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The accretion of a spherically symmetric, collisionless kinetic gas cloud onto a Schwarzschild black hole
is analyzed. Whereas previous studies have treated this problem by specifying boundary conditions at
infinity, here the properties of the gas are given at a sphere of finite radius. The corresponding steady-state
solutions are computed using four different models with an increasing level of sophistication, starting with
the purely radial infall of Newtonian particles and culminating with a fully general relativistic calculation in
which individual particles have angular momentum. The resulting mass accretion rates are analyzed and
compared with previous models, including the standard Bondi model for a hydrodynamic flow. We apply
our models to the supermassive black holes Sgr A* and M87%, and we discuss how their low luminosity
could be partially explained by a kinetic description involving angular momentum. Furthermore, we get
results consistent with previous model-dependent bounds for the accretion rate imposed by rotation
measures of the polarized light coming from Sgr A* and with estimations of the accretion rate of M87*
from the Event Horizon Telescope collaboration. Our methods and results could serve as a first
approximation for more realistic black hole accretion models in various astrophysical scenarios in which

2.

the accreted material is expected to be nearly collisionless.

DOI: 10.1103/PhysRevD.104.083001

I. INTRODUCTION

Accretion of matter is one of the most important
processes in astrophysical systems due to its fundamental
role in the formation and evolution of galaxies, stars and
compact objects. The fact that different types of matter
(e.g., kinetic gases, fluids or scalar fields) have distinctive
features in their corresponding dynamics, makes essential
to take into account the nature of the infalling matter for a
physically correct description of the accretion process (the
features of some of these types of matter can be seen, e.g.,
in Dominguez-Fernandez et al. [1] where the dynamics of a
collisionless kinetic gas in a dark matter halo is studied; in
Frank et al. [2] for accretion studies based on fluid
dynamics; or in Barranco et al. [3] where the peculiar
distribution of a scalar field surrounding a black hole (BH)
is described).
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The first studies on the phenomenon of accretion were
developed in Hoyle and Lyttleton [4], Bondi and Hoyle [5]
for a star moving at a steady speed through an infinite
pressureless gas cloud. Later on, Bondi [6] studied the
hydrodynamical steady spherical accretion of a gas at rest at
infinity onto a Newtonian star. In these models, effects such
as viscosity, turbulence, self-gravity or magnetic fields are
neglected. Further studies have been undertaken for differ-
ent scenarios in which matter accretion was shown to be
astrophysically relevant, for example in x-ray binaries (e.g.,
Lewin et al. [7]), in gamma-ray bursts (e.g., Popham et al.
[8]), in protoplanetary disks (e.g., Williams and Cieza [9])
or in active galactic nuclei (e.g., Krolik [10]). A great part
of these scenarios involve BHs, because they naturally
appear in the life cycle of massive stars (Penrose [11],
Celotti et al. [12]) and in the core of medium-to-large
galaxies (Kormendy and Richstone [13], Kormendy and Ho
[14]). The radiation emanated from these powerful sources
originates from a region close to the BH’s event horizon,
and therefore the corresponding accretion requires a fully
general-relativistic modeling.

Substantial theoretical and numerical work has been
done on the fluid or hydrodynamical approximation of the

© 2021 American Physical Society
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accreting flow onto BHs. In this context, the first general
relativistic extension of the Bondi model was given by
Michel [15] who studied the steady spherical accretion
flow of simple polytropic gases onto a Schwarzschild BH.
Additional generalizations of these hydrodynamic solu-
tions have been worked out over the years (see [16]
and references therein for recent work providing
a review of the Bondi and Michel solutions and their
generalization to rotating BHs). In particular, recent
numerical works make use of general relativistic magneto-
hydrodynamic (GRMHD) simulations to study different
accretion models (see, e.g., Porth er al. [17]). The fluid
approximation in these models considers that the effective
mean free path for the particles is sufficiently short with
respect to the length over which macroscopic quantities,
such as the particle number density, the bulk velocity or the
temperature vary in a significant way, so that thermal
equilibrium is attained locally. However, there are some
cases in which the hydrodynamical approximation does not
correspond to the nature of the infalling matter. This is the
situation, e.g., for underluminous sources (with respect to
the Eddington luminosity) such as Sgr A*, the super-
massive black hole (SMBH) in the center of our galaxy
(Ghez et al. [18], Gillessen et al. [19], Falcke and Markoff
[20]), and M87%*, the SMBH in the galactic center of Messier
87 (Event Horizon Telescope Collaboration [21,22]), whose
accreting plasmas are in a low-density, high-temperature
regime which makes them effectively collisionless (Event
Horizon Telescope Collaboration [22], Mahadevan and
Quataert [23], Harris et al. [24], Baganoff et al. [25]).

A further important example is the accretion of dark
matter (an exotic entity which is expected to be collision-
less), which has been suggested to play a prominent role in
the formation of SMBHs (see, e.g., Read and Gilmore [26],
Choquette et al. [27], Argiielles et al. [28]). The low
collisionality of these kind of flows makes necessary to take
into account the kinetic approximation in order to correctly
describe the dynamics of the accreting matter.

Analytically, the problem of accretion of kinetic gases
onto BHs is studied using the formalism of the relativistic
Boltzmann equation (see, e.g., Cercignani and Kremer [29].
In particular, the collisionless approximation (also known
as a Vlasov gas) in which the component particles do not
interact directly with each other, has been studied both in
the Newtonian (e.g., Zeldovich and Novikov [30], Shapiro
and Teukolsky [31] and in the general relativistic regimes
(e.g., Rioseco and Sarbach [32,33], Mach and Odrzywotek
[34,35]. Numerically, models of collisionless (or weakly
collisional) plasmas which include some kinetic effects into
the equations of GRMHD flows, have been developed
(Sharma et al. [36], Chandra et al. [37], Foucart et al. [38]).
Nonetheless, modeling a fully 3D kinetic simulation has
been a complex subject due to the high computational
effort of calculating the evolution of the 6D distribution
functions of ions and electrons in the accreting plasma (see
e.g., Kunz et al. [39] where a local shearing-box model

of a collisionless accretion disk is used, and references
therein).1

The analytical hydrodynamic and kinetic models with
spherical symmetry mentioned so far, assume that the
boundary conditions determining the properties of the
gas (temperature and density) are specified at infinity.
However, in practice such properties are measured at a
finite distance from the black hole. Therefore, analytical
modeling should take into account the finite nature of the
accretion phenomenon in order to produce more realistic
models. In the hydrodynamic case, such finite models have
recently been proposed in the context of the ‘“choked”
accretion mechanism (see Aguayo-Ortiz et al. [41], Tejeda
et al. [42], Aguayo-Ortiz et al. [43] and references therein)
in which the gas is injected from a sphere of finite radius,
named the “injection sphere,” with a slight equatorial to
polar density contrast, resulting in an inflow-outflow
configuration.

In this article we present a series of illustrative and
simplified analytic finite models which aim to solve the BH
accretion problem from a kinetic and relativistic standpoint.
To this purpose, we analyze the steady, spherical accretion
flow of a collisionless kinetic gas with negligible self-
gravity from an injection sphere of finite radius R. We study
the case of purely radial infall, in which none of the
particles have angular momentum, as well as the case where
individual particles have arbitrary angular momentum but
the gas as a whole (averaged over the momentum space)
moves in the pure radial direction. In the latter case, we
obtain a general formula for the mass accretion rate which
reduces to previous known results for R — oo (see Shapiro
and Teukolsky [31], Rioseco and Sarbach [32]), while for
fixed R one obtains new solutions.

Despite the simplicity of our models, we get reasonable
results when applied to the flows onto Sgr A* and M87%*. A
smaller mass accretion rate for these BHs is predicted by
our kinetic approach, which may contribute to the under-
standing of their low luminosity (Baganoff et al. [25],
Di Matteo et al. [44]) and the presence of polarized light at
230 GHz coming from regions near to the BH horizon
(Aitken et al. [45], Kuo et al. [46], Event Horizon
Telescope Collaboration [47,48]). The presence of this
polarization would not be possible for an accretion rate
similar to the predicted from the Bondi model, because
larger mass accretion rates would depolarize the light
through extreme Faraday rotation gradients (see, e.g.,
Quataert and Gruzinov [49], Jiménez-Rosales and Dexter
[50]). The conventional solutions to these problems
involve radiatively inefficient accretion flow (RIAF) mod-
els (Narayan and Yi [51], Quataert and Narayan [52], Yuan
et al. [53]). In these models the low luminosity is explained

1 . . .

For recent analytic work analyzing the dynamics of a
collisionless gas in the equatorial plane of a (rotating) Kerr
black hole and the phase-space mixing phenomenon, see [40].
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by an inefficiency in the process of energy exchange
between protons and electrons causing the advection of
most of the viscously released energy into the BH’s
horizon. On the other hand, the presence of linearly
polarized light at 230 GHz is explained by allowing a loss
of mass in the inner regions of the flow through convection
and/or outflows, reducing effectively the mass accretion
rate via a dependence of the accretion rate with radius (see
Yuan and Narayan [54] for a comprehensive review of
accretion flow models).

In this work, we derive the kinetic gas mass accretion
formula analogous to the spherical Bondi fluid model. In
the examples provided, we show that the accretion rate in a
fluid model can be similar to the corresponding kinetic gas
one, closing in this way the gap that existed in previous
analysis of both models. This issue is discussed for instance
in Shapiro and Teukolsky [31] where there is a huge
difference between the fluid and kinetic accretion rates. We
also derive the generalizations of the accretion rate pre-
dicted in Zeldovich and Novikov [30] for a finite radius and
show, in the examples presented, that the value of the
accretion rate strongly depends on that radius and the
environment. The expressions obtained in our manuscript
should be ideally suited to be applied also in dark matter
studies in which case the dynamic is expected to be des-
cribed by a totally noninteracting matter. Furthermore,
the obtained equations could be useful for studying the
accretion of hot, low-density matter which is trapped inside
the gravitational potential of a Schwarzschild BH. The
developed formalism and our ideal solutions could serve as
a starting point for more complex scenarios, such as the
nonspherical accretion onto a Kerr BH, and/or the addition
of magnetic fields.

This manuscript is organized as follows: in Sec. II, we
present an overview of the formalism of the general
relativistic Vlasov equation and the definitions of the
physical quantities relevant for the accretion flow; in
Sec. III, we treat the purely radial spherical infall of
particles, both in the nonrelativistic and relativistic limits,
and we apply the resulting equations to particles obeying
monoenergetic and Maxwell-Jiittner distribution functions;
in Sec. IV, we analyze the spherical accretion in which the
assumption of zero angular momentum for the individual
particles is relaxed and we also apply the results to
monoenergetic and Maxwell-Jiittner distribution functions;
in Sec. V, we summarize our results in a concise form
suitable for its immediate application; in Sec. VI, we apply
our results to the accretion flows onto Sgr A* and M87%;
finally, in Sec. VII we give final comments and suggestions
for future research. An additional model which considers a
distribution of particles with fixed angular momentum
which is useful for the interpretation of some of our results
is given in an Appendix. Throughout this work, we use
the signature convention (—,+,+,+) for the space-time
metric.

II. REVIEW OF THE GENERAL RELATIVISTIC
VLASOV EQUATION

The study of a collisionless kinetic gas interacting with a
central object is based on the one-particle distribution
function. In Newtonian theory, the distribution function f is
a function of time and coordinates (x,p) of the six-
dimensional phase-space, such that f(t,x,p)d*xd’p rep-
resents the expected number of particles in the phase-space
volume element d*xd> p at time . In general relativity, the
distribution function can be defined, a priori, on the eight-
dimensional cotangent bundle 7 M associated with the
curved space-time manifold (M, g), that is, the set con-
sisting of pairs (x, p) where x € M is a space-time event
and p is a momentum co-vector at x. Thus, locally the
distribution function can be regarded as a function of
the coordinates (x*, p,,), 4 = 0, 1, 2, 3, parametrizing the
cotangent bundle.?

For a relativistic, collisionless gas, the distribution
function f is required to solve the Vlasov (or collisionless
Boltzmann) equation which can be conveniently written as:

(fy=g-sb-20L =0 )
"
where here ‘H denotes the free particle Hamiltonian

H(x, p) = 5 0 (3)ppi @)

with ¢"*(x) the components of the inverse metric at x. It
follows immediately from Eq. (1), that any distribution
function f which is only a function of integrals of motion
satisfies the Vlasov equation.

Note that the Hamiltonian itself is an integral of motion;
the corresponding conserved quantity is —(mc)?/2 with m
the rest mass of the particle. For the following, we consider
a collisionless gas of identical particles of positive mass
m > 0, such that f can be restricted on the future mass
shell, the seven-dimensional submanifold of 7% M consist-
ing of those points (x*, p,) for which

P'py = —(me)?, (3)
and p* is future-directed. The future mass shell can be
parametrized in terms of the coordinates (x*, p;), with
i =1, 2, 3, where the time component of the momentum
does not appear as an independent coordinate since it
can be reconstructed from the mass-shell constraint (3).
For further details on the geometry of the relativistic
phase-space we refer the reader to Debbasch and van

*Alternatively, one can work on the tangent bundle M with
local coordinates (x*, p#). Both formulations are equivalent
since the space-time metric provides a natural way to identify
TM with T* M.
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Leeuwen [55], Sarbach and Zannias [56], Acufia-Cardenas
et al. [57].

Among the space-time observables, the central quantity
in our work describing the most relevant physical proper-
ties of the solution is the particle current density vector
field, defined as (see for instance equation (12.35) in
Cercignani and Kremer [29]):

rw=e | prepiolp). @

where P (m) is the future mass hyperboloid consisting of
those future-directed timelike vectors p* for which (3) is
satisfied and dvol,(p) is the Lorentz-invariant volume
element on P (m), defined as:

__1 &p,
v=9 P’

where /=g is the square root of the metric’s determinant
and p, = (p;) (with i =1, 2, 3) refer to the covariant
spatial components of the linear momentum (Debbasch and
van Leeuwen [55]).3

The corresponding invariant particle number density and
mean four-velocity at x are given by:

dvol,(p) : (5)

n(x) := l

@), (©)

w(x) = . (7)

For the following, we assume that the gravitational
potential is dominated by the BH such that the self-gravity
of the gas can be neglected. Omitting the rotation of the BH
for simplicity, we thus consider a spherically symmetric
static background described by the metric:

ds* = o, (r)dxdx® + r*(d9? + sin*9dg?),  (8)

with (x*) = (ct, r), where ¢ denotes the speed of light in
vacuum, ¢ is the time coordinate, r is the areal radius and
(9,¢) denote the usual angular coordinates on the two-
sphere. The integrals of motion in this case consist of the
rest mass m = /—2H, the energy E and the angular
momentum vector L associated with the spherical
symmetry.

It can be shown (e.g., Cercignani and Kremer [29])
that for a distribution function f satisfying the Vlasov
equation, J# automatically satisfies the continuity equation
V,J# =0, which allows us to define the conserved (rest)
mass accretion rate for the metric in Eq. (8):

3 . .
The covariant and contravariant momentum volume elements
&p

3
can be related through \/#__gdp—{)’ = V=9

M = dar*mJ’(x). 9)

Note that this definition is coordinate-independent, since it
is defined in terms of the areal radius r and the contra-
variant r-component of the current density vector field,
which can be written as J" = dr(J) = J*V,r.

Finally, it is straightforward to show that in the non-
relativistic limit (|u’| < ¢ and p° = mc), the well-known
expressions for the particle number density, the mean radial
velocity and the mass accretion rate are recovered:

n(x) = / fxp)dp.. (10)
"(x :L p_r X 3
W) = [ Srendn. ()

M = 4zr’mn(x)u’ (x) = 4ar? / pf(x,p)dp,. (12)

In the results presented in this article, the distribution
function f is assumed to depend on (x, p) only through the
integrals of motion, E and L. Due to dispersion and mixing,
it is in fact expected that any gas configuration relaxes in
time to one described by such a distribution function
(Rioseco and Sarbach [32,58]), provided the boundary
conditions specified at the injection sphere are compatible
with it. In addition, we focus on purely spherical accretion
for which the distribution function depends only on the
energy E and the total angular momentum L = |L| of each
particle. We shall use F to denote the distribution function
expressed in terms of £ and L.

III. PURELY RADIAL INFALL
FROM A FINITE RADIUS

In this section, we focus on the spherically symmetric
steady radial infall of a Vlasov gas into a central object,
assuming that each individual particle has zero angular
momentum. We assume that the particles are being accreted
from an injection sphere at finite radius with specific
density and energy or temperature which provide the
boundary conditions for the problem. The distribution
function describing this scenario depends only on the
radial coordinate r and its momentum p,, and the corre-
sponding observables only on r. We treat both the non-
relativistic and relativistic limits. The definitions given in
the previous section are specialized in order to describe
adequately the radial accretion process.

A. Nonrelativistic limit

In this limit, the particles are under the effect of a
gravitational central potential ®(r) generated by a mass M
(e.g., ®(r) = —=GMm/r), and the injection sphere of the
particles is at radius R, where we specify the particle
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number density. We ignore interactions with the surface of
the central object since we are interested in a scenario
analogous to a Schwarzschild BH, where there is no
physical surface. For spherical coordinates and under the
assumption that the particles have zero angular momentum,
the volume element (5) in momentum space can be replaced
by (Dominguez-Fernidndez et al. [1n*:

dp, 1
—dp,, 13
N (13)
Thus, from Egs. (10)—(12), we find that
1 pm(r~R>
w) = [ s, a4)

- 1 17m(r~R)
u'(r) = — / p.f(r.p,)dp,,  (15)

r*mn(r) J-c

Pm(r.R)

M = dxrmn(r)u’(r) = 4x / pof(rp)dpy. (16)

[Se]

where p" = p,. Here the upper integration limit

Pm(r.R) = —\/2m[® ®(r)] incorporates the physi-
cal requlrement that all the particles in the system are
falling radially from a radius R into the central mass, with
E = ®(R) being the minimum possible energy for the
particles. Note that, if R - oo, then n(r — o0) = 0 (which
is consistent with the fact that the distribution function
vanishes at infinite radius), and thus we cannot apply the
boundary condition n(R) = ng.

A specific scenario, which is directly related with the
analyzed case by Shapiro and Teukolsky [31], is the radial
infall of monoenergetic particles with energy E, > ®(R).
The distribution function in this case is

2
F(E) = fob(E - Eq) = fo< Lo() - E) (17)

where f is a constant with units of [time]~! (because the
radial distribution function, f = f(r, p,), has units of
[length x momentum]~!) and it is related with ng. Next,
we can use the properties of the Dirac delta distribution’ to
rewrite the distribution function as:

f(i’,Pr) :f(]\/%5(pr+ Zm[EO_q)(r)])’ (18)

VEy—®(r)

*There is a 27 difference with the result shown in Dominguez-
Fernandez et al. [1] due to a change of variable in the momentum
space done in that work.

Namely, the composition of the Dirac delta dlstrlbutlon with a
smooth function g(x), is given by 6(g(x)) = 3=, T70ir t x X , where the

sum goes over all the different roots x; of g.

where we have used the fact that all particles are falling and
hence they can only have negative momentum. According
to Egs. (14)—-(16) and the boundary condition ng, the
particle density, the average radial velocity and the accre-
tion rate are, respectively:

=8\ (19)

(20)
M| = 4m»2mn(r)|ur(r)\ = dzmf,, (21)
where
Jo=Rongy/ (22)
which yields
M| _ agr2 [ 2E0 = <I>(R)}’ (23)
mng m

valid for r < R. If E; = 0 and the gravitational potential is
due to a central mass such that ®(r) ~ 1/r, Eq. (20) is
easily recognized as the free-fall velocity. Furthermore, we
see from Egs. (19) and (20) that the particle number density
and velocity are proportional to »—3/? and r~'/2, respec-
tively, which is the expected behavior for the fluid limit
(Shapiro and Teukolsky [31]). If we set E, = ®(R) +
1 mv, where vg = u’(R) is the speed of the particles at the
injection radius with respect to the central object, then
Eq. (23) can be written as the well-known expression:

M

MnrUp

= 47R%. (24)

Another scenario, similar to the Bondi case, consists of a
stationary cloud of particles with mass m described by a
Maxwell-Boltzmann distribution function (e.g., Binney
and Tremaine [59]), falling radially into a central object
according to the gravitational potential ®(r) generated
by M. This has the form:

frp) =aeo [5(Z+om)]. o9

where as usual f = 1/kgT, with kg the Boltzmann con-
stant, kg = 1.38 x 1072 m?> kg K~ s72, T the temperature
of the cloud and A is a constant with units of [length x
momentum]‘l. In this case, following Egs. (14)—(16) and
the boundary condition ng, the particle number density, the
average radial velocity and the accretion rate for » < R are,
respectively:
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n(r) :% n;—;e_ﬂ‘b(’)
x [ - Erf(B[®(R) —@(r)])],  (26)
U = — |2 plem-a()]
(r) G

x [1 =B (VA[@R) —@(r)]))™.  (27)
\M| = drr*mn(r)|u’ (r)| = 47rm%e_ﬂq’(R>, (28)

where Erf(x) denotes the error function, and

/2
A = ngR? 2P ppoim, (29)
mn

corresponding to the injection sphere at a radius R, which

yields
M 2 2kpT
u:4ﬂR21/—:4ﬂR2\/—B—. (30)
mng zmf T m

B. Relativistic case

In the relativistic case one considers a Vlasov gas on a
Schwarzschild background, with metric components
—goo = 1/9,» = a(r)? and gy, = 0 in Eq. (8), where

a(r)? =1 -r—rs, (31)

with rg the Schwarzschild radius defined by rg := 2GM/ c?.

The volume element in momentum space, Eq. (5), takes the
form:

1 dp,
dvol,(p) = —1F (32)

rp

with p® related to the relativistic energy E through
E = a(r)*cp®. (33)

With Egs. (4) and (6) we find:

2o =5 [ a4

¢ [Pn(rR) r
r =5 [ ) Bdp 69
(r) = =\lar) ()P = () falP. (36)

where pp(r.R) = — 0% Va(R)?* —a(r)? (whose defini-

tion reduces to the one used in Egs. (14)—(16) in the
nonrelativistic limit) originates from the requirement that
all the particles are infalling and have minimum possible
energy equal to E = a(r)mc? [see Eq. (38)]. The boundary
conditions are given by the particle number density at the
injection sphere ng, and the energy or temperature as
before.

As an example, we reconsider the Vlasov gas of mono-
energetic particles of mass m, now with relativistic energy
Ey > a(R)mc?. The expected distribution function is

F(E) = fod(E - Ey), (37)

where, again, f is a constant with units of [time]~! related
to ng. From the general relation (3), we obtain:

E= \/[a(r)zp,c]2 +a(r)?m?c*, (38)

so that the distribution function is written as:

10.07) = o (10 PP + alrpie - £, )

o+ 55 ) = ol
- .3

ca(r)\ /1= a(rP (1)}

where we have used the fact that all the particles have
negative radial momentum. The invariant particle number
density, the average radial velocity and the mass accretion
rate computed from Egs. (9), (34)—(36) and the boundary
condition ng, yield

) =B | () e )

w(r) = —c K%)Z - a(r)Z] " (41)
\M| = 4zmf,, (42)

valid for r < R, and with f, given by:

fo= chR2\/ (%)2 —a(R)?, (43)

which yields

% = 4”R2\/<%)2 —a(R)*. (44)
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Using Eq. (41), we get the familiar result
||

— = 4zR?, 45
mngu’(R) " (45)

as follows directly from integrating the continuity equation
for radially infalling dust in which case p = mn.
Nevertheless, for our purposes it is convenient to express
the accretion rate in terms of the 3-velocity vy of the gas
particles calculated by a static observer at the shell r = R,
because the injection sphere is static with respect to the
black hole. The relation between vy and u”(R) is given by
(see, e.g., Crawford and Tereno [60])

u'(R) = a(R)vgy. (46)

where y := (1 — v%/c?)7!/2 is the Lorentz factor associated
with vg, which implies that
M

1Ml = 4zR’a(R)y. (47)

Mmnrvp
In the nonrelativistic limit, with vz < ¢ and rg < R, the
previous equations reduce to Egs. (19)—(24), as expected.

We now consider a distribution function of the Maxwell-

Jiittner-type (Jiittner [61]),

F(E) = Ae™PE, (48)

where p=1/kgT, A is a constant with units of
[length x momentum|~!, the energy is given by Eq. (38),
and T is the temperature of the gas at the injection
sphere.6 The resulting expressions from Egs. (34)-(36)
have no analytical closed form. Nevertheless, we can
make a change of integration variable from p, to the
relativistic energy E through Eq. (38). In this way, for the
Schwarzschild metric we get:

I [ E
P —— L F(E dE, (49
(=17 L(R)mcz i )
1 )
=1 / F(E)dE. (50)
" Ja(R)mc?

This set of equations can also be applied to the distribution
function in Eq. (37) and the resulting expressions are again
Egs. (40)—(44). For the distribution function in Eq. (48), we
obtain:

Amc /K (z)%e* — 772 (51)

np =
R? et ’

®Strictly speaking, the distribution function described by (48)
does not describe a configuration in thermodynamical equilib-
rium since in this section we restrict all the particles to have zero
angular momentum.

1 1
W (R) = -7 BT (52)
M| = 4ﬂm%e_z, (53)

where 7 := mc?a(R)p and K,(z) is the modified Bessel
function of the second kind and first order (see, e.g.,
Abramowitz and Stegun [62]). Note that the previous
expressions are evaluated at r = R; this was necessary to
get an analytical closed form. Eliminating A, we get an
expression for the accretion rate:

M| 4zR%a(R)
K (z)ze P -1

= 54
Mchg (54)

Finally, considering the nonrelativistic limit me? > kpT,
so that z > 1, we obtain:

M 2 2a(R) kg T
M 47R2a(R)\ | — = 47R? /QB—, (55)
mcng iz T mc

which reduces to the expression in Eq. (30) when R > rq.

IV. SPHERICAL ACCRETION WITH ANGULAR
MOMENTUM FROM A FINITE RADIUS

In this section, we generalize the calculations of the
previous section to the case in which individual gas
particles are allowed to have angular momentum; however,
we assume that the averaged quantities describing the gas
(i.e., the space-time observables) are still spherical. For
simplicity, we shall assume a uniform distribution in the
total angular momentum L, and take the same monoener-
getic or Maxwell-Jiittner-like distribution in the energy as
considered in the previous section. The analysis in this
section is performed directly in the relativistic case with the
Schwarzschild BH with mass M as an accretor.

We assume that the injection sphere is located at a radius
R > rigco = 6GM /c? larger than the radius of the inner-
most stable circular orbit (ISCO) (it will become clear in a
moment why the restriction R > rigcq is required). As in
the previous section, we impose the particle number density
ng on the injection sphere, and we compute the solution
satisfying this boundary condition and the corresponding
accretion rate.

For the following, it is convenient to express the momen-
tum in terms of orthonormal components (p°, p', p?, p?)
such that

H__— —
P o =P a(r) d(ct)
1

0
3 -
P sing Op (56)
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where as before, a(r)* = 1 — . In terms of these ortho-
normal components the volume element (5) reads

B dpldp2dp3
Ve + (p' + (P + (P

Expressed in terms of the integrals of motion (E, L) and the
angle y defined by L,/L = sin9siny, one obtains

E i\/Ez—VL(r) Lcosy Lsin)() (58)

(57)

dvol,(p)

)=

ca(r) ca(r) r r
dELdLd
dvol,(p) = —Z, (59)
r’\/E* =V (r)

where the 4 sign in p! determines whether the particle is
infalling or outgoing and V(r) is the effective potential
describing the radial motion, defined as

L2
Vi (r) = cta(r)? (m202 + 2) . (60)
r
The behavior of the effective potential V; is well-known

but critical for what follows, so we briefly review its main
features (see, e.g., Appendix A in Rioseco and Sarbach [32]

for more details). For L < Ligco := V12GMm/ ¢ the func-
tion V is monotonously increasing, which means that any
infalling particle released from » = R whose total angular
momentum lies in this range inevitably falls into the black
hole within a finite amount of its proper time. For L >
Lisco the function V; has a local maximum inside the
interval 3GM/c?, 6GM /c?), which is due to the presence
of the centrifugal term and which gives rise to a potential
well with corresponding minimum lying in the interval
(6GM/c?, 00). Whether or not an infalling particle released
from r =R with L > Ligco falls into the black hole
depends on its energy (see Fig. 1). If E? is larger than
the maximum of the potential, the particle is absorbed by
the black hole; otherwise it bounces off the centrifugal
barrier and is reflected toward r = R.

Therefore, given L >0, the relevant energy range
for describing the aforementioned accretion scenario is

Vi (R) £ E < oo, with particles being absorbed or reflec
ted depending on whether or not E” is larger than the
centrifugal barrier of V. (We do not consider particles with
energies lower than ,/V;(R) since they correspond to
either bound trajectories whose turning points r; satisfy
rg < r; < r, < R, and hence do not affect the value of ng
nor the accretion rate, or to particles emanating at a radius
r < R which are absorbed by the black hole in finite
proper time).

When computing the current density (4) with the volume
form expressed in terms of E, L and y as in Eq. (59), the
appropriate limits of integration for each variable have to be
taken into account. The range for y is obviously (0,2x),

Vi(r
m2ct

131

Absorbed trajectories (incoming partficles with p”)
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FIG. 1. Plot of the Schwarzschild effective potential V; (r) vs r

(with r in units of rg) and L = 4.5GMm/c. We have identified
for the absorbed trajectories the incoming moments by p?, while
for the scattered trajectories the incoming moments are p° and
the outgoing moments are p¢ . Here, the = sign in p¢, refers to the
same sign appearing in the p' component of Eq. (58). For more
details on the effective potential see Misner et al. [63], Straumann
[64] and Appendix A of Rioseco and Sarbach [32].

while 0 < L < o0 and /V;(R) < E < o0, as we have just
described, where values of E? exceeding the local maxi-
mum of V; give rise only to incoming particles with
momentum p° and values of E? less than this maximum
giving rise to both incoming and outgoing particles with
momenta p? .

Since the distribution functions considered in this work
depend only on E, one can perform the integrals over L
explicitly, as shown below. For this, it is necessary to
fix the energy level first and determine the correct limits
for L as a function of E. Thus, the energy range is now

V,_o(R) = mc®a(R) < E < oo, while the value of the
total angular momentum L is limited by the requirement
that V, (R) < E?, which translates into an upper bound L <
Ly (E,R) for L. Furthermore, there is a critical value
L = L (E), corresponding to the value of L for which the
effective potential has a local maximum equal to E2, such
that particles with L < L (E) are absorbed and particles
with L > L (E) are reflected.

By analyzing the behavior of the two limits
Ly (E,R) and L.(E) as functions of E, one finds that
there is a critical energy E = E.(R) for which they
are equal, L. (E.(R),R)=L.(E.). Furthermore, we
have Ly, (E,R)<L.(E) for mc*a(R) < E < E.(R), and
Ly (E.R) > L.(E) when E > E.(R). This leads to the
following characterizations in the parameter space (E, L):

(1) Absorbed particles

{ mc*a(R) <E<E,(R) and 0<L <L, (E.R),
E.(R)<E<oo and 0<L <L (E).
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(ii) Scattered particles

E(R)<E<o and L,(E)<L < Ly, (E.R).
(61)

The explicit expressions for E,, L., and L, are derived in
[32,65] and they are

R+rs

E.(R) = mc* ——=—, 62
(R) R(R + 3rg) (62)
E2
L E,R) = R 1, 63
max( ) mc m2c4a(R)2 ( )
L.(E)
4N2GMm3 3

B \V/36m2c*E* — 8m*c® 32’

—27E* + E(9E* — 8m?c
(64)

where Eq. (64) is defined for E > Eisco = 2v/2mc?/3
which is the energy corresponding to the 1SCO.”
After these comments, it is straightforward to compute

the mass accretion rate M and the particle number density
ng at the injection sphere. Using Eqs. (4) and (58), we
obtain

dELde)(

/ / max (E-R) /27!
J(T
abs r=R — ne (R (R)

. /+oo / /2n poF( E)dELd(LI;i;(

(65)

+00 mnx E R 27[ dELdeX
e [ [0 [ vy

(66)

with p9. given by Eq. (58). We note from these expressions,
that only the absorbed trajectories contrlbute to the mass
accretion rate M, since the terms pl and pl in Eq. (66)
cancel each other out. In contrast to this, all the trajectories
(absorbed and scattered) contribute to the particle number
density ni. The nonvanishing orthonormal components
yield:

’As E increases from Ejgcq to oo, L, (E) increases from Ligeo
to oo, with L (E) = 4GMm/c for E = mc?.

Lolrr = {L o E\/E? - m’cta(R)F(E)dE
- /EC(R) EmF(E)dE} ﬁ’

(67)
E(R)
Tavslr—r = _{/;1020((1?) Lo (E,R)*F(E)dE
oo P 4
+ /E " LC(E)ZF(E)dE} Ral®)’ (68)
Jealr=r = ﬁ/;(: E\/EZTC(E,R)F(E)dE
(69)

where we have introduced the shorthand notation
V.(E.R) =V, g(R). Note that by definition, E.(R)? >
V.(E.R) for all R> rigco and V; g)(R) = m*c* for
R — o0; hence only the scattered particles yield a non-
vanishing contribution to J%|,_ when R — oo. Using
Egs. (9), (67)~(69), and J" = aJ jbs, one obtains the mass
accretion rate

+0o0
= AdamR*J"|,_p = —4n m{ / L.(E)*F(E)dE
E.(R)
E.(R)
[ e R FE)AE), (70)
mca(R)

and the particle number density at r = R,

1 =2/ (R) + S (R)P -

C

Vans(R)IZ. (71)

In the following, we further analyze these results for the
monoenergetic and Maxwell-Jiittner-type distributions in
the energy.

A. Monoenergetic model

For the monoenergetic model F(E) = f6(E — Ej), one

obtains
M| 72—
———— = 4zR*a(R for 1 <y < 7y.(R),
o a(R) x 32 orlsy 7e(R)
(72a)
M
M| = 47R?a(R)
mcng
h(R.y)

)" = h(R.y)?)'"?
(72b)

) 4 (VP =1+ —1-h(R

for y > y.(R),
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where we recall that y = (1 —v%/c?)™1/2 is the Lorentz
factor associated with the 3-velocity of the gas particles
measured by a static observer at the injection sphere (see

Sec. Il B), such that the energy E is given by8
Ey = mc*a(R)y. (73)

Further, y.(R) = E.(R)/(mc*a(R)) and h denotes the
function

h(R.y) = [M]z

mcR
B 8r§ 1
~ R?360%2 — 8 — 27a%y* + ay[9a2y* — 832

(74)

The formulas (72a), (72b) generalize the Bondi-type formula
that can be found, for instance in Shapiro and Teukolsky
[[31], Chapter 14, Sec. 2], to the accretion of a monoenergetic
gas of arbitrary energy E, > mc’a(R) accreting from a
sphere of finite radius R > rigco-

Using the fact that for E = E.(R) one has L.(E) =
Luax(E, R), it is simple to verify that [M| is continuous at
the transition point y = y.(R), where it has the value

|M\ __4zarsRa(R)
N

In fact, for fixed R, |M | is a monotonically increasing
function of y in the interval 1 <y <y.(R), while it
decreases monotonically for y > y.(R). Thus, Eq. (75) is
the maximum accretion rate for the monoenergetic model
with angular momentum. In the limit R — oo it follows that
E.(R) —» mc? [see Eq. (62)] such that y.(R) = 1 and
Eq. (72b) reduces to

75
mcng (75)

M| wLli(mc?re)
MmN mc%y /1% — 1

162G2M?> vy vt V0
=T Nyl P o 2=) ] (76
P o(%)] 09

C Vg

where Ny, = limp_ o, ng, Vo = limp_, o Vg, and
Yoo = limg_ o, 7. The leading-order term in v, /c agrees
with Eq. (14.2.20) in Shapiro and Teukolsky [31].
Comparing Eq. (72a) with the corresponding expression
for the mass accretion rate in the absence of angular
momentum [see Eq. (44)], the difference relies in the factor

The relation between the energy E, and the speed vg in

Eq. (73) can be computed using the formula ‘Z’C’;‘z = g}l;, with

P> = (p")? + (p?)* + (p*)?, where p' are the orthonormal
components defined in Eq. (58).

(37 +1)""2 <1 which implies that for y < y.(R) the
accretion rate is smaller when the angular momentum is
considered. This is expected since the tangential movement
of particles with angular momentum reduces the net infall of
particles. Note that in the nonrelativistic limit y — 1 and
fixed R one obtains half the value given in Eq. (47) computed
for the purely radial infall. As further analyzed in Appendix,
this is due to the fact that when angular momentum is present,
the three-velocity contains nontrivial angular components.

A simplified form of Egs. (72a) and (72b) can be
obtained in the limit when the injection sphere is far from
the horizon: R > rg and for nonrelativistic energies, such
that vz < c. For this, one notices that

7C(R)—1=2(%>2+O<%S>3, (77)

and that the denominator of the second factor on the right-
hand side of (74) converges to 2 when a(R) — 1 and
y — 1. Using this, one finds to leading order,

M
Ml _ 47R? x 2B for R TS (78a)
mcng 2c 2c R
) 2
ML _ g %€ (E> !
2c 1s\2
mcng U 1 + 1 - (a%)
Ur _Ts
for = > =, 78b
of 2c R (780)

which is valid for R > rg and vy < c.
In Fig. 2 we show the behavior of the dimensionless

quantity I' = |M|/(4zR*a(R)mcng) as a function of y for

0.30

- R=3rs

0.25

0.20

0.15

0.10

0.05

0.00

1 1.2 147

FIG. 2. The dimensionless quantity I'=|M|/(4zR2a(R)mcng)
vs the Lorentz factor y = (1 — v%/c*)~"/? for some fixed values
of the injection sphere’s radius R. The solid lines are computed
from Eqgs. (72a) and (72b) for different values of R. The black
dashed line shows the same quantity I" for the case R = 10rs,
using the approximation from Eqgs. (78a) and (78b) which is valid
for R > rq and nonrelativistic velocities vz < c.
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different values of R. As can be observed from this figure,
|M | increases with y for small velocities v, the quantity I’
being independent of R, as follows from Eq. (72a). Hence,
in this regime the qualitative behavior of the accretion
rate as a function of vy is similar to the case of purely
radial infall (the only difference consisting of the factor
(3y% 4+ 1)7'/2, as explained above). However, as soon as y

reaches the critical value y.(R), starts decreasing,
converging to a finite (R-dependent value) in the limit
y = oo. This can be understood as follows: when
¥ < 7c(R), all the particles have their energy below the
critical value E.(R) and thus all of them are absorbed by
the black hole. This leads to an accretion rate which
increases with vg. However, when y > y.(R), the particles
have their energy lying above E.(R) and hence a fraction
of them (namely, those with angular momentum larger
than L.(E)) are scattered off the effective potential, leading
to a smaller accretion rate. As vy increases this fraction
becomes larger which leads to a smaller mass accretion
rate (see Rioseco and Sarbach [33] for a more extended
discussion regarding this effect for a similar model with
R — ).

B. Maxwell-Jiittner-type distribution function

Next, we analyze the Maxwell-Jiittner-type distribution
(48) which was also considered in Rioseco and Sarbach
[32,33].9 To understand this limit, it is convenient to perform
the variable substitutions £ = mc?a(R)(1 + x/z) and E =
E.(R)(1 + y/z) inthe integrals Eqgs. (67)—-(69), where we set
Z(R,T) := z = mc*Ba(R). This yields

2xAm3ct

IO = (T + %) o = Te_zll (R,z), (79)

| TAm3c*
‘] _Jabs|r R — — Zz

e*I,(R,z2), (80)

with the integrals 1, (R, z) and I,(R, z) given by

© 2
Ii(R.2) = / (1 +f) 2% + e dx
0 Z Z
+ 7e(RPPeNE / > (1 + X) ol
0 Z

X \/z {1 — VC[EC(;)((;; 2)’ R]] + 2y + yZ—2dy,
(81)

9Again, one should be careful with associating 7 with temper-
ature. Although in this section the gas particles are not restricted
to zero angular momentum, the gas is still not in strict thermo-
dynamic equilibrium at finite R because we are not considering
hypothetical incoming particles emanating from the white hole.
See the discussion in Sec. 4 of Rioseco and Sarbach [33].

A(R2) 2 R

L(R,z) = / ) (2x + x_) e~ “dx + %ze"\(&z)
0
Lo[E(R)(1 + 3
x/ o 1Ry gy, (82)

0 C
where we recall the shorthand notation y.(R) := E.(R)/
(mc*a(R)) and where we have set A(R, z) := (y.(R) — 1)z.

From Egs. (79) and (80), one obtains the following expres-
sion for the mass accretion rate:

M| _ 4aR%a(R) (83)
mcn 1,(R.2)12 ’
SEERYE S xre

Equation (83), together with the integrals defined in Egs. (81)
and (82), provides an exact expression for the mass accretion
rate as a function of the injection radius R and the temperature
T. Unfortunately, the integrals involved are rather compli-
cated, and for this reason it is advantageous to obtain
simplified expressions for certain limits. One such expres-
sion can be obtained assuming that the gas temperature is
low, such that kg7 < mc?, and that R > rg is much larger
than the Schwarzschild radius of the accreting black hole. In
order to discuss this limit, we first note that

VIE(R)(L+D.R] 167 y co(%). @

1- AR
EX(R) RP— Az

and hence for z > 1 one obtains

Ii(R,z) ~ Aw V2xe *dx + yC(R)3g—A(RsZ)

©
X
0

Now the integrals can be evaluated explicitly which yields,
for z> 1,

1 — (3rg/R)?

= (/R 8

i) \/g T re(R) e % (6)
Similarly,
(R, 2) #2 = 2[1 + A(R, z)]e MR
4rg A(R, 7)eMR3) .

+ b
R[ye(R) = 1] a(R)*(1 + 3rs/R)
for z > 1, where we have used that L .[E.(R)]*/(mc)* =
4r2/[a(R)*(1 + 3rs/R)]. The expressions (86), (87) are
valid when z is much larger than one, independent of the
value of R. When R > rg one can use the expansion (77) to
show that A(R, z) ~ 2(rs/R)?*z. Therefore, A(R, z) depends
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on the ratio between the two large quantities z and R?,
implying that it varies over the whole range (0, ).
Assuming that R > rg in Egs. (86) and (87) leads to a
further simplification,

I(R.2) @1 4 AR, (88)

L(R.2) ~2[1 — e MR, (89)

and introduced into Eq. (83) one obtains the simple expres-

sion
1 2\ [32z
~ R°a(R)tanh| = e 90
mcng o(R) tan RZZ z (50)

which is valid for arbitrary values of R > rg and
z=mc?/(kgT)> 1. In the limit R — co one obtains,
setting 7, := limg_ 2,

M
Lz V32712078, (91)

mcny,

which agrees with Eq. (87) in Rioseco and Sarbach [32].
In Fig. 3 we show the dimensionless quantity I' =

|M|/(4zR*a(R)mcny) as a function of the temperature
T for different values of R. The behavior is very similar to
the one of the monoenergetic model, except that the
function is smooth at the maximum value of the accretion
rate, which is due to the nontrivial velocity dispersion in the
distribution function.

0.20
0.10 -

0.05 -

0.02 |

0.001 0.010 0.100 1
FIG. 3. The dimensionless quantity I' = |M|/(4zR*a(R)mcny)
vs 77! = kgT/(mc*a(R)) for some fixed values of the radius R of
the injection sphere. The solid lines are computed from Eq. (83)
for different values of R. The black dashed line shows the same
quantity I' for the case R = 10rg, using the approximation
from Eq. (90) which is valid for R > rg and nonrelativistic
temperatures 77! < 1.

V. SUMMARY OF ANALYTIC MODELS

In this section we provide a summary of the expres-
sions we have obtained for the mass accretion rate in the
different models presented in Secs. III and IV. We restrict
ourselves to the relativistic models which describe the
spherical accretion of a collisionless kinetic gas onto a
Schwarzschild BH. In all these models, the mass accretion
rate can be written in the following general form:

\M| = 4zR?a(R)mcngl, (92)

where R is the areal radius of the injection sphere,
a(R)=+/1-rg/R, with r¢=2GM/c? the Schwarzschild
radius of the black hole, m the mass of the particles and np
the particle density at the injection sphere. Here, I' is a
model-dependent dimensionless factor which is defined as
follows.

(1) Purely radial monoenergetic model:

1
r="%_- (93)

where vy is the magnitude of the three-velocity
measured by static observers at the injection sphere.
(2) Purely radial Maxwell-Jiittner model:

1
'K @t o4

where z = mc?a(R)/kgT with T the gas temper-
ature at the injection sphere and where K, (z) is the
modified Bessel function of the second kind of first
order. In the low-temperature limit z > 1 this factor
reduces to I'x /2/(nz).

(3) Monoenergetic model with angular momentum: In
this case, I" can be read off from Eqs. (72a) and
(72b). However, in the limit R > rq and vy < c this
simplifies to

UR Ur _Ts
a2, for X <=5, 5
200 2 TR (95a)
x®)7? v
I~ i , for =X >3 (95b)
/1= () 2¢ R

(4) Maxwell-Jiittner model with angular momentum:

M=, (96)

where the integrals /| and I, are defined in Egs. (81)
and (82). In the limit R>rg and z> 1 this
simplifies to
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2 2
I~ \/E—Ztanh (%z) (97)

Note that in the limit z>> R*>/r} one obtains
precisely the same result as the low-temperature
limit of the purely radial Maxwell-Jiittner model.
This shows that at very low temperatures the angular
momentum is unimportant which is expected, since
at low temperature most of the particles have low
energy and hence must have low angular momentum
as well."”

VI. APPLICATIONS

In this section, we discuss a couple of astrophysical
scenarios which allow us to point out some important
quantitative differences between the mass accretion rates
predicted by our and previous models.

A. Accretion onto Sgr A* from matter located
near the Bondi radius

In most scenarios, the Bondi accretion can be considered
as a reliable first approximation.'' For a polytropic tran-
sonic accretion flow, the Bondi mass accretion rate M B 18
defined through the following expression (Bondi [6], Korol
et al. [66]):

|V

CooP o

= 4nirg, (98)

where ¢, is the sound speed of the fluid at infinity, p, is the
fluid density at infinity, and A is a function of the adiabatic
index of the fluid y, (e.g., Bondi [6]). For a monoatomic
adiabatic process, one has y, = 5/3 and 4 = 1/4. Note that
we have written Eq. (98) as a ratio in order to keep the same
format that we followed in the previous sections. The Bondi
radius rg in Eq. (98) is defined as

GM
rp :T (99)

Cx

Note that the adiabatic speed of sound of the fluid is
defined as

1/2 1/2 1/2
() ) () o
Op p wmy,

1See Eq. (63): L. is small if E is close to its minimum value
a(R)mc?.

! Strictly speaking, the mass accretion rate for the case the
central object is a black hole should be computed by means of a
general relativistic calculation. However, when y, < 5/3 and for
low temperatures (such that kg7, /(m,c?) < 1), the Newtonian
calculation yields a very good approximation to the general
relativistic case even if the central black hole is rotating [16].

where the ideal gas equation of state is assumed, P = ’#
P

and p = (m)/m, is the mean molecular weight which
depends on the ionization state of the gas. The relation
between the particle number density n and mass density is
p =n(m), and the former has a contribution from the
electrons and ions. Therefore it is common to consider the
mean molecular weight separately. In the case of electrons,
the mean molecular weight per electron is y, ~2/(1 + X),
where X is the hydrogen mass fraction. For example, a fully
ionized purely hydrogen gas has y = 0.5 and u, = 1.

In practice, one substitutes the values of the particle
number density and temperature obtained from x-ray
observations at a finite radius from the SMBH in the
Bondi accretion rate model given by Eq. (98). In this way,
considering the characteristic parameters for Sgr A*: a
mass of ~4.3 x 10° My, (Ghez et al. [18], Gillessen et al.
[19]), a flow with temperature of 2.2 x 107 K (1.9 keV), a
sound speed of 550 kms~! and an electron number density
of 160 cm™3 measured at R ~ 0.06 pc (e.g., Baganoff et al.
[25], Eatough et al. [67]), the Bondi accretion rate yields

. M 2 n
M| ~ 10 Mg yr~! ¢
(M| oI (4.3 % 100 M®> (160 cm-3>

kBT _%
% <1.9 keV) ’ (101)

where an adiabatic index y, = 5/3, p = y.m,n. and p = 1
and p, = 1 was assumed as in Falcke and Markoff [20]. In
this case, it is implicit that one assumes the selected finite
radius to be a good approximation for the values n,, and
T . Nevertheless, this assumption can lead to an overesti-
mate of the actual mass accretion rate (see, e.g., Korol et al.
[66]. In the past years, accretion models based on numerical
hydrodynamical simulations have estimated a mass accre-
tion rate of order ~10~® My yr~! at the Bondi radius scales
(e.g., Cuadra and Nayakshin [68], Cuadra et al. [69],
Cuadra et al. [70]).

Another plausible way to estimate the mass accretion
rate in these systems is through rotation measures (RM)
derived from the observed polarized emission as has been
previously done with Sgr A*. The RM is proportional to the
integrated electron density and the parallel component of
the magnetic field to the line of sight.12 Therefore, the
interpretation of the RM relies on a radial model for both
the density and the magnetic field. On the other hand, the
radial dependency changes according to the assumed
accretion model (e.g., Bondi or the various RIAF models).
These model-dependent radial profiles are used in combi-
nation with certain assumptions on the magnetic field, such
as equipartition between the magnetic and gravitational
energy, in order to get upper and lower limits on the mass

2RM = 0.81 fneB”a’l rad m~2, with n. in units of cm™3, Bin
u#G and dI in pc.
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accretion rate in the vicinity of the BH horizon (Bower
et al. [71], Marrone et al. [72,73]).

In these polarimetry observations, a low mass accretion
rate near Sgr A*’s horizon is inferred from the RM of a few
x10° rad m~2 at 230 GHz (Marrone et al. [72], Bower et al.
[74]). The inferred mass accretion rate lies in the range of
107°-10"7 Mg yr~!, or even lower depending on the
assumed inner and outer radii enclosing the polarized
emission (see Fig. 4 in Marrone et al. [72], and Marrone
et al. [73]). The polarized emission is variable in time and
as a consequence, there is variability on the RM. This RM
variability can then be translated into a specific radius
from which one takes the RM to originate, i.e., the observed
RM comes from a wide range of radii. At very large
radii, the RM inferred and extrapolated mass accretion
rate is at least one order of magnitude smaller than the
~107-107* Mg, yr~! rate estimated from x-ray measure-
ments at a few x10° rg (see Bower et al. [71]). At such
radii and assuming a magnetic field strength of ~1 mG, the
RM should be of the order of ~103 rad m~2, which is two
orders of magnitude smaller than what is obtained in
observations. In principle this suggests that the observed
RM is produced at distances much smaller than 10° rg.
Nevertheless, Bower et al. [74] more recently carried out a
careful study on the RM variability of Sgr A* where they
found that the variability remains consistent with the
average long-term RM value. Based on this long-term
variability result, the authors suggest that the magnetic
configuration at large radii could be stable and therefore,
they support the interpretation of the observed Faraday
rotation to arise mainly from ~10°-10° rg (see more details
in Bower et al. [74]). This means that overall, RM
observations favor models predicting low mass accretion
rates in the vicinities of Sgr A*’s horizon.

TABLE L.

assume m — mp

mentioned in the text. We consider an infall velocity of vz = 600 km s~

In the following, we estimate the mass accretion rate of Sgr
A* for our different models. One variable needed for our
estimates is the velocity of the particles at the injection radius,
vg. Although this velocity is not known a priori, it is
reasonable to suppose that it is of the order of the fluid
sound speed or to assume that its value is of the order of the
wind velocity from known massive stars (O-type stars and/or
WolfRayet (WR) stars) that are embedded within the dilute
accretion flow toward Sgr A*. These wind velocities are of
the order of ~450-3000 km s~! depending if they are O-type
stars (e.g., Allen et al. [75], Puls et al. [76], Repolust et al.
[77]), or WR stars (Paumard et al. [78], Martins et al. [79]).
The accretion flow of Sgr A* from stellar winds has been
extensively studied using hydrodynamical numerical simu-
lations. For example, results from simulations of wind-fed
accretion from WR stars have been shown to be consistent
with observational constraints such as x-ray luminosities and
RM (Cuadra and Nayakshin [68], Cuadra et al. [69], Ressler
etal. [80,81], Calderdn et al. [82]). Knowing that these stellar
winds could be the main contributors of the accretion toward
Sgr A*, we will assume an infall velocity that lies within the
aforementioned velocity range.

In our models, we use the same temperature for the cases
described by a Maxwell-Boltzmann or Maxwell-Jiittner
distribution, whereas in the monoenergetic cases we con-
vert this temperature to a velocity by choosing v such that

m,vg matches 2kpT in a first approximation. This yields

vg = 600 kms~!, which lies within the velocity range of
stellar winds. Furthermore, we also use this v, to compute
the mass accretion rate for the Shapiro-Teukolsky model
for monoenergetic particles (Eq. (14.2.20) in Shapiro and
Teukolsky [31]) and the same temperature for the Rioseco-
Sarbach model (Eq. (87) in [32]). We show the compar-
isons in Table I. The mass accretion rates are obtained at the

Mass accretion rate inferred for Sgr A* at R = 0.06 pc for the models studied in this work and results from the literature. We
=1.67 x 1077 kg, the characteristic values of M = 4.3 x 10° Mg, T =2.2x 107 K and nz = 160 cm™ as

! at the radius R for the monoenergetic models. The Bondi

model result is taken from Eq. (101). In the monoenergetic models we have used E, = %mp vy — GMmy, /R for the nonrelativistic case
and E, = mc*a(R)y for the relativistic case. Note that in the latter case with angular momentum it turns out that y > y.(R), and since
both conditions R > rg and vg < ¢ are met, one can use the corresponding approximation (78b). “Nonrel” and “rel” stand for the
nonrelativistic and relativistic cases, respectively.

Accretion model Approximation Distribution function | M Mg yr—l] Reference

Bondi Nonrel (Perfect fluid) ~107* Falcke and Markoft [20]
Zeldovich-Novikov Nonrel Monoenergetic ~1.29 x 107° Zeldovich and Novikov [30]
Rioseco-Sarbach Rel Maxwell-Jiittner ~1.48 x 107° Rioseco and Sarbach [32]
Radial infall Nonrel Monoenergetic ~1.09 x 10~ This work, Eq. (24)
Radial infall Nonrel Maxwell-Boltzmann ~6.22 x 1073 This work, Eq. (30)
Radial infall Rel Monoenergetic ~1.09 x 10~ This work, Eq. (44)
Radial infall Rel Maxwell-Jiittner ~6.22 x 1073 This work, Eq. (55)
Infall with angular momentum Rel Monoenergetic ~1.23 x 107° This work, Eq. (78b)
Infall with angular momentum Rel Maxwell-Jiittner ~1.38 x 107° This work, Eq. (90)
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fixed finite radius R = 0.06 pc for the different models
studied in this work. Note that in this case we have
considered the observational approach and assumed that
the values of n, or ny correspond to the measured electron
number density n, at R = 0.06 pc as is regularly done
when applying the Bondi model.

We see from Table I that our models predict signifi-
cantly different mass accretion rates depending on
whether or not the infalling particles have angular
momentum. The results from the purely radial infall in
the kinetic description, both in the relativistic and non-
relativistic cases, agree in order of magnitude with those
of the hydrodynamical Bondi model. In contrast to this,
the models with angular momentum predict a signifi-
cantly lower mass accretion rate (by about ~4-5 orders
of magnitude) than the Bondi formula, and have rates
similar to the ones from the Zeldovich-Novikov model
[30,31], where the infall is assumed to start from infinity,
clearly indicating that the angular momentum is a
decisive parameter in determining the magnitude of the
mass accretion rate.

To shed some light on these results, we first note that
in the scenario considered in Table I, the parameter
zrme?/kgT ~ 0.5 x 10° is still smaller than the ratio
(7)?~2.1x 10", and thus the results for Maxwell-

Jiittner model with or without angular momentum differ
significantly."> Next, we note that the ratio between the
Bondi radius and the radius of the injection sphere is about
rg/R ~ 1.02. Furthermore, we observe that the models
describing a pure radial infall can be written in the form
(taking into account the aforementioned relation 2kgT =

mv% which yields vg/c ~ \/2/2):

]

MmnepvUp

= 47[/1L=0R2’ (102)

with the factor 4;_y = a(R)I'c/vg being of order unity.
This has the same form as the Bondi formula (98) with the
Bondi radius rg replaced with R and the sound speed c,
replaced with vg. Since in our example R ~ rg and vy is
comparable with ¢, it follows that the mass accretion rates
yield similar results. In contrast, the models with angular
momentum in the limit z < (R/rg)? relevant for our
example have

M|
MNnrUR

= 4nl; 0132, (103)

“The only way the role of the angular momentum could be
neglected is to have z > (2)2. This means that only at very low
temperatures (of the order of the cosmic microwave background,
T ~2.73 K or lower), the models with and without angular
momentum yield comparable mass accretion rates for the ratio
between R and rg considered in our example.

with ;.o = R*a(R)[c/(vgriz) a numerical factor of
order one. Accordingly, the mass accretion rate is sup-
pressed by a factor of (rg/rg)*z ~ 2.4 x 107 compared to
the Bondi rate.

As mentioned in the Introduction, a longstanding prob-
lem is that the measured luminosity of Sgr A* (and other
underluminous sources such as M87%) is way lower than
that expected from the Eddington luminosity. Since the
luminosity of the accreting flow of BHs is proportional to
the mass accretion rate, there have been mainly two
proposed solutions to explain the observed low luminosity:
(1) a Bondi accretion rate with a very low radiative
efficiency or (2) a much lower mass accretion rate than
the Bondi rate. In the literature, various RIAF models have
been proposed to solve this problem by taking into account
one or both of these solutions.

Comparing the results from Table I, we conclude
that part of the solution to the low luminosity problem
of Sgr A* could be that the mass accretion rate should
be inferred from the accretion of a kinetic gas at a finite
radius, taking into account the angular momentum of the
individual particles. In this case, our mass accretion rate
estimates for the models with angular momentum are of
the order of the mass accretion rates bounds inferred from
RM. Note, however, that these bounds are supposed to
be for the vicinity of the BH horizon. Therefore, there is
a significant difference in the results of the hydrodyna-
mical and kinetic approaches for the wind accretion at
R ~ 0.06 pc, at least for our simplified models with angular
momentum. A more complete theoretical kinetic treatment
and future kinetic simulations of this accretion scenario
could explain this difference, by confirming the important
disparity between the accretion rates, or by endowing the
kinetic flow with an accretion rate-reduction mechanism as
a consequence of the more complex modelling of the
problem. We note that our explanation of the low lumi-
nosity problem relies solely in the assumption that the
luminosity is proportional to the accretion rate, not in the
mechanism of radiation of a collisionless kinetic gas, which
we do not study here.

B. Accretion in the vicinity of Sgr A* and M87%

As a second example, we also cautiously apply our
models to the vicinity of Sgr A*’s event horizon. The
values of temperatures and densities near the BH are
estimated from the results of GRMHD simulations for a
two-temperature plasma of electrons and ions (e.g.,
Moscibrodzka et al. [83], MosScibrodzka and Falcke
[84]). The accretion in these simulations proceeds through
a geometrically thick, optically thin hydrodynamical flow,
coming initially from a weakly magnetized torus in hydro-
dynamic equilibrium, orbiting a Kerr BH. Despite the
significant physical differences with the more realistic
case studied in the GRMHD simulations, we apply our
models of the Maxwell-Jiittner distribution function as an
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TABLE II. Mass accretion rate inferred for Sgr A* at R = 5rg, for the Maxwell-Jiittner models. We have used
m=my, M =43x10° Mg, T =12 x 10" K and ng =2 x 10° cm™ (see Shcherbakov and Baganoff [85]).
Accretion model Distribution function | M‘[Mo yr~!] Reference

Radial infall Maxwell-Jiittner ~1.92 x 1077 This work, Eq. (54)
Infall with angular momentum Maxwell-Jiittner ~5.77 x 1078 This work, Eq. (83)

illustrative first approximation for the kinetic scenario.'*
In particular, we take the values of density and temperature
of a two-temperature radial inflow—outflow hydrodyna-
mical model near Sgr A* with self-consistent feeding and
conduction presented in Shcherbakov and Baganoff [85];
we assume a fully ionized plasma so that there is an
equality between electron and proton densities, n, = n,,
and we take R = 5rg, ng =n, =2x 10°cm™ and T =
T, = 30T, = 1.2 x 10" K. Furthermore, since the proton
mass is much greater than the electron mass, we assume
m = m,. The accretion rates calculated are shown in
Table II. We found consistency with the values of the
RM constraints for the vicinity of Sgr A*. Moreover, the
radial infall in our models produces a greater mass
accretion rate by a factor of ~3. Thus, the role of angular
momentum is not significant close to the BH horizon. This
is consistent with the well-known fact that particles fall
almost radially as they approach to the ISCO (see e.g.,
Chandrasekhar [86], Nufiez and Degollado [87]). It is
important to note that we took values of temperature and
densities from hydrodynamical models as a first approxi-
mation,

due to the lack of model-independent estimations of the
conditions near the SMBHs.

Finally, another interesting scenario to study with our
models (with the same caveats as in the Sgr A* case), is the
vicinity of the galactic centre of M87*. Recently, the Event
Horizon Telescope Collaboration (EHTC) has provided
results for the mass accretion rate due to the plasma around
this SMBH. They report an estimated average number
density of n, ~2.9 x 10*7 cm™3, an electron temperature
T, ~ (1-12) x 10'° K, and an inferred mass accretion rate
for M87* of (3-20) x 10™* M, yr~! from a simple one-zone
emission model (Event Horizon Telescope Collaboration
[22,47,48]). For the specific isothermal sphere model, they
estimate the plasma number density n, ~2.9 x 10* cm™3
and the electron temperature T, ~ 6.25 x 10'° K, for an
emission radius assumed to be r ~ 5rg/2. In Table III we
present the mass accretion rates obtained from these values,
assuming a fully ionized hydrogen plasma (n;,,s = n.) and
assuming thermal equilibrium between the ions and electrons
(Tions = T) as a first approximation. Furthermore, we
impose these values at radius R ~ Srg, as in the example

“In this case, we do not consider the monoenergetic models
due to their more idealized nature.

of Sgr A*5 In this case, we got similar mass accretion rates
for the models with and without angular momentum.
Therefore, angular momentum does not play an important
role, just like the case of the vicinity of Sgr A*’s event
horizon. Despite our crude approximation for the accretion
flow of M87%*, the inferred mass accretion rates are consistent
with the reported bounds by the Event Horizon Telescope
Collaboration [48].

VII. SUMMARY AND CONCLUSIONS

Low collisionality is a general property expected in
underluminous flows near BHs due to the conditions of
high temperatures and low densities. Thus, a kinetic
approach is needed in order to explain correctly the
accretion process onto these BHs. Additionally, most
previous analytic studies treat the problem of spherical
mass accretion specifying boundary conditions at infinity,
both in the fluid and the kinetic approximations, whereas in
many situations of interest the gas is accreted from a region
of finite radius.

In this work, we presented several analytic models and
their corresponding steady-state solutions for the mass
accretion of a spherically symmetric, collisionless kinetic
gas cloud onto a Schwarzschild BH. The novelty of this
article consists in specifying the properties of the kinetic
gas (its particle density nz and mean velocity or temper-
ature) at an injection sphere of finite radius R. The models
we have discussed include the simple case of purely radial
infall, in which all the particles have zero angular momen-
tum (both in the Newtonian and relativistic regimes) and
the case of a kinetic gas with a uniform distribution in the
angular momentum, such that individual gas particles may
rotate about the BH, yet the gas configuration as a whole is
spherically symmetric. Regarding the energy distribution,
we considered the monoenergetic case in which all particles
have the same energy E (or associated three-velocity vy at
the injection sphere) as well as the Maxwell-Boltzmann
(nonrelativistic case) and Maxwell-Jiittner distribution with
corresponding temperature 7, assuming that the gas is
accreted from a reservoir of particles in thermodynamic
equilibrium. In each model, the mass accretion rate depends
linearly on ng which is a direct consequence of our test
field approximation (we have neglected the self gravity of

"The reason for not choosing R = 5rg/2 is that this value is
smaller than the ISCO radius of a Schwarzschild BH assumed in
our model.
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TABLE III.

Mass accretion rate inferred for M87* at R = Srg, for the Maxwell-Jiittner models. We have used

m=m, M=65x10°Mgy, T=0625x10""K and ng =29 x10* cm™ (see Event Horizon Telescope

Collaboration [48,88]).

Accretion model Distribution function ‘ M [[Mg yr—l] Reference
Radial infall Maxwell-Jiittner ~1.526 x 1073 This work, Eq. (54)
Infall with angular momentum Maxwell-Jiittner ~1.521 x 1073 This work, Eq. (83)

the kinetic gas) while its dependency on R and vy or T is
more intricate and is summarized in Sec. V.

We have checked that for fixed positive values of ng, vg,
and 7, our models with angular momentum have the
property that their mass accretion rates converge to the
corresponding expressions of previously known results
(Zeldovich and Novikov [30], Shapiro and Teukolsky
[31], Rioseco and Sarbach [32]) in the limit R — oo, while
the models with purely radial infall have associated to them
a mass accretion rate which diverges as R — oo. This
means the latter do not possess well-defined Bondi-type
formulas which relate the mass accretion rate to the
properties of the gas at infinity. This is analogous to the
case of accretion of pure dust in spherical symmetry, in
which the only steady-state solution has vanishing mass
density at infinity (Chaverra and Sarbach [89]). In fact, our
monoenergetic model with purely radial infall does corre-
spond precisely to this simple dust model, since its velocity
dispersion is exactly zero.

However, for the more realistic case of an injection
sphere of finite radius R it turns out that the purely radial
infall models may lead to similar accretion rates than those
predicted from the well-known Bondi model for a hydro-
dynamic flow. In particular, we have shown that for
boundary conditions corresponding to nonrelativistic
velocities or temperatures, the mass accretion rates in both
models yield comparable results, provided R is of the same
order as the Bondi radius. Regarding our models with
angular momentum, their mass accretion rate behaves
qualitatively similarly to the purely radial infall models,
and it increases with increasing values of vy or T as long as
they lie below a critical value. However, above this critical
value the mass accretion rate reverses its behavior and
decreases with increasing vy or T until it reaches a finite
value. As we have explained, this reversal is due to the fact
that as the particle’s energy increases above a certain
threshold, not all the particles are absorbed by the BH,
and the fraction of absorbed particles becomes smaller as
the energy increases, leading to a diminishing mass
accretion rate.

Finally, we calculated the mass accretion rate onto the
SMBHs Sgr A* and M87* with our models, estimating the
condition of the gas at different radii based on recent
observations. Our results, which are summarized in
Tables I, I, and 111, are of the order of the model-dependent
RM bounds for the mass accretion rate of Sgr A* and the

bounds estimated for M87*% by the Event Horizon
Telescope collaboration. We found that our kinetic models
can overall predict lower mass accretion rates than the
Bondi fluid model. The above suggests that a complete
kinetic treatment to the accretion problem could explain
some of the current questions associated with underlumi-
nous sources such as Sgr A* or M87*.

There are several ingredients which, for simplicity, we
did not take into account in our models. In particular, we
restricted ourselves to spherical steady accretion onto a
Schwarzschild BH, instead of the more realistic nonspheri-
cal and unsteady accretion onto a (rotating) Kerr BH.
Furthermore, we did not included the effects of radiative
processes, magnetic fields, the consequences of outflows,
convection currents or jets nor the effects due to net angular
momentum of the gas. We intend to generalize our models
to include some of these effects in future work.

Despite its simplicity, the presented models could serve
as reference for more generic kinetic models, and they
could be useful as a starting point to describe other physical
scenarios where the assumptions of very low collisionality
or quasispherical symmetry are approximately satisfied.
This is the case, for example, in the BH accretion of dark
matter, which is expected to be very weakly interactive, or
in the accretion of low-luminosity active galactic nuclei
whose corresponding flows are in a hot and low-density
state. Thus, future generalizations of the presented formal-
ism could be a key step in understanding accretion
processes.
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APPENDIX: FIXED-L-MODELS

The main purpose of this Appendix is to shed some light
on the difference between the accretion rates predicted by
the monoenergetic model in the pure radial case [see
Eq. (47)] and the same model in the presence of angular
momentum [see Eq. (72a)]. As we have discussed below
Eq. (76), in the nonrelativistic limit vz < ¢ the latter case
yields an accretion rate that is smaller (by a factor of 2)
compared to the purely radial case. In contrast, there is not
such difference for the Maxwell-Jiittner type model when
the low temperature limit is taken [cf. the comments
below Eq. (97)].

In order to illustrate the role played by the angular
momentum in this behavior, we consider the following
simple model:

S6(L —Lgy)

F(E,L) L,

= f(E) (A1)

in which all the particles have the same angular momentum
Ly > 0 and are subject to the energy distribution f(E)
which we specify later. Assuming that L, is small enough
such that Ly < L(E) for all E > mc*a(R) (which is
guaranteed to be the case if Ly < Ligcp), one obtains from
Egs. (65) and (66) the expressions

27 pof(E dEd;(
abs r=R — / / (A2
VVio(R) R*\/E* -V (R

Joalr—r = 0, (A3)
from which one immediately obtains
E)EdE
ngs|r:R 2/ ) (A4)
a(R)R* J v, ) /E2 Vi, (R
2n
Jhsl e / f(E)dE, AS
b ‘ =R — (Z(R)R2 VLO(R) ( ) ( )

and J2,|,_g = J3.],_x = 0, where we have introduced the
shorthand notation V; () := V()| L1, For the mono-
energetic model with f(E) = fo6(E—E;) and E,=
mc?ay this yields [assuming V; (R) < Ej or, equivalently,
LO < Lmax(EOvR)]
ML eRa(R), | .
mcng 1+«

—1, (A6)

where we have defined k := Ly/(Rmc). In the limit Ly — 0
one recovers the result from Eq. (47) which has been
derived directly with the assumption that all the gas
particles have vanishing angular momentum. If instead
of Ly — 0 one sets Ly = R|v,| with v, the angular
components of the velocity, one obtains in the limit
lug| < c,

M
M ~4xR*a(R) @,
mcng ¢

(A7)

where v, = \/v% — |v |* denotes the radial component of
the three-velocity of the particles. For purely radial infall

Vg = Vg and this result agrees precisely with Eq. (24).
However, when angular momentum is present, the accre-
tion rate is suppressed by a factor of wv.,4/vg. This
illustrates why the accretion rate is smaller for models
with angular momentum when n; and vy are fixed at the
injection sphere.

It is also interesting to apply the model described in
Eq. (A1) to the Maxwell-Jiittner-type distribution function.

Inserting f(E) = AePF into Egs. (A4) and (A5) yields the
following nonvanishing components of the current density
27A
JO =———>—2zK , A8
abs|r:R a(R)RzﬂZK 1(ZK) ( )

27A
JL | o= ———— e, A9
dbs|r—R a(R)Rzﬂe ( )

where we have set z, := V1 + %z and z = mc?a(R)p, as
defined below Eq. (53). This in turn leads to the mass
accretion rate

|M| _ 4ra(R)R?
\/[I(I(ZK)ZKeZK]2 -1

, A10
mcnpg ( )

which converges to the same expression as in Eq. (54) in
the limit Ly — 0. Whereas the leading-order behavior of
the mass accretion rate given in Eq. (A6) for vy < ¢ and
k < 1 depends on the relation between vg/c and «, the
limit of the right-hand side of Eq. (A10) for z> 1 and

k < 1 always yields 4a(R)R*\/2r/z, regardless of the
relation between z and x. This explains why in the
Maxwell-Jiittner case the accretion rate for the models
with and without angular momentum agree with each other
in the low temperature limit.
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