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1 INTRODUCTION

ABSTRACT

One of the greatest issues in modelling black hole fuelling is our lack of understanding of the
processes by which gas loses angular momentum and falls from galactic scales down to the
nuclear region where an accretion disc forms, subsequently guiding the inflow of gas down to
the black hole horizon. It is feared that gas at larger scales might still retain enough angular
momentum and settle into a larger scale disc with very low or no inflow to form or replenish
the inner accretion disc (on ~0.01 pc scales). In this paper we report on hydrodynamical
simulations of rotating infalling gas shells impacting at different angles on to a pre-existing,
primitive large-scale (~10 pc) disc around a supermassive black hole. The aim is to explore
how the interaction between the shell and the disc redistributes the angular momentum on
scales close to the black hole’s sphere of influence. Angular momentum redistribution via
hydrodynamical shocks leads to inflows of gas across the inner boundary, enhancing the
inflow rate by more than 2-3 orders of magnitude. In all cases, the gas inflow rate across the
inner parsec is higher than in the absence of the interaction, and the orientation of the angular
momentum of the flow in the region changes with time due to gas mixing. Warped discs or
nested misaligned rings form depending on the angular momentum content of the infalling
shell relative to the disc. In the cases in which the shell falls in near counter-rotation, part of
the resulting flows settle into an inner dense disc which becomes more susceptible to mass
transfer.

Key words: black hole physics—hydrodynamics —methods: numerical — galaxies: active—
galaxies: nuclei —quasars: supermassive black holes.

mechanisms of supermassive black holes is therefore central, not
only for explaining the AGN phenomenon but also the evolution of

According to the black hole paradigm, active galactic nuclei (AGN)
host supermassive black holes accreting gas from their surround-
ings. Observations indicate that these black holes have grown over
cosmic time mostly by radiative efficient accretion around z ~ 3
(Marconi et al. 2004; Merloni 2004), and that some of them were
able to grow even faster, as revealed by the recent observations of
>10° Mg black holes at z ~ 67 (see e.g. Mortlock et al. 2011).
The tight correlation between the black hole mass Mgy and the
stellar velocity dispersion o of the galaxy’s host, observed in the
local Universe, further indicates that the accretion history of black
holes is closely linked with the evolution of the galaxies which they
inhabit (Ferrarese & Ford 2005). A great deal of progress on this
field has been made in recent years, and a state of the art review
can be found in Kormendy & Ho (2013). Understanding the growth
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galaxies across cosmic ages.

Identifying the processes which drive gas from the galactic scales
(Rgai ~ 10 kpc) down to the black hole’s innermost stable circular
orbit (Risco = 3 X 107(Mp1/10® M) pe for a non-rotating black
hole) is still a challenging problem as an ab initio treatment of all
key processes is complex over such wide interval of physical scales
(e.g. Jogee 2006). In many studies, it has been recognized that
the fuelling of quasi-stellar objects (QSOs) and of the less luminous
AGN requires not only a large reservoir of gas, but most importantly
a mechanism for efficient transport of angular momentum that can
bring gas from galactic scales down to the scale of the black hole
horizon, or as a minimal condition, down to the scale where an
accretion disc forms (Shakura & Sunyaev 1973), of size Rgise S
1000 Rjse, =~ 3 x 1072 pc, as at larger radii discs become unstable to
due to self-gravity (Pringle 1981; Goodman 2003). It is only below
this scale that internal viscous stresses (Balbus & Hawley 1998)
guide the radial drift of gas towards the black hole on a time-scale
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that is short enough compared with the cosmic time (Pringle 1981;
King & Pringle 2007). The specific angular momentum of a test
particle in a circular orbit at Ry, jaisc, i far smaller than that at
Rga (typically joa/jaisc P 10%; Jogee 2006). Thus, unless inflows
are almost radial already from the large scales, a sizeable fraction
of the angular momentum of the self-gravitating gas on galactic
scales needs to be transported outwards via global gravitational
instabilities, such as a cascade of nested bars (Shlosman, Frank &
Begelman 1989; Shlosman, Begelman & Frank 1990) or cancelled
out via shocks and turbulence (Wada 2004; Hobbs et al. 2011).

As AGN activity occurs in isolated galaxies of different mor-
phologies and gas content, as well as in interacting/merging galax-
ies, several mechanisms have been explored to overcome this an-
gular momentum problem (e.g. Jogee 2006 and references therein).
External triggers such as galaxy major or minor mergers have been
proposed, as they effectively funnel large amounts of gas into the
innermost central regions (~100 pc) of the remnant galaxy via tidal
torques, making it possible to build up a reservoir of gas that ul-
timately feeds the central black hole (Toomre & Toomre 1972;
Hernquist 1989; Barnes & Hernquist 1991; Mihos & Hernquist
1994, 1996; Saitoh & Wada 2004; Di Matteo, Springel & Hern-
quist 2005; Kawakatu & Wada 2009; Saitoh et al. 2009; Debuhr
et al. 2010; Hopkins & Quataert 2010; Gabor & Bournaud 2013).
With use of multiscale smoothed particle hydrodynamics (SPH)
simulations, Hopkins & Quataert (2010) explore both major galaxy
mergers and isolated bar-(un)stable disc galaxies, varying the gas
fraction and the bulge to total mass ratio. They show that in gas-
rich, disc-dominated galaxies the gas displays, on scales between
100 and 10 pc, arich array of morphologies, including bars, spirals,
nuclear rings, single- or three-armed systems and clumps that can
transport angular momentum via a range of unstable modes. They
further find that, on scales of about 1 pc, precessing eccentric discs
develop that drive inflows of gas towards the very vicinity of the
black hole. Numerical simulations also indicate that, in gas-rich
galaxies, dense massive clouds form and interact with each other
producing torques that lead to global gas inflows towards the nu-
clear regions, inducing high fluctuations in the accretion rate on to
the central black hole (Bournaud et al. 2011; Gabor & Bournaud
2013).

Hobbs et al. (2011, hereafter Hobbs11) take a simplified alterna-
tive to study the angular momentum problem, performing a set of
idealized hydrodynamical SPH simulations of collapsing spherical
gas clouds with different initial degrees of rotational support and
supersonic turbulence. In this way, Hobbs11 correlate the level of
angular momentum mixing in the flow to the degree of turbulence,
and discuss the role of turbulence in the feeding of the central black
hole. In the purely rotating case (no turbulence) gas is found to set-
tle into a nearly circular, rotationally supported ring—disc structure,
as efficient mixing causes the initially broad angular momentum
spectrum to collapse around its averaged value. The inclusion of
supersonic turbulence in the collapsing cloud leads instead to a
large increase of the inflow rate: dense filaments, created by the
shocked converging turbulent flow, travel along nearly undisturbed,
ballistic paths of low angular momentum allowing a fraction of the
gas to impact the innermost boundary of the simulation.

In this paper we consider as a potential trigger of black hole
accretion in a galaxy, the interaction of a misaligned rotating gas
cloud with a pre-existing ‘stalled” disc—ring of gas present on scales
<10 pc that failed to reach the inner parsec to be accreted by the
central black hole. We aim at exploring how nested, misaligned
inflows of interacting gas clouds redistribute their angular momen-
tum, triggering inflows that are able to impact the region around a
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massive black hole. We start deliberately from the idealized case of
overlapping non-equilibrium spherical shells, and follow Hobbs11
for generating the gaseous shells in our simulations (not including
turbulence). A primitive disc is created by a first inflow event, mim-
icked as an infalling non-equilibrium rotating shell. A subsequent
event is represented again by an initially rotating spherical shell
around the black hole with its rotation axis tilted with respect to the
disc rotation axis. We will show that the impact of the two fluids
can trigger large inflows across the inner boundary, in particular
when the shell counter-rotates relative to the primitive, relic disc,
and that a warped complex disc structure forms when the flow set-
tles into dynamical equilibrium. A sizeable fraction of the angular
momentum (around 70 per cent) is lost in a single event.

The paper is organized as follows. We describe the computational
method and the initial conditions in Sections 2 and 3. Section 4
describes the outcome of the SPH simulations, while Sections 5
and 6 focus on the angular momentum evolution. Inflow rates are
given in Section 7, and the conclusions of this study are presented
in Section 8.

2 COMPUTATIONAL METHOD

The physical system under study consists of a gaseous disc rotating
around a central black hole and a gaseous shell initially surrounding
both the black hole and the disc. The whole system is embedded in
a spherical bulge. We follow the hydrodynamics of the gas using the
three-dimensional SPH/N-body code developed by Springel (2005),
GADGET-2. We use Ngie = Ngnen = 0.5 x 10° SPH particles of mass
Mparr = 100 M for modelling the disc and shell, respectively (i.e.
the total number of SPH particles is Ny = 10%). The smoothing
lengths are fully adaptive, giving a smallest resolvable scale of
Ain = 2.8 x 1072 pc. The number of SPH neighbours was fixed at
N neigh =— 40.

The black hole, at the relevant scales for our study, can be safely
modelled as a Keplerian potential. We follow Hobbs11 for setting
up the scenario in which the gas evolves. The background potential
is fixed to be that of an isothermal non-singular sphere with core
radius 7.o. Superimposed is the Keplerian potential of a central
black hole of mass Mgy. For this model, the mass enclosed within
radius r is given by

3
MCOrC(r/rCOrC) 9
Myuige(r /Touige)s

r< rCOrC7
r Z rC()I‘C7

M(”)=MBH+{ (H
with ryee = 1kpe and Mpygee = 10' Mg being the charac-
teristic length and mass scale for the spherical bulge. We use
these as the units for our code. Accordingly, M¢oe = 2 X 1072,
Mgy = 1072 reore = 2 x 1072, The unit of time is defined as
T, = (rgulge/GMbulge)l/2 ~ 5Myr, and the velocity is in units of
V, ~ 208 kms~'. In these units the minimum smoothing length of
the SPH particles /i, = 2.8 x 107> and the gravitational constant
is automatically set G = 1. The mass of the black hole, together with
the mass distribution given by equation (1), is not active compo-
nents of the simulation in the sense that they just set the background
potential in which the gas is moving and do not change in time.
The self-gravity of the gas is neglected, so that the interaction
among gas particles is purely hydrodynamical. Cooling has been
modelled with an isothermal equation of state as we expect the cool-
ing time-scale to be much shorter than the dynamical time-scale of
the simulations (e.g. Thompson, Quataert & Murray 2005; Hopkins
& Quataert 2010). We also set up an accretion radius, 7., such that
every particle that comes inside that radius with low enough orbital
energy and angular momentum is regarded as eventually accreted
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and is immediately removed from the simulation. The accretion
radius is, in code units, r,.c = 1073, corresponding to 1 pc in phys-
ical units. This accretion radius approach is often implemented for
sink particles in star formation simulations (see Bate, Bonnell &
Price 1995). Gas particles forming the shell are distinguished from
particles forming the disc by adding a different tag to each set of
particles, and we keep a record of the number of accreted particles
to compute the accretion rate and make a comparison among the
different simulations.

3 SETTING UP THE INITIAL CONDITIONS

The system under study consists of a primitive gaseous disc of
size ~16pc around the central black hole, plus a spherical shell
gas cloud of size ~100pc centred also at the black hole, the two
immersed in the galactic bulge+black hole potential of equation
(1). The inner disc is rotating in a stable configuration, while the
shell is initially set into rotation with a cylindrical velocity profile,
not in virial equilibrium. The shell will start collapsing towards the
central black hole due to the action of gravity and will interact with
the disc.

The primitive disc is generated following Hobbs11, simulating
the collapse of an initially rotating spherical gaseous shell to mimic
the evolution and outcome of an earlier accretion event (hereafter we
relax the meaning of ‘accretion’ to a generic inflow of gas towards
Tace). We carve a spherical shell of 0.5 x 10% SPH particles from a
cube of glass-like distributed particles, as this reduces the noise in
the pressure force in SPH particles (see e.g. Diehl et al. 2012; Price
2012). The mass of the shell, Mgy = 5.1 x 1073, is distributed
homogeneously from 7y, = 0.03 to 7, = 0.1 and is set into rotation
around the z-axis with a cylindrical velocity profile v,, = 0.3.

The unstable shell is allowed to evolve under the gravitational
influence of the potential described in equation (1). We stress that
the velocity profile, together with the density profile, is idealized in
order to capture the physics of the problem and to avoid unnecessary
computational expense.

The rotating gas shell, falling towards the centre, evolves into a
disc-like structure. In the first stages, the angular momentum has a
quite flat distribution (Fig. 1). As the gas starts mixing, angular mo-
mentum is transported among the particles and, due to the symmetry
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Figure 1. Evolution of the distribution of the specific angular momentum
moduli of the shell particles which will evolve into the primitive disc. The
initial condition (solid black line) being that of a uniform shell rotating
around the z-axis. The black dotted line and the red line correspond to
t =0.15 and 0.5, respectively.

- |
-2 0 2 4
Figure 2. Disc that forms after r = 0.5 of the evolution of a rotating ho-
mogeneous gaseous shell. This disc is the inner primitive disc used for the
initial conditions in all our simulations. The colour map shows log ¥ in
code units, where X is the projected column density. The arrows are not
representative of the velocity profile, they just illustrate the flow direction.

of the problem, the x and y angular momentum components cancel
out. At t = 0.5, the gas has already settled into a stable disc-like
structure rotating around the centre of the potential. As angular mo-
mentum is conserved, J 4isc points in the z direction, with a modulus
Jaise = 0.018 (in code units). Fig. 2 shows the state of the gas at this
time, in circular orbits at a radius 7. =~ 0.016 (16 pc in physical
units). The gas has undergone an angular momentum redistribution
shock (in agreement with figs 1 and 5 from Hobbs11). The final
configuration, as noted by Hobbs11, is closer to a ring rather than a
disc. For simplicity we will refer to this structure as primitive disc.

Once the disc is formed in the first place, we superimpose a new
gaseous shell, replica of the pristine shell, this time adding a tilt to
it and varying its initial v,. This shell mimics a second accretion
event, uncorrelated with the first one. Hereafter, v, will denote the
initial rotational velocity of the second shell infalling towards the
central black hole, and 6y, the initial angle between the disc and
shell total angular momentum vectors, denoted as Lgisc and Ly,
respectively.

We explore six different cases, resulting from scenarios in which
the infalling shell has a smaller, equal and greater angular momen-
tum than that of the disc combined with its two possible senses of
rotation (co- or counter-rotation) with respect to the disc. We build
each of these scenarios by setting the initial shell v,,, = 0.2,0.3,0.7
and a tilt angle 0, = 60°, 150°. This will enable us to assess the
impact of the sense of rotation and angular momentum on the dy-
namics of the composite system. The simulations are run for more
than 10 dynamical times measured at 7 = 7., and throughout them,
the accreted mass is My < 0.1Mys even for the most active event,
so we will regard Misc, Mhen and the total mass of the system My
as constants.

In the following we introduce the specific angular momentum
of each SPH particle, j, = r; A v;, and the total specific angular
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Figure 3. Evolution of nested accretion events with Jgpeyi < J4isc, corresponding to vy = 0.2. The upper and lower rows correspond to shell initial tilt angles
of O = 60° and 150°, respectively. From left to right, the time at which snapshots are taken is t = 0,0.05, 0.15,0.5. See text for details. Note the change of
scale between the different snapshots: 50 pc in the first two, 15 and 10 pc in the last two.

momentum of the disc,

1 Nisc
Jaise = — i discs 2
disc Ndisc ; J[‘dlsL ( )
with modulus Jy;s.. We remark that initially the primitive disc has
Jaise = 0.018 (in code units) in all simulations. Similar notation is
used to distinguish and describe the shell particles.
In addition we introduce the mean angular momentum,

Niise

Z ji,dism (3)
i=0

1

(Jaise) = ——
Ndisc

for the disc particles, with an equivalent definition for the shell par-
ticles describing the angular momentum content of each component
of the system in terms of the moduli j; = | j;|.

4 THE SIMULATIONS

Figs 3-5 show four different stages in the evolution of the disc+shell
simulated systems, from the beginning to the new final state of
equilibrium after interaction has subsided. In all the six cases, the
shell is initially collapsing to form a disc from the inside out, as
particles with lower angular momentum (i.e. smaller circularization
radius) fall first. These particles will be the first to interact with
the primitive disc. Mixing of shell and disc particles occurs with
different strength depending on v, and 6. We describe the final
fate of each system separately in the following subsections. For
sake of clarity, we take r = O as the time the second shell starts
falling towards the previously formed disc. In all the cases, the shell
particles are exterior to the primitive disc, at the time of initial
infall.!

' Videos of the simulations can be found at http://people.sissa.it/
~jcarmona/my_videos.php. The snapshots shown in the paper are made
using spLAsH (Price 2007).

4.1 Smaller angular momentum event: Jgen < Jyisc

We first consider a shell with v,y = 0.2, corresponding to
Jshetl = 0.012 < J 4. Under these initial conditions the shell has less
rotational support against gravity than the shell that gave rise to the
primitive disc. If the primitive disc were not present, the outcome of
these two simulations would be a tilted copy of the primitive disc,
this time with tighter orbits. We next describe the evolution for the
shell having 6 = 60° and 150°.

4.1.1 Corotating shell, 64, = 60°

Fig. 3 shows the evolution of the system into a configuration of
nested discs. First the shell stops falling and two arms develop due
to the shell particles impinging on the primitive disc at an angle.
We notice that these arms do not develop in the other simulations,
meaning that they form due to the high-density flows from the shell
that impact the lower density inner regions of the primitive disc,
kicking the gas in wider orbits that are observed as arms. However,
this is just a transient signature, as the arms completely disappear
after less than two orbits, leaving two tilted discs with a ring-like
structure each, the innermost one rotating in the sense of the shell.

4.1.2 Counter-rotating shell, 0, = 150°

In the counter-rotating case depicted in Fig. 3, the shell starts falling
towards the centre and very rapidly forms an inner tiny dense disc.
The shell drags in its way some gas from the primitive disc. After
that, the tiny disc starts twisting and soon a very tight spiral pattern
develops, forming a wider disc that extends from the centre to some
region inside the primitive disc. This disc develops a wider structure
(as opposed to the two ring-structure formed in the previous case)
due to the interaction of opposite flows. As gas from the shell was
falling, it started breaking via shocks with gas from the disc, giving
to the particles a wide spectrum of angular momenta and thus,
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t=0.05

t=0.05

Figure 4. Evolution of nested accretion events with Jgpelj = Jgisc, corresponding to vy = 0.3. The upper and lower rows correspond to shell initial tilt angles
of 6411 = 60° and 150°, respectively. From left to right, the time at which snapshots are taken is = 0, 0.05,0.15,0.5. See text for details. Note the change of
scale between the different snapshots: 50 pc in the first two, 15 and 10 pc in the last two.

t=0.05

t=0.05

ire 5. Evolution of nested accretion events with Jghen > Jdisc, corresponding to vy = 0.7. The upper and lower rows correspond to shell initial tilt angles
of B4t = 60° and 150°, respectively. From left to right, the time at which snapshots are taken is = 0, 0.05,0.15,0.5. See text for details. Note the change of
scale between the different snapshots: 50 pc in the first two and 25 pc in the last two.

making them able to form an inner counter-rotating disc and a ring-
like outer disc comprising most of the particles of the primitive disc.

4.2 Equal angular momentum event: Joen = Juisc

We now consider the case of an outer shell with an initial velocity
Vit = 0.3 (Fig. 4), corresponding to a total angular momentum per
unit mass Jgen = Jaise = 0.018. Under these conditions, the shell

interacts with the pristine disc that, before forming, had the same
initial angular momentum distribution and mass content.

4.2.1 Corotating shell, 0, = 60°

The first row of Fig. 4 shows the evolution of the system in which
the shell corotates relative to the disc with 6, = 60°. Shell particles
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crossing the plane orthogonal to L, from above interact via shocks
with shell particles crossing from below, simultaneously interacting
with the disc formed in the first accretion event. Those particles that
lost angular momentum via shocks would flow towards the centre
of the potential. However, the interaction with the primitive disc
favours the formation of an inner tilted disc that would not have
formed otherwise. This occurs at about a time ¢ = 0.05. As the shell
continues to infall, the innermost recently formed disc remains
unaffected. The remaining shell particles start forming a new disc
that would evolve into a copy of the primitive disc if the latter
were not present. At ¢ = (.15, the shell stops infalling and forms a
disc-like structure tilted at ~60° with respect to the primitive disc.
The interaction at this point becomes very violent, the gas from both
accretion events is shock mixed and starts oscillating around a plane
tilted at 30° with respect to the x—y plane of the primitive disc, until
a state of equilibrium is reached at around ¢ = 0.5. The gas now
settles quietly into a disc-like configuration of radius ~10 pc with an
angular momentum distribution peaked at around 30°, as described
in Section 5.2.1. Memory is lost of the previous orientations of the
disc and shell.

4.2.2 Counter-rotating shell, 04, = 150°

Consider now the case of a shell with rotation axis tilted by
B = 150° relative to J gisc. The interaction between the two flows
soon develops an inner dense disc rotating in the sense of rotation of
the shell. Contrary to the corotating equal-angular-momentum case,
at t = 0.05, this inner disc continues growing until # ~ 0.15. This is
due to the cancellation of angular momentum between the events:
shell particles that would otherwise remain on larger orbits (in ab-
sence of the primitive disc) are braked into tighter orbits, adding
mass to the inner disc. This example is considerably more violent
than the previous one, and the outcome is a complex structure: a
very tight and dense disc orbiting the black hole in an orbit almost
coplanar with the y—z plane (i.e. tilted ~90° relative to J gisc), a
larger disc mainly formed by particles from the primitive disc and
a tail of shell particles counter-rotating and tilted (relative to L g;s.)
by ~140°. In addition we note the presence of a spiral pattern in the
bigger disc rotating around the z-axis.

4.3 Larger angular momentum event: Jshen > Jaisc

To build this case, we set an initial v, = 0.7 for the shell correspond-
ing to an angular momentum per unit mass Jghen = 0.042 > Jyigc.
If the primitive disc were not present, the outcome of these two
simulations would be a tilted copy of the primitive disc with wider
orbits (with an averaged circularization radius 7. ~ 0.04). The
evolution of these cases is shown in Fig. 5.

4.3.1 Corotating shell, 0y, = 60°

The evolution of this larger angular momentum shell with v, = 0.7
and tilted at 65, = 60° is rather simple. The angular momentum of
almost all of the gas forming the shell is large enough for particles
to remain in wide orbits and leave the primitive disc unaffected.
The final configuration is the superposition of the primitive disc
and a larger corotating disc formed from shell particles and tilted
at the same tilt angle that the shell initially had. The evolution is
illustrated in Fig. 5.

Overlapping flows and SMBH growth 1703

4.3.2 Counter-rotating shell, 0, = 150°

Under these conditions, the shell carries a larger angular momen-
tum than the primitive disc and is counter-rotating. One would
expect to observe in this case an evolution similar to the previous
case, i.e. the formation of an outer, counter-rotating disc misaligned
relative to the inner, unperturbed disc. However, Fig. 5 shows a
different evolution. As the disc forms from the inside out, the in-
falling shell particles with lower angular momentum try to form
a counter-rotating disc of size comparable to that of the primitive
disc. Cancellation of angular momentum causes these particles to
move further inwards changing also their sense of rotation. An inner
denser disc in corotation forms that can be identified as a density
enhancement at the centre of the last two snapshots shown in the
bottom right-hand panels of Fig. 5. The shell particles with larger
angular momentum settle into a larger, counter-rotating disc which
surrounds the inner corotating disc.

In the next section we explore the evolution of the angular mo-
mentum of the gas particles in a quantitative way, to explain the
observed outcomes more thoroughly.

5 ANGULAR MOMENTUM EVOLUTION

In the previous section we showed how the infalling shell perturbs
the primitive disc, and how the system settles into a new stationary
state after a violent interaction. To assess the reciprocal influence
of the two flows it is necessary to have a quantitative understanding
of the evolution of the angular momentum of the composite system
and for each component separately. To this purpose, we keep track
of the specific angular momentum distribution of the gas during the
simulations, as this allows us to compare the rotational support of
each component of the system against the potential in which it is
immersed.

In the analysis of the simulated data, we observe angular momen-
tum cancellation in some fraction of the gas for the cases in which
the second accretion event is in counter-rotation, a change in the
flow direction for the equal angular momentum corotating case and
an almost null impact for the larger angular momentum corotating
case. As shown in Figs 3-5, there are some cases in which, after
mixing, the flows merge into a single disc, some others in which the
equilibrium state is formed by nested disc-like structures and some
others in which less regular structures develop. To better understand
the structures formed by the gas we compute a quantity which will
give us information about the sense of rotation of each part of the
flow:

Npart
> 0G; - ). )

i=1

S©) =

part

where ; points in the direction of the angular momentum of the
particle i, ity = sin(6) i + cos(9) k is a unit vector pointing in the
direction given by the # angle in the z—x plane and the function
O(l; - itg) = 1 when [; is within 1°0f &y and ©(; - il5) = O other-
wise. Thus S(0) is the fraction of gas whose angular momentum
points within 1°of the direction of 6.

A narrow peak in the function S(9) corresponds to a well-defined
plane of rotation for the gas. Thus, if a sizeable fraction of gas par-
ticles clusters around a specific value of S(6) and the distribution
of the angular momentum moduli is relatively broad, the config-
uration corresponds to a planar disc. A broad S(0) refers instead
to a broad distribution of the angular momentum orientation and
the configuration can be referred to as a warped disc. In this case,
the distribution of angular momenta is expected to be wide. A ring
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Figure 6. Final state of the nested accretion events with Jgpen < Jdgisc, corresponding to vyo; = 0.2. The upper and lower rows correspond to shell initial tilt
angles of O = 60° and 150°, respectively. The left-hand column shows colour coded maps of log ¥ in code units, where X is the projected column density,
with arrows indicating the sense of rotation of the flow. The middle column shows the distributions of the angular momentum moduli for the disc (red lines) and
shell (green lines) particles, while the right-hand column shows plots of S(0) for the disc (red) and shell (green) particles. The scale length bar in the left-hand

panels is 10 pc size.

would correspond to a narrow distribution for j (i.e. the specific an-
gular momentum modulus) with the function S(@) peaking around a
particular angle. The analysis of the equilibrium states is illustrated
in Figs 6-8, where we give the colour coded density map of the
final structure (viewed at angles chosen to appreciate the details),
the distribution of the specific angular momentum moduli of disc
(red) and shell (green) particles and the function S(6) again for disc
and shell particles.

5.1 Lower angular momentum event: Joen < Jaise

In this case, gas particles belonging to the shell pass through the
ring before reaching their circularization radius, interacting with
the disc and then leaving it. This leads to the redistribution of the
angular momentum depicted in Fig. 6.

5.1.1 Corotating shell, 6y = 60°

The upper central panel of Fig. 6 shows the specific angular momen-
tum distribution among disc and shell particles after the interaction,
att = 0.5. We observe two peaks and one broader region in the dis-
tribution. The first peak lies at j = Jgisc = 0.018, and is formed by
disc particles and by some smaller amount of shell particles which
have been captured during the interaction; the second peak lies at
J = Jshen = 0.012 and is predominantly formed by shell particles,
although there is also a non-negligible amount of disc particles.
These disc particles were not there before the interaction, which
means that they have been dragged there by the infalling shell par-
ticles. The third interesting region is located between j ~ 0.005
and ~0.009 and is broader and less dense. It is formed by shell

particles that have exchanged angular momentum with disc parti-
cles that experience an outward drag, rather than an inward one.
From the angular momentum distribution, we describe the structure
as a lower density disc surrounded by two ring-like structures.

The top right-hand panel of Fig. 6 for S(0) highlights the presence
of two well-defined peaks, meaning that the structures that result
from the interaction are planar. One is rotating in the plane of the
primitive disc, and the other one is rotating at 0 ~ 50°, and comprises
the inner ring and innermost disc. The two peaks have almost equal
height and inverted proportions of the mix between disc and shell
particles.

5.1.2 Counter-rotating shell, 0, = 150°

This case is shown in the lower row of Fig. 6. The distribution shown
is the result of a rather violent interaction in which a significant
amount of gas from both the shell and the disc is dragged all the way
down to the accretion radius. We observe two populated regions:
The first one, a broad inner region extending from j >~ 0.004 to
~0.01, is a mix between disc particles and a greater amount of
shell particles. The outer peak, even if still at j = Jgc = 0.018,
has widened, and is composed of a mix of particles belonging to
the two components of the system with a greater proportion of disc
particles. The lower right-hand panel shows S(6) displaying two
peaks, the first one at & ~ 0° and the second, shorter and broader,
at 0 >~ 120°. The first peak has a major proportion of disc particles,
while the opposite is true for the second peak. The tilted shell shifts
to a lower tilt angle and a significant amount of disc particles end
in the inner disc which is counter-rotating relative to the primitive
disc, being dragged by the interaction with shell particles.
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Figure 7. Final state of the nested accretion events with Jghen = J4gisc, corresponding to vyoy = 0.3. The upper and lower rows correspond to shell initial tilt
angles of O, = 60° and 150°, respectively. The left-hand column shows colour coded maps of log X in code units, where X is the projected column density,
with arrows indicating the sense of rotation of the flow. The middle column shows the distributions of the angular momentum moduli for the disc (red lines) and
shell (green lines) particles, while the right-hand column shows plots of S(6) for the disc (red) and shell (green) particles. The scale length bar in the left-hand

panels is 10 pc size.

5.2 Equal angular momentum event: Jgen = Jaisc

In this accretion event the orbits of shell particles will circularize
at a radius equal to the radius of the primitive disc, thus, it is
expected that gas belonging to the shell will strongly interact with
the primitive disc.

5.2.1 Corotating shell, 64, = 60°

The upper row of Fig. 7 shows the angular momentum distribution
and S(0) att = 0.5, when the system has reached a state of stationary
equilibrium. The disc particle distribution now peaks at j ~ 0.016,
implying that ~10 per cent of the specific angular momentum con-
tent has been cancelled during the interaction. Although the angular
momentum distribution has not been severely affected, the gas mix-
ing have changed the original plane of rotation: after the shell started
infalling, shell particles tried to settle into circular orbits at the ra-
dius where the primitive disc was located. These particles kicked
the disc particles at an angle 8, = 60° with a speed roughly equal
to the speed the disc particles had, killing in the interaction the
normal component of their relative velocity while preserving the
parallel component, tilted in this case at 8;,/2 = 30° with respect
to the z-axis. Thus, what we observe in the end is a disc tilted at
0.1 = 30°. The surface density distribution (upper left-hand panel) is
non-homogeneous through this disc-like structure that shows some
degree of warping.

5.2.2 Counter-rotating shell, 04, = 150°

The angular momentum loss in this case is greater than in the
previous one. Particles from the shell start falling towards the disc,

trying to settle into circular orbits at the same radius of the disc, but
contrary to the previous case, the second accretion event is now in
counter-rotation, leading to an almost head-on collision between the
flows and cancelling out a large amount of their angular momentum.
The final distribution of angular momentum, shown in the lower mid
panel of Fig. 7, is broad and extends down to the accretion radius,
implying a complete mixing of the two flows. The peak of the
angular momentum of disc particles has decreased from j = 0.018
to 0.005, which means that there has been a huge net cancellation
of angular momentum.

The lower right-hand panel of Fig. 7 shows three main planes of
rotation: one at ~90°, corresponding to gas that has interacted the
most, forming in the end a dense disc in tight orbits around the centre
(see Fig. 4). This disc contains gas from both components of the
system in almost equal proportions. The second plane of rotation,
at ~140°, corresponds to gas initially belonging to the shell that
presumably fell last, when the major part of the interaction had
already happened and most of the gas had already gone into smaller
orbits. This gas is observed in the left lower panel as an irregular
tail orbiting the black hole. The last structure rotates between 0°and
~40° and is mainly composed of particles initially belonging to the
primitive disc.

5.3 Larger angular momentum event: Jopen > Jaise

In this case, shell particles have a bigger circularization radius than
the radius of the primitive disc, thus we expect a less violent mixing,
as shown in Fig. 8.
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Figure 8. Final state of the nested accretion events with Jghel1 > Jdisc, corresponding to vyor = 0.3. The upper and lower rows correspond to shell initial tilt
angles of O, = 60° and 150°, respectively. The left-hand column shows colour coded maps of log X in code units, where X is the projected column density,
with arrows indicating the sense of rotation of the flow. The middle column shows the distributions of the angular momentum moduli for the disc (red lines) and
shell (green lines) particles, while the right-hand column shows plots of S(0) for the disc (red) and shell (green) particles. The scale length bar in the left-hand

panels is 10 pc size.

5.3.1 Corotating shell, 63 = 60°

The top row of Fig. 8 shows the result for this case in which very
low amount of mixing occurs. The primitive disc is barely affected.
It acts as an obstacle for low angular momentum shell particles,
trapping and assimilating some fraction of them as part of the orig-
inal disc. As illustrated in the top right-hand panel, the main planes
of rotation of both flows remain practically unaffected.

5.3.2 Counter-rotating shell, 0, = 150°

In this case, the interaction of shell particles with the primitive
disc during the inside out formation of the secondary disc causes
a fraction of shell particles to corotate with the disc, as illustrated
in the bottom central and right-hand panels of Fig. 8. There exist
a region of particles populated at low j indicating that an inflow is
present across the inner boundary. The angular momentum orien-
tation highlights the presence of two clear orbital planes: one tilted
by 150° and one at 0°, corresponding to the primitive disc with a
small amount of shell particles.

In summary, we have seen that all second accretion events with
equal or smaller angular momentum content than the first one are
capable of altering the angular momentum distribution of the system
significantly. In the other hand, the interaction between the disc and
higher angular momentum shells leaves the angular momentum
distribution of each constituent of the system basically unaltered.

6 ANGULAR MOMENTUM CONSERVATION

In the last section it was shown that events in counter-rotation
modify the angular momentum distribution of the system more than

events in corotation, in particular when the angular momentum of
the shell and of the primitive disc are comparable, initially. In Table 1
we assess this behaviour quantitatively by computing the angular
momentum loss in each case for the disc, the shell and the disc+shell
composite system. We observe that counter-rotating infalling shells
can cancel out up to 75 per cent of the angular momentum in each
component of the system, thus catalyzing significantly the inflow
towards the accretion radius. Corotating events are not as effective,
as they can just induce an angular momentum cancellation of less
than 15 per cent. If the angular momentum content of the shell is
large compared to that of the disc, the amount of gas mixing between
the shell and the disc is so small that the angular momentum loss is
of less than 6 per cent.

The angular momentum loss of the system as a whole is due to
the loss of mass through the accretion radius, that is higher for the
equal angular momentum counter-rotating events.

Fig. 9 shows the angular momentum of each constituent of the
system at the beginning and at the end of the interaction. It makes
clear how dramatically the angular momentum is altered for the
cases in which the shell and the disc have the same amount of angular
momentum (v, = 0.3). In these cases the interaction succeeds
in significantly modifying the angular momentum modulus and
orientation of both the shell and the disc. In the rest of the cases, the
angular momentum of each component does not suffer a significant
evolution, although in the case in which the shell is counter-rotating
with smaller angular momentum (v;o; = 0.2, 85, = 150°) the moduli
of the angular momentum of the shell and the disc are perceptively
reduced. For the cases with higher angular momentum (v, = 0.7),
the impact of the interaction on the angular momentum of each flow
is negligible. However, as we will see in the next section, even when
the bulk of the gas remains unaffected in these cases, this situation
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Table 1. Angular momentum lost, Ljog,
after the interaction of the shell with the
primitive disc. vy denotes the rotational
velocity of the shell, and 6y, the tilt angle
between Lgisc and Lgpelr. Liost for the sys-
tem should be zero, however, in our sim-
ulations a net mass loss is present due to
inflow.

Vrot O (°) Flow Per cent Ljog

0.2 60 Disc 7.7
0.2 150 Disc 31
0.3 60 Disc 13
0.3 150 Disc 75
0.7 60 Disc 1.1
0.7 150 Disc 55
0.2 60 Shell 2.9
0.2 150 Shell 47
0.3 60 Shell 14
0.3 150 Shell 74
0.7 60 Shell 0.77
0.7 150 Shell 2.4
0.2 60 System 0.28
0.2 150 System 1.1
0.3 60 System <0.1
0.3 150 System 4.6
0.7 60 System <0.1
0.7 150 System <0.1

does not prevent the inflow rates from being boosted by several
orders of magnitude, thus effectively catalyzing the inflow.

7 GAS INFLOWS

We have studied the hydrodynamics of a rotating gaseous shell
falling towards a black hole surrounded by a previously formed
~10pc accretion disc. The particular problem we have been ad-
dressing here concerns how the presence of the disc, formed during
a previous accretion event, affects the evolution of the shell, and
whether the interaction is able to effectively boost or halt the inflow
rate. Although the inflow rate which we compute for each system
cannot be taken at face value due to the resolution employed, a
comparative analysis does give us some insight into the problem.

Fig. 10 compares the inflow rates corresponding to the six cases
under study. It shows that counter-rotation between the interacting
systems can effectively boost the inflow rate by more than two
orders of magnitude at the peak of accretion, and sustain inflow
rates > 10 times higher than that obtained in the corotating cases at
later times.

In order to be on more solid grounds, we have calculated the
inflow rate associated with the disc and shell particles, separately,
as a function of time (Figs 11 and 12, respectively). In each figure
we have further introduced, for seek of clarity, control runs in which
there is no infalling shell to perturb the primitive disc (Fig. 11), or
there is only an infalling shell with initial v, = 0.2, 0.3 and 0.7 not
being perturbed by the primitive disc (Fig. 12).

Accretion of disc particles is effectively boosted by ~2-3 orders
of magnitude when the shell infalls in counter-rotation, while it
is almost unaffected, or even slowed down, when the shell infalls
in corotation (see Fig. 11). This is due to the fact that particles
falling with high angular momentum kick lower angular momentum
disc particles to higher orbits, preventing them from flowing in.

Overlapping flows and SMBH growth 1707

Similarly, shell particles are accreted at a higher rate in the counter-
rotating events.

Attention is drawn to the fact that even in the case in which the
angular momentum distribution and modulus of each constituent
of the system is mildly affected by the interaction, the inflow rate
can be still highly enhanced. In the case v, = 0.7 and 05, = 150°,
the angular momentum of each component of the system remained
practically unaffected, as shown by Figs 8 and 9, thus we could
think that this event would produce a negligible enhancement of
the accretion rate, however, Figs 11 and 12 tell otherwise. In this
case, the primitive disc has boosted the accretion of the shell by
up to three orders of magnitude, while the disc itself has lost mass
to the black hole at a rate ~10-100 times greater than it would
have done if the shell infall had not occurred. Thus, misaligned and
uncorrelated nested accretion events are, in this way, capable of
driving an important amount of gas inflow, acting as catalysts.

After the interaction has finished, the inflow rate damps and a
stationary state of sustained residual accretion is established.

7.1 Equilibrium state

The analysis of the evolution of the primitive disc reveals that even
when equilibrium is reached, the disc wobbles in the radial direction,
this being a common behaviour throughout all the nested accretion
events of this study.

Fig. 13 shows the oscillation of the mean radius of the particles
forming the disc in the absence of the infalling shell. The wobbling
of the disc is due to the presence of residual ellipticity in the orbits
of the gas particles with a periodicity which is consistent with near
Keplerian motion. This dynamical state of the gas causes perturba-
tions that lead to a constant inflow of particles through the inner
boundary, giving rise to the sustained long-term inflow observed in
Figs 10-12.

7.2 Inner evolution

Fig. 14 shows the orientation of the angular momentum of the
gas in the inner region close to the accretion radius, i.e. within
Face < T < Fimer = 0.005, sampled at regular intervals of time
(At = 107?). The first column refers to corotating events, the second
to counter-rotating events. Yellow dots refer to the initial orientation
of the primitive disc; the blue dots refer to the final, equilibrium
state and green dots mark the orientation of the shell at the onset
of the dynamical interaction. The angular momentum orientation
which initially coincides with the orientation of the disc angular
momentum soon shifts towards that of the shell, the final size of the
shift being in proportion to the level of mixing that drove the inflow.
For Jghen > Jaise, the weakness of the interaction leads to a final
orientation which is closer to that of the disc, even in the case of
counter-rotation. For Jge1 = J4ise» When the shell falls in corotation,
the direction of the innermost flow is at an angle 0,.. ~ 36,/4
while in the counter-rotating case, it passes through 6, but soon
recedes to O, ~ Oi/2. For Jgnen < Jise, in the corotating case the
direction of the inflow is at an angle 6,.. ~ 6 while in the counter-
rotating case 0,.. at some moment reaches 6y, for later converging
to a value 6 ,cc ~ 4604,/5 ~ 120°.

Fig. 14 indicates that if a boost in the black hole feeding occurs
through the collision of gas clumps on the scale probed in this
simulations, the inner accretion flow would have to be changing
orientation on the Myr time-scale. The small-scale flow does not
preserve full memory of the larger scale orientation of the feeding
events.
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Figure 9. Initial (continuous arrows) and final (dashed arrows) states of the angular momentum for each component of the system: disc (red arrows) and shell
(green arrows). The total angular momentum of the system is also shown (blue arrows). Each row corresponds to different shell angular momentum content,
from top to bottom, vror = 0.2, 0.3, 0.7, while the left- and right-hand columns correspond to the shell tilt angle 61 = 60° and 150°, respectively. In all cases
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Figure 10. Inflow rate (in units of M¢ yrfl) versus time (in Myr) for each
case of this study. The lines, from bottom to top, represent the following
cases of initial (vror, Oir): (0.7,60°) short dashed magenta line; (0.3, 60°)
magenta solid line; (0.2,60°) long dashed magenta line; (0.7, 150°) short
dashed black line; (0.3, 150°) black solid line; (0.2, 150°) long dashed black
line.
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Figure11. Inflow rate (in units of M) yr™ 1) versus time (Myr) for disc par-
ticles only. Magenta lines and black lines correspond to cases with 0, = 60°
and 150°, respectively. Long dashed lines correspond to vy = 0.2, contin-
uous lines correspond to vy = 0.3 and short dashed lines correspond to
vrot = 0.7. A control case is also shown (blue line) where the disc is let
evolve with no infalling, perturbing shell.

8 SUMMARY AND CONCLUSIONS

We studied the hydrodynamics of a rotating gas shell falling on to
a primitive gaseous disc that rotates around a central black hole in
a galactic bulge. The shell mimics a large-scale instability in the
nuclear region of a galaxy where a relic disc is present from an
earlier inflow episode. The simulations are idealized and represent
a toy model that helps us to understand how warped discs or nested
misaligned rings can form in the interaction of different flows that
co-exist to possibly feed a central black hole.

The infalling shell and the primitive disc perturb each other,
causing a re-distribution of their angular momentum content via
shocks. Considerable mixing between the gas and shell particles
occurs when the shell and disc have comparable angular momen-

Overlapping flows and SMBH growth 1709

10 L A Shell

Ts-‘
=
©
=3

- 0.1 ¢
=

0.01 ¢

0.001
0

t [ Myr]

Figure 12. Inflow rate (in units of M yr~) versus time (Myr) for shell
particles only. Magenta lines and black lines correspond to cases with
O11r = 60° and 150°, respectively. Long dashed lines correspond to vy = 0.2,
continuous lines correspond to vyt = 0.3 and short dashed lines correspond
to vy = 0.7. Control cases are also shown (blue lines) where the shells
evolve with no primitive disc present (M < 1075 for the vy = 0.7 case).
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Figure 13. Mean radial distance of the gas particles (in code units) forming
the primitive disc to the centre of the potential (i.e. to the black hole) as a
function of time (in code units).

tum, forming a warped disc orthogonal to the primitive disc when
some degree of counter-rotation is present. Co- and counter-rotating
events from infalling shells with higher or lower angular momen-
tum than the disc, produce nested ring-like structures rotating on
disjoint planes. A comparative analysis of the inflow rates on to
the central black hole in the models explored shows that the in-
fall of gas is boosted by more than two orders of magnitude rel-
ative to cases in absence of interaction. When the perturbation
has ceased to act, inflows continue due to wobbling of the disc
induced by gas particles in eccentric motion. This idealized rep-
resentation shows that subsequent accretion episodes provide a
viable way to drive major gas inflows towards the central parsec,
and make relic discs more susceptible to accretion. Thus, nested
inflow episodes possibly triggered by larger scale perturbations
act as catalysts for the fuelling and growth of the central black
hole.
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Figure 14. Angular momentum direction in the region for range racc < 1 < 0.005 (corresponding to the inner 5 pc). The yellow dot marks the start of the
interaction when the angular momentum points in the z direction, while the blue dot denotes the final state and the green dot the angular momentum direction
of the shell, initially. From top to bottom, vyt = 0.2, 0.3, 0.7. The left- and right-hand columns correspond to 6, = 60° and 150°, respectively.

Accretion in the very vicinity of massive black holes may occur
chaotically, i.e. through a sequence of accretion events that give
rise to smaller scale viscous discs, each with a different and ran-
dom orientation of their angular momentum relative to the spin
axis of the rotating central massive black hole (e.g. King & Pringle
2006, 2007). Our simulations explored the formation of larger scale
discs and the misaligned, nested rings resulting from the disc—shell

interaction have no connection with the black hole spin, nor with the
warping or breaking of the disc due to Lense—Thirring precession
(Lodato & Price 2010; Nixon et al. 2012a), and should not be con-
fused. Instead, this study is in line and extends that of Nixon, King
& Price (2012b), who simulated the evolution of two misaligned
(non-self-gravitating) discs in the gravitational (Keplerian) poten-
tial of a massive black hole. They showed that the accretion rate is

$T0Z ‘T |UdY U0 YSSIS T /610°S [euIno [pJo Jxoseluw//:dny wou s papeo umod


http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/

enhanced in a similar way by cancellation of angular momentum
at the junction of the two pre-placed discs. We learned that non-
correlated inflows at large scales generate nested, misaligned disc-
like structures together with inflows across the inner pc without
necessarily preserving the orientation of the parent flows — espe-
cially when the parent flows have some degree of counter-rotation.
Further steps should go in the direction of assessing the effects that
self-gravity would have on these converging flows starting from re-
alistic initial conditions, as e.g. those created in a merger of gas-rich
galaxies, or from gravitational unstable modes as the ones observed
by Hopkins & Quataert (2010).
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APPENDIX A: TEST ON NUMERICAL
VISCOSITY

In this appendix we run tests to explore the dependence of the results
on the adopted value of the artificial viscosity oy in order to quan-
tify how much accretion is numerical and how the cancellation and
transport of angular momentum via shocks and shear, respectively,
differ with varying oyis.

Throughout all our simulations, the artificial viscosity coefficient
was set, as implemented in GADGET-2, to ayisc = 1.0. In this appendix
we run two simulations with oy = 0.2,0.5 for the most violent
case Jgise = Jsnenn When the shell is in counter rotation. A comparison
of the results is shown in Figs A1-A3, where we plot the evolution
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Figure Al. Accretion rates for the case Jshell = Jaise With vror = 0.3 and
Ot = 150° obtained by varying oyisc. The red and blue dots show the
accretion rate obtained setting oyisc = 0.2 and 0.5, respectively, while the
black continuous line shows the accretion rate obtained using ovise = 1.0,
the fiducial value.
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Figure A2. Angular momentum distributions for the case Jshen1 = Jdgisc With
Vrot = 0.3 and O = 150° obtained by varying ayisc. The red and blue
dots show the angular momentum distribution obtained setting ayisc = 0.2
and 0.5, respectively, while the black continuous line shows the angular
momentum distribution obtained using ovisc = 1.0, the fiducial value.
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Figure A3. Main planes of rotation for the case Jshell = Jdisc With vror = 0.3
and O = 150° obtained by varying ayisc. The red and blue dots show the
main planes of rotation obtained setting avisc = 0.2 and 0.5, respectively,
while the black continuous line shows the main planes of rotation obtained
using ayise = 1.0, the fiducial value.

of the accretion rate and the end states of the angular momentum
distribution and main planes of rotation.

As illustrated in Fig. Al, the effect of a change in o, on
the inflow rate across the inner boundary of the simulated vol-
ume leads on average a change AM /M ~ 0.4, with a maximum
variation of ~1. A change of this magnitude does not alter our
conclusions.

Fig. A2 shows the distribution of the angular momentum moduli
of all the particles, when the system has reached an equilibrium
state. The three distributions are qualitatively the same, indicating
the robustness of our results (see also appendix B of Hobbs11).
Artificial viscosity affects the angular momentum transport in two
ways: in discs dominated by shear viscosity, a larger a,is. implies
faster angular momentum transport and faster broadening of an
initial ring of gas. This may affect the long-term evolution of the
ring-like structures that appear in our simulations, but these late
stages are not explored in our study. By contrast, in our simulations,
shell particles have initially a broad angular momentum distribution
(a homogeneous shell with a cylindrical velocity profile; see e.g.
Fig. 1) and move on eccentric orbits crossing one with the other,
as the initial configuration is out of equilibrium. With time, orbit
crossing causes particles to shock and settle into a common ring.
The larger the a.is, the faster the circularization of the orbits, as
shocks are better resolved, an effect observed in our simulations.
We also compared the main planes of rotation obtained by using
different values of ay;s. (Fig. A3) to assess the impact of the artificial
viscosity on the chaotic structure of the resulting flows. We find no
significant differences.

APPENDIX B: TEST ON RESOLUTION

We here explore the dependence of our results on the number of par-
ticles Npy used by running two extra simulations. Throughout all
our simulations, the number of particles was set to Np, = 1.0 x 10°
(with Ngise = Ngpet = Npai/2). The two extra simulations we
discuss here have Ny = 0.5 x 10° and 2.0 x 10° In the
same fashion as in Appendix A, the simulations were run for
the most violent case, Jgisc = Jsnen When the shell is in counter

rotation. A comparison of the results is shown in Figs B1-B3,
where we plot the evolution of the accretion rate and the end
states of the angular momentum distribution and main planes of
rotation.

As illustrated in Fig. B1, the effect of a change in resolution on
the inflow rate across the inner boundary of the simulated volume is
not dramatic. The ratio AM /M < 1.0 always. We emphasize again
that the inflow rates cannot be taken at face value, in this study.
Thus, variations on the accretion rate of this magnitude do not alter
our conclusions.

Fig. B2 shows the distribution of the angular momentum mod-
uli of all the particles at + = 0.25, when the system is still ac-
tively evolving. The three distributions are qualitatively the same,
indicating the robustness of our results (see also appendix B of
Hobbs11). We also compared the main planes of rotation obtained
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Figure B1. Accretion rates for the case Jghel = Jdise With vy = 0.3 and
O = 150° obtained by varying Npa. The red and blue dots show the
accretion rate obtained setting Npa = 0.5 10 and 2.0 x 10°, respectively,
while the black continuous line shows the accretion rate obtained using
Npare = 1.0 x 109, the fiducial value.
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Figure B2. Angular momentum distributions for the case Jshe = Jdisc With
Vot = 0.3 and 6y, = 150° obtained by varying Npar. The red and blue dots
show the angular momentum distribution obtained setting Npart = 0.5 x 100
and 2.0 x 10°, respectively, while the black continuous line shows the an-
gular momentum distribution obtained using Npare = 1.0 x 106, the fiducial
value.
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Figure B3. Main planes of rotation for the case Jghel1 = Jdisc With vor = 0.3
and 6y = 150° obtained by varying Npar. The red and blue dots show the
main planes of rotation obtained setting Npax = 0.5 x 10° and 2.0 x 109,
respectively, while the black continuous line shows the main planes of
rotation obtained using Npa = 1.0 X 100, the fiducial value.
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by varying the number of particles used (Fig. A3) to assess the
impact that improving the resolution has on the chaotic struc-
ture of the resulting flows. Once again, we find no significant
differences.
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