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Abstract: We investigate the non-isothermal Bondi accretion onto a supermassive black hole (SMBH)
for the unexplored case when the adiabatic index is varied in the interval 1 < ¢ < 1.66 and for the
Paczynski-Wiita y = 5/3 regime, including the effects of X-ray heating and radiation force due to
electron scattering and spectral lines. The X-ray/central object radiation is assumed to be isotropic,
while the UV emission from the accretion disc is assumed to have an angular dependence. This
allows us to build streamlines in any desired angular direction. The effects of both types of radiation
on the accretion dynamics is evaluated with and without the effects of spectral line driving. Under
line driving (and for the studied angles), when the UV flux dominates over the X-ray heating, with
a fraction of UV photons going from 80% to 95%, and <y varies from 1.66 to 1.1, the inflow close
to the gravitational source becomes more supersonic and the volume occupied by the supersonic
inflow becomes larger. This property is also seen when this fraction goes from 50% to 80%. The
underestimation of the Bondi radius close to the centre increases with increasing <, while the central
overestimation of the accretion rates decreases with increasing v, for all the six studied cases.

Keywords: black hole evolution; supermassive black hole; accretion of matter; galaxies: evolution;
galaxies: nuclei

1. Introduction

Observations of giant elliptic galaxies provide firm evidence of the presence of su-
permassive black holes (SMBHSs) in their centres [1,2], which accrete matter from the
surroundings and liberate enormous amounts of energy that affect their environments
from pc to Mpc scales (see [3] for spherically symmetric black holes with quantum correc-
tions). In particular, the mass accretion rate onto these SMBHs, which is a key quantity to
understand the galactic evolution, is usually estimated using Bondi accretion theory [4].
However, semi-analytic calculations and numerical simulations based on the Bondi accre-
tion model do not provide information about the flow transport down to pc and sub-pc
scales and the mass accretion rates (e.g., [5-8]). Since active galactic nuclei (AGNs) evolve
concomitantly with their host galaxies, they affect each other. For example, good evidence
for this kind of feedback has been provided by observations of AGN-starbursts [9]. On the
other hand, the energy released during accretion onto a SMBH can hinder further accretion
and drive the gas away, which in turn self-regulates the galaxy growth [10].

Galaxies 2021, 9, 55. https:/ /doi.org/10.3390/ galaxies9030055

https://www.mdpi.com/journal /galaxies


https://www.mdpi.com/journal/galaxies
https://www.mdpi.com
https://doi.org/10.3390/galaxies9030055
https://doi.org/10.3390/galaxies9030055
https://doi.org/10.3390/galaxies9030055
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/galaxies9030055
https://www.mdpi.com/journal/galaxies
https://www.mdpi.com/article/10.3390/galaxies9030055?type=check_update&version=2

Galaxies 2021, 9, 55

20f16

An earlier study on the structure of X-ray-irradiated accretion discs in AGNs was
considered by the authors of [11]. They found that the irradiated region above and below
the disc consists of a region which is supported by the radiation pressure where the UV
flux is created and a warmer thin layer above this region, which is optically thin to the
UV radiation. In the last years, studies of flows in AGNs with the inclusion of radiation
source terms have become progressively more consistent [12-17]. All of these studies were
able to compute cooling and heating functions, which are important to produce the correct
opacities in these environments, and new methodologies were proposed to properly include
the coupling between matter and radiation. Winds and accretion processes are of primary
importance to improve our understanding of the feedback between the galaxy and its guest
SMBH [18-23] and therefore on the galactic evolution [24-27]. Photoionization calculations
of radiative forces due to spectral lines (i.e., [15]) have also shown the importance of a
proper treatment of the coupling between matter and radiation along with the influence of
the non-LTE effects (i.e., [28]).

Much effort has been devoted to study the dynamical evolution of the system in terms
of the accretion rates onto a SMBH from the numerical solution of the hydrodynamics
equations, where a common assumption has been to fix the boundary conditions at infinity
as it is indeed required by the classical Bondi solution. However, an inconvenience with
this approach is that when exploring the dynamics close to the black hole, this boundary
conditions may fail to represent the finiteness of the spatial region under study. Several
calculations of accretion processes with an ideal equation of state with different values of
the adiabatic index (vy; in full symmetric and axisymmetric configurations in relativistic
contexts e.g.; [29-35]) show it playing an important role in the estimation of the mass
supply in cosmological simulations [21,36,37], and so does the exploration of the effects of
varying the adiabatic index on the AGN accretion dynamics. In this paper we extend the
analysis of [38] and present solutions for the radial Mach number and density profiles along
with the critical points of transonic solutions for the radiative, radial accretion of matter in
the potential well of a SMBH for adiabatic indices in the range 1.1 < ¢ < 1.66. It is found
that variations of the adiabatic index may change the whole dynamics of the system as well
as the mass supply. The methodology employed is detailed in Section 2 and the results are
described in Section 3. A catalogue of pure absorption lines for 1.1 < ¢ < 1.66 is given in
Section 4. Estimates of the Bondi radius and mass accretion rate as functions of the adiabatic
index are given in Section 5. Finally, Section 6 summarizes the relevant conclusions.

2. Non-Isothermal Radial Bondi Accretion

Under the effects of irradiation by X rays, the accretion flow onto the central SMBH is
described by the mass and momentum conservation laws

d

dit) = —pV v, 1)
d 1

di‘t, = —Evp+g+Frad/ (2)

where p denotes the density, v the velocity field, p the gas pressure, g the gravitational
acceleration due to the SMBH, Frad — (F,Fp =0, Fp = 0) the radiation force per unit
mass, and d/dt = d/9t + v - V the material time derivative. Using spherical coordinates
and assuming that the angular components of the velocity vanish (i.e., vg = vy = 0),
Equation (2) can be written as

v do, ~ 1ldp 0

0
r _ I _
ot or or p or Brlpgrav(r) ar‘”rad(r)’ ®)

for the radial velocity component, where v, = v,(r,0,¢), p = p(r,6,¢), Mpy is the
mass of the SMBH, and ¢,,4(7) is a function defined below. If we further assume az-
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imuthal symmetry (i.e., d/d¢ = 0) and perform the analysis for a fixed angle 6y, such that
vr(1r,0,¢) = v,(r,00) = v, and p(r,0,¢) = p(r,0y) = p, the above equation becomes

dH(r)  d (1 v,
ar pdr(p) Tt @
where .
H(r) = £+ 500~ P (1)~ raa 1), ©)

is the Bernoulli function H(r), Ygrav = (GMpn)/r and ¢yaqg = —C(r)/r are the gravita-
tional and radiation potentials, respectively. Compared to the analysis of [38], a radial
dependence is now assumed for the term C in the definition of the radiation potential.
For simplicity the accretion disc is assumed to be flat, Keplerian, geometrically thin and
optically thick. The pressure is related to the density by means of an ideal equation of state

_ kgpT _

P, (6)
o, Poof

p

where kg is the Boltzmann constant, T is the gas temperature, y is the mean molecular
weight, and m,, is the proton mass. Here 7y is varied in therange 1 <y < 5/3and § = p/p«,
where po, and p. are the values of the pressure and density at infinity, respectively. The
sound speed is defined according to

a=1 @)

The radiative contributions in Equations (2) and (4) are here implemented using the
strategies used by [13,39—41] (hereafter P07). Although the radiation field from both the
disc and the central black hole are modelled as in P07 by adding a radiation force in the
momentum equation, there are important differences with P07 that are worth commenting.
For instance, in P07 the analysis is based on time-dependent, axisymmetric simulations with
v = 5/3, while our analysis consists of steady-state calculations along radial streamlines
for fixed 6 and varying values of the adiabatic index in the interval 1 < v < 5/3. These
calculations have been designed to serve as initial conditions for fully three-dimensional
simulations of accretion discs [42]. As in P07, the disc is assumed to emit only UV light
(i-e., faisc = fuv) and the central SMBH to emit only X-rays (i.e., fx = fx = 1 — fyisc) SO
that the disc and central luminosities are given by Lygisc = fqiscL and Ly = f, L, respectively,
where L is the total accretion luminosity. The radial component of the radiation force is
approximated according to the relation (e.g., P07)

(TTL

Froaa (7, 00) = 4mtr2emy,

[fx 42 cos b faisk (1 + M(r,1))], (8)

where c is the speed of light in vacuum, o7/m,, is the mass scattering coefficient for free
electrons, 6 is some fixed and constant polar angle measured from the rotational axis of
the disk, and t is the optical depth

_ (or/my)pvn o
|dv, / dr|
where vy, is the thermal velocity (set using a temperature of 25,000 K), dv, /dr is the
velocity gradient along the radial direction, and M(r, t) is the so-called force multiplier [43],
defined by

(10)

M(r,t) = kt ™ o

Tmax

(1 + Tmax)(l_a) - 1]
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where & = 0.6 is the ratio of optically thick to optically thin lines. According to [44],
the parameter k is given by the minimun between

k = 0.03 + 0.385 exp (—1.4506), (11)
and
—0.383, for log T < 4,
logk = —0.630log T 4-2.138, for4 <logT < 4.75, (12)
—0.8701og T 4-17.528, for log T > 4.75,

which is based on detailed photoionization calculations performed using the XSTAR code
(P07), while Tmax = tmax With

6.9 exp (0.16¢%4), if log& < 0.5,

0g imax = { 9.1exp(—7.96 x 1073¢), if log¢ > 0.5, 1

where ¢ is the photoionization parameter. The parameter 77max defined by Equation (13) is
used to determined the maximum force multiplier, i.e., Mmax = k(1 — a)n% .. The local
X-ray flux

Ly
Fx = 1nr? exp(—Tx), (14)

is used to estimate the photoionization parameter ¢ = 47 Fx/n, where

.
TX:/ kxpdr, (15)
0

is the X-ray optical depth, evaluated between the centre (r = 0) and a radius r in the
accreting flow, and n = p/(umy) is the number density of the accreting gas. The absorption
coefficient xy is set to 0.4 g~ cm? for all values of .

The oy = 5/3 regime of non-isothermal Bondi accretion is modelled using the Paczyriski
Wiita (PW) potential [45,46]

GM
lpgrav = L (16)

r—Rs’

where R; = 2GMpy /c? is the gravitational radius of the black hole. While this pseudo-
Newtonian potential does not obey the Poisson equation, it has become a standard tool
because it accurately models the general relativistic accretion of matter onto a nonrotating
SMBH. In particular, this form of the potential reproduces the radii of a marginally stable
Keplerian orbit (r = 3R;) and of a marginally bound orbit (r = 2R;) as predicted by
Einstein’s gravity in the Schwarzschild metric [46].

Under the assumption of steady-state motion, Equations (4) and (5) can be combined
to produce after a few algebraic steps the integral equation

d (M2 0D 1 1dle_, (x)
/dr( 5 +7—1_;+7x dr =0, (17)
where . c v
— ¥y = 8 o "'(7_1)/2 — l
X = T’B, Cs = Coo P 7 M - CS/ (18)
and
i lo=6y (¥) = I fraalo—ey (%)- (19)

Here Clg—g,(x) = GMpul{ad|o—o, (x),

p = O, 20)
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is the Bondi radius, c2, = YPw/pe, M is the Mach number, l}rﬁfﬂ = L/Lggq with
Lggqg = 4tcGMppm,/or being the Eddington luminosity, oy = 6.6524 X 107% cm? is
the Thomson cross section, and fyaq|g—g,(¥) is the radiative force parameter given by
the relation

Fradlo—g, (X) = fx +2c08 80 faisi[1 + M(x, £)]. (21)

Although the force multiplier is an explicit function of x and t, for simplicity hereafter
we omit the x-dependence and write it as M(t = 7).
Equation (17) can be integrated to give

p(w>(/‘42+ 1 >_1_l¥§§‘|e—eo(X)+ 1
2 ¥—1 x X ¥—1

(22)

This equation describes the non-isothermal (y > 1), steady-state accretion along a
radial streamline for a fixed angle § = 6y when the effects of radiation emission due to
electron scattering and spectral discrete lines with appropriate boundary conditions at
infinity and ionization changes due to temperature corrections are considered. A sketch
showing the geometry of the system is displayed in Figure 1, where a radial streamline at
a meridional angle 0y is shown. In terms of the above assumptions and the normalized
parameters (18), Equation (1) becomes

M2 = 3, (23)
where A is the accretion parameter given by
Mg

A= , (24)
(47T foolid) T P00 Coo

which determines the accretion rate for given boundary conditions and mass of the SMBH.
In this expression, 47T f,;iq = [ sin0d0d¢ is the solid angle covered by the streamline at
the polar angle 6y (see Figure 1). When f,,;q = 1 (full solid angle), Equation (24) reduces
to the classical accretion parameter. However, for a 6p-dependent force f,;9 << 1. This
dependence is important only for the final calculation of Mg = A (47 fsolid )73 Pe0Co0, Which
is fixed once the value of 6 is chosen. Replacing g from Equation (23) into Equation (22),
the radiative-radial Bondi problem reduces to solving the equation

g(M) = Af(x), with A=A20-7/(0+1), (25)
where ngﬂezgo =1- l’fgﬂ@:@o' A= Xff}fl@:eo/\cr, and
M? 1
= 21-y)/(y+) (M L
rad
= 4(771)/(’)/4’1) XfOt |9:90 1
f=) * ( X + y—1) (27)

1 2 (5=37)/[2(y=1)]
(2 ) .

5—-3y
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Figure 1. Model geometry. (a) Integration is performed along a radial streamline for a fixed merid-
ional angle 6. (b) The full angular dependence can be obtained by integrating along different
radial streamlines.

For this case Equations (17)—(27) remain the same with the only change being the
substitution of x by x — x5, where x; = R;/rp. Here we take Rs/rp = 1.75 x 107" for
the calculations of Figure 2 and 2.18 x 10~° for the rest of the calculations. The radiative
Bondi-like problem then reduces to solving Equations (25)—(28) for the Mach number, M,
as a function of radius. On the other hand, it must be noticed that the PW potential, in
addition to reproducing the innermost stable circular orbit and the marginally bound orbit,
also accounts for a non-vanishing critical radius for v = 5/3, in contrast to the purely
Newtonian radial accretion, for which

d
2)( i‘gtal Xs (29)

Xerit = Xs + 3 ’

where now the factor Xig?al (>0) appears, which is not present in [38,47].

0 z z RES z
8 4 8 2 _ RV19, y=1.1
100 — PW-NR, y=2

1.0,

08 Types 1 & 2

—y=11

06
Tz — y=312
= 04 — y=1.55
{— y=1.66
0.2 Analytical, y=1

Complex
or Type 5 Solutions

8 4 s 2 001 0.050.10 050 1 5710
0 x=r/rg
Figure 2. (Left) Angular dependence of the UV emission for models M 5 3 and M{/2,3. The horizontal
black solid line at )({Std = 0 mark the transition from type 5 to types 1 and 2 solutions. (Right) Mach
number as a function of radius for model M; and 7 = 1 (analytical solution; orange curves), ¥ = 1.1
(numerical solution from [38] with ¢,y = —C/r; gray curves, and this work with C = C(r); green
curves), v = 3/2 (blue curves), v = 1.55 (black curves), ¥ = 1.66 (magenta curves) and y = 5/3
(non-radiative (NR), with x; = 2.5 x 1073; red curves). The thick solid curves represent supersonic
inflow (x < x5) and outflow (x > x;) solutions, while the dashed lines represent inflow and ourflow

subsonic solutions.
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The angular variation of the UV emission, x12d, for models with and without the force
multiplier is shown in the top panel of Figure 2. Model M; has f, = 0.5 and fgisc = 0.5,
model M; has f, = 0.2 and fg;sc = 0.8, while model M3 has f, = 0.05 and f4;5c = 0.95,
with M(7) = 0 so that both types of radiation can be evaluated in detail. Models M;, M3,
and Mj differ from the preceding models in that M(7) # 0. For different fractions of fi,
faise» and position x, we estimate the critical angles for which a transition from type 5 to
type 1 and 2 solutions is allowed'. This plot, which corresponds to § = 0.001, x = 3, and
v = 1.55, is an example of the complexity of the system. In particular, M3 (green line with
empty squares) and M3 (red line with full triangles) have physical transonic solutions
for 6 > 71/8, while model M; (blue line with empty circles) does not admit solutions for
which x1d < 0, and so this flow can be seen in any angular direction. The transition for
M3 occurs at a lower angle than for M3, meaning that we should find more collimated
streamlines for the M flows than for the M3 flows. It is interesting to see that model M,
for which only electron scattering is present (M(7) = 0) and fi = fgisc = 0.5, behaves like
model M} with no transition to the unphysical region where x12d < 0. As the fraction of
disc photons increases (i.e., from f4isc = 0.8 to 0.95), critical angles for which unphysical
type 5 solutions occur (for Bﬁlzfe < m/8) are found even when only electron scattering
is dominating.

In both sets of models Mj » 3 and MT,2,3' the radiation acceleration depends on the
ionization parameter defined as

_ (feb)exp (=)
¢= v , (30)
where L = 7.45 x 10% erg s~!, which is appropriate for a 103 M, SMBH accreting at an effi-
ciency of 8%. The gas density is 7(x) = (peop(x))/ (pmp) cm™3, with pee = 10720 gr em =3,
u = 0.7, and the optical depth Ty is integrated using Equation (15) with xx = 0.4 g~ ! cm?.
The physical parameters for all models computed in this study are listed in Table 1 (a full

analysis of the angular dependence is beyond the scope of the present work, and will be

presented in a forthcoming paper). In all cases we choose 6y = QEC}?SG’. The fractions f, and

faisc in Table 1 are exactly the same used by P07, which comply with observational results
from [49,50].

Table 1. Parameters of the accretion models.

Run Lines (@ f* f disc ¥ (b) gphase (c) eg?case
(rad) (rad)

M; yes 0.50 0.50 - %n 1.1
M3 yes 0.20 0.80 - §7r 1.6
M3 yes 0.05 0.95 - §7r 1.7
M; no 0.50 0.50 - ST 1
My no 0.20 0.80 - grc 1.5
Mj no 0.05 0.95 - %7‘[ 1.6

@ M(t) # 0 (yes) and M(t) = 0 (no). ® The values of v = {1.1,1.2,1.3,13/9,3/2,1.53,1.55,1.63,1.65,1.66}.

© The angle Gschfse is given in terms of grhase jo 95@?59 = 1.16Phase A1l models M} and M, shared the same angle.

The bottom panel of Figure 2 shows the dependence of the Mach number of the
inflow and outflow transonic solutions with the normalized radial distance from the
black hole for model M’f and various characteristic values of the adiabatic index, namely
v = 1 (full analytical solution; orange curves), ¥ = 1.1 (numerical solution from [38]
with ¢,,q = —C/r; gray curves, and this paper with ¢,,4 = —C(r)/r; green curves),
v = 3/2 (blue curves), v = 1.55 (black curves), ¥ = 1.66 (magenta curves), and y = 5/3
(red curves). Note that the latter curves correspond to the PW model with no radiation,
i.e, with fi = fgisc = 0. The intersection of curves of the same colour define the position of
the sonic point (xs). The thick solid curves for x < x; represent supersonic inflow solutions,
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while those at larger radii (i.e., x > x;) represent supersonic outflow solutions. The dashed
curves at radii x > x, are subsonic inflow solutions and those for x < x; are subsonic
outflow solutions. The Mach number profiles are shown up to radial distances of ~10~31rg
from the centre. It is evident from this figure that isothermal (y = 1) inflow occurs at
slightly higher values of M, (r) than its non-isothermal counterparts. As the adiabatic
index is increased the accretion rate occurs at relatively smaller values of the Mach number
everywhere and closer to the central source so that the region of supersonic accretion
involves progressively smaller central volumes as < increases. In contrast, the isothermal
outflow takes place at much lower Mach numbers compared to the non-isothermal cases.
These differences are clearly expected to influence the rates for non-isothermal accretion.
As the adiabatic index is increased above 7y = 3/2 the outflow close to x = 1073 becomes
supersonic only when ¢y = 1.66 and keeps subsonic for all values <1.66. In the interval
0.01 < x < 0.1, the outflow proceeds supersonically for all non-isothermal cases (y > 1)
with a small dependence of the Mach number on v, while towards larger x(=0.2) the
outflow becomes more supersonic as the adiabatic index is increased.

3. Results

The Mach number as a function of distance from the source is shown in the top panel
of Figure 3 for model M; and varied 7. The solid curves depict the inflow solutions, while
the dotted lines with arrows correspond to the outflow solutions. In all cases, the complete
subsonic and supersonic solutions are shown. The position of the sonic point, xit, is
defined by the intersection between the inflow and the outflow solutions. When matching
the subsonic portion of the solution at x < x4 with the supersonic one at x > xt, we
then obtain the “Bondi-outflow” solution. The difference with the Parker solution is the
location of the integration limits in the Bernoulli equation. In the Bondi problem they are
located at infinity, while in the Parker problem they are located at the base of the wind.
For all models, the Bondi outflows are always depicted by dotted lines with small arrows
pointing out of the system. On the other hand, when matching the subsonic part of the
solution at x > x4t with the supersonic one at x < x4, we then obtain the “Bondi-inflow”
solution. Increased values of y produce slower inflows and faster outflows everywhere,
while the position of the sonic point is shifted towards smaller radii. The left panel of
Figure 4 shows a close comparison of the Mach number profiles between the Newtonian
v = 1.66 case with spectral line forces (gray curves) and the v = 5/3 case with M(t) =0
(orange curves). For M(1) # 0 the inflow and outflow Mach number profiles essentially
overlap those for the Newtonian v = 1.66 case with M(T) # 0 regardless of the radiation
field. In spite of differences in the value of M(7), the inflow and outflow profiles for both
cases look almost identical.

Figure 3 (right panel) displays the Mach number as a function of radius for model M3
and varied . Compared to the left panel of Figure 3, we see that increasing the fraction of
UV emission (from f, = 0.5 to 0.2) increases the inflow Mach number everywhere, while
the position of the sonic point is shifted towards larger radii. Consequently, for given 7,
when the ionizing flux decreases faster inflows are produced everywhere. In particular,
at small radii x < 0.01 the inflow becomes more supersonic. A similar trend is observed
for model M3 with the weakest X-ray heating (f, = 0.05) and the strongest UV emission
(fagisc = 0.95), where the sonic point is moved farther away compared to model M} and
therefore the supersonic inflow close to the centre occupies a larger volume. A comparison
of the right panel of Figure 4 with that of left panel shows that as the UV heating dominates
over the X-ray luminosity, the (y = 5/3) inflow becomes faster than the v = 1.66 — M7
inflow. It is interesting to note that the increase of the UV emission from f4;,c = 0.8 to
faisc = 0.95 has only mild effects on the inflow and outflow Mach number profiles as well.
The Mach number profiles for models M; and M, with no force multiplier (i.e., M(T) = 0)
and varied 7 are now displayed in Figure 3 (right), respectively. The profiles for model
M3 are very similar to those shown in Figure 3 for model M;. For model M;, where the
central X-ray heating is the strongest and no line driving is present, the solution does
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not admit type 5 flows regardless of the incident angle. As shown in Figure 3 (bottom)
the critical points occur far from the central source between x ~ 0.2 (for v = 1.1) and
x ~ 0.007 (for v = 1.66). These distances are relatively similar to those found for model M7
with force multiplier. For 6y = %n and close to the SMBH (x ~ 10~3), the Mach number
ranges from =1 (for v = 1.66) to ~8 (for v = 1.1). When the fraction of UV emission is
increased to fgisc = 0.8, the position of the sonic point is shifted outwards so that the flow
becomes supersonic in a larger central volume as can be seen by comparing bottom with
top. However, model M, is characterized by smaller supersonic volumes than model Ms.
Similarly to the cases with force multiplier, as the UV emission is increased, the flow close
to the central black hole becomes more supersonic. Moreover, for v = 1.66 models M,
and M3 both exhibit outflows that are slower at large radii (x > 1) than their Bondi-inflow
counterparts close to the central source, while the inverse is seen to occur for larger .

100 100

0.10 0.10¢

001 001¢

100

0.10

0.01

x=r/rg x=r/rg

Figure 3. (Top) Radial Mach number profiles of the inflow (solid lines) and outflow (dotted lines with
arrows) solutions for model (a) Mj with M(7) # 0 and (b) M; with M(7) =0, fi = 0.5, fgisc = 0.5,
and varied « in the interval 1.1 < ¢ < 1.66. (Bottom) (c) M with M(7) # 0 and (d) M, with
M(T) =0, fi =02, faisc = 0.8.
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Figure 4. Comparison of the Mach number profiles between the Newtonian (y = 1.66) case with
spectral line forces and the (y = 5/3) case with M(t) = 0.
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For all models the density profiles are similar and almost independent of the adiabatic
index. In all cases the density increases for x < 0.1 from ~(1—7) to values as high as ~10°
when the UV emission rises from fgisc = 0.5 to fgisc = 0.95 for models with M(t) # 0.
In contrast, when M(7) = 0 the highest central densities are seen to occur for model M;
with § &~ 5 x 10% at x = 1073, while models M, and M3 with stronger UV emission and
weaker central X-ray heating reach central densities of ~1000 at the same radial distance
from the SMBH, respectively. Additionally, in these cases the density profiles show a very
little dependence on the adiabatic index. It is clear from the present results that the flow
dynamics are sensitive to the radiative process that dominates the environment.

4. Catalogue of Pure Absorption Spectral Line Shapes for 1.1 < ¢ < 1.66

As resolution improves with the emergence of more powerful telescopes, it becomes
mandatory to predict the shape of absorption spectral lines as seen by a distant observer.
This can be done by imagining a radially falling atom onto the SMBH according to the
predictions of models M7, 5, which would absorb photons emitted by the inner region at
10 in the rest-frame. Then we use the Doppler-shift formula [51]:

w= “o , 31
yL(1 - MCOS(p) ey

c

where w is the angular frequency of an emitted photon with rest-frame frequency w as
measured by the observer, vL is the Lorentz factor, v(x) is the velocity of the absorbing
atom, and ¢ is the angle between the streamline and the line-of-sight towards the observer,
which we set to ¢ = 0. For falling particles we set v(x) = —M (x)cs, where cs is given by
Equation (7)?, for values of ~360, 420, 430, 440, and 420 km s~1. A simple description of
the absorption spectrum is given by

2
Fy(x) = exp{—A(x) exp [_()\(x)—/\o)] }, (32)

o2

where vgAg = wo/(2m)Ag = ¢, 0 is given by 0.1%A(x), c is the speed of light, and A is
the photon wavelength in the rest frame. The intensity of the absorption is modelled by
setting A(x) = p(x)/pPmax, where p(x) = §(x)0c0 and pmax = p(x = 3 x 107%)p. As the
particle is getting closer and closer to the black hole, the density increases and the shape
of the spectral line tends to have a deeper deep shifted towards the red. Figure 5 depicts
the predicted accretion absorption line shape for models My, M3, and M3 with varied
values of 7. From this figure, it is clear that the most asymmetrical lines are for model
M3 corresponding to f. = 0.05, for which the high-energy radiation is weaker making
the particle to attain higher velocities and therefore more asymmetry. Telescopes with
higher resolutions will be needed to resolve the asymmetry of these lines. As the UV
emission dominates over the X-ray heating the absorption lines become broader, while
they become narrower with increasing 7y regardless of the radiation field. For ¢ = 1.1 the
symmetry is enough to distinguish which source of radiation is dominant with a resolution
of ~2500 km s~!. However, as 7 increases this property is lost as changes in the fraction of
UV heating from fg;sc = 0.5 to 0.95 cannot be easily distinguished from the shape of the
spectral absorption lines.
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Figure 5. Absorption line shapes as predicted for models M7, M3, and M3 with varied adiabatic indices in the range

1.1 < < 1.66. The solid red lines depict the profiles of a typical absorption line for an atom falling off onto a black hole.

5. Estimated Bondi Radius and Mass Accretion with Respect to Conditions at Infinity

We are now in the position to quantify the ratio between the estimated (r.) and the true
(rg) values of the Bondi radius and that between the estimated (M,) and the true (M,,4)
accretion rates when the boundary conditions are not at infinity. These ratios are given as
functions of the radial distance from the SMBH by the following relations

2(y=1)/(r+1
Totacsou) (1) (M acsouy )7 )
re - A ’
/ —(5-37)/[2(7-1
Mefaceouy (¥) 1 [re}{acc,out}(x)] /B! o
Mrad X33, rs

respectively, where x12d (9, x) is the angle- and space-dependent radiative factor. Figure 6 (left)
shows the estimated Bondi radii for model M7 for adiabatic indices between o = 1.1 and
1.66. At small radial distances (x = 8 x 10~3), model M7 with v = 1.1 has an estimated
Bondi radius of 7, /rg ~ 0.50. As the adiabatic index is increased, the ratio r./rp decreases
reaching values slightly less than 0.5 for v = 1.1 and as low as ~0.03 for v = 1.66 at x = 10~2.
The same trends are also seen for models M (see Figure 6 (right)) and M3 as v is increased,
except that now the estimated Bondi radii achieve slightly lower values as the radiation field
is dominated by the UV emission from the accretion disc. The profiles for model M3 are very
similar to those displayed in Figure 6 with the ratios . /rp achieving slightly smaller values
close to the centre. For all models regardless of the adiabatic index the ratio r./rp — 1 at
large radii (x = 3).

Figure 7 shows the estimated accretion rates for models M7, and Mé‘, for varied values
of 7. When the UV emission is increased from fgjsc = 0.8 to 0.95 for model M3 the trends
are almost the same as those in Figure 7 (right) for model M. In all cases, the radiative
effects lead to an overestimation of the accretion rates for x < 0.1 (model Mj) and x < 0.12
(models M3 and M}). The differences between M,(x) and M,,q grow rapidly as we get
closer to the central source. However, the rapid growth of the ratio M, (x)/M;,q towards
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the centre becomes progressively less steep as 7y is increased, with M, (x)/M,,q becoming
almost flat for v = 1.66. For instance, model M; has an accretion rate at x = 1072 for
v = 1.1 that is about 100 times larger than for = 1.66. A similar difference between both
values of v happens when comparing models M5 and M3, where the UV emission from
the disc dominates over the incident X-ray flux. The observed large overestimations in the
estimated accretion rates make sense because as the closer the accreting matter is to the
source of gravitation, the less accurate are the determination of p and cs from their values at
infinity. However, the authors of [38] found that the level of overestimation of the accretion
rates compared to the classical Bondi problem is slightly attenuated when the effects of
line driving are ignored (model M; with v = 1.1). The same is true for higher values of .

1 y 1
o5 ﬂ-— ! ﬁ—
y=1.1 y=1.1
s = y=3/2 s = y=3/2
= ~ y=1.55 =0.10 7 = y=1.55
':O.IO ~ y=1.66 & ~ y=1.66
0.05
0.05
001
001 0.10 1 10 0.01 0.10 1 10

x=r/rp x=r/rg
Figure 6. (Left) Estimated Bondi radii for model Mj with M(7) # 0. (Right M3 with M(7) # 0),
fr =0.5(0.2) and f4jsc = 0.5(0.8) for varied values of the adiabatic index in the range 1.1 < v < 1.66.
The vertical solid lines mark the position of the sonic point and the symbols on them identify to
which inflow solution they correspond to.

500,
500
100|
100 M; 50 M;
3 3
’% 50 y=1.1 = y=1.1
=
= ~ y=3/2 =19 ~ y=3/2
= v = i’
- y=155 5 = y=1.55
10 \ e \ o
\:\ \\\
5 \E 1 ~\§
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0.01 0.10 1 i0 0.01 0.10 1 10
x=rfrg x=rlrg

Figure 7. (Left) Estimated accretion rates for model M} with M(7) # 0 (Right M3 with M(7) # 0),
fx = 0.5 and fg;sc = 0.5 for varied values of the adiabatic index in the range 1.1 < ¢ < 1.66.
The vertical solid lines mark the position of the sonic point and the symbols on them identify to
which inflow solution they correspond to.

6. Conclusions

In this paper, we have investigated the non-isothermal Bondi accretion onto a super-
massive black hole (SMBH) when the adiabatic index is varied in the interval 1.1 < v < 1.66
by including the effects of X-ray heating and UV emission. The radiation field is modelled
using the prescriptions introduced by [13] (P07), where a central SMBH is considered as
a source of X-ray heating and a surrounding optically thick, geometrically thin, standard
accretion disc as a source of UV radiation. The radiative, non-isothermal radial accretion is
solved semi-analytically using a method similar to that developed by the authors of [41].
The X-ray heating from the SMBH is assumed to be isotropic, while the UV emission from
the accretion disc is assumed to have an angular dependence. The effects of both types
of radiation are studied for different flux fractions (f, and fgisc) and an incident angle
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6 = QEC}Lase in the presence and absence of the effects of spectral line driving. The v = 5/3
regime is also explored using the Paczynski-Wiita (PW) potential for the case when the
effects of line driving are ignored.

The relevant conclusions are summarized as follows:

Mass inflows with 1.1 < ¢ < 1.66 occur at lower Mach numbers everywhere com-
pared with pure isothermal (7 = 1) inflows, while isothermal outflows take place
at much lower Mach numbers than their non-isothermal counterparts. In addition,
for the isothermal accretion the sonic radius occurs at larger distances from the cen-
tre compared to the non-isothermal inflows, implying that in the former case the
supersonic flow occupies a much larger central volume.

When the UV flux dominates over the X-ray heating in models with spectral line driv-
ing, the inflow for given y becomes faster everywhere. In particular, at radial distances
as close as 10~3rp from the central source the inflow is always supersonic regardless
of v, where rp is the Bondi radius. However, as the adiabatic index is increased from
v = 1.1 to v = 1.66, the inflow of matter occurs at lower Mach numbers.

The position of the sonic point depends on both the radiation field and the adiabatic
index. In particular, when line driving is allowed and y is increased from 1.1 to 1.66
the sonic point is at smaller radial distances from the centre. Hence, the central volume
occupied by the supersonic inflow decreases in radius with increasing <. For given v,
as the UV emission dominates over the X-ray heating the sonic point is shifted towards
larger radii and, as a consequence, the supersonic inflow will occupy larger volumes.
As long as the fraction of X-ray heating is comparable to that of UV emission from
the accretion disc, the outflow at large radii from the central source becomes more
supersonic than the inflow close to the black hole. Independently of the radiation
field, the faster outflows always occur when = 1.66.

With no line driving, the inflow becomes less supersonic as the UV emission dominates
over the X-ray heating and the values of y increases. In fact, as the UV radiation
becomes stronger, the central volume occupied by the supersonic inflow becomes
larger as the sonic points are shifted towards larger radii from the gravitational
source. In contrast, the outflows become more supersonic as the UV emission becomes
stronger and 1 is increased.

At distances of 10~3rp from the central source, the ratio of the estimated to the true
Bondi radius is always below one. Independently of the dominant type of radiation,
the deviations between the estimated and true Bondi radius increase with increasing
7. For given 7 between 1.1 and 1.66, this ratio drops faster as the radiation field is
dominated by the UV emission.

Under the effects of line driving, the radiative effects lead to an overestimation of the
accretion rates close to the centre. The deviation between the estimated and the true
accretion rate increases with decreasing . For given 7, the deviation decreases as the
UV emission becomes stronger.

The models predict broader absorption lines when the UV emission dominates over
the high-energy (X-ray) heating, when going from fg;x = 0.8 — 0.95, which in turn
become narrower as the value of vy is increased. For low (= 1.1) the lines are so
asymmetric, e.g., [52,53], that they can be used to infer which source of radiation is
dominant with resolutions of ~23000 km s~ 1. As « is increased and the lines become
narrower, their shape can no longer be used to distinguish the dominant source
of heating.

Compared to the Newtonian y = 1.66 case, the PW model with ¢y = 5/3 and no
spectral line driving exhibits almost identical inflow Mach numbers everywhere.
As the UV emission dominates over the X-ray heating, i.e., when fg;q increases from
0.5 to 0.8, both the inflow and outflow become slightly faster for the Newtonian
v = 1.66 case.
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Notes

1

The structure of our solutions is in X, in the same terms as in [48]. Types 5 and 6 solutions are doubled valued in M for a given
position x, and we exclude them as physical solutions.

2 With T =10"Kand u = 0.7.
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