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Abstract

We investigate accretion onto an isolated black hole from uniform winds. If the winds are directed toward the black
hole, then the accretion process can be well described by the classical Bondi-Hoyle—Lyttleton or BHL accretion. If
the wind is not directed toward the black hole and flows past it, then a smaller fraction of the flow can be attracted
by the black hole, and this type of accretion cannot be described by the classical BHL, and we coin the second kind
as the lateral BHL. We show that the classical BHL cannot form an accretion disk, while lateral BHL can form
transient accretion disks. To describe the thermodynamics of the flow, we have used a variable adiabatic index
equation of state which depends on the temperature of the flow as well as the composition of the gas. We show that
the electron-proton gas forms an accretion disk, which disappears and forms a shock cone, only to form the disk
again at a later time, while for flows with fewer protons, the accretion disk, once lost, does not reappear again. Only
when the flow is pair-dominated does it form a persistent accretion disk. We also show that a shock cone is less

luminous than the accretion disk.

Unified Astronomy Thesaurus concepts: Accretion (14); Astrophysical black holes (98); Hydrodynamical

simulations (767); Shocks (2086)

1. Introduction

Accretion onto isolated black holes is gaining importance
after many such black holes have been detected by the LIGO
experiments. The difference between the accretion onto an
isolated black hole and a black hole with a companion is the
mass/energy supply. In the case of a black hole with a
companion star, the mass supply will be dictated by the state of
the companion. An isolated black hole can accrete matter if it
plows through a diffused gas or if it is impacted by wind or a
flux of matter onto it. The accretion process in which an
isolated black hole accretes matter by plying through a gaseous
medium is known as the Bondi-Hoyle-Lyttleton (BHL)
accretion (F. Hoyle & R. A. Lyttleton 1939; H. Bondi &
F. Hoyle 1944; H. Bondi 1952). If a compact object plies
through a diffused gas, then from the reference frame of the
compact object, the gas material of the cloud is streaming past
it at the same relative speed. So an isolated black hole traveling
through a gas is equivalent to a uniform wind impinging on the
black hole. Therefore, both can be studied under the guise of
the BHL process. However, if the wind is not directed toward
the black hole, then the bulk of the matter will be streaming
past the black hole, and only a small fraction will be attracted
by gravity toward the black hole. The second case cannot be
studied as the classical BHL model, and we coin the second
case as the lateral BHL model. Incidentally, the BHL model of
accretion has been applied to a variety of problems
(R. Edgar 2004). For example, it was used as a first
approximation of an accretion model of a high-velocity wind
in binary systems (J. A. Petterson 1978) or study of accretion
flow in young stellar clusters (I. A. Bonnell et al. 2001) or
central black hole (BH) accreting material from an expanding
supernova shock, etc. E. Pfahl et al. (2002) studied wind
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accretion onto a neutron star, although the presence of a
magnetic field may reduce the accretion rate (O. D. Toropina
et al. 2001). There are a number of studies where BHL
accretion has been invoked to study the accretion of ambient
matter onto an isolated black hole traveling through it (E. Agol
& M. Kamionkowski 2002; R. P. Fender et al. 2013; D. Tsuna
& N. Kawanaka 2019; F. Scarcella et al. 2021).

Purely 3D hydrodynamical simulation of BHL accretion in
the Newtonian case was studied in a series of papers by
M. Ruffert (1994a, 1994b), M. Ruffert & D. Arnett (1994)
using ideal gas approximation. F. D. Lora-Clavijo et al. (2015)
studied the relativistic BHL accretion with density gradients in
the ambient medium. A. Cruz-Osorio et al. (2017) studied the
relativistic BHL accretion in the presence of randomly
distributed small rigid bodies around BH, which represent the
substructures like stars passing close to BH, which causes some
variability in accretion rates. A. T. Lee et al. (2014) studied the
BHL accretion in an isothermal magnetized plasma and showed
that the magnetic fields reduce the accretion rates. Recently, 3D
GRMHD simulations of BHL Accretion (N. Kaaz et al. 2023)
showed that the jet could be launched by accretion onto rapidly
rotating BHs moving through a magnetized gaseous medium.
X. Liet al. (2020), V. Bosch-Ramon & N. Bellomo (2020), and
V. Bosch-Ramon (2022) estimated the impact of mechanical
feedback on BHL accretion showing that the accretion rate is
significantly reduced by the production of outflows in the
medium. Disk formation in BHL accretion has been investi-
gated by J. M. Blondin (2013), I. El Mellah et al. (2019), and
W. Xu & J. M. Stone (2019). M. MacLeod & E. Ramirez-Ruiz
(2015), M. MacLeod et al. (2017), and A. Murguia-Berthier
et al. (2017) studied accretion disk assembly in BHL-like flows
around objects embedded within a common envelope.

The aim of this work is to investigate and compare the
accretion processes of (a) supersonic wind directed toward a
BH with (b) a wind where the BH is not in its line of
propagation. The outflow or wind can be imagined to originate
from an accidental neighborhood star. Far from the BH, the
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Figure 1. Left: geometry of the classical BHL accretion onto an isolated BH. The thick red line in the left panel is the shock front. Right: geometry of the lateral BHL.
The capture streamline (red) and the streamline which leaves the domain (violet) are shown.

flow should be cold (adiabatic index I" ~ 5/3), but closer to the
BH, it would be much hotter. To capture this physics, we have
employed a variable I' equation of state (EoS). Moreover, the
“hotness” of a medium does not depend only on the absolute
value of temperature but also on the ratio of the inertia and the
random kinetic energy of the constituent particle of the gas. As
a result we also investigate whether composition has any effect
on the accretion or not.

The outline of the paper is as follows. In Section 2, we
describe the background of the theoretical development of BHL
accretion. Section 3 describes the governing equations of our
numerical approach and the assumptions used, along with the
need for relativistically correct EoS. Then, we describe the
setup of our numerical model and the parameters used in
Section 4. Finally, we present our results in Section 5, followed
by the summary and discussions in Section 6.

2. Theoretical Background

The first model (left panel of Figure 1) is the classical BHL
model. A supersonic flow directed toward the gravitational
center would be accreted if the streamline is within a length
scale in which the gravitational pull is dominant over all other
energies. Such a length scale is given by

RuL =

& (1)
where v is the relative velocity of the flow with respect to the
accretor of mass M. The accretion rate of the system is
determined by the mass flux of the material having an impact
parameter smaller than the Ry; (F. Hoyle & R. A. Lyttle-
ton 1939)
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where p is the density of the undisturbed flow at infinity and
My, is the Hoyle-Lyttleton accretion rate. M, fi, i, are the
normalized mass of the accretor in units of the solar mass (M.,),
the normalized number density in units of atoms per cubic
centimeter, and the normalized relative velocity in units of
speed of light. For an accretor of mass 1M, moving with 0.01¢
velocity in the medium having density 1 H-atomcm >, the

Hoyle-Lyttleton accretion rate would be around 10~ M, yr".
A more general formula involving the pressure effects of the
fluid was given by H. Bondi (1952)
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where ¢, . is the sound speed of the flow at infinity and Mgy is
known as the Bondi—Hoyle accretion rate. These two accretion
rates are related as

2 3/2
M ) @

Mgy MHL(/M002 1
where M, = V5,/¢;. 0 is the Mach number of the incoming
flow. For very high Mach numbers, M, > >1, when the
pressure effects are negligible compared to the kinematical
effects, the two accretion rates are the same. Following the
above, one can define a Bondi radius, which is a length scale
where the gravitational potential is equal to the injected kinetic
and thermal energy defined as

GM

=—", Q)
BT 052 1 ko

In the above, h, is the specific enthalpy of the flow at the
injection. This gives a very crude estimate of the sphere of
influence of the gravity of the black hole.

In the case of lateral BHL, i.e., the flow is initially not
directed toward the black hole, but a fraction of matter, with an
impact parameter less than the rg are expected to be
gravitationally captured. In the right panel of Figure 1, the
cartoon diagram of lateral BHL is presented.

3. Assumptions and Governing Equations

We perform numerical simulations of the BHL accretion
flow, which is described by the time-dependent hydrodynami-
cal equations of motion. The coordinate-free conservative form
of these equations for nonrelativistic inviscid flow is:

@+V~(pv):0 (6a)
ot
%JFV%W ®v +pl) = pg (6b)
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%—f +V . -[(E+p)v]=prv-g, (6¢)
where p, v, and p, denote the mass density, bulk velocity, and
thermal pressure, respectively, I is a unit tensor, and
E=¢ + pv2/2 is the total energy density or the sum of
thermal energy density and the kinetic energy density of the
fluid element. The gravitational acceleration g = —V ¢, with ¢
being the gravitational potential of the source. To take care of
strong gravity near the compact object, we have assumed the
B. Paczynsky & P. J. Wiita (1980) potential, which closely
mimics the effects of strong gravity near a Schwarzschild BH.
For an accreting object of mass M having no self-gravity, the
form of this potential is:

GM

o0 =

)

where, R =
central object.

r? + z* and r, is the Schwarzschild radius of the

3.1. Equation of State

To close the system of Equation (6), we additionally need an
EoS, which carries all the microphysical information through
the thermodynamic properties of the fluid. To account for the
transition between very high to very low temperatures in flow,
one needs to use the EoS, which carries temperature
information. The first relativistically correct EoS given by
S. Chandrasekhar (1939) is difficult to use numerically due to
the involvement of the modified Bessel functions. Further, the
composition is also important for a flow to be thermally
relativistic or nonrelativistic depending on whether the thermal
energy (kT) is comparable to its rest mass energy (mc?). An
approximate but relativistically correct EoS was given by
I. Chattopadhyay & D. Ryu (2009; CR EoS) with variable I for
multispecies flows, where the internal energy in the unit system
c=11is given as (R. K. Joshi et al. 2021);

e=pf (8)
where
90 + 6/7 90 + 6/nt
=1 2 — —_ — |
f ( f)@[6@4—8/7']+£@[6@+8/777' ©)

In the above equation, { = n,/n.- and n = m,/ my, are ratios of
the number density of the proton to electron and mass of the
electron to the proton, respectively. In addition, 7 =2 — £ +
&/n, which is a function of the composition (£) of the flow.
© = p/p is a measure of temperature (in physical units, it is the
ratio of thermal energy with the rest mass energy or
kT/(merc?)). The specific enthalpy is given as;

h=(e+p)/p=f+0. (10)

The polytropic index N is given as;

N=pP 1P o @[992 +240/7 + 8/7-2]
o 96 (60 + 8/7)?
+6¢ 902 + 240/(n7) + 8/(n7)?
(60 + 8/(m)*

an
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And the adiabatic index I is given as;

1
=1+ —. 12
N (12

It can be seen that for © > 1 (very high temperature), N
approaches asymptotically 3 and I' — 4/3 and for © < 1

(very low temperature), N approaches asymptotically 3/2 and
I' — 5/3. The CR EoS has been implemented by many authors

to study diverse scenarios (I. Chattopadhyay & S. K. Chakrab-
arti 2011; S. Cielo et al. 2014; I. K. Dihingia et al. 2018;
R. K. Joshi et al. 2021, 2022, 2024; R. K. Joshi & I. Chattop-
adhyay 2023; S. Sarkar et al. 2023; S. Debnath et al. 2024).

4. Numerical Model and Setup

We numerically solve the hydrodynamic Equations (6) in
two space dimensions. We solve (a) the classical BHL case as
axisymmetric equations in the (r, z) plane and (b) the lateral
BHL along the equatorial plane in polar coordinates (r, ¢)
utilizing a nonrelativistic simulation scheme. We use a second-
order Eulerian total variation diminishing (TVD) simulation
code (A. Harten 1983). In some parts of our work, we employ
the HLLC solver (E. Toro 2009) of our simulation code. We
use an inertial frame of reference that is at rest with respect to
the compact object.

4.1. Units and Computational Grid

We use the geometric units in our analysis where G =0.5
and ¢ = M = 1. Therefore, the units of length and time are
re = 2GM/c* and t, = rg/c, respectively, where c is the speed
of light. The density is measured in units of the density of the
interstellar medium at infinity. Our axisymmetric simulations
are evolved in a cylindrical domain of size r X z =
[0:1500] x [—700:2300] in units of the Schwarzschild radius
1y, Where the domain is discretized into n, = 750 cells in the r-
direction and n, = 1500 cells in the z-direction which gives a
uniform resolution of Ar = Az = 2. Further, for equatorial
plane simulations, we use a nonuniform grid that extends from
Fin = 5 t0 roy = 1596 in the r-direction and covers the whole
region from ¢ = 0 to 27 in the ¢-direction. The radial domain
is logarithmically spaced in 440 cells, and the ¢-domain is
equispaced in 480 cells for all the cases. The size of the
innermost radial cell is 6.59 x 10_2, whereas the size of the
outermost radial cell is 21.17. This choice gives Ar/r =
A¢ = 131 x 1072 thereby maintaining the cell aspect ratio
(Ar/rA¢) to be constant along a radius. Since the calculated
accretion radius (Bondi radius, rg) is always less than the
domain size, the size of the computational domain is sufficient
for all models.

4.2. Initial Setup and Boundary Conditions

Classical BHL. The density and the velocity are taken to be
uniform and constant in the computational region. Matter is
continuously injected with density p., pressure p., and
velocity v, into the domain from the upstream boundary
(z = Zpin) in the axisymmetric simulation. The injection Mach
number i My, = v/ ¢y and cfx = I'v po/ py- The outflow
boundary condition is imposed on the outer r-boundary (Rpax)
and the downstream z-boundary (z = Zpax). Therefore, the
outer r and z boundaries are causally disconnected from the
accretion flow (A. T. Lee et al. 2014; I. El Mellah &
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Table 1
Details of the Parameters Used in the Simulations
Model Voo Moo 13 o T s Notes
(K) (g
M1p5X1 0.05 1.5 1.0 7.49 x 1074 4.08 x 10° 148 Axisymmetric/Classical
MIp5Xp5 0.05 15 0.5 757 x 107* 2.06 x 10° 146 "
MI1p5X0 0.05 1.5 0.0 6.67 x 107* 3.95 x 10° 172 "
M2X1 0.05 2.0 1.0 412 x 1074 224 x 10° 210 "
M2Xp5 0.05 2.0 0.5 413 x 107* 1.12 x 10° 210 "
M2X0 0.05 2.0 0.0 375 x 1074 222 x 10° 230 "
M6X1 0.05 6.0 1.0 425 % 107° 231 x 10° 370 "
M6Xp5 0.05 6.0 0.5 423 x 107° 1.15 x 108 370 "
M6X0 0.05 6.0 0.0 416 x 107° 247 x 10° 370 "
Mp5X1 0.01 0.5 1.0 259 x 1074 141 x 10° 668 Equatorial /Lateral
Mp5Xp5 0.01 0.5 0.5 258 x 107* 7.03 x 10® 678 "
Mp5Xp2 0.01 0.5 0.2 250 x 1074 273 x 108 718 "

Note. The variables v, and M, represent the velocity and the Mach number of injected flow at infinity. & O, and T, represent the composition parameter,
dimensionless temperature, and physical temperature (in K) of the flow at infinity, respectively. rg represents the Bondi radius calculated analytically from the energy

balance in units of the Schwarzschild radius r,.

F. Casse 2015; W. Xu & J. M. Stone 2019). Further, the inner
boundary (r < ri, = 6r,) is modeled as an absorbing boundary
or sink so that no physical information can propagate from
inside the boundary to the outside (M. Ruffert 1994a). The size
of the accretor is smaller than the size of the sink.

Lateral BHL. In equatorial plane simulations, for a
continuous parallel wind at large distances (v? = vozo), the
initial velocity field components of the injected gas are
specified in terms of an asymptotic velocity v, (v, =v,cosf,
Vg = —V,.sinf). Further, the outer boundary (r = Ry,x) is split
into two halves: one portion extending from 265° to 270° in
which the gas enters the domain where we apply inflow
boundary conditions and a second portion where the gas leaves
the domain and we apply outflow boundary conditions. In
addition, in the angular domain, we use periodic boundary
conditions.

We have performed simulations for various values of
composition parameters £ and Mach number M., which are
listed in Table 1. The first column is the model names, the
second and the third columns represent the injection velocity
and Mach number of the flow, and the fourth column is the
composition of the flow. The dimensionless temperature (O )
at the injection radius is in column (5), the corresponding
temperature is in column (6), and the Bondi radius is listed in
the seventh column. In order to numerically compute the mass
accretion rate, we use a detector evaluating the local mass
accretion rate (pvrz) at different radii and then add them up for
the total mass accretion rate at each time step.

5. Results
5.1. Classical BHL: Axisymmetric Simulations
5.1.1. Morphology of the Flow for Different Models

As the simulation is turned on, the supersonic flow forms a
bow shock encircling the central accretor from three sides, with
increased density, temperature, and lower velocity in the
postshock region. The shock front is initially narrow, but then it
spreads at a wider angle until it reaches a steady state. Figure 2
shows the morphology of the BHL accretion flow for models
MI1p5X1, M2X1, and M6X1, respectively. In all three models,
the relative velocity between the accretor and the flow is

supersonic, and the composition parameter is kept the same
(¢ = 1.0). The material coming from the upstream boundary
(z = Zin) would be gravitationally attracted, and it would be
compressed as it approaches the accretor. The internal pressure
of the flow will increase because of the compression, causing
significant disruption and the formation of a bow shock. The
shock front developed around the accretor is known as the
Mach cone. The opening angle of this Mach cone will depend
on the Mach number of the flow as § = sin—'(1/M). The more
the supersonic flow is, the more it would be confined in that
cone, which can be seen in Figures 2(a), (b), and (c) having
different Mach numbers (M,,). To investigate the effect of the
composition on the accretion flow, we examine models having
the same Mach number (M) and different composition
parameters . Figure 3 shows the accretion flow for models
M2X1 (i.e., £ = 1.0), M2Xp5 (£ = 0.5), and M2X0 (£ = 0.0) in
panels (a), (b), and (c), respectively. It is actually a flow with
injection Mach 2, but different compositions fall onto the
accretor. The top panels ((a), (b), and (c)) show the density
contours of the three models; overlaid are the streamlines of the
flow (white lines). The bottom panels ((a), (b), and (c)) show
the contours of temperature. Both are in log scale. The
streamlines having impact parameters less than the Bondi
radius rg are captured by the accretor, and those having impact
parameters larger than the Bondi radius escape outward, as
seen in Figure 3. The distance between the black hole (located
at the origin) and the stagnation point (marked as a cyan cross)
on the z-axis is the measure of the impact parameter of the flow
and is slightly more than the rg. The position of the shock front
is slightly different for flows having different composition
parameters £. The shock front is farther away from the accretor
for electron—positron flow, or £ = 0.0, compared to the case of
electron—proton flow ¢ = 1.0 or the flow with an equal
proportion of positrons and protons, i.e., £ = 0.5.

Figure 4 shows the radial and axial variation of © of the flow
for different composition models M2X1, M2Xp5, and M2XO0.
© represents the ratio of the thermal energy to the rest mass
energy of the flow. As one approaches the accretor along the -
direction or +z-directions, © increases strongly because of the
adiabatic compression. The postshock region for the electron—
positron flow (¢ = 0.0) is wider. In most of the regions for
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Figure 2. Hydrodynamic simulations of the BHL accretion to a compact object moving supersonically through an ambient medium. Logarithmic color maps (arbitrary
units) of the stationary density profiles for various models having Mach numbers M, = 1.5, 2, and 6 in panels (a), (b), and (c) respectively, along with the velocity
vectors (white), overplotted at time # = 10.0 X 104rg /c. The length of the arrows is proportional to the velocity. The green dashed line shows the Mach-1 surface in

the flow. The length is measured in units of the Schwarzschild radius r,.
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Figure 3. BHL accretion flows to a compact object moving with Mach number M, = 2 at late time r = 20.0 x 104rg /c, when the flow is in the quasi-steady state.
The background color represents the density in the upper and the temperature in the lower panels. The flow has different compositions £ = 1.0, 0.5, and 0.0 in panels
(a), (b), and (c), respectively. The solid lines in white color represent streamlines with arrows showing the direction of the velocity. A cyan cross is used to mark the

position of the stagnation point.

electron—positron flow (£=0.0), the adiabatic index (I') is
approximately 1.67, therefore thermally nonrelativistic. In
other cases with different £ values, the adiabatic index (I') is
typically around 1.5, decreasing to about 1.4 near the accretor.
Therefore, flows with protons are hotter. This indicates that
electron—positron flow is colder compared to other cases, and
the thermal forces are insufficient to provide the barrier for the
incoming supersonic flow to form a shock. Therefore, it
requires a larger volume of matter to do that resulting in a wider
postshock region.

5.1.2. Effect of the Composition at Mass Accretion Rates

Figure 5 presents the evolution of the numerically computed
mass accretion rates in the vicinity of the inner boundary as a
function of time for various injected Mach numbers and

composition parameters. The mass accretion rate M is
normalized to the Hoyle-Lyttleton accretion rate My given by
Equation (2), which depends on the density and the velocity of
the flow at infinity. It may be noted that the sound speed at the
injection is controlled by tuning the Mach number at infinity
and the composition. My does not depend on the sound speed
or the temperature of the flow, therefore, the normalization is
the same for all of our models. Mass accretion rates in every
case saturate to a value lower than My . Since we are injecting
with the same velocity, the higher Mach number indicates a
lower temperature, which results in a larger rg for the flow.
And higher rg implies a higher mass accretion rate. Further, an
increase in Mach number beyond 6 results in a marginal
increase in accretion rate, which would saturate because of the
dominant kinematical effects rather than the thermal.
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Figure 4. Radial and axial variation of dimensionless temperature (O) of the accretion flow is plotted in left and right panels, respectively, for M., = 2. Different
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Figure 5. Left: time evolution of the numerically calculated mass accretion rates for different Mach numbers M, = 1.5, 2, and 6 are shown in panels (a), (b), and (c),
respectively. Different compositions & = 0.0, 0.03, 0.1, 0.2, 0.5, and 1.0 are shown in blue, green, cyan, red, purple, and black colors, respectively. Right: mass
accretion rates for all models with different M, and £ at late time t = 20.0 X 104rg /c are shown when the flow is in the quasi-steady state. The time is measured in
units of ry/c and the mass accretion rate M is normalized to the Hoyle—Lyttleton accretion rate My given by Equation (2).

Moreover, in the case of models with identical M, the mass
accretion rate appears to be decreased when considering purely
leptonic flows (¢ = 0.0) compared to the other cases. However,
when comparing electron—proton flow (¢ = 1.0) to mixed flow
(£ =0.2) for M, = 1.5, the mass accretion rate is lower in the
former, while the opposite is true for M., = 6.0. While for
M, = 2.0, flows of both the compositions £ = 1.0, 0.2 have
approximately the same mass accretion rates. Further, the right
panel of Figure 5 shows the mass accretion rates for all the
models with different M., and ¢ at late time t=20.0 x
104rg /c when the flow has achieved the quasi-steady state. For
the mixed flow between & = 0.5 to £ = 0.7, accretion is peaking
to a higher value, while it is lower for the electron—proton flow
or purely electron—positron flow. It may be noted that the flow
is thermally relativistic if its thermal energy (average kinetic
energy of the constituent particles of the gas) is comparable to

or higher than its inertia. An electron—proton gas has a high
temperature because the average momentum transferred by its
particles is higher, but by the same token also has high inertia.
An electron—positron pair plasma, on the other hand, has the
least inertia, but the average momentum transferred between
the constituent particles is also very low. The competition
between inertia and thermal energy peaks for intermediate
values of ¢ and hence are thermally more relativistic than either
electron—proton or electron—positron flow. The accretion rate
for classical BHL is maximized when the incoming supersonic
flow pattern is stalled and diverted toward the central black
hole. Flows with intermediate £ being relatively hotter, offer a
perfect barrier to divert the supersonic matter into the black
hole. Therefore the accretion rate peaks for intermediate values
of &.
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Figure 6. Contours of logarithmic density plotted at various times r = 1.0, 4.5, 6.5 X 104rg/ ¢ in left, middle, and right panels, respectively, for Model Mp5X1
(¢ = 1.0). The white arrows in the left panel are the velocity vectors of the injected flow. The inset panel shows the zoomed region of the accretion flow. The length is

measured in units of the Schwarzschild radius r,.
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5.2. Lateral BHL: Equatorial Simulations

Figure 6 shows the early-stage evolution of our lateral BHL
simulation for Model Mp5X1 (¢ = 1.0). As the simulation is
turned on, the wind coming from the inflow boundary encircles
the black hole and forms a disklike structure (right panel of
Figure 6) with higher density in the central region. In Figure 7,

we compare the contours of the logarithmic density distribution
of accretion flow for three models, Mp5X1 (£ = 1.0), Mp5Xp5
(¢ =0.5), and Mp5Xp2 (¢ = 0.2), respectively, having different
composition parameters in three-row panels. At the beginning
of the simulation, one can see a disk structure for all three
models in the first column of Figure 7 at t=12.5 X 104rg /c.
As the simulation progresses, this disk transforms into a shock
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the disk into a shock cone. The inset panel shows the zoomed region near the accretor. The arrows in the white are the velocity vectors of the flow.
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Figure 9. Contours of angular momentum density ((a) and (b)) and adiabatic index I" ((c) and (d)) are shown in the inner region of accretion flow for model Mp5X1 (in
panels (a) and (c): £ = 1.0) and Mp5XpS5 (in panels (b) and (d): £ = 0.5) at r =33.5 x 104rg/c just before disk reformation.

cone temporarily (see the second column of Figure 7 for
£=1.0, 0.5) but reappears for £ = 1 at a later time. Figure 8
presents the density contours and the velocity vectors (arrows)
at 8-time snaps with a cadence of Ar = 0.1 x 10%,/c
highlighting the transition of the disk into a shock cone for
Model Mp5X1 (¢ = 1.0). One can see that the disk formed is
not axisymmetric; spiral structures form at some time, and at
another, those structures circularize. Therefore the balance of
forces around the accretor is not uniform, which causes uneven
accretion around the accretor. This may disrupt the spiral disk
structure of the flow, increasing the accretion rate and
formation of the shock cone. This is also seen in the panels at
t =164 x 104rg /c, where the velocity vectors are dominant
and into the accretor in the region where accretion has
occurred. Once the shock cone forms, it is subjected to the flip-
flop instability (T. Matsuda et al. 1987; B. A. Fryxell &
R. E. Taam 1988; O. Donmez et al. 2011; O. Donmez 2012),

where the whole shock cone oscillates due to the tangential
velocities in the system, but oscillations are more pronounced
for £ = 1 compared to £ = 0.5 as can be seen in the contours of
angular momentum density distribution (Figures 9(a) and (b))
for both £ = 1.0 and 0.5 at r =33.5 x 104rg/c. Soon after, the
disk reappears for £ = 1.0 but not for £ = 0.5. The angular
momentum density is defined as L = prvy. We plot the angular
momentum density contours of the shock cone around the BH
for ¢ = 1 (Figure 9(a)) and for £ = 0.5 (Figure 9(b)) and show
that the £ = 1 matter has much higher angular momentum
(L ~0.4) than £ = 0.5 matter has (L ~ 0.2). Since the lower
value of I or the adiabatic index represents higher heat content
in the flow than a higher I' value, we also plot the
corresponding I' in panels Figures 9(c) and (d), which shows
that the thermal content of £ = 0.5 is higher (I' ~ 1.4) than
& =10 I ~ 1.45). This implies that the increased random
motion of the particles for £ = 0.5 hinders the ordered
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to be 10M..,, and the normalized density of the injected wind (p,) is 107" g cm

rotational motion. So, for £ = 0.5, the disk vanishes and does
not reappear because of insufficient angular momentum within
the shock cone. For £ =0.2, the disk structure persists for a
significantly longer duration. To gain a better understanding of
the disk structure and shock cone around the black hole, we
present in Figure 10 the time-dependent variation of logarith-
mic density as a function of the azimuthal direction from the
initial time up to the end of the simulation. This figure involves
plotting the density as a function of ¢ and time ¢ at r = 13.3r,,
thereby revealing the temporal behavior of the system at this
fixed radius. For £ = 1.0, the disk temporarily transforms into a
shock cone, where densities are confined to a certain angular
region (left panel of Figure 10); the shock cone undergoes flip-
flop instability before the disk reappears and persists until the
end of the simulation. In contrast, for £ = 0.5, the shock cone
oscillates, but the disk does not reappear (middle panel of

Figure 10). For £ = 0.2, the disk structure remains intact for a
significantly longer duration (right panel of Figure 10). If the
proton proportion is reduced even further, i.e., as £ — 0, the
disk forms and persists.

Figure 11 presents the temporal evolution of the mass
accretion rates for three cases of ¢ in different panels. We
calculate the mass accretion rates at different radii r=5r,,
10rg, 15r,, and 20r, shown in red dotted, black dashed, blue
solid, and green dashed—dotted, respectively. The time is
normalized by taking the mass of the black hole to be 10M,
and the accretion rate is normalized by taking the density of the
injected wind to be 10~'" gcm ™. As can be seen, the accretion
rate rises initially and fluctuates up to two orders of magnitude
in the disk phase at each radius but approaches an asymptotic
value in the shock cone phase. The transition from the disk to
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Figure 12. Variation of computed bolometric luminosity with time for models Mp5X1 (£ = 1.0), Mp5Xp5 (£ = 0.5), and Mp5Xp2 (£ = 0.2) are shown in the left
panel, while in the right panel, the contribution of bremsstrahlung and synchrotron are shown for the case £ = 1.0. The values of Mgy and p., are the same as in
Figure 11, and plasma-{3 is taken to be 100.

cone phase is marked by a higher accretion rate, and the cone to analytically for ©,, provided I'y, for any value of £ (R. Kumar
disk phase by the opposite trend. & 1. Chattopadhyay 2014). Integrating the expressions (13) (16)

We compute the posteriori radiation emitted by the flow by over the whole volume by summing up all the contributions from
considering bremsstrahlung and synchrotron emission. In order each point in the domain, we get the bolometric luminosity of the
to calculate emission due to electron—ion and electron—electron system (Log = J(Qpr + Qyn)dV). The emission from outside the

bremsstrahlung, we use the bremsstrahlung cooling rate per
unit volume (in ergem >s~') as prescribed in R. Svensson
(1982), S. Stepney & P. W. Guilbert (1983), R. Narayan &
L. Yi (1995) as

simulation domain is neglected in all calculations.
Figure 12 shows the temporal evolution of bolometric
luminosity for three cases of composition parameters,

Qbr = Qei + Qee’ (13)
4(2@: )0'5(1 + 1781013, if 0, < 1,

K

O = 1.48 x 10722 x (14)

2% [In (1.1230, + 048) + 15], if O, > 1.

0., — 2.56 x 1072p201°(1 + 1.10, + 6% — 1.2502%), ifO, < 1, (15)
“ 7 13.40 x 102120, (1n (1.1236,) + 1.28), ifO, > 1.
where 7, is the number density of electrons, and O, = kT/ mec? incorporating the contributions from bremsstrahlung and
is the dimensionless electron temperature. Further, we also synchrotron emission. As can be seen, for £=1.0, the
consider the contributions from thermal synchrotron emissivity bolometric luminosity initially increases during the disk phase,
in the presence of a stochastic magnetic field. The synchrotron then decreases by approximately an order of magnitude when
cooling rate is given by following S. L. Shapiro & S. A. Teuk- the system transitions to the shock cone phase and subse-
olsky (1983) as, quently increases again as the disk phase resumes. While, for
) £=0.5, the disk structure vanishes and does not reform as
On = 16 ﬁ eB 0 (16) indicated by the sustained lower luminosity. In contrast, for
o 3 c\mec ere £=0.2, the disk structure persists for a significantly longer
duration.
where B is the stochastic magnetic field, which is estimated by
assuming the magnetic pressure is 1% of the thermal gas pressure.
To estimate the electron temperature, we assume the adiabatic 6. Summary and Discussions

index, T', is the same for ions and electrons, ie., It = I'e = In this paper, we have carried out numerical studies of wind
leq. Following this, if Equation (12) is modified for only accretion onto an isolated black hole using 2D numerical
electrons, one may get a quadratic equation, ©7(36 — 27T) + simulations. We considered two scenarios: (a) when the

©.(48 — 36l + (10 — 6Iy) = 0, which can be solved uniform parallel wind is directed toward the black hole and

10
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(b) when the uniform wind is going past the BH. We modeled
the wind directed toward the BH as the classical BHL accretion
and the one in which the wind streams past the BH as the lateral
BHL. We employed Eulerian numerical schemes to simulate
these two scenarios. The gravity is expressed through the
Paczyrisky—Wiita pseudopotential and the thermodynamics of
the gas is expressed by using the variable I' CR EoS.

Simulations of case (a), or the classical BHL, have been
performed assuming axisymmetry (7, z plane), which is obvious
from the problem, but case (b) has been simulated on the
equatorial plane (r, ¢) plane. Case (a) has been simulated where
the injected wind was supersonic, while in case (b), the injected
wind stream is subsonic. It may be noted that the subsonic
classical BHL simulation does not produce any shock cone,
while the supersonic lateral BHL forms a disk for a short time
but switches back to the shock cone structure.

The main goal of this paper was to find out how to form a
disklike structure if an isolated BH is bombarded by a stream of
uniform wind. Since the classical BHL is an axisymmetric
system, the section of the streaming matter tugged in by the
gravity of BH is symmetric on either side of the BH. Therefore,
these two streams cancel each other, forcing the matter to fall
directly to the BH. If the wind is streaming past the BH and is
not directed toward it, then the problem cannot be cast as a
classical BHL model. We call it lateral BHL since the matter is
streaming past the BH, and a part of it is attracted toward the
BH. This matter is then flung around the BH to form a disk.
After the disk is formed, due to the nonaxisymmetric nature of
the flow, the matter is nonuniformly accreted, and the spiral
pattern may be disrupted. In such cases, the disk breaks up, and a
shock cone develops. The shock cone undergoes a flip-flop
instability; however, if the thermal energy is not too high (i.e.,
I' ~ 5/3), in such cases, the thermal gradient force is not too
high, and the disk is restored back as we see in the case of
& = 1.0. But for £ = 0.5 (less protons), although the temperature
is low, the thermal energy is comparable to the rest energy of the
flow T' < 5/3, and the disk is not restored. For £ = 0.2, its
thermal energy is even lower; therefore, the disk persists for a
significantly long time, and for no protons (§ = 0.0), the disk is
not disrupted. There are many spiral shocks in the disk. During
the disk phase, the accretion rate into the BH decreases since the
matter has strong rotation, and consequently, the luminosity
increases by two orders of magnitude.

Based on our study, one can conclude that an isolated black
hole would accrete radially if a wind is directed directly at the
black hole, while if the wind is not directed toward the BH,
then a temporary accretion disk may form.
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