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Abstract: We investigate the plausibility of mass return, from stellar mass loss processes within the
central ∼100 pc region of the Milky Way (the inner nuclear bulge), as a mass supply mechanism for the
Circumnuclear Disk (CND). Gas in the Galactic disk migrates inward to the Galactic centre due to the
asymmetric potential caused by the Galactic bar. The inward migration of gas stops and accumulates to
form the central molecular zone (CMZ), at 100–200 pc from the Galactic center. It is commonly assumed
that stars have formed in the CMZ throughout the lifetime of the Galaxy and have diffused inward to
form a ‘r−2 stellar cusp’ within the inner nuclear bulge. We propose that the stars migrating inward
from the CMZ supply gas to the inner nuclear bulge via stellar mass loss, resulting in the formation of
a gas disk along the Galactic plane and subsequent inward migration down to the central 10 pc region
(CND). We simulate the evolution of a gas distribution that initially follows the stellar distribution of the
aforementioned stellar cusp, and illustrate the potential gas supply toward the CND.
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1. INTRODUCTION

The Central Molecular Zone (CMZ), spanning the cen-
tral ∼200 pc of the Milky Way, contains the largest
concentration of dense molecular gas in the Galaxy. Ob-
servations and theoretical analyses of young massive
star clusters suggest that mass supply occurred recently
(Pfuhl et al. 2011; Lu et al. 2017). The primary mecha-
nism supplying the majority of the gas to the Circum-
nuclear Disk (CND), which spans the central ∼10 pc
region, is currently unknown and debated (Martins et
al. 2007).

Double-barred galaxies account for approximately
30 % of all barred galaxies (Laine et al. 2002), implying
that these structures are long-lived or recurrent. Copi-
ous double-bars are observed in proximity to the Milky
Way (see, e.g., Erwin (2004) and references therein);
hence, it has been suggested that the Milky Way con-
tains a secondary bar, which would be advantageous
as such systems are considered to increase the mass
inflow. Specific components of double-barred galaxies,
the dynamics of and interactions between the bars, and
the overall effects double bars have on galaxies have
been analyzed in previous investigations (Maciejewski
& Sparke 2000; El-Zant & Shlosman 2003; Debattista
& Shen 2007; Namekata et al. 2009; Maciejewski &
Small 2010, etc.). Namekata et al. (2009) performed
2-dimensional hydrodynamic simulations of the gas mo-
tions in the central region of a double-barred galaxy and
showed inward gas movements from the CMZ region to
the CND region. However, their 2-dimensional models
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neglected the physical effects of star formation, gas heat-
ing and cooling, and supernova feedback and their result
does not appear to be confirmed by more sophisticated
3-dimensional simulations. In our unpublished study,
we have performed 3-dimensional hydrodynamic sim-
ulations using parallel N-body/SPH code GADGET-3
(Springel 2005) that includes star formation, heating
and cooling, and supernova feedback (Shin et al. 2014,
2017), for gas motions in the central few hundred pc
region with the incorporation of an elongated nuclear
bulge as a secondary (inner) bar. This investigation
did not yield a stable substantial mass inflow rate down
to the CND region.1 In order to fully understand the
connection between double bars and mass supply, fur-
ther investigations are necessary; several other physical
components may be required.

Other scenarios for the inflow of gas down to the
CND include the infall of a satellite galaxy onto the
central region of the Galaxy (Lang et al. 2013; Gal-
lege & Cuadra 2017), and a gas cloud plunging from
the inner nuclear bulge to the CND (Wardle & Yusef-
Zadeh 2008; Mapelli & Trani 2016; Ballone et al. 2019).
However, these scenarios are rather more episodic than
sustainable.

Here, we propose an alternative mechanism for sup-
plying mass from the CMZ to the CND and suggest that
the stars formed in the CMZ can deliver gas to the CND
region via their inward diffusive migration and mass loss

1We note that a study by Gerhard & Martinez-Valpuesta (2012)
questions the conjecture on the existence of a secondary nuclear
bar in the Milky Way.
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during the late phases of stellar evolution. Gradual gas
replenishment occurs as the stars undergo stellar mass
loss phases and processes. Main-sequence stars with
masses smaller than ∼8.0M� end in the form of plan-
etary nebulae (PNe), and during the asymptotic giant
branch (AGB) and PN phases, these stars return a sub-
stantial fraction of their initial mass to the surrounding
interstellar medium (ISM) in the form of low velocity
stellar winds and outer envelope shock fronts. Some
of the gas replenished from these stars in the central
∼100 pc (the inner nuclear bulge) region will form a
planar structure along the Galactic plane due to the or-
bital angular momentum of the stellar population, which
originates from the CMZ. A fraction of the gas in this
planar structure may migrate down to the CND region
through several orbital energy loss processes discussed
in Section 4.

In the present work, we estimate the gas replen-
ishment rate associated with each returned percentage
mass. We then present 3-dimensional hydrodynamic
simulations for the evolution of an initially cylindrical
distribution of gas in the inner nuclear bulge, using
mass loss rates associated with specific PN evolutionary
phases.

2. GAS REPLENISHMENT IN THE
INNER NUCLEAR BULGE

A fraction of the gas from the Galactic disk falls to
the central region of the Galaxy due to the asymmetric
gravitational potential of the Galactic bar. Inwardly
moving gas particles stop and accumulate to form the
CMZ at 100–200 pc from the Galactic center. Morris &
Serabyn (1996) assert that star formation has sustained
in the CMZ throughout the lifetime of the Galaxy and
stars formed there have diffused further inward to form
a ‘r−2 stellar cusp’,2 or a nuclear stellar disk (Launhardt
et al. 2002).

Stars that migrate to the inner nuclear bulge re-
plenish most of their gas back to the interstellar space in
the form of winds, thermal pulsations, or PNe. However,
terminal wind velocities of massive stars may exceed
1,000 km/s, and winds with such high velocities can es-
cape from the inner nuclear bulge (the velocity required
for a point mass to reach rg = 200 pc from rg = 50 pc is
230 km/s, where rg is the 3-dimensional Galactocentric
radius). On the other hand, when considering the whole
stellar mass spectrum, a considerable amount of the
total initial stellar mass is lost during and before the
PN phase and the typical expansion velocity of AGB
stars that evolve into PNe is only ∼40 km/s (Jacob et
al. 2013). For these reasons, we will calculate the stellar
mass loss rate throughout the AGB/PN phase3 and use
it as the lower limit of the gas replenishment rate in the
inner nuclear bulge.

2Launhardt et al. (2002) find that the density slope of this cusp is
about −2 only for the central ∼30 pc and is shallower at larger
radii.

3The AGB and PN phases of stars that eventually evolve into
PNe and white dwarfs.

Figure 1. Stellar mass loss rates for a constant SFR of
0.1M�/yr for the whole lifetime of the Milky Way as a
function of the Galaxy’s age. The solid line indicates the
total stellar mass loss rate from all stars, the dashed line
marks the mass loss rate during the AGB/PN phase from
the stars that eventually evolve into PNe and white dwarfs.

To estimate the current stellar mass loss rate, one
needs information on the star formation history (SFR),
initial mass function (IMF), and stellar evolution model.
For the SFR, we assume continuous star formation in the
CMZ at a constant rate and adopt 0.1M�/yr (Kruijssen
et al. 2014). We implement the Kroupa (2002) multi-
part power-law model for the IMF, and the Hurley et
al. (2000) model for stellar evolution. When considering
a constant SFR of 0.1M�/yr over 12 Gyrs, we obtain
1.1 × 109 M� for the current total mass of stars; this
value is comparable to the estimated mass within the
central hundred parsec of the GC (Launhardt et al.
2002).

We synthesize stellar populations of ages from 0 to
the assumed age of the Milky Way, 12 Gyrs, and inte-
grate the stellar mass loss rate over all ages and initial
masses. We find the total mass loss rate of the whole
stellar population at 12 Gyrs to be 6.2 × 10−3 M�/yr,
and the AGB/PN-phase mass loss rate of the whole stel-
lar population at 12 Gyrs to be 4.9 × 10−3 M�/yr. We
also find that the AGN/PN-phase mass loss rate does
not vary significantly during a Galactic age between 3
and 12 Gyrs (see Figure 1). We adopt 5 × 10−3 M�/yr
as our canonical value for the gas replenishment rate in
the inner nuclear bulge.

3. SIMULATION SETUP

We perform 3-dimensional hydrodynamic simulations of
the evolution of the gas distribution that originates from
the gas supply during the AGB/PN phase in the inner
nuclear bulge of a Milky Way-like galaxy. We use the
parallel N-body/SPH code GADGET-3 (Springel 2005)
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and adopt numerical schemes developed to consider star
formation, gas cooling and heating, and supernova feed-
back by Shin et al. (2014, 2017). The cooling function
for gas by Spaans & Norman (1997) is implemented
using a solar metallicity and initial temperature 104 K.
The standard radiation strength used in our simulations
is 100 G0.

The gravitational potential of our galactic model
includes a supermassive black hole with a mass of 4 ×
106 M� (Boehle et al. 2016), a nuclear star cluster that
dominates the enclosed mass inside rg = ∼10 pc as
modeled by Merritt (2010), oblate versions of the nuclear
stellar disk and galactic bulge as modeled by Rodriguez-
Fernandez & Combes (2008), and a Miyamoto-Nagai
model for the galactic disk with a total mass of 4 ×
1010 M� and scale length and height of 3.5 kpc and
400 pc, respectively. We impose a softening length
of 0.2 pc for the supermassive black hole to prevent
unnecessarily small time steps.

Our simulations consider two different ways of sup-
plying gas to the inner nuclear bulge, expressed here
as two separate stages of our investigation. In the first
stage, all gas particles are present from the beginning of
the simulation; in the second stage, simulations begin
without pre-existing gas particles which are created at
a constant rate after the simulation starts. First-stage
simulations are technically simpler and more straight-
forward, but they are less realistic and can be regarded
as a test stage.

In the first stage, the standard initial parameters
of our simulations are 104 gas particles, a total mass of
105 M�, and a softening length of 0.3 pc. For the initial
position and velocity distributions of the particles, we
first create a self-consistent sphere with a desired density
profile and isotropic velocity dispersion. Then, to obtain
an initial cylindrical configuration, we remove particles
that have a maximum 2-dimensional radial distance
along the Galactic plane from the Galactic center larger
than 180 pc and a maximum vertical deviation from
the Galactic plane larger than 65 pc while being phase-
mixed before the simulation. We impose a density profile
of r−1

g (we use a density slope of −1 here because the
observed density slope between rg = 20 and 100 pc is
closer to −1 than −2; see, for example, Figure 14 of
Launhardt et al. 2002).

We adopt a cylindrical configuration for the initial
gas distribution because the interstellar gas considered
here is from intermediate-age stars in the inner nuclear
bulge, and the dominant portion of stars in this region
are thought to have formed in the CMZ (Morris &
Serabyn 1996). The CMZ is a rotating ring-like structure
and the stars formed there are expected to diffuse mostly
inward and vertically (Kim & Morris 2001) to form a
cylinder-like structure. Indeed, the intermediate-age
stars in the inner nuclear bulge observed by Schönrich et
al. (2015) have a rectangular projected distribution on
the sky with vertical and radial extents of rg ∼ 50 pc and
∼ 150 pc, respectively. Likewise, the stellar population
migrating inward and vertically from the CMZ must
have some memory of orbital revolution; hence we adopt

an initially rotating gas structure by enforcing 85%,
instead of 50%, of gas particles to have the same sense
of rotation as the Milky Way when projected onto the
Galactic plane. This is achieved by flipping the sense of
rotation for 70% of the particles that rotate retrograde.

For the second stage, we modified Gadget-3 to in-
troduce new gas particles periodically throughout the
simulation. In our standard second-stage simulation,
new gas particles are added at a rate of 5× 10−3 M�/yr
every ∼0.15 Myr, following the spatial and velocity dis-
tributions described above for the first-stage simulations.
The mean mass of gas particles starts at ∼2.5M� and
steadily increases as simulations progress because we
increase the mass of existing gas particles, instead of cre-
ating a new gas particle, when said particles are within a
certain distance (10–30 pc) from the position to where a
new gas particle is to be added.4 The gas replenishment
rate of 5×10−3 M�/yr reflects the AGN/PN-phase mass
loss rate calculated for the whole stellar population in
the inner nuclear bulge in Section 2.

4. SIMULATION RESULTS

Figure 2 shows the evolution of the gas distribution over
500 Myr in our standard first-stage simulation. The
initial cylindrical structure flattens rapidly (within 3–
5 Myrs) and a planar disk-like structure forms in the x-y
plane. The planar structure is a result of the velocity
dispersion of the gas particles, which originates from the
velocity dispersion of the stars that replenish gas to the
inner nuclear bulge, and the overall rotation in the initial
gas distribution about the axis perpendicular to the
Galactic plane. Any velocity difference between adjacent
gas particles (or clumps) causes viscosity that reduces
the bulk speed of gas, and this provokes gas particles
to fall deeper into the Galactic potential. However, the
overall angular momentum of the initial gas distribution
causes the predominant inward migration of gas particles
to occur vertically to the Galactic plane, which induces
a planar configuration.

The vertical and radial extents of the disk-like struc-
ture approach an equilibrium after T = 300 Myr. Stars
are formed in this structure at an SFR of order of
10−5 M�/yr, which is three to four orders of magnitude
lower than that in the CMZ. The surface gas density
in this structure, ∼10M�/pc2, is lower than that of
the major ring in the CMZ, 30M�/pc2 (Kruijssen et
al. 2014). We perform additional simulations with a
larger total initial mass (5×105 M�), smaller and larger
softening lengths (0.1 and 1 pc), and a weaker degree
of rotation (65 % of gas particles have the same sense
of rotation) compared with our standard parameters.
Nonetheless, the evolutionary aspects of gas distribu-
tions in these simulations are qualitatively similar to
our standard simulation.

The gravitational potential becomes steeper at
rg < 10 pc due to the presence of the nuclear stel-

4The adopted particle addition time step (∼0.15 Myr) and dis-
tance criterion (10–30 pc) were practically the smallest accept-
able values in terms of the wall-clock duration spent for the
simulation.
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Figure 2. Surface density maps of gas particles from the standard first-stage simulation at T = 0, 100, 250, and 500 Myr. The
color bar indicates the logarithmic column density in units of M�/pc2.

lar cluster, hence a small number of gas particles is
found inside rg = 10 pc after T∼100 Myr. A further
infall of gas below 10 pc requires a loss of kinetic energy
larger than that caused by the viscosity between gas
clouds at different radii, which is inherently considered
in hydrodynamic simulations like ours. Morris & Ser-
abyn (1996) suggest several orbital energy loss processes
aside from hydrodynamic viscosity, and among them,
dynamical friction and magnetic viscosity are relevant
to the region near rg = 10 pc. Additionally, we suggest
the interaction between the inner boundary of the gas
disk near rg = 10 pc and strong stellar winds from the
central 1 pc or explosive events (supernova explosions)
in the CND region as an additional orbital energy loss
process. However, the further evolution of gas clouds
near and below rg = 10 pc is beyond the scope of the
present study.

Our first-stage simulations clearly show that rotat-
ing, oblate distributions of gas particles in the inner
nuclear bulge quickly evolve into highly flattened disky
structures, where clumps can easily develop and infall
to the vicinity of the CND. However, a shortcoming
of our first-stage simulations is that gas particles are
supplied to the simulation arena only at the beginning of
simulations, whereas in reality, material is continuously
supplied to the interstellar space by stars.

In the second stage, we simulate the evolution of gas
that is constantly supplied to the inner nuclear bulge.
Figure 3 shows the evolution of the gas distribution
in the standard second-stage simulation over 300 Myr.
The simulation initially starts with no gas, hence the

first snapshot in Figure 3 is for T = 10 Myr. The
total amount of gas in the simulation arena gradually
increases as the simulation proceeds. As in the first-
stage simulations, a disky structure quickly forms, but
the constant gas replenishment prevents its radial extent
from gradually decreasing. The total gas mass in the
disk steadily increases and does not reach an equilibrium
until the end of simulation, but the SFR in the gas disk
reaches an equilibrium value of ∼2 × 10−3 M�/yr after
T = 200 Myr, which is ∼30 times higher than that in
the standard first-stage simulation but still 1 to 2 orders
of magnitude lower than the observed SFR in the CMZ.
As in the first-stage simulation, the gas particles in the
second-stage simulation can easily reach rg = 10 pc,
close to the CND.

There are two parameters controlling gas replenish-
ment in our simulations: one controls how often new
gas particles are added, the other controls how far the
nearest gas particle must be in order to create a new
gas particle instead of adding mass to existing gas parti-
cles. We varied these two parameters and the softening
length but found that the simulation results are generally
consistent to our standard second-stage simulation. Fur-
thermore, we conclude that regardless if we implement
continuous gas replenishment or not, the mass loss from
stars in the inner nuclear bulge will form a low-density
(relatively to the CMZ) gas disk in the Galactic plane
with an inner boundary very close to the CND.

We note that the flattening timescale (few Myr)
seen in our simulations may be too short to be realis-
tic. Our simulations have 10,000–600,000 gas particles
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Figure 3. Surface density maps of gas particles from the standard second-stage simulation at T = 10, 50, 100, and 300 Myr.
The color bar indicates the logarithmic column density in units of M�/pc2.

outside the Galactic plane (vertical heights larger than
10 pc), but these numbers are not large enough to accu-
rately describe detailed interactions between gas shells
expanding (leaving) from thousands of stars during the
AGB/PN phase at a given time. Although unrealistic,
a large enough simulation that can trace the evolution
of individual gas shells in the inner nuclear bulge may
result in a longer flattening timescale, because a smaller
portion of gas would collide and sink to the Galactic
plane during a given time period. However, a replen-
ished gas flow (or shell) will eventually meet another
gas flow with a significantly different velocity vector
(mostly in the vertical direction), loses orbital energy
and sinks to the Galactic plane. Once a gas disk forms
along the Galactic plane in the inner nuclear bulge, any
gas flow with a considerable vertical orbital motion will
collide with the gas disk within one orbit and quickly
merge into the gas disk. To summarize, the flattening
of the gas distribution in our simulations may occur
more rapidly than what really happened in the inner
nuclear bulge during the early phase of the Milky Way,
but we expect that the eventual gas distribution found
in our simulations provides a realistic description of the
inner nuclear region for a major part of the Milky Way’s
lifetime.

5. CONCLUSIONS AND DISCUSSION

We have explored the plausibility of a mechanism that
can deliver gas in the CMZ down to the CND area: diffu-
sive inward migration of stars formed in the CMZ to the
inner nuclear bulge, stellar mass loss from those stars

(mainly during the AGN/PN phase), and formation of a
gaseous disk whose inner boundary is at rg∼10 pc. Since
the star formation in the CMZ is thought to have contin-
ued over the lifetime of the Milky Way, this mechanism
is also expected to work continuously.

Some Galactic potential models may induce direct
infall of gas from the CMZ down to the CND, but con-
sidering the relative radial extents of these two features,
with the CMZ being ∼20 times more extended, direct
infall is thought to be highly potential-dependent. Our
new mechanism does not depend on the detailed gravi-
tational potential of the Milky Way or any galaxy.

We have shown that the gas replenishment rate
via stellar mass loss in the inner nuclear bulge (central
∼100 pc area of the GC) is at least 5 × 10−3 M�/yr.
Through 3-dimensional hydrodynamic simulations, we
have shown that the majority of ejected gas from evolved
stars eventually becomes a part of a low-density gas disk
in the inner nuclear bulge.

Morris & Serabyn (1996) describe plausible mecha-
nisms (dynamical friction and magnetic viscosity) that
allow the gas clouds formed in the GC to migrate further
inwards into the CND region. We infer that a further
inward supply of gas below rg = 10 pc occurs due to the
interaction between the inner boundary of the gas disk
obtained in our simulations and energetic events, such
as supernova explosions and strong stellar winds from
the CND and central parsec region.

The actual distribution of material between the
CND (rg = 2–7 pc) and the CMZ (rg = 100–200 pc)
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is highly uncertain because it is difficult to estimate
the line-of-sight distance of gas observed in the GC.
However, there are a few molecular structures that are
thought to reside in this region: the 20 km/s cloud,
the 50 km/s cloud, the Molecular Ridge, and the West-
ern Streamer (e.g., Herrnstein & Ho 2005, Minh et al.
2013, Hsieh et al. 2017, and Armijos-Abendaño et al.
2019). Our simulation results are consistent with the
observed gas structures because the gas clumps which
form within the gas disk of our simulations can manifest
as such structures. Energetic events, such as supernova
explosions and strong stellar winds in the CND and
the central parsec region, will disturb the orbital mo-
tions of gas clumps near the inner boundary of the gas
disk seen in our simulations and may induce further
infall of gas material down to the CND area (i.e., below
rg = 10 pc). We plan to investigate this possibility with
hydrodynamic simulations in the future.

A recent simulation study suggests that some of
the gas in the CMZ can directly fall to the central 50 pc
region of the Galaxy, even without the presence of a
secondary bar. The simulation by Tress et al. (2020)
shows that the inclusion of gas self-gravity and a sub-grid
prescription for supernova feedback can induce gas inflow
below rg = 50 pc at a rate of ∼ 0.03M�/yr. However,
the mass inflow rate below rg = 50 may strongly depend
on the details of their prescription for supernova feedback
and the adopted Galaxy potential model. It is not clear
whether such mass inflow, owing to the gas self-gravity
and supernova feedback in the inner nuclear bulge and
the CMZ, is significant throughout the whole lifetime of
the Milky Way.
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