
(i1) When (0F/0L) does not change sign anywhere in R-space, the DF is neutrally stable to modes of all m (where m is the azimuthal
wavenumber).

Other stability results for F(Z, L) are: non-rotating discs described by DFs that are even functions of L with empty loss cones (¥'/L non-singular
when L — 0) are likely to be unstable to m = 1 modes (Tremaine 2005); Mono-energetic counter-rotating discs dominated by nearly radial
orbits are prone to non-axisymmetric loss-cone instabilities of all m (Polyachenko, Polyachenko & Shukhman 2007).

4.2 Wake function

The rest of this paper is devoted to the RR of axisymmetric discs described by DFs of the form F(I, L, ), where the t dependence is
much slower than apse precessional periods. The self-gravitational potential ®(/, L, t), and hence the secular Hamiltonian H(/, L, t) of
equation (38), inherits the slow t dependence of the DF. In the PRA kinetic equation (28) the Poisson Bracket [, H — ®/N] = 0 because
all the quantities in it are independent of g. Then the PRA kinetic equation for discs in the BBGKY form is

oF 1
3 = CIF] = ﬁ/ [W(R,R), Fi7"(R,R',7)] dR'. 1)
T

This makes it clear that the RR time-scale — as measured by the slow time variable t — is N times the apse precession period, 27t/<2, where

Q(I, L, t)=0H/JL as in equation (39). The PRA wake function, W', of equation (26a) is a time integral over the orbits of the two rings,
R(t") and R'(t'):

R(t) : I = constant, L = constant, g(t') = g + Q{t' —1}; (42a)

R'(t"y: I = constant, L' = constant, g'(t') = g + Q’{‘L” — 1'}. (42b)

Here we use the shorthand, 2 = Q(/, L, ) and Q' = Q(I', L, 7). It should be noted that g(z’) and g'(z’) refer to two different functions
of 7/, whereas g and g’ are their values at " = t. The integrand involves a Poisson Bracket [®P, F] = [V, F] = (0F/0L)(0W/dg). Using
equations (42a) and (42b) for the ring orbits in equation (26a), the PRA wake function is

T OF 0
WOR|R 1) = — V(L g+ -0, I' 'L, ¢+ Q' —1) dr’.
o OL 0g
In the integrand the W-term varies over ring precession times 7y... We recall from the discussion following equations (26a) and (26b) that F'
varies over the much longer RR time Tyes > T ; hence (0 F /OL) can be pulled out of the integral. Dropping the superscript ‘1°, the PRA

wake function is

OF (7 0
WRI|R , 1) = a—L/ @\IJ (1, Lg+Qt —1),I' L, g +QE — 1')) dr’

aF 0 a ! / I ! ! ’
=37 @\IJ(I,L,g—}—QT,I,L,g—I—Qr)dt. (43)
—00
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The last equation makes it explicit that the T dependence of the wake comes only from F, Q and ', so W changes only over the RR time-scale
Tes. We can also rewrite

oF

WR|R, 1) = —— AL, (44a)
oL
a 0

where AL = —a—/ V(I Lg+Qr I'L g +Q7)dr. (44b)
8 J

The physical meaning of these expressions is the following: AL/N is the net change in the specific angular momentum of ring R, due to the
torques exerted on it by ring R’. We recall from equation (13) that W/N is one of three components of the perturbation to the DF, resulting
from the Rostoker—Gilbert gedanken experiment with rings. Then equation (44a) is just the standard PRA expression for the net change in
the DF at any location R. The wake is proportional to the angular momentum exchanged between the rings.

The form of equations (44a) and (44b) for the wake, together with some of the symmetry properties of W, allows us to draw some general
conclusions. We recall from Paper I the ‘bare’ ring—ring interaction potential, W, has the following symmetries:

P1: W is a real function which is even in both L and L' .

P2: The apsidal longitudes g and g’ occur in ¥ only in the combination |g — g’|.

P3: W is independent of both g and g’ when one of the two rings is circular (i.e. when L = £ or L' = %I or both).

P4: W is invariant under the interchange of the two rings. This can be achieved by any of the transformations: {I, L}«<>{I',L'}, or g<>g¢’
or both. In explicit form we have: W(I,L, g, I', L', ¢)=v{I,L, g, L, g), V(I,L g, I, L', g)=VY(, L, g, I,L,g), which implies that
W, L g, L, gy=v{I,L,¢,IL,g).

Let AL'/N be the total change in the specific angular momentum of ring R’ due to ring R, accrued over the past orbital histories of both
rings. Since we consider equal-mass rings we expect AL’ = —AL, by the conservation of angular momentum. Properties P2 and P4 can be
used to verify this:

k) 0 k) 0
AL = — / V(I L, g+Q7 1L .g+Qr)dt = — W(I,Lg+Qt I''L' g +Q1)d’ = —AL. (45)
08" J 08 J

This also implies that we can write

OF . _ OF

WR R, t) = Y7 = 37

AL, (46)

where we have used the shorthand F' = F(I', L', t). When equations (44a) and (46) for the wakes are substituted into equation (27), the PRA
two-ring correlation function is

oF’ oF OlnF’ olnF
.(2> ! = —_ I = ! _—
F/’R, R, %) {F 3L F 3L } AL FF { 3L 3L } AL, 47)

where we have suppressed the superscript ‘0’. The term in the second parentheses { } vanishes for a DF of the form

F(I,L) = AW

exp{yL}, (48)

where A(J) is an arbitrary function and y is a real constant. This implies that F{?(R, R’) = 0 for all R and R’. Hence the DF of equation

ur
(48) is a stationary solution of the kinetic equation (41), and hence does not evolve through RR. We discuss this in more detail in Section 6.2,
where this DF will emerge as an infinitely hot secular thermodynamic equilibrium of RR.
We verify here that the wake satisfies some essential properties.

(a) The PRA wake function given by equations (44a) and (44b) must satisfy the two consistency conditions of equations (30). The first one
states that there is no net mass in the wake of ring R'. Since AL = 0{}/0g, we have

, OF 27
/W(R,R,r)dR = —/dIdLa—L/ dg AL = 0.
0

The second identity requires that the net wake at any location R, due to all the rings, must vanish. Since AL = 9{}/0g = —0{}/0g’ by
property P2, we have

OF m
/W(R, R, DF(R . 1)dR = —a—L/dl/dL’ F(I’,L’,r)/ dg' AL = 0.
0

(b) When one of the two rings is circular, P3 implies that W is independent of g and g’. Hence AL = —AL' =0 and W(R|R/,7) =
W(R'| R, t) = 0. In other words, a circular ring neither produces a wake nor feels the wake of another ring.
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5 KINETIC EQUATION FOR A RAZOR-THIN AXISYMMETRIC DISC

5.1 Collision integral

In order to compute the collision integral it is necessary to do the time integral in equations (44a) and (44b) for the wake. It is convenient
to begin with the Fourier-expansion of the ring—ring interaction potential function ¥(R, R’) in g and g'. By property P2 we know that W
depends only on the difference between g and g’. We write

00

W(I,L,g I L, g) = expAt’} Y Cu(l, L, 1', L)exp [im(g — g)], (49)
m=—00

where A > 0 is a small positive constant that enforces adiabatic switching by making the ring—ring interaction arbitrarily small in the distant

past. The Fourier coefficients, C,,, are known functions of (Z, L, I', L', m), but we do not need explicit expressions in this paper. As in Paper I

we note that the symmetry properties of W, given in P1— P4 of the previous section, translate to the following properties of the Fourier

coefficients:

F1: the C,, are real functions that are even in L and L’.

F2: the C,, areeveninm:ie. C, =C_,,.

F3: when either L = £1 or L' = &I’ or both, then C,, = 0 for all m # 0.
F4:. C,(I,L,I,L)=C,I,L,IL).

Substituting equation (49) into equations (44a) and (44b) the wake is

W(RI|R', 1) an, Cpnexp [im(g — g)] /0 dr’exp (A +im(Q — Q))t’ aFZ mCn _, [im(g — g)]
s = — imC,, exp |1im(g — X m(§2 — T = — —  exp |1m(g — .
oL plimis =&)] | drexp oL 2 i+ im@- ) plumig— ¢

Since m runs over all integer values except zero, in the limit A — 0, , we have
im 1
- —
A+ im(Q2 — Q) Q-

where §(2 — ') is a Dirac delta-function and Sgn(m) = =£1 is the sign of m. Then the wake can be written as the sum of two terms:

+ imSgn(m)8(Q — Q),

WMRIR 1) = W(RIR,7) + W'(RI|R,1); (50a)

r ’ aF 4 = : !
WIRIR, 7) = —2m—-5(Q — Q)Z::l Gy sin{m(g — g9}, (50b)
oF {\IJ(R, R) — co}

WARIR, D) = o7 Q-

(50c)

Here, W' is the resonant part of the wake in which the §(Q2 — ') restricts contributions to pairs of rings that are in apsidal resonance. W" is
the non-resonant part of the wake with no such restriction; it is proportional to (¥ — Cy) = >, 2 0Cuexp [im(g — g')] which is the part of ¥
that is fluctuating in (g — g').

Substituting equations (50a)—(50c) into equation (27) we can decompose Flif) into resonant and non-resonant parts:

FPR. R 1) = FR"(R.R\. 1) + FZ"(R, R, 1): (51a)
(2,r) ’ ’ T ’ T ’ oF /aF ’ - : ’
FCYR,R,7) = FWR|R,t) + FW(R'|R,7) = 213 F - F = a(Q—Q)Zcmsm{m(g—g)}, (51b)
oL’ oL —
oF' 0F ) ¥(R,R)—Cy
.(Z,n) / — ! n / n / — _ - [ s Y
F2"(R,R',t) = FW'R|R,t) + FWR'|R, 1) {FaL, FaL} Y (51c)

The collision integral C[ F] of equation (41) is

1 27t 1 27t
ClFI = / drdr’ / dg' [W(R,R), Ff (R, R, )] = / dr'dr’ / dg' [W(R,R), FI"(R, R, 1)]
JO B 0

1 27
+ 5 / dr'dr’ / dg' [W(R,R), Fi"(R, R, v)]. (52)
0

On the right side, the Poisson Bracket is to be taken over the R variables. The next step is to substitute equations (51b) and (51c) into
equation (52) and evaluate the two integrals over g’. The computations are straightforward and are given in the Appendix. Here we state the
results: Since [\I!, Fi(r%-“)] = 0{}/0g’, the integral over g’ vanishes and there is no contribution to C[F] from the non-resonant part of the

wake. The resonant part gives

/h dg' [W(R,R), Fi"(R,R',v)] = —47tzi $(Q—Q) FaF/ —F/a—F i mC?
0 o im AT T oL oL m:

oL’

m=1
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C[F] = 9 4—7[2/d1/dL’8(Q Q) FaF/ F/a—F i C? (53)
YR oL’ oL "

m=1

gives the collision integral explicitly as a functional of the DF.

5.2 Kinetic equation

Since all the (g, ") dependences have been eliminated from the collision integral of equation (53), we can now describe the RR of axisymmetric
Keplerian discs by the new DF, f(l, L, 7) = 2ntF (1, L, t), which is a PDF in (I, L) space, normalized as’

/dIde(I,L,t) = 1. (54)
The self-gravitational potential is given in terms of fas
®(,L,7) = /dl’dL’ CoI, L, I',LYfI', L', 1). (55)

The secular Hamiltonian is H(I, L, t) = ®(, L, t) + H*'(I, L) + ®*'(I, L) with the apse precession rate Q(I, L, t) = 0H /9L . In the
collision integral of equation (53) the net strength of the gravitational encounter between two rings is given by the sum over m. It is convenient
to define the interaction coefficient (or kernel),

K(I.L,I'.L') = 21> mC2(I,L,I', L), (56)

m=1

which will be regarded as a known function of its four arguments. K inherits some general properties from those of the C,,, given under F1—
F4 in Section 5.1. These are:

K1: K is a non-negative function.

K2: K(I, L, I', L) is an even function of L and L'.

K3: when either L = 4] or L’ = 41’ or both, then K = 0.

K4: K(I,L,I',L') = K(I', L', I, L) is invariant under the interchange (I, L) <> (I', L').

From equations (41), (53) and (56) the kinetic equation for axisymmetric discs in ‘conservation’ form is

d3f  aJ

or Toar =Y (57)

where

JU,L,7) = l/dl’dL/(S(sz—Q/)K(I,L,I/, L’){faf/ —f’%} (58)
N oL’ oL

is the probability current density of RR in (Z, L)-space. It is directed only along the L-direction because RR does not cause any change in the
I of any ring. J(I, L, 7) is a functional of f, given as an integral over two-dimensional (I, L)-space which picks up contributions only from
the one-dimensional apsidal-resonance curve defined by Q(7, L, t) = Q(I, L, t). Two useful general properties of J — that are valid for any
non-singular DF f(/, L, t) and either the ‘no-loss’ or ‘empty loss-cone’ boundary conditions — are the following:

(a) The maximum and minimum allowed values of L are I and —I, corresponding to prograde and retrograde circular orbits. Since
these represent the upper and lower boundaries of the allowed regions of (I, L) space (see Figs 1-3), we expect the current to vanish on the
boundaries L = =/ — otherwise there would be a ‘leakage’ of rings into the forbidden regions, / < |L|. This can be verified immediately: by
property A3 we have K(I, £1,I', L') = 0, so

JU,x1,7) = 0. (59

(b) Let £(€2) be an arbitrary non-singular function of €2. Then the integral of £(2) J(I, L, t) over (I, L)-space vanishes. To see this we note
that

1 ! ’ / 1 afl /af
/dldLg(sz)J N/dldeIdL(S(Q—Q)K(I,L,I,L)‘;‘(Q){f —f }

oL AL

1 S , . , af ,0f
_N/dldeI dL (S(Q—Q)K(I,L,I,L)E(Q){faL,—fﬁ},

9 As earlier the normalization of equation (54) is true for all T only in the conservative case of no loss of stars to the MBH. When the MBH is a sink of stars,
the above normalization holds only at some initial reference time 7 = t( when the disc mass is M.
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because: under the interchange of integration variables, (I, L) <> (I, L) on the right side, both §(2 — ©') and K are invariant whereas
{ fof'/oL" — f'of/ aL} changes sign. Adding and dividing by two, we obtain the following general identity:

of’
oL’

/d[dLs(sz)J = ﬁ/dl dLdI'dL' 8(Q — Q) K {£(Q) — &)} {f —f’af} =0, (60)

L
because of the factor §(2 — Q){£(R2) — £§(2")} in the integrand. This is a general symmetry property of the current density J. Two particular
cases we will use correspond to £(2) = 1 and £(2) = Q; these give

/dldLJ =0, /dIdLQJ = 0. 61)

Equations (61) will be used in Section 6.1 to prove conservation of total angular momentum and energy of the disc.
Kinetic equation in the Fokker-Planck form: the quantities f and 0 f /0L can be pulled out of the integrals in equation (58), and J
written as a sum of advective and diffusive contributions:

JU,L,t) = JYU,L,t) + J¥U, L, 1); (62a)
adv 1 / / / af/

J*Y = Vf, where V({,L,7) = N dlI'dL' §(Q2 — Q) K 3L’ (62b)
dif af 1 / / / /

J = —Di, where D(I,L,t) = N dI'dL" 62— QYK . (62¢)

The current J* represents an advective RR flux in L-space. It can be thought of as arising from the drag-torque exerted by the system on a
ring at (Z, L). Then V can be interpreted as a local velocity in L-space with which the DF is being advected. J°¥ can be positive or negative
because V can take any real value. The current J9if expresses Fick’s law in L-space, with positive diffusion because D is always non-negative.
Both V(I, L, t) and D(I, L, t) are transport coefficients which are functionals of the DF. We can arrive at a physical interpretation of the
kinetic equation by casting it in the Fokker—Planck form (Lifshitz & Pitaevskii 1981). Using equations (62a)—(62c) the kinetic equation (57)
can be rewritten as

2

2 wp + 2 o) (63)
or = oL/ arz (L1
where
D
U(I,L,t) =V + 3 (64)

is given in terms of V and D defined in equations (62b) and (62c). Equation (63) is in the Fokker—Planck form, and U and D are diffusion
coefficients that are expressible in terms of the average characteristics, per unit time, of the random changes in the specific angular momentum
of aring at (1, L):

(8L) (L))

Uld,L,t) = ?, D,L,t) = 281 (65)

The ring at (/, L) is viewed as a test ring that is embedded in a sea of other rings which exert stochastic torques on it. U is the mean change in
L per unit time, and D equals one-half of the mean-squared change in L per unit time.
We now make an estimate of the RR time-scale implied by the Fokker—Planck equation (63). From equation (62¢) we estimate that D ~

K/NSQ , where we have used the fact that the DF is normalized as given in equation (54). From equation (56) for the kernel K in terms of the
Fourier coefficients C,,, we have K ~ W2, Using the definition of ¥ given in equation (3b), K ~ (GM,/a)* where a is a typical semi-major
axis. The precession frequency Q ~ (GM,/a’)!/? because time has been measured in terms of the slow time variable 7 = ef. Then the
diffusion coefficient D ~ (GM,)*?/Na'/? . The RR time-scale, Ty, can be estimated by requiring that over times, §t ~ T, the typical
value of ((SL)?) ~ L* ~ GM,a . Then equation (65) gives Tres ~ ((SL)*)/eD ~ (N/e)@® /GM.)'/? ~ N(Tyep/€) = NTx , as expected.

5.3 Mass, angular momentum and energy

We define the mass, angular momentum and energy of the stellar disc below. In Section 6 we will prove that these quantities are, as expected,
conserved when there is no loss of stars to the MBH; hence the normalization of the DF f, given in equation (54), is valid for all .
However, when stars are lost to the MBH this normalization is valid only at some initial time 7 = 7. At later times 7 > 7(, we will have
f dIdL f(I,L,t) < 1, and the mass, angular momentum and energy of the stellar disc will be different; this fuelling of the black hole is
treated in Section 7.

The probability that a ring lies in (1, I + d[) is

P, 1) = /dL f, L, 7). (66)
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The disc mass is

M(r) = M/dl P(l,7) = M/dldL fd,L, 7). (67)
The disc angular momentum is .

L(t) = M/d] dL L f(I,L,7). (68)
The disc energy is

) = M/dl dL E((I) f, L, 1) + %/dl dL &, L) f(I,L,7) + sM/dI dL {H™(I, L) + (I, L)} f(I,L,7), (69)

where Ey(I) = —1/2(GM, /1) is the Kepler energy of a ring of unit mass. The second term is the mutual self-gravitational energy of all the
rings, and the third term accounts for general relativistic corrections to 1.5 PN order and external gravitational sources. Using equation (55)
the self-gravitational potential ® can be expressed in terms of f, and the disc energy written as

E(r) = M/dl dL {Ex(I) + ¢eH™'(I, L) + e®*'(I,L)} f(I,L,7)+ # /dl dLdr'dr' cyI,L,I', L") f(,L,t) f', L, 7). (70)

We note that P(I, t), M(t) and L(7) are linear functionals of f, whereas £(t) is a quadratic functional of f.

6 PHYSICAL KINETICS OF A RAZOR-THIN LOSSLESS DISC

Here, we study the general properties of a stellar disc when there is no loss of stars to the MBH. The domain of the DF f(/, L, 7) is the
maximum allowed: —/ < L <[and I > 0, shown as the shaded region in Fig. 1 lying between the boundaries L = £/ that mark the prograde
and retrograde circular orbits. In the shaded region f can take any non-negative value, subject to the normalization of equation (54). Below
we verify conservation of disc mass, angular momentum and energy. We also prove an H-theorem on the increase of the Boltzmann entropy
and discuss secular thermal equilibrium.

6.1 Conserved quantities

Since the stellar disc is lossless and the external sources of gravity are time-independent, we expect that the quantities P, M, £ and £ are all
constant in time. It is useful to verify that the kinetic equations (57)—(58) do indeed conserve these physical quantities:

oP of I aJ
a—r_/dLE_—[IdLa_—{J(I,I,r)—J(I,—I,r)}_O, (71)

because J(I, £/, ) = 0 from equation (59). The probability distribution of the rings in / space is frozen in time, because RR does not change
the semi-major axis of any ring. Then it follows that the total disc mass is conserved:

—:M/dl—: (72)

also verifies the consistency of the normalization equation (54) used for the DF. Similarly, using equation (59) and the first of equations (61),
we have

—:M/dldLL—:—M/ dl/ dLL—:M/dIdLJ:O.

Proving energy conservation requires some manipulations because the self-gravity term in equation (70) has an integrand which is quadratic
in the DF:
d&

M/DodIE (1)/1 a M/Oodl/l dL {H™(I,L) + (I, L)} o]
__ 9 , oy 2L
dr 0 K —7 oL 0 —7 oL

sM

) dJ' dJ
drdLdr'dL’ oI, L, I',L) 3 f .

or 7 e

The first term on the right side vanishes because J vanishes at the upper/lower boundaries L = £/. Similarly the second term can be integrated
by parts. The last term can be simplified because Cy(I, L, I, L) is symmetric under interchange of primed and unprimed variables:

1/dIdeI/dL’C ,L,I'L" faj/ -I—f/a] /dIdeI’dL/C (I, L, 1 L/)f’aJ /dIdL o, L )aJ (73)
= L, L, (= s L, L, 7 = y L, T) —,

2 0 oL’ oL 0 oL oL

where we have used equation (55) relating @ and the DF. Hence, we have

d& o ! 1 . oJ o ! oJ

— =—eM [ dI dL {eU.L,7) + H'U,L) + U, L)} —=—eM | dI | dLH(I,L,7)—

dr oL 0 _J oL

_sM/ dl/ dL J_eM/dIdLQJ 0, (74)

where the second identity of equation (61) has been used.
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L

v

v

Figure 1. The region lying between the two diagonal lines (L = =) is the domain of the DF, f, when there is no loss of stars to the black hole. The upper and
lower boundaries correspond to prograde and retrograde circular orbits, respectively; the current J vanishes on these boundaries.

6.2 H-theorem
An H-function H[ f] is a functional of f, defined by

HIf] = —/dIdLC(f), (75)

where C(f) is a convex function of f. We assume that C( f) is at least twice-differentiable, so convexity implies that d>C/df? > 0.

00 I 0 1 2
ﬁ:_/d]dLEaif:/ dI/ dLﬁai:_/ dI/ dLJi £ :_/d[dLgaif‘]
dr df ot J, , df oL 0 » oL | df df? oL

1 d&Coaf (. of of
=—— [dIdLdI'dL' (R - Q)K — = —f .
N./d dLdrdL & ) df? dL {faL’ faL}

Both K and the §-function are invariant under the interchange of integration variables (I, L) <> (I', L'), whereas the term in { } changes sign.
Hence the integrand can be replaced by

decCaf ( of Af
df? oL {faL/ _fﬁ}’

—8(Q— QK
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where C' = C(f’). Adding these two forms of the integrand and dividing by two, we obtain

dH d&?C af dCod af )
f f}{ff_f/ f}

1
—_— = dIdLdl’'dL’ (L —-QHYK { — L — — — = 2
dr 2N/ ( ) {df’z 3L df?oL oL’ oL

2/ / 2 ’
&eCar dcaf}{laf 1af}’ 6

1
= — [ dIdLdI'dL' §(Q — QYK ff’ —_— - — - ==
ZN/ ( VK ST {df/2 oL df?9L froL  foL
in a symmetric form. For a general convex function C(f) the right side can be either positive or negative. Therefore, an H-function of general
form is not a very useful probe of RR evolution. But for the convex function with d>C/df2 = k/f , where k is a positive constant, the right

side of equation (76),

dln f’ alnf}2

k
= [ drdLdr dL 82 — Q) K ff’
2N/ ( ) ff{ oL’ oL

is always non-negative. This happens for convex functions of the form C(f) = kf In f + k' f + k”, where k" and k" are arbitrary constants.
We choose k = 1 and ¥’ = 0 and ¥ = 0 and define the (Boltzmann) entropy, S[f], as the H-function corresponding to C(f) = f In f . Then,

SIf] = —/dIdelnf, 77

ds 1
= — [ dIdLdI'dL 8(Q2 — Q’)Kff’{ (78)

/ 2
ds oln f _alnf ~ 0
dt 2N -

oL’ oL

The entropy is an increasing function of time, with the equality occurring at RR equilibrium.

6.3 Secular thermal equilibrium
Let us consider DFs that extremize the Boltzmann entropy S, when the following three conserved quantities are held fixed: the probability
DF P(1), the disc energy £, and the disc angular momentum L. Using Lagrange multipliers B(I), — B’ and y’, the extremization problem is

58 + /dl B(H)SP() — B'8E + v'6L = 0, (79)

where 85, 8P(I), §€ and 8L are infinitesimal changes corresponding to an infinitesimal change, §f, in the DF. When the expressions in
equations (77), (66), (70) and (68) are used for (S, P, &, L), we get

/d[ dL {—Inf — 1 4+ B() — B M(Ex+¢H) + y'ML} §f = 0, (80)
for arbitrary §f. This implies that the DFs extremizing S must have the general form

fe(I, L) = Al)exp{—BH(I, L)+ yL}, (€29

where A(]) is an arbitrary positive function, and B and y are constant parameters.'® The equilibrium DF, f.q, is given in terms of the secular
Hamiltonian, H(I, L) = ®(I, L) + H*'(I, L) + ®*'(I, L) . Here H"®' and ®°*' are known functions of (I, L), but the self-gravitational potential,
®(/, L), is determined by the DF itself through the integral relation of equation (55). In order to determine f., explicitly as a function of
(1, L), one must solve the integral equation

o1, L) = / dI'dL Co(I, L, I', LYAU Yexp {—B [®(', L)+ H*'(I', L) + @I, L)] + y L'}, (82)

for ®(/, L) and substitute this into equation (81) to get f.q(/, L). Once we have a normalized f;, the total energy and angular momentum of the
disc, £ and L, can be computed from equations (70) and (68). These will be given as functions, £(8, y) and L(8, y), of the constants 8 and
y. To the best of our knowledge secular equilibria have been explored (Touma & Tremaine 2014) only in the limit when all the rings have the
same semi-major axis.

The DF of equation (81) is evidently a secular collisionless equilibrium because it is a function of / and L, which are two secular isolating
integrals of motion in the axisymmetric disc geometry. It is also a secular thermal equilibrium, because f.q(I, L) is a time-independent
solution of the kinetic equation (57). In order to verify this we note that 0 foq /0L = (—=BQ + ) feq, so that {feqa /0L — fc’qafeq/aL} =

B feq fog (Q - Q’). Then equation (58) implies that the equilibrium RR current density vanishes everywhere:
ﬂ ’ / / / ’
JgI, L) = N dr'dL’ s - Q) K (2 — Q)fcq feq = 0, (83)

because of the factor (2 — ©')8(Q2 — ') in the integrand. This implies that the collision integral, C[feq] = —0Jeq/0L , also vanishes
everywhere in (I, L)-space. Therefore, the f of equation (81) are secular thermal equilibria where the parameter § is an inverse temperature.

10 These are related to the original Lagrange multipliers by InA = (— 1 + B — $'/MEy), p = p'Me and y =y'M.
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We can now calculate explicitly the two-ring correlation at equilibrium by substituting equation (81) for the equilibrium DF into equations

(51a)—(51c) to get the irreducible parts. Then, the full equilibrium correlation function between two rings R = (I, L, g)and R’ = (I', L', g')

is

FORRY =~ ot 1) s 1) 4 14 TR @ - arp@— oS Cosi w2 ¢ ’ 84
WRR) = 5 feall, L) fogI', L) { 14 =5(2 = Q)58 — > msm{m(g—g)}—ﬁz mcos{m(g — g} ¢ . (84)

m=1 m=1
where the two terms proportional to /N are the irreducible resonant and non-resonant contributions.
Since feq(I, L) does not evolve either dynamically or thermally all H-functions are also time-independent, as can be verified using
equation (76):

dH
dr

fcq fe/q =0, (85)
q

eCor _dcos
df? oL df? oL/,

= i/ dIdLdI'dL' §(Q — Q) K (@ — Q) {
eq 2N
because of the factor ( — Q) §(2 — €') in the integrand, and the fact that the term in { } with the convex functions C and C’ is well-defined
and non-singular. During the approach to equilibrium, when f # f,, a general H-function need not evolve monotonically in time. Hence it
could have been either greater or lesser than H[ f.q], its value at equilibrium. So we cannot immediately conclude whether, for DFs close to
Jeq» the H-function is larger or smaller than H[ f.,]. But the situation is different for the Boltzmann entropy because, by equation (78), S is a
non-decreasing function. We verify
ds 2

2
= = 2 [ AdIdLdI'dL' s - QYK (= Q) fu f. = 0,
% o dIdLdI’dL’ & VK ( )" fea £y 0 (86)

because of the factor (2 — ©')% §(2 — ') in the integrand. Since S could not have been larger in the past, the feq(I, L) are also maximum entropy
equilibria, for given (P(I), £, L), when compared with nearby axisymmetric secular collisionless equilibria f(Z, L). These axisymmetric
Jeq, L), however, need not be maximum entropy states when the variations in the DF are allowed to be non-axisymmetric.

The high temperature limit § — 0: In this limit the equilibrium DF
feq = Al)exp{yL}, 87

which is identical to the equilibrium DF of equation (48). This form for a secular thermal equilibrium was first discussed in Rauch & Tremaine
(1996). The DF of equation (87) has two noteworthy properties:

(1) The irreducible parts of the two-ring correlation function of equation (84) are proportional to §, and they vanish in the high temperature
limit, which is consistent with the discussion following equation (48). Then the two-ring correlation function of equation (84) approaches its
mean-field value, (471%)~! feq, DfeqI', L).

(ii) By a stability criterion proved in Paper I (mentioned in Section 4.1) these very hot DFs are dynamically stable to all axisymmetric and
non-axisymmetric secular perturbations, because (0 f.q/0L) has the same sign as the constant y, for all / and L.

Thermal stability of f.q to axisymmetric perturbations can be studied by linearizing the kinetic equation (57) about fcq. The thermal stability
problem for non-axisymmetric perturbations is an important problem that needs to be formulated by going back to the PRA kinetic
equation (28).

7 BLACK HOLE FUELLING RATES

A star that comes close enough to the MBH will be either torn apart by its tidal field or swallowed whole by it. During RR the semi-major axis
of every star is conserved whereas its eccentricity can change because of stochastic angular momentum exchanges with other stars. When a
star loses enough angular momentum, for its pericentre to come closer than some minimum distance from the MBH, it is counted as lost to
the MBH. In this section we derive formulae for the rates at which RR feeds mass, angular momentum and energy to the MBH. Since the
stellar system loses mass, we can only require that at some initial time 7,

/dl dL f(I,L,7) = 1, initial normalization. (88)

At later times T > 7, we will have f d/dL f(I,L,t) < 1. Asdiscussed in Section 2.2, the loss of stars at small distances from the MBH
can be simply modelled by an absorbing barrier: we assume that a star is lost to the MBH when its pericentre distance is smaller than some
fixed value ri, the ‘loss-cone radius’. When the loss cone is empty, stars belonging to the cluster must necessarily have pericentre radii
a(l — e) larger than ;.. Hence the domain of f{I, L, 7) is restricted to regions of (I, L)-space in which 7 and |L| are large enough:

1/2

L\
I < I where I, = /GM.ne; L) < |L| < I, where Li(I) = I {2 - (%) } . (89)

This domain consists of two disjoint wedge-like regions of (I, L) space, shown shaded in Fig. 2. The dashed lines marked ‘+lcb’ are the
loss-cone boundaries for prograde (L > 0) and retrograde (L < 0) orbits, respectively, and are given by

+Icb: L = Li(I) forl > I.; —Icb: L = —Li.(I) forl > I. (90)
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T 77 7 Heb:f=0
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Figure 2. The domain of the DF, f, when stars are lost to the black hole through an empty loss cone. The domain is the union of the two disjoint wedge-like
regions that are symmetric about the /-axis. The tip of the upper wedge is at / = L = I} and the tip of the lower wedge is at / = —L = I}.. The DF vanishes on
the dashed lines corresponding to prograde (+) and retrograde (—) loss-cone boundaries (‘Icb’).

We impose the empty loss-cone boundary condition on f by requiring that it vanishes on both +lcb:
fu, £L(), ) = 0. oD

From equation (62a) we know that the probability current density J(I, L, t) = J*%(, L, t) + JY({, L, ), where J*¥ = Vf and
JY4 = —D(df/0L) as given in equations (62b) and (62c). Since f = 0 on the £Icb, J** = 0 on these boundaries. Hence the total current at
the %lcb is purely diffusive:

0
J(I, 1) = JU, +Li(D), 1) = =D, (—f) : (92a)
oL/,
of
J.(I,t) = JU, —LI), 1) = —D_ L) - (92b)
Here (0 f/0L)+ are evaluated on the £lcb, and the loss-cone diffusion coefficients, D, are given by equation (62c):
1
D.(I,t) = N/dl’dL’a(QfQ’)Kf(I’,L’, t) forL = +L(I); (93a)
1
D_(I,t) = I /dl’dL’é(Q—Q’)Kf([’,L’, t) forL = —Li(I), (93b)
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! 1 |

(¢
J, = -D,(8f/dL),

J_=-D_(8f/8L)_

c

T

Figure 3. The probability current density J(/, L, ) at the boundaries. J = 0 on the upper and lower boundaries marking the prograde and retrograde circular
orbits. J = J (I, T) < 0 on the +Icb, and J = J_(I, t) > 0 on the —Icb.

where the integral, [ dI’dL’, is over the entire domain of f; consisting of the two disjoint wedges in Fig. 2. In the integrand both (I, L) and
K(I, L, I', L) should be evaluated on the +lcb (L = £L;.), so the loss-cone diffusion coefficients have contributions only from stars that are
in apsidal resonance, Q(I', L') = Q(I, £L.(I)), with a star on one of the Icb. It is evident that both D, and D_ are non-negative quantities,
as is f everywhere in its domain of definition. Since f = 0 on the £ lcb, we must have (3 f/0L), > 0 and (0 f/0L)_ < 0. Therefore, from
equations (92a) and (92b), we have

J.(I,t) <0 and J_(I,T) = 0 forl > I, 94

which is as we might have expected. Fig. 3 shows the current density on all the boundaries of the domain of f.
This loss of stars introduces time-dependence in physical quantities that were conserved for the case of a lossless disc (studied in the
previous section). The probability distribution P(Z, ) varies as

oP of aJ “Le g roaJ
- = Lt = - [dL—= = — L — L—=J.,1) — J{d
ot /d ot /d oL /_, d oL Llcd ar = D — L, ©3)

because J(I, =1, T) = 0 from equation (59). From equation (94) we know that J. is non-positive and J_ is non-negative. Hence (0P /07) <0,
as expected. Then the rate of mass fuelling of the MBH, M., is the negative of the rate at which the disc mass changes:
dm © QP o0

M= ——=-M| dI— =M | dI{J_d, 1) — J.(I 1)} > 0. (96)
dT I T I
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Similarly the rate at which angular momentum is fed to the MBH, L., is equal to the negative of the rate of change of the disc angular
momentum:

. dc Lie oJ ! oJ
Lie=——=-M dIdLL— =M dr dL L = dL L —
l dr / /l {/ oL * /L aL}

00 —Ljc I
M/ d[{{L]} + {LJ} } - M/dIdL]. o7
i -1 Ly

From the first identity of equation (61) the last term on the right side is zero. From equation (59) we know that J vanishes when L = +1.

Hence the rate at which angular momentum is fed to the MBH is
[o¢]
Lo =-M [ dlL(D{J-(I,v) + J.(I,D)}. 9%
J e

Each star falling into the MBH through the empty loss cone brings with it the specific angular momentum corresponding to the value at its
Icb. In Fig. 3, the upper region (shaded blue) feeds the MBH a specific angular momentum of L. per star, and the lower region (shaded red)
feeds the MBH a specific angular momentum of —L;. per star. £, can be positive or negative, depending on the net contribution from the
prograde and retrograde stellar populations.

The rate at which energy is fed to the MBH, &, is equal to the negative of the rate at which the disc energy changes. Using equation (70)
we have

: d& M
& = = —M/dl dL {Ex(I) + eH™'(I, L) + 91, L)} —_ 87 drdrLdr'dr’ ¢y, L, I, L’){f af + 1 —f}
T
" ot eM L . 9J’ oJ
=M [ dIdL {Ex(I) + eH™'(I, L) + ¢d(1, L)}—+7 dIdLdr’'dL’ Co(I, L, I',L") faL/+f— (99)

Since Cy(I, L, I', L) is symmetric under the interchange (I, L) <> (I', L') of integration variables, we can replace f(0J'/0L’) by f'(dJ/0L).
Then,

Ee = M/dl dL {E(I) + eH™(I, L) + e®™(I, L) + e®(I, L)} Z—Z = M/dl dL {E(I) + ¢H(I, L)} g—i

=M/d1Ek(1)/dLg—Z + SM/dIdLH(I,L)Z—Z =M/ocd1Ek(1){J,(1,‘L') — Jo (I, 1)}
he

00 —Ly 1
+£M/ dl{ {HJ} + {HJ} } - eM/dIdLQJ. (100)
I -1 Lic

By the second identity of equation (61) the last integral vanishes. Then, we have
Ee = M/ dI E(D{J- — J.} + eM/ dI{H_J_ — H, J,}. (101)

The first term is the feeding rate of the Kepler orbital energy to the MBH. It is the dominant term and has a negative value because Ey (/) <
0,J_ > 0and J; <0. In the second term, Hy = H(I, =L, t) are values of the ring Hamiltonian at the +Icb. The second term is smaller by
O(¢) and gives the feeding rate of the ring orbital energy.

Equations (96), (98) and (101) give the rates at which RR feeds mass, angular momentum and energy to the MBH in simple and readily
interpretable forms in terms of the currents of stars that pass through the loss-cone boundaries in (/, L) space. The boundary currents are
diffusive in nature and given by equations (92a) and (92b), with the diffusion coefficients determined self-consistently by the DF as given in
equations (93a) and (93b).

8 CONCLUSIONS

Our goal in Papers I through III is to formulate a theoretical framework describing the secular dynamics and statistical mechanics of a low-
mass (or ‘Keplerian’) stellar system orbiting a MBH. In Papers I and II we derived the equations governing the collisionless and collisional
(‘RR’) evolution, respectively, of general Keplerian systems. Here, in Paper III, we have simplified the RR kinetic equation and applied it to
understand the physical kinetics of razor-thin axisymmetric Keplerian stellar discs.

RR evolution is driven by F\2(R, R/, ), the ‘irreducible part of the two-ring correlator’, which measures the ring—ring correlations that
develop over time, due to mutual stochastic torquing. This is conveniently calculated in terms of a related quantity, W(R | R/, 7), the ‘wake
of R’ at R’, which has a nice physical interpretation as the linear collisionless response of the stellar system to the act of removing any one
ring and re-introducing it into any specified ring orbit which arrives at R’ at time t . Even though the equation governing W is simpler than
the one governing F{?), it is still a linear, partial integro-differential equation in six variables. Our first result in this paper is the introduction
of the ‘PRA’, which is an iterative scheme by which successive approximations to the wake can be generated. The lowest-order PRA ignores
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the effects of the gravitational polarization of the wake on its own evolution. The wake is then expressed as a time integral over the mutual
interactions between two rings, over their entire past orbital histories (equation 26a). This can be used to derive the PRA kinetic equation
(i.e. 29a-29c¢), which applies to a general Keplerian system; this equation can be thought of as the secular analogue of equations (1)—(3) of
Polyachenko & Shukhman (1982).

We then applied the PRA to razor-thin axisymmetric discs described by DFs of the form F(/, L, 7). Equations (44a) and (44b) show that
the PRA wake takes a simple form: with R = (I, L, g)and R’ = (I', L, g'), we have W(R | R’, 1) = —(0F/0L) AL, where AL(R,R’) is
the angular momentum change experienced by a ring at R due to the torque exerted on it by the ring at R’ during the entire past history of their
interaction. This form has a simple physical interpretation: W is the perturbation to F, accounting for the gain and loss of rings in an elemental
volume around R, due to torquing by R'. The wake can be decomposed into a ‘resonant’” and a ‘non-resonant’ part (equations 50a-50c),
where the resonance referred to is between the apsidal precession rates of pairs of stellar orbits. Only the resonant part of the wake contributes
to the collision integral, and determines RR evolution. This is physically reasonable, because we expect the accumulated mutual torque
between two rings to average to zero when they are not resonant.

We then derive the PRA kinetic equation governing the RR evolution of F. This is given in equations (57) and (58) in the ‘conservation’
form’, where the probability density current of the RR flow in (Z, L) space is seen to get contributions only from the resonant orbits. Since the /
of every ring is constant, the current density is directed only along the L direction. The PRA kinetic equation can also be put in a self-consistent
Fokker—Planck form, equation (63), with the diffusion coefficients determined self-consistently by the DF, as given by equations (64), (62b)
and (62c).'! The nice thing about the Fokker—Planck form is the ready interpretation of the diffusion coefficients in terms of the average
characteristics, per unit time, of the random changes in the specific angular momentum of a ring (see equation 65).

The broad features of the physical kinetics of RR were studied for the two major cases of interest, corresponding to the two different
boundary conditions under which the kinetic equation is to be solved. These are (a) ‘Lossless’ discs in which the MBH is not a sink of stars
(Section 6), and (b) discs which feed stars to the MBH through an ‘empty loss cone’ (Section 7). We obtained the following results.

(a) Since the MBH does not consume stars, total disc mass, angular momentum and energy are all conserved. A general H-function can
either increase or decrease during RR, but the Boltzmann entropy is (essentially) unique in being a non-decreasing function of time. It follows
that maximum entropy states are also states of secular thermal equilibrium, and their DFs have the Boltzmann form, investigated by Touma
& Tremaine (2014) for the limit in which all rings share the same semi-major axis. As a bonus we get a formula for the two-ring correlation
function at equilibrium.

(b) A star that comes close enough to the MBH will be either torn apart by its tidal field or swallowed whole by it. The stochastic evolution
of the orbital angular momenta during RR evolution can make a star lose enough angular momentum for its pericentre to come closer than
some minimum distance from the MBH; then the star is counted as lost to the MBH within a Kepler orbital period (which is essentially
instantaneous when compared with secular or RR time-scales). This is modelled by an ‘Empty loss-cone’ boundary condition in (/, L) space,
through which stars are lost to the MBH (see Figs 2 and 3). Equations (96), (98) and (101) give the rates at which RR feeds mass, angular
momentum and energy to the MBH. These are given in terms of the currents of stars that pass through the loss-cone boundaries. The boundary
currents are diffusive in nature and given by equations (92a) and (92b), with the diffusion coefficients determined self-consistently by the DF
and given in equations (93a) and (93b).

All of these properties are valid for axisymmetric discs, allowing for 1 PN and 1.5 PN general relativistic effects on apsidal precession, as
well as the gravity of an arbitrary axisymmetric external potential.

Having established an overall picture of the physical kinetics, it is necessary to compute and understand how RR affects orbits of different
semi-major axes and eccentricities. Below are three interesting ways in which the present work can be taken forward:

1. Touma & Tremaine (2014) solved for maximum entropy equilibria of self-gravitating Keplerian discs, in the case when all stars
have the same semi-major axis. Both axisymmetric and non-axisymmetric secular thermal equilibria were included. They found that a
significant fraction of the axisymmetric equilibria were not really states of maximum entropy but saddle points, and are thermodynamically"?
unstable to bifurcations favouring lopsided discs at the same energy and angular momentum. The symmetry breaking equilibria were
solved for numerically and found to be generically rotating. The axisymmetric equilibria which were thermodynamically unstable were also
found to be dynamically unstable, in the sense of the linearized ring CBE (whereas thermodynamic stability implies dynamical stability,
thermodynamic instability does not imply dynamical instability). When followed into the non-linear regimes through numerical simulations,
the dynamical instabilities saturated and relaxed into lopsided, uniformly precessing configurations. To be able to describe complex processes
such as these requires (i) using the methods of Paper I to first construct generic lopsided and rotating collisionless equilibria which
are also dynamically stable, and (ii) generalizing the approach of the present work to derive a kinetic equation for the RR of these
broken-symmetry equilibria.

I This is a special case of a more general result derived in Polyachenko & Shukhman (1982): the lowest-order PRA kinetic equation for a general stellar
system with integrable mean-field Hamiltonian can be expressed in a self-consistent Fokker—Planck form.

12 Here, ‘thermodynamically” refers to the thermodynamics of a large number of Gaussian rings. Since the semi-major axis of every ring is a fixed constant,
the phase space is finite and the problem is well-defined, unlike the case of a general self-gravitating system.
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2. The RR kinetic theory of Paper II applies to general stellar distributions, and needs to be developed for fully three-dimensional
systems. The simplest are spherical systems around a non-spinning MBH, whose orbital structure is as simple as the axisymmetric discs
we studied in this paper. The difference now is that we need to consider the gravitational interactions between pairs of mutually in-
clined stellar orbits. This adds to the technical complexity of Fourier expansions, but the physical kinetics of RR can be expected to
be as simple as it is for two-dimensional axisymmetric discs: we expect to find a kinetic equation of the Fokker—Planck form, with an
H-theorem and secular thermal equilibrium of the Boltzmann form for a lossless system, and diffusive loss-cone feeding of mass and energy
to the MBH.

3. Three-dimensional axisymmetric systems are naturally rotating, and we expect RR to feed the MBH with mass, energy and angular
momentum. It is also fortuitous that the secular dynamics of these systems is completely integrable with /, L, and H(/, L, L., g) being three
isolating integrals (Sridhar & Touma 1999; Sambhus & Sridhar 2000).
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APPENDIX A
Here, we prove that the non-resonant part of the wake does not contribute to the collision integral of equation (52). We first rewrite
equation (51c) as

Fi"(R, R, v) = TU, L I',L) {¥(R,R) — Co}, (AD)

where the Fourier coefficient Cy = Cy(I, L, I', L), the ring—ring interaction potential ¥ is a function of R = (I, L, g)and R' = (I', L', g'),
and the function

o 1 OF' OF
PULIL) = —o—e 4 Far = Flapr (A2)

Then we manipulate the Poisson Bracket (over the R variables), [\IJ, ﬂg*“)} as follows:
[W(R,R), FE"(R, R, 7)] = [¥(R,R), T {¥(R,R)—Co} | = [¥(R, R)), TW(R, R)] — [¥(R,R), TCy]

) , v ar oW (' Cy)
V[W(R,R), T] [W(R,R), FCO]_\IIag 5L e oL

2
_ i{‘iaj _ q,a(rco)}_ (A3)

T dg | 20L oL
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The expression in the curly bracket depends on g and g’ only through the function W(R, R’), in which the apsidal angles occur only in the

combination (g — g’). Hence,

0 (wZor o(I'Cy)

Y(R,R), F*"(R, R, = ——{—— - Vv , A4
[W(R, R, Fi( 2l ag,{zaL 51 } (A4)
which implies that

27T
/ dg' [W(R,R), Fi"(R,R',7)] = 0. (AS)
JO

Therefore the non-resonant part of the wake does not contribute to the collision integral of equation (52), and plays no role in the kinetic

evolution of the system.
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