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ABSTRACT

The way supermassive black holes (SMBHs) in Galactic Centres (GCs) accumulate their mass is not completely determined. At
large scales, it is governed by galactic encounters, mass inflows connected to spirals arms and bars, or due to expanding shells
from supernova (SN) explosions in the central parts of galaxies. The investigation of the latter process requires an extensive
set of gas dynamical simulations to explore the multidimensional parameter space needed to frame the phenomenon. The aims
of this paper are to extend our investigation of the importance of SNe for inducing accretion on to an SMBH and carry out a
comparison between the fully hydrodynamic code FLASH and the much less computationally intensive code RING, which uses
the thin shell approximation. We simulate 3D expanding shells in a gravitational potential similar to that of the GC with a
variety of homogeneous and turbulent environments. In homogeneous media, we find convincing agreement between FLASH and
RING in the shapes of shells and their equivalent radii throughout their whole evolution until they become subsonic. In highly
inhomogeneous, turbulent media, there is also a good agreement of shapes and sizes of shells, and of the times of their first
contact with the central 1-pc sphere, where we assume that they join the accretion flow. The comparison supports the proposition
that an SN occurring at a galactocentric distance of 5 pc typically drives 1-3 Mg into the central 1 pc around the GC.

Key words: ISM: supernova remnants —Galaxy: centre—transients: supernovae — galaxies: active — galaxies: ISM — galaxies:

evolution.

1 INTRODUCTION

Encounters between galaxies cause perturbations of their gravita-
tional potentials that can open the door for mass inflow towards
the nuclei of those galaxies. Spiral arms and galactic central bars
can be other reasons for angular momentum redistribution and a
growing central mass concentration. However, despite many decades
of intensive research, the relative importance of various contributing
mechanisms has still not been determined. One of the possible
processes is the accretion of clouds, which could be driven by nearby
supernova (SN) explosions, gaining mass from the interstellar matter
(ISM) and eventually injecting some matter into the vicinity of the
supermassive black hole (SMBH). We explored this possibility in a
previous paper by Palous et al. (2020, Paper I). Here we extend our
investigation to lower densities and inhomogeneous turbulent media.

An expanding SN shell goes through different evolutionary
stages (for a detailed description see e.g. Ostriker & McKee 1988;
Bisnovatyi-Kogan & Silich 1995). Very soon after the explosion,
after f., ~ 100 s, the expansion becomes homologous and the
ejecta propagates without any significant kinetic losses. In this free-
expansion phase, the gas of the ambient medium is compressed and
swept up by the shock. As the mass of the swept-up gas becomes
comparable to the mass of the ejecta, a reverse shock propagating
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backward to the explosion site is formed. During this so-called
Sedov-Taylor phase, the radiative losses are negligible and the
expansion is adiabatic. The hot inner gas drives further expansion
of the forward shock. Later, as the density due to mass accumulation
increases, the shock front slows down, and its temperature drops
since the thermal energy of the expanding shell is radiated away.
At this time, a thin shell is formed. Even later, when the internal
pressure drops to the level of the external pressure, the thin shell
is no longer pushed from inside of the bubble, and it enters the so-
called ‘snowplow’ momentum conservation phase. Finally, as the
expansion velocity drops below the local sound speed of the ambient
medium, the SN remnant disperses into the ISM. Inside several tens
of pc from the Galactic Centre (GC), the evolution of an expanding
SN shell is typically completed within a few tens of thousands to a
few hundreds of thousands of years.

Following a given SN explosion, the evolution of its expanding
remnant depends on many parameters that may influence shape,
velocity, and total mass collected in the expanding shell. An analysis
of the full parameter space with a full hydrodynamic treatment
would consequently be rather expensive. In this long-term project,
for which we aim to perform many computations, it is very important
to use the most parsimonious code possible. Our intent is to explore
the parameter space with the fast code RING using the thin-shell
approximation. To test its validity we compare results to a fully
hydrodynamic code, FLASH, at selected location of the SN explosion
in both homogeneous and inhomogeneous media. This comparison
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Simulations of expanding SN shells near SMBHs

also serves the community because it shows that RING can be used
as an alternative to the popular but much more computationally
intensive code FLASH for investigation of the dynamical effects of
expanding SN shells in complex environments.

This paper is organized as follows: We first introduce the sim-
ulation domain for the homogeneous ISM distribution near the
GC, by describing the physical and computational characteristics
in Section 2. We then introduce the results from the simulation
with a uniform ambient medium in Section 3. The turbulent
medium simulations and the FLASH versus RING comparison are
described in Section 4. Finally, we summarize our results in
Section 5.

2 SIMULATION SETUPS FOR RING AND FLASH

SN remnants near an SMBH were studied by Palous et al. (2020)
with the code RING applied to the case of shells expanding into a
homogeneous distribution of the ISM and subjected to the gravita-
tional potential of the SMBH and of the nuclear star clusters (NSCs)
of the Milky Way. They compared the results of RING simulations
with a one-dimensional version of full hydrodynamic simulations
using the code FLASH, during early stages of expansion up to 3 kyr
after the SN explosion. Here, we use the 3D versions of both codes
and extend the comparison to longer expansion times, when parts of
the shell have slowed to subsonic velocities and the shell starts to
dissolve.

2.1 Gravitational potential and rotation

We use the same form of the gravitational field and of the rotation as
in Palous et al. (2020), which fits the mass distribution at the centre
of the Milky Way. Two components of the NSC can be distinguished
there, and the rotational velocity field is set according to the total
gravitational potential of the SMBH and the NSC. The implied
density distribution is given by Chatzopoulos et al. (2015), which
can be described with the two-component y model (Dehnen 1993):
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where Mysc; is the mass and g; is the characteristic radius of the
individual stellar subclusters, and rgc is the galactocentric distance.
Here we adopt according to Chatzopoulos et al. (2015) the following
set of values: Mysc, = 2.7 X 10" Mg, a; = 3.9 pc, y; = 0.51;
MNSC2 =28 x 109 M@, ay; = 94.4 pC, Vo2 = 0.07.

The point-like SMBH and the extended mass distribution of the
NSCs result in the following gravitational potential (Chatzopoulos
et al. 2015):
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where Msygy = 4 x 10° Mg, is the mass of the SMBH, and € is a
small constant equal to ~10~° pc, inserted to prevent extremely large
values of the potential and of its derivatives.

Gas in the ambient medium in the gravitational field of the SMBH
and NSC rotates with the velocity:
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where (R, z) are the galactocentric cylindrical coordinates. The
galactocentric distance is rgc = v R? + z2.
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Table 1. Initial parameters of the SN shells derived from 1D FLASH
simulations.

nIsM Ishell Fshell Mhell Ewn/Eo Exin/ Etot
(cm™?) (y) (pe) Mo)

10° 150 0.3 180 0.23 0.21
104 500 0.7 210 0.24 0.27
103 2000 1.8 400 0.23 0.28
102 5700 4.5 550 0.29 0.32

2.2 Initial conditions

Palous et al. (2020) discuss the importance of the SN position relative
to the SMBH for mass delivery into the central parsec of the galaxy
in the case of a homogeneous ISM distribution within the central
region of the galaxy. There are many other factors that may influence
the evolution of an SNR, such as the the mass of the SMBH and NSC,
the density distribution of ISM, inflows and outflows from the NSC,
the presence of a central accretion disc, etc. These factors will be
discussed in separate communications. Here we focus on the position
of the SN explosion relative to the GC and on the importance of the
structure of the ISM.

We place the SN explosion at different locations within the distance
rgc = 20 pc from the GC, inserting ejecta with a total mass of
10 My and a kinetic energy of 10°' erg. The results of FLASH
and RING simulations are compared for SNe occurring at several
selected locations. In the case of FLASH the ejecta is inserted into a
spherical volume (7ghen ~ 0.25pc) with uniform properties and an
initial expansion velocity of 10* km s~!. RING simulations start later,
at the time of shell formation, and its total initial mass is that of the
ejecta plus the mass collected from the ISM during early expansion
with kinetic and thermal energies taken from FLASH simulations, as
given in Table 1. This early evolution of the SN remnant is discussed
by Palous et al. (2020).

2.3 Simulation setup for FLASH

FLASH is the grid-based adaptive mesh refinement hydrodynamic
code (Fryxell et al. 2000) using the Piecewise Parabolic Method
(Colella & Woodward 1984) with the time-step controlled by the
Courant-Friedrichs—Lewy criterion. It uses a grid structure of blocks
as the computational domain. A root block, which corresponds
to refinement level 1, is split into eight sub-blocks, each with
equivalent volume (refinement level 2). The subdivision of blocks
continues until the blocks can effectively resolve the process of
interest in the computational domain. However, to avoid extremely
high computational costs in our 3D simulations, we set the smallest
size of a grid cell to 0.028 pc within a sphere of radius 10 pc around
the GC affected by propagation of the shell (12 pc for the low ambient
medium density case). The regions beyond the 10 pc (not affected
by the evolving SN shell) are treated with eight times larger grid cell
width.

Radiative losses are calculated following the prescription of
Schure et al. (2009), assuming solar metallicity. As a test of the
accurately functioning cooling, the thin shell is formed at the same
time, as in the 1D simulations presented in Palous$ et al. (2020)
(see Table 1), which also provide initial parameters for our RING
simulations.

We do not attempt to describe dynamical processes occurring
very close to the GC, where the circumnuclear disc of the SMBH
dominates and where outflows can change the motion of the ISM.
Also, in order to avoid extremely high rotational velocities in the
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Figure 1. The evolution of the SN shell in RING and FLASH simulations at three different times in the N4 model of expansion starting at (x, y, z) = (5, 0, 0) pc.
The left-hand and centre columns show the column density in g cm™~2 projected on to the (x, y) and (x, z) planes for RING and FLASH, respectively. The right
column shows the one-dimensional cuts of number density at the same time-steps; in the case of RING, the infinitesimally thin shell is resampled with resolution
of 0.12 pc.
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inner parts of our simulation closest to the GC, the rotational curve
is changed: within 0.5 pc of the GC, we adopt linearly increasing
rotation with R in the z = 0 plane, with the decrease of it proportional
R/rge for increasing z. Note that this change does not affect the
evolution of the shell during the studied time period outside rgc =
0.5 pc.

Our challenge is to perform a comparison of FLASH to RING
simulations, and for that we need to define in FLASH which cells
should be considered as a part of the thin shell and which are outside,
so that we can derive the total shell mass (M) and its kinetic energy
(Exin). For this purpose we adopt a criterion related to the definition
of the shock front, which propagates with supersonic velocity. While
the ambient medium has Mach number close to zero, the cells of the
shell behind the shock have high Mach numbers. We define a local
Mach number,

U — Vrot

(1.15 kms™Y’ @

MpLasn =
where v and vy are the gas velocity and the orbital velocity given
by equation (3), respectively, while their difference is divided by the
sound speed in the ambient medium with Tigy = 10% K. To precisely
distinguish the SN bubble from the ambient medium around it, only
cells with Mach number Mg sy > 3 are assumed to be part of
the shell. To follow these mass components, the field parameter
S 1s introduced, which is initialized to zero for all cells. Once
a cell fulfills the Mach number criterion, its mass is marked with
Ssh = 1. Subsequently, the S field is advected by the hydro solver,
and therefore the gas, once marked as a part of the shell, will retain
this marking ever after. At the edge of the shell, the 0 < Sy, < 1
values appear due to the mixing of the shell with the ambient gas
during the shock propagation. To compute the total mass of the shell,
we consider those cells with Sg, > 0.5, i.e. where the mass belonging
to the shell represents the majority of the cell mass.

2.4 Simulation setup for RING

RING is a 3D simplified hydrodynamic code for modelling the
evolution and propagation of expanding gaseous shells. The main
assumption is the thin-shell approximation, i.e. the assumption that
the width of the wall of the shell is negligible compared to its
diameter. The thin shell is divided into N, elements, which are
distributed equally on the initial sphere of the shell. As the thin shell
rapidly expands, it accumulates mass from the ISM and eventually
slows down. RING computes the trajectories of the shell elements
in an external gravitational potential, by solving the equations of
momentum conservation:

d
a(mivi) + Pout - [St . (vi - vout)] * Vout = (Pim - Poul) : Si +m;g,
(5)

where m, S, and v are the mass, the surface area vector, and the
expansion velocity vector of the ith surface element, respectively.
Poy and poy are the pressure and the density of the ISM outside of
the shell, while g is the local gravitational acceleration. The thin-shell
approximation also assumes that the shell is dense enough to radiate
all thermal energy produced by the shock compressing the ISM.

Each of the shell elements accretes the encountered ISM if their
relative motion is supersonic:

d
Emi = Pout * [St . (vi - vout)]- (6)
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Figure 2. The equivalent radius of the SN shell as a function of time in
the RING (red) and FLASH (blue) simulations, assuming the ambient medium

number density of njgy = 107 (dashed), 10* (solid), and 10° (solid with

dots) cm™3.

The pressure behind the shell can be described as

2E[h
3Vini
By disregarding the radiative cooling of the cavity behind the shell,
the change of Ey, can be described with the adiabatic energy balance
equation:

L T P, ®)
where P, and Vi, are the pressure and the volume of the inside
cavity.

Note that the equations above describe a far more simple approach
than a hydrodynamic code. While the hydrodynamic code solves
the continuity equation, the equation of motion and the energy
equation on a 3D grid consisting typically of tens to hundreds
millions computational elements (for the cases described below),
the RING code solves the equation of motion for only several hundred
surfaces. The continuity equation is simplified taking into account
only the accretion (equation 6), and the energy equation is solved for
the gas in the cavity assuming its uniformity (equation 8), i.e. for a
single computational element only. For these reasons, RING requires
only minutes on a typical PC, compared to the thousands of CPU
hours required by a complex hydrodynamic simulation. The price for
this performance gain is that RING can work only under the special
assumptions described above. Evaluating whether the assumptions
are valid for typical SN shells in the GC and whether RING works as
expected is one of the main aims of this work.

The theoretical background of this method was developed by
Kompaneets (1960) and Bisnovatyj-Kogan & Blinnikov (1982) and
used to match with observational data by e.g. Ehlerova & Palous
(1996), Silich et al. (1996), Ehlerova et al. (1997), Elmegreen, Palous
& Ehlerova (2002), Ehlerova & Palous (2018), etc. The detailed
description of the code RING is given by Palous et al. (2020).

P = (7)

3 UNIFORM AMBIENT MEDIUM

The ISM moves in the external gravitational field of the SMBH and
NSC. Since the z-component of the gravitational acceleration, —i.e.
the component perpendicular to the rotational plane —is not balanced
by rotation, the ISM starts to collapse, forming, during a relatively
short time after the start of the simulation (~50 kyr), a flat disc around
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Figure 3. The evolution of the SN shell in RING and FLASH simulations at three different time-steps in the N2 model of expansion starting at (x, y, z) = (10, 0, 0)
pe. The left-hand and centre columns show the column density in g cm~2 projected on to the (x, y) and (x, z) planes for RING and FLASH, respectively. The right
column shows the one-dimensional cuts of number density at the same time-steps; in the case of RING, the infinitesimally thin shell is resampled with resolution
of 0.24 pc.
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the z = O plane. This is observed in the case of FLASH simulations. In
the case of the RING simulations the ISM ambient to the expanding
shell does not move in the z-direction and its density is kept constant.
For the purpose of the comparison of the two codes, to prevent the
collapse of the ambient medium towards the galactic plane, we dis-
carded the z-component of gravity in both codes. Doing this enables a
direct match between RING and FLASH over the whole computational
volume. Note that this choice does not result in a realistic shell
evolution in 3D, however it allows a comparison of the shape of the
shell and its projected densities in 2D near the plane of symmetry.

3.1 Densities nigy = 103, 10%, and 10° em ™

First, we explore the simulations presented by Palous et al. (2020),
where the ISM is assumed to be molecular hydrogen with adiabatic
index of y = 1.667 homogeneously distributed within the central
region of the galaxy. The initial assumed number densities are
nsm = 10, 10%, and 10° cm™3, hereafter labelled as the N3, N4,
and N5 models, respectively. Fig. 1 shows the comparison of column
densities projected on to the x—y and x—z planes at three different
epochs in the case of N4 models.

The surface of the shell is relatively smooth through the entire
time period of the simulation. The commonly observed Rayleigh—
Taylor instability is not present in our simulations, because it occurs
in the very early phase of the SN remnant when the shell mass
is dominated by the ejecta (Martinez-Gonzélez et al. 2018). Our
approach simulates SN remnants in later phases when the shell is
dominated by the swept-up mass and the ejecta is already overrun by
the reverse shock. There is also no sign of the Vishniac instabilities
(Vishniac 1983) reported by several numerical studies explaining the
observed complex morphology of SNRs (e.g. Mac Low & Norman
1993; Miniere et al. 2018). These instabilities can develop only if
the jump across the shock front is sufficiently high (210). Shells in
the presented simulations do not fulfill this condition, because even
though they are relatively thin, the applied resolution does not let
them become even thinner and denser and cool below ~10* K. The
lack of these dynamical instabilities (see e.g. Moranchel-Basurto
et al. 2021) is not expected to affect the large-scale picture of how
SNe can move gas around near a galactic nucleus, as their impact is
subordinate to the importance of tidal forces and the conservation of
momentum.

In order to compare the evolution of the shell in the FLASH and
RING simulations, we introduce the equivalent radius, which is the
radius of a sphere containing, for a given ambient density, the same
mass as the SN remnant in the simulations. The equivalent radii are
plotted in Fig. 2. Starting at the time of shell formation, which is
given in Table 1, the evolution of equivalent radii, during the time
when the shell expansion is supersonic, is almost identical between
the two simulation codes. At later times, when the expansion velocity
of the shell element drops below the local speed of sound, the mass
accumulation in the RING simulations ceases and the equivalent radius
does not grow any more. That happens after #,, = 25, 65, and 125
kyr in the case of N5, N4, and N3, respectively. In general, the
SN shell evolution during the first few tens of kyr is in excellent
agreement between FLASH, which solves the hydrodynamic equations
on a grid, and RING, which uses thin shell elements that accrete the
ISM, regardless of the choice of ambient medium density.

In simulations with FLASH, as the shell expansion starts to become
subsonic, the growth of Mg slows, but does not stop completely.
This is due to the fact that the mass accumulation into the region of
increased density continues. Even at low expansion speeds, the shell
propagates as a sound wave and the encountered mass of increased
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Figure 4. The equivalent radius of the SN shell as a function of time in
RING (red) and FLASH (blue) simulations, assuming ambient medium number
densities of nigy = 10% cm™3.

density is counted as a part of the shell, since there are cells with
Sq > 0.5. This explains the difference of equivalent radii between
FLASH and RING at subsonic times.

As a general conclusion for the homogeneous medium, RING
provides a quite realistic description of the evolution of an expanding
SN shell.

3.2 Density ngy = 10? cm™>

In the case of the homogeneous medium of density n;gy = 10> cm™3

(N2), a slightly different simulation setup is required compared to
those described in Section 2.3. The lower density causes a more rapid
expansion of the shell, thereby engulfing a larger volume during the
Sedov-Taylor phase. In the N2 medium, the thin shell is formed
later at larger rge (see Table 1) compared to the higher density
models. Moreover, the faster expansion also requires a larger physical
domain in the FLASH simulation, thus, the computational volume for
our FLASH runs was increased to a full width of 29 pc around the
GC. Due to the limitation of the computational resources, the larger
computational domain inevitably reduces the spatial resolution of the
simulation. The physical domain is divided into the same number of
cells as in the N3-N5 simulations to keep the computational cost on
the same level. Due to the larger computational volume, the linear
size of an individual cell in the N2 simulations increases to 0.056 pc.
The SN explosion site is set at the coordinatesx = 10 pc,y =0,z=0
to follow the expansion for a longer period before the central region
affects the shell in the FLASH simulation.

The size of the shell at the time of its formation implies that the
RING simulation cannot start with a spherically symmetric expansion,
since its shape and expansion velocities at the time, when the thin
shell is created, are influenced by differential galactic rotation. This
is why we start the RING simulations already from a small, but
small radius, which is the same as in the case of FLASH simulations
at the time of shell formation, and insert the Ey; and Ey;, (see
Table 1) derived by FLASH for the time of shell formation. We mimic
the expansion with the RING thin-shell approximation during the
Sedov-Taylor phase before formation of the thin shell, keeping the
internal Eyy; constant. At the time of thin shell formation, we start
the expansion with velocities that are already influenced by galactic
differential rotation, and we start decreasing again the energy density
interior to the shell in inverse proportion to its growing volume.
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Figure 5. The colour shading shows the total mass mgh o in a single
expanding shell at the end of mass accumulation as a function of the
galactocentric distance rgc and the elevation angle Ogc for n = 10% cm 3.
The mass delivery to the central parsec is shown with hatching: the areas
without hatching do not deliver any mass, single hatched areas deliver 1—
10 per cent of the total shell mass, the double hatched areas deliver more than
10 per cent mgp (ot

The column density views are compared in Fig. 3. The size
of shell is marginally larger in FLASH, which is probably due to
the effect of slightly different initial conditions related to different
resolution in FLASH and RING. At later times, the forward ‘beak’ of
the shell becomes elongated compared to that in RING as it reaches
the central region. In the FLASH simulations, the medium is not
entirely homogeneous inside the central 1 pc, due in part to the
imposed discontinuity in the rotational velocity at 0.5-pc distance
from the centre. The inhomogeneities generate turbulence and the
related turbulent viscosity leads to angular momentum loss and faster
inward migration of gas toward the centre compared to RING, where
the ISM is always homogeneous.

The equivalent shell radii derived in the case of N2 from FLASH
and RING simulations are close to each other, as they are in the N3,
N4, and N5 models (see Fig. 4). The small discrepancy between
the two codes even before 7, can be attributed to slightly different
initial conditions originating from mapping the FLASH 3D shell to
the infinitesimally thin layer of RING, which depends on resolution.
In the case of FLASH simulations, the increased densities in front of
the shell are also included in the mass of the shell, elevating its mass
above the shell mass computed by RING. Increasing the resolution
leads to a reduction of the density enhancement in front of the shell,
which brings the equivalent radii derived from FLASH closer to that
of RING. Moreover, minor differences may originate from the less
efficient cooling of the lower spatial resolution FLASH simulations,
where the energy loss is lower due to the lower density peak of the
shell.

3.3 Shells expanding into homogeneous density media: N2, N3,
N4, N5 RING models

Now, in order to compare with the results of Paper I, we again include
in RING the part of the gravity force perpendicular to the rotational
plane. In Fig. 5 we show for the N2 case the total mass mg 1o collected
within a single SN shell at the end of mass accumulation when all
the shell becomes subsonic. It complements fig. 8 of Paper I, which
shows the N3, N4, and N5 cases. The initial SN positions for which
high total masses can be contributed to the central parsec. mgp (o Shift
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Table 2. Results for the four density cases as a function
of the region within rgc of the GC that was explored.

rGe nism M feed Sfawr Vair
(pc) (em™) Me)  (x107%)  (10°pc?)
25 102 62 341 22
103 197 174 11
10* 409 72 4.7
10° 551 46 3.0
50 10? 50 124 65
103 160 74 39
10* 150 32 17
10° 69 5.8 3.0
100 10? 34 46 193
10° 120 23 94
10* 21 5.1 22
10° 9 0.71 3.0
200 102 48 19 637
103 28 6.7 220
10* 3 0.64 22
10° 1 0.085 2.9
240 102 60 17 1000
103 16 3.9 224
400 102 80 6.6 1780
10° 3.5 0.84 224

Notes. m*geeq is the average mass fed to the SMBH per
SN exploding within the radius considered. f* 4, is the
ratio between the volume of the region from where SN
can deliver the mass to the central 1 pc to the total volume
of the studied sphere. V4, is the volume of the region
from where the mass can be delivered to the SMBH, it is
the result of the network of RING simulations.

in the N2 model to larger galactocentric distances rgc beyond 70 pc
from the GC and they lie close to the rotational axis. But the mass
delivered into the central parsec is less even when the volume of the
region from where the SNe can deliver the mass into the central 1 pc
is larger.

The results of a network of RING models for the various ambient
ISM densities are given in Table 2. For SN locations closest to the
SMBH (e.g. the case of rgc = 25 pc) high-density cases bring more
mass to the SMBH. On the other hand, for more distant SNe (e.g.
the case of rgc = 200pc), low-density cases are more effective
at delivering matter to the SMBH, since SNe exploding in such a
medium have relatively large remnants, and have a much higher
chance to reach the SMBH vicinity even if they originate at large
distances. The size of the region from where the SN delivers the mass
into the central 1 pc depends on density: the smaller is the density,
the larger is the region. In the case we study smaller galactocentric
distances, we cover only parts of the region from where mass can
flow to the centre.

The mass accumulated in the shell elements is influenced by their
motion relative to the interstellar medium. This is a combination of
shell expansion, galactic rotation and motion under the influence of
the force perpendicular to the galactic plane not balanced by rotation,
i.e. the K, force. In Table 2, Fig. 5, and fig. 8 of Paper I, the average
shell mass and the original SN locations from where a fraction of
the expanding shell can feed the central parsec are affected by all
three velocity contributions. According to our preliminary results,
the K, force influences mainly the feeding from large galactocentric
distances above the plane of rotation. In a subsequent paper, we
shall disentangle individual contributions in the case of different
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Figure 7. ISM distribution from FLASH simulations, which serve as the input for RING simulations (left-hand panel: density, right-hand panel: temperature),
represented with axially averaged maps. Purple squares are the chosen positions of the individual SN explosions.

homogeneous media. In the remainder of this paper we focus on
inhomogeneous density distributions, where the density at high z
distances is reduced, which also decreases the influence of the K,
force on the final feeding rate.

4 INHOMOGENEOUS MEDIUM

4.1 Imposed turbulence

In order to mimic more realistic ISM density distributions, we also
compare RING and FLASH simulations in media that are inhomoge-

neous in both density and velocity. For FLASH, we adopted a time-
varying force field pushing the gas into turbulent motion modifying
the rotation described in Section 2.1. We adopt a commonly used
procedure, implemented in the Stir module of the FLASH code. It
randomly generates Fourier modes of the force field characterized
by wavevector k = 27tm /L, where L is the size of the computational
domain and m is the direction vector with integer components, and
evolves them using the generalized Ornstein—Uhlenbeck process (see
Eswaran & Pope 1988; Schmidt et al. 2009, for details). We let the
algorithm generate modes in range 3 < |m| < 7, with the amplitudes
experimentally chosen to form a thick disc with the root-mean-square
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Figure 8. Number densities along the x-axis by RING and FLASH in turbulent box simulations with expansion starting at (x, y, z) = (5, 0, 0) pc. In the case of
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RING, the infinitesimally thin shell is resampled with the resolution of 0.31 pc. For FLASH, the remaining density after the subtraction of the reference simulation
from the main simulation is shown by the magenta lines, and the total density at the places of the SNR shell as shown by the magenta lines are given by dark
blue lines. The hatched region illustrates the innermost 1 pc, where the inwardly moving is deposited by both the main and the reference simulations. Lower
panels show the density after the subtraction of the reference simulation with the expanded number density scale.

velocity of turbulent motion close to ~30kms~!. This value was
set to maintaining the disc thickness close to 10 pc. In a separate,
future communication, we shall explore media with different levels
of turbulence driving.

The turbulent simulation is evolved to the point when the average
density is n = 10?>~10° cm~ within 45 pc from the galactic plane,
but the large-scale motion of the gas is still dominated by the initial
velocity profile described in Section 2.1. This defines the turbulent 3D
‘initial’ conditions at time #,,, = 1.5 Myr, when the SN explosion is
inserted. The column density of this turbulent 3D ‘initial” distribution
is shown in Fig. 6.

In the following FLASH simulations, the density, temperature, and
velocity fields develop together with the expanding SN shells. In
parallel RING simulations, this ‘initial’ density and temperature are
fixed. Velocities follow the rotation curve described in Section 2.1
(see equation 3). Although RING uses the fixed 3D initial density
from FLASH, and the evolution of the turbulence is not followed,
the impact of possible density changes within the turbulent box on
the short ~20-kyr time-scale is small. In RING, we also use the
turbulent, axially averaged distribution, which is shown in Fig. 7.
We see that a turbulent disc is formed, slightly inclined by about
10°-20°, and with density decreasing and temperature increasing
with z. To see possible deviations due to changing position angle
p, we show in Figs 10 and 11 the results of RING simulations
in an axially averaged turbulent distribution compared to experi-
ments starting at different position angles p in 3D initial density
distribution.

4.2 SN explosions at rgc = 5 pc: first 20 kyr and beyond

To compare the FLASH and RING simulations of the evolution of
SN shells in different regions of the turbulent medium, we simulate
explosions at various azimuthal positions and elevation angles, all
located at rgc = 5 pc (see magenta squares in Fig. 7). However, the
detection of the SNR shell is more difficult than in the case of the
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homogeneous medium because the Mach-number criterion described
in Section 2.3 cannot be used due to the highly turbulent velocity
field. Moreover, local density clumps produced by the turbulent field
may exceed the shell density (see the upper left-hand panel of Fig. 8,
where the light blue line shows the peak density at about 10 pc in
the FLASH simulation, while the shell formed in RING simulations is
identified at ~8 pc).

To check the impact of the shell, a reference simulation is created
with exactly the same properties, but without the SN explosion
(giving pnrer). The 3D density map of the reference simulation is
subtracted from the main simulation (ppmain, light blue colour in
Fig. 8), showing the parts of the shell where the mass collected by
the expanding shell exceeds the density of the background (ppes)-
The residual is shown by magenta lines in Fig. 8 that mark the
derived location of the SNR shell. The dark blue line in Fig. 8 gives
the total density (p,snr) at places where the shell is found to surpass
the threshold given below. This mass is considered as a part of the
shell:

3

m, Where >0.1cm™
pSNR — { /Omam pres , (9)

0.0, where pys < 0.1cm™

where pPures = Pnmain — Purer 18 the difference of the density maps
of the main and the reference simulations. To exclude the small
fluctuations in the residual density map, a rather low threshold was
defined.

Note that this definition of the shell is an operational one meant
to highlight those areas of the simulation where extra mass was
concentrated by the shock. The residual density map includes not
only positive and near-zero, but also negative values, from where
the shell has excavated some material as it has expanded. As our
examples show, this indirect identification of the shell works well
for the locations affected by the shock. At the same time, any kind
of precise mass estimation of the shell is problematic for various
reasons, e.g. the ambiguous density limits of the shell (see the right-
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Figure 9. Column density maps of the shell evolution in the RING (contours) and FLASH (colour maps) simulations. The four rows illustrate the effects of four
different explosion sites in the xy rotational plane, at rgc = 5 pc around the GC. The five levels of isocontours cover the same column density range as the
colourbars in each row.

hand panel of Fig. 8) or a possibly insufficient value of the chosen have relied on visual inspection to compare the time evolution of the
threshold in equation (9). shell between the two simulations (see Fig. 9). We see that, in FLASH,

Since a direct quantitative comparison between FLASH and RING the shell always expands slightly further than in RING in a given time
shell masses through the evolution of the shell is impractical, we interval, however, the agreement is very good in general: The overall
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Figure 10. Times of the first touch of the SNR with the central 1-pc sphere, for an SN starting at rgc = 5 pc. The open or solid triangles give the results of the
RING simulations in a homogeneous medium of density 25 or 100 particles per cm >, open circles give the RING results in a turbulent 3D medium as is shown in
Fig. 6, and solid squares give the RING results in the axially averaged turbulent distribution shown in Fig. 7. The first touch times derived from FLASH simulations
are represented with solid circles. The vertical bars give the rms values of first touch times derived from RING simulations at given 6c.

shape and spatial extent of all the shells are comparable, high-density
clumps are formed at similar positions, and the same low-density
extensions appear within the two different simulations. The match
between the location of the shells is typically better than the thickness
of the shell wall of FLASH. Most of the differences between FLASH
and RING are due to the fact that RING does not capture naturally-
occurring instabilities in the walls of the expanding shell and that
the RING simulations expand to non-evolving ISM distribution. The
instabilities that are seen in the simulations with FLASH form holes
that channel the hot gas from the bubble interior to the outside of the
shell, thereby increasing the affected volume.

In Fig. 10, we display the time of the first touch for the various
simulations, defined as the moment when some portion of the shell
penetrates the central 1-pc radius sphere. The times derived from
FLASH are complemented with more experiments with RING starting
from additional positions on the rgc = 5-pc sphere. We show the
time of first touch and its root-mean-square dispersion based on
all the experiments performed at different position angles, p (it
is the angle between SN explosion and the GC projected to the
(X, Y) plane measured anticlockwise from the positive direction of
the x-axis), with the RING code applied to a turbulent 3D density
distribution at the given elevation angle, 6gc, and we compare to
the first touch times in homogeneous density distributions of 100
and 25 particles per cm ™, as well as to experiments performed in
a turbulent density distribution that is axially averaged. In FLASH,
the first touch happens typically earlier than in RING, because the
instabilities followed by FLASH open a faster track towards the central
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1 pc. However, the FLASH values still lie within the rms dispersion
of the RING simulations in the majority of cases. We see that the time
of first touch in the inhomogeneous models is highly dependent on
the elevation angle: for ¢ > 50° the first touch occurs well before
20 kyr and the spread of the first touch times is rather small, while
for Ogc < 50°, the spread of the first touch times is large, from some
position angles p; it is more than 20 kyr. This is due to the turbulent
nature of the ISM, where the shell encounters low- and high-density
places. The density spread is much larger at low 6gc¢ values than
at large ¢ explaining the changing spread in first touch times for
different Ogc.

As an approximate quantitative comparison, we also estimate the
mass of the gas migrating into the central 1 pc. The results for the
RING simulations are shown in Fig. 11 for the mass delivery during the
first 20 kyr. We see that the mass delivery in the turbulent medium
is well mimicked by the homogeneous medium with 25 particles
per cm >, which is close to the average density observed in the
turbulent medium within 5 pc. In the case of the FLASH simulation, the
infalling mass mi,¢(¢) cannot be estimated directly, as some gas would
migrate into the central parsec even without the direct influence of
the expanding SN shell, due to the turbulent viscosity in the ISM.
Therefore, the inwardly migrating mass of the reference simulation,
Min ref (1), 1S subtracted from that of the SNR simulation to derive the
net effect of the SN on the mass feeding. This procedure assumes that,
besides the presence of the expanding shell, the SN explosion does
not influence the motion of the ISM. In some cases m;,¢(f) actually
declines below mjy¢ e (7), since the SN can blow away material that
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Figure 11. Mass reaching into the central 1 pc as a result of an SN at distance of 5 pc during the first 20 kyr of the SNR expansion in homogeneous and/or
turbulent medium. The SNs increase the ISM migration into the central 1 pc, but in some cases, the SNRs disturb it and decrease the migration in comparison
to the situation without an SN explosion. This negative cases are shown with arrows and the amount of the migration decrease. The symbols are the same as in

Fig. 10.

would otherwise migrate into the 1-pc central sphere. On average,
however, the net effect of a nearby SN is to enhance the amount of
mass fed to the central parsec.

A variety of different situations is shown in Fig. 12, where we give
the integrated mass that migrates into the central 1 pc from different
initial positions on the rgc = 5-pc sphere as computed by FLASH and
RING. It reflects a complicated density and velocity landscape leading
sometimes to a good FLASH-RING agreement in size and shape of the
SNR, but also in some situation to a disagreement in the amount of
mass delivered to the central 1 pc. As visible in Fig. 11, in the positive
cases, the migrated masses are in good agreement what suggests that
fast code RING can be used for statistical studies even in strongly
turbulent medium. In one of the negative cases, (6gc = 0, p = 270°),
we show the subsequent evolution up to 50 kyr. The early decline
in migration towards the centre is later reversed to increased mass
migration connected to dense layers of the SNR arriving to the central
region. The mass collected in the central 1 pc by migration should be
estimated with a more statistical approach, which will be performed
in the future.

5 CONCLUSIONS

In this study, we present a comparison between two simulation codes
for the the 3D evolution of expanding SN shells in the vicinity of the
GC. The first one is the simplified code RING, which uses the thin
SN shell approximation, and the second is FLASH, which is a more
physically complete but computationally expensive hydrodynamic

code. The aim is to demonstrate the viability of using relatively fast
RING simulations for mapping the broad parameter space of initial
and boundary conditions.

In homogeneous media having particle densities in the range
25-10° cm™, there is compelling agreement between FLASH and
RING in shapes and equivalent radii throughout the whole shell
evolution until it becomes subsonic. In highly inhomogeneous,
turbulent media, the differences can be explained mostly as the
effect of insufficient resolution and slight differences in the initial
conditions. There is good agreement of shapes and sizes of shells,
and times of the first touches of the central 1-pc sphere. The
delivered masses deviate in some cases, however, both simulations
still predict the same order of magnitude of the delivered mass.
In the case of inhomogeneous media, additional factors account
for the differences between RING and FLASH results, e.g. different
turbulent driving mechanisms, dynamical evolution of the ISM, and
instabilities. We conclude that FLASH and RING simulations both
yield the results that for SNe occurring at a distance of 5 pc from the
GC, the mass delivered within 20 kyr by one SN is typically about
3 Mg.

In order to better quantify the mass delivery to the central parsec,
we need to statistically investigate the impact of randomly distributed
SNe occurring throughout larger volumes, with rgc up to ~25 pc.
In a later publication, we plan to adopt an approach similar to that
which we employed in Paper I for homogeneous media, and apply
it to the case of more realistic, inhomogeneous, turbulent media.
According to our results, RING provides a fast but reliable tool for
future statistical studies.
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Figure 12. The amount of gas reaching the innermost 1 pc in RING and FLASH simulations. For FLASH, the estimate the infall rate due to the impact of the
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