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A B S T R A C T 

We conducted 3D-magnetohydrodynamic simulations to investigate the feedback processes in the central 1-kpc scale of galaxies 
hosting both active star formation (SF) and an active galactic nucleus (AGN) wind. Our simulations naturally generated a 
turbulent and clumpy interstellar medium driven by SF evolution. We found that the AGN-wind duty cycle plays a crucial role in 

shaping the evolution of the outflows. A single duty cycle (which can repeat several times over the galaxy lifetime) consists of an 

active, a remnant and an inactive phase, lasting up to 1.5 Myr in our simulations. The duration of the cycle increases with larger 
star formation rate (SFR) and smaller AGN-wind power (tested for luminosities 10 

42 –10 

44 erg s −1 and SFR = 1–1000 M � yr −1 ). 
The feedback on SF, whether positive or ne gativ e, depends on various factors, including the AGN outflow opening angle, power, 
and phase of activity, as well as the initial SFR. The passage of the AGN wind enhances SF in a ring around it, resembling the 
structures observed in ULIRGs (Ultraluminous Infrared Galaxies) and LINERS (low-ionization nuclear emission-line region), 
and is stronger for larger AGN power or SFR. Also, a higher SFR enhances the mixing of interstellar matter with the AGN wind, 
resulting in a greater number of colder, denser structures with volume filling factors ∼0.02 to 0.12 and velocities comparable 
to those observed in Seyferts and LINERs, but smaller than those observed in ULIRGs. The efficiency of the AGN wind in 

transporting mass to kiloparsec distances diminishes with increasing SFR. The mass-loss rates range from 50 to 250 M � yr −1 

within the initial 2 Myr of evolution, which aligns with observed rates in nearby Seyferts and ULIRGs. 

Key words: ISM: jets and outflows – galaxies: active – galaxies: evolution – galaxies: ISM – galaxies: starburst – galaxies: star 
formation. 
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 I N T RO D U C T I O N  

he impact of supermassive black holes (SMBHs) on the evolution
f their host galaxies is known as feedback. The (momentum-driven)
ets from active galactic nucleus (AGN) galaxies are generally
elieved to be the main agents to prevent the cooling of the gas
t the large (dozen-kpc) scales where these jets impinge into the
arm and hot intergalactic medium (IGM, e.g. Silk & Rees 1998 ;
etzer 2015 ; F alceta-Gon c ¸alv es et al. 2010 ). This process, often
enominated ‘maintenance mode’, is complemented at smaller (sub-
pc) scales, by the so-called quasar mode where (radiation-driven)
utflo ws are belie ved to be responsible for sweeping the gas from the
alaxy inner radii (e.g. McNamara & Nulsen 2012 ; Morganti et al.
021b ; Morganti, Oosterloo & Tadhunter 2021a ) and even quench
tar formation (SF, Nesvadba et al. 2010 , Wylezalek & Zakamska
016 , Mukherjee et al. 2018b ). On the other hand, with the recent
ncrease of higher resolution observations revealing multiple phase
tructures of gas in different classes of AGN, the aforementioned
icture of AGN feedback has become more complex (e.g. Harrison
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t al. 2020 ; Scholtz et al. 2020 ; Morganti et al. 2021a ; Aalto et al.
020 ; Pereira-Santaella et al. 2018 ). The contribution in various
lasses of AGN to the feedback and the scales at which they operate
re not yet completely understood (e.g. Murthy et al. 2022 ). For
nstance, it is not clear yet whether galactic winds driven by SF
also denominated supernov a (SN)-dri ven winds) play some role in
he feedback process too, blurring the effects of the AGN winds
e.g. Melioli & de Gouveia Dal Pino 2015 ; de Gouveia Dal Pino,
lavijo-Boh ́orquez & Melioli 2018 ; Silk & Rees 1998 ; Netzer 2015 ;
arrison et al. 2018 ; Gowardhan et al. 2018 ; Wylezalek & Morganti
018 ; Pereira-Santaella et al. 2021 ). At the same time, cosmological
imulations, specially those focused on the formation of SMBHs
e.g. Barai & de Gouveia Dal Pino 2019 ) or the production of cosmic
ays and diffuse emission (e.g. Hussain et al. 2023 ), have demanded
ore realistic constraints on the processes of energy transfer from

he AGN and SB winds to the interstellar medium (ISM) and
GM. 

The gaseous outflows observed in a high variety of AGN (e.g.
adhunter 2008 ; Morganti et al. 2015 ; Harrison et al. 2018 ; Veilleux
t al. 2020 ), are often limited to the central kiloparsec or sub-
iloparsec regions of the galaxy and carry relatively small amounts
f gas (see e.g. Holt, Tadhunter & Morganti 2008 ; Rose et al. 2017 ,
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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1 See e.g. the recent work by Murthy et al. ( 2022 ) where they have detected a 
low-luminosity radio galaxy, B2 0258 + 35, with a massive molecular outflow 

entirely driven by the radio jet. 
2 https:// bitbucket.org/ amunteam/ godunov-code/ src/ master/ 
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018 ; Oosterloo et al. 2017 , 2019 ; Baron & Netzer 2019 ; Bischetti
t al. 2019 ; Santoro et al. 2018 , 2020 ; Scholtz et al. 2020 ). Their
mpact effects may change during the various stages in the life of
he AGN (e.g. Morganti et al. 2021a ). Previous numerical studies
ave indicated that the compression by the jet-driven shocks can 
nhance SF in the disc, but the enhanced turbulent dispersion in the
isc can also lead to quenching of SF, as indicated by observations.
hether positive or negative feedback pre v ails depends on jet 

ower, ISM density, jet orientation with respect to the disc, and 
he time-scale under consideration (Sutherland & Bicknell 2007 ; 

agner, Bicknell & Umemura 2012 ; Melioli & de Gouveia Dal 
ino 2015 ; Mukherjee et al. 2016 , 2018a , b ; Tanner & Weaver
022 ). 
Another crucial aspect that may largely influence the feedback 

rocess is the observed variability in the AGN outflow activity. In
ptical observations of nearby AGN sources, the analysis of short 
ime-scales reveals that the duration of activity cycles can range 
rom 10 5 to 10 6 yr (e.g. Schawinski et al. 2015 ). Conversely, when
bserving in the radio band, the complete cycle can span from 10 7 

o 10 9 yr, leading to the categorization of distinct object groups
ith differing time-scales. Nevertheless, a harmonious explanation 

an be found by considering that the shorter-term activity cycles 
re modulated by the longer-term ones. For instance, the presence 
f e xtensiv e outflows on a scale of approximately 10 kpc or more
mplies prolonged episodes of activity needed to create and sustain 
uch e xpansiv e re gions. Ho we ver, it appears improbable that an
MBH can consistently emit the required luminosity o v er such 
xtended periods. To reconcile this, it is postulated that multiple 
hort-term activity cycles intervene to drive these massi ve outflo ws 
 v er such vast distances. This process referred to as the ‘duty cycle’
echanism (Schawinski et al. 2015 ; Zubovas & King 2016 ; Morganti

017a , b ; Zubovas 2018 ), determines a sort of AGN-galaxy co-
volution, and though it is not yet fully understood, it is widely
ccepted that the gas content plays a crucial role in triggering both
GN and SF activity. 
In this work, in order to impro v e our understanding on the

ormation of these outflows and on how they impact on the galaxy
volution at the inner regions in different stages of the AGN activity,
e present three-dimensional (3D) MHD (magnetohydrodynamic) 

imulations of the sub-kpc-scale core region of active galaxies with 
ntense SF. Distinctly from previous works that have simulated the 
nteraction of an AGN jet with a clumpy ISM with large filling
actor fractal distribution of high-density clouds (e.g. Wagner & 

icknell 2011 ; Wagner et al. 2012 ; Mukherjee et al. 2016 , 2018a , b ;
urthy et al. 2022 ; Tanner & Weaver 2022 ), we here consider

ducial values of SFR and SN rates (SNR) in an initially smooth
ultiphase galactic disc in order to allow for natural formation 

f a turbulent and structured ISM where the AGN jet is then
njected. A galactic wind driven by SF is also naturally produced 
n this environment and we explore the interactions and relative 
ole of both the AGN- and the SF-dri ven outflo ws on the feedback
rocesses, including the temporary suppression of gas infall due to 
he AGN outflow. We also explore the effects of initial conditions, 
y launching the AGN outflow in different stages of the galactic ISM
volution. 

This work extends upon previous one by Melioli & de Gouveia 
al Pino ( 2015 ), where the combined effects of SF and AGN
utflows were explored in the context of Seyfert galaxies and the 
ain conclusion was that the SF is the main responsible for the mass

oading in the outflows. The AGN jet alone would be unable to drive
 massive gas outflow, at least in this class of systems, though it
ay have power enough to drag and accelerate clumps to very high
elocities. 1 We quantify, in particular, observed quantities like the 
ass outflow rate, the filling factors of different gas components, and

he duty cycle of the AGN activity, and also compare our results with
revious simulations and several observed classes of active galaxies, 
ncluding young radio galaxies with molecular and ionized outflows 
e.g. Morganti et al. 2013 , 2015 ; Dasyra et al. 2016 ; Oosterloo et al.
017 , 2019 ; Maccagni et al. 2018 ; Schulz et al. 2018 , 2021 ; Murthy
t al. 2019, 2022 ; Morganti et al. 2021a ), Ultraluminous Infrared
alaxies (ULIRGs, Sturm et al. 2011 ; Dasyra & Combes 2012 ;
eilleux et al. 2017 ; Cazzoli 2017 ; Pereira-Santaella et al. 2018 ,
021 ; Chen et al. 2020 ; Herrera-Camus et al. 2020 ; Ramos Almeida
t al. 2022 ; Fluetsch et al. 2021 ), and Seyfert galaxies (Fluetsch et al.
019 ; Tombesi et al. 2012 , 2015 , 2017 ). 
This paper is organized as follows: in Section 2 , we describe our

umerical model. Section 3 is devoted to describe and analyse the
esults of our simulations. In Section 4 , we discuss and compare our
esults with previous studies and with observations, and finally in 
ection 5 , we draw our conclusions. 

 N U M E R I C A L  M O D E L  

e integrate numerically the MHD equations given by, 

∂ ρ

∂ t 
+ ∇ · ( ρv ) = ṁ S , (1) 

∂ ρv 
∂ t 

+ ∇ · ( ρv v − BB + p ∗) = f G 

, (2) 

∂ E 

∂ t 
+ ∇ · [

( E + p 

∗) v − B ( B · v ) 
] = E S , (3) 

∂ B 

∂ t 
− ∇ × ( v × B ) = 0 , (4) 

here ρ is the density, v is the velocity, B is the magnetic field, p ∗ is
 diagonal ef fecti ve pressure tensor with components p ∗ = p + B 

2 /2,
nd E is the total energy density given by, 

 = 

p 

γ − 1 
+ 

1 

2 
ρv 2 + 

B 

2 

2 
, (5) 

here p is the thermal pressure and γ is the ratio of the specific heats.
e assumed an equation of state for an ideal gas, p = ( γ−1) e , where

 is the internal energy density and γ = 5/3. The source term ṁ S 

epresents the rate of mass injection by supernovae, SNe Ia and SNe
I, f G represents the external gravitational forces due to dark mater,
he bulge, and the disc of the galaxy, and E S = E SNIa + E SNII + E AGN 

 E DM 

+ E disc + E bulge −� ( ρ, T ) represents the sources of energy
ensity coming from SN type Ia and SN type II explosions, the AGN
ind, and the external potentials due to the dark matter halo, the
isc, and the stellar bulge as well as the radiative cooling losses,
espectively. In order to integrate these equations numerically, we 
sed the Godunov-based code AMUN (Kowal, Lazarian & Beresnyak 
007 ), 2 which was modified in order to introduce the effects of
adiativ e cooling o v er a wide range of temperatures, 50 K < T <

0 9 K (Raga 2000 ; Melioli & de Gouveia Dal Pino 2004 ; Schure
t al. 2009 ; Townsend 2009 ; Melioli & de Gouveia Dal Pino 2015 ).
e considered an optically thin gas in ionization equilibrium with a
etal abundance in the mid-plane given by z / z � = 1.0 and decreasing

inearly with the height of the disc up to a minimum value of z / z � =
MNRAS 535, 1696–1720 (2024) 

https://bitbucket.org/amunteam/godunov-code/src/master/


1698 W. E. Clavijo-Boh ́orquez, E. M. de Gouveia Dal Pino and C. Melioli 

M

Table 1. Parameters common to all the simulations: (1) radius of the bulge 
(which contains 50 per cent of the stellar mass of the system); (2) −(4) 
centrifugal rotational support factor for each of the three initial gas phases; 
(5) mass of the central bulge; (6) mass of the central SMBH, related to (5) via 
M bulge ∼ 10 3 M BH ; (7) virial mass, that is, the mass at the virial radius, r vir , 
where the average density is ∼10 2 times the cosmological critical density 
(see Melioli & de Gouveia Dal Pino 2015 ). 

(1) (2) (3) (4) (5) (6) (7) 
r b e 1 e 2 e 3 M bulge M BH M vir 

1.3 kpc 1 0.9 0.5 10 10 M � 10 7 M � 10 11 M �
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Figure 1. 2D cuts in logarithmic scale of the gas density distribution showing 
an edge-on view of the galaxy central region. Left panel shows an initial 
smooth distribution which applies to models labelled ‘smooth’ in Table 2 . 
The right panel shows a more evolved ISM (clumpy environment) with a 
wind that develops after successive SNe explosions, around t = 1.6 Myr. This 
will serve as initial setup for the models labelled ‘clumpy’ in Table 2 . In these 
models, SFR = 1 (see the text for more details). 
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.1, and also included molecular hydrogen H 2 . F or inte gration in
pace we used the Harten–Lax–van-Leer C (HLLC) Riemann solver
or the HD simulations, and the HLL D (HLLD) for the MHD
imulations (see Toro 2009 ). A second-order Runge–Kutta scheme
Liu & Osher 1998 ) was employed for time integration. The radiative
ooling function � ( ρ, T ) is calculated implicitly in each time-step
nd implies errors smaller than 10 per cent for the gas cooling down
o a minimum (floor) temperature. In all our simulations, we have
onsidered a minimum temperature T = 50 K (see Section 3 ). 

.1 Boundary conditions 

he computational domain has physical dimensions 1 × 1 × 1 kpc 3 

n the x-, y-, and z-directions for most of the models with a collimated
GN wind, and 1 × 1 × 2 kpc 3 dimensions for the models with a

pherical (360 ◦) AGN wind as well as for a few models with 10 ◦

pening angle (see more details in Section 2.2.2 ). We have run most
f the models with 256 3 resolution (corresponding to a cell size
3.9 pc). Simulations performed by Melioli & de Gouveia Dal Pino

 2015 ) for a similar domain considering resolutions between 128 3 

nd 512 3 have indicated a good degree of convergence in the results
or 256 3 resolution. For this reason, we have adopted this resolution,
hat is, a cell size ∼3.9 pc, in this work for most of the runs, but
ave also run a few models with resolution twice as large, with cell
ize ∼1.95 pc. Our simulations have outflow boundaries conditions,
hich ensure that the fluid reaching the boundaries escapes from the

ystem without coming back. 

.2 Initial setup 

he initial setup is also similar to Melioli & de Gouveia Dal Pino
 2015 ), except for the introduction of the magnetic field into the
ystem. 

The initial mass for the galaxy includes the contribution of a
ulge and a stellar disc. The rotating ISM gas in the disc is set in
quilibrium with the galaxy gravitational potential, � ( r , z), given by
he sum of the dark matter halo, the bulge, and the disc contributions
see equations 8–10 of Melioli & de Gouveia Dal Pino 2015 ). We
etermine the disc rotation velocity by solving the equation v( r , z) =
 r d( r , z)/d r ) 0.5 (also referred to in Melioli et al. 2008 , 2009 ; Melioli,
e Gouveia Dal Pino & Geraissate 2013 ; Melioli & de Gouveia Dal
ino 2015 ). The velocities obtained through this approach closely
esemble the rotation curve typically observed in a spiral galaxy. The
alaxy parameters adopted in this study are presented in Table 1 . 

We consider an initially stratified multiphase IS gas distribution,
ith each i -phase defined by a typical temperature T i , which is

nitially in hydrostatic equilibrium in the gravitational potential as
escribed abo v e. The initial gas density distribution for this smooth
etup is shown on the left panel of Fig. 1 . Also, we consider initially
our typical temperature phases: very cold gas with a temperature of
NRAS 535, 1696–1720 (2024) 
 1 = 50 K, cold gas with a temperature of T 2 = 200 K, hot gas with
 temperature of T 3 = 10 4 K, and ionized gas (extragalactic halo)
ith a temperature of T 4 = 10 6 K. 
In order to account for the presence of magnetic fields in our

imulations, we assume the fluid to be initially embedded in a
orizontal magnetic field either constant or stratified assuming an
nitial constant ratio of the thermal to magnetic pressure β = P th / Pm .

ith this prescription, equation (11) of Melioli & de Gouveia Dal
ino ( 2015 ) is modified as follows: 

i ( r, z) = ρi, 0 exp 

[
−φ( r, z) − e 2 φ( r, 0) − (1 − e 2 ) φ(0 , 0) 

c 2 s,i (1 + 1 /β) 

]
, (6) 

here c 2 s,i is the isothermal sound speed of the i -phase of the gas and
 i quantifies the fraction of rotational support of the ISM (see Table
). In our model, the i -phase density is replaced by the ( i + 1)-phase
ensity wherever the ( i + 1)-phase total (thermal + magnetic) pressure
s larger than the (coldest and densest) pressure of the i -phase. 

For models where we assumed initially constant magnetic field,
e adopted only one value B 0 = 0.76 μG. In the runs with stratified
agnetic fields, we considered three initial values of β = p /( B 

2 /8 π ) =
 , 300, and 30, corresponding to initial magnetic fields at the plane

f the disc, B 0 = 0.0 (HD models), 7.6, and 24 μG, respectively
where B 0 is the magnetic field strength at the galactic plane). 

These values are compatible with observed values in nearby
eyfert galaxies and ULIRGs which point to average values of ∼1–
00 μG, with the latter value occurring only in starburst (SB) systems
ith very large SFRs (Thompson et al. 2006 ; Drzazga et al. 2011 ).
hey are also comparable with those adopted in previous 3D-MHD
tudies (Rodenbeck & Schleicher 2016 ; Ntormousi 2018 ). 

.2.1 SF wind parameters 

F drives turbulence and the development of a clumpy ISM. In
rder to account for this and also for the possibility of occurrence
f SF-dri ven outflo ws in the central regions of the galaxy, we have
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onsidered the feedback from massive stars in the late stages of their
ifetime when the y e xplode as type II SNe (SNe II), and also from
ow-mass white dwarfs in binary systems which explode in type Ia 
Ne, particularly in the bulge. 
The rate of SN Ia explosions is proportional to the bulge mass,

NIa ∼ 0 . 01( M bulge / 10 10 M �) yr −1 (Pain et al. 1996 ) which in turn is
roportional to the mass of the central SMBH ( M BH ) given by the
elation M BH /M bulge ∼ 10 −3 (H ̈aring & Rix 2004 ), so that we can
btain this rate in terms of the SMBH mass (Melioli & de Gouveia
al Pino 2015 ): 

NIa = 10 −9 

(
M BH 

1M �

)
yr −1 . (7) 

To introduce SNe II, we consider an SB in the central region of
he host galaxy distributed in the disc. Assuming the Salpeter initial 

ass function, the number N of stars with mass larger than 8 M �
i.e. the SNe II number) is N ∼ 0.01( M b /M �), where M b is the total
ass of the stars in the SB. The SNe II activity lasts up to t b ∼
 × 10 7 yr, which is the lifetime of an 8 M � star. An ef fecti ve
verage SN rate is thus given by SNR � N / t b , which is in good
greement with more accurate e v aluations gi ven by Leitherer et al.
 1999 ). In order to inject the SNe in space and time, each i th-type 1
nd type 2 SN explosion is randomly associated with a position P i =
 r i , h i ) in the bulge (in the case of SNIa) and in the disc (in the case
f SNII) at a random time t i , within the interval 0 < t i < 30 Myr.
his methodology generates explosions with a spatial frequency that 
ligns with the stellar density of the bulge (following a Plummer 
rofile) and the disc (encompassing a radius of approximately 300 
c and a typical half-height, abo v e and below, between 80 and 160
c, depending on the specific model under consideration). We have 
ssigned SNe events with an average luminosity in accordance with 
he explosion rates specified by each model. More details can be 
ound in Melioli et al. ( 2009 ) and Melioli & de Gouveia Dal Pino
 2015 ). 

We have constrained the initial amount of gas in the disc by the star
ormation rate (SFR) using the Kennicutt–Schmidt relation, which 
atches observations for a wide range of galaxies (Kennicutt 1998 ): 

FRD = (2 . 5 ± 0 . 7) × 10 −4 

(

 gas 

1 M �pc −2 

)1 . 4 ±0 . 15 

M � yr −1 kpc −2 , 

(8) 

here SFRD = SFR/ A is the star formation rate density, A is the disc
rea, and 
 gas = N H × m H is the gas surface density. Therefore, for
 given disc area A , both the SFR and the SNR depend only on the
isc column density, that is, 

FR ∼ 4 A × N 

1 . 4 
H , 23 , (9) 

NR ∼ 0 . 04 A × N 

1 . 4 
H , 23 , (10) 

here N H,23 is the column density in units of 10 23 cm 

−2 . Con-
equently, using the relationships presented abo v e, each model is
haracterized by a specific initial column density to which it is
ssociated a given SFR and SNR. We explore here models with 
olumn densities between 10 23 and 10 25 cm 

−3 to which we have 
atched SFR between 1 and 1000 M � yr −1 . 

.2.2 AGN-wind setup 

e assume an AGN outflo w dri ven by the SMBH activity in the
entre of the galaxy. We consider three different geometries for 
his injection: (i) a collimated outflow with 0 ◦ opening angle, (ii)
 conical outflow with an opening angle of 10 ◦, and (iii) a spherical
utflow injection. In the cases (i) and (ii), a total luminosity (or
echanical power) L 1 = 3.5 × 10 42 erg s −1 or L 2 = 2.35 × 10 43 

rg s −1 is injected symmetrically in a volume of ∼(7.8 pc) 3 , which
orresponds to eight cells in the centre of the computational domain
four cells abo v e and four cells below the mid-plane of the galaxy)
haracterized by an injection velocity v AGN perpendicular to the 
lane of the disc and a total rate of injected matter Ṁ AGN , wich are
iven in Table 2 . In the case (iii), we also consider two possible
alues for the total injected power L 2 = 2.35 × 10 43 erg s −1 or
 3 = 2.35 × 10 44 erg s −1 , introduced in the system as thermal power,
hich represents a good physical approximation to an adiabatic 

energy-driven) propagation of the AGN wind from inner parsec scale 
Zubovas & King 2012 ). In both cases, the wind velocity is given by
 AGN = (2 L/ Ṁ AGN ) 1 / 2 . 

.2.3 AGN-wind duty cycle setup 

n our simulations, we have accounted for the fact that the prop-
gation of the AGN wind can e ventually pre vent the inflo w of
nterstellar (IS) gas to the core, hence interrupting temporarily the 
GN activity and the outflow itself. As stressed in Introduction, AGN
ux variability is observed at different time-scales (e.g. Schawinski 
t al. 2015 ). This is most probably related to variations in the nuclear
ctivity due to the accretion flow (e.g. Ho 2008 ). In our simulations,
e have looked at the time at which the total mass in the central

egion (within a radius ∼ 40 pc) decreases to 1 per cent of its initial
ass, due to the passage of the AGN wind. Then, we have turned-off

he AGN wind at this time in order to follow the evolution of the
ystem o v er a single cycle of the outflow under this condition. As
e will show in Section 3.2.2 , this ‘duty cycle’, which can repeat for

everal times over the system lifetime, consists of the active phase
before the outflow is turned-of f), follo wed by a remnant and an
nactive phases. 

We should note that this turning-off condition is influenced by the
esolution of our calculations. Given cell sizes ranging from 7 to 14
c, we are unable to model the interruption of the inflow to the nuclear
e gion v ery accurately. The inflow of very small dense structures into
he core, as the ones detected, for instance, in Cielo et al. ( 2018 )
tudies, might enable the persistence of extremely narrow jets in 
he central re gion. Nev ertheless, we contend that these mechanisms
ould not suffice to maintain the broader, less collimated AGN winds
iscussed in this work. 

.2.4 Initially smooth and clumpy environments 

he AGN wind is injected in the system considering two different
nitial setups. In a family of models denominated smooth (S), the
ind is injected when the system is in an initially stratified state,

n hydrostatic equilibrium (see left panel of Fig. 1 ). In this case,
he AGN wind propagates at the same time that the outflow driven
y SF with SN e xplosions starts to dev elop. In another family of
odels denominated clumpy (C), the AGN wind is launched when 

he system has already developed a clumpy state due to SF and the
Ne-induced outflow (see right panel of Fig. 1 ). 
The initial conditions and parameters of the models analysed are 

rovided in Table 2 . The model labels use S or C to indicate initially
mooth or clumpy environments, respectively; HD represents pure 
ydrodynamical models, MHD models with an initial constant 
agnetic field ( B 0 = 0.76 μG), and MHD βnumber denotes MHD
odels with initial constant β = 30 and 300. The number SF

tands for the SFR in units of M � yr −1 . The subsequent label in
MNRAS 535, 1696–1720 (2024) 
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Figure 2. Numerical resolution convergence. 2D logarithmic cuts of number 
density (left), temperature (middle), and velocity (right) for the model 
C.MHD.1000SF.360 ◦.L2 at t = 300 kyr comparing two different grid 
resolutions: 512 × 512 × 1024 (top panels) and 256 × 256 × 512 (bottom 

panels). 
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he model specifies the AGN-wind opening angle (0 ◦, 10 ◦, or 360 ◦);
nd the last label indicates the AGN-wind luminosity: L 1, L 2, or
 3, corresponding to L AGN = 3.5, 23.5, or 235 × 10 42 erg s −1 ,
espectively . Finally , the only model presented in the table that was
un at higher resolution is labelled as high - res . We have grouped the
odels into two samples. One includes the models with SFR 1 M �

r −1 , named Low SFR , most of which have collimated AGN winds,
hat is, with 0 ◦ or 10 ◦, characteristic of Seyfert-like systems. This
ample has been subdivided in two categories smooth and clumpy 
odels. The second big sample (labelled High SFR ) includes all 
odels with higher SFR and spherical AGN-wind injection, which 

re typical characteristics of ULIRG-like systems. All the models in 
his group are initially clumpy. 

 RESULTS  

n this section, we discuss the main results or our study, focusing on
he feedback of the stellar activity and AGN outflows into the 1 kpc 3 

entral region of the host galaxy o v er the first 2.0 Myr of evolution.
n particular, we will analyse the influence of the initial conditions 
n the evolution of the galaxy gas. 

.1 Conv er gence of our simulations 

et us start discussing briefly the convergence of our results. 
ig. 2 compares the density, temperature, and velocity maps for 
odel C.MHD.1000SF.360 ◦.L2 of Table 2 (i.e. with an initial 
FR = 1000 M � yr −1 , an initial constant horizontal magnetic field
ith value 0.76 μG, a spherical (360 ◦) AGN wind and luminosity
 2) for two distinct resolutions 512 2 × 1024, corresponding to a cell
ize � l = 1.95 pc in each direction, and 256 2 × 512, corresponding
o a cell size � l = 3.9 pc in each direction. Fig. 3 compares the
volution of volume-averaged quantities for these two models. 

We note that the general features of the evolving system are 
omparable in both resolutions, as well as the volume averaged 
uantities. We will discuss all these properties in more detail in the
ext sections, but the results in these figures reveal good convergence 
f the results already for a resolution of 256 2 × 512, and for this
eason, most of the models considered in this work were run with
his resolution. The higher resolution maps in Fig. 2 evidence the 
atural presence of more features, particularly in the temperature and 
elocity maps in the halo regions, but the macrodynamical properties 
re essentially preserved, as we see also in Fig. 3 . We only note a
light delay in the formation and the strength of the peak of the
v erage v elocity, which is slightlty higher and is attained earlier in
he higher resolution run. This is due to the AGN-wind injection 
hich encounters more resistance to break into the smoother (less 
orous) lower resolution environment, but this will not affect the 
 v erall evolution of the system. 

.2 Effect of ISM initial conditions on AGN-wind propagation 

.2.1 Smooth versus clumpy environments 

n this section, we show how the porosity of the ISM induced by
F affects the feeding and the dynamics of the AGN wind as it
volves. Porosity is one of the most important characteristics of this
tudy where the multiphase ISM is not induced by an imposed initial
ensity distribution function, but is instead, a natural consequence 
f the stellar feedback. It is important to emphasize that the porosity
f the ISM does not depend only on the stellar feedback, but more
enerally on gas turbulence (see e.g. Barreto-Mota et al. 2021 ) and
lso on gravitational instabilities and fragmentation (Toomre-like 
nstabilities) in the disc. Nevertheless, stellar activity and in particular 
N explosions play a key role in the generation of the turbulence,
nd gravitational disc instabilities act at larger gas mass structures 
nd on longer time-scales than those investigated in this study (see
.g. Elmegreen 2009 ). For this reason, we believe that in this study
he stellar feedback is the most important parameter in regulating the
orosity of the medium. 
The initial gas distribution determines the evolution of the system. 

he main differences between an initially smooth and an SF-induced 
lumpy environment are shown in Fig. 4 . Here, we compare density,
emperature, and velocity distributions, at t � 300 kyr, of two
ystems where a cone-shaped AGN wind with 10 ◦ opening angle 
s injected in an initially smooth system in hydrostatic equilibrium 

nd in an evolved clumpy ISM, both characterized by an initial
orizontal magnetic field B = 0.76 μG and an SFR = 1 M � yr −1 .
e clearly see that in the smooth environment, the AGN outflow

xpands faster, easily disrupting the disc, reaching the halo, and 
orming a low density, hot regular bipolar-shaped wind. On the 
ther hand, in the case of the clumpy environment, an asymmetric,
iggling outflow develops on both hemispheres, propagating at 

lower velocity through the irregular structures that form in the 
hicker disc due to SF activity. In this case, the AGN outflow barely
eaches the halo. The SF-driven galactic wind is in turn much broader, 
ut much slower. This can be particularly distinguished in the density
MNRAS 535, 1696–1720 (2024) 
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M

Figure 3. Numerical resolution convergence. From top to bottom, volume- 
averaged density, thermal pressure, temperature, velocity, and magnetic field 
intensity for model C.MHD.1000SF.360 ◦.L2. The solid red line stands for the 
higher resolution (512 × 512 × 1024) and the blue for the lower resolution 
run (256 × 256 × 512). The shaded regions give the variance of each 
determination. 
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Figure 4. Initially smooth versus clumpy environments. This figures shows 
2D-logarithmic density (top), temperature (middle), and velocity (bottom) 
maps of the nuclear region of a system after the evolution of the AGN-wind 
injected in an initially smooth environment in hydrostatic equilibrium (model 
S.MHD.1SF.10 ◦.L2 in Table 2 ; left panels), and in a clumpy ISM driven by 
SF (model C.MHD.1SF.10 ◦.L2; right panels). The time depicted is t = 300 
kyr. Both models have an initial horizontal magnetic field B = 0.76 μG, an 
SFR = 1 M � yr −1 , and luminosity L 2. 
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nd temperature diagrams associated to the expanding SN bubbles
rising from the disc in the clumpy system. In the smooth system, this
F-induced wind is much less developed at the time depicted because

he SNe have just started to explode in this case. Also striking is the
act that when the disc gas is smooth and not dominated by stellar
eedback (left panel), the AGN wind expands through the galaxy
isc without modifying it significantly and no clouds (or cold gas)
NRAS 535, 1696–1720 (2024) 
re transported abo v e the disc. On the contrary, when the AGN wind
mpinges directly into the inhomogeneous, clumpy ISM, formed as a
onsequence of the stellar feedback (right panel), the AGN wind has
ore difficulties in expanding in the disc due to the action of external

SM pressure gradients. These include all the outside ISM material
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Figure 5. Duty cycle of AGN activity. The figure shows 2D-logarithmic 
maps of the nuclear region of a magnetized system with a spherical AGN- 
wind injected in an initially clumpy environment with SFR = 1000 M �
yr −1 (corresponding to the 512 × 512 × 1024 resolution model 
C.MHD.1000SF.360 ◦.L2. high-res ). From top to bottom: density, n (cm 

−3 ), 
temperature T (in K units), and vertical velocity v z /(1000 km s −1 ). Left panels 
show the active phase of the AGN wind at t = 300 kyr; centre panels show 

the remnant phase at t = 450 kyr, and right panels show the inactive phase of 
the AGN wind at t = 1125 kyr. 
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hich is interacting with the AGN and also the SB wind material.
he gas evolution is thus dominated by the stellar activity, and high-
ensity, low-temperature structures, like filaments and clouds, are 
ore easily pushed into the halo, both by the SB and by the AGN
ind. 
SFR (and the related gas column density of the environment) 

s therefore, a fundamental parameter in these systems because it 
etermines the efficiency of the stellar feedback and the consequent 
ultiphase structure of the gas in the disc. A galaxy with low

ensity and thus negligible stellar activity will produce no significant 
mount of clouds or filaments in the disc and, consequently will 
ardly produce, for instance, cold (molecular) gas outflows. For this 
eason, in the analysis that follows we consider, in general, reference 
odels from Table 2 with a galactic disc setup in which the stellar

eedback has already created a clumpy environment and a multiphase 
SM. 

.2.2 Duty cycle of the AGN activity 

oth, the stellar feedback and the AGN wind inject into the ISM
f the disc a large amount of energy which accelerates a fraction
f the gas to the halo of the galaxy, and part of it returns, but to
he external regions of the disc. As stressed in Section 2.2.3 , after
 given time, which depends on the initial conditions of the system
nd the amount of energy injected, the core region of the galaxy in
ur simulations will lose almost completely its gas mass, forcing 
emporarily an interruption of the active phase of the AGN. What 
s evident from our simulations is that the active phase of the AGN
annot be continuous, but must follow alternating cycles of outflow 

ctivity and inactivity. 
Indeed, as the AGN wind sweeps through, the IS gas is completely

xpelled from the core (as we can see in Fig. 6). Ho we ver, after some
ime of the inactive phase of the AGN wind, the IS matter is able to
ecommence its inflow towards the central region (Fig. 6). This sets
he stage for a new active phase of the AGN. 

Fig. 5 illustrates this duty cycle for the higher resolution model 
.MHD.1000SF.360 ◦.L2. high-res . The figure depicts maps of den- 

ity, temperature, and velocity for three different snapshots of the 
GN activity. At t = 300 k yr (activ e phase), the AGN has disrupted

he disc, pushing IS gas from the core, and reached the halo forming a
pectacular hot bubble that would be probably observable in X-rays. 
fter a ∼350 k yr activ e period, the AGN wind is turned-off because

he inflow of ISM fuel to the nuclear region has been interrupted by
he AGN outflow itself. The panel at t = 450 kyr shows the remnant
hase of the wind, which is followed by a fully inactive phase (starting
fter t ∼ 525 kyr and ending around t ∼ 1125 kyr) where there is
o more trace of the AGN-wind remnant, only a broader outflow in
he halo which is mainly driven by the SN bursts. At this stage, the
nflow of fuel to the core from the active SF of the ISM is resuming
nd a new AGN-wind phase should start. 

Now, let us examine in more detail the evolution of the gas mass
ithin the central region of the galaxy, in order to determine a more

ccurate estimate of the duration of the active phase of the AGN in
ur models. 
Fig. 6 shows the time evolution of the average mass fraction 

 M core ( t )/ M 0 ) in the central region of the galaxy, for the smooth model
.MHD.SF.10 ◦.L1, where M core ( t ) gives the gas mass within a radius
f 40 pc, and M 0 = M core (0) is its initial value (see Table 2 ). The
odel depicted by the green line illustrates an interrupted AGN wind 

fter a duration of ∼2 × 10 5 yr, whereas the black line represents a
ontinuous injection of the AGN wind. In the case of continuous 
GN wind, the gas within the central region is entirely expelled 
fter approximately 2 × 10 5 yr. The high pressure e x erted by the
GN wind prevents the inward flow of IS gas into the central region,

hus interrupting the fuel supply to the SMBH and subsequently 
alting the AGN outflow. This suggests that a continuous AGN wind
njection beyond approximately 2 × 10 5 yr is no longer realistic. 
onsequently, we conducted the same model with a constrained 
ctive phase duration of the AGN wind at around 2 × 10 5 yr (green
ine). 

In the absence of AGN-wind energy injection, the gas stellar 
eedback generates an inflow of gas that gradually fills the central
egion of the galaxy . Eventually , the replenished gas reaches a
aximum value, which may trigger a new phase of AGN-wind 

ctivity. This pattern e x emplifies the duty c ycle of the AGN wind,
hich, depending on the initial conditions of each model, may exhibit 

light variations in duration. However, our simulations consistently 
ndicate a range of a few 10 5 yr for both smooth and clumpy
nvironments (see Table 2 ). 
MNRAS 535, 1696–1720 (2024) 
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Figure 6. Characterization of the AGN activity cycle for an initially smooth 
environment. This figure shows the fraction of gas in the core region as a 
function of time M core ( t )/ M 0 . M 0 is the initial gas mass in the core region, 
M core (0) = 6.57 × 10 5 M � (Table 2 ). Black line represents a model with 
continuous injection of the AGN wind. The outflow in this case remo v es 
totally the gas from the nuclear region in ∼10 5 yr and does not allow 

for further refuelling of the core region. The green line represents a wind 
that is interrupted after this period (AGN-off in the plot). Later on, a gas 
replenishment is observed in the nuclear region that reaches a maximum value 
lower than the initial mass in the core, but could trigger a ne w acti ve phase of 
the AGN wind. The initial conditions correspond to model S.MHD.SF.10 ◦.L1 
(see Table 2 ). 
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Figure 7. Characterization of the AGN activity cycle for initially clumpy 
environments with different SFR and different AGN-wind luminosities. The 
gas mass is depicted as a function of time in the core region, r < 40 pc, 
M core ( t )/ M 0 , for initially clumpy models. Solid lines stand for models hosting 
an SB wind only, and dashed lines for both, SB + AGN winds. Blue, grey, 
orange, and brown lines stand for models with AGN-wind luminosity L 2, and 
SFR = 1, 10, 100, and 1000 M �yr −1 , respectiv ely. The v ertical lines indicate 
the time at which the AGN wind is turned-off in each of these models: 75, 150, 
225, and 375 k yr, respectiv ely. The dotted orange and dotted brown curves 
show the same, but for the models with AGN-wind luminosity L 3 and SFR = 

100 and 1000 M �yr −1 , respectiv ely. F or these models, the dotted vertical 
lines indicate an AGN-wind turned-off at 100 and 190 k yr, respectiv ely. F or 
each model, the gas mass is normalized to the initial mass in the core, m core = 

M ( t )/ M 0 (see Table 2 ). All the models depicted have initial spherical AGN 

wind, and initial constant magnetic field 0.76 μG (see Table 2 ). 
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We note that these values are consistent with observed variability
henomena in such systems (see e.g. Schawinski et al. 2015 and
eferences therein). 

In view of the results abo v e, we focus in this work on models in
hich the injection of the AGN wind is turned-off when the fuel
rovided by the IS gas inflow is interrupted by the wind itself. This
llows us to follow at least one duty cycle of the AGN feedback
nto the galaxy. An illustration of this is shown in Fig. 7 for several
nitially clumpy models of Table 2 with different SFR. The core mass
 volution is follo wed until the end of an AGN-wind cycle, that is,
ight before a new cycle of gas inflow to the nuclear region and a
e w acti vity of AGN wind should resume. In the figure, we also
ighlight (in the vertical blue, grey, yellow, and brown lines) the
haracteristic time ( t active ) at which the AGN wind is turned-off due
o the gas emptying in the central region. These values are also listed
n Table 2 . 

It is evident that the duration of AGN-wind activity exhibits a clear
orrelation with the SFR, reflecting the amount of gas present in the
isc or the column density, denoted as N H . Additionally, we observe
hat the active phase of the AGN decreases, as expected, with the
ower of the AGN wind. For instance, when considering an SFR of
000 M �yr −1 , we note that the increase of the AGN-wind luminosity
y a factor of 10 (from L 2 to L 3) leads to a 49 per cent decrease in
he AGN activity time, reducing it from 375 to 190 kyr. In contrast,
or the same luminosity L 2, decreasing the SFR by a factor of 10
from 1000 to 100 M �yr −1 ) results in a reduction of the activity time
rom 375 to 225 kyr, amounting to a 40 per cent decrease. Fig. 7 also
hows another important result. The continuous lines highlight the
as evolution in the central region for models hosting stellar feedback
nly, with no AGN wind. Although stellar feedback plays a key role
n the creation of a multiphase medium in the disc of the galaxy
as shown in Section 3.2.1 ) and is, therefore, essential in promoting
he formation of dense, filamentary structures (see discussion in the
ext section), it is evident that its action alone results to be much less
fficient in removing gas from the central region of the galaxy, taking
NRAS 535, 1696–1720 (2024) 
uch longer time for that, of at least ∼3 Myr. For this reason, the
uty cycle in our models is clearly more correlated with the active
hase of the AGN wind. 3 

.2.3 AGN-wind opening angle 

e are also interested in understanding the role that the AGN wind
lays on the evolution of the host galaxy. For this reason, we have
onsidered three different setups for the AGN wind: (i) a collimated
utflow perpendicular to the disc of the galaxy with 0 ◦ opening angle;
ii) a collimated outflow perpendicular to the disc of the galaxy with
0 ◦ opening angle; and (iii) and a spherical wind corresponding to an
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Figure 8. Influence of AGN jet opening angle. 2D edge-on logarithmic maps of the central slice comparing the AGN-wind opening angle effects on the production 
of outflows. From left to right, each set of panels contains the density, temperature, and v ertical v elocity, respectiv ely, of the models C.MHD.1SF.10 ◦.L2 (top 
panels) and C.MHD.1SF.360 ◦.L2 (bottom panels) at evolutionary times from left to right: t = 225, 750, and 1575 kyr. 

Figure 9. Dependence with the SFR. Depicted are 2D edge-on logarith- 
mic maps of the central slice of the number density n (cm 

−3 ) for the 
models C.MHD.1SF .360 ◦.L2 (top), C.MHD.100SF .360 ◦.L2 (middle), and 
C.MHD.1000SF.360 ◦.L2 (bottom), with SFR = 1, 100, and 1000 M � yr −1 , 
respectively. From left to right: t = 75, 225, 675, 1200, and 1650 kyr. 
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pening angle of 360 ◦ (which resembles observed ultra fast outflows 
UFOs). 
The simulations with 0 ◦ and 10 ◦ opening angle revealed no 

ubstantial differences, a result which is also sustained in higher 
esolution simulation (performed for model C.MHD.1SF.10 ◦.L1) 
ith resolutions 256 2 × 512 and 512 2 × 1024, compared with its 
 

◦ counterpart at resolution 256 3 ). 
Ho we ver, it is essential to conduct a more meticulous analysis

f the differences between collimated and spherical wind models. 
o achieve this, we examine two specific models from Table 2 :
.MHD.SF1.10 ◦.L2 and C.MHD.SF1.360 ◦.L2, both with identical 

nitial conditions, except for the wind opening angle, which is 10 ◦

nd 360 ◦, respectively. Fig. 8 shows the evolution of the density,
emperature, and velocity, for these two models. During the first 
75 kyr, the energy deposited by the AGN wind heats the ISM,
hich in turn starts to expand doing work on the circumnuclear
as. For the 360 ◦ AGN wind, the w orking surf ace is larger and
hus it drags more material during the expansion. At the end of the
ctivity phase (at t = 0.225 Myr), the remnant of the 10 ◦ AGN
ind propagates rapidly through the disc and is deposited in the halo

egion, mixing with the hot gas. The same occurs for the spherical
GN wind, but at smaller speed, and it mixes with the hotter gas in

he halo region only after about 1 Myr. The reason why this happens
s that, unlike the 10 ◦ AGN wind, for which the energy is deposited

ostly in the halo region, part of the energy of the spherical AGN
ind is used to push the dense gas in all directions of the disc
lane. 

.2.4 Star formation rate 

n this section, we explore the evolution of the gas of the galaxy as
 function of the SFR, in order to understand how it influences the
ormation of high-density structures, such as clouds and filaments, in 
he outflow. The relation between the amount of gas column density
vailable in the disc to form stars and the star formation rate is
ell kno wn: SFR ∝ N 

1 . 4 
H (K ennicutt 1998 ; see section 2.2.1). As

emarked, we have performed numerical simulations considering 
FR ranging from 1to 1000 M �yr −1 (Table 2 ). In order to ensure the
orrespondence with the Kennicutt–Schmidt law (Kennicutt 1998 ), 
he central gas density in these models varies between 10 2 –10 4 cm 

−3 ,
espectively. 

In Fig. 9 , we show the gas density distribution evolution for
hree models with spherical AGN-wind ejection with different initial 
FR = 1, 100, and 1000 M �yr −1 . We note three main differences.
irst of all, the higher density of the disc in the model with higher
FR naturally slo ws do wn the expansion of the AGN wind. This
ffect is also enhanced by the higher pressure of the ISM induced
MNRAS 535, 1696–1720 (2024) 
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Figure 10. Dependence with the SFR. Shown are 2D histograms of 
density versus temperature, n versus T , for the same models as in 
Fig. 9 , C.MHD.1SF.360 ◦.L2 (top), C.MHD.100SF.360 ◦.L2 (middle), and 
C.MHD.1000SF.360 ◦.L2 (bottom), for t = 1650 kyr, comparing the effect of 
different SFR on the AGN-wind propagation and feeding. The pink box in 
the bottom right of each panel indicates the densest and coldest gas in the 
systems. 
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Figure 11. Dependence with the SFR. The figure shows 2D edge-on 
logarithmic maps of the column density N H (cm 

−2 ) for the models of Fig. 9 
integrated along a line of sight parallel to the disc, at X -direction. 
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y the higher number of SN explosions, directly connected with the
FR. The second difference is the larger number of dense structures
ormed in the disc in this case. This characterizes how the porosity
or ‘clumpiness’) of the disc, increases with the SFR (and N H ) and
ill be studied in detail in Section 3.4 , where we e v aluate the filling

actors of the multiphase components of the gas, but in Fig. 10 , we
an already distinguish the larger number of colder, denser structures
n the model with larger SFR. Lastly, the third distinction pertains to
he e v acuation process of the central region of the galaxy. The larger
ensity and SFR facilitate the inward mo v ement of IS gas towards
he nuclear region, consequently delaying the emptying process and
romoting a more ef fecti ve mixing of the ISM with the AGN wind.
his phenomenon also accounts for the longer active phase of the
GN wind observed in models with higher SFR (see Section 3.2.2
nd Fig. 7 ; see also Table 2 ). 

Fig. 11 shows the column density maps integrated along the
ormal direction to the disc for the same models of Fig. 9 . The
olumn density, which is a quantity that can be directly observed,
bviously blurs the structuring features we see in the density maps.
NRAS 535, 1696–1720 (2024) 
one the less, we can still appreciate the intrinsic differences due to
he increase of the SFR, particularly in the disc region. 

SFR (and the associated column density) is, therefore, one of
he most sensitive parameters of our models, and for this reason in
ection 3.4 we will focus mainly on this parameter for the study of

he evolution of the gas of the galaxy and in the comparison with
bservations in Section 4.1 . 

.2.5 HD versus MHD models 

n this section, we compare HD and MHD models to better un-
erstand the role that the presence of magnetic fields can play
n the evolution of the system, specially in SF-induced clumpy
nvironments. 

In Fig. 12 , we compare the evolution of volume-averaged quanti-
ies of the system, such as velocity ( ̄v ), density ( ̄n ), temperature ( ̄T ),

agnetic field intensity ( ̄B ), and thermal pressure ( ̄p ). 
For the set of initial horizontal stratified magnetic fields considered

ere, with β = 30, 300, and ∞ (the latter corresponding to the
ydrodynamical system), or an initial constant field with B 0 = 0.76
G, the comparison of the average quantities indicates no substantial
ifferences between the models. In fact, the system with an initial
onstant B 0 = 0.76 μG, which is the value adopted in most of
he models of this work (see Table 2 ) has essentially the same
verage density, temperature, pressure, and v ertical v elocity of the
D counterpart. The same applies to the stratified model with β =
00, which has a maximum initial magnetic field 10 times larger at
he disc. Some minor differences on the average velocity , density ,
emperature, and pressure become more noticeable in the model
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Figure 12. HD versus MHD. Volume-averaged quantities for the model C.MHD.1000SF.360 ◦, which has initial constant magnetic field in the entire domain, 
B 0 = 0.76 μG, corresponding to a value of β at z = 0 given by β = 30.000 (dashed black line). It is compared with the HD model ( β = ∞ ; continuous line), and 
the models with initial stratified magnetic fields with β = 300 and 30, corresponding to a magnetic field at z = 0 B 0 = 7.6 and 24 μG, respectively (dashed and 
dotted purple lines). Top panels, from left to right: v olume-a v eraged v elocity ( ̄v ), number density ( ̄n ), and thermal to magnetic pressure ratio ( ̄β) and bottom 

panels: v olume-a veraged temperature ( ̄T ), magnetic field intensity ( ̄B ), and thermal pressure ( ̄p ). 
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Figure 13. HD versus MHD. 2D edge-on logarithmic maps 
of the central slice of the magnetic field intensity ( B ) for the 
models C.MHD β300 .1000SF.360 ◦.L2 with β = 300 (top), and 
C.MHD β30 .1000SF.360 ◦.L2 with β = 30 (bottom) shown in five different 
instants (from left to right): t = 0, 300, 375, 450, and 750 Myr. 
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ith β = 30, which corresponds to a maximum initial magnetic field 
 0 = 24 μG at the disc. The average total velocity decreases from
000 km s −1 in the B 0 = 0.76 μG and HD models, to less than
000 km s −1 in the β = 30 model, caused by the deceleration of the
GN wind due to the impact into the magnetized gas which absorbs
art of the kinetic energy of the terminal shock. The same applies
o the average temperature and thermal pressure which decrease 
ith increasing magnetic field (decreasing β), due to the absorption 
f part of the internal energy density in the compression of the
agnetic field. Additionally, we have found that when we intensify 

he initial magnetic field to B 0 = 76 μG in the disc ( β = 3), the
forementioned distinctions become significantly more pronounced, 
specially after the impact of the AGN wind, reflecting tangible 
ynamical influence of the magnetic fields in the system’s evolution. 
hile we have not presented the results of these stronger magnetized 
odels in this study, we intend to delve into them in a forthcoming
ork. 
Figs 13 –15 confirm the trends abo v e rev ealed by the average

uantities. Figs 13 and 14 compare central 2D slices of the magnetic
eld intensity and density distribution, respectively, for the models 
ith initial stratified magnetic fields β = 300 and 30, and the 
D model ( β = ∞ ). Fig. 15 , compares 2D histograms of the
umber density versus vertical velocity, number density versus 
emperature, and temperature versus vertical velocity of the entire gas 
istribution for the same models. Clearly, no substantial differences 
re seen among these models, except for the occasional presence of
mall filaments and clumps with larger -than-a verage magnetic field 
trength accumulated there by compression, specially for the model 
ith β = 30. In this case, there is a slightly larger quantity of high
elocity (up to few ∼100 km s −1 ), colder and denser structures (see
ig. 15 ). In summary, the results abo v e indicate that magnetic fields
ith average values up to a few tens μG, as observed in most of the
ources investigated here, have no major effect on the evolution or on
he formation of high-velocity large dense, cold structures in these 
ystems. 

.3 Gas mass outflow 

s discussed previously, the expulsion of gas from the galactic 
isc towards the halo is driven by both stellar feedback (the SB-
riven wind) and the AGN wind. This evolutionary progression 
s highly influenced by the initial conditions of the system (refer
MNRAS 535, 1696–1720 (2024) 
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Figure 14. HD versus MHD. 2D edge-on logarithmic maps of the 
central slice of the density ( n ) for the models C.HD.1000SF.360 ◦.L2 
( β = ∞ , top), C.MHD β300 .1000SF.360 ◦.L2 ( β = 300, middle) and 
C.MHD β30 .1000SF.360 ◦.L2 ( β = 30, bottom), shown in five different times 
from left to right: t = 0, 300, 375, 450, and 750 Myr. 

Figure 15. HD versus MHD. 2D histograms of the number density 
v ersus v ertical v elocity (left panels), number density versus temper- 
ature (middle panels), and temperature v ersus v ertical v elocity (right 
panels) of the gas distribution for the models HD.1000SF.360 ◦.L2 
( β = ∞ , top), C.MHD β300 .1000SF.360 ◦.L2 ( β = 300, middle) and 
C.MHD β30 .1000SF.360 ◦.L2 ( β = 30, bottom), at a time t = 0.375 Myr. 
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Figure 16. Gas outflow dependence on initially smooth versus clumpy 
environment. The figure shows the mass as function of time for the disc 
region ( | z| < 200) (top) and the corresponding mass-loss rate (bottom) for 
smooth (continuous line) and clumpy (dashed line) models with SFR = 

1 M �yr −1 , named Low SFR in Table 2 . Black, green, red, purple, and cyan, 
lines stand for models with: no AGN wind (SB); AGN wind with 360 ◦ and 
luminosity L 2; AGN wind with 10 ◦ and luminosity L 2; AGN wind with 10 ◦
and luminosity L 1; and AGN wind with 0 ◦ and luminosity L 1, respectively. 
We note that the curves of all smooth models, which have AGN wind 0 ◦
or 10 ◦ practically superpose, even for different wind luminosities. The inset 
highlights the very small differences among these models. 
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o Section 3.2 ) and the radiative cooling of the gas. Conversely,
s emphasized in Introduction, observations reveal the existence
f dense and cold (molecular) gas structures with high velocities
utside the discs of numerous active galaxies, indicating that the
GN wind predominantly contributes to the presence of such features
NRAS 535, 1696–1720 (2024) 
t ele v ated altitudes. Consequently, our focus lies in quantifying
he mass-loss rate within our models to gain a deeper understand-
ng of which combination of initial conditions and physical pro-
esses can ef fecti vely describe and substantiate these observational
utcomes. 
In Fig. 16 , we show the mass-loss rate from the disc region ( | z| <

00 pc) for the models labelled as low SFR in Table 2 . 
First and foremost, these plots provide compelling evidence for

 bimodal evolution of mass outflow, contingent upon whether the
alactic disc exhibits an initial smooth or clumpy gas distribution.
t is clearly evident that the gas mass outflow is considerably
maller in the smooth models. Conversely, no significant differences
re observed between models with AGN-wind opening angles
f 0 ◦ or 10 ◦, as well as their counterparts without AGN wind
SB curves). Ho we ver, as expected (refer to Section 3.2.3 ), a
igher mass-loss rate is observed in the case of a 360 ◦ AGN
ind. 
Models with stellar feedback + AGN wind characterized by both

arger SFR (and thus larger gas column density) and larger opening
ngle, present the most influential effects on the gas outflow and
tructure formation. This is shown in Fig. 17 for the set of models
abelled High SFR in Table 2 , which are also compared with their
ounterpart with SFR = 1 M �yr −1 . For these models, the total gas
ass lost by the central region of the disc (within R = 200 pc)

aries between 10 per cent (for SFR = 100–1000 M � yr −1 ) and
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Figure 17. Gas outflow dependence with SFR. This figure shows the mass loss (top) and mass-loss rate (bottom) from the disc | z| < 200 pc region for the 
models in Table 2 with spherical AGN-wind injection (or SB wind only) differing by the SFR = 1, 10, 100, and 1000 M �yr −1 (blue, grey, orange, and brown 
lines, respectively). Continuous lines stand for models hosting SB winds only (first column panels), and dashed lines for models hosting SB + AG winds (second 
column panels). All these models have initial constant magnetic field B 0 = 0.76 μG and AGN-wind luminosity L 2 = 2.35 × 10 43 erg s −1 . Also, depicted are 
the models with SFR = 100 and 1000 M �yr −1 , and AGN-wind luminosity L 3 = 2.35 × 10 44 erg s −1 (dotted orange and dotted bro wn lines, respecti vely, in 
the third column panels). The black, red, and green lines (fourth column panels) stand for the counterpart models to the one with SFR = 1000 M �yr −1 (brown 
line), which have initial β = ∞ , 300, or 30, respectively). The models with β = ∞ and 300 superpose entirely with the brown line model. 
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ore than 40 per cent for SFR ≤ 10 M � yr −1 , of the initial total
ass of that region. The smaller percentage for larger SFR is due

o the comparatively larger total amount of gas in the system for
ncreasing SFR. A more complex, nonlinear behaviour is denoted 
n the corresponding mass-loss rates shown in the bottom diagram. 

odels with same AGN-wind luminosity, but different initial SFR 

eveal no clear trend, particularly the model with SFR = 100 M �
r −1 , which has a comparatively smaller rate than its counterpart 
odels. This can be attributed to the fact that for small SFR, there

re less SN explosions and structure formation to prevent the outflow 

xpansion to the halo, while for a large enough SFR, as in the case
f SFR = 100 M � yr −1 , these obstacles become larger causing the
ecrease of the mass-loss rate, but if one further increases the SFR
to SFR = 1000 M � yr −1 ), then the expansion of the structures due to
uch larger number of SN explosions will instead help the outflow 

ropagation thus increasing again the mass-loss rate (as seen in the 
ottom panel), evidencing a clear cooperation of both the SN-driven 
nd the AGN winds. This is what we observe from an inspection of
he maps of outflo w e volution in these models. Moreo v er, the mass-
oss rate is generally smaller in models where only the SB wind is
resent, compared to their counterparts where the AGN wind is also 
onsidered. The increase of the AGN-wind power also affects the 
ass-loss rate from the disc. This can be observed by comparing the

wo models in Fig. 17 with SFR = 100 M � yr −1 and AGN-wind
owers L 2 (dashed orange curve) and L 3 (dotted orange curve).
otably, the model with larger power has a mass-loss rate twice as

arge. 
The same applies to the models in the Fig. 17 with SFR = 1000 M �
r −1 . Overall, the models indicate mass-loss rates from the disc
etween 50 and 250 M � yr −1 . 

We also notice that for the magnetic field strengths investigated 
ere, there is no significant influence on the mass outflow. 
The results abo v e are consistent with those of the previous sections,

hat is, they confirm that the models which are able to transport a large
mount of gas to outside the disc and allow for the formation of dense
tructures in the halo are those wherein there is a combined action of
GN and stellar feedback, being sensitive to both the SFR, and the
ower and opening angle of the AGN wind, though the dependence 
n the SFR reveals a more complex trend, that we will try to better
isentangle in the next section. 

.4 Filling factor 

he analysis abo v e of the gas mass outflow is not enough to
nderstand the evolution of the gas abo v e the disc, and more
pecifically, its multiphase composition and velocity. Therefore, in 
rder to trace the formation of structures in the outflow, we compute
he volume filling factor f V given by the ratio of the volume V 

′ 

ccupied by a given set of N 

′ structures with a density above a
iven threshold, to the total volume V of the system ( V 

′ ≤ V ). The
otal volume is given by the box of our computational domain and
onsidering that the volume of the cell is v cell , we have 

 V = 

V 

′ 

V 

= 

N 

′ v cell 

N v 
= 

N 

′ 

N 

. (11) 
MNRAS 535, 1696–1720 (2024) 

total cell total 
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M

Figure 18. Volume filling factor f V as function of time for systems with 
different SFR. The gas is separated in three different ranges giving f V = f l 
for n < 1 cm 

−3 (top left panel), f V = f m for 1 cm 

−3 < n < 100 cm 

−3 (middle 
left panel), and f V = f h for n > 100 cm 

−3 (bottom left panel). Systems with 
SFR = 1, 10, 100, and 1000 M � yr −1 are represented by blue, grey, orange, 
and bro wn lines, respecti vely. Thin lines represent models with stellar wind 
feedback only (SB wind) and thick lines the models with both SB + AGN 

winds (see more details in the text). All the models with AGN wind have 
spherical injection and luminosity L 2 = 2.35 × 10 43 erg s −1 . Models with 
dif ferent β-v alues are depicted on the right panels. 
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Figure 19. Volume filling factor (top panels) and the associated mass fraction 
(bottom panels) in each temperature range abo v e the disc on both sides ( | z| 
> 200pc) for the models with: SB wind only (C.MHD.100SF, left) and with 
SB + AGN wind (C.MHD.100SF.360 ◦.L2, right) shown in five different 
times: t = 0.0, 0.525, 1.05, 1.575, and 2.1 Myr. The model with AGN wind 
remo v es a bigger fraction of cold and warm gas (right panels), specially after 
2.1 Myr of evolution, when the AGN-wind remnant is no longer visible. This 
suggests that, at least at the scales studied here ( < 1 kpc), the past AGN-wind 
activity is a determining factor in the production of cold outflows, that are the 
most massive component of the gas being ejected. 
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For this study, we have considered three different gas number
ensity ( n ) ranges, namely: (low) f l = f V ( n < 1 cm 

−3 ); (medium)
 m = f V (1 cm 

−3 < n < 100 cm 

−3 ), and (high) f h = f V ( n > 100 cm 

−3 ).
he volume filling factor for the models with spherical AGN wind
f Table 2 which differ mainly in their SFR, are depicted in Fig. 18 . 
The multiphase composition of the gas influences the evolution of

he outflow and the appearance of dense clouds outside the disc. In
revious studies (e.g. Wagner & Bicknell 2011 ; Asahina, Nomura &
hsuga 2017 ; Cielo et al. 2018; Mukherjee et al. 2018a , b ; Tanner &
eaver 2022 ), the distribution of the multiphase medium was chosen

s a free parameter in the initial conditions, whereas in this study this
istribution is a direct consequence of stellar feedback. As shown in
ig. 18 , this distribution evolves with time and changes completely
epending on the initial conditions of the system as well as the
nteractions between stellar and AGN wind. For models with SFR
igher than 1, the AGN wind reduces the fraction of low-density gas,
 < 1 cm 

−3 (Fig. 18 , top) and together with the continuous action
f the stellar feedback, it increases the fraction of medium, 1 < n
 100 cm 

−3 (Fig. 18 , middle) and high-density gas, n > 100 cm 

−3 

Fig. 18 , bottom). 
It is interesting to compare our results in Fig. 18 with those of
agner & Bicknell ( 2011 ). In their models, they imposed two fixed
NRAS 535, 1696–1720 (2024) 
alues for the initial filling factors, namely 0.13 and 0.42, for clumps
ith densities in the range 30–1000 cm 

−3 , distributed at heights of
he order of 500 kpc abo v e the disc. In our models, where the filling
actor is naturally built by SF, we obtain initial values that are at most

0.12, for the same range of density structures, distributed up to a
200 kpc height, at the initial states of the clumpy models. As time

volves, this quantity decreases to values of the order of 0.01–0.02. 
While Fig. 17 lacks information on how the amount of high

ltitude dense gas in the galaxy relates to the SFR, Fig. 18 provides
ore detailed information. As expected, the concentration of dense
aterial will be much more significant for SFR = 100 and 1000
 �yr −1 , than for SFR = 1 or 10 M �yr −1 , as clearly indicated in the

ottom diagram of the Fig. 18 . In fact, after about 2.5 Myr, the filling
actor of the gas with number density ≥ 100 cm 

−3 abo v e the disc
eaches values between 11 per cent and 2 per cent for SFR = 1000 and
FR = 1 M �yr −1 , respectively. The intensity of the stellar feedback

s therefore, one of the main ingredients to load the galactic outflow
ith cold (molecular) gas. We also note that the β = 30 model

mpro v es slightly the filling factor of the high-density component by
t most a factor ∼ 1.7 with regard to the β = 300 counterpart. 

The study of the volume filling factor of the gas is also particularly
mportant when we analyse the temperature distribution of the gas
bo v e the disc. To do this, we have classified the gas in the following
anges: cold: (50–200) K, warm: (200–1500) K, hot: (1500, 10 4 )
, ionized: (10 4 –10 6 ) K, bremsstrahlung: (10 6 –10 9 ) K, and res:

residual) > 10 9 K. In Figs 19 and 20 , we explore the mass fraction
istribution abo v e the disc re gion ( | z| > 200 pc) for the two models
hat, according to Fig. 18 are able to transport cold dense (molecular)
as to outside the disc more efficiently , namely , C.MHD.100SF.360 ◦

nd C.MHD.1000SF.360 ◦. 
More specifically, in Fig. 19 , we compare the multiphase gas

istribution both, in the absence and presence of the AGN wind
left and right panels, respectively), calculated for the model with
FR = 100 M �yr −1 . The figure shows not only the volume filling
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Figure 20. Volume filling factor (top panels) and the associated mass fraction 
in each temperature range (bottom panels) in each temperature range abo v e 
the disc on both sides ( | z| > 200pc) for models differing only in the AGN-wind 
luminosity: C.MHD.1000SF .360 ◦.L2 and C.MHD.1000SF .360 ◦.L3 (left and 
right panels, respectively), which differ only by the power injected by the 
AGN wind (of 10 43 and 10 44 erg s −1 , respectively). It is shown for five 
different times: t = 0.0, 0.525, 1.05, 1.575, and 2.1 Myr. At t ∼ 1.05 Myr, the 
AGN wind with higher luminosity remo v es more mass, but after 2.1 Myr, the 
amount remo v ed (by the SF + AGN wind) is almost the same in both models. 
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Figure 21. Volume filling factor (top panels) and the associated mass fraction 
(bottom panels) in each temperature range abo v e the disc on both sides ( | z| 
> 200 pc) for models differing only on the initial magnetic field strength: 
C.MHD β300 .1000SF.360 ◦.L2 (left) and C.MHD β30 .1000SF.360 ◦.L2 (right) 
shown in four different times: t = 0.0, 0.375, 0.750, and 1.125 Myr. 

Figure 22. Volume filling factor (top panels) and the associated mass fraction 
(bottom panels) in each temperature range abo v e the disc on both sides ( | z| 
> 200 pc) for models with different AGN outflow opening angle, namely, 
C.MHD.1SF.10 ◦.L2 (left) and C.MHD.1SF.360 ◦.L2 (right), shown for times 
t = 0.0, 0.225, 0.750, and 1.575 Myr. 
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actor (top), but also the mass filling factor (bottom panels). At t =
 Myr, the gas distribution abo v e the disc is the same in both cases
nd the most massive component is the hot gas (1.500–10.000 K) 
ollowed by the ionized component, although their volume filling 
actor is ∼ 5 per cent . During the system’s evolution, it becomes 
vident that the SB wind alone, as well as the combined influence of
he SB and AGN wind, ef fecti vely generate and carry a substantial
mount of cold gas beyond the disc’s boundaries. Nevertheless, 
hese two winds fulfill distinct roles in the gas evolution. The SB
ind primarily contributes to filament formation, whereas the AGN 

ind predominantly facilitates the transportation of denser structures 
ocated abo v e the disc. Consequently, in the absence of the AGN wind
n the model, the proportion of cold gas transported abo v e the disc
fter 2 Myr amounts to approximately 30 per cent. Conversely, when 
he AGN wind is included in the model, this percentage increases to
round 70 per cent. 

Similarly, Fig. 20 depicts the multiphase gas distribution for the 
odel with SFR = 1000 M � yr −1 , but considering two different

njection luminosities for the AGN wind. Clearly, the model with 
0 times larger luminosity is able to remo v e a grater amount of cold
as, approximately 2.7 times larger, corresponding to a total mass of

1.75 × 10 7 M �. 
Moreo v er, we hav e seen in Section 3.2.5 that the AGN wind is able

o accelerate cold gas to high velocities. Cold structures with a few
00 km s −1 are identified for AGN-wind luminosities L 2 (see Fig.
5 ) and should increase further with increasing luminosity. On the 
ther hand, when comparing the model C.MHD.1000SF.360.L2 in 
ig. 20 with its counterpart in Fig. 19 differing only by the SFR = 100
 � yr −1 , we observe that the cold gas above the disc after 2 Myr

ncreases from 70 per cent to about 90 per cent from the lower to the
arger SFR (and thus denser) model. 

In Fig. 21 , we show the evolution of cold gas abo v e the disc
n models with different magnetic field strength: β = 300 and 30, 
epicted in the left and right panels, respectively. It is worth noting
hat a stronger magnetic field presence enhances the formation of 
old gas. At t = 0.75 Myr, the mass filling factor is approximately
5 per cent in contrast to the quasi-hydrodynamic model, which 
xhibits a value of around 5 per cent. However, by the end of the
imulation, the magnetic field’s increased intensity does not yield a 
ignificantly larger quantity of cold gas. Consequently, we can infer 
hat within the range of magnetic field values explored in this study,
here thermal pressure surpasses magnetic pressure throughout the 

ntire domain, the distribution of cold gas remains unaffected. 
Fig. 22 shows the filling factors for two models with AGN-wind

pening angle 10 ◦ (left) and 360 ◦ (right), in different times. As
ime goes by, the fraction of cold gas at high altitudes is clearly
arger in the 360 ◦ model, as expected. The net amount of mass
ransported from the disc for the cold gas component in the 360 ◦

ase is �M 

360 ◦
cold � 1 . 55 × 10 7 M �, while it decreases with time for

he 10 ◦ case (by �M 

10 ◦
cold � −2 . 04 × 10 6 M �). 
MNRAS 535, 1696–1720 (2024) 
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Figure 23. Face-on column density maps outside the disc region at different 
heights: ±200, ±500, and ±750 pc (top, middle, and bottom panels, 
respectively) for a system with SB-wind only (model C.MHD.100SF, left) 
and a system with SB + AGN winds (C.MHD.100SF.360 ◦.L2, right), both at 
the snapshot t = 2.1 Myr. The SB + AGN system drives denser gas to outside 
the disc. At this time, the AGN wind has already terminated its activity, but 
its passage, though not visible anymore, is the responsible for transporting 
the dense gas abo v e and below the disc. 
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Figure 24. Face-on column density maps outside the disc at different 
heights: ±200, ±500, and ±750 pc (top, middle, and bottom panels, 
respectively) comparing models with two different AGN-wind luminosities: 
C.MHD.1000SF.360 ◦.L2 and C.MHD.1000SF.360 ◦.L3 both at the snapshot 
t = 2.1 Myr. The more luminous AGN wind can account for the transport of 
more massive structures to outside the disc. 
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Figs 23 and 24 summarize well the results presented abo v e, for the
nal stages of the systems. Fig. 23 exhibits face-on column density
aps obtained by excluding the disc within different ranges: ±200,
500, and ±750 pc, from the top to the bottom panels, respectively.
he maps provide a comparative analysis of the impact of two
ystems: one featuring only the SB wind (model C.MHD.100SF,
epicted on the left), and the other incorporating both the SB
nd AGN winds (model C.MHD.100SF.360 ◦.L2, shown on the
ight). Essentially, these maps are like a ‘tomography’ of the region
bo v e and below the disc, showing the quantity and morphological
haracteristics of the denser (molecular) structures transported to
NRAS 535, 1696–1720 (2024) 
arying heights abo v e the disc. It is evident that both models, with
ither the SB wind alone or the combination of SB and AGN winds,
re capable of transporting dense gas to heights of approximately
 kpc. Ho we ver, the presence of the AGN wind noticeably enhances
oth the quantity and the maximum height of these structures. 
Fig. 24 presents similar column density maps, but for two models

hat differ only on the AGN luminosity . Clearly , the more luminous
GN wind can account for the transport of more massive structures

o the highest altitudes, outside the disc. 
We note that investigating the evolution of the filling factor

istinguishes our approach from models that assume fixed initial
onditions and makes direct comparisons of probability density
unctions and power spectra, such as those aforementioned works
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e.g. Mukherjee et al. 2016 , 2018a , b ), or studies devoted to ISM
odelling (e.g. Barreto-Mota et al. 2021 ). In fact, we believe that

racking the filling factor, specifically exploring how stellar feedback 
nd AGN wind influence the formation of cold clouds, is crucial 
or understanding the transport and evolution of these clouds abo v e
he galactic disc. Consequently, in this study, we have preferred 
o maintain a more pragmatic approach, associating distinct cloud 
istributions with varying SFRs (or column densities), as depicted in 
he diagrams illustrating the filling factor’s evolution o v er time. 

 DISCUSSION  

he primary aim of this study was to determine the conditions 
nder which an AGN wind can produce gas outflows that agree 
ith observed data. To achieve this, the study sought to identify the

ssential mechanisms responsible for feedback and for generating 
he observed cold (molecular) gas above the disc, as well as the
nitial conditions that must be considered in theoretical models to 
rovide a justification for the observ ations. K ey observ ables, such
s the mass of the gas outflow, the mass of the extraplanar cold
molecular) gas, the SFR of the galaxy, and the luminosity of the
GN wind, were measured in a large sample of recent observations, 
roviding a macroscopic yardstick for selecting the best and most 
ealistic models from those under consideration here. 

It is important to remark that this study has been built upon the
revious work by Melioli & de Gouveia Dal Pino ( 2015 ), which
xamined the combined effects of SF and AGN outflows within the 
ontext of Seyfert galaxies. The primary conclusion of that study 
as that SF plays the dominant role in mass loading the outflows.
he AGN jet alone appeared insufficient to drive significant gas 
utflows, at least in the case of this class of systems. Ho we ver, it did
emonstrate the capability to entrain and accelerate clumps to very 
igh velocities. 
In the present investigation, we have expanded the scope con- 

iderably. We have considered a broader range of AGN luminosity, 
panning from 10 42 to 10 44 erg s −1 , a wider range of disc gas mass,
anging from 10 8 to 5 × 10 9 M �, core gas mass varying from 10 5 to
0 7 M �, and surface number density between 10 23 and 10 25 cm 

−2 .
onsequently, the SFR spans from 1 to 1000 M � yr −1 . Additionally,

n this study, we hav e e xamined both collimated jets and spherical
inds. The latter exhibit characteristics akin to UFOs, which are 

egarded as some of the most potent disc-driven winds in AGN. 
urthermore, unlike Melioli & de Gouveia Dal Pino ( 2015 ), all

he simulations conducted in this work are MHD, encompassing 
agnetic fields ranging from 0 to 24 μG. 

.1 Comparison with obser v ations 

n the upper part of Table 3 , we summarize the main properties of
he gas outflow obtained from our models with a special focus on
he cold (molecular) gas component (50–200 K) and its kinematics. 
n the lower part of the table, for comparison, we depict the same
uantities for some selected nearby sources which show active star- 
orming regions and AGN winds and which have, in general, similar
alues to those computed from our models (Pereira-Santaella et al. 
018 ; Fluetsch et al. 2019 ), see also Pereira-Santaella et al. ( 2020 ,
021 ), Veilleux et al. ( 2020 ), and Fluetsch et al. ( 2021 ). 
In Fig. 25 , we plot these quantities, namely, the mass-loss

ate Ṁ out = M out /t dyn = M out / ( R out /v out ) (left), the momentum rate
˙
 out = Ṁ out v out (middle), and the luminosity (mechanical power) 
 out = Ṁ out v 

2 
out / 2 (right), where R out is defined as the outflow dis-

ance from the centre, and we compare them with a larger sample of
bserved sources. To calculate these quantities from our simulations, 
e compute the outflow gas mass, M out , with temperatures between
 = 50 and 200 K, and v ertical v elocities greater than 100 km s −1 .
hen, the outflow velocity v out is calculated from the average of the
 ertical v elocity of the cold structures. For most of the sources used
or comparison here, the outflow distance R out ranges from ∼ 100 
o ∼ 400 pc, the velocity v out from 100 to 1000 km s −1 and the
orresponding outflow dynamical time-scale, t dyn = R out / v out ranges 
rom 10 5 to 10 6 yr. 

The grey symbols in Fig. 25 , represent observed sources, while
he colored ones, the results from our models. Diamonds stand for
ystems with AGN winds, while stars, for systems with SF wind only.
he blue symbols stand for models with L AGN = L 2 = 2.35 × 10 43 

rg s −1 , while the red and green diamonds represent models with
igher AGN-wind luminosity, L AGN = L 3 = 2.35 × 10 44 erg s −1 (and
FR = 100 and 1000 M � yr −1 , respectively). 
The analysis of Fig. 25 points to four main results which are

iscussed below. 
The impact of the AGN wind helps to release the gas heated by SF

n the disc. The dashed lines in the left panel of Fig. 25 , correspond to
he mass loading factor, η = Ṁ / SFR . The leftmost blue diamonds in
his panel, which represent systems with AGN wind with luminosity 
 AGN = 2.35 × 10 43 erg s −1 , and low SFR (SFR = 1), have a mass

oading factor η ∼ 10, while similar systems with SF wind only (blue
tars), have η < 1. This means that the power generated by the SB
ind alone is not enough to produce such a mass transport rate, as

xpected from our previous results. 
Furthermore, we also see that maximum loading factors are 

btained for the systems with AGN wind, and SFR = 1 M � yr −1 .
or an AGN wind with same luminosity ( L 2 = 2.35 × 10 43 erg s −1 ),
ut with larger SFR, the mass loading factor decreases from η ∼ 10
o ∼ 7, for SFR = 1 to 10 M � yr −1 , respectively, and for systems
ith SFR = 100 and 1000 M � yr −1 , η < 1. In other words, the
GN, looses efficiency in carrying out mass to kpc distances in

ystems with higher SFR and column densities, suggesting that for 
ore massive systems, the mechanical power of the AGN should be

igher, as indicated by the observations. In fact, the mass loading
actor can be as high as η ∼ 4 for a larger luminosity AGN, as
ndicated by the red diamond in the left panel, which has a wind
uminosity L 3 = 2.35 × 10 44 erg s −1 . The green diamond model,
ith same luminosity, but larger SFR = 1000 M � yr −1 also has
 higher mass loading than its lower luminosity counterpart (blue 
iamond), but still smaller than 1. 
The dashed lines in the right panel of Fig. 25 give the percentage

 of the SFR luminositiy ( L SNe ) that is converted into outflow
uminosity, denoted as L out, SN = a × L SNe . We observe that L out 

s approximately 10 per cent L SNe , when injected by lo w SFR (lo w
ensity) systems, and less than 1 per cent for higher SFR (denser)
ystems. Similarly to the mass loading factor, L out also increases 
ith the AGN-wind luminosity (as we see when comparing the lower

uminosity blue diamonds with the higher luminosity red and green 
nes). 
Finally, in Fig. 25 (left panel), we can see that there are several

ources with the same SFR, but different mass-loss rates. This could
e due to different properties of their environments, characterizing 
ifferent stages specially of the AGN evolution and activity. In fact,
lthough we have plotted in the figure, only the maximum values of
he mass-loss rates obtained for the simulated models, we have seen
n Fig. 17 that, as the AGN wind evolves with time in its duty cycle
f activity, Ṁ also increases, suggesting a vertical motion upwards 
n the Ṁ diagram of Fig. 25 . 
MNRAS 535, 1696–1720 (2024) 
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Figure 25. Mass outflow rate versus SFR (left), outflow momentum rate versus SFR (middle), and outflow kinetic luminosity versus SFR (right) of the cold 
(molecular) outflow component in our simulations compared to observed sources. Diamonds indicate nuclei with outflows launched by an AGN, while stars 
represent nuclei with SF only. Grey symbols correspond to observed systems, namely, nearby ULIRGs, Sey galaxies, H II , and LINERS (Garc ́ıa-Burillo et al. 
2015 , Jones et al. 2019 , Pereira-Santaella et al. 2018 ). The blue colour stands for simulated models with L AGN = L 2 = 2.35 × 10 43 erg s −1 , while the red and 
green diamonds represent models with L AGN = L 3 = 2.35 × 10 44 erg s −1 . The dashed lines in the left panel give the mass loading factors, η = Ṁ / SFR of 1 and 
10. The dashed lines in the right panel give the percentage a of the SFR luminostiy ( L SNe ) that is converted into outflow luminosity, L out, SN = a × L SNe , with 
a = 100 per cent , 10 per cent, and 1 per cent. 
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Table 3 also gives values of the average velocity reached by 
louds and filaments abo v e the disc (cold structures with temperature
etween 50 and 200 K with a v ertical v elocity of at least 100 km
 

−1 ) obtained from our models. These velocities are between about 
00 and 270 km s −1 , which are values similar to those observed in
ome sources such as NGC 1266, NGC 4418, IRAS 15115 + 0208,

51, and Circinus Galaxy, which are highlighted in the bottom of
he table and are classified as Seyferts or LINERS (low-ionization 
uclear emission-line region, Fluetsch et al. 2019 ). Although in our 
imulations we have identified few cold structures with maximum 

elocity of several 100 km s −1 (see e.g. Fig. 15 ), the average values
btained in the table are lower than those observed for the sources
lassified as ULIRG, as reported in Pereira-Santaella et al. ( 2018 ).
hese average values also differ somewhat from those obtained 
y, for example, Mukherjee et al. ( 2018a , b ), where they detected
ense clouds dragged along the jet with outflow velocities of ∼
00 km s −1 . 4 Overall, our results suggest that only a very few dense
tructures can accelerate to the observed velocities in ULIRGs, of 
bout 500 km s −1 . Ho we ver, we should remind that in our simulations
he formation of cold structures in the disc is not imposed by the
nitial conditions, but instead, is naturally driven by the combination 
f the SF and radiative cooling in the ISM of the nuclear region of
he galaxy, tested for different SFRs. So, what should be missing
n our models? First of all, we have not considered an important
ngredient, namely, the presence of dust. The radiative cooling down 
o temperatures of dust formation may help to impro v e and prevent
he e v aporation of se v eral cold structures. Moreo v er, clouds may be
urther accelerated by the radiation pressure on dust relative to a hot,
iffuse background, as shown in a series of numerical simulations 
Sharma & Nath 2012 ; Thompson et al. 2015 ; Yu et al. 2020 ). Also,
arger magnetic fields than those investigated in this work can help to
reserve a larger amount of cold structures from e v aporation (see e.g.
 It is important to remark that Mukherjee et al. ( 2018a , b ) models achieve 
uch larger velocities because they are mainly considering the feedback of 

he narro wer relati vistic portion of the AGN jet, while in this work we are 
xploring the influence of the less collimated, mildly or nearly non-relativistic 
omponent of the AGN outflow on the larger scales of the systems under study. 

i
l  

s  

i  

n  

i  

s  

gust 2025
arber & Gronke 2022 ). Finally, higher resolution simulations could 
lso allow for the formation of thinner shock front shells that could,
herefore, accelerate cold filaments (that survive to evaporation) to 
igh velocities, in situ at the high altitudes (Viegas & de Gouveia
al Pino 1992 ). All these effects will be investigated in forthcoming
ork. 
Our simulations also indicate that the mechanism responsible for 

he acceleration of cold clouds is not only due to the mechanical
nteraction between the jet and the ISM. Of course, high SFR (or
olumn density) is able to produce a large fraction of cold (molecular) 
tructures, and the action of the AGN wind is essential to remo v e
hese clumps from the disc. Therefore, SF and AGN wind have
o coexist to generate the observed molecular outflo ws. Ho we ver,
he velocities reached by the clouds are in general lower than the
scape velocity (of about 700 km s −1 ), hence, eventually most
f these structures will fall back onto the disc, as we see in the
imulations. 

.2 Comparison with other simulated models 

he intense stellar feedback considered in our simulations is the main
ource of turbulence in the ISM of the disc, but further turbulence
ay also be driven transversely by the passage of the AGN wind.
oth may contribute either to enhance SF or to quench it (e.g.
chawinski et al. 2006 ; Mukherjee et al. 2018b ; Barreto-Mota et al.
021 ), depending on features like the initial SFR (and thus the column
ensity) and the A GN power , implying positiv e or ne gativ e feedback,
espectively. 

In order to compare our results with previous simulations (e.g. 
ukherjee et al. 2018b ), in Fig. 26 we show the star formation

ate surface density (SFRD) distribution in the disc relative to the
nitial value for the models C.MHD.100SF.360 ◦ for two AGN-wind 
uminosities: L 2 = 2.35 × 10 43 erg s −1 (top) and L 3 = 2.35 × 10 44 erg
 

−1 (middle), for different times of evolution from the active to
nactive phases of the AGN duty cycle. In these diagrams, SFRD is
ormalized to SFRD0, the star formation rate density at t = 0. SFR( t )
s calculated from the Kenniccut–Schmidt law (equation 8 ), using the
ame normalization as in equation (3) of Melioli & de Gouveia Dal
MNRAS 535, 1696–1720 (2024) 
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M

Figure 26. SFRD in the disc (defined as SFR per unit area) for the models C.MHD.100SF.360 ◦ with: AGN-wind luminosity L AGN = L 2 = 2.35 × 10 43 erg s −1 

(top), L AGN = L 3 = 2.35 × 10 44 erg s −1 (middle), and with no AGN wind L AGN = 0 (bottom), for five different times of evolution. The empty region in the 
middle of the panels shows the imprint of the passage of the AGN wind. The red ring in the edge of the disc is due to the very initial value of the SFR which is 
the same for the entire disc before the start of the SN explosions that lead to the clumpy environment in these models. 
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ino ( 2015 ), SFRD ∼ 10 −1 ( n 10 h SB,200 ) 1.4 M �yr −1 kpc −2 , where n 10 

s the density of the disc at z = 0 in units of 10 cm 

−3 and h SB,200 

s the height of the SB region in units of 200 pc. The cavity in the
iddle of the panels is due to the passage of the AGN wind and it is

arger for the AGN wind with larger luminosity (middle panel). The
ottom diagram shows how the same system behaves when there is
o AGN outflow. We see that in all diagrams, there is a decrease in
he SFRD with time caused by the passage of both outflows. While
he SF wind acts more smoothly o v er all radii, the AGN wind causes
he formation of a ring of enhanced SF around the cavity during the
ctive period ( t ∼ 150 kyr), which disappears later on when the AGN
ind disappears completely in the inactive phase ( t ∼ 600 kyr). This

esult can be compared with that found by Mukherjee et al. ( 2018b )
or a similar SFR ∼ 80 M �yr −1 , but with collimated jet (see their
odel H). In their case, they detect the formation of a stronger ring of

nhanced SF around the AGN cavity, and decreasing SF in the outer
egions. Remarkably, a recent observation by the JWST–NIRSpec
Near-Infrared Spectrographer) IFS (integral field spectroscopy) of
he luminous infrared galaxy NGC 7469, also classified as a Sey 1.5
ucleus, has revealed an enhanced star-forming ring surrounding its
right AGN (Bianchin et al. 2024 ). It has inner and outer radii of
30 pc and 616 pc, which resembles the rings in Fig. 26 , though
ocalized slightly further away from the nucleus. This difference
ould be due to intrinsic differences in the source properties. 

In Fig. 27 , we have plotted the same as in Fig. 26 , but for the set
f models with SFR 10 times larger. In this case, the SFR density
urface is clearly larger o v er the entire system, as expected. The ring
f enhanced SF is also much stronger and persists even when the
GN has completely disappeared in the inactive phase, though less

ntense. 
NRAS 535, 1696–1720 (2024) 
In Fig. 28 , we have plotted the evolution of the SFR surface density
or models with a much smaller initial SFR (1 M �yr −1 ) and different
GN-wind opening angle, namely, the conical C.MHD.1SF.10 ◦ and

he spherical C.MHD.1SF.360 ◦ models, both with luminosity L2,
hich are compared with the counterpart model with no AGN wind.

n this case, we also clearly notice the formation of the strong ring
round the cavity with enhanced SF as time evolves, reflecting a
ositive feedback of the AGN on SF. Its counterpart model with
pening angle 360 ◦ (bottom panel), shows a much stronger effect
ith the AGN-wind passage. The cavity is comparatively much
igger and the ring of enhanced SF around the wind is stronger. 
Therefore, we conclude that the positive or negative feedback are

ighly sensitive to a non-linear combination of all the effects, that
nclude the SF wind, the AGN outflow opening angle and power,
he initial SFR (and column density), and the AGN-wind phase of
ctivity. The passage of the SF wind causes a decrease in the SFRD
ith time o v er the entire disc, and this effect is more pronounced for

arger SFR. The increase of the AGN power tends to enhance SF in
 ring around the AGN wind that tends to disappear once the AGN
ind faints, and this effect is also stronger for larger SFR. The wind
pening angle also affects the SF feedback. A spherical injection
reates a much larger ca vity, b ut also a more enhanced ring of SF
round the cavity. 

In addition to earlier pioneering studies (e.g. Sutherland &
icknell 2007 ), numerous recent investigations have explored the

mpact of AGN-wind feedback on the evolution of the ISM and SFR.
ome of these studies, conducted on a larger scale than the current
ork, have produced results that generally align with our findings

nd offer complementary insights. For instance, Cielo et al. ( 2018 )
emonstrated that inclined jets can decrease star-forming gas. They
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Figure 27. The same as in Fig. 26 , but for the model with SFR 10 times larger, C.MHD.1000SF.360 ◦. In the top, the AGN-wind luminosity is L AGN = 

L 3 = 2.35 × 10 44 erg s −1 (top), in the middle L AGN = L 2 = 2.35 × 10 43 erg s −1 , and in the bottom L AGN = 0. 

Figure 28. The same as in Fig. 26 , but for the models with SFR = 1 M � yr −1 and distinct AGN-wind opening angles (or none): C.MHD.1SF.10 ◦ (top), 
C.MHD.1SF.360 ◦ (middle), and C.MHD.1SF (SB-only, bottom), in five different times of evolution. Note that the thin red ring we see at 300 pc from the origin 
characterizes the initial SFRD in the system. 
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bserved that AGN-wind action remo v es the densest 20 per cent of
he cold ISM by heating clump cores, generating substantial amounts
f warm gas with densities ranging from 10 to 200 cm 

−1 , potentially
educing global SF. In contrast, hydrodynamical simulations by
ieri et al. ( 2016 ), revealed that the pressure enhancement from
GN action triggers instabilities leading to increased fragmentation
ompared to simulations without AGN influence. In such cases,
nhanced fragmentation results in the formation of more clumps
nd higher SFR values. It is important to note that these simulations,
onducted on a time-scale of 400 Myr and a size of 30 kpc, analyse
alaxy evolutionary histories on scales significantly different from
hose explored in our study . Additionally , the influence of AGN
ind on SFR evolution may vary depending on the distance from the
alaxy’s centre. For instance, large-scale numerical simulations by
aibler et al. ( 2012 ) indicated that the onset of jets increases SFR on

he disc by a factor of 2 or more, simultaneously reducing SF in the
entral region. Generally, SFR at intermediate radii does not further
ncrease and may slowly decrease as denser clumps are converted
nto stars. At larger radii, SFR continues to rise and is expected
o remain high until the cocoon pressure of the jet approaches the
riginal ambient pressure, as also observed by Gaibler, Krause &
amenzind ( 2009 ). In contrast, in galaxy mergers, the simulations
onducted by Talbot, Sijacki & Bourne ( 2024 ) suggest a moderate
uppression of SF throughout the entire merger process due to the
resence of the AGN wind. The peak of the SF, achieved during the
nal coalescence of the galaxies, is reduced by nearly a factor of 2. 

 C O N C L U S I O N S  

n this study, we have presented 3D MHD simulations of the core
e gion of activ e galaxies at sub-kpc scales. Fiducial values of SF
nd SNR rates were considered to allow for the natural formation
f a turbulent and structured ISM where the AGN jet was injected.
n this environment, a galactic wind driven by SF is also naturally
roduced, and the interactions and relative roles of both the AGN
nd the SF-driven outflows on the feedback processes were explored.
he study also investigated the effects of initial conditions, including

he intensity of mild magnetic fields, the intermittency of the AGN
cti vity, the AGN outflo w opening angle, the SFR in the disc, and the
orosity generated in the ISM by stellar feedback. The underlying
dea of this study was that the AGN wind alone would be unable to
ri ve a massi ve gas outflo w in the class of systems investigated, but
t may have enough power to drag and accelerate clumps to very high
elocities. The results of this study are summarized below. 

(i) The initial gas distribution determines the evolution of the
ystem. In a smooth environment, the AGN outflow expands faster,
asily disrupting the disc, reaching the halo, and forming a low den-
ity, hot regular bipolar-shaped wind. On the other hand, in the case of
he clumpy environment, an asymmetric, wiggling outflo w de velops
n both hemispheres, propagating at slower velocity through the
rregular structures that form in the thicker disc due to SF activity. 

(ii) After being continuously injected, the AGN wind completely
emo v es the gas from the central region in approximately a few
0 5 yr, in all models investigated (e.g. Fig. 7 ). Moreover, the high
ressure of the AGN wind against the IS gas interrupts the gas
uelling into the core which in turn, is responsible for the AGN
utflow. This implies that the continuous injection of the AGN wind
eyond about a few 10 5 yr is no longer realistic. Without the pressure
nd energy injected by the AGN wind, gas stellar feedback is able
o resume gas inflow that again refills the central region of the
alaxy. Over time, the replenished gas reaches a maximum value
NRAS 535, 1696–1720 (2024) 
hat could eventually trigger a new phase of AGN-wind activity. This
volution characterizes the duty cycle of the AGN. The entire cycle
hat includes the active, the remnant, and the inactive phases lasts at

ost ∼1.5 Myr in our models, being longer for larger SFR (larger
olumn density) and decreasing AGN-wind power (Fig. 7 ). This is
onsistent with observed short term variabilities in active galaxies
Scha winski et al. 2015 ; Zubo vas & King 2016 ; Morganti 2017a , b ;
ubovas 2018 ). It is important to stress that this duty cycle pertains

o a single phase within the entire AGN outflow activity. We expect
 reacti v ation of this cycle once the remnants of the wind no longer
mpede the gas re-inflow into the core, thereby initiating a new duty
ycle. It is worth noting that the formation of very large-scale jets is
xpected to result from multiple cycles of activity like the ones we
escribe. 
(iii) The impact of a collimated AGN wind (with an opening angle

f approximately 0 ◦–10 ◦) on the evolution of the galaxy disc in
he nuclear region is significantly less pronounced compared to a
pherical injection. In the case of a spherical injection, a larger
 orking surf ace results in a greater amount of material being dragged

o the halo, albeit at a slower expansion rate (see e.g. Fig. 8 ). 
(iv) In the magnetized models, there is some deceleration of the

GN wind due to the impact into the magnetized gas which absorbs
art of the kinetic energy at the terminal shock. Ho we ver, for the
agnetic fields we considered, with average values up to a few tens
G, as observed in most of the sources investigated here, we find no
ubstantial effects in the macroscopic properties of the flow, or on
he evolution and formation of high-velocity dense, cold structures. 

(v) The AGN wind looses efficiency in carrying out mass to
pc distances in systems with increasing SFR (and thus column
ensities). For instance, for an AGN-wind luminostiy ∼10 43 erg
 

−1 , the total gas mass lost by the disc ( | z| < 200 pc) varies from
0 per cent for SFR = 100–1000 M � yr −1 , to o v er 40 per cent of the
nitial total mass for SFR ≤ 10 M � yr −1 , but the increase in the AGN-
ind power by a factor 10 impro v es the mass-loss rate by about a

actor 2. On the other hand, models with SB wind only, generally
ave smaller mass-loss rates than their counterparts with AGN wind
resent (e.g. Fig. 17 ). We find mass-loss rates of the order of 50–
50 M � yr −1 in the first 2 Myr of evolution, for SFR in the range
–1000 M � yr −1 and luminosities in the range 10 42–44 erg s −1 , which
re comparable to observed values in nearby Seyferts and ULIRGs. 

(vi) Ov erall, we hav e found that the positive or ne gativ e feedback
n SF is highly sensitive to a non-linear combination of various
f fects, including the AGN outflo w opening angle, po wer, and phase
f activity, as well as the initial SFR (and column density). The
assage of the SF wind results in a decrease in the SFR surface
ensity o v er the entire disc with time. Increasing the AGN power
nhances SF in a ring around the AGN wind, which disappears once
he AGN wind weakens, and this effect is more pronounced for larger
FR. The wind opening angle also affects the SF feedback, with a
pherical injection creating a larger cavity and an enhanced ring of
F around it than a collimated wind (see Figs 26 –28 ). 
(vii) Finally, our models indicate that a higher SFR (column

ensity) in the disc fa v ours a better mixing of the IS matter with the
GN wind increasing the porosity of the disc and providing larger
umber of colder, denser structures (Figs 9 –11 , and 19 and 20 ). The
old clouds and filaments, with temperatures between 50 and 200 K,
ransported to distances abo v e the disc between 200 pc and 1 kpc,
each average velocities of approximately 100 to 270 km s −1 . These
elocities are comparable to those observed in several Seyferts and
INERS (e.g. reported in Fluetsch et al. 2019 ). Ho we v er, we hav e

dentified only very few cold structures with maximum velocities
igh enough to be compared to those observed in ULIRG systems,
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hich are several hundred km s −1 (e.g. Pereira-Santaella et al. 2018 ).
ur average values differ from those obtained in other studies such 

s Mukherjee et al. ( 2018a , b ). It is important to note that in our
imulations, the formation of cold structures in the disc is naturally 
riven by the combination of SF and radiative cooling in the ISM
f the nuclear region of the galaxy for different SFRs, instead of
eing imposed by initial conditions. In future work, we will include 
mportant missing ingredients such as the presence of dust and higher 

agnetic fields that may help to impro v e the formation and survi v al
f high speed cold structures at high altitudes. 
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