
MNRAS 524, 4091–4108 (2023) https://doi.org/10.1093/mnras/stad2152 
Advance Access publication 2023 July 18 

Galactic coronae in Milky Way-like galaxies: the role of stellar feedback in 

gas accretion 

Filippo Barbani , 1 , 2 ‹ Raffaele Pascale , 2 Federico Marinacci , 1 , 2 Laura V. Sales , 3 

Mark Vogelsberger , 4 , 5 Paul Torrey 

6 and Hui Li 7 , 8 

1 Department of Physics and Astronomy, University of Bologna, Via P. Gobetti 93/2, I-40129 Bologna, Italy 
2 INAF, Astrophysics and Space Science Observatory Bologna, Via P. Gobetti 93/3, I-40129 Bologna, Italy 
3 Department of Physics and Astronomy, University of California, Riverside, CA 92521, USA 

4 Department of Physics and Kavli Institute for Astrophysics and Space Research, Massachusetts Institute of Technology, Cambridge, MA 02139, USA 

5 The NSF AI Institute for Artificial Intelligence and Fundamental Interactions, Massachusetts Institute of Technology, Cambridge, MA 02139, USA 

6 Department of Astronomy, University of Florida, 211 Bryant Space Science Center, Gainesville, FL 32611, USA 

7 Department of Astronomy, Columbia University, New York, NY 10027, USA 

8 Department of Astronomy, Tsinghua University, Beijing 100084, China 

Accepted 2023 July 7. Received 2023 June 20; in original form 2022 December 14 

A B S T R A C T 

Star-forming galaxies like the Milky Way are surrounded by a hot gaseous halo at the virial temperature – the so-called galactic 
corona – that plays a fundamental role in their evolution. The interaction between the disc and the corona has been shown to 

have a direct impact on accretion of coronal gas onto the disc with major implications for galaxy evolution. In this work, we 
study the gas circulation between the disc and the corona of star-forming galaxies like the Milky W ay. W e use high-resolution 

hydrodynamical N -body simulations of a Milky Way-like galaxy with the inclusion of an observ ationally moti v ated galactic 
corona. In doing so, we use SMUGGLE , an explicit interstellar medium (ISM), and stellar feedback model coupled with the 
moving-mesh code AREPO . We find that the reservoir of gas in the galactic corona is sustaining star formation: the gas accreted 

from the corona is the primary fuel for the formation of new stars, helping in maintaining a nearly constant level of cold gas 
mass in the galactic disc. Stellar feedback generates a gas circulation between the disc and the corona (the so-called galactic 
fountain) by ejecting different gas phases that are eventually re-accreted onto the disc. The accretion of coronal gas is promoted 

by its mixing with the galactic fountains at the disc–corona interface, causing the formation of intermediate temperature gas that 
enhances the cooling of the hot corona. We find that this process acts as a positive feedback mechanism, increasing the accretion 

rate of coronal gas onto the galaxy. 

Key words: methods: numerical – galaxies: evolution – galaxies: ISM – galaxies: spiral – galaxies: star formation. 
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 I N T RO D U C T I O N  

alaxies like the Milky Way have formed stars with an almost 
onstant star formation rate for about their entire life (Twarog 1980 ;
ignoni et al. 2006 ; Bernard 2017 ; Alzate, Bruzual & D ́ıaz-Gonz ́alez
021 ). Ho we ver, the mass of gas located in their discs is not sufficient
o sustain their current star formation rate (i.e. ≈1.65 ± 0.19 M � yr −1 

n the Milky Way, Licquia & Newman 2015 ) for more than a few Gyr.
herefore, inflows of gas are necessary to prevent the quenching of
tar formation (e.g. Fraternali 2013 ). The necessity of gas accretion 
s also required by galactic chemical evolution models (e.g. Spitoni 
t al. 2021 ): an example is the so-called G-dwarf problem (van
en Bergh 1962 ), that is a deficit of metal-poor stars in the solar
eighbourhood. This suggests the presence of an evolution for star- 
orming galaxies very different from total isolation. The preferred 
olution to this problem is to require a continuous accretion of
ow metallicity gas ( ∼0.1 Z �; Larson 1972 ; Tosi 1988 ; Matteucci
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 Francois 1989 ; Colavitti, Matteucci & Murante 2008 ) that fuels
tar formation (Chiappini, Matteucci & Romano 2001 ), this can self-
egulate, producing a gas close to solar metallicity and therefore what
eems to be a deficit of metal-poor G-dwarf stars would be in reality
n excess of solar metallicity G-dwarf stars. 

Gas accretion plays a primary role in the evolution of galaxies,
ut it remains a phenomenon that is very complex to model. Gas can
e accreted from the intergalactic and circumgalactic media and this 
an occur generally with two possible scenarios: (i) a hot accretion
ode, in which the gas falling into the potential well of the dark
atter halo is shock heated to its virial temperature when it reaches

he centre (Rees & Ostriker 1977 ; Silk 1977 ; White & Rees 1978 ),
nd (ii) a cold accretion mode, in which the gas can reach the centre
f the halo still in a cold form (Birnboim & Dekel 2003 ; Kere ̌s et al.
005 ) because the post-shock cooling time becomes shorter than 
he dynamical time and the gas is not heated efficiently. A Milky

ay-like galaxy ( M h ∼ 10 12 M �) typically reaches the critical mass
ecessary for the hot accretion mode at z ∼ 1–2 (e.g. Kere ̌s et al.
009 ; Huscher et al. 2021 ), therefore it will form a gas reservoir
the so-called galactic corona) at the virial temperature around that 
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ime (although recent observations indicate the possible presence of
 supervirial gaseous component in the Milky Way corona, Gupta
t al. 2021 ). 

Galactic coronae are thought to be an essential component for the
volution of Milky Way-like galaxies and their presence is corrob-
rated by different pieces of evidence. These gaseous haloes have a
emperature higher than 0.1 keV (i.e. around the virial temperature
f the halo), thus, the hot gas is expected to thermally emit X-ray
hotons through bremsstrahlung emission. In recent times, many
bservations have been attempted to find and study the properties of
hese hot coronae around spiral galaxies, but due to their temperature
ange and the low-densities, a large fraction of the thermal emission
alls under the Galactic absorption threshold (0.2–0.3 keV) making
his component very faint and highly contaminated by the X-ray
ackground. For these reasons, these observations failed to find
xtended X-ray emissions for years (e.g. Li et al. 2008 ; Rasmussen
t al. 2009 ; Li et al. 2011 ; Bogd ́an et al. 2015 ). Observations taken
ith Chandr a , XMM–Ne wton , and ROSAT around massiv e ( ∼10 13 

 �) spiral galaxies, finally succeded in finding a visible X-ray
mission of the corona in NGC 1961 (Anderson & Bregman 2011 ),
GC 12 591 (Dai et al. 2012 ), NGC 266 (Bogd ́an et al. 2013 ), NGC
753 (Bogd ́an et al. 2017 ), 2MASX J23453268 −0449256 (Walker,
agchi & Fabian 2015 ; Mirakhor et al. 2021 ). These observations

uggest that the galactic coronae of these massive spiral galaxies have
imilar physical properties, such as masses, temperature profiles, and
etallicities. Instead, observations of galactic coronae around Milky
ay-like galaxies are still extremely difficult, although it has recently

een observed for the first time an extended X-ray emission in the
 

� galaxy NGC 3221 (Das et al. 2019 ; Das, Mathur & Gupta 2020 )
nd around the Large Magellanic Cloud (Krishnarao et al. 2022 ). 

Despite the physical properties that make its direct detection very
ifficult, many attempts to constrain the density profile of the Milky
ay corona have been carried out. A possible approach to estimate

he density of the corona is to investigate the process of ram-pressure
tripping of dwarf spheroidal galaxies inside the Milky Way halo,
ombining simulations of satellites orbiting around the Milky Way
ith observ ations (Grce vich & Putman 2009 ; Gatto et al. 2013 ; Salem

t al. 2015 ; Troitsky 2017 ; Putman et al. 2021 ; Martynenko 2022 ).
lso, observations of the dispersion measure of pulsars can be used

Anderson & Bregman 2010 ). Furthermore, another observational
pproach to study the coronal gas lies in observations of absorption
ines at low impact parameters at redshift zero in the spectra of
uasars (Gupta et al. 2012 ; Yao et al. 2012 ; Miller & Bregman
013 ; Troitsky 2017 ; Kaaret et al. 2020 ). This has been done for
 

� galaxies in the COS halo surv e y (Tumlinson et al. 2011 ), which
ound out and confirmed the multiphase nature of the circumgalactic
edium studying different physical properties of this gas, such as

ensity , temperature, and metallicity . In this way , it is possible to
nalyse different phases of the diffuse gas that surrounds L 

� galaxies,
panning from neutral to highly ionized gas, mainly through O VII

nd O VIII lines (e.g. Werk et al. 2014 , 2016 ; Borthakur et al. 2016 ).
 complementary approach is used by the surv e y AMIGA (Lehner

t al. 2020 ), that studied more in detail the circumgalactic medium
f M31 using quasar sightlines at different impact parameters. 
In the future, forthcoming missions (like XRISM or Athena ) will be

ssential to study and to obtain detailed features for this component
n spiral galaxies. That will hopefully enable us to simulate these
alaxies in a more realistic way and to better understand how they
volve. 

In the last years, much progress has been made in our comprehen-
ion of how galaxies form and evolve and the use of hydrodynamical
imulations (see Vogelsberger et al. 2020 , for a re vie w) has been an
NRAS 524, 4091–4108 (2023) 
ntegral part of this success. Reproducing the observational properties
f spiral galaxies has been particularly challenging. Ho we ver, thanks
o the implementation of ef fecti ve stellar feedback processes and to
heir more accurate modelling (e.g. Hopkins, Quataert & Murray
011 ; Tasker 2011 ; Wise et al. 2012 ; Agertz et al. 2013 ; Kannan
t al. 2014 ; Ro ̌skar et al. 2014 ), simulations were able to generate
ealistic late-type galaxies (e.g. Brook et al. 2012 ; Aumer et al. 2013 ;

arinacci, Pakmor & Springel 2014 ; Wang et al. 2015 ; Col ́ın et al.
016 ; Grand et al. 2017 ; Hopkins et al. 2018 ). 
In these simulations, stellar feedback acts as a source of ne gativ e

eedback, it heats the gas eventually ejecting it from the disc, thus
emoving material to form new stars. However, the same process
an act also as positive feedback. A possible mechanism that could
e triggered is represented by the interaction between the cold
igh-metallicity gas ejected from the disc and the hot metal-poor
orona. Star-forming galaxies can eject gas in the form of galactic
ountains (Shapiro & Field 1976 ; Fraternali & Binney 2006 ) or
alactic winds (Oppenheimer et al. 2010 ); if this gas efficiently mixes
ith the corona it decreases its cooling time, forming an intermediate

emperature and metallicity gas phase. Within this gas phase, some of
he coronal gas can condensate because of its reduced cooling time,
ncreasing the mass of the cold gas that then rains down on the disc,
upplying it with fresh fuel for star formation. This phenomenon has
een studied with parsec-scale simulations of the interface region
etween the corona and the cold gas clouds (Marinacci et al. 2010 ,
011 ; Armillotta, Fraternali & Marinacci 2016 ) and also in more
ecent works. For instance, Hobbs & Feldmann ( 2020 ) studied the
ffect of this positive feedback on the star formation of the galaxy
ith 3D simulations of a portion of a disc, Dutta, Sharma & Nelson

 2022 ) developed analytic solutions for the radiative cooling flow
round small cold gas clumps that are present in the CGM, and
ronke et al. ( 2022 ) studied the survi v al of a gas cloud in a turbulent
edium. Ho we ver, in these studies, the nature of the interaction is

aptured but not inserted in a realistic galaxy model. Furthermore, the
alance between the ne gativ e and positiv e nature of stellar feedback
s actually not well understood. In particular, the interaction between
he cold disc of the galaxy and the hot galactic corona has not been
nalysed in detail in galactic-scale simulations. 

This paper is focused on the study of the gas circulation between
he disc and the corona of star-forming galaxies like the Milky Way.
o analyse this circulation and its implications on the properties of

he corona and of the gas that is subsequently accreted onto the disc,
e make use of high-resolution ( ∼10 4 M �) hydrodynamical N -body

imulations of an isolated Milky Way-like galaxy, with the inclusion
f an observationally motivated hot corona around the galaxy. After
ampling the galaxy initial conditions, the simulations are evolved
ith the SMUGGLE model (Marinacci et al. 2019 ), an explicit ISM

nd stellar feedback model that is part of the moving-mesh code
REPO (Springel 2010 ; Weinberger, Springel & Pakmor 2020 ). So

ar, the SMUGGLE model has been tested on isolated galaxies in
he absence of a hot corona (e.g. Kannan et al. 2020 ; Li et al. 2020 ;
annan et al. 2021 ; Beane et al. 2022 ; Burger et al. 2022 ; Li et al.
022 ; Si v asankaran et al. 2022 ; Smith et al. 2022 ; Jahn et al. 2023 ),
hich is usually not included in this type of hydrodynamical N -body

imulations. The calculations that we carry out in this paper are the
rst that include such an important component for galactic evolution

n the SMUGGLE framework. 
The paper is structured as follows: in Section 2 , we describe the

umerical methods used in this work, in particular, the SMUGGLE
odel. Section 3 details how we have created the initial conditions

or our simulations. In Section 4 , we describe the structure of the
SM and the galactic corona that is generated in the simulations. In
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ection 5 , we present the main results of this work. In Section 6 , we
ompare our results to previous works and we summarize them in 
ection 7 . 

 N U M E R I C A L  M E T H O D S  

.1 The moving-mesh code AREPO 

he simulations in this work are performed with the hydrodynamical 
 -body code AREPO (Springel 2010 ; Weinberger et al. 2020 ). AREPO

s a moving-mesh code that uses a Tree-PM method coupled with 
 leapfrog scheme to solve for gravitational dynamics and a finite 
olume solver on an unstructured Voronoi mesh for hydrodynamics. 
he fluxes at the interface of each cell are computed with an exact
iemann solver and the conserv ati ve update of the variables at each

ime-step is done with a second order Runge–Kutta scheme (Pakmor 
t al. 2016 ). The presence of a mesh that is free to mo v e with the fluid
itigates the problems that affect Eulerian and Lagrangian codes, 

ombining the high spatial adaptivity of Lagrangian codes and the 
bility of accurately resolve discontinuities of Eulerian codes. One 
f the main features of this code is its explicit Galilean-invariance. 
ithout it, the accuracy of the hydrodynamical schemes would be 

educed in the presence of large bulk velocities. This is particularly 
mportant given the fact that supersonic flows are common in the 

ajority of astrophysical phenomena. Thanks to its flexibility, in 
he last years AREPO has been successfully used in computational 
strophysics in a vast number of topics, for instance in state-of-
he-art cosmological simulations of galaxy formation and evolution, 
uch as Illustris (Genel et al. 2014 ; Vogelsberger et al. 2014a , b ),
llustrisTNG (Marinacci et al. 2018 ; Naiman et al. 2018 ; Nelson
t al. 2018 ; Pillepich et al. 2018 ; Springel et al. 2018 ), and Auriga
Grand et al. 2017 ; Marinacci et al. 2017 ), but also in smaller scale
imulations of different astrophysical objects, like isolated galaxies 
e.g. Jacob et al. 2018 ; Pascale et al. 2021 ), active galactic nuclei
e.g. Bourne & Sijacki 2021 ; Ehlert et al. 2023 ), molecular filaments
nd clouds in galaxies (e.g. Smith et al. 2014 ; Ram ́ırez-Galeano
t al. 2022 ), type Ia supernovae (e.g. Pakmor et al. 2013 , 2022 ) and
rotoplanetary discs (e.g. Mu ̃ noz et al. 2014 ). 

.2 The SMUGGLE model 

e coupled AREPO with the S tars and MU ltiphase G as in G a L axi E s
odel ( SMUGGLE ; Marinacci et al. 2019 ), an explicit stellar

eedback and ISM model. SMUGGLE is a sub-resolution model that 
ccounts for the main phenomena that drive the evolution of galaxies: 
t describes the complex multiphase structure of the ISM and self-
onsistently allows the galaxy to generate gaseous outflows. This 
odel includes: cooling and heating of the gas, a stellar evolution 
odel, and stellar feedback. The cooling incorporates radiative 

mission from a primordial mixture of H and He and from metal
ines (implemented as in Vogelsberger et al. 2013 ). In addition, the
MUGGLE model accounts for low-temperature metal lines, fine 
tructure, and molecular cooling processes (Hopkins et al. 2018 ). 
hese cooling channels are particularly important, as they allow the 
as to reach very low temperatures ( T ≈ 10 K) and, consequently, to
orm stars. Also, SMUGGLE considers photoelectric (Wolfire et al. 
003 ) and cosmic ray (Guo & Oh 2008 ) gas heating. Ho we ver, the
odel does not include magnetic fields and an accurate cosmic 

ays dynamics. We briefly describe the potential impact of these 
henomena in Section 7 . The SMUGGLE model contains also a star
ormation module, for which a gas cell turns into a star particle if
i) the density is higher than a density threshold ρ th = 100 cm 

−3 and
f (ii) a condition that ensures whether the region is gravitationally
ound is satisfied (see Marinacci et al. 2019 for details). The star
articles are complemented with the stellar evolution model from 

ogelsberger et al. ( 2013 ); each star particle evolves in time and
oses mass and metals depending on its evolutionary phase. 

The newly formed stars e x ert feedback on the ISM, thus injecting
nergy and momentum in the surrounding medium. This can happen 
hrough three main feedback channels: 

(i) supernova (SN) feedback , including type II and type Ia SNe:
he number of type II SNe at each time-step is obtained integrating
he initial mass function, that is chosen as a Chabrier ( 2003 ),
ssuming that only stars between M SNII, min = 8 M � and M SNII, max 

 100 M � can explode as type II SNe. The rate of type Ia SNe is
arametrized with a delay time distribution (e.g. Mannucci, Della 
alle & Panagia 2006 ). From these rates, the consequent injection of
nergy, momentum, mass, and metals into the ISM is computed. Due
o the limited resolution, we cannot fully resolve the cooling radius of
he SN remnants and the consequent generation of momentum during 
he Sedov–Taylor phase of the SN. This momentum generation is 
ot negligible and is accounted for in the model (see Marinacci et al.
019 ); 
(ii) radiative feedback , that includes photoionization from young 
assive stars and radiation pressure: the photoionization is treated 
ith a probabilistic approach in which the probability of a gas cell
f being photoionized is defined by the ionizing photon rate. When a
ell of gas is considered photoionized, its temperature is set to T phot 

 1.7 × 10 4 K and its cooling is disabled for a time equal to the
tar particle time-step. The radiation emitted from stars generates 
ressure and is therefore a source of momentum. This momentum is
njected in the gas cells surrounding the star particle; 

(iii) stellar wind feedback , the SMUGGLE model accounts for 
tellar winds generated by two classes of stars: young and massive
ype OB stars and asymptotic giant branch (AGB) stars. These 
rovide two channels of feedback that act at different times (e.g.
atzner 2002 ; Krumholz & Matzner 2009 ). At first, the model

omputes the mass-loss from the two types of stars. From that, it
njects the associated energy and momentum into the medium that 
urrounds the star particle. 

Owing to the aforementioned physical processes, SMUGGLE is 
ble to: (i) generate an ISM with different cohexisting gas phases:
old, warm, and hot gas in pressure equilibrium that roughly matches
he observed densities and fractions observed in the Milky Way 
Ferri ̀ere 2001 ); (ii) self-consistently launch gaseous outflows outside 
he disc of the galaxy; (iii) reproduce the observed Kennicut–Schmidt 
elation. We refer the reader to Marinacci et al. ( 2019 ) for a more
etailed description of the model and the implementation of the 
eedback channels. 

 I NI TI AL  C O N D I T I O N S  

n this section, we describe the initial conditions (ICs) of the Milky
ay-like multicomponent galaxy model that we study in this work by
eans of hydrodynamical N -body simulations with the moving-mesh 

ode AREPO . The ICs of the galaxy have been generated according
o the approach adopted in Springel, Di Matteo & Hernquist ( 2005 ,
ee also Hernquist 1993 and Springel 2000 ). This method enables
onstruction of a multicomponent galaxy with all the components 
n approximate equilibrium. These components include: a static 
ark matter halo and a live stellar bulge both of which follow a
ernquist profile (Section 3.1 ), an exponential thick stellar disc, 

n exponential thick gaseous disc (Section 3.2 ), and a galactic hot
orona (Section 3.3 ). 
MNRAS 524, 4091–4108 (2023) 
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.1 Dark matter halo and bulge 

he dark matter halo and the bulge are modelled using a spherical
ernquist ( 1990 ) profile 

comp ( r ) = 

M comp 

2 π

a comp 

r ( r + a comp ) 3 
, (1) 

here comp = dm for the dark matter halo and comp = b for
he bulge. a comp and M comp indicate the scale radius and the total

ass of each component, respectively, and r = 

√ 

x 2 + y 2 + z 2 is
he spherical radius. The dark matter halo is modelled as a static
ravitational field for efficiency reasons. 
Regarding the velocity distribution, since the total potential is ax-

symmetric when we include the discs contribution (see Section 3.2 ),
e assume that the distribution function of bulge depends only on the

nergy and on the z-component of the angular momentum L z . In this
onfiguration, the mixed second order velocity momenta and the first
omenta in radial and vertical directions are null 〈 v R v φ〉 = 〈 v R v z 〉 =

 v φv z 〉 = 0, 〈 v R 〉 = 〈 v z 〉 = 0 (Binney & Tremaine 2008 ). The particle
elocities for the bulge are derived from the Jeans equations using the
o-called Gaussian approximation : we assume that, at each point r ,
he velocities ( v R , v z , v φ) in cylindrical coordinates follow a triaxial
aussian distribution, from which they are randomly sampled. With

his method, we are not computing the exact equilibrium distribution,
ut this approximation is good enough for the purpose of this work.
he non-vanishing second-order momenta can be obtained from the
eans equations as: 

 v 2 z 〉 = 〈 v 2 R 〉 = 

1 

ρb 

∫ ∞ 

z 

ρb ( z, R) 
∂ � 

∂ z 
d z , (2) 

 v 2 φ〉 = 〈 v 2 R 〉 + 

R 

ρb 

∂ ( ρb 〈 v 2 R 〉 ) 
∂ R 

+ v 2 c , (3) 

here v c = R ∂ φ/ ∂ R is the circular velocity, ρb is the density of
he bulge, 〈 v 2 φ〉 is the azimuthal second order velocity moment, and
 v 2 R 〉 is the radial second order velocity moment, for which we have
mitted the subscript ‘b’ for simplicity. � is the total gravitational
otential, which includes the contribution of all galaxy components.
e assume that the bulge has no net rotation. 

.2 Stellar and gaseous discs 

bservationally, it has been shown that disc galaxies have radial
xponential profiles (Freeman 1970 ; Portinari & Salucci 2010 ); for
his reason, the stellar and the gaseous discs have been modelled with
xponential surface density profiles 

 comp ( R ) = 

M comp 

2 πh 

2 
comp 

exp ( −R /h comp ) , (4) 

here comp = � for stars and comp = g for gas. h comp is the scale
ength and M comp is the mass of the stellar/gaseous disc.Vertically
he stellar disc follows a sech 2 profile, that corresponds to isothermal
heets perpendicular to the disc plane (Binney & Tremaine 2008 ) 

� ( R, z) = 

� � ( R) 

2 z 0 
sech 2 

(
z 

z 0 

)
, (5) 

here z 0 is a free parameter that determines the scale height of the
tellar disc. 

Instead, for the gaseous disc the vertical distribution is determined
y the vertical hydrostatic equilibrium using an iterative method.
or a given potential, the hydrostatic equilibrium equation is solved
NRAS 524, 4091–4108 (2023) 
btaining ρg , imposing that 

 g ( R) = 

∫ +∞ 

−∞ 

ρg ( R, z) d z, (6) 

here � g is the gas surface density in equation ( 4 ). The scale length
f the stellar disc h � is found iteratively (see Springel et al. 2005 for
ore details) in order to obtain the best approximation for the disc

ngular momentum. 
For the stellar disc, we adopt a Gaussian approximation for

he velocity distribution as well. Observations suggest that 〈 v 2 R 〉
s proportional to 〈 v 2 z 〉 (Hernquist 1993 ; Garma-Oehmichen et al.
021 ), in particular, we assumed σ 2 

R = 〈 v 2 R 〉 = 〈 v 2 z 〉 . To obtain the
ean streaming velocity, we use the epiciclic approximation, valid

or quasi-circular orbits in an axisymmetric potential. 
For the gaseous disc, we assume that the only non-null component

s the azimuthal one, that can be obtained from the stationary
quation of momentum conservation in the radial direction, this
ields 

 

2 
φ, gas = R 

(
∂ φ

∂ R 

+ 

1 

ρg 

∂ P 

∂ R 

)
. (7) 

The gaseous components in the ICs are also characterized by
 temperature profile and a metallicity distribution. The initial
emperature in the disc is assumed to be constant at the value of
0 4 K. Ho we ver, when the galaxy is e volv ed in time, we e xpect the
ormation of a multiphase gas, with both very low ( ∼10–100 K)
nd very high temperatures ( ∼10 6 K), due to cooling and heating
echanisms and to the stellar feedback. The o v erall metallicity of

he gas in the disc is set to Z = Z � for simplicity. 

.3 Galactic corona 

he properties of the hot galactic corona have been set using some
f the observational constraints available for this component in the
ilky Way (Grcevich & Putman 2009 ; Anderson & Bregman 2010 ;
atto et al. 2013 ; Salem et al. 2015 ; Putman et al. 2021 ). We modelled

he corona with a β-model (Cavaliere & Fusco-Femiano 1978 ), that
s often used to fit the density profiles of the hot gas in galaxy clusters
nd that has been shown to fit well the corona density profile of the
 

∗ galaxy NGC 3221 in recent observations (e.g. Das et al. 2020 ) 

cor ( r) = ρ0 

[
1 + 

(
r 

r c 

)2 ]− 3 
2 β

. (8) 

he parameters for the β-model are taken following Moster et al.
 2011 ). β is set to 2/3 and the core radius is set to r c = 0.22 r s =
 kpc. 
In Fig. 1 , we show a comparison between the number density of

he coronal gas (black solid line) of the fiducial simulation (Table 2 )
ith observational estimates of the Milky-Way corona (points with

rror bars). The model has a mass of 3 × 10 10 M � inside the virial
adius R 200 ≈ 240 kpc and is well constrained by the observational
oints. The β-profile has a region of constant density (i.e. a core) in
he centre, that depends on the parameter r c : small changes in the
nner region density can have important consequences on the cooling
f this component, as the cooling time is extremely dependent on
he gas density and temperature. We have also shown the evolution
f the number density o v er time, in particular at 1 Gyr (blue solid
ine) and 2 Gyr (red solid line) after the beginning of the simulation.
he galactic corona slowly accretes into the disc of the galaxy and

he density is decreasing particularly in the central region (where
t changes from 8 × 10 −3 to 3 × 10 −4 cm 

−3 ). At large radii ( r >
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Figure 1. Galactic corona number density profile (black solid line) of the 
fiducial simulation BM R (see Table 2 ) compared with several observational 
constraints of the Milky Way (points with error bars): ram-pressure stripping 
from the dwarf spheroidal galaxies Fornax, Ursa Minor, and Sculptor (green, 
purple, and oli ve points; Grce vich & Putman 2009 ), Carina and Sextans (red 
and blue points; Gatto et al. 2013 ), the Large Magellanic Cloud (orange 
point; Salem et al. 2015 ) and also more recent constraints obtained from 

several dwarf galaxies (grey points, Putman et al. 2021 ); and Pulsar dispersion 
measures (black upper limit; Anderson & Bregman 2010 ). The black line 
represents the initial number density corona profile (i.e. a β-model), while 
the blue and the red solid lines represent the same profile at 1 and 2 Gyr after 
the start of the simulation, respectively. The purple dashed line is the initial 
temperature of the coronal gas. 
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0 kpc), the density is similar to the initial one. At both times, the
ensity profile is in good agreement with the observational points. 
For our simulations, we analysed two distinct configurations: a 

alaxy with a static corona and a galaxy with a rotating one. In the
ase of a static corona, the temperature profile is derived assuming
hat the coronal gas is in hydrostatic equilibrium in the total potential
f the galaxy. Knowing the corona density profile ρcor ( r ) and the total
umulative mass profile M ( r ), the temperature profile is given by 

 ( r ) = 

μm p 

k B 

1 

ρcor ( r ) 

∫ ∞ 

r 

ρcor ( r ) 
GM ( r ) 

r 2 
d r . (9) 

e also assign a uniform metallicity, set to 0.1 Z �, to the coronal gas
e.g. Tosi 1988 ; Bogd ́an et al. 2017 ). In the case of a rotating corona,
he net velocity is computed as a fraction of the circular velocity 

 φ = α

[
∂ � 

∂ R 

R 

]1 / 2 

, (10) 

here we set α = 0.4 in our runs, which ensures that v φ ≈
0 km s −1 near the disc ( z ≈ 2 kpc). In fact, the galactic corona
s expected to rotate with a lag of ≈80–120 km s −1 with respect to
he disc of the galaxy (e.g. Marinacci et al. 2011 ; Afruni, Pezzulli &
raternali 2022 ). Values α > 0.4 can cause significant deviations from 

phericity, which, for simplicity is assumed in setting all the profiles
f the coronal properties. A more accurate treatment of the rotation 
tructure will be addressed in future works. The temperature profile 
an be computed assuming hydrostatic equilibrium in an ef fecti ve 
otential 

 eff = � ( R, z) −
∫ R 

∞ 

v φ( R 

′ ) 
R 

′ d R 

′ . (11) 

n both the static and the rotating configurations, the temperature is
igher in the centre and it decreases with radius (see purple dashed
ine in Fig. 1 ): a temperature gradient has been observed for instance
n Das et al. ( 2020 ), this is very similar to the temperature that we
btain in our ICs, with an average temperature ∼10 6 K that depends
n the total mass of the galaxy. 

.4 Simulations setup 

e simulated a series of isolated non-cosmological Milky Way-like 
alaxies, with components as described in the previous Sections. 
he parameters of the galaxies simulated in this work are listed in
able 1 . These parameters are chosen in order to represent a galaxy
imilar to the Milky Way. The galactic corona has a mass inside the
irial radius of M cor ( r < r vir ) = 3 × 10 10 M �, that is a mass similar to
hose derived from observations (e.g. Kaaret et al. 2020 ; Martynenko
022 ) and is in agreement with the observational constraints on the
umber density (see Fig. 1 ) of the galactic corona in the Milky Way.
he galaxy is inserted inside a box with a side length of 860 kpc.
e have run 4 main simulations (listed in Table 2 ) changing the

haracteristics of the coronal gas or the feedback processes. These 
re: 

(i) BM NR : using a β-profile with no net rotation; 
(ii) BM R : using a β-profile with rotation; 
(iii) NOCOR : ICs with a negligible galactic corona; 
(iv) NOFEED NR/NOFEED R : simulations with no stellar feedback. 

The BM R simulation has been chosen as the fiducial simulation
or this paper, it includes a rotating corona with a beta model density
rofile. The results of this simulation will be compared with a static
orona case ( BM NR ), a configuration without the galactic corona
 NOCOR ) and two configurations in the absence of stellar feedback
 NOFEED NR/NOFEED R ) with the same ICs of BM NR/BM R . We put
 disc = 3.2 × 10 6 particles in the stellar disc, N bulge = 8 × 10 5 in

he bulge, and N gas 
 4.9 × 10 5 gaseous particles, with N gas, d =
.2 × 10 5 gaseous particles in the disc and N gas, cor = 1.7 × 10 5 in
he corona. This results in a mass resolution m gas = 1.1 × 10 4 M �
nd a minimum gravitational softening length εgas = 10 pc for the
as. The mass of the stellar disc and bulge particles is respectively
 disc = 1.5 × 10 4 M � and m bulge = 2 × 10 4 M �, and the gravitational

oftening length is ε� = 21.4 pc. 
First, we have run adiabatic simulations using AREPO , i.e. without

he presence of the dissipation processes implemented in the SMUG- 
LE model, with the different IC setups, to ensure that the different

omponents of the galaxy are in equilibrium. This simulations 
onfirmed the dynamical stability of the simulated galaxy model, 
ith a configuration that remains almost unchanged for a time span
f 2 Gyr. Then the ICs are evolved using AREPO with the SMUGGLE
odel (Section 2.1 ) for 2 Gyr, this is a sufficient time to see the

ffect of the corona presence on the SFR of the galaxy, given that the
epletion time for a Milky Way-like galaxy is 

dep = 

M g 

SFR 

∼ 10 9 M �
1 M � yr −1 

∼ 1 Gyr , (12) 

here M g is the mass of gas in the disc and SFR is the star formation
ate, τ dep has similar values also in our setup. 
MNRAS 524, 4091–4108 (2023) 
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Table 1. Structur al par ameter s of the Milk y Way-lik e galaxy simulated in this work . From left to right: circular velocity of the halo at R 200 ( v 200 ); dark matter 
halo mass ( M dm 

); dark matter halo scale length ( r s ); bulge mass ( M b ); bulge scale length ( a ); stellar disc mass ( M � ); stellar disc scale length ( h � ); stellar disc 
scale height ( z 0 ); gaseous disc mass ( M g ); gaseous disc scale length ( h g ); mass of the corona ( M cor ) computed within the virial radius; corona core radius ( r c ). 

v 200 M dm 

r s M b a M � h � z 0 M g h g M cor r c 
[km s −1 ] [M �] [kpc] [M �] [kpc] [M �] [kpc] [pc] [M �] [kpc] [M �] [kpc] 

169 1.53 × 10 12 36.46 1.5 × 10 10 1.3 4.73 × 10 10 3.8 380 9 × 10 9 7.6 3 × 10 10 8 

Table 2. Summary of the model variation of the Milky Way-like galaxy 
parameters in this paper. Our fiducial simulation is BM R , which includes a 
rotating corona. The other simulations are used as comparison with the main 
one. 

Simulation name M cor [M �] Rotation Feedback 

BM NR 3 × 10 10 no yes 
BM R 3 × 10 10 yes yes 
NOCOR negligible – yes 
NOFEED NR 3 × 10 10 no no 
NOFEED R 3 × 10 10 yes no 

Figure 2. Cartoon scheme of the gas accretion/ejection processes in a Milky 
Way-like galaxy. The stellar feedback processes (i.e. SN, stellar winds and 
radiative feedback) can eject gas outside the galactic disc. The outflow rate 
( Ṁ out ) is represented by the blue arrow, that schematize the trajectory of a 
single galactic fountain. This gas can eventually fall back onto the disc, giving 
an inflow rate coming from the galactic fountains ( Ṁ in, fount ). The interaction 
between the fountains and the corona (red halo) can create a mixture of gas, 
represented by the grey clouds, that can increase the gas accretion rate onto 
the disc ( Ṁ in, int ). The red arrows represent the inflow rate of gas accreted 
directly from the galactic hot corona ( Ṁ in, cor ). 
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 ISM  A N D  C O RO NA L  G A S  STRUCTURE  

.1 Scheme of the gas circulation 

n Fig. 2 , we show a schematic view of the processes that con-
ribute to the gas circulation, i.e. the balance between outflows
nd inflows (from and into the galactic disc), in a star-forming
alaxy like the Milky Way. The gas that is lifted from the disc
outflowing) is ejected thanks to stellar feedback ( ∼ Ṁ out ), mostly
oming from SN explosions. The gas accreted onto the galactic
isc (inflowing) can be schematically divided in two main com-
onents: (i) the galactic fountain gas that, failing to reach the
NRAS 524, 4091–4108 (2023) 
alaxy escape velocity, re-accrete onto the disc ( Ṁ in, fount , which
s ∼ Ṁ out ), (ii) the gas accreted from the galactic corona that comes
irectly from the radiative cooling of the coronal gas ( Ṁ in, cor ) or
rom the interaction between the galactic fountains and the corona
 Ṁ in, int ). The latter interaction may act as a positive feedback for
tar formation, as mentioned in Section 1 . The coexistence of these
ifferent phenomena is described in more detail in the following
ections. 

.2 Gas projection maps 

e start by analysing projection maps of the gas in the simulated
alaxies. In Fig. 3 , we show the face-on and edge-on surface density
aps of our fiducial simulation BM R at different times and a

omparison with other simulations. From the face-on projections
f BM R (first row in Fig. 3 ), we can appreciate the gaseous disc
tructure complexity of the simulated galaxy: as the simulation starts,
he first stars begin to form, generating radiative feedback and stellar
inds that are followed by the SN explosions, which cause the

ormation of low-density cavities (surface densities < 1 M � pc −2 ).
hese cavities, filled with hot gas, can extend over the plane of the
isc and are responsible for the production of outflows. Along the
piral arms of the galaxy, at the edges of the generated cavities,
igh-density gas filaments, whose presence is enhanced by stellar
eedback, are present. In such regions, most of the star formation
akes place, since below the density threshold ρ th the formation of a
tellar particle is not possible (see Section 2.2 ). 

In Fig. 3 , we have also compared the disc structure of BM R with
he other simulations performed at t = 1.13 Gyr (third row). The first
anel shows the NOCOR simulation, where the disc is more extended
wing to the lack of accretion of low-angular momentum gas from the
orona. Furthermore, the o v erall gas surface density is visibly lower,
specially in the gas filaments: the gas consumed by star formation is
ot replaced and the average gas density can only decrease o v er time.
he NOFEED R simulation is shown in the second panel. Here, the disc
tructure is unrealistic with almost no gas filaments and with small
lumps of high-density gas. These clumps are formed from initial
ensity fluctuations thanks to gravitational attraction, they grow o v er
ime and are not torn apart from SN e xplosions. Also, the y tend to
igrate towards the centre of the disc o v er time as a consequence of

ynamical friction. This phenomenon causes a higher concentration
f gas at the centre of the disc, where a substantial amount of stars
re then able to be formed. A few large low density cavities are still
ormed owing to gas clustering and cooling. Looking at the BM NR

imulation (third panel), we note that the gaseous disc scale length
s smaller (halved approximately) then in BM R . The disc shrinks
n size o v er time in the case of a static corona, whereas it remains
xtended if the rotation is included. Although this might be caused
y a redistribution of the angular momentum between the disc and
he corona caused by the gas circulation mediated by the galactic
ountains, this speculation requires further investigations and it is
ut of the purposes of this work. Overall, the disc structures found
n BM R are also present in this simulation. 
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Figure 3. Top panels : Gas column density in face-on (first row) and edge-on (second row) projections of the BM R simulation computed using the SMUGGLE 

model at the times indicated in each panel. The horizontal dashed lines represent three heights o v er the disc (2, 5, and 10 kpc). Each panel is 50 kpc across and 
in projection depth with a total number of 1024 × 1024 pixels that give a resolution of ∼50 pc. Redder colours correspond to higher densities, as indicated in 
the colour bar. From the face-on projections, we can appreciate the presence of a complex ISM structure, with low density cavities produced by stellar feedback 
and high density filaments where the star formation takes place. The edge-on projections show the presence of the galactic corona around the disc and the 
generation of galactic-scale outflows. Bottom panels : The same projections are made face-on (third row) and edge-on (forth row) at t = 1.13 Gyr for the NOCOR 

(first column), NOFEED R (second column), and BM NR (third column) simulations. The structure of the gaseous disc and the outflows is remarkably different 
comparing these simulations with BM R . 
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Figure 4. Density-weighted maps of the gas velocity perpendicular to the disc plane in face-on (top panels) and edge-on (bottom panels) projections of the 
BM R simulation computed using the SMUGGLE model at the times indicated in each panel. Each panel is 50 kpc across and in projection depth with a total 
number of 1024 × 1024 pixels that give a resolution of ∼50 pc. We can visually appreciate the kinematic structure of the gas in the galaxy. The coronal gas is 
accreted onto the galaxy and outflows of gas are ejected from the disc, this generates a gas circulation between the disc and the corona. 
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The second row of Fig. 3 shows the corresponding edge-on
rojections of the same configurations shown in the top panels. In
he first panel, we have highlighted three heights o v er the plane of
he disc (2, 5, and 10 kpc) as comparison. As we will discuss in
ections 5.2 , 5.3, and 5.4 , at these heights, we have computed the
utflow and inflow rates (inside the shaded area). We can observe the
resence of a low density halo of gas around the galactic disc. In an
nitial phase that lasts about 0.1 Gyr, there is a substantial accretion of
oronal gas onto the disc, as we will discuss in detail in Section 5.1 .
his accretion episode causes an increase of the SFR at the beginning
f the simulation, after this the corona inflates again and continues
ts evolution. Starting from t = 100 Myr, the galaxy develops strong
utflows, ejected from the disc by stellar feedback. These outflows
an reach relatively large distances from the galaxy mid-plane (o v er
0 kpc), travelling through the galactic corona and then falling back
nto the disc in a galactic fountain cycle (e.g. Fraternali & Binney
006 ). This is clear in the 0.23 Gyr image where we can see several
alactic fountains ejected from the disc. This process is schematically
epicted in Fig. 2 and will be deeply analysed in Sections 5.3 and
.4 . 
We have analysed the gaseous structure of the other simulations at t
 1.13 Gyr in comparison with BM R also for the edge-on projections

see forth row in Fig. 3 ). In NOCOR (first panel), the disc is isolated and
ot surrounded by the corona, the intensity of the gaseous outflows
s lower than in BM R . The NOFEED R simulation (second panel)
NRAS 524, 4091–4108 (2023) 
eatures a disc immersed in a galactic corona, but in the absence
f galactic outflows. From the BM NR simulation (third panel), we
ote that the gaseous outflows are more frequent and reach higher
eights with a static corona: with a rotating corona, the gas surface
ensity is lower due to the larger scale length of the gaseous disc
nduced by the angular momentum e xchange. Moreo v er, the rotation
f the gas creates a different gas accretion distribution on the disc.
or these reasons, the star formation is lower and consequently also

he intensity of gas ejection. A more detailed outflo w/inflo w analysis
s carried out in Section 5.2 . 

Fig. 4 shows the face-on and edge-on projections of the density-
eighted gas velocity perpendicular to the disc plane of the BM R

imulation. The bluer colours in the re gion abo v e the galactic disc
id-plane represent gas that is falling onto the disc, the redder colours

as that is ejected from the disc, and vice versa for the regions below
he disc. The face-on projections (top panels) highlight the gas that
s ejected at high velocity from SN explosions: the location of this
jected gas roughly corresponds to the low-density cavities in Fig. 3 .
n the edge-on projections (bottom panels) is particularly noticeable
he accretion of coronal gas that is strongest in the central regions,
here its density is the highest. In addition, we see the complex
inematic structure of the gaseous outflows visible in Fig. 3 : these
utflows can have a velocity in excess of 100 km s −1 . The galactic
ountain kinematics is clearly visible in the projections at 0.23 and
.45 Gyr. There is the establishment of a circulation of gas between
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Figure 5. Density-weighted temperature in face-on (top panels) and edge-on (bottom panels) projections of the Milky-Way like galaxy for the BM R simulation 
computed with the SMUGGLE model at the times indicated in each panel. Each panel is 50 kpc across and in projection depth with the presence of a total 
number of 1024 × 1024 pixels that give a resolution of ∼50 pc. We can visually appreciate the mixing between the material ejected from the disc and the hot 
galactic corona, with the formation of an intermediate temperature gas phase at the disc-corona interface. 
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he disc and the galactic corona: the gas is ejected at high velocities
rom the disc plane (with a v ertical v elocity directed out of the disc)
nd after a certain time, that depends on the initial velocity and on
he angle of ejection, it falls back into another spot (with a vertical
elocity directed to the disc plane). 

In Fig. 5 , we show the density-weighted projected temperature 
f the gas for the BM R simulation. In the face-on projections
top panels), we note the presence of a multiphase medium in 
he disc, where the regions with the higher densities correspond 
o the colder gas ( T < 10 2 K), this very cold gas can therefore
ollapse and form stars. The bubbles carved by SN feedback are 
lled with high temperature ( T ∼ 10 6 K) gas. The temperature 
istribution of the gas ejected from the disc is visible in the edge-on
rojections (bottom panels). At 1 kpc abo v e and below, the disc the
as is hotter than in the disc filaments, reaching 10 4 < T < 10 5 K.
utside the disc of the galaxy the temperature is dominated by the

oronal gas ( T > 5 × 10 5 K). The same features are present in the
emperature projections of the other simulations. The temperature of 
he aforementioned gaseous outflows is in general at an intermediate 
evel (10 4 < T < 10 5 K), this might be caused by the mixing with the
as from the corona, that is at higher temperatures ( T ∼ 10 6 K), or
t is possible that the majority of the gas is already ejected at these
emperatures. As we will discuss in Section 5 , the gas mixing has a
redominant role, we found that the intermediate temperature gas is 
ormed due to the presence of the stellar feedback that mediate the
nteraction between the disc and the corona. 

.3 Phase diagrams 

e now focus on the phase diagram of the gas in the galaxy, looking
n particular to the BM R simulation. The analysis of the structure
f the gas that surrounds and lies inside the disc of the galaxy is
ritical to understand how star-forming galaxies evolve. In Fig. 6 ,
e show the gas number density-temperature phase diagram that 

ncludes all the gas cells in the simulation (top panels) or all the
as cells within a distance from the mid-plane 1.5 < z < 4 kpc
bottom panels). The diagrams are represented at the beginning of 
he simulation ( t = 0.05 Gyr, first column) and at t = 1 Gyr for
M R (second column) and for NOFEED R (third column). The lighter
olours represent higher gas masses, as indicated in the colour bar.
he first noticeable thing is the presence of a complex ISM structure

blue dashed rectangle) that is already developed in the first Myr of
he simulation, similarly to Marinacci et al. ( 2019 ). The gas has a wide
ange of temperatures and densities: the majority ( ∼ 85 per cent ) 
f the gas in the disc has a temperature lower than 10 4 K, with
ensities ranging from 10 −3 to 10 3 cm 

−3 . The strip of gas in Fig. 6 at
.7 × 10 4 K (i.e. log T = 4.25 K) at densities between 1 and 10 5 cm 

−3 

s gas photoionized from the massive and hot OB stars. Around these
MNRAS 524, 4091–4108 (2023) 
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Figure 6. Number density–temperature diagrams for all the gas cells in the simulation box (top panels) and for the gas cells at the disc-corona interface (1.5 < 

z < 4 kpc, bottom panels) of the BM R simulation at t = 0.05 Gyr (first column) and t = 1 Gyr (second column) and of the NOFEED R simulation at t = 1 Gyr 
(third column). The lighter colours indicate higher gas masses. The blue and the red dashed rectangles specify the gaseous disc and the coronal gas, respectively. 
The diagram highlights the complex structure of the ISM and of the coronal gas. The gas in the disc has a wide range of temperatures and densities thanks to the 
cooling processes and to the stellar feedback. We can see the structure of the corona, that cools starting from the more dense and hot gas located at the centre of 
the galaxy. A different structure is present in the gas at the interface between BM R and NOFEED R . 
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tars, the gas temperature is fixed at this value. The creation of lower
emperature gas is fundamental for the star formation since only gas
 v er certain densities ( ∼10 −1 –10 −2 cm 

−3 ) can cool, o v ercoming the
eating from the UV background. This gas can reach densities o v er
0 2 cm 

−3 and is used to form new stars if the right conditions are
atisfied (Section 2.2 ). The cloud of gas particles with a temperature
 v er 1.7 × 10 4 K and a density between 1 and 10 5 cm 

−3 represents
he hot ionized medium generated from the SN explosions. 

The majority of the gas in the system (o v er 75 per cent )
s located in the galactic corona, its gas can be identified in
ig. 6 within the region marked by the red dashed rectangle (top

eft region of the diagram), in both the first and second panels. The
oronal gas has a temperature between 10 5 and 10 7 K and a low
ensity, smaller than 10 −1 cm 

−3 and reaching n < 10 −5 cm 

−3 . In
he first two panel from left to right, we can appreciate how the
emperature and density of the hot gaseous halo change o v er time:
 ‘cooling bridge’ forms between the corona and the gas in the
isc at around 10 4 K. This represents the coronal gas that is cooling
nd is fueling the galaxy with new gas for the star formation. This
as can cool more rapidly owing to the mixing with the galactic
ountains. The first coronal gas that cools down is the one present
NRAS 524, 4091–4108 (2023) 
n the central regions of the corona, that has the higher densities and
emperatures. 

The NOFEED R simulation (third panel) has a similar o v erall
tructure, but some differences are clearly evident. The hot gas
enerated by the SNe is absent due to the lack of stellar feedback.
urthermore, a noticeable difference is present in the structure of the
cooling bridge’: the structures at lower densities and temperatures
present in BM R ) are totally absent. 

If we look at the lower panels, we can observe the density–
emperature diagram for the gas at the disc–corona interface (1.5
 z < 4 kpc). In BM R at t = 1 Gyr (second panel), a multiphase
edium, with both warm and cold gas, as well as hot gas, is present,

nstead, this is missing at the start of the simulation (first panel, t
 0.05 Gyr) since the first SNe are not exploded yet. In NOFEED R

third panel), the cold and warm gas phases are completely absent.
his gives us a first idea on the importance of stellar feedback, and

herefore the production of galactic fountains, for the creation of a
ultiphase medium o v er the plane of the disc. The formation of warm

nd cold gas does not seem to be caused e xclusiv ely by the coronal
as cooling, otherwise these phases of gas would be somehow present
n NOFEED . This aspect will be better explored in Section 5.4 . 
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Figure 7. SFR as a function of time for the four simulations performed: 
BM NR (blue line), BM R (orange line), NOCOR (black line), and NOFEED R 

(green dashed line), see Table 2 . In the NOCOR simulation, the SFR is 
decreasing o v er the time, reaching v alues of the SFR lo wer than BM NR / BM R 

at the end of the simulation. The simulations with the inclusion of the corona 
maintains an almost constant SFR up to 2 Gyr. NOFEED R features a prominent 
SFR peak within the first 0.5 Gyr. 
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 STAR  F O R M AT I O N  A N D  GALACTIC  G A S  

I R C U L AT I O N  

.1 Star formation history 

n Fig. 7 , we show the evolution of the star formation rate (SFR) o v er
ime of the BM NR (blue line) and BM R (orange line) simulations,
nd compared it with the NOCOR (black line) and NOFEED R (dashed
reen line) simulations. The evolution of the SFR in the first 0.2–
.3 Gyr has to be considered cautiously. We set the corona in
ydrostatic equilibrium, but the acti v ation of the cooling processes
auses a significant deviation from it and causes the corona to lose
ressure support in the central regions that rapidly accrete onto the 
isc. This initial accretion phase is due to the fact that the corona
s already in place at the beginning of the simulations. A more
ealistic configuration would gradually form the hot corona o v er time
ollowing the processes mentioned in Section 1 . After ∼0.2 Gyr, the
FR stabilizes, owing to the self-regulation between star formation 
nd stellar feedback achieved by the SMUGGLE model. Also, the 
orona is more stable, but it slowly continues to accrete onto the disc
wing to radiative cooling. 

We note the presence of a periodicity in the SFR, this ‘noisy’
rend is linked to the self-regulation between the formation of 
tars and the stellar feedback that it causes. On the one hand, the
eriodic acti v ation of the stellar feedback temporarily reduces the 
tar formation injecting energy and momentum in the ISM, heating 
he gas and ejecting it from the disc. On the other hand, the periodic
e-accretion of gas onto the disc can support the star formation with
old gas. 

In the BM NR simulation, the SFR is ≈7–8 M � yr −1 after the
ump and it slightly decreases o v er time to ≈4–5 M � yr −1 at 2 Gyr.
he BM R simulation has a similar trend, where the SFR stays
t 2–3 M � yr −1 after 2 Gyr (starting from ≈5–6 M � yr −1 after the
ump) until the end of the simulation. These SFR are in reasonable
greement with the SFR observed nowadays in the Milky Way 
e.g. Licquia & Newman 2015 ) or in analogous galaxies (Fraser-

cKelvie, Merrifield & Arag ́on-Salamanca 2019 ). We note that the
FR is slightly higher when the coronal gas is not rotating: the
otation of the gas modifies the distribution of the gas that is accreted
nto the galactic disc. When the gas is not rotating, it tends to accrete
ore in the central regions of the galaxy because of its negligible

ngular momentum. This creates a high concentration of gas in the
entre that is able to cool down and generate a higher SFR, that
trongly depends on the gas density. 

In the NOFEED R simulation, there is a large burst of star formation
n the first 0.5 Gyr, reaching 50 M � yr −1 . In this time span, a gas

ass of ∼10 10 M � is converted into stars, depleting the disc of star-
orming material. The following SFR trend is comparable to the one
n the BM R simulation, obtaining also in this case a SFR that stays

ore or less constant. For this reason, one might think that the stellar
eedback is not particularly important for the evolution of the galaxy,
ut in the third row of Fig. 3 , we have seen the unrealistic disc
tructure in the NOFEED R simulation. In absence of stellar feedback,
 few large cavities are generated, whereas high density filaments are
bsent and the gas is clustered in small clumps in the disc. Probably,
he obtained SFR comes from the fact that in absence of stellar
eedback we do not hav e ne gativ e feedback (which would tend to
ead to a lower SFR) but neither positive feedback (which would
end to raise the SFR), given by the interaction between the galactic
ountains and the corona. Despite the galactic fountains absence, the 
as is still slowly accreted from the corona onto the disc. The balance
etween these two types of feedback combined with an accretion of
as from the corona thus gives rise to an approximately constant and
imilar SFR in the cases with and without feedback. 

The NOCOR simulation features an SFR that goes from ≈3 to
0.5 M � yr −1 at 2 Gyr. We turn our attention on the differences

iven by the presence of the coronal gas. In BM NR / BM R , the SFR
s higher and is declining more slowly, making the galaxy able to
aintain an almost constant/slightly decreasing SFR. This behaviour 

s caused by the accretion of the coronal gas onto the disc, that keeps
igh the density in the disc (maintaining in particular high density
laments, see Fig. 3 ), and, as a consequence, the SFR than in the no
ccretion scenario. This points out how the cold gas reservoir in the
isc, that is used to form stars, is rapidly consumed if not replaced by
n external source of gas, as expected from the depletion time (see
quation 12 ). 

To further understand how this phenomenon occurs, in Fig. 8 , we
how the mass of gas in the disc (gas cells with | z| < 2 kpc and R
 30 kpc) in BM R as a function of time. Gas has been divided in

old ( T < 10 4 K, blue dashed line), warm (10 4 ≤ T ≤ 5 × 10 5 K,
rey line) and hot phases ( T > 5 × 10 5 K, red line). The black solid
ine represents the total gas mass in the disc. As a comparison, the
ash–dotted and dotted blue lines represent the mass of cold gas in
OCOR and NOFEED R simulations, respectively. In general, inside 

he disc, the majority of the gas is cold, but there is also a small
raction ( ∼10 8 M �) of warm and hot gas. The mass of cold gas
tarts from ∼6 × 10 9 M � and is ∼7 × 10 9 M � at the end of the
imulation. Therefore, the mass of gas is not decreasing o v er time,
ut is rather increasing slightly, which would not be possible without
he accretion of gas from the corona. In fact, in the NOCOR case, the

ass of cold gas decreases o v er time down to ∼4 × 10 9 M � after
 Gyr, since it is consumed to form stars without being replaced. This
s in line with what we expected, with an average SFR of 1 M � yr −1 ,
 gas mass of 2 × 10 9 M � is consumed. In NOFEED R , the mass of
old gas decreases rapidly in the first 0.5 Gyr, the ne gativ e feedback
MNRAS 524, 4091–4108 (2023) 
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M

Figure 8. Mass of the gas in BM R as a function of time at a height | z | < 2 kpc 
and a cylindrical radius R < 30 kpc, divided in three ranges of temperature: 
cold ( T < 10 4 K, blue dashed line), warm (10 4 ≤ T ≤ 5 × 10 5 K, grey line) 
and hot ( T > 5 × 10 5 K, red line). The mass of warm and hot gas is multiplied 
by 10 for clarity. The black line represents the total mass of gas in BM R . 
The blue dash–dotted line is the mass of cold gas in NOCOR and the blue 
dotted line the mass of cold gas in NOFEED R . The gas in the disc is almost 
totally cold, the warm and hot gas masses are lower by almost two orders of 
magnitude. In BM R , the mass of cold gas is approximately constant, while 
in NOCOR, it decreases o v er time. In NOFEED R , the mass decreases at the 
beginning, reaching a constant value after 0.5 Gyr. 
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s absent and stars are formed at a rate of o v er 10 M � yr −1 , which
auses the disc to consume 4.5 × 10 9 M � in the time probed by
he simulation. After that, the mass remains approximately constant,
lthough with 5.5 × 10 9 M � less than in the presence of feedback.
espite the much smaller mass of gas, the SFR has a trend similar to
M R (Fig. 7 ), the difference is in how the gas is distributed in the
isc, in NOFEED R , the gas can cluster in a few areas (in the centre
r in other clumps, Fig. 3 ), increasing the efficiency of the gas–stars
onversion process. The ability of the galaxy, in BM NR / BM R , in
aintaining a higher SFR longer than in NOCOR can be attributed

o the presence of the galactic corona that, accreting onto the disc,
eplenishes the disc with cold gas and slo ws do wn the emptying of
he cold gas reservoir in the disc. 

.2 Galactic outflows and inflows 

o understand the relationship between star formation and the gas
jected/accreted from/onto the disc of the galaxy, we analyse the
utflo w and inflo w rates of gas, schematically depicted in Fig. 2 . We
efine the total inflow rate as 

˙
 in = Ṁ in, fount + Ṁ in, int + Ṁ in, cor . (13) 

We computed inflow and outflow rates as described in Marinacci
t al. ( 2019 ): we took two slabs of width z = 0.3 kpc starting
t a height from the plane of the disc of ±2 kpc (see the shaded
rea around the dashed horizontal line in Fig. 3 ) and sum up the
ontribution of all gas particles to the outflo w/inflo w rate 

˙
 out/in, i = 

v z,i m i 

z 
, (14) 
NRAS 524, 4091–4108 (2023) 
ithin the slab and with R < 30 kpc. In the abo v e equation, v z, i is
he gas particle v ertical v elocity and m i is the gas particle mass. The
utflow rate is given by the gas particles that are moving away from
he disc, i.e. particles with v z z > 0; while the condition v z z < 0
dentifies the particles corresponding to an inflow. 

In the top panels of Fig. 9 , we show the outflow (red line) and the
nflow (blue line) rates at a height of 2 kpc o v er the disc plane for the
M NR (left-hand panel) and BM R (right-hand panel) simulations.
he grey line represents the corresponding SFR. The three horizontal
ashed lines represent the average values of the inflow (light blue)
nd outflow (orange) rates and the average SFR (grey). 

In BM NR , the inflow rate ( 〈 Ṁ 〉 in ≈ 9 M � yr −1 ) is, on average,
igher than the outflow rate ( 〈 Ṁ 〉 out ≈ 5 M � yr −1 ). The rates in
M R are very similar, the average inflow and outflow rates are
 Ṁ 〉 in ≈ 9 M � yr −1 and 〈 Ṁ 〉 out ≈ 4 M � yr −1 , respectively. It is worth
oticing that in both simulations most of the peaks in the inflow rate
orrespond to depressions in the outflow rate and vice versa. This
ndicates the presence of a gas circulation at the interface between the
isc and the halo (occupied by the corona) of the galaxy: the stellar
eedback produces galactic fountains (outflows) that pass through
he corona and then fall back onto the disc (inflows). We expect this
henomenon to drag also some coronal gas that could refill the disc
nd sustain the star formation. 

Looking at the SFR, the first noticeable thing is that in both
M NR and BM R , the average SFR ( ≈6.8 M � yr −1 in BM NR and
4.4 M � yr −1 in BM R ) is below the average inflow rate, implying

hat the supply of gas from the corona has a non-negligible influence
n the total gas budget of the galaxy, making it an important reservoir
or the star formation. Taking these numbers at face value, we can
nfer that star formation can be sustained entirely by the accretion
f the coronal gas. Indeed, the inflowing gas is mostly caused by the
ccretion due to coronal gas. Computing the average net inflow rate
s 〈 Ṁ net 〉 = 〈 Ṁ 〉 in − 〈 Ṁ 〉 out , we obtain ≈4 M � yr −1 in BM NR and
5 M � yr −1 in BM R , it follows that only a fraction of the inflows is

ccounted for by the gas that is ejected from the disc and that returns
ack on it ( Ṁ in, fount ), the rest of the gas must be accreted from the
orona ( Ṁ in, int + Ṁ in, cor ). 

On average, the inflow rate in BM NR and BM R is almost
dentical. Therefore, the rotation of the coronal gas is not decreasing
he rate at which the gas is falling onto the disc, but rather the
istribution of this accreted gas appears to be different. The lower
FR in BM R (Fig. 7 ) tells us that the accreted gas is less efficient in
orming new stars with respect to BM NR . One hypothesis is that the
as is more easily accreted in the outermost areas of the disc rather
han in the centre, where the density of the gas is higher and therefore
tars can be formed more easily. 

Furthermore, we note that the SFR trend is linked to the out-
o w/inflo w rates. Interv als of abo v e av erage SFR are often followed
y local outflow rate peaks and reciprocally the SFR peaks follow
he inflow rate peaks. The presence of this correlation between the
FR and outflo w/inflo w rate trends highlights the role of the star
ormation in the circulation of gas in the g alaxy. The g as accreted
rom the corona can efficiently cool and form stars in the disc of the
alaxy, which subsequently expel a fraction of gas from the disc. This
nderlines a strict connection between these phenomena, showing
ow the star formation is intimately linked to the accretion/ejection
f gas from/into the external environment. 

.3 Positi v e feedback scenario 

ne fundamental phenomenon that has to be understood is whether
r not the stellar feedback might act as a positive feedback for
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Figure 9. Top row: Outflow (red line) and inflow (blue line) rates computed for the BM NR (left-hand panel) and BM R (right-hand panel) simulations, from 

gas inside slabs with a 300 pc width located at ±2 kpc from the plane of the disc. The grey dashed line represents the SFR. The three horizontal dashed lines 
represent the average value of the outflow rate (orange), inflow rate (light blue), and SFR (grey). The inflow and outflow rates highlight a strict connection 
between the formation of stars and the circulation of gas in the galaxy. Bottom row: net inflow rate for the same two simulations (solid blue lines), considering 
also two cases without feedback processes (dashed light blue lines): NOFEED NR (left-hand panel) and NOFEED R (right-hand panel). The net inflow rates are 
computed as Ṁ net = Ṁ in ( t) − Ṁ out ( t − t cycle ), with t cycle = 100 Myr. The average net inflow rates are depicted with horizontal lines. We notice that more gas 
(about twice as much) is accreted if the stellar feedback is present in the simulation. 
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tar formation. This has been already studied in the literature 
e.g. Marinacci et al. 2010 ; Hobbs & Feldmann 2020 ), and it is
peculated that the galactic fountains originated from the stellar 
eedback can enhance the accretion of gas from the galactic corona, 
wing to the mixing of the gas ejected from the disc with the hot
as that surrounds it. This can happen as a result of turbulence
r of the generation of a Kelvin–Helmoltz instability in the w ak e
f the galactic fountains. This newly generated mixture of gas 
as a lower cooling time with respect to the original coronal gas,
anging from a few hundred Myr to � 1 Myr (Marinacci et al.
010 ) due to the lower temperature (between 10 4 and 10 6 K) and
igher metallicity (between 0.1 and 1 Z �), allowing a more rapid
ccretion. 

To better investigate this phenomenon, to which we will refer as
ositive feedback scenario, we analyse the set of simulations without 
tellar feedback NOFEED NR / NOFEED R (see Table 2 ), these have the
ame ICs of BM NR / BM R , but the stellar feedback processes are
isabled. In this way, there is no injection of energy and momentum
n the ISM, therefore no outflow is produced and there is almost no
nteraction between the disc and the coronal gas in the extra-planar 
egion. We want to compare BM NR / BM R to NOFEED NR / NOFEED R

n order to see if there are eventually differences in the accretion of
as. In doing so, we have to consider only the gas accreted from the
alactic corona. We want to understand how much gas is accreted 
rom this component without the galactic fountains (that are not 
resent without stellar feedback) contribution (see Fig. 2 ). In fact, 
he galactic fountain gas circulates outside and inside the galaxy, 
ut does not change the quantity of gas stored in the disc, that can
ncrease consequently to inflows of gas from the corona. Therefore, 
e need to subtract from the total inflow rate Ṁ in the inflow rate
oming from the galactic fountains Ṁ in, fount , that is ∼ Ṁ out . For this
eason, the net inflow rate has been computed as 

˙
 net = Ṁ in ( t) − Ṁ out ( t − t cycle ) (15) 

t each time t . As depicted in Fig. 2 , a large fraction of the inflowing
as is coming from the galactic fountains, the gas is ejected and
hen, after a typical time t cycle ∼ 100 Myr (Fraternali 2013 ), which is
omputed considering an average initial velocity of 70–80 km s −1 

Marasco, Fraternali & Binney 2012 ), falls back onto the disc.
his time is in line with what we found in this work, measuring

he average time span between two consecutive outflow/inflow rate 
eaks. Choosing a different t cycle in equation ( 15 ) does not change
ignificantly the results of following analysis. 

In the lower panels of Fig. 9 , we show the net inflow rates for
he couple of simulations BM NR / NOFEED NR (left-hand panel) and
M R / NOFEED R (right-hand panel) computed as in equation ( 15 ).
he horizontal lines represent the average value of the net inflow

ate with (solid blue line) and without (dashed light blue line)
tellar feedback. We can see that the mean net inflow rate without
eedback is lower than the one with feedback in both cases. In the
OFEED NR simulation, the rate is Ṁ net ≈ 1.3 M � yr −1 . Without the
tellar feedback, Ṁ net is approximately half of the net inflow rate 
n BM NR ( ≈ 3 . 6 M � yr −1 ). Essentially the same applies for the
M R / NOFEED R simulations, in which the net rates are ≈ 2 . 2 and
4 . 5 M � yr −1 , respectively. The rates found without feedback are

n line with a rough estimate of the accretion rate computed as the
ass contained in the corona cooling radius (i.e. the radius at which
MNRAS 524, 4091–4108 (2023) 
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he corona cooling time equals the simulation time span), which is
bout 15–20 kpc. Therefore, it is the mass of gas that we expect to
ool in 2 Gyr in a pure radiative cooling scenario. The efficiency of
as accretion from the corona to the disc is higher if stellar feedback
s present. Therefore, stellar feedback is increasing the rate at which
he gas is falling onto the disc. This is due to the mixing between
he two gas phases (the cold ISM and the hot corona) induced by the
tellar feedback itself. 

.4 Gas phases at the disc–corona interface 

he gas contained in the outflows and inflows is a complex medium
omposed of different phases. Understanding their evolution may
llow us to better comprehend how the circulation of gas around the
alaxy and the positive feedback scenario work. In Fig. 10 , where we
onsider only our fiducial simulation BM R , we show the outflow (red
hades) and inflow (blue shades) rates in three ranges of temperatures,
old ( T < 10 4 K, first panel), warm (10 4 ≤ T ≤ 5 × 10 5 K, second
anel) and hot ( T > 5 × 10 5 K, third panel) and at three heights from
he plane of the disc (2, 5, and 10 kpc, see the dashed horizontal lines
n Fig. 3 ), highlighted by the three shades of colour. These rates are
omputed as described in Section 5.2 . 

In the top panel of Fig. 10 , we show the cold phase. The cold
 T < 10 4 K) outflo w and inflo w rates hav e a v ery similar trend,
ut shifted on average by t cycle ∼ 100 Myr, which is the average
ime that a galactic fountain takes to return to the disc after the
jection, as already mentioned in Section 5.2 . The average value of
he outflow and inflow rates is also similar ( ≈4 M � yr −1 ) and this
ives us information on the origin of this phase of gas. We speculate
hat it represents the gas from the galactic fountains, that are mainly

ade by the cold gas of the disc: the gas that is ejected from the
lane of the disc is re-accreted after a fountain cycle, this explains
he periodic shifted trend of the ejected and accreted gas. This is
orroborated by the fact that both outflow and inflow rates at 5 and
0 kpc are substantially lower. In fact, the majority of the fountains
tays in the first kpc from the disc, as it can be seen from the gas
rojections (see Figs 3 , 4 , 5 ) only the strongest fountains can reach
eights | z| > 10 kpc. 
The middle panel shows the warm phase (10 4 ≤ T ≤ 5 × 10 5 K).

his is particularly important for the positive feedback scenario as we
an argue that the warm gas is generated from the mixing between the
old galactic fountains and the hot corona. In fact, in this case, there
s a substantial difference between the gas that is accreted and the
as that is ejected. The inflow rate is much higher ( ≈3 M � yr −1 ) with
espect to the outflow rate, that is almost negligible ( ≈0.2 M � yr −1 ),
nly a small fraction of the galactic fountains is composed by warm
 as. Therefore, this g as phase is not lifted from the disc, but is rather
enerated at the disc–corona interface. The inflow rate of warm gas
s lower at 5 and 10 kpc (below 0.2 M � yr −1 ), similarly to the cold
hase. Hence, it seems to be generated from the same region where
he galactic fountains are present. This warm gas seems to be created
or the most part in the first 2–3 kpc o v er the disc, and is then accreted
nto the disc giving a non-zero inflow rate. This indicates how the
ccretion of warm gas is not generated by a cooling flow but is rather
reated due to the positive action of stellar feedback. 

The bottom panel shows the hot gas ( T > 5 × 10 5 K). Only a small
art of the ejected gas is made by this phase (coming from the gas
hock heated from the SNe), giving an outflow rate of ≈0.2 M � yr −1 .
he inflow rate is stable at a value of ≈2 M � yr −1 at the three different
eights. Therefore, the accretion has the same intensity at 2, 5, and
0 kpc o v er the plane of the disc. This gas is probably part of the
alactic corona that is accreted onto the galaxy and it mo v es towards
NRAS 524, 4091–4108 (2023) 
he central regions of the galaxy replacing the gas accreted onto the
isc. 
An interesting trend that can be noticed is that the gas with higher

ntropy ( s ∝ T / ρ2/3 ) reaches higher distances from the disc than the
old gas. Since a gas distribution is conv ectiv ely stable if entropy
ncreases with radius, hotter and less dense gas can circulate towards
igher distances with respect to cold gas. This behaviour is apparent
f we look at the outflowing gas in Fig. 10 : only a small fraction of
he cold ejected gas ( ∼ 0 . 5 per cent ) arrives at 10 kpc. This fraction
ncreases with the temperature and is ∼ 10 per cent for the warm
as and ∼ 60 per cent for the hot gas. 

One may argue that the intermediate warm phase of the accreted
as could come from the radiative cooling of the corona without the
resence of cold galactic fountain gas that may act as a catalyst, and
hat this can happen near the disc where the density and the cooling
unction of the corona are higher. To rule out this possibility we have
omputed the same outflo w/inflo w rates at 2 kpc, shown in Fig. 11 , in
he NOFEED R simulation, where the cooling of the corona is present,
ut the stellar feedback is turned off. In this case, the outflow rates
solid lines) are negligible because of the feedback absence. The
nly important accretion of gas (dashed lines) is in the hot phase
red colour) at rates of 2–3 M � yr −1 , that are very similar to the
M R simulation. The accretion of cold (blue colour) gas is below
.1 M � yr −1 because the galaxy is lacking the galactic fountains. A
imilar rate is present for the warm phase (grey colour), the absence
f ejections of cold gas from the disc means that the warm gas cannot
e formed. 
Hence, we found that the warm gas found in our simulations is

enerated as a consequence of a gas circulation at the disc–corona
nterface, mediated by the galactic fountains ejected from the disc.
his warm gas then can f all tow ards the galactic disc, fueling the
alaxy with a non-negligible ( ≈3 M � yr −1 ) amount of gas, that is
ecessary to sustain the SFR found in BM R ( ≈4 M � yr −1 ). 

 C O M PA R I S O N  TO  P R E V I O U S  WO R K S  

n the last years different numerical works have been concerned with
he study of the galactic corona, or with the circumgalactic medium
n general, analysing its properties (e.g. Lochhaas et al. 2020 ), the
elation with outflows (e.g. Pandya et al. 2021 ) and numerical cooling
ow solutions (e.g. Stern et al. 2019 , 2020 ). In particular, Stern
t al. ( 2020 ) hypothesizes that under a critical accretion rate Ṁ crit of

10 M � yr −1 for a Milky Way-like galaxy, the gas is accreted into
he disc nearly at the virial temperature ( ∼10 6 K). This is consistent
ith our results in absence of feedback ( NOFEED simulations), in

act, in this case in our simulations the accretion rate from the corona
s lower than Ṁ crit and therefore it happens in the hot mode (see
ed dashed line in Fig. 11 ), with a gaseous flow that stays hot until it
eaches the interface region with the disc. In the simulations including
eedback this hot gas can eventually mix with the gas ejected by
tellar feedback and its accretion rate is enhanced. 

Comparati vely fe w works have focused on the interaction between
he galactic fountains and the corona, and on the resulting positive
eedback (e.g. Marinacci et al. 2010 , 2011 ; Armillotta et al. 2016 ;
obbs & Feldmann 2020 ; Gronke et al. 2022 ). We focus, in
articular, on Marinacci et al. ( 2010 ) and Hobbs & Feldmann ( 2020 )
hose aim is more similar to our work. Both papers found evidence
f positive feedback coming from this galactic fountain-corona
nteraction. 

Marinacci et al. ( 2010 ) developed 2D simulations, with the
ulerian code ECHO, of a galactic fountain cloud with T = 10 4 

 moving through the galactic corona ( T = 2 × 10 6 K), with an
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Figure 10. Outflow (red lines) and inflow (blue lines) rates for the BM R simulation for three ranges of temperature at three different heights from the plane 
of the disc: 2, 5, and 10 kpc (represented with three shades of red or blue, as described in the legend). The horizontal dashed lines represent the average value 
of the outflo w/inflo w rates at 2 kpc. Top panel : cold gas ( T < 10 4 K), the inflow and outflo w rate v alues are almost identical, this phase seems to be generated 
for the majority by the galactic fountains ejected from the disc owing to stellar feedback. Middle panel : warm gas (10 4 ≤ T ≤ 5 × 10 5 K), the outflow rate is 
low ( ≈0.2 M � yr −1 ) with respect to the inflow rate. This gas is formed at the disc–corona interface, the same region where the galactic fountains are present, 
therefore we speculate that it might be created by the interaction between the corona and the cold g as. Bottom panel : hot g as ( T > 5 × 10 5 K), the accretion of 
this gas derives from the cooling of the galactic corona and the values of the inflow rate at different heights from the disc is very similar. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/3/4091/7226212 by guest on 20 February 2024
MNRAS 524, 4091–4108 (2023) 



4106 F. Barbani et al. 

M

Figure 11. Outflow (solid lines) and inflow (dashed lines) rates of the 
simulation NOFEED R computed from gas inside slabs with a 300 pc width 
located at an height | z| = 2 kpc from the plane of the disc for the same three 
ranges of temperature of Fig. 10 : cold (blue lines), warm (grey lines), and hot 
(red lines) gas. Only the inflow rate of hot gas has a non-negligible value and 
there is almost no accretion of cold and warm gas. Furthermore, the outflow 

rates are also almost zero, due to the absence of stellar feedback no outflows 
are generated in the simulation. 
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nitial velocity of 75 km s −1 . They found that for reasonable density
 n ≈ 2 × 10 −3 cm 

−3 ) and metallicity ( Z ≈ 0.1 Z �) values of the
orona, some coronal gas can condensate in the w ak e of the cloud,
eading to a mass of cold gas that increases o v er time as the fountain
asses through the hot gas. By extrapolating the result for a single
ountain gas cloud to the whole galactic disc, they obtained a global
ccretion rate of ≈0.5 M � yr −1 for the Milky Way. 

Hobbs & Feldmann ( 2020 ) investigated the positive feedback
rocess simulating, with the GIZMO code, a portion of a star-forming
isc in a small box of 2 × 2 × ±50 kpc; therefore the resolution
23 M � for gas particles) is higher than in our case. The galactic
orona has a constant number density of 6 × 10 −4 cm 

−3 and a
onstant temperature of ≈10 6 K. They also take into account gas
urbulence in the gaseous disc and use a different stellar feedback
mplementation (see Kim et al. 2014 ), in which SN feedback has a
urely thermal component. Despite the differences in the ICs and
n the models, their simulations suggest the presence of a positive
tellar feedback mechanism as well. Furthermore, also in their case
he mass of cold gas in the disc remains approximately constant
s a consequence of coronal accretion. Hobbs & Feldmann ( 2020 )
eveloped an analytical model to examine the dependence of the
ccretion rate on the SFR. They found that negative feedback starts
ominating o v er positiv e feedback when the SFR (e xtrapolated to
he whole galactic disc) o v ercomes a value of ≈ 0 . 5 M � yr −1 . Abo v e
his value, an increase in the SFR will produce a decrease in the
ccretion rate. Although we would need more galaxy configurations
o robustly investigate this aspect, it seems that our simulations
ehave differently as there is not an obvious trend between an
ncrease/decrease of the SFR and a corresponding decrease/increase
n the accretion rate (see Fig. 9 ). Our simulations appear to suggest
NRAS 524, 4091–4108 (2023) 
hat for a Milky Way-like galaxy positive stellar feedback continues
o be important even at SFR above ≈ 0 . 5 M � yr −1 . 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we studied the evolution of a series of multicomponent
 -body hydrodynamical models representative of a Milky Way-

ike galaxy embedded in a hot gaseous atmosphere, the so-called
orona, using state-of-the-art numerical simulations. In particular,
e focused on the interaction between the disc and the corona caused
y the gas exchanges between these two components mediated by
tellar feedback. We studied several aspects of this interaction, such
s the balancing between the star formation and the outflo ws/inflo ws
f gas and the mixing between the disc and the corona. We analysed
hese aspects employing the moving-mesh code AREPO and the
xplicit stellar feedback and ISM medium model SMUGGLE to
arry out our simulations. We have successfully built a set of ICs
or the hydrodynamical N -body simulations analysed in this work.
hese configurations have then been used to perform ‘full-physics’
imulations with the SMUGGLE model. The main results of these
alculations can be summarized as follows. 

(i) We found that the galactic corona is the main contributor to the
aterial sustaining star formation in the galaxy. The star formation

akes place from the cold gas in the disc, whose mass is maintained at
 nearly constant level by gas accretion from the corona; without this
rocess, the galaxy would have a lower SFR and would progressively
eplete its gas content and lower its star formation rate in ∼1–2 Gyr.
(ii) We studied the outflo w/inflo w rates from/onto the galactic

isc. We have observed the formation of gaseous outflows due
o the combined effects of the different stellar feedback processes
mplemented in the SMUGGLE model. The analysed outflow rates
re generated by the galactic fountains, which are composed mostly
y cold metal-rich gas ( T < 10 4 K), but possess also a fraction of
arm and hot gas ( T ≥ 10 4 K). The alternation of the peaks in the
utflo w and inflo w rates, for which each outflo w-dominant phase is
ollowed by an inflow-dominant phase, suggests the presence of a
irculation of the gas between the galactic disc and the corona, in
act, almost 50 per cent of the inflow rate derives from the galactic
ountains. The remaining inflow rate fraction is gas accreted onto
he disc from the corona. We found a connection between the gas
nflowing into the galaxy and star formation: the average SFR is
elow the average inflow rate, making the accretion of gas sufficient
o entirely sustain star formation. 

(iii) We have analysed the positive feedback scenario : the accre-
ion of gas might potentially be helped by the interaction between the
alactic fountains and the coronal gas, fa v ouring its cooling. In doing
o, we made a comparison between simulations with and without
tellar feedback. After an initial starburst phase in the no feedback
un, caused by an o v ercooling of the gas in absence of feedback, the
FR stabilizes to a level similar to the simulations that include stellar
eedback. We explained that as a consequence of the absence of both
ositiv e and ne gativ e feedback, those phenomena compensate each
ther, raising and reducing the SFR. We found that stellar feedback
elps in increasing the accretion rate of the coronal gas, which is two
imes larger than in the no feedback case. This increase of accretion
s due to the generation of a warm gas phase (with an inflow rate
f ≈3 M � yr −1 ) at the disc–corona interface thanks to the action of
ositive stellar feedback. This warm gas then falls onto the disc,
ools down, and eventually fuels new star formation. 

Our simulations currently do not include magnetic fields that
ould lead to a different dynamics of gas and have an effect on
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he star formation efficiency and feedback, and accurate cosmic 
ays dynamics, that might have an effect on the global outflow 

ate and regulate the thermal and ionization state of the gas. 1 

ncluding them in future work can give us further insights on 
ehaviour of the interstellar and circumgalactic media in star-forming 
alaxies. The type of simulations analysed in this work represents a 
ridge between idealized small-scale simulations and cosmological 
imulations, allowing to obtain a high/intermediate resolution while 
till considering a realistic galactic setup. Nevertheless, the model 
alaxy evolves in isolation and it is not inserted in a full cosmological
ontext. Therefore, it would be desirable to extend this analysis to 
imulations including the cosmological context self-consistently. In 
his way, it will be possible to follow the evolution of star-forming
alaxies like the Milky Way with a higher degree of physical fidelity,
rawing a coherent picture of the formation and evolution of such 
bjects. This will enable us to make an important step forward 
owards a more physically faithful modelling of the evolution of 
tar-forming galaxies. 
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