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ABSTRACT

We use a dynamical model of galactic fountain to study the neutral extraplanar gas (EPG) in the nearby spiral galaxy NGC 2403.
We have modelled the EPG as a combination of material ejected from the disc by stellar feedback (i.e. galactic fountain) and gas
accreting from the inner circumgalactic medium (CGM). This accretion is expected to occur because of cooling/condensation
of the hot CGM (corona) triggered by the fountain. Our dynamical model reproduces the distribution and kinematics of the EPG
HT1 emission in NGC 2403 remarkably well and suggests a total EPG mass of 4.7“:(1):% x 108 My, with a typical scale height
of around 1kpc and a vertical gradient of the rotation velocity of —10.0 & 2.7 kms~! kpc™!. The best-fitting model requires
a characteristic outflow velocity of 50 = 10kms~!. The outflowing gas starts out mostly ionized and only becomes neutral
later in the trajectory. The accretion rate from the condensation of the inner hot CGM inferred by the model is 0.8 Mg yr~!,
approximately equal to the star-formation rate in this galaxy (0.6 Mg yr—!). We show that the accretion profile, which peaks at a
radius of about 4.5 kpc, predicts a disc growth rate compatible with the observed value. Our results indicate that fountain-driven
corona condensation is a likely mechanism to sustain star formation, as well as the disc inside-out growth in local disc galaxies.

Key words: ISM: kinematics and dynamics —ISM: structure — galaxies: evolution — galaxies: haloes — galaxies: ISM — galaxies:

intergalactic medium.

1 INTRODUCTION

Nearby spiral galaxies have been forming stars, across their lifetimes,
at an approximately constant or gently declining rate, despite the
fact that the gas in their interstellar medium (ISM) would, without
replenishment, be consumed in a few Gyr (Aumer & Binney 2009;
Tacconi et al. 2018). An external gas reservoir is therefore needed
from which galaxies accrete gas at a rate compatible with their
SFR (e.g. Fraternali & Tomassetti 2012). Gas-rich mergers are not
providing a sufficient contribution, at least in the local Universe
(Sancisi et al. 2008; Di Teodoro & Fraternali 2014). Therefore the
majority of the accretion must come from the diffuse gas that resides
outside galaxies.

The multiphase circumgalactic medium (CGM) is expected to
host a significant fraction of the baryons associated with dark matter
halos in normal spiral galaxies (e.g. Crain et al. 2007; Tumlinson
et al. 2011; Li et al. 2018), which makes it the most probable
gas reservoir eligible for accretion. A prominent component of the
CGM is hot gas (T ~ 10°~7 K) in the form of a diffuse ‘corona’ at
nearly the virial temperature and in nearly hydrostatic equilibrium
with the dark matter potential (e.g. White & Frenk 1991; Pezzulli,
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Fraternali & Binney 2017). Galactic coronae are thought to surround
galaxies and to be extended to their virial radii (Fukugita & Peebles
2006; Faerman, Sternberg & McKee 2020). Direct detection of
the hot coronae in X-rays is limited to the innermost few tens
of kpc in massive galaxies with stellar mass beyond 10'' M
(e.g. Anderson & Bregman 2011; Walker, Bagchi & Fabian 2015;
Anderson, Churazov & Bregman 2016), while indirect evidence of
their presence extends further (e.g. Gatto et al. 2013; Putman et al.
2021). Cool CGM (T ~ 10* K) gas has also been detected, mostly in
absorption along quasar sightlines, in several studies (e.g. Heckman
et al. 2017; Rubin et al. 2018; Zahedy et al. 2019). Like the hot
corona, also these cool absorbers extend to large distances (up to
and sometimes beyond the virial radius) and their origin and fate
remain debated (Rubin et al. 2010; Schroetter et al. 2019; Pointon
et al. 2019; Afruni, Fraternali & Pezzulli 2021).

Although gas accretion from the CGM is crucial to feed star
formation (Hopkins, McClure-Griffiths & Gaensler 2008; Sancisi
et al. 2008; Keres et al. 2009), how precisely it takes place is still
unknown. One possible accretion scenario is that cold filaments reach
the outer disc (Lagos et al. 2017; El-Badry et al. 2018; Trapp et al.
2022) and are transported into the inner star-forming regions via
radial motions, although Di Teodoro & Peek (2021) found that radial
inflows in nearby galaxies alone could not sustain the star-formation
rates. Other possible mechanisms include cold gas filaments directly
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feeding the inner regions of a galaxy or the cooling of the hot
corona (Keres$ et al. 2005; Nelson et al. 2013; Voit et al. 2015).
The spontaneous cooling of the corona via thermal instability is still
under debate as a number of works suggest that the combination
of buoyancy and thermal conduction can suppress the growth of
thermal perturbations (e.g. Binney, Nipoti & Fraternali 2009; Nipoti
2010; Joung, Bryan & Putman 2012). Some authors have proposed
that coronal condensation could be triggered by the ejection of
gas from the disc due to stellar feedback, such as in supernova-
powered superbubbles (Fraternali 2017, and references therein). In
this scenario, the cooling of the hot gas is due to the mixing with the
cool gas ejected from the disc and occurs within the fountain cycle.
This process can be detected in high-quality data as it leaves a mark
in the kinematics of the ejected disc gas (Fraternali & Binney 2008;
Marasco, Fraternali & Binney 2012).

To gain insight into the gas exchange processes between the
disc and the inner hot CGM, one must focus on the disc-halo
interface region. Deep H I observations have shown that disc galaxies,
including the Milky Way, are surrounded by a neutral gas layer
extending up to a few kpcs from their disc planes (e.g. Wakker 2001;
Sancisi et al. 2008; Hess et al. 2009; Marasco & Fraternali 2011).
This gas layer, known as extraplanar gas (EPG), is nearly ubiquitous
in late-type galaxies and has a mass of 10-30 per cent of the mass
of the H1 in the disc (Marasco et al. 2019). The kinematics of the
EPG is primarily characterized by differential rotation, similar to
the disc, but with a negative rotational gradient (lag) ranging from
—10 to —20km s~ kpc~! in the vertical direction (e.g. Oosterloo,
Fraternali & Sancisi 2007; Zschaechner et al. 2011). Non-circular
motions, especially large-scale inflows are also often found (e.g.
Fraternali et al. 2002; Barbieri et al. 2005; Marasco et al. 2019).
Ionized EPG has also been detected, both in the Milky Way (Dettmar
1990; Lehner et al. 2012, 2022) and in several other galaxies (Heald
et al. 2005; Levy et al. 2019), with similar kinematics as the neutral
EPG (Kamphuis et al. 2007; Li et al. 2021; Marasco et al. 2022).

The similarity between EPG and disc kinematics strongly suggests
that EPG originates mostly from the disc, very likely pushed out of
the plane due to stellar feedback and pulled back by gravity. This
phenomenon is also known as ‘galactic fountain’ (Shapiro & Field
1976; Bregman 1980). Fraternali & Binney (2006, hereafter FB06)
built ballistic models of galactic fountain flows, which successfully
reproduced many of the observed properties of the EPG in the two
nearby galaxies NGC 891 and NGC 2403. It is worth noticing
that ballistic models also describe very well the properties of the
warm gas (neutral and ionized) in the hydrodynamical TIGRESS
simulations (Vijayan et al. 2020). However, a pure fountain model
failed to reproduce the net inward flow (instead, an outward flow
was predicted) and underestimated the rotation lag compared to the
observed EPG in NGC 891 and NGC 2403. Fraternali & Binney
(2008, hereafter FB0O8) mitigated these issues by introducing an
external factor that could lower the angular momentum of fountain
gas: accretion from the ambient gas. Although initially introduced
to reproduce the kinematics of the EPG, the net inflow rate derived
from this model turned out to be consistent with the SFR of the two
galaxies, suggesting that the accretion triggered by the fountain cycle
could be a viable mechanism to maintain the star-formation activity.

An unsolved issue of the earlier fountain-driven accretion scenario
was the source of the accretion. This has been explored by Marinacci
et al. (2010) with hydrodynamical simulations. Their simulations of
fountain gas clouds interacting with the hot corona indicated that
the corona was a possible accretion source. During the interaction
process, part of the fountain gas is stripped and mixed with the hot
gas. The mixture has a typical temperature of T ~ 10° K, where the
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cooling function peaks, and also higher metallicity and density than
the hot corona. As a consequence, the cooling time is reduced to a
value shorter than the travel time of fountain gas. This result has been
confirmed by other simulations with increasing levels of complexity
(Armillotta, Fraternali & Marinacci 2016; Gronke & Oh 2018;
Kooij, Grgnnow & Fraternali 2021). Some studies have upgraded the
approach of FBOS, taking into account the results of hydrodynamical
simulations, using physical properties of the EPG and the hot corona
as adjustable parameters, and managed to reproduce the phase-space
distribution of both neutral and ionized EPG in the disc—halo interface
of Milky Way remarkably well (Marasco, Marinacci & Fraternali
2013; Fraternali et al. 2013; Marasco et al. 2012, hereafter M12).
The best-fitting model predicted a net inflow rate which is consistent
with the SFR of the Milky Way.

The aforementioned studies strongly suggest that fountain-driven
accretion takes place in the Milky Way and provides a promising
explanation for how galaxies like our own can sustain their star
formation with time. However, so far the Milky Way remains the only
galaxy for which a state-of-the-art model of the galactic fountain
has been applied to the observations using a parametric fitting
methodology, which is required to robustly characterize the fountain
flow and to quantify the properties of the accreting gas. The earlier
models in FBO8 did not statistically explore the parameter space,
and furthermore, did not include the condensation of the corona,
since hydrodynamical simulations were not available by then. In
this paper, we revisit this by applying our state-of-the-art fountain
model to NGC 2403, using high-quality H1 data (with a beam size
of 30" x 29"and an rms-noise of 0.19 mJy beam~') from Fraternali
et al. (2002), which were later included in the HALOGAS survey
(Heald et al. 2011). Table 1 summarizes the main physical properties
of NGC 2403.

In Section 2, we provide a description of our dynamical model of
the galactic fountain. In Section 3, we discuss the customization we
have made to implement the model for the case of NGC 2403. In
Section 4, we present the modelling results. In Section 5, we discuss
the reliability of our results and possible implications. We summarize
our analysis in Section 6.

2 THE MODEL

In this Section, we describe the main ingredients of our model and
discuss its main free parameters. Further details can be found in
FBO06, FB0S, and M12. We consider two different types of models:
a ‘pure fountain’ ballistic model and a ‘fountain + corona accretion’
model which takes the interaction of fountain clouds with the hot
coronal gas into consideration. In both scenarios, the models have a
quasi-stationary state and are axisymmetric. The neutral EPG in the
disc-halo interface region is modelled as a collection of clouds that
are ejected from the disc at different radii with a given distribution of
initial velocities and angles, and whose orbits are then integrated in
time and followed across the halo region until they return to the disc.

Since galactic fountains are powered by stellar feedback, we
assume that the amount of gas ejected from each location in the
disc is proportional to the SFR surface density at that radius. In
practice, we incorporate this assumption by assigning, to each of our
modelled clouds, a weight proportional to the SFR surface density at
the ejection radius. This weight is then factored in when creating the
mock data cube to be compared with observations (see also further
explanations below).

In our pure fountain ballistic models, the trajectories of the
fountain clouds are integrated using a numerical approximation of
the galaxy gravitational potential, derived as described in Section 3.1.
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Table 1. Galaxy properties.

Galaxy name RA Declination PA Inclination Distance ~ Hubble Type Mg M, MHr, EPG SFR
[°] [°] [Mpc] [10°Mo]  [10°Mp]  [Mpyr']

(1 2 (3) (€] (5) (6) ) (3) © (10) (11)

NGC 2403 07"36M5154 +65°36'0972  124.6 62.5 3.2 SAcd —19.68 71.9 5.9 0.6

Columns: (1) Galaxy name. (2)—(3): Coordinates (J2000). (4)—(5): Position-angle and inclination. (6) Distance. (7) Hubble type. (8) Absolute magnitude in the
B-band. (9) Stellar mass (see Pezzulli et al. 2015). (10) Total mass of HI EPG. (11) Total star-formation rate of the galaxy. Values in this table are taken from

Marasco et al. (2019) unless otherwise mentioned.

For fountain + corona accretion models, hydrodynamical forces
due to the interaction between the clouds and the hot corona are
parametrized in simple forms described in Section 2.3.

The positions and velocities of the clouds along their orbits are
recorded at each time-step (0.3 Myr), projected along the line-of-
sight of the observer, weighted by the local SFR surface density
at the ejection radius and transferred into a synthetic data cube,
which is then adapted to a specific galaxy (NGC 2403 in our case) by
assuming a distance, inclination (INCL), and position angle (PA), and
using the same observational setup (beam shape, spectral resolution,
pixel size, etc.) of the data under consideration. The outcome of
the dynamical model is therefore a synthetic data cube which can be
directly compared with the observational H 1 data of our target galaxy.

Construction of the model involves several parameters but we
will focus preferentially on three (for pure fountain models) or four
(only for fountain + corona accretion models) that regulate the initial
outflow speed of the clouds, their neutral gas fraction, the EPG total
mass and, for models that include interaction with the corona, an
additional parameter that regulates the condensation efficiency. Later
we discuss these parameters in detail. Other ingredients are fixed by
the observations, in particular the galaxy potential (which affects the
trajectory of the cloud) and the SFR surface-density profile (which
regulates the ejection rate), as described in Section 3.

2.1 Outflow velocity

Fountain clouds are initially located within the galaxy disc and rotate
at the circular speed set by our gravitational potential.! Each cloud
receives a ‘kick’ with a velocity vy at certain angles 6, which is
defined as the angle between the velocity vector and the direction
normal to the disc plane. The probability distribution of the ejection
as a function of vy and 6 (assuming a uniform probability in the
azimuthal direction) follows FBO6 and is given by

v?
P(vg, 0) o exp (—M) s (D

where £, is the characteristic velocity, and I" determines the level of
collimation of the ejected clouds. Larger values of 4, increase the
probability that a cloud is kicked at high speed. The larger I', the
more collimated the ejection. FBO6 have tested models with different
values for I' and found that more collimated ejections agree better
with the data. We have therefore fixed I' = 10 (highly collimated).
The outflow velocity of a cloud affects the maximum height and the
trajectory of the orbit and therefore influences the final model. We,
therefore, let the characteristic velocity &, be a free parameter with

'They also feature an additional velocity component, with an amplitude
randomly extracted from a Gaussian distribution with rms of 8kms~! and
a random (isotropic) direction, to simulate the typical velocity dispersion of
the neutral ISM (Torio et al. 2017; Bacchini et al. 2019; Mancera Pifia et al.
2021).

a flat prior in the range 40-100 km s~'. This range covers the typical
characteristic ejection speeds of the warm gas in high-resolution
hydrodynamical simulations of galactic fountains (Kim & Ostriker
2018). It also agrees with theoretical estimates of the typical blow-out
speed of individual superbubbles (e.g. Mac Low & McCray 1988;
Keller et al. 2014).

2.2 Phase change

Previous studies have found that the neutral EPG in some spiral
galaxies (including the Milky Way) shows a tentative preference for
vertical inflow (e.g. Marasco et al. 2019; French et al. 2021), which
can be interpreted as due to a change of phase during the fountain
cloud orbit: gas is largely ionized when ejected from the star-forming
region of the disc but later recombines and becomes visible in H1
at some point during its trajectory. To account for this effect in our
model, we assume that a cloud is only visible in the H1 phase when

vz(t) < vz,O(l - fion)s (2)

where v, is the vertical velocity (i.e. in the direction perpendicular
to the disc) of the cloud, v, ¢ is the vertical component of the initial
outflow velocity and f,o, is the ionization fraction parameter, which
we set as a free parameter with a flat prior and varies from zero to
one. When fio, equals zero, the cloud is visible in the whole orbit,
while when fi,, equals one, the cloud is only visible when v, < 0
(i.e. the descending stage).

2.3 Interaction with the corona

In our model, the hot corona is modelled as a smooth, volume-
filling gas layer that rotates at a lower speed than the disc, which is
justified on both observational (Hodges-Kluck, Miller & Bregman
2016) and theoretical (Pezzulli et al. 2017) grounds. We assume
that the corona maintains a temperature of ~10° K, which implicitly
implies some heating by either supernova feedback (e.g. Stinson et al.
2013) or active galactic nucleus feedback (for galaxies with ongoing
AGN activities; e.g. Ciotti & Ostriker 2012). The condensation and
accretion of the hot corona is triggered by the cool (T ~ 10*K)
fountain clouds ejected from the disc, which mix efficiently with the
former and produce a mixture at 7 ~ 10° K, dramatically reducing
the cooling time of the hot corona. The earlier processes have been
investigated in the hydrodynamical simulations of cloud—corona
interactions (Marinacci et al. 2010). A follow-up analysis (Marinacci
et al. 2011) indicate that there is a net transfer of momentum
from the fountain to the corona until the relative velocity between
these two, vy, reaches a certain threshold vg,.s. Marinacci et al.
(2011) suggested vyes &~ 75kms™! for initial conditions valid for
the Milky Way but pointed out that vy can vary in the range
45-105kms~' (see also Fraternali 2017). As soon as v, becomes
smaller than this threshold v s, the net momentum transfer ceases
as the condensation of corona recaptures angular momentum lost
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by fountain gas. For this reason, we set the azimuthal speed of the
corona to be always lower than the local circular speed v. by vres,
and in this case, v, — 75kms~!. In Section 5.1 we explore models
with different value of vy, corresponding to different rotational
speeds for the coronal gas.

In the earlier scenario, the cloud acceleration due to interaction
with the corona is defined as

Meioud Urel — OVrel, Vrel = Uthres

—Urel,

3

_ CphotOcioud (Vrel =Vthres)
]:V =
Urel < Uthres,

where vy is the cloud-corona relative velocity vector, v is the
modulus of Ve, Mcjoud» and ocouq are the mass and the cross-
section of the cloud (defined as rerloud, with R.ouq the radius of
the cloud), pno is the density of the corona, C is a dimensionless
constant of order unity (in our model C = 1) to account for the
geometry of the cloud, and « is the condensation rate of the coronal
gas onto the cloud, such that the mass of the cloud Mjo,q grows with
time as Mjouq = & Mjoua. We assume a corona density of 1073 cm™3,
a cloud radius of 100 pc and an initial mass of 2x 10* M, consistent
with typical values of fountain clouds suggested by observations
(Hsu et al. 2011).

The first term on the right-hand side of equation (3) represents
the drag experienced by the fountain cloud as it moves through the
coronal gas: the cloud speed decreases as long as its velocity stays
above vyyes. The second term is due to the condensation of coronal gas
onto the cloud: as the total mass of the cloud increases, conservation
of the total momentum implies lower velocity (see FB08). We have
also derived the drag time scale f4.g = 724 Myr using equation (6)
in Fraternali (2017), which is larger than the fountain orbit time
(~100 Myr), we therefore expect that drag only has a minor effect.

In fountain + corona accretion models, we let « be a free parameter
with a flat prior in the range o = 0-6 Gyr~".

2.4 EPG mass

The normalization of the HI flux presented in the final galactic
fountain model sets the total H1 EPG mass, which is another free
parameter. We use a fiducial EPG mass of 5.9 x 103My from
Marasco et al. (2019) as an initial guess, but allow the EPG mass to
vary, multiplying the fiducial value by a normalization scaling factor
in the range 0.1-10.

3 IMPLEMENTATION OF THE MODEL

In this section, we describe the gravitational potential and the SFR
surface-density radial profile for NGC 2403, as they are necessary
ingredients to construct our dynamical models. We then describe
how we fit the model parameters to the data.

3.1 The gravitational potential

We use the gravitational potential grid derived by FBO06 for
NGC 2403 without modification. Later we briefly describe how the
potential model is built.

The gravitational potential was derived from an axisymmetric
mass model, which consists of three components: a stellar disc, a
gaseous disc, and an NFW dark matter halo (Navarro, Frenk &
White 1997). FBO6 performed a mass decomposition of the HI
rotation curve of NGC 2403 (Fraternali et al. 2002) using the three
components mentioned earlier. The stellar and the gaseous discs’
density distributions were given by exponential profiles, along both
the radial (R) and the vertical (z) direction. The scale length of the
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Table 2. Mass models for NGC 2403.

(M/L), R, Iy Rgas hgas £0, DM Iy
[kpc]  [kpc]  [kpc]  [kpe]l  [Mokpe™®]  [kpc]

(" () 3) e Q) (©) @)

1.70 2.0 0.4 5.7 0.1 3.1 x 107 4.5

Columns: (1) Mass-to-light ratio in the B-band of the stellar disc. (2)—(3):
Scale length and scale height of the stellar disc. (4)—(5): Scale length and
scale height of the gaseous disc. (6)—(7) Central density and scale radius of
the NFW dark matter halo.

stellar (gaseous) disc R, (Rg,) was derived by fitting an exponential
profile to the stellar (gaseous) surface brightness radial profile. The
scale height of the stellar disc was set to one-fifth of its scale length
(see van der Kruit & Freeman 2011 and references therein), and
the scale height of the gaseous disc was set to 100 pc (typical of
the inner gaseous disc, see Marasco et al. 2017; Bacchini et al.
2019; Mancera Pifia et al. 2022). The mass-to-light ratio of the
stellar disc was derived via the rotation curve decomposition. The
earlier parameters of the mass model are listed in Table 2. Once the
parameters of all components are decided, the galactic potential and
forces are calculated numerically in the (R, z) cylindrical coordinate
system, using a grid with a cell size of 0.1 kpc within R < 25kpc
and z < Skpc, and of 0.5kpc for 25 < R < 100kpc, and 5 < z
< 100 kpc. Potential and forces are determined at any (R, z) via a
bilinear interpolation of these grids (see FB06 for details).

3.2 Star-formation-rate surface-density profiles

In this paper, we directly use the SFR surface-density radial profiles
from previous observations, as opposed to FB06, which used the
Schmidt—Kennicutt law (Kennicutt 1989), and M12, which used
another empirical star-formation law (directly derived from 17
galaxies with known gas and SFR surface densities) to estimate
the SFR.

The SFR surface-density profile of NGC 2403 is mainly taken from
Leroy et al. (2008), which derived the SFR using a combination of far
ultraviolet (FUV) and 24 um data, and is then complemented with
the SFR surface-density profile from Bigiel et al. (2010), which is
derived from FUV data with alower resolution but larger radial extent
compared to Leroy et al. (2008). We refer the readers to Bacchini
et al. (2019), Bacchini et al. (2020) for more details about collecting
SFR data of NGC 2403. Fig. 1 shows the SFR surface-density data
and the interpolated profile (in steps of 0.5 kpc) which we used as an
input for our fountain models.

3.3 Separation of the EPG emission

Before modelling the EPG in the NGC 2403 data cube, we first need
to isolate its emission from the underlying disc and from external
regions (foreground and background emission) that are clearly not
associated with the galaxy. For this purpose, we follow the procedure
described in Marasco et al. (2019).

The emission from regions external to the galaxy is filtered out by
spatially smoothing the data cube by a 2D Gaussian kernel with a full
width half maximum (FWHM) of 645 x 546, which is five times
larger than the spatial resolution of the data, calculating a smoothed
rms noise level, and then sigma-clipping at S/N = 4. This produces
a mask that is applied to the original (not smoothed) data to exclude
the regions external to the main galaxy.

In intermediate-inclination galaxies like NGC 2403, the emission
from the EPG overlaps spatially with that from the regularly rotating
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Figure 1. Star-formation rate surface density versus galactocentric distance
in NGC 2403. Blue dots represent data from Leroy et al. (2008) while orange
points are from Bigiel et al. (2010). The green curve shows the interpolated
profiles with steps of 0.5 kpc and is used as an input for our fountain model.

disc but can be (at least in part) separated from the latter in the
velocity space, provided that the velocity resolution is sufficient.
Here, we employ the disc—EPG separation method introduced by
Fraternali et al. (2002), which works as follows. For any given H1
velocity profile at a certain location in the sky, the disc component
is assumed to be described by a Gaussian profile. The EPG adds a
wing to the profile, which is typically due to the lagging of EPG
and located toward the systemic-velocity side; although wings on
both sides can be seen at some spatial locations across the disc due
to other non-circular (mostly vertical) motions (see also Boomsma
etal. 2008). Despite the disc and EPG profiles are blended together, it
is reasonable to neglect the contribution of the EPG around the peak
of each velocity profile since EPG mass is only a small percentage
(~20 percent for NGC 2403, Marasco et al. 2019) of the total HI
mass. We therefore use the ‘peak’ region to fit the disc emission
by performing a Gaussian fit using only the upper 40 per cent (in
intensity) of the line profile. This Gaussian profile is considered to
be the contribution of emission from the disc component alone. Pixels
with disc emission (estimated from the Gaussian profile) larger than
N times the rms noise are clipped (see Marasco et al. 2019 and Li
etal. 2021 for a more detailed explanation of this methodology). The
scaling factor N is decided empirically as a compromise between
keeping enough EPG emission for the modelling and alleviating the
disc contamination. We set N = 2 for NGC 2403.

Some peculiar features in NGC 2403, in particular, a long filament
of unknown origin (see also de Blok et al. 2014) have also been
manually filtered out (see blank regions in Figs 2 and 3). We discuss
this further in Section 5.1.

After passing through the above mask, only EPG emission and
noise remain in the data cube. We then implement sigma-clipping at
S/N = 2 to mask the random noise. For consistency, the same mask
has also been applied to the model data cube that we describe later.

3.4 Model construction and evaluation

Our EPG models have three or four free parameters: the characteristic
outflow velocity 4, the ionization fraction f,,, the condensation rate
o (for fountain + corona accretion models), and the EPG mass
Mgpg. We build 3D (4D) grids for pure fountain (fountain + corona
accretion) models with &, varying from 40 to 100 km s~! in steps of
10km ™!, fio, varying from 0.0 to 1.0 in steps of 0.2, « varying from

0 to 6Gyr~! in steps of 0.6 Gyr~', and scaling factor of the initial
EPG mass varying from 0.1 to 10 in steps of factor of 10°2. The
ranges and steps of the free parameters are summarized in Table 3.

The best-fitting parameters are estimated by a Bayesian approach.
For each cell in our 3D (4D) parameter grid, we compute the posterior
probability of our model. For a chosen parameter vector x and given
our data D, the posterior probability P is given by

P(x|D) o P(DIx)P(x), “)

where P(D|x) is the likelihood function and P(x) is the prior. The
prior for each parameter is uniform within the parameter space
(uniform in the logarithmic scale for the normalization parameter).
The likelihood function is given by

P(DIx) H exp (_M)

&
n.voxels

oo 3 20-)

n.voxels

= exp[—R(x)/¢], 5)

where M represents the model data cube built from parameter vector
X, € is the uncertainty of the data, and R is the sum of the absolute
residuals between the data and the model, which is defined as the sum
of absolute difference in each pixel: Res = >_|data — model|. Note
that both the model and the data have been masked using the method
described in Section 3.3, that is, the voxels where EPG emission
is detected at more than 20 are considered in the determination of
the residuals. In equation (5), € regulates how rapidly the likelihood
drops when our model deviates from the data. Assuming ¢ equal to the
rms-noise of the data is a poor choice, which leads to very narrow
posterior probability distributions and severely underestimates the
uncertainties in our model parameters. This occurs because our
model is smooth and axisymmetric, and cannot possibly capture the
complexity of the data down to the noise level. Numerical solutions
to this problem can be worked out (see Section 2.5 in Marasco et al.
2019), but in this work, we prefer to set & a posteriori, in a way
that the 20 uncertainty on the derived parameters corresponds to
models that look very different from the data by visual inspection.
In the end, we assume & = 0.38 Jybeam~'. We marginalize the
multidimensional posterior distribution to determine the probability
distribution of individual parameters. Best-fitting values are defined
as the median of these marginalized posterior distributions, and the
uncertainties are taken as half the difference between the 84th and
16th percentiles of the distribution.

4 RESULTS

4.1 Residuals and position-velocity diagrams

In this Section, we show the best-fitting results of the pure fountain
and the fountain + corona accretion models. The 2D marginalized
posterior probability distributions are shown in Appendix A. The
best-fitting values and uncertainties, obtained with the method
described in Section 3.4, are listed in Table 4..

The pv slices of the best-fitting models are compared with the data
in Figs 2 and 3. In general, both the pure fountain and fountain +
corona accretion models recover the EPG emission, but we find that
the former reproduces the data poorly for pv slices parallel to the
minor axis. Instead, the fountain + corona accretion model performs
better in the same locations. This is better shown in Fig. 4, where we
compare the two models for a pv slice parallel to the minor axis with
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Figure 2. Position—velocity (pv) slices from the data (shown in black contours and blue colour scale) and from the best-fitting pure fountain model (red contours);
from outer to inner regions, contour levels are (2, 4, 8, and 16)-o, respectively, and a negative contour -2¢ is shown as the dashed-grey contour. The (irregular)
blank region represents the disc mask and the square blank region represents the manual mask that filters out the irregular filament in NGC 2403. Top panels are

pv slices parallel to the major axis with offsets —4/, —2/, O/, 2/, and 4'. Bottom

panels are pv slices parallel to the minor axis with offsets —4/, —2/, 0,, 2/, and 4.
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Figure 3. As in Fig. 2, but for the best-fitting fountain + corona accretion model of NGC 2403.

Table 3. Free parameters of our galactic fountain model. The third column lists the range explored in our residual

calculations, using a grid size given by the forth colum:
by Marasco et al. (2019) (5.9 x 108 Mo).

n. ¢ a value of 1 corresponds to the EPG mass determined

Parameter Description Range Step Units

hy Characteristic outflow velocity (equation (1)) [40, 100] 10 kms~!

Sfion ITonization fraction during the ascending part of the [0, 1.0] 0.2
orbits(equation (2))

o condensation rate of coronal gas (equation (3)) [0, 6.0] 0.6 Gyr’1

Norm EPG mass scaling factor ¢ [0.1, 10] 1002

an offset 4 from the centre. The best-fitting pure fountain model fails
to reproduce the emission marked out by the red arrow and predicts
extra emission in the blank region marked out by the black arrow.
Instead, the best-fitting fountain + corona accretion model generates
the same asymmetry shown by the data. Previous studies (Fraternali
et al. 2002; Marasco et al. 2019) have shown that this asymmetric
feature can be produced by radial inflows. In a fountain model, EPG
emission shows outward radial flows, but accretion from low-angular
momentum material can invert this trend and produce an inward flow
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(especially evident for clouds ejected from the outer regions of the
disc; Fraternali 2017), which is required to best reproduce the data.

The above visual comparison prefers the fountain + corona
accretion model. This result has been already inferred by FBOS,
but we now have its statistical confirmation using the likelihood
values derived by equation (5). We find — In [P(D|x)] = 232.6 for
the best-fitting pure fountain model, while —In[P(D|x)] = 224.5
for the best-fitting fountain + corona accretion model, as shown in
Table 4. We use the Bayesian information criterion (BIC; Schwarz
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Table 4. The best-fitting values and uncertainties (obtained with the method described in Section 3.4) for our fountain (4 corona

accretion) models of the EPG of NGC 2403.

Model Vthres hy fion o m MEgpg —InL BIC
(kms™']  [kms™'] Gyl Moyl [10°Mg]

(6] @ 3 “ () (6) ) ®) ®

Pure fountain NIA 50410 0.6+02  NA NIA 5913 2326 490.6

Fountain + corona accretion 75 50+10  04+02 2478 0.8%03 47732 245 4829

Fountain + corona accretion 45 50+£10 04707 42+12 11793 47702 2235 4809

We focus on the first two models in this Section and further discuss the third model in Section 5.1. (1) Model type. (2) The velocity
threshold for fountain + corona accretion models. The net transfer of momentum from the fountain to the corona ceases when the
relative velocity between these two decreases below this threshold (see Section 2.3). (3) Characteristic outflow velocity. (4) Ionization
fraction of the fountain gas. (5) Condensation rate of the hot gas. (6) Global accretion rate of the condensed hot gas onto the disc. Note
that this is not a free parameter but a value derived from the best-fitting model. (7) H1 EPG mass. (8) Logarithm of the likelihood values
P(D|x) of the best-fitting models, calculated in equation (5). (9) The BIC values of the best-fitting models, calculated from equation (6).

-1507—= . - - ~150 = oy ;——
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Figure 4. As in Figs 2 and 3, but focusing on the pv slice parallel to the minor axis with offset 4" Left: best-fitting pure fountain model. Right: best-fitting
fountain + corona accretion model. The red arrows mark regions where EPG emission is present in the data and in the fountain + corona accretion model, but
not in the pure fountain model. The black arrows mark out the region where the pure fountain model predicts extra emission with respect to the data, while the

fountain + corona accretion model correctly predicts a lack of emission.

1978) to infer which of the two different scenarios (pure fountain
or fountain + corona accretion) is statistically preferred by the data,
given that they make use of a different number of free parameters.
The BIC is derived as

BIC = —2InL+kInN, (6)

where L is the likelihood of the model (equation (5)), k is the number
of parameters estimated by the model, and N is the number of
independent data points used in the fit. When comparing similar
models with different numbers of free parameters, a model with a
lower BIC is to be preferred, as the BIC penalizes extra parameters
that do not significantly lower the likelihood. The BIC for the pure
fountain model is 490.6 while for the accretion model is 482.9,
indicating that the fountain + corona accretion model is statistically
preferred by BIC.

The earlier results show that the HI EPG of NGC 2403 is consti-
tuted by a combination of material ejected from the disc by stellar
feedback and gas cooling from the inner hot CGM and accreting
onto the disc. This is also consistent with previous indication from
kinematic modelling of the EPG which shows radial and vertical
inflow (Marasco et al. 2019). The best-fitting fountain + corona
accretion model requires an outflow with a characteristic velocity of
50 + 10kms~!, starting out mostly ionized and becoming neutral
when the vertical velocity has been reduced by around 40 per cent.
The inferred H1 total mass of the EPG (4.77)% x 10® M) is similar

to that derived in Marasco etal. (2019) (5.9 x 108 My,). The accretion
rate given by our best-fitting model (0.8f8é Mg yr~!) is compatible
with the star-formation rate of NGC 2403 (0.6 My yr~'; Heald
et al. 2012)?, indicating that the mechanism of fountain-driven gas
accretion can sustain the ongoing star formation in NGC 2403. It
is noteworthy that the values of both outflow speed and accretion
rate found with our statistical analysis are in agreement with those
found by FBOS8 by trial and error. The present analysis, however,
allows us to further our understanding of fountain-driven accretion
in NGC 2403.

4.2 Properties of the EPG layer in NGC 2403

This is the first time that a dynamical fountain model including corona
condensation has been applied to an external galaxy with a statistical
fitting method. The best-fitting fountain + corona accretion model
reproduces most of the EPG features in NGC 2403. Assuming our
model is reliable and correct (see discussion in Section 5.1), we can
therefore extract physical properties of the EPG layer, as well as a
predicted gas accretion profile, from the model.

2This estimate has an uncertainty of around £0.3 dex or better, based on the
algorithm Heald et al. (2012) used to derive the SFR (Kennicutt et al. 2009).
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Figure 5. The scale height of the EPG layer predicted by our best-fitting
fountain + corona accretion model for NGC 2403.

4.2.1 Thickness of the neutral EPG layer

We determine the thickness of the EPG layer in our best-fitting
model by fitting the vertical density profiles at different radii with
exponential functions. Fig. 5 shows the scale height of the EPG in
our best-fitting fountain + corona accretion model as a function of
radius. The scale height is calculated only out to R = 12.5kpc, as
fountain clouds beyond this radius are too rare to provide a reliable
vertical profile. Overall, the thickness of the gas layer increases
slightly with radius, which is what we would expect given that the
gravitational potential is shallower in the outer parts of the galaxy
(we have assumed that £, is constant with radius for simplicity, see
also Section 5.1). This makes the orbits more extended in the outer
region than in the inner region. The flux-weighted average scale
height of our EPG model is 0.93 + 0.003 kpc, compatible with the
scale height derived in the kinematic model in Marasco et al. (2019).
Thus, the EPG layer of NGC 2403 is significantly thicker than its
H1 disc, which has scale height comprised between 100 and 600 pc
(Mancera Pina et al. 2022).

4.2.2 EPG rotational lag

Fig. 6 shows the rotation curves of the EPG layer at different
heights above the disc. These curves are derived from our best-
fitting fountain + corona accretion model by taking the flux-weighted
mean value of the azimuthal velocities of the particles in a given
bin of radius and height. We find that the rotation velocity of
the EPG decreases with height. At R = 5.5kpc (the half-mass
radius of the EPG in NGC 2403), the velocity gradient is around
—10.0 +2.7km s~ kpc~!. This gradient is consistent with the ve-
locity gradient of —11.7 £0.5kms~ ! kpc™' inferred by Marasco
et al. (2019), who modelled the EPG of NGC 2403 with simplified
geometric and kinematic assumptions, and therefore intrinsically
differs from our dynamical model. Our results are also comparable
with the velocity gradient —15 % 0.5 km s~! kpc~! directly measured
in the edge-on galaxy NGC 891.

4.3 Gas flows and accretion in NGC 2403

Fig. 7 shows the inflow and outflow rates as a function of radius
predicted by our best-fitting fountain + corona accretion model. The
shape of the outflow rate profile strictly follows that of the SFR profile
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Figure 6. Rotational velocities for the EPG layer at different heights from
the plane (solid/dashed/dotted lines), compared to the disc rotation curve
(black squares with error bars) given by Fraternali et al. (2002). Velocities
are derived from our best-fitting fountain + corona accretion model by taking
the flux-weighted average of azimuthal velocity vy at given (R, z) locations.

shownin Fig. 1. This is true by construction, as explained in Section 2.
The mass loading factor (defined as the ratio of the mass outflow rate
to the SFR and therefore is proportional to the normalization factor
free parameter in our model) is however a prediction of our model,
and we find a value of around 9.5. The inflow rate at a given radius
is given by the combination of fountain clouds and accreted coronal
particles that fall onto the disc per unit time and area. Since fountain
clouds do not fall back onto the disc at the same radius as they are
ejected and collect additional gas condensed from the corona as they
fall, the inflow rates do not precisely follow the outflow-rate trend
but show a somewhat smoother distribution.

We also present the net flow rate (where inflow is defined as
positive value) as a function of radius in Fig. 7 top panel. The first
evident feature is that the net flow is much lower than both outflow
and inflow across the disc, except for the very outer parts. Also,
except for some fluctuation in the innermost region (within R =
4kpc), the overall tendency is net inflow in the inner region (R <
10.5 kpc, the vertical-dashed line in Fig. 7 top panel) and net outflow
in the outer region. The net inflow is mostly due to condensation
of the hot corona, while the net outflow in the outer region can be
explained by the fact that the interaction between fountain gas and
the corona results in inward orbits for the former: cloud particles are
more likely to fall back to the plane at a radius smaller than their
ejected radius (see fig. 8 in Fraternali 2017).

As we discussed in Section 1, accretion of the CGM onto the disc
is crucial for feeding star formation and is also a key process in the
evolution of a galaxy. The details of this process are however not well
understood. Now with our best-fitting fountain + corona accretion
model, we can predict the accretion rate as a function of radius,
shown in the bottom panel of Fig. 7. Despite star formation being the
origin of the fountain cycle, the fountain-driven accretion rate does
not follow the profile of the SFR surface density (shown in Fig. 1) and
in particular, it is more skewed towards larger radii compared with
the SFR surface-density profile. This is due to a number of effects, the
most important of which is aradially increasing orbital time, which is
in turn a consequence of a varying gravitational potential with radius,
as also discussed in Section 4.2.1. A longer orbital time causes an
increase in the total condensation along a given orbit, even with a
fixed accretion efficiency per unit time (i.e. «), as assumed in our
model. The accretion profile has a well-defined peak at intermediate
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Figure 7. Inflow and outflow rate surface density as a function of radius
predicted by our best-fitting fountain + corona accretion model of NGC 2403.
Top panel: inflow rates (blue bars), outflow rates (black bars), and net flow
rates (red bars: inflow—outflow; positive values indicate net inflow). The
vertical-dashed line at 10.5kpc marks the boundary where the net flow
changes from inflow to outflow. Bottom panel: inflow rate surface density
contributed by corona accretion, the integration of which gives us the global

accretion rate of 0.8 Mg yr—!.

radii and its exact position is determined by an interplay between
a radially declining SFR surface density and a radially increasing
duration of the orbits (see also M12 for the Milky Way).

The gas accretion rate that comes from corona condensation is at
every radius a minor fraction of the overall gas inflow (~ 10 per cent;
see Fig. 7). Compared to the total accretion rate of 0.8 M yr~!, the
total inflow and outflow rates are 6.48 Mg yr~! and 5.69 Mg yr~!,
respectively. Most of the gas inflow occurs as a consequence of the
return to the disc of the gas ejected by the fountain. However, the
fountain cycle by itself does not add any new gas to the disc and
would not help to sustain the star formation. Instead, our model
predicts that the fountain flow ‘captures’ new gas from the corona,
that is, then added everywhere across the disc to sustain the local star
formation. Remarkably, the accretion rate that is needed to reproduce
the seemingly independent kinematics of the EPG in NGC 2403 turns
out to be very similar to the one needed to sustain its star formation.

Opverall, the accretion rate peaks at around 4.5 kpc and the cumu-
lative accretion rate reaches 50 per cent of the total accretion rate
at 6.25kpc. As we mentioned, this distribution is shifted outwards
with respect to the SFR surface-density distribution, which peaks in
the centre of NGC 2403 and reaches 50 percent of the total SFR
at 3.3kpc. The relevance of this difference is further discussed in
Section 5.2.

5 DISCUSSION

5.1 Reliability of the fountain + corona accretion model

In this paper, we have investigated gas accretion as the potential
mechanism to maintain star formation in NGC 2403 and found a
remarkable consistency between the accretion rate predicted by our
model and the SFR. However, accretion is not the only fuelling
mechanism. Several studies have pointed out the importance of stellar
mass-loss in extending gas consumption time scales (e.g. Sandage
1986; Kennicutt, Tamblyn & Congdon 1994) and sustaining star
formation (e.g. Schaye et al. 2010; Leitner & Kravtsov 2011). In par-
ticular, Leitner & Kravtsov (2011, hereafter LK11) has estimated the
current stellar mass-loss rate of NGC 2403 to be 0.5 — 0.79 M, yr~!
(depending on the underlying initial mass function), which seems
to eliminate the need of gas accretion. However, this mass-loss rate
was calculated in LK11 assuming a SFR of 1.3 Mg yr~!, implying
that the stellar mass-loss can sustain at most 60 percent of the
SFR of NGC2403, while at least 40 percent must be due to gas
accretion. Note that the estimation of the mass-loss rate is dependent
on the SFR: a lower SFR would result in a lower mass-loss rate
(although not necessarily in proportion). Overall, we conclude that
gas accretion is still necessary to sustain the SFR in NGC 2403 within
the circumstances explored by the LK11 model.

In Section 4 we explored four free parameters that are crucial
for our EPG dynamical model. However, construction of the model
also involves other parameters and ingredients for which we make
specific choices. Later we discuss the limitations and reliability of
our model.

The gravitational potential of NGC 2403 used in this paper is
generated from a mass model consisting of three components: a
stellar disc, a gaseous disc, and a dark matter halo. The parameters
of the mass model are inferred via rotation curve decomposition
(FB06). Given that the circular velocity generated from the mass
model is consistent with the rotation curve of NGC 2403 (see FB06),
we conclude that the gravitational potential is robust. The only uncer-
tainty is related to the fraction of the stellar disc contribution to the
potential, parametrized by the mass-to-light ratio. The gravitational
potential used in the earlier analysis was based on the maximum-disc
model shown in Table 2. It is however noteworthy that the minimum
disc potential in FBOG6 is in fair agreement with those derived more
recently with more sophisticated methods (Mancera Pifia et al. 2022).
FBO6 have experimented with both maximum disc and minimum disc
potentials and showed that the dynamics of the EPG does not change
significantly.

An assumption of our model is the existence of a uniform
characteristic outflow velocity at all radii, whereas the varying
stellar feedback activities might lead to outflow velocities changing
with radius. Allowing spatial variations in the characteristic outflow
velocity is a potential improvement for this kind of study. This
has been briefly explored in FBO6 to generate specific features in
N2403 (e.g. the filament shown in channel 104.1 kms~! and channel
135.0 kms™' of fig. 14 in FB06) that are otherwise not reproduced.
However, exploring the variation of &, with radius would introduce at
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least one extra free parameter, which would significantly complicate
our exploration of the parameter space. Overall, the global kinematics
of the EPG in NGC 2403 appears to be well reproduced by a constant
characteristic outflow speed across the disc.

In the fountain 4 corona accretion scenario, the acceleration of
fountain gas is directly dictated, besides by gravity, by the velocity
difference between the fountain and the corona. In our model,
we assume a relative azimuthal velocity of 75 kms~! between the
fountain gas and the corona, based on hydrodynamical simulations
(Marinacci et al. 2011). Such a high relative velocity would imply a
rather slowly rotating corona in NGC 2403, given the disc rotation of
around 130 kms~' (FB06). We have therefore tested models with a
lower relative velocity of 45 km s~ that result in nearly identical best-
fitting parameters as in Section 4.1 except for a higher condensation
rate (4.2 & 1.2 Gyr™'), which corresponds to a global accretion rate
of 1.1703 Mg yr~' (the best-fitting results are listed in Table 4).
This higher rate is not surprising. In our model, as a consequence
of condensation, the coronal gas joins the cold/warm phase of the
fountain gas such that the velocity of a single cloud evolves as
a combination (mass-weighted average) of the kinematics of the
two components (cloud and condensed material). If the velocity
difference between these two components is reduced, one needs a
larger accretion rate (more condensed material) to produce the same
effect in the combined kinematics. It is noteworthy that EPG models
built with a lower relative velocity have lower velocity gradients than
what we show in Fig. 6. However, the difference (1.0kms~! kpc™')
is negligible, given that the uncertainty for our measurement is
2.7kms ' kpc~!.

The separation of EPG emission from the data cube is an important
ingredient of our method. The reliability of our strategy for masking
the disc emission has been verified in several previous studies (e.g.
Fraternali et al. 2002; Marasco et al. 2019; Li et al. 2021). We
have tested the robustness of our results by fitting the data without
masking the peculiar HI filament of NGC 2403, finding the same
normalization factor as shown in Table 4, but an /4, of 60kms™', an
fion of 0, a condensation rate of 4.8 Gyr~!, leading to an accretion
rate of 1.28 M yr~! (all parameters are compatible with those of our
fiducial model within the errors.). Thus models with slightly higher
outflow velocities and condensation rates are preferred to account
for the filament in NGC 2403, but the overall validity of our results
is not particularly affected by our masking.

In conclusion, the construction of our dynamical model is robust.
The variation of certain ingredients leads to small changes in the
model best-fitting parameters but does not alter our main conclusion:
the EPG of NGC 2403 is produced by a combination of galactic
fountain clouds and gas accretion from the condensation of the hot
CGM at a rate compatible with the SFR of the galaxy.

5.2 Can the fountain + corona accretion sustain the inside-out
growth of the disc?

Since accretion is a key source to fuel further star formation, the
outward shift of the accretion (compared to the SFR) shown in
Section 4.3 suggests a potential inside-out redistribution of gas and
star-formation activities in the future, which has been predicted by
cosmological simulations (e.g. Grand et al. 2017) and supported
by many observations (e.g. Wang et al. 2011; van der Wel et al.
2014; Pezzulli et al. 2015). Pezzulli et al. (2015) also provided
measurements of the specific radial growth rate, vg = (1/R,) X
dR,/dt, where R, is the scale length of the stellar disc, for a sample of
galaxies including NGC 2403. Furthermore, a cosmological/zoom-in
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simulation (Grand et al. 2019) also found that fountain clouds can
acquire angular momentum via interaction with the CGM.

To verify whether the gas accretion due to a galactic fountain can
be deemed responsible for this growth, we calculated the variation
in time of the specific angular momentum dj/dt of the stellar disc
(a direct tracer of disc growth; Mo, Mao & White 1998; Posti et al.
2019) due to accretion, under the simplifying assumption that the
next generation of stars will be formed out of the newly accreted gas.
This gives

dj _d(J/M)
dr — dr
1 dJ J dM
=, (7
M dt M? dt

where J and M (7.2 x 10° M) are the angular momentum and mass
of the stellar disc. We estimate J as J = 2MVy, R, (Romanowsky &
Fall 2012), where Vj,, is the rotational velocity of the flat part of the
rotation curve (130 kms~") and R, = 2.0kpc (values from Fraternali
et al. 2002). The time derivative of the angular momentum dJ/dt is
given by

dJ  dJn  ddou

dar - dr dr

R
27 / R?Fin(R)Vin(R")dR'
0
R [
—2n / R*Fou(R)Vou (R dR', ®)
0

where Fi, (Fou) is the inflow (outflow) surface-density rate given in
Section 4.3, Vin(R’) (Vou(R')) is the average rotational velocity of
all cloud particles falling onto (ejected from) the disc at radius R,
obtained from our model by tracking the outflow and inflow radius
and velocity of all fountain clouds. The time derivative of the mass,
dM/dt, is by definition the accretion rate of new gas given by the
model.

Implementing the earlier equation to our best-fitting model, we
have dj/dt = —2.6 x 1078 kms~'kpcyr~!. This would indicate
that the gas accreted through the fountain cannot be solely responsible
for the observed inside-out growth of the disc. Part of this growth
should then be ascribed to gas that is already present in the disc.
This is a viable option, as the gas in the disc is known to be
located, on average, at larger radii compared to the stellar component
(e.g. Fraternali et al. 2002). This solution is, however, only partly
satisfactory, as the gas reservoir at these large radii would, without
replacement, be consumed on a relatively short time scale (a few Gyr;
see e.g. Fraternali & Tomassetti 2012), implying that the growth of
the disc would not be sustainable in the long term.

With these considerations in mind, we stress that our calculation of
dj/dt, presented earlier, very much depends on the value that we are
assuming for the rotational speed of the corona, which is, as we dis-
cussed earlier, very uncertain. Interestingly, when assuming the rota-
tional lag between the fountain and the hot gas is 45 km s~ (the third
model in Table 4), we have dj/dt = 1.5 x 10~ 8kms~!kpcyr~!,
which indicates an inside-out growth. Combining the current value
of the specific angular momentum j and its derivative dj/ds, we can
easily derive the specific angular momentum growth rate, which we
define (following Pezzulli et al. 2015) as v; = (1/j) x dj/dt. We
finda value of v; = 2.88 x 1072 Gyr~!, in excellent agreement with
the specific radial growth rate vz = (2.93 £ 0.16) x 1072 Gyr™!
measured by Pezzulli et al. (2015) for NGC 2403. The two quantities
v; and vg are comparable and are in fact expected to be equal, as long
as the rotation curve of the galaxy can be considered approximately
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stationary with time.> We have therefore found that our model with a
reduced rotational lag is in remarkable quantitative agreement with
the galactic fountain being the main source of the observed inside-out
growth in NGC 2403.

Itis important to note that in the absence of triggered condensation,
a galactic corona will be expected to cool in the very inner parts,
where its density tends to be higher, thus producing the accretion of
low angular momentum gas that then would need to be expelled via
strong feedback (e.g. Brook et al. 2012). Instead, when the cooling
is triggered by the fountain, the location of the bulk of the gas
accretion is naturally shifted to outer radii for the reasons described
in Section 4.3. This phenomenon had been indicated as plausibly
compatible with the inside-out growth of discs (Pezzulli & Fraternali
2016), but this is the first time that quantitative evidence is provided.

6 CONCLUSION

In this work, we have modelled the distribution and kinematics of
the neutral EPG in the late-type nearby galaxy NGC 2403 using a
dynamical model of galactic fountain. In this model, stellar feedback
activities continuously eject gas from the galaxy disc, which travels
through the halo and falls back to the disc. This gas cycle brings
metal-rich and cold/warm gas to mix and interact with the hot corona,
significantly reducing its cooling time, and leading to condensation
and accretion of some coronal gas onto the disc. Due to angular
momentum exchange between the fountain clouds and the corona,
this interaction is expected to leave a signature in the kinematics of
the H 1 gas at the disc—halo interface. The application of our models to
the data leverage this signature to infer, along with other parameters,
the efficiency of the condensation process and the accretion rate of
coronal gas onto the disc.

While these models have been applied extensively to the EPG of
the Milky Way (M12; Marasco et al. 2013; Fraternali et al. 2013,
2015), so far applications to external galaxies were limited to the
preliminary studies of FB06 and FBOS, which did not include a
rotating corona nor a statistically meaningful exploration of the
parameter space. This study presents the first detailed application
of the current fountain accretion framework to an external galaxy.
Our results are summarized as follows:

(i) the galactic fountain framework can reproduce most of the
neutral EPG features in NGC 2403. A model where the fountain
clouds interact with the hot corona is statistically preferred compared
to a pure fountain model without interaction with the hot CGM;

(i) the best-fitting model requires a fountain with a characteristic
outflow velocity of 50 & 10kms~!, with the gas being ionized for
some time after ejection and then recombining. Recombination
appears to occur on average when its vertical velocity has been
reduced by about 40 per cent;

(ii1) the H1 EPG in NGC 2403 inferred from the best-fitting model
has a total EPG mass of 4.7%5 x 108 Mg, with an average scale
height of 0.93 +0.003 kpc and a vertical gradient in rotational
velocity of —10.0 +2.7km s~ kpc™!. Our values are compatible
with a previous estimate of Marasco et al. (2019), which was derived
with simpler phenomenological approaches;

(iv) our model predicts a condensation rate of 2.4 Gyr~!
(4.2Gyr™") for the hot CGM, leading to a total accretion rate of
0.8 Mg yr~! (1.1 Mg yr~') when assuming the rotational lag between

3This is immediately seen by taking the time derivative of the equation j =
2ViarRs.

the fountain and the hot gas is 75kms~' (45kms™"), similar to the
star-formation rate 0.6 Mg yr~! of NGC 2403, suggesting corona
accretion as a viable mechanism to maintain the star-formation rate
in this galaxy; and

(v) the accretion rate surface-density profile predicted by our
model is radially more extended than the SFR surface density. We
have also shown that, if the rotation velocity of the corona is larger
than a certain threshold, the specific angular momentum growth rate
predicted by our model is in excellent agreement with the observed
inside-out growth rate in NGC 2403. The fountain-driven accretion
process can therefore be responsible for the inside-out growth of its
stellar disc.
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APPENDIX A: 2D MARGINALIZED POSTERIOR
PROBABILITY DISTRIBUTION

2D marginalized posterior probability distribution maps and contours
of the 3D (4D) grids of free parameters (summarized in Table 3)
for pure fountain (fountain + corona accretion) models, shown in
Figs Al and A2, respectively.
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Figure Al. 2D marginalized posterior probability distribution for our pure fountain models onto different 2D spaces: upper left — (h,, fion), upper right — (h,,
Norm), and lower-left — (fion, Norm). Iso-probability contours (in yellow) correspond to 2.51e-07, 1.06e-06, 4.47e-06, 1.88e-05, 7.94e-05, 3.34e-04, 1.41e-03,
5.96e-03,2.51e-02, and 1.05e-01.
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Figure A2. 2D marginalized posterior probability distribution for our fountain + corona accretion models onto different 2D spaces: upper-left — (4, fion),
upper-right — (h,, ), middle-left — (h,, Norm), middle-right — (fion, @), lower-left — (fion, Norm), and lower-right — (o, Norm). Iso-probability contours (in
yellow) correspond to 2.51e-07, 1.06e-06, 4.47e-06, 1.88e-05, 7.94e-05, 3.34e-04, 1.41e-03, 5.96e-03,2.51e-02, and 1.05e-01.
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