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Abstract

In this letter, we investigate Bondi-like accretion flows with zero or low specific angular momentum by performing
3D general relativistic magnetohydrodynamic simulations. In order to check if relativistic jets can be launched
magnetically from such flows, we insert a large-scale poloidal magnetic field into the accretion flow and consider a
rapidly spinning black hole. We demonstrate that under such conditions the accretion flow needs to initially have
specific angular momentum above a certain threshold to eventually reach and robustly sustain the magnetically
arrested disk state. If the flow can reach such a state, it can launch very powerful jets at =>100% energy efficiency.
Interestingly, we also find that even when the accretion flow has initial specific angular momentum below the
threshold, it can still launch episodic jets with an average energy efficiency of ~10%. However, the accretion flow
has nontypical behaviors such as having different rotation directions at different inclinations and exhibiting
persistent outflows along the midplane even in the inner disk region. Our results give plausible explanations as to
why jets can be produced from various astrophysical systems that likely lack large gas specific angular momenta,
such as Sgr A*, wind-fed X-ray binaries, tidal disruption events, and long-duration gamma-ray bursts.

Unified Astronomy Thesaurus concepts: Accretion (14); Black holes (162); Galactic center (565); Gamma-ray
bursts (629); Massive stars (732); High mass x-ray binary stars (733); Jets (870); Magnetohydrodynamics (1964)

1. Introduction

Gas accretion onto black holes (BHs) powers many
luminous astrophysical systems, such as active galactic nuclei
(AGNs), BH X-ray binaries, and tidal disruption events
(TDEs). The accreting gas usually forms a disk or torus around
the BH, in which the magnetorotational instability (MRI)
(Balbus & Hawley 1998) can transport the gas angular
momentum outward and allow the gas to accrete. Accretion
converts the mass—energy of the gas into the energy of
relativistic jets, winds, and radiation produced from the
accreting system.

Some of the popular accretion disk models are the advection-
dominated accretion flow (ADAF; e.g., Narayan &
Yi 1994, 1995; Yuan & Narayan 2014), standard «-disk
(Novikov & Thorne 1973; Shakura & Sunyaev 1973), and slim
disk (Abramowicz et al. 1988) models, which apply to disks at
different accretion rates. While all these disk models assume
the disk has a relatively large specific angular momentum,
some astrophysical systems can carry very low angular
momentum gas, such as Sgr A* (Melia 1992; Narayan et al.
1995; Ressler et al. 2018), long gamma-ray bursts (GRBs;
Fryer 1999), TDEs (Rees 1988), and wind-fed high-mass X-ray
binaries (HMXBs; Smith et al. 2002; Tauris & van den
Heuvel 2006). Such low angular momentum accretion flows
are less widely studied, yet it is important to understand
whether and how they can produce powerful emission, winds,
and jets.

A spherical symmetric steady-state accretion flow (with zero
angular momentum and no magnetic field) is described by the
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Bondi accretion model (Bondi 1952) under Newtonian physics.
The behavior of Bondi-like accretion flows with low angular
momentum has also been extensively studied with hydro-
dynamic simulations on large scales (e.g., Proga & Begelman
2003b; Lee & Ramirez-Ruiz 2006; Janiuk et al. 2008; Sukova
& Janiuk 2015; Sukova et al. 2017; Murguia-Berthier et al.
2020), which show that a thick torus structure can form as the
flow hits the centrifugal barrier and part of the inflow becomes
an outflow as a result. However, these simulations have not
included general relativity or the magnetic field, either of which
is expected to play an essential role in determining the behavior
of inner accretion flows and, in particular, their prospect of
their launching relativistic jets (Blandford & Znajek 1977).

The dynamical evolution of magnetized plasma around BHs
and the production of jets involve nonlinear processes and
generally lack obvious symmetries. This makes general
relativistic magnetohydrodynamic (GRMHD) simulations par-
ticularly attractive for modeling these systems (e.g., De Villiers
& Hawley 2003; Gammie et al. 2003; Tchekhovskoy et al.
2011; McKinney et al. 2012; White et al. 2016; Porth et al.
2017, 2019). These GRMHD simulations usually start from gas
in the configuration of a torus or disk with its motion-
dominated rotation (see reviews by Tchekhovskoy et al. 2012;
Tchekhovskoy 2015; Davis & Tchekhovskoy 2020). They
show that if a large amount of ordered magnetic field is
supplied, the accretion flow drags sufficient magnetic flux to
the vicinity of the BH, which will form magnetically arrested
disks (MADs; Narayan et al. 2003; see also Bisnovatyi-Kogan
& Ruzmaikin 1974, 1976). In MADs, the magnetic field
significantly impacts the inner disk dynamics, and very
powerful jets can be produced if the BH spins rapidly
(Blandford & Znajek 1977). In fact, the jet power can even
exceed the accretion power, resulting in net energy extraction
from the BH (Tchekhovskoy et al. 2011).
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Table 1
Parameter Summary of the Simulations
Model R (1) N, Ny Ny bu N (%) Tjer (%) 77?34 (%) s
a09rc0 0 288 128 64 26.8 19.9 17.1 13.0 —12.0
a09rc10 10 240 128 64 232 10.8 9.8 6.8 —10.5
a09rc50 50 280 128 64 45.1 76.1 61.7 52.6 —35.2

In contrast, the behavior of low angular momentum accretion
flows has not been extensively explored with GRMHD
simulations. Komissarov & Barkov (2009) studied the
spherical accretion of magnetized gas with 2D GRMHD
simulations and showed that such accretion flow can become
highly magnetized near the event horizon and launch
(nonrelativistic) outflows. More recently, several studies
employed 3D GRMHD simulations to investigate Bondi-like
accretion flow and the resulting feedback processes. Lalakos
et al. (2022) connected the BH to its sphere of influence and
found that only a small fraction (~1%) of the gas reaches the
BH when the ambient medium has a low angular momentum.
Ressler et al. (2021) studied spherical accretion flow threaded
with a large-scale magnetic field at different inclinations with
respect to the spin axis of the BH and explored how the jet
strength depends on the inclination. Kaaz et al. (2022)
simulated Bondi-Hoyle-Lyttleton (BHL) accretion onto a
spinning BH traversing a magnetized gaseous medium and
showed such accretion could power relativistic jets. However,
how the behavior of the accretion flow and the power of the jet
depend on the gas angular momentum has not been system-
atically studied.

In this work, we focus on investigating the role that the gas
specific angular momentum plays in Bondi-like accretion flow.
We carry out three fully 3D GRMHD simulations of
magnetized Bondi-like accretion flows with initially zero or
very low angular momentum around rapidly spinning BHs. We
study the properties of the quasi-steady-state accretion flow,
and investigate how the magnetic flux and gas coexist and
interact near the BH. We demonstrate that both nonrotating and
slowly rotating accretion flows can produce relativistic jets.
However, the initial angular momentum of the gas needs to
reach a small critical value to robustly sustain the MAD state
and its powerful jets. We introduce our methodology and
simulation setup in Section 2. We present the results in
Section 3, and summarize and discuss them in Section 4.

2. Methodology
2.1. Governing Equations

We carry out 3D time-dependent GRMHD simulations using
the HARM code (Gammie et al. 2003; McKinney &
Gammie 2004; Tchekhovskoy et al. 2011; McKinney et al.
2012). The code solves the following conservation equations:

(put) = 0 ()
VI =0 @)

where p is the rest-mass density of the gas in the fluid frame,
u' is the gas four-velocity, and T is the stress-energy tensor,

which includes matter (MA) and electromagnetic (EM) terms:
T = TP 4 THAL,
TMA = (p + ug + p,) u!u, + p, 6,
TEME = p2utu, + p, 6t — bbb, 3)

where u, is the gas internal energy density with an adiabatic
index ~v=4/3; p,=(y—1Du, is the gas pressure;
p»="Db"b,/2 =b*/2 is the magnetic pressure; b" and b, are
the contravariant and covariant fluid-frame magnetic field four-
vectors, respectively; and 64 is the Kronecker delta tensor. Here
and below we use Lorentz—Heaviside units. The magnetic field
is evolved using the induction equation:

0(J=8B) = —0)(J=g (b'u' — b'w)) “

where g is the metric determinant and B’ is the magnetic field
three-vector.

2.2. Simulation Setup and Initial Conditions

We consider a rapidly rotating BH with a dimensionless spin
parameter a = 0.9 and conduct simulations for three different
initial specific gas angular momenta. The simulations employ
modified spherical polar coordinates centered on the BH, with a
minimum resolution of N, x Ny x N, =240 x 128 x 64 cells
in the r-, 6-, and ¢-direction (see Table 1 for more details). The
grid in the r-direction is logarithmically spaced. The grid in the
f-direction has higher resolution in the disk (equatorial) and jet
(polar) regions in order to resolve the turbulence in the
equatorial disk and the collimated polar jets. The grid in the ¢-
direction is uniform. The simulation domain extends from the
inner radial boundary at Ry, = 0.8ry = 1.15r, to the outer radial
boundary at R, = 105rg. This ensures that there are at least
five grid cells between R;, and ry, thereby ensuring that the
inner radial boundary is causally disconnected from the
accretion system. Here, r, = GMpy/ ¢? is the BH gravitational
radius, where G is the gravitational constant, c¢ is the speed of
light, Mgy is the mass of the BH, and ry = (1 + 1 — az)rg
is the BH event horizon radius. Nonradiative ideal GRMHD
simulations are scale-free in BH mass, so we use geometric
units with G = ¢ = Mgy = 1 hereafter.

For standard Bondi accretion, a spherically symmetric gas
distribution falls inward, attracted by the gravity of the central
BH. At infinity, gas elements have specific energy e = 1, which
is conserved during the infall. Therefore, an approximate self-
similar solution for the gas density p and four-velocity u” is

pocr/2, (5
u = —e = —1, (6)
u’ =0, @)

Up = O, (8)
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For the simulated gas flow with zero or low angular
momentum, while we still use Equations (5)—(7) to initialize p,
u,, and u”, we modify the initial u, and u" according to the
desired initial specific angular momentum. The specific angular
momentum of a Keplerian equatorial circular orbit is

JT(r? = 2a47 + d?)

rrt — 3r + 2ar

We adopt the initial specific angular momentum characterized
by the circularization radius R.., at which the centrifugal force is
strong enough to counterbalance the inward gravitational force.
That is, our gas in the equatorial plane at r > Rgojiq = 100r,
initially has a constant specific angular momentum corresp-
onding to R.=0 (model a09rc0), 10r, (model a09rc10), or
507, (model a09rc50):

k(r) =

(10)

L 0 for R. =0 1
" Ik (r = R.) for R. = 10r, or 507, an

The specific angular momentum at r < Ryp;q or 6 = 7/2 is set
not to exceed I, (see Appendix A for details). The gas is also
isentropic with u,/p" = constant.

We thread the accretion flow with a relatively weak poloidal
magnetic field. The magnetic flux is described by the magnetic
flux function W(r, 8) = r(1 — |cos@|), which describes a
parabolic magnetic flux distribution, for which B*ocr 2
asymptotically far away from the BH (Tchekhovskoy et al.
2008). Since u, o< p' o (r~3/2)Y oc r~2 in our initial condi-
tions, this magnetic flux ensures that the plasma beta 5= p,/p;
is asymptotically constant everywhere. We normalize the
magnetic field by rescaling it such that G has a minimum
value of 100 along the equator, so that the initial magnetic field
is subdominant.

2.3. Diagnostics

We divide the gas flow into three regions: (1) the jet region,
where a:bz/ p>1;(2) the wind region, where u" >0 and
o < 1;and (3) the disk region, where u” <0 and o < 1. (We
note that a small inflow region near the BH can have ¢ > 1, but
excluding this region from the disk does not affect our results.*)
The above conditions define the boundaries between these
regions, i.e., the jet-wind boundary has o =1 and the disk—
wind boundary has u”=0. Below we summarize the defini-
tions we use for computing various quantities.

The rate of rest-mass accretion flowing inward through a
sphere of radius r is

M) = — f pu’ dA gy, (12)

where dAgpy, = /—gdfd¢. This gives us the rate of accretion
onto the BH My when it is evaluated at the event horizon.*

4 practice, here we measure My, Ey, and 7y at r = 6r, to avoid potential
contamination due to the numerical density floors near the horizon, since the
true time-averaged My and Ep (if uncontaminated by the density floors) should
remain constant near the horizon when the flow has reached a quasi-steady
state.

Kwan, Dai, & Tchekhovskoy

The absolute magnetic flux through the BH event horizon is
1
Oy — 5f|B’| dAgy (13)

where the integral is over the event horizon. We define a
dimensionless magnetic flux parameter, the “MADness para-
meter,” by normalizing ®; with My (Tchekhovskoy et al.
2011):

_ %
1[1‘.4}.1 rg C
where for clarity we restore the dimensional factors and use
CGS units. The disk enters the MAD state when ¢y = 40
(Tchekhovskoy et al. 2011; Tchekhovskoy 2015). In practice,
when we compute dimensionless quantities like ¢y and the
below efficiencies by normalizing some quantity Q(f) with
My (), we smooth My (¢) with a Gaussian function over a
moving window centered at time ¢ and with a standard

deviation of 1000 r,/c in order to reduce fast fluctuations.
The energy flux flowing out through a sphere of radius r is

¢H = (14)

E(r) = —fT,’dA9¢. (15)
Using this, we can calculate the outflow efficiency as
E(r)+M(r
n(r) = M (16)
My

The accretion efficiency 7 is defined as 7(r) evaluated at the
event horizon. When 7y > 100%, accretion results in net
energy extraction out of the BH, dominated by extraction of
energy in electromagnetic form through the Blandford—Znajek
process out of a rapidly spinning BH, so that the extracted
energy exceeds the accretion-supplied energy in the form of
rest-mass energy. In addition, we can evaluate the jet energy
flux and the jet energy efficiency as

Ea(r) = = [T/ (0 > DA, (17)
and
_ Ejel(r)
Nt (1) = oy (18)
respectively.

In order to obtain the radial profile of a quantity Q(r), we
average it over spherical shells and weight it by the gas density

p:
_ JdAwpQ
[dAgsp
where the integral is over a sphere of radius r. We can then
define the geometric half angular thickness, H/R, of the flow
(after excluding the jet region) as
1/2
H [ [pO = 0nia)*(c < 1) dAg,
- Jrlo < 1)dAg,

R
where 0,;q(r, ¢) = fp9d9/ fpd& is the polar angle of the disk
midplane at a specific (r, ¢) location.

Q) (19)

. (20)
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Figure 1. We show snapshots of a vertical slice from the inner regions of the 3D GRMHD simulations with a09rc0 (R, = 0, top), a09rc10 (R. = 10r,, middle), or
a09rc50 (R, = 50r,, bottom), at different times ¢ = (3000, 35,000, 48,000)r,/c (left to right). The colors show the gas rest-mass density po. The black lines indicate the
magnetic field lines, of which the thickness represents the magnetic field strength. The pink contours show the boundary of the jet with ¢ = 1. The blue contours show
the disk-wind (i.e., inflow—outflow) boundary, which has #” = 0. In all simulations, geometrically thick disk structures (shaded with a light blue color) form close to

the BHs. In addition, wide-angle winds and relativistic jets are launched.

Most quantities will be computed and plotted in geometric
units throughout the paper. We provide a table to translate the
units to CGS units in Appendix B.

3. Results
3.1. Time Evolution of the Accretion Flow

We run all three simulations out to at least t = S0,000rg/ c
and show their evolution in Figure 1. The flows reach an inflow
equilibrium out to r 2 1007, in all runs. The three runs differ in
their value of R.. Initially, the gas falls in radially from large
distances without sufficient centrifugal support. A centrifugally
supported structure soon starts to form close to the BH, owing
to two factors: (1) A small initial gas specific angular
momentum (as in our models a09rc10 and a09rc50) can result
in a centrifugal barrier, which has been seen in analytical
calculations and hydrodynamical simulations of Bondi-like

accretion (e.g., Proga & Begelman 2003; Lee & Ramirez-
Ruiz 2006; Sukovad et al. 2017). (2) Due to the general
relativistic frame-dragging effect, the gas near the BH can gain
some angular momentum. Therefore, even in our a09rcO
model, the spherical symmetry is broken due to the spin of the
BH and the vertical configuration of the magnetic flux. After
the formation of the centrifugal barrier, the infalling gas hits it
and develops a shock, which propagates outward. A high-
density bubble expands with the shock (e.g., the regions
confined by two blue u"=0 contours in the snapshots at
t=13000r,/c). By t= 10,000r,/c, the accretion flows have
become stable in all three simulations, and winds and
relativistic jets are launched. The jets drive blast waves into
the ambient medium, push out the gas, and prevent accretion
onto the BH along the polar region.

Figure 2 shows the evolution of the rate of mass accretion
onto the BH My (Equation (12)), the MADness parameter ¢z
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Figure 2. Time evolution of the mass accretion rate My (top panel), dimensionless magnetic flux ¢, (middle panel), outflow energy efficiency 7 (bottom panel,
dotted line), and jet efficiency 7)., (bottom panel, solid line) of the three models a09rc0 (red), a09rc10 (orange), and a09rc50 (blue). The jet efficiency is measured at
r = 100r,; the other quantities are measured close to the horizon. The three vertical blue lines indicate the time at which the snapshots in Figure 1 are taken. The light
yellow highlight indicates the time interval over which we compute the time-averaged values of the various quantities. The horizontal dashed line in the middle panel
indicates the critical value of ¢y ~ 40 for the disk to enter the MAD state. The smaller the value of R, and hence of the initial specific angular momentum, the faster
the magnetic fluxes accumulate initially. However, the MAD state and very powerful jet are only sustained in the model a09rc50 with the highest initial specific

angular momentum.

(Equation (14)), the outflow energy efficiency 7y
(Equation (16)), and the jet efficiency 7, (Equation (18)) as
functions of time. The rate at which gas falls into the BH starts
out high. Dragged by the infalling gas, magnetic flux builds up
near the BH, so ¢y quickly grows, and MRI is triggered in the
accretion disk. It is apparent that the model a09rcO has the ¢y
that grows the fastest, since the gas in this model falls in the
fastest with the lowest initial gas angular momentum. After the
disk forms, My drops with time, until a later phase at
t~ 20,000rg/ ¢, when the accretion becomes quasi-steady.

Interestingly, though magnetic fluxes accumulate faster in
models a09rcO and a09rcl0 in the initial phase, after
t~ 20,000rg/c, ¢y in these two models decreases and
eventually reaches a value below the MAD threshold. In
contrast, we see ¢y grows the slowest in model a09rc50, which
has the largest initial specific angular momentum. However, it
can reach and sustain the MAD state and demonstrate
characteristic MAD behavior: high variability in &5 and 7
and the production of powerful jets with 7, > 100% from the
Blandford—Znajek process (1 is plotted using a solid line in
the bottom panel). In addition, there is a significant correlation
between 7y and 7, meaning most of the energy produced in
the accretion process is carried away by jets.

We will perform more analysis of the behavior of magnetic
flux in Section 3.3. Furthermore, see Appendix C for
calculations related to the MRI, where we show that the MRI
is resolved in all three models and is mildly suppressed in
models a09rc10 and a09rc50 but not in a09rc0.

3.2. The Radial and Angular Structure of the Flow

In this section we investigate the radial and inclination
profiles of accretion flow in the window of
t=20,000-50,000r,/c. In this time window, both gas accretion
and ¢y have become quasi-steady in the inner regions of the
accretion flow.

Figure 3 shows the radial profiles of (a) the gas density, p; (b)
the ratio of the lab-frame radial velocity, v'=u"/u’, to the
freefall velocity v¢ (in practice v'/vg = —u’ /ufe with ug given
by Equation (9)); (c) the ratio of the lab-frame angular velocity,
Q= u¢’/ u’, to the Keplerian velocity, x = 1 / (rll,‘5 + a), where
r, = rsinf is the cylindrical radius; (d) the geometric half
angular thickness of the inflow, H/R; and (e) the Lorentz factor,
I'=au', where a = 1 / J—g" is the time lapse. All quantities
are time—0—¢-averaged. In addition, the quantities in (b)—(c) are
density-weighted to focus on the disk, while I" is magnetization-
weighted to focus on the jet. We plot these quantities out to
1000r,, where the shocks have propagated to, so the p, v, and
of the inflows decline rapidly around that radius.

One can see that the gas density and radial velocity structures
of the accretion flows in the three models are similar in the
r <1007, inflow equilibrium region. All models produce
geometrically thick disks, while model a09rc50 (with the
largest specific angular momentum among the three) produces
the least thick disk. The disks completely extend to the event
horizon, and their densities still approximately follow the
freefall profile p oc r~'-°. The radial inflow velocities are 30%—
40% of the freefall velocity in the quasi-steady inflow region.
In particular, a09rc50 has lower v" than the other two models.
Moreover, despite the different initial conditions, all three
accretion inflows acquire some angular momentum and rotate
at the frequency of a few x0.1€2x near the horizon. However,
only the model a09rc50 can maintain this near-Keplerian
rotation until r ~ 700r,, while the rotation speed in the other
two models quickly declines at larger radii. Furthermore, in all
models winds are launched close to the BH and rapidly
accelerated mostly due to the high magnetic pressure. They
reach the maximum density within = 5r, and the terminal
velocity within » = 100r,. Lastly, the jets launched in the three
models have similar acceleration profiles and eventually reach
I" =3-4. The jet in the model a09rc50 is steadier and slightly
faster.
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Figure 3. The time/angle-integrated radial profiles of (a) density p, (b) lab-frame radial velocity v" (p-weighted) over the freefall velocity vy, (c) lab-frame angular
velocity € (p-weighted) over the relativistic Keplerian angular velocity Qk, (d) geometric half angular disk thickness H/R, and (e) Lorentz factor of the jet
T" (o-weighted). The three different colors denote the different models: a09rc0O (red), a09rc010 (yellow), and a09rc50 (blue). The quantities in the inflow and wind
regions in (a)—(c) are plotted using solid and dotted—dashed lines, respectively. All models produce sub-Keplerian, sub-freefall, and geometrically thick disks, though
the model a09r50 produces the thinnest and fastest-rotating disk among the three. The relativistic jets in the models have a peak Lorentz factor I' = 3—4, at r ~ 1000r,.

Figure 4 shows the f-profiles of (a) p, (b) v'/vg, and (c)
Q/Q, all evaluated on the surface at r= 100r,. These
quantities are time/¢-averaged. Consistent with the H/R result,
the density profile of the disk in model a09rc50 is the most
concentrated toward the midplane. Indeed the a09rc50 disk
most closely resembles the disks produced in typical GRMHD
simulations starting from torus setups, though geometrically
thicker. The v plot also clearly shows the inflow—outflow
boundary moves toward the midplane as the gas specific
angular momentum increases. The winds reach maximum
radial velocities of v,~ 0.1c right outside the jet in models
a09rcO0 and a09rc10, while in the a09rc50 model the wind
reaches a higher velocity of v, &~ 0.2¢. The wind in a09rc50 also
has the highest angular velocity of {2 = 0.3-0.4(2k, while the
winds in models a09rcO and a09rcl0 only rotate at
Q ~ 0.1-0.2Qx. Most interestingly, the behavior of the angular

velocity €2 in model a09rc50 and that in the other two models
are drastically different. Only in model a09rc50 does the
accretion inflow develop coherent rotation at all inclinations,
while the gas in a09rcO and a09rcl0 still orbits in different
directions at different inclinations, due to the conservation of
angular momentum.

Lastly, the radial and angular profiles of the magnetic fields
are also calculated. We refer the reader to Appendix D for more
details.

3.3. Behavior of Magnetic Flux and Transport of Angular
Momentum in the Accretion Flow

In the final part of the study, we focus on how the magnetic
flux accumulates (or leaks out) and helps transport angular
momentum in these Bondi-like accretion flows.
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Figure 4. The time/¢-averaged 0-profiles of (a) p, (b) v'/ve (p-weighted), and (c) Q/Qk (p-weighted) for the surface at r = 100r,. The colors indicate the three
models as in Figure 3. In panel (b), solid lines indicate inflow, and dotted—dashed lines indicate outflow. In panel (c), solid lines indicate clockwise rotation, and dotted
lines indicate counterclockwise rotation. The vertical dashed lines indicate the northern jet boundary with o = 1 in the three models. Only the accretion flow in model
a09rc50 can develop coherent rotation among the three. Model a09rc50 also produces the highest radial and angular speed of the wind.

We show snapshots of the gas density and electromagnetic
energy flux at £ =35,000r,/c for the a09rc0 and a09rc50 models
side by side in Figure 5. These snapshots demonstrate the
characteristic behavior of magnetic fluxes during the quasi-
equilibrium phase. It is apparent that model a09rc0 has a highly
nonaxisymmetric accretion flow structure. Most strikingly, one
can see from panels (bl) and (b2) that even along the midplane
close to the BH gas does not flow inward along all directions as
seen in typical disks, and there is a large azimuthal angle range
persistently open for the gas to flow all the way out. The
electromagnetic energy fluxes in these outflowing regions are
large, indicating that such regions provide a channel for magnetic
flux to leak out from the vicinity of the BH. We suspect that these
“magnetic bubbles” are carried out by the wind or leak out due to
buoyancy, which leads to a low level of magnetic flux present
near the BH. Model a09rc10 exhibits similar behavior to model
a09rcO (not shown). In contrast, model a09rc50 produces a
steadier and more axisymmetric disk structure. There are still
outflowing regions at high latitudes. However, along the
midplane the outflows are patchy and not strong enough to
disrupt the inflow. It is very probable that some magnetic bubbles
still form and flow out for a short range, but later mix with the
inflow and get shredded due to gas rotation. The magnetic flux is
then brought back by the inflow and supplied to the vicinity of
the BH, which allows the magnetic flux to accumulate and
sustain the MAD state. More careful analysis of the interaction of
the magnetic flux with gas, which is out of the scope of this
paper, will be needed to fully understand the physics here.

We also make an analysis to understand the roles played by the
magnetic field and its coherent and turbulent components in
transporting the gas angular momentum. While the details are
given in Appendix E, we give some highlights here. As in previous
MAD simulations, we find that the Maxwell stress primarily
produces viscosity in such disks. The turbulent component of the
magnetic field dominates toward the disk midplane, suggesting

that magnetohydrodynamic instabilities could be at work to
transport angular momentum. However, along the disk surface and
in the wind region, it is found that the coherent component of the
magnetic field is more effective in transporting angular momen-
tum. This effect is more dramatic in the a09rc50 run, which forms
a more nonisotropic structure and produces stronger winds.

4. Discussion

4.1. Comparison with Previous GRMHD Simulations of Bondi-
like Accretion Flows

A few GRMHD simulations of Bondi-like accretion flow
have been performed recently with focuses different from ours.
For example, Ressler et al. (2021) conducted various simula-
tions of Bondi accretion to study how the orientation between
the magnetic field and BH spin axis affects the behavior of the
accretion flow and the jet. One of their simulations with the
magnetic field aligned with the BH spin axis resembles our
a09rcO0 model. For this simulation, they reported a jet power
higher than that in our a09rcO model in the quasi-steady phase.
We note that their simulation and ours have different initial gas
and magnetic field configurations. More importantly, the
accretion flows in the two simulations evolve for significantly
different periods, likely leading to the discrepancy between the
results. The Ressler et al. (2021) simulation ran up to only
1~ 20,0007, /¢, during which period the accretion flow in our
a09rc0 model is also in the MAD state, while the magnetic flux
decreases to below MAD level in later phases and the jet power
declines with that. More analysis is shown in Appendix F.

Very recently, as this letter was being prepared, Lalakos
et al. (2022) conducted a similar simulation of magnetized
Bondi-like accretion flow with low specific angular momentum
around a rapidly spinning BH. The gas flow in their simulation
has a maximum specific angular momentum corresponding to a
circularization radius R, = 30r,, which is between those of our
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Figure 5. Leakage of magnetic flux: The panels show snapshots at t = 35,000r,/c in the a09rcO model (top four panels) and a09rc50 model (bottom four panels) in the
vertical plane (panels (a) and (c)) and equatorial plane (panels (b) and (d)). The left column shows the gas density, and the right column shows the electromagnetic
energy flux. The inflow regions are shaded with a light blue color, with blue contours marking the inflow—outflow boundaries. The pink contours indicate the jet
boundaries with ¢ = 1. The black lines in the left column are the density-weighted velocity streamlines, and the white lines in the right column are the magnetic field
lines. One can see that in the a09rcO model gas around the midplane can persistently flow out at a large range of angles and carry away large magnetic fluxes. In
contrast, in the R. = 50r, run, a steadier inflow structure forms, which likely plays an important role in retaining the high-level magnetic flux in the inner accretion
flow. (Full movies of these models can be seen at https://tomkm.com/madbondi.html.)

a09rc10 and a09rc50 models. Their model also has a different Despite the differences, the accretion flow in their simulation
initial magnetic field configuration by threading the gas with evolves in a similar way to that in our a09rc50 model and also
relatively weak magnetic fields outside the Bondi radius. enters and sustains the MAD state. The combination of their
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results and ours suggests that the critical specific angular
momentum for the accretion flow to achieve the MAD state
corresponds to a circularization radius between 10r, and 30r,.

Furthermore, Kaaz et al. (2022) studied BHL magnetized
accretion onto a BH traveling through a uniform magnetized
medium. Their B100R53 model has the most analogous
configuration to our a09rcO model with similar BH spin
parameters. In addition, this run has a magnetic field strength in
the wind similar to that in our initial disk. Their simulation
produces a sporadic jet, which is in good accordance with our
results. While their simulations with a stronger initial magnetic
field in the wind can lead to sustained MAD accretion flow,
there are some fundamental differences between their settings
and ours: First, there is a steady supply of magnetic flux from
the medium that the BH is traveling through in their
simulations. Second, the relative motion between the BH
(and its accretion disk) and the surrounding medium might help
retain the magnetic flux in a similar way to that in our a09rc50
model.

4.2. Applications to Various BH Accretion Systems

In this section, we will briefly discuss how our results are
relevant for a few BH accretion systems in which the accretion
flows are believed to have very low specific angular momenta.

SgrA*. Sgr A*, the supermassive BH (SMBH) in the nucleus
of our Galaxy, has a very low luminosity Lyg < 10% ergs™!
(Narayan et al. 1998; Bower et al. 2019), indicating that it hosts
a radiatively inefficient accretion flow (see a review by Yuan &
Narayan 2014). Linear polarization measurements of Sgr A*
also constrain the accretion rate to as low as 10_9—10_7M@
yr~ ! near the horizon (e.g., Marrone et al. 2006). The accreting
gas is likely supplied by the stellar wind from neighboring
Wolf-Rayet stars, which gives a low cumulative angular
momentum (e.g., Quataert 2004). Continuous accretion of
stellar winds together with their magnetic fields is sufficient to
form a MAD flow as shown by numerical simulations (Ressler
et al. 2020). Furthermore, the recent Event Horizon Telescope
observation of Sgr A* favors the model that Sgr A* is rapidly
spinning and surrounded by a prograde accretion disk (The
Event Horizon Telescope Collaboration et al., 2022).

The findings above imply that our simulations of magne-
tized, Bondi-like accretion flow are very relevant for interpret-
ing the properties of Sgr A*. For example, suppose we take the
accretion rate of 107°~10""M, yr~' constrained from observa-
tion and use the minimum jet efficiency of about 10% from our
simulated accretion flow with zero angular momentum; we
obtain a total jet power of 10*°~10°® ergs™', high enough to
power Sgr A* radio and X-ray emission, which has an isotropic
luminosity of at most ~10%> ergs™' (Morris & Serabyn 1996;
Baganoff et al. 2003). Future higher-resolution observations
and simulations /modeling of this type can allow us to better
constrain the accretion flow structure and jet properties in
Sgr A™.

Long GRBs. The emergence of long GRBs is usually
explained using the collapsar model. In a collapsar, the core of
a massive star has collapsed and formed a spinning BH, while
the stellar envelope material is still accreting onto the BH,
which launches a powerful, relativistic jet (Woosley 1993).
However, there is debate whether the envelope of the
progenitor star could have insufficient angular momentum to
form a normal accretion disk (e.g., MacFadyen & Woos-
ley 1999). Interestingly, our simulations show that even
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nonrotating accretion flows can launch a jet that is powerful
enough to be the central engine of a long GRB, which
alleviates the problem, as long as the BH is able to gain a large
spin during the initial collapsing process.

TDEs. In TDEs, a star is tidally disrupted by an SMBH along
a parabolic orbit. Interestingly, the circularization radius of the
stellar debris is usually a few tens of r, for typical stellar and
BH parameters (Rees 1988). Therefore, our work shows that
TDEs’ accretion flows have the critical angular momentum
needed to form MADs, if sufficient magnetic fields are supplied
to the gas. Indeed, three TDEs have been observed to produce
highly beamed X-rays, which are believed to be powered by
jets (e.g., Bloom et al. 2011; Zauderer et al. 2013;
Tchekhovskoy et al. 2014), which is consistent with our
prediction that accretion flow with such angular momentum can
still reach the MAD condition and launch strong, relativistic
jets. The majority of TDEs, however, produce thermal-like
emissions likely associated with the disks or winds (Dai et al.
2018; Gezari 2021). This suggests either that most dormant
SMBHs do not possess large spins or that most TDEs lack
sufficient magnetic fluxes to form MADs.

Wind-fed BH-HMXBs. HMXBs are often wind-fed systems
instead of systems going through Roche-lobe overflow. In such
a system, the accretion flow around the compact object forms
from the capture of the wind from the donor giant star and,
therefore, likely has a low specific angular momentum (Shapiro
& Lightman 1976). Interestingly, all dynamically confirmed
BH-HMXBs have BH spin values near the maximum (e.g., Liu
et al. 2008; Gou et al. 2009). In addition, collimated, relativistic
jets have been observed from some BH-HMXBs (e.g., Cyg
X-1; Stirling et al. 2001). While the full hydrodynamics of
wind-fed accretion can be complicated, our simulations of
simplified Bondi-like accretion show that indeed powerful jets
can be formed from these systems if they have sufficient
magnetic fluxes. Future observations of the jet power might
even allow us to constrain the spins of BHs in HMXBs.

5. Summary

In this work, we have performed novel 3D GRMHD
simulations of a magnetized Bondi-like accretion flow around
a rapidly spinning BH. The three models have different initial
specific angular momenta ranging from zero to a small value
corresponding to a Keplerian disk circularized at 507,. Our
results highlight the role that the initial gas angular momentum
plays in forming MADs and producing powerful jets. We
summarize the main findings as follows:

1. For a Bondi-like magnetized accretion flow around a
spinning BH, the gas specific angular momentum needs
to reach a critical value so that a steady inflow structure
can be formed, the MAD state can be reached and
sustained, and a very powerful jet can be launched. This
threshold of specific angular momentum is very low,
which corresponds to a circularization radius likely
between 10r, and 30r,.

2. When the gas specific angular momentum does not reach
this critical value, the accretion inflow is unsteady even
close to the BH. In fact, the behavior of such flow is very
different from the standard concept of accretion disks. If
the BH spins fast, it drags the nearby gas to rotate with it.
As a result of the conservation of angular momentum, the
gas flow has different rotation directions at different
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inclinations. Furthermore, even around the midplane, the
gas can flow in along certain azimuthal directions but
persistently flow out to large radii at other azimuthal
directions. We find that these outflow regions provide a
channel for a large amount of magnetic flux to leak out.
As a result, such accretion flow cannot sustain the MAD
state.

3. It is further worth noting that even when the “accretion
flow” is nonstandard as described above, it can still
magnetically launch a relativistic jet via the Blandford—
Znajek process. For example, we find that even a Bondi
accretion flow with zero gas angular momentum around a
rapidly spinning BH can launch a relativistic jet.
However, the jet tends to be intermittent, wobbling, and
relatively weak. The jet power can reach about 10% of
the accretion power.

4. In contrast, when the threshold of specific angular
momentum has been reached, a steady gas inflow
structure can form around the BH with coherent rotation
and persistent inflow along the midplane, which resem-
bles the accretion disks seen in standard GRMHD
simulations using torus structures as the initial conditions.
Under such conditions, we find that fewer magnetic
fluxes leak out, which is likely because the rotating gas
can shred outflowing magnetic bubbles and bring the
magnetic flux back to the vicinity of the BH. This allows
the MAD condition to be reached and robustly sustained.

5. Under the circumstances that the gas has specific angular
momentum above the low threshold and the BH spins
fast, the jet efficiency from such magnetized accretion
flow can approach and sometimes even exceed 100%.

We emphasize that we have only tested the simplified
scenario where the gas angular momentum, BH spin, and
magnetic field axes are all aligned, while they might be
misaligned in some astrophysical systems. Furthermore, the
treatment of cooling and radiative processes can be improved
by conducting simulations using codes incorporating radiative
transfer physics, which is particularly important in the super-
Eddington accretion regime. Nonetheless, this work has
disclosed that accretion flows around spinning BHs only need
to possess small specific angular momenta to become MADs
and launch very powerful jets. It also illustrates that the initial
gas angular momentum and configuration can affect the results
of GRMHD simulations of BH accretion. Our results have
important consequences for understanding various BH accre-
tion systems with low gas angular momentum, such as Sgr A*
and other low-luminosity AGNs, TDEs, GRBs, and certain
HMXBs, and, in particular, what sets off the jet power in such
systems.
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Appendix A
Simulation Initial Setup and Parameters

We conduct three simulations with different initial gas
specific angular momenta. In each of the simulations, a09rcO0,
a09rc10, and a09rc50 (Table 1), the maximum specific angular
momentum of the gas is set by the circularization radius
(Equation (11)): R.=0, 10r,, and 50r,, respectively. For our
chosen magnetic flux distribution, a magnetic field line passing
through a point (r, 8), with the magnetic flux function given by
U = U(r, ), will cross the equatorial plane, § =7 /2, at the
“footpoint” radius,

Riy(r, 0) = r(1 — [cos ). (A1)

The initial specific angular momentum distribution is set as

for Ry, > Rolid

I lmax (A2)
Imax X Rf%)/Rs%)lid for pr < Ryolids

where Ryojig = 1007, and Ry, is given by Equation (Al). Using
this setup, close to the BH, gas rotates approximately as a solid
body (i.e., u? is roughly constant), so we avoid having a
nonphysically high specific angular momentum. Also, outside
the equator, the value of / is propagated along the magnetic
field lines. We plot the initial specific angular momentum,
together with the magnetic field lines, in Figure Al.

A few numerical and physical parameters of the simulations
are listed in Table 1. Besides the various parameters discussed
in the main text, we show the value of s, the BH dimensionless
spin-up parameter, which is defined as

= = — —j —2a(l —
dt Vi), J a( )

(A3)

h . [TidAg
where j = i

BH. Positive values indicate the spin-up of the BH. We can see
in all three runs, the jet has extracted rotation energy from
the BH.

is the specific angular momentum flux of the
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Figure Al. The initial conditions of the gas specific angular momentum / and magnetic field of the three runs: (a) a09rc0, (b) a09rc10, and (c) a09rc50. The colors

show the initial specific angular momentum. The black lines indicate the initial magnetic field lines.

Appendix B
Conversion from Geometric Units to CGS Units

units. As nonradiative GRMHD simulations are scale-invariant,
two basic scaling parameters are needed: (1) the BH mass Mgy,

We express all the important quantities reported in this letter for which we use a scaling BH mass M, = 10°M.,,, and (2) the
in Table 2 and show the conversion from geometric units to CGS density p, for which we use a scaling density pg = 10710 g cm 2.
Table 2
Summary of Unit Conversion of Nonradiative Ideal GRMHD Quantities

Scaling Parameters Geometric Units of the Corresponding Parameters Conversion to CGS Units Definition

L (ry) GMgy/c? x1.48 x 10" x (Mgy/My) cm Length Scale

T L/c x4.93 x (Mgy /Mo) s Time Scale

% ¢ %3.00 x 10" cm s~ Velocity Scale

p Arbitrary % (a chosen number) g em™? Density Scale

M pL? x3.21 x 102 x (p/py) x (Mpu/Mo)® g Mass Scale

My pL% x6.53 x 1022 x (p/py) X (Mpu/Mo)* g s7! Mass Accretion Rate Scale

[ GMgy/c x4.43 x 10?! x (Mpu/Mo) cm?s! Specific Angular Momentum Scale
u pY? x9 x 103 x (p/py) erg cm™3 Energy Density Scale

b c2p x4.24 x 103 x [p/p, G cm? Magnetic Flux Scale
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Appendix C
Resolving and Suppressing MRI

MRI is an important process for angular momentum transfer
in accretion flow. Its fastest-growing wavelength is

|Vx,A|

1€2]

AX,MRI ~ 27'(' (Cl)

with x=6 or ¢ (Hawley et al. 1995). Here,
eal = \/bbe J®* + p +u, +p,) is the Alfvén speed in
the x-direction. We plot the time/6/¢-averaged Agmrr and
Agmri in Figures Cl(a) and (b), respectively. Note that we
smooth all the quantities in Figure C1 using a second-order
Whittaker—Henderson smoothing method with a smooth factor
of 100 to make the plots more readable.

T T T T T T

T T T T T T

@l0% g

< A9, MRI >

a09rc0

10 b
) 02 e

a09rc10

101 Y | MY |
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< S84, MR >

=)

- .1.01

Figure C1. The time/6/¢$-averaged radial profiles of (a) the fastest-growing
MRI wavelength in the O-direction, Agmry, (b) the fastest-growing MRI
wavelength in the ¢-direction, Ay mri, () the quality factor in the -direction,
Qymrr (d) the quality factor in the ¢-direction, Qymri, and (e) the MRI
suppression factor, Sgisk mri. The colors indicate the three models as in
Figure 3. The dashed line indicates the criterion that the MRI is suppressed in
the disks if Sgiskmrr S 1/2.
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Furthermore, we check the number of 6-grid and ¢-grid cells
per fastest-growing MRI mode, namely the MRI quality factor,

/\x,MRI

A (C2)

Qx,MRI =
with x=0 or ¢, where A, is the x-grid cell length. If
Q.mr1 > 6, the MRI is considered resolved. We plot Qg mrr
and Q4 mry in Figures C1(c) and (d), respectively. It is apparent
that the MRI is well resolved in the 6- and ¢-direction in the
whole simulation domain in all three models.

Lastly, we check if the MRI is suppressed in the disk region.

The MRI suppression factor can be calculated as the number of
MRI wavelengths across the smallest dimension of the disk:

2r(H/R)

(C3)
)\(),MRI

Sdisk,MRT =

The disk is magnetorotationally stable if half of the fastest-
growing MRI wavelength cannot fit within the full disk, which
sets the criterion that the MRI is suppressed in the disks if
SaiskMr1 < 1/2 (Balbus & Hawley 1998; McKinney et al.
2012). We plot Sgiskmrr in Figure Cl(e). One can see that in
models a09rc10 and a09rc50 the MRI is mildly suppressed in
the inflow region within r < 107,. However, in model a09rc0,
the MRI process can survive, although only barely, in the
inflow near the BH.

Appendix D
Magnetic Fields in the Inflow and Outflow

One can calculate the “quasi-orthonormal” lab-frame magn-
etic field three-vectors as

B.=B"Jg,,
By =B’ g,

By =B [g;,- (D1)

a09rc10

(2) 10—

a09rcO a09rc50 -

ot 102

7 [ry]
Figure D1. The time/angle-integrated radial profiles of (a) |Bg|, (b) |By|, and
() |B.| of the inflow. The colors indicate the three models as in Figure 3. We

find the three magnetic field components evolve similarly in the inflow
equilibrium regions (r, < 100r,) in all three models.
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Figure D2. The time/¢$-averaged 0-profiles of (a) B, (b) By, and (c) B, along
the surface at r = 6r,. The colors indicate the three models as in Figure 3. Bg
and By have different signs above and below the midplane.

One can further express these vectors in cylindrical coordi-
nates,

Br = B, sinf) + Bycos b,

B, = B, cosf — Bysiné. (D2)

Figure D1 shows the time/angle-integrated radial profiles of
the magnetic field three-vectors (a) |Bg|, (b) |By/|, and (c) |B,| of
the inflow. Note that B and B have different signs above and
below the midplane, so we focus on the absolute magnitude of
the magnetic field strength. In the three models, the magnetic
fields evolve similarly in the inflow equilibrium region with
re < 100r,. In this region, |Bg| and |B,| decay approximately
follow1n§ Bocr ', while |B.| declines more gently following
Buxr

Figure D2 shows the -profiles of (a) B, (b) By, and (c) B,
all evaluated on the surface at r= 6r,. These quantities are
time/¢-averaged. Bz and B, have different signs above and
below the midplane. We find that model a09rc50 generates the
largest magnitude of By and B, in the wind region.

Appendix E
Angular Momentum Transport in the Accretion Flow

The viscosity parameter « is defined as the ratio of the r¢-
component of the stress—energy tensor W,, to the sum of the
gas pressure p, and magnetic pressure pp,

Wrs

, (E1)
pg + pb

o =

for which we have included the magnetic pressure in the
denominator to keep o<1 in all distances. Note that this
choice makes « depend on the magnetic pressure very close to
the BH (<10r,), where the magnetic pressure is comparable to
the gas pressure. The Reynolds stress W, reynoias and Maxwell
stress  W,4 Mmaxwen contribute to the total stress W,;. The
definitions of the Reynolds and Maxwell stresses are
ambiguous. We follow the expressions given by Krolik et al.
(2005) and Beckwith et al. (2008). Note that we first convert
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the quantities from the Kerr—Schild coordinate to the Boyer—
Lindquist coordinate following their formulations. Also, we
measure the quantities in the fluid frame, since it is believed
that MHD instabilities are primarily caused by local instabil-
ities in the fluid.

The Maxwell stress comes from the EM-term energy—stress
tensor 7EM[:

TEM "
Tgir

= b2 g u g us — JZ, b8 by
In particular, we are more interested in the second component
—J& b’\/w by, which is the magnetic torque term responsible
for transferring angular momentum outward from the gas. This
stress component can be generated by field turbulence or large-
scale magnetic fields, and it can be nonzero even in laminar
flow. We can therefore decompose this term into a mean-field
(coherent) component and a turbulent field component as

(E2)

VVr(b,Maxwell = ‘/Vrc‘),mean + ‘/Vrzz),turbulent

Wep.mean = _<\/g_rrbr> < g@d’ b@‘>
vvrcb,turbulent = —<\/g_,,b"vg®¢b¢> + (Jg_ﬂb’> <ﬂg©¢)b¢>.

(E3)

The relevant Reynolds stress—energy tensor is calculated as

P800\ 87% Buy

where éu” and éu,, are the difference between u" and the time-
averaged / azimuthally averaged u”, du"=|u"— (u")4|, and
the difference between u,, and the time-averaged / azimuthally
averaged uy, Ouy = Uy — (Up) ol

We show the 6O-profiles of the Maxwell stress and its
components, all evaluated on the surface at r=6r,, in
Figure E1. These quantities are time/¢$-averaged. We highlight
the profiles with light yellow in the inflow region where u” < 0
at r=6r,. In the three models, the Maxwell stress W, is
always positive at all latitudes, implying that magnetic fields in
the disk, wind, and jet always transport gas angular momentum
away. In particular, in the a09rc50 model, the winds have much
higher W,,, than the inflows, which shows that they play a more
important role in transporting angular momentum.

In the inflow, we find that the turbulent component
W6 wrbulent Always dominates the Maxwell stress in the dense
inflow region toward the midplane, which suggests that angular
momentum is still mainly transported via the magnetic field
turbulence produced by magnetohydrodynamic instabilities in
such regions. In the wind region, the mean-field component
W, .mean always dominates the Maxwell stress. Interestingly, in
model a09rc50, where the inflow has formed a MAD, the
mean-field component W,y mean in the disk surface layer is
significantly larger than the turbulent component. Therefore, in
this model, the magnetic torque generated by the large-scale
mean magnetic field can drive the accretion of gas on the
surface of the MAD. This is consistent with the findings by
Mishra et al. (2020), who performed MHD simulations of
geometrically thin, strongly magnetized disks (without winds
or jets) and showed that the ordered magnetic fields drive
accretion along the surface of such disks.

Next, in Figure E2 we show the time/angle-integrated radial
profiles of (a) the total disk « parameter of the accretion inflow
and its components: (b) the Reynolds viscosity parameter
W6 Reynolds/ (Pg + Pp) and (c) the Maxwell viscosity

vvrd),Reynnlds = (E4)

Q'Reynolds —



THE ASTROPHYSICAL JOURNAL LETTERS, 946:L42 (16pp), 2023 April 1

0.0006

Wrtb, Maxwell

0.0004

0.0002

0.0000%+ '

Wr¢, mean

- Wraﬁ, turbulent

Kwan, Dai, & Tchekhovskoy

0.0006 . . :

0.0004

T
’

0.0002

0.0000

0.0006

0.0004

0.0002

0.0000
0

Figure E1. The time/¢-averaged 0-profiles of the total Maxwell stress W, maxwen (s0lid lines), mean-field torque stress W, mean (blue dashed lines), and turbulent
field torque stress W, wurbutent (ted dashed lines) for the surface at r = 6r,. The light yellow shading highlights the inflow region where u” < 0 at r = 6r,. The Maxwell
stress is always positive at all latitudes. In all models, the turbulent component of the Maxwell stress dominates the inflow region toward the midplane, and the mean-

field component dominates the outflow region.
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Figure E2. The time/angle-integrated radial profiles of (a) the total disk viscosity parameter « of the accretion inflow and its components: (b) the Reynolds viscosity
parameter Qreynotas and (c) the Maxwell viscosity parameter anpaxwen- The colors indicate the three models as in Figure 3. The Maxwell viscosity aivaxwen 18 relatively
high in the inner inflow in all simulations, suggesting the Maxwell stress mainly causes the transport of angular momentum and accretion.

parameter Avaxwell = Wi Maxwen/ (Pg + Pp). In the inner inflow
at r < 10r,, the gas has a total o parameter of 0.4-0.8, and
model a09rc50 has a smaller « than the other two models. The
Reynolds viscosity parameter (Qgeynotas ~ 0.1-0.2) is smaller

than the Maxwell viscosity parameter (apfaxwen ~ 0.3-0.6) in

all simulations. This means that the magnetic fields primarily
drive the gas accretion in the inner disk. In the outer regions of
the disk (r2 20r,), the total disk « parameter gradually
declines and becomes similar in all simulations, with Qaxwer
decaying faster than agreynolds-

14



THE ASTROPHYSICAL JOURNAL LETTERS, 946:L42 (16pp), 2023 April 1

Kwan, Dai, & Tchekhovskoy

@ 60 [ a09rc0] t=0—20,000 7, /c |
I t=20,000 r,/c— 50,000 ry/c |
£ 40r -
3 TN
° - ./ .\ -
“ 20t " 4 N 1
I y: Ny ]
0 1 7 1 ! 1 T~ 1 \
(b) 60 C T T T~ T T T T T ]
a09rc10 1\
foe] T _
2 40k A T i
240 : .
g |
é I ; \.\ ]
20 / \ ]
. 4 \, ]
N
0 1 L / 1 1 i 1 L 1 L
N ETED -
£ 40r -
g B —_~ 7
Q Pt .
20r 7 S .
/ .
L o \,\. J
o4 )\ 1 = 1 . LT~
0 20 40 60 80
bn

Figure F1. Histograms of the dimensionless magnetic flux around the horizon ¢ of the three models: (a) a09rc0, (b) a09rc10, and (c) a09rc50. We sample ¢ in two
different time ranges: (1) the early phase t = (0-20,000)r,/c, plotted in red, and (2) the late, quasi-equilibrium phase 7 = (20,000-50,000)r,/c (when we compute the
average values of the quantities), plotted in blue. The orange and green dashed—dotted lines are the lognormal distribution functions fitted on the profiles of ¢ in the

early and late phases, respectively.

Appendix F
Histogram of MAD Parameter

Figure F1 shows histograms of the instant dimensionless
magnetic flux ¢y in all snapshots of the three runs, either
over the early phase of #=(0-20,000)r,/c or over the late
phase of t:(Z0,000—S0,000)rg/c. The accretion flow has
established inflow equilibrium out to r 2 1007, only in the
late phase, during which period we have evaluated the
results.

One can see that the accretion flow has distinct properties at
the early and late phases. For models a09rcO and a09rc10, the
inner accretion flows are MAD or nearly MAD before
t~20,000r,/c with ¢y varying around 40. However, the
magnetic flux decays with time and the accretion flow is no
longer MAD in the quasi-equilibrium phase. Model a09rc50
shows the opposite behavior. The MAD state is slowly
developed and then maintained in the quasi-equilibrium phase.

These results demonstrate the importance of conducting
GRMHD simulations for a sufficiently long duration and
probably explain some differences between the results obtained
by Ressler et al. (2021) and this work.
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