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A B S T R A C T 

Ne gativ e feedback from accreting supermassive black holes is considered crucial in suppressing star formation and quenching 

massi ve galaxies. Ho we ver, se veral models and observations suggest that black hole feedback may have a positive effect, 
triggering star formation by compressing interstellar medium gas to higher densities. We investigate the dual role of black 

hole feedback using cosmological hydrodynamic simulations from the Feedback In Realistic Environment (FIRE) project, 
incorporating a no v el implementation of hyper-refined accretion-disc winds. F ocusing on a massiv e, star-forming galaxy at z 
∼ 2 ( M halo ∼ 10 

12 . 5 M �), we demonstrate that strong quasar winds with a kinetic power of ∼10 

46 erg s −1 , persisting for o v er 
20 Myr, drive the formation of a central gas cavity and significantly reduce the surface density of star formation across the 
galaxy’s disc. The suppression of star formation primarily occurs by limiting the availability of gas for star formation rather 
than by e v acuating the pre-existing star-forming gas reservoir (pre venti ve feedback dominates over ejective feedback). Despite 
the o v erall ne gativ e impact of quasar winds, we identify several potential indicators of local positive feedback, including (1) the 
spatial anticorrelation between wind-dominated regions and star-forming clumps, (2) higher local star formation efficiency in 

compressed gas at the edge of the cavity, and (3) increased contribution of outflowing material to local star formation. Moreo v er, 
stars formed under the influence of quasar winds tend to be located at larger radial distances. Our findings suggest that both 

positiv e and ne gativ e AGN feedback can coexist within galaxies, although the local positive triggering of star formation has a 
minor influence on global galaxy growth. 

K ey words: galaxies: e volution – quasars: general – quasars: supermassive black holes – galaxies: star formation. 
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 I N T RO D U C T I O N  

 copious amount of evidence show that most galaxies host a
assive black hole (BH) at their centre, with the mass of the BH

trongly correlating with global galaxy properties (Magorrian et al.
998 ; Bennert et al. 2011 ; Kormendy & Ho 2013 ; McConnell &
a 2013 ; Reines & Volonteri 2015 ; Graham 2016 ; Shankar et al.
 E-mail: jonathan.mercedes feliz@uconn.edu 

2  

s  

o  

Pub
020 ). Actively accreting BHs in active galactic nuclei (AGNs) can
mpact the host galaxy through a variety of feedback mechanisms,
ncluding fast accretion-driven winds (Faucher-Gigu ̀ere & Quataert
012 ; Zubovas & Nayakshin 2012 ; Tombesi et al. 2013 ; Nardini
t al. 2015 ), galaxy-scale outflows (Feruglio et al. 2010 ; Sturm
t al. 2011 ; Greene, Zakamska & Smith 2012 ; Cicone et al. 2014 ;
arc ́ıa-Burillo et al. 2014 ; Zakamska & Greene 2014 ; Circosta et al.
018 ; Wylezalek et al. 2020 ; Ramos Almeida et al. 2022 ), and large-
cale jets (Fabian 2012 ). Observational constraints on the efficiency
f AGN feedback suggest that massive BHs may play a key role
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n galaxy evolution by injecting energy and momentum into the 
nterstellar medium (ISM) and circumgalactic medium (CGM) of 
alaxies (Hopkins & Elvis 2010 ; Alexander & Hickox 2012 ; Fabian
012 ; Alatalo et al. 2015 ; Wylezalek & Zakamska 2016 ; Fiore et al.
017 ; Harrison 2017 ; Harrison et al. 2018 ). Most galaxy formation
odels indeed require some form of negative AGN feedback to 

ject existing ISM gas from massive galaxies and/or prevent CGM 

as from cooling and accreting on to the galaxy, suppressing star
ormation and quenching massive galaxies, regulating their sizes 
nd central densities, and reproducing the observed bimodality in 
alaxy colours (Di Matteo, Springel & Hernquist 2005 ; Baldry et al.
006 ; Bower et al. 2006 ; Croton et al. 2006 ; Dubois et al. 2012 ;
ilk & Mamon 2012 ; Somerville & Dav ́e 2015 ; Choi et al. 2018 ;
av ́e et al. 2019 ; Wellons et al. 2023 ). 
Ho we ver, recent observ ations suggest that AGN feedback could 

lso have positive effects, by triggering star formation, as opposed 
o suppressing it, in galaxies. Direct observational evidence of AGN 

utflows triggering star formation is slim, but examples exist where 
tar formation seems to occur within the outflow itself. Maiolino 
t al. ( 2017 ) studied a merging system that hosts an obscured AGN
ith a prominent outflow and found that multiple optical and near- 

nfrared (IR) diagnostics of the outflowing gas are consistent with 
tar formation within the outflow, where the inferred star formation 
ate (SFR) can exceed 15 M � yr −1 and account for ∼25 per cent of
he total SFR in the system. Analysing o v er 2500 galaxies in MaNGA
R2, Gallagher et al. ( 2019 ) identified a subsample of 37 galaxies
ith outflows, of which ∼30 per cent show signs of star formation
ithin the outflowing gas, ranging from 0.1 to 1 M � yr −1 and 

ontributing 5–30 per cent of the total SFR in the galaxy. Positive and
e gativ e AGN feedback do not necessarily act against one another,
nd some observations suggest that their effects could simultaneously 
e present within the same galaxy. Cresci et al. ( 2015b ) used
INFONI near-IR integral field spectroscopy of an obscured quasar 
t z ∼ 1.6 to show that a prominent outflow traced by [O III ] lines
oincides with the location of an empty central cavity surrounded 
y star-forming regions, suggesting that the outflow is removing gas 
rom the cavity (ne gativ e feedback) while triggering star formation 
t the edge of the cavity (positive feedback). Additional plausible 
mplications of positive AGN feedback include the alignment of 
on-thermal radio emission and rest-frame UV continuum emission 
n radio galaxies, suggesting jet-induced star formation in the host 
alaxy (Bicknell et al. 2000 ; Zirm et al. 2005 ; Drouart et al. 2016 ),
igher SFR in green-valley galaxies with X-ray detected AGN and 
ar infrared emission (Mahoro, Povi ́c & Nkundabakura 2017 ), and 
arge-scale expanding bubbles powered by jets potentially triggering 
tar formation in other galaxies (Gilli et al. 2019 ). 

Several theoretical models have explored the conditions under 
hich AGN feedback can trigger star formation by compressing 

SM gas to higher densities, using analytic calculations (Begelman & 

ioffi 1989 ; Rees 1989 ; Natarajan, Sigurdsson & Silk 1998 ; King
005 ; Silk 2005 ; Ishibashi & Fabian 2012 ; Silk 2013 ; Zubovas et al.
013 ; Nayakshin 2014 ) and hydrodynamic simulations of idealized 
ystems (Gaibler et al. 2012 ; Zubovas & Nayakshin 2012 ; Bieri
t al. 2015 , 2016 ; Zubovas & Bourne 2017 ). Some of these models
ropose that AGN feedback triggering of star formation plays a key 
ole driving simultaneous AGN and star formation in galaxies (King 
005 ), the observed correlation between star formation and AGN 

uminosities (Zubovas et al. 2013 ), the similarity in the comoving 
H accretion rate density and the cosmic star formation history 

Silk 2013 ), the BH–galaxy scaling relations (Nayakshin 2014 ), the 
xtreme SFRs of high redshift starbursts (Silk 2005 ; Gaibler et al.
012 ; Bieri et al. 2015 , 2016 ), the size and structural evolution of
assive galaxies (Ishibashi & Fabian 2012 , 2014 ), and the formation
f dark matter-deficient dwarf galaxies from swept up gas in the
ntergalactic medium by quasar outflows (Natarajan et al. 1998 , but
ee Moreno et al. 2022 ). Given the plausible strong implications for
alaxy evolution predicted by these idealized models, it is crucial to
nvestigate the impact of positive AGN feedback in more realistic 
imulations of galaxy formation in a full cosmological context. 

Large-volume cosmological hydrodynamic simulations, ho we ver, 
enerally do not predict positive AGN feedback scenarios, in part 
y construction because their subgrid AGN feedback models are 
mplemented to help suppress star formation and regulate the growth 
f massive galaxies when stellar feedback is not sufficiently strong 
see the re vie w by Somerville & Dav ́e 2015 , and references therein).
n this context, the connection between AGN and star formation 
ctivity in galaxies is more naturally explained by a common gas
upply for star formation and BH growth (Angl ́es-Alc ́azar et al.
015 ; Volonteri et al. 2015 ; Angl ́es-Alc ́azar et al. 2017a ; Ricarte
t al. 2019 ; Thomas et al. 2019 ), and the extreme SFRs of high-
edshift galaxies are primarily driven by the systematically higher 
osmological gas accretion rate on to haloes and/or higher incidence 
f galaxy mergers (Dav ́e et al. 2010 ; Hayward et al. 2013 ; Narayanan
t al. 2015 ), without requiring AGN feedback-driven triggering of 
tar formation. Ho we ver, cosmological simulations generally lack the 
esolution to model in detail the interaction of AGN-driven winds or
ets with the multiphase ISM. 

In this paper, we investigate the plausible dual role of AGN
eedback in galaxies using high-resolution cosmological zoom-in 
imulations from the Feedback In Realistic Environments (FIRE 

1 ) 
roject (Hopkins et al. 2014 , 2018 ), including local stellar feedback
y SNe, stellar winds, and radiation in a multiphase ISM, and
 no v el implementation of hyper-refined AGN-driv en winds that
imultaneously captures their propagation and impact from the inner 
uclear region ( � 10 pc) to CGM scales (Angl ́es-Alc ́azar et al.
n preparation). Focusing on a massive, star-forming galaxy near 
he peak of cosmic activity ( z ∼ 2; Madau & Dickinson 2014 ),
e investigate its subsequent evolution over a ∼35 Myr period in

imulations with different AGN feedback strengths compared to 
hat of an identical control simulation without AGN feedback. This 
rovides an ideal framework to evaluate any positive versus negative 
eedback effects on the host galaxy. 

The outline of this paper is as follows: Section 2 provides a brief
ummary of our methodology and Section 3 presents an o v erview
f our simulations. In Section 4 , we investigate the global negative
mpact of AGN feedback on our simulated galaxy, while Section 
 investigates plausible signatures of positive AGN feedback. In 
ection 6 , we analyse the impact of AGN winds in simulations that
ary the kinetic feedback efficiency. We discuss our results in Section
 and present our summary and conclusions in Section 8 . 

 M E T H O D S  

ngl ́es-Alc ́azar et al. (in preparation) fully describe the simulations
nd methodology that we implement, which we briefly summarize 
elow. 

.1 FIRE-2 galaxy formation model 

he simulations are part of the FIRE-2 project, an updated imple-
entation of the original FIRE simulations. The GIZMO 

2 solver is 
MNRAS 524, 3446–3463 (2023) 
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sed in its meshless finite mass (MFM) mode, which implements
 Lagrangian Godunov formulation with many of the benefits of
article and grid-based methods (Hopkins 2015 ). We include cooling
nd heating from T = 10 − 10 10 K; star formation in locally self-
ravitating, dense ( n H > 1000 cm 

−3 ), molecular, and Jeans-unstable
as; and stellar feedback from OB & AGB mass-loss, Type Ia & II
uperno vae (SNe), and multiwav elength photoheating and radiation
ressure (Hopkins et al. 2018 ). Each star particle represents a
opulation of stars with known mass, age, and metallicity, with all
tellar feedback quantities and their time dependence taken from the
TARBURST99 population synthesis model (Leitherer et al. 1999 ). 

A thorough description of the star formation model in FIRE-2
s outlined in section 2.4 of Hopkins et al. ( 2018 ), but we briefly
ummarize below the conditions that gas elements are required to
atisfy in order to be eligible for star formation: 

(i) Self-gravitating: We require the gravitational potential energy
e larger than the thermal plus kinetic energy within the resolution
cale, using the sink-particle criterion of Hopkins et al. ( 2013 ). This
llows for identifying gas which is collapsing under self-gravity at
he resolution scale while not allowing unbound material to form
tars, such as tidally unbound gas or dense gas in strong shocks. 

(ii) Self-shielding: The self-shielded, molecular fraction of gas
lements is estimated based on the Krumholz & Gnedin ( 2011 )
pproach and determines the amount of gas eligible for star forma-
ion, which depends on the local column density using the Sobolev
pproximation, gas metallicity, and the ability of gas to cool to low
emperatures. 

(iii) Jeans unstable: To ensure the coherent collapse of resolved,
assive self-gravitating objects, we impose a requirement that the

hermal Jeans mass remains below either the particle mass or 10 3 M �
n each element. 

(iv) Dense: In order to a v oid incorrect application of the afore-
entioned criteria, an additional check is performed to ensure that

he gas density ( n H ) exceeds a critical value ( n crit = 1000 cm 

−3 ). This
equirement restricts star formation to dense molecular clouds that
merge from the background disc through fragmentation. 

Gas elements that satisfy all these requirements form stars at a rate
˙� = ρmol /t ff , where ρmol is the molecular gas density and t ff is the
ocal free-fall time. 

.2 Initial conditions 

ur initial conditions are derived from snapshots of pre-existing
IRE-2 simulations, and adopted to include AGN-driven winds in
ur new simulations. We focus on the massive FIRE-2 halo A4 from
ngl ́es-Alc ́azar et al. ( 2017c ), with M halo ∼ 10 12 . 5 M � at z = 2 and
 volved do wn to z = 1 including on-the-fly BH gro wth dri ven by
ravitational torques (Hopkins & Quataert 2011 ; Angl ́es-Alc ́azar,

¨ zel & Dav ́e 2013 ; Angl ́es-Alc ́azar et al. 2015 , 2017a ) but not
ncluding BH feedback. The new simulations with AGN winds
dopt the same baryonic mass resolution m b = 3 . 3 × 10 4 M � and
orce softenings εmin 

gas = 0 . 7 pc , ε� = 7 pc , and εDM 

= 57 pc for the
as (minimum adaptive force softening), stellar, and dark matter
omponents. We assume a Lambda cold dark matter cosmology with
arameters H 0 = 69 . 7 km s −1 Mpc −1 , �M 

= 1 − �� 

= 0.2821, �b =
.0461, σ 8 = 0.817, and n s = 0.9646 (Hinshaw et al. 2013 ). 
We choose to inject AGN winds in the new simulations at the z =

.28 snapshot, which will be referenced hereafter as �t = 0 Myr . At
his time, the galaxy is undergoing a strong starburst phase which
ill lead to the formation of an o v ercompact and o v erdense stellar

ystem because stellar feedback is no longer able to regulate star
NRAS 524, 3446–3463 (2023) 
ormation (Wellons et al. 2020 ; Parsotan et al. 2021 ; Cochrane et al.
023 ; Angl ́es-Alc ́azar et al. in preparation). Cosmological hyper-
efinement simulations of this galaxy have shown explicitly that
trong gravitational torques from stellar non-axisymmetries can drive
arge gas inflow rates down to sub-pc scales under these conditions
Angl ́es-Alc ́azar et al. 2021 ), suggesting that this is a likely phase
or strong AGN activity as well. We thus investigate the plausible
ositive and negati ve ef fects of AGN feedback at the galaxy’s peak
f nuclear and star formation activity. 

.3 Hyper-refined AGN winds 

he method to inject AGN winds at super-Lagrangian resolution
n cosmological simulations is described in Angl ́es-Alc ́azar et al. (in
reparation), and builds on earlier particle spawning implementations
n idealized simulations of galaxies and massive haloes (Richings &
 aucher-Gigu ̀ere 2018a ; Torre y et al. 2020 ; Su et al. 2021 ). The BH is
odelled as a collisionless particle with initial mass M BH = 10 9 M �

nd located near the centre of the main galaxy. The accretion rate is
ssumed to be constant, for simplicity, throughout the duration of the
imulation, representing a luminous quasar phase lasting ∼ 40 Myr
ith the BH accreting at a fixed fraction λEdd of the Eddington rate.
tochastic swallowing of gas particles within the BH interaction
ernel (defined to contain ∼256 particles) ensures mass conservation
e.g. Angl ́es-Alc ́azar et al. 2017a ). 

Our AGN wind model is specified by the following main prop-
rties: the mass outflow rate Ṁ w , the initial wind velocity v w , and
he geometry of the wind. We consider that a fraction εk of the
GN bolometric luminosity ( L bol ≡ 0 . 1 Ṁ BH c 

2 ) emerges as a fast,
uclear isotropic wind radially outwards from the BH, with initial
elocity v w = 30 000 km s −1 and temperature T w ∼ 10 4 K, typical
f broad absorption-line winds and ultrafast outflows (Weymann,
arswell & Smith 1981 ; Gibson et al. 2009 ; Feruglio et al. 2015 ;
ardini et al. 2015 ; Tombesi et al. 2015 ). We assume that the
ind immediately interacts with the ambient medium, with post-

hock velocity and temperature given by v sh = v w / 4 = 7 , 500 km s −1 

nd T sh ≈ 1.2 × 10 10 K (Faucher-Gigu ̀ere & Quataert 2012 ). In
ractice, resolving the shock structure is challenging (Richings &
 aucher-Gigu ̀ere 2018a , b ; Torre y et al. 2020 ) and we model the
GN wind by creating or spawning new gas particles within a

phere R w = 0 . 1 pc around the BH, with initial velocity v sh and
emperature T sh consistent with post-shock conditions. Other fluid
uantities are immediately recomputed for the wind particles after
pawning, interacting hydrodynamically with the ISM gas in the
imulation. The simulations presented here implement a target wind
article mass of 1000 M � h 

−1 , which represents a factor > 20 times
igher mass resolution than the original simulation, and we consider
iscrete ejection events containing between 10 and 100 wind particles
istributed isotropically and moving radially outwards from the BH.
 article spa wning allows us to fully capture the propagation and

mpact of fast winds at higher resolution than normally possible
ith Lagrangian hydrodynamics (see also Costa, Pakmor & Springel
020 ), injecting feedback locally around the BH and capturing the
ind–ISM interaction robustly regardless of gas geometry and at sig-
ificantly higher resolution than nearest neighbour-based feedback
oupling models. 

Table 1 summarizes the main properties of the simulations anal-
sed here. All simulations start from the same initial conditions
escribed in Section 2.2 , containing a central BH with mass M BH =
0 9 M �, and implementing the same post-shock wind velocity and
emperature while varying the mass outflow rate Ṁ w . We assume
hat the BH accretes at the Eddington rate ( λEdd = 1), moti v ated
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Table 1. Simulation parameters. (1) Name: simulation designation. (2) 
ηk ≡ Ṁ w / Ṁ BH : mass loading factor. (3) εk ≡ Ė w /L bol : kinetic feedback 
ef ficiency. (4) Ṁ w : mass outflo w rate in winds. (5) Ė w : kinetic energy 
injection rate. (6) Notes. 

Name ηk εk Ṁ w [M � yr −1 ] Ė w [ erg s −1 ] Notes 

noAGN – – – – NO-WIND 

m0.1e0.5 0.1 0.005 2.22 6.29 × 10 44 

m1e5 1 0.05 22.2 6.29 × 10 45 

m2e10 2 0.1 44.4 1.26 × 10 46 AGN-WIND 

m4e20 4 0.2 88.8 2.52 × 10 46 

m10e50 10 0.5 222 6.29 × 10 46 
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y hyper-refinement simulations that predict quasar-like inflow rates 
t sub-pc scales for the same simulated galaxy conditions (Angl ́es-
lc ́azar et al. 2021 ). Along with the standard FIRE-2 simulation that

xcludes AGN feedback ( NO-WIND ), we investigate the impact of
GN-driven winds with kinetic feedback efficiencies in the range 

k = 0.5–50 per cent, which brackets a range of observational 
onstraints (e.g. Cicone et al. 2014 ; Fiore et al. 2017 ; Harrison et al.
018 ) and assumed feedback efficiencies in previous simulations 
e.g. Di Matteo et al. 2005 ; Weinberger et al. 2017 ; Dav ́e et al.
019 ). Our choice in BH mass and accretion rate is representative
f those found in luminous quasars at z ∼ 2 given the host galaxy
tellar mass ( ∼ 10 11 M �; e.g. Trakhtenbrot 2014 ; Zakamska et al.
019 ). Ho we ver, the assumed AGN wind kinetic efficiency exhibits
 de generac y with the chosen BH mass and Eddington ratio. For
xample, by selecting a BH mass or Eddington ratio a factor of
0 lower and simultaneously increasing our efficiencies by ×10, 
e would achieve equivalent mass, momentum, and energy loading 

actors for the AGN winds, which represent the actual rele v ant
hysical parameters in the simulations presented here. 
The simulation name in each feedback implementation encodes 

he value of the mass loading factor ( ηk ) and the kinetic feedback
fficiency ( εk × 100). The two simulations that we reference the 
ost throughout this work are as follows: 

(i) NO-WIND : The control simulation using standard FIRE-2 
hysics, where we model the evolution of a massive galaxy ( M star ∼
0 11 M �) starting at z ∼ 2.28 ( � t = 0 Myr) and no AGN winds
re introduced. The BH is still accreting at the Eddington rate, 
˙
 BH ∼ 22 . 2 M � yr −1 . 
(ii) AGN-WIND : Fiducial simulation where AGN winds are turned 

n at � t = 0 Myr with the same initial conditions as the NO-
IND case. We consider a luminous quasar phase with bolometric 

uminosity L bol = 1.26 × 10 47 erg s −1 , driving a wind with kinetic
fficiency εk = 0.1 and mass loading factor ηk ≡ Ṁ w / Ṁ BH = 2, 
orresponding to a mass outflow rate in winds Ṁ w = 44 . 4 M � yr −1 . 

The times mentioned in this work are relative to the start of the
ind phase at t 0 , with � t referring to the time that has passed since

hen as � t ≡ t − t 0 . 

 OV ERVIEW  O F  SIMULATIONS  

ig. 1 shows the projected star formation rate surface density for
wo different simulations of the same massive star-forming galaxy 
 M star ∼ 10 11 M �, SFR ∼ 300 M � yr −1 ) at z ∼ 2.28, one with no
GN feedback ( NO-WIND ), and the other with feedback ( AGN-
IND ), at varying snapshots in time. In the NO-WIND case (top

wo rows), the central BH accretes gas at the Eddington limit but
e ne glect an y AGN feedback effects, with stellar feedback solely

esponsible for regulating star formation. At the beginning of the 
imulated period, the galaxy resembles a turbulent, clumpy, kpc- 
cale disc with significant amounts of star formation occurring along 
ractured spiral arms and the denser nuclear region. As time proceeds,
he dense, star-forming gas reservoir continues to be replenished by 
nfalling gas across scales and becomes more concentrated towards 
he centre, forming an ultra-compact, nuclear star-forming disc after 
 t ∼ 25 Myr of evolution. From the first snapshot ( � t = 0.2 Myr) to

he last ( � t = 35 Myr), the SFR in the central 1 kpc region increases
rom ∼ 400 M � yr −1 to ∼ 640 M � yr −1 . 

In the AGN-WIND simulation (bottom two rows), we inject radial 
hells of high-resolution particles to represent the AGN wind. In the
rst � t = 1 Myr of evolution, there is already a noticeable effect on

he galaxy. The wind has ejected star-forming gas from the central
0 pc as well as cleared out other areas throughout the disc that had
igh SFR (dark green regions) in the NO-WIND case, that now have
ower amounts of star formation (lighter green regions) or none at
ll. Winds propagate more efficiently along paths of least resistance, 
referentially along the rotation axis of the galaxy, but can none the
ess penetrate through low-density ISM channels across the galaxy 
isc. After 5 Myr, the morphology of the star-forming gas becomes
rastically different, with AGN winds opening up a growing, central 
avity surrounded by strips of gas, in contrast to the ultra-compact
tar-forming disc in the absence of AGN feedback. Not only is the
orphology different than in the NO-WIND case, but the amount of

tar formation is drastically different as well. By � t = 0.2 Myr, the
GN winds have already had a clear impact on the nuclear SFR, with
230 M � yr −1 within 1 kpc, a factor of ∼0.5 less than in the NO-

IND simulation. At a later time, 25 Myr, the total SFR in the AGN-
IND case reaches ∼ 19 M � yr −1 , constituting a decrease by a factor

f ∼33 from the NO-WIND case, an o v erwhelmingly ne gativ e effect.
y the end of the simulation, ( � t = 35 Myr), the total SFR within
 kpc in the NO-WIND case is ∼ 640 M � yr −1 , but only ∼ 0 . 4 M � yr −1 

n the AGN-WIND case, where most of the dense star-forming gas has
een e v acuated by the winds. In the central 250 pc region, the SFR
ncreases from ∼ 230 M � yr −1 ( � t = 0.2 Myr) to ∼ 600 M � yr −1 

 � t = 35 Myr) in the no-wind simulation, while in the AGN-WIND

ase it goes from ∼ 90 M � yr −1 ( � t = 0.2 Myr) to ∼ 0 . 003 M � yr −1 

 � t = 35 Myr). While the global SFR increases by 40 per cent during
he NO-WIND simulation, the SFR in the AGN-WIND case decreases 
y a factor of ∼3000. 
Fig. 2 shows the 2D distribution of star-forming gas in the radial

elocity–radial distance plane for the NO-WIND (top) and AGN- 
IND (bottom) simulations. For each case, we show separately 

he inflowing ( v r < 0) and outflowing ( v r > 0) components
f the star-forming gas, which are defined relative to the radial
elocity ( v r ) with respect to the BH. We thus refer to inflows
nd outflows as radially inward and outward components without 
equiring a minimum absolute velocity. Some of the morphological 
eatures that were present in Fig. 1 are identifiable within the
D distribution for the NO-WIND simulation, such as the vertical 
tripes corresponding to spiral arms. As time progresses, the star- 
orming gas becomes more centrally concentrated, which is seen 
ere as the distribution shifting to the left. Aside from the increase
n total SFR, there is an increase in the net radial velocity with
ime, reaching ∼2000 km s −1 on 10–100 pc scales for both the
utflowing and inflowing components ( �t = 20 − 25 Myr ). In the
O-WIND simulation, the two radial velocity components show 

imilar distributions and contribute approximately similar amounts to 
he global SFR, with a slight predominance of the inflow component
t later times. In the absence of coherent, large-scale inflo w/outflo w
onditions dominating the gas’ dynamics, the roughly symmetric 
adial velocity structure is the result of highly turbulent motions in
MNRAS 524, 3446–3463 (2023) 
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Figure 1. Projected star formation rate surface density ( � SFR ) for the central 1 kpc region of a massive, star-forming galaxy ( M star ∼ 10 11 M �, SFR ∼
300 M � yr −1 ) at z ∼ 2.28 for the NO-WIND (top rows) and AGN-WIND (bottom rows) simulations. In both cases, we show edge-on and face-on views along with 
time evolution (from left to right) for ∼35 Myr since the start ( � t = 0) of the quasar feedback phase in the AGN-WIND simulation. The projected mass density 
distribution of AGN winds is o v erlaid in the bottom rows, as indicated by the colour scale. In the absence of AGN-driven winds, the star-forming disc becomes 
denser and more compact as time progresses. In contrast, AGN winds e v acuate star-forming gas from the central region, with the formation of a growing central 
cavity and global suppression of star formation by the end of the simulation. 
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he ISM. The intense star formation in the nuclear region at high
urface densities ( � SFR > 1000 M � yr −1 kpc −2 ) rapidly deepens the
otential well, resulting in the increased maximum radial velocities
bserved. 
In the AGN-WIND simulation, the radial distribution of star-

orming gas clearly shows the impact of AGN feedback, with the
ize of the central cavity growing with time on average (bottom
ows). Despite the injection of positive radial momentum, there is no
ignificant sign of SFR enhancement in the outflowing component.
uring the first ∼10 Myr of evolution, the inflow and outflow

omponents contribute roughly equally to the total SFR, similar to the
O-WIND case. Ho we ver, the inflo w component tends to dominate at

ater times, when the impact of winds becomes more dramatic. This
uggests that gas radially accelerated by the winds has generally
ower probability of forming stars. One interesting exception is the
utflowing component at � t = 25 Myr since the start of the AGN
ind phase, which contains a considerable amount of star formation

16 M � yr −1 , corresponding to > 80 per cent of the total SFR) in a
ocalized region at 300 pc from the centre and with radial velocity as
igh as 800 km s −1 on average. 

 N E G AT I V E  G L O BA L  I M PAC T  O F  AG N  

E EDBACK  

ig. 3 shows the azimuthally averaged radial profile of the star
ormation rate surface density for the NO-WIND (left) and AGN-
NRAS 524, 3446–3463 (2023) 
IND (right) simulations, for various times. We use cylindrical
adial bins that are defined relative to the angular momentum
otation axis of star-forming gas within 2 kpc (since the majority
f the star-forming gas is contained within this scale) of width
 log 10 ( R) = 0 . 1 dex to calculate the SFR per unit area in each bin

 � SFR ). For clarity, we smooth the resulting radial distributions by
pplying a running average considering the two nearest neighbour
ins. At the start of the simulation in the NO-WIND case, the star-
orming disc reaches � SFR ∼ 1000 M � yr −1 kpc −2 in the nuclear
egion (10–100 pc), while maintaining � SFR ∼ 10 M � yr −1 kpc −2 

n kpc scales. In the absence of AGN winds, the nuclear gravi-
ational potential deepens significantly and the radial distribution
f star-forming gas steepens strongly o v er the 35 Myr period,
eaching extreme surface densities, up to � SFR ∼ 10 4 M � yr −1 kpc −2 

n the inner pc, and containing most star formation within
200 pc. 
In contrast to the NO-WIND simulation, the formation of the central

avity is clearly visible in the radial SFR profile of the AGN-WIND

imulation. The size of the cavity increases with time, on average, as
inds continue to inject energy and momentum into the surrounding
as. Ho we ver, the persistent, non-isotropic infall of gas on to the
alaxy and the inefficient coupling of winds with low-subtended area
as structures drives fluctuations in the size of the cavity, with dense
as clumps sometimes able to penetrate the inner cavity down to
 10 pc scales. Besides the cavity opening, the amplitude of the � SFR 

rofile also decreases with time across radial scales, emphasizing
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Figure 2. Two-dimensional, SFR-weighted distribution of radial velocity and radial distance for gas in the central ∼3 kpc for the NO-WIND (top rows) and 
AGN-WIND (bottom rows) simulations. Time evolution is shown from left to right for ∼35 Myr (the colour scale is logarithmic and uniform throughout). In both 
cases, we show separately the outflowing (1st and 3rd rows) and inflowing (2nd and 4th rows) star formation components based on radial velocity. The fraction 
of total galaxy SFR in the inflowing gas component is indicated in each case. The inflowing and outflowing components for the NO-WIND case are very similar 
in their contribution to the SFR, varying anywhere between ∼40 and 60 per cent of the total SFR in any one of the components. AGN winds introduce stark 
differences in the amount and distribution of star-forming gas, with the inflowing and outflowing components contributing as much as ∼80–90 per cent of the 
total SFR at different times. 
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he o v erall ne gativ e impact of AGN winds on the star formation
roperties of the host galaxy. 
Fig. 4 shows the total stellar mass enclosed in the central 2 kpc

f the galaxy as a function of time since the start of the AGN
eedback phase at � t = 0, excluding stars formed at earlier times
solid lines). In the NO-WIND simulation (blue), the extreme SFR 

urface densities reached lead to the formation of ∼ 2 × 10 10 M � of
tars during only 35 Myr. In contrast, the o v erall reduction in SFR
n the AGN-wind simulation (orange) yields the formation of only 

3 × 10 9 M � of stars during the initial 10 Myr, with a subsequent
60 per cent decrease in enclosed stellar mass within 2 kpc owing

o the expansion of the stellar component driven by the expulsion of
he nuclear gas reservoir as well as stellar mass return to the ISM and
ignificantly lower SFR at later times. The effect of stellar migration, 
ncluded in this analysis, is a less direct and yet important mechanism
y which AGN winds impact the stellar sizes of galaxies (Cochrane 
t al. 2023 ). 

In order to understand the effect of AGN winds, we identify all
as elements within 2 kpc that have non-zero SFR at t = t 0 and
rack them in time by means of their unique identifiers, which are
reserved when gas elements are converted into star particles (e.g. 
ngl ́es-Alc ́azar et al. 2017b ). The horizontal dash–dotted line (black) 

ndicates the corresponding total initial amount of star-forming gas 
B

vailable at t = t 0 . The blue and orange dashed lines represent
he amount of stellar mass formed from this selected initial star-
orming gas reservoir in the NO-WIND and AGN-WIND simulations, 
espectively, while the leftover gas mass is shown as the dotted
ines. 

In the NO-WIND simulation, almost all of the initial star-forming 
as is converted into stars after 35 Myr, corresponding to ∼ 10 9 M �. 3 

n contrast, in the AGN-WIND simulation, only ∼40 per cent of the
riginal star-forming gas is converted into stars ( ∼ 6 × 10 8 M �),
hich demonstrates a direct, ne gativ e impact of AGN winds on

he pre-existing star-forming gas. Ho we ver, the total amount of
tellar mass formed in the NO-WIND case is more than one order
f magnitude larger than the mass available in the initial star-
orming gas reservoir, indicating that the majority of stars form 

rom additional gas becoming star-forming o v er time. The dominant
e gativ e effect of AGN winds o v er the 35 Myr period is thus to
revent the replenishment of the star-forming gas reservoir, with the 
irect ejection of pre-existing star-forming gas playing a lesser role. 
MNRAS 524, 3446–3463 (2023) 

There is ∼20 per cent of ‘missing’ mass due to stellar mass loss as well as 
H accretion. 
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Figure 3. Radial profile of star formation rate surface density ( � SFR ) for the NO-WIND (left; blue) and AGN-WIND (right; orange) simulations. Time evolution 
is indicated by the saturation of the coloured lines. The high nuclear � SFR in the NO-WIND simulation continues to increase with time while AGN winds create 
a central cavity and suppress the o v erall SFR. 

Figure 4. Stellar mass growth within the central 2 kpc as a function of time 
for the NO-WIND (blue) and AGN-WIND (orange) simulations. Solid lines 
represent the total mass of stars formed since t 0 , i.e. excluding any pre- 
existing stars. The horizontal dash–dotted line (black) represents the initial 
total mass of star-forming gas available at the start of the simulations ( t 0 ), the 
dashed lines indicate the stellar mass formed from this gas, and the dotted 
lines show the remaining gas mass from originally star-forming gas. The 
suppression of stellar mass growth by AGN winds o v er ∼35 Myr is driven 
primarily by a reduction in the amount of new gas that can become star 
forming as opposed to by directly ejecting pre-existing star-forming gas. 
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 SI GNATURES  O F  ( L O C A L )  POSITIVE  AG N  

EEDBACK  

.1 Spatial anticorrelation of winds and star-forming regions 

ig. 5 shows the star formation rate surface density as a function
f radial distance (left-hand panel), comparing the NO-WIND and
GN-WIND simulations at time � t = 20 Myr. This highlights again

he o v erall ne gativ e impact of AGN winds, creating a central cavity
ev oid of star -forming gas, in stark contrast to the extreme � SFR 

alues reached in the absence of winds. However, this also shows that
 SFR can be larger in the presence of AGN winds in localized regions

nder certain conditions. In this case, the azimuthally averaged
 SFR at a radial distance of ∼150–250 pc is larger in the AGN-
ind simulation compared to the NO-WIND simulation (grey-shaded

rea), which represents a plausible indication of local positive AGN
eedback. 

The same effect is illustrated in the right-hand panel, where we
how the projected, face-on spatial distribution of star-forming gas,
 v erlaying the NO-WIND (grey scale) and AGN-WIND (colour scale)
imulations. Most star formation in the presence of AGN winds
ccurs in dense gas clumps located at > 100 pc, outside of the wind-
ominated region. This spatial anticorrelation of winds and high star-
orming regions suggests that the accumulation and compression of
as by AGN feedback in certain regions can enhance , rather than
uppress, local star formation. 

.2 Enhanced star formation efficiency by AGN wind 

ompression 

ig. 6 investigates in more detail the local triggering of star formation
y AGN winds, comparing the radial profiles of star formation
fficiency (SFE) and molecular gas mass surface density ( � mol ) at
imes � t = 10 Myr and � t = 20 Myr for the NO-WIND and AGN-
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Figure 5. Left: Radial profile of the total star formation rate surface density ( � SFR ) corresponding to � t = 20 Myr since the start of the AGN feedback 
phase. The blue line represents the NO-WIND case while orange is the AGN-WIND case. The vertical grey band indicates the region where � SFR is higher in 
the AGN-WIND simulation compared to the NO-WIND case. Right: Projected star formation surface density map with the NO-WIND (grey scale) and AGN-WIND 

(colour scale) simulations superimposed. The radial annulus corresponds to the vertical grey band in the left-hand panel. Despite the overall negative effect of 
BH feedback, � SFR can reach higher values in certain regions under the presence of AGN winds, suggesting local positive feedback effects. 
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IND simulations (left-hand panels). We compute the SFE of each 
as element as the SFR divided by mass, SFE ≡ SFR/M gas , which is
hen averaged (mass-weighted) over all gas elements in cylindrical 
adial bins. For � mol , we assume that gas elements with hydrogen
umber density n H > 1000 cm 

−3 have a molecular fraction near unity.
e also show face-on projections of the spatial distribution of SFE

or the AGN-WIND simulation (right-hand panels). 
In both simulations we see a consistent trend of higher SFE with

igher molecular gas surface density, as expected, but they do not 
ollow a one-to-one relation because the SFR of a given gas clump
epends on its free-fall time, virial parameter, and other factors 
Hopkins et al. 2018 ). In the NO-WIND simulation, SFE and � mol 

oth increase by more than three orders of magnitude from kpc to pc
cales at � t = 10 Myr, and by almost five orders of magnitude
t � t = 20 Myr, since gas had more time to accumulate in the
entre, becoming more centrally concentrated. In the presence of 
GN feedback, SFE and � mol also tend to increase with decreasing 

adial distance, but both drop very rapidly inside of the central cavity
 v acuated by the AGN winds. 

A local enhancement of SFR in the presence of AGN winds relative
o the NO-WIND case, such as seen at � t = 20 Myr (Fig. 5 ), could be
ue to an increase in the amount of dense gas available in a given
egion and/or an increase in the efficiency of converting gas into stars
Moreno et al. 2021 ). The bottom left-hand panel of Fig. 6 shows that,
t � t = 20 Myr, the increase in local SFR surface density in the range
f ∼150–250 pc under the presence of AGN winds coincides with 
he SFE being up to one order of magnitude higher in the AGN-WIND

imulation compared to the NO-WIND case. In the same radial range, 
o we ver, the amount of fuel for star formation (molecular gas) is
imilar both in the presence and absence of AGN winds, suggesting 
hat the increase in local SFR is more efficiency driven than fuel
F  
riven in this case. We find similar results when considering the SFE
er free-fall time (Fig. 6 ). 

The earlier physical conditions at � t = 10 Myr (Fig. 6 , top panels)
lso represent an interesting example of increased SFE locally ( R ∼
00 pc) in the presence of AGN winds despite the o v erall suppression
f global star formation relative to the NO-WIND simulation. The top
ight-hand panel of Fig. 6 shows that gas clumps with high SFE
learly form along the edge of the cavity, where the incident AGN
inds interact with the ISM. In this case, they also have higher
olecular gas surface density compared to the NO-WIND simulation. 
GN winds can be an efficient mechanism to redistribute metals from 

he centre of the galaxy to larger scales (e.g. Sanchez et al. 2019 ,
023 ; Choi et al. 2020 ), and metal-rich gas pushed out from the centre
ould perhaps increase the cooling rate of gas along the edge of the
avity and contribute to the higher SFE that we see. Ho we ver, this is
ikely a subdominant effect given that the metallicity is significantly 
igher in the NO-WIND simulation throughout the entire central 1 kpc
egion, which could not explain the higher local SFE seen in the
GN-WIND case along the edge of the cavity. There are indeed
o signs of increased metallicity in the AGN-WIND simulation, 
hich can be explained by the increasing amount of gas ejected

n winds along the polar direction as the cavity radius increases
Torrey et al. 2020 ), depositing metals preferentially outside of the
alaxy rather than increasing the metallicity of the remaining ISM 

as. 
Overall, our results suggest that AGN winds can trigger star 

ormation and enhance the local SFE locally by compressing the 
SM, while having a global ne gativ e effect. 

.3 Contribution of outflowing gas to star formation 

ig. 7 shows the radial profiles of the SFR surface density at � t =
MNRAS 524, 3446–3463 (2023) 
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Figure 6. Left: Radial profile of the SFE (solid lines) and the total molecular gas surface density ( � mol ; dashed lines) at time � t = 10 Myr (top) and � t = 

20 Myr (bottom) since the beginning of the AGN feedback phase for the NO-WIND (blue) and AGN-WIND (orange) simulations. The vertical grey band indicates 
the region where SFE is higher in the AGN-WIND simulation compared to the NO-WIND case. Right: Spatial SFE distribution for a face-on projection of the 
AGN-WIND case. The radial annulus corresponds to the v ertical gre y band in the left-hand panel. The SFE increases along the edge of the central cavity relative 
to the NO-WIND simulation, suggesting that compression of ISM by AGN winds can trigger star formation locally. 
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5 Myr and � t = 25 Myr (left), separating the distribution into
nflowing and outflowing components based on the radial velocity of
as, as in Fig. 2 . We also show the projected, face-on distributions of
 SFR in the right-hand panels, o v erlaying the NO-WIND (grey scale)

nd AGN-WIND (colour scale) simulations. 
In the NO-WIND simulation at � t = 15 Myr, a single spiral arm sur-

ounds the ultra-compact nuclear disc forming on 100 pc scales. As
hown abo v e, introducing AGN feedback changes the morphology
f the galaxy, forming a slightly off-centred cavity ∼400 pc wide by
 v acuating the nuclear gas disc and pushing outwards the dominant
piral arm. The inset figure in the � SFR map indicates the spatial
NRAS 524, 3446–3463 (2023) 
istribution of the inflowing (blue) and outflowing (red) star-forming
as, showing that the region near the cavity edge is dominated by
he outflow component. Interestingly, the inflow component reaches
nside of the cavity down to the inner ∼10 pc, previously devoid
f dense gas, despite the continuous injection of winds pushing
aterial outwards. At � t = 25 Myr, the centre of the cavity has

een cleared out again by the winds, but the o v erall size of the cavity
as decreased to ∼100 pc in diameter, owing to the large inflow of gas
ccurring during the previous ∼10 Myr. At this time, the dense, ring-
ike gas structure in the AGN-WIND simulation is outflow-dominated
nd on the way to expand again, in contrast to the ultracompact
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Figure 7. Left: Radial profile of the total star formation rate surface density ( � SFR ) for the inflowing material (solid lines) and outflowing material (dashed 
lines) at time � t = 15 Myr (top) and � t = 25 Myr (bottom) since the beginning of the AGN feedback phase for the NO-WIND (blue) and AGN-WIND (orange) 
simulations. Right: Spatial star formation surface density distribution for a face-on projection with the NO-WIND (grey scale) and AGN-WIND (colour scale) 
simulations superimposed. Inset: A closer look at the central 250 pc (top) and 200 pc (bottom) region, decomposing the AGN-WIND map into inflowing (blue) 
and outflowing (red) components. The vertical grey band (left) and corresponding radial annulus (right) indicate the region where the outflowing component 
dominates o v er the inflowing component for the AGN-WIND simulation. The increased local fractional contribution of outflowing gas to star formation is a 
plausible signature of positive AGN feedback. 
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uclear spiral pre v alent in the NO-WIND simulation. This illustrates
he complex interaction between AGN-driven winds and infalling 
as in the strong nuclear gravitational potential of a massive galaxy. 

In the NO-WIND simulation, the inflow and outflow components 
f star-forming gas exhibit roughly similar radial distributions, 
r

ndicative of turbulent motions (see also Fig. 2 ), with the o v erall
ontribution of inflowing material to global star formation being 
lightly predominant o v er the outflow component for both � t =
5 Myr and � t = 25 Myr. In the AGN-WIND simulation, ho we ver,
e identify a decoupling of dynamical components, with certain 

egions clearly dominated by outflowing material. In the radial range 
MNRAS 524, 3446–3463 (2023) 
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Figure 8. Difference in formation time and radial distance for stars formed 
in the AGN-WIND simulation relative to stars formed out of the same gas 
elements in the NO-WIND simulation. The two-dimensional distribution (and 
corresponding one-dimensional histograms) are shown for stars that formed in 
the AGN-WIND simulation during: 0 ≤ t form 

< 30 Myr . The radial distance to 
the centre is al w ays measured at � t = 30 Myr. The contour lines highlight the 
regions that contains 1 σ , 2 σ , and 3 σ of the distribution. Dashed lines separate 
the distributions into four quadrants centred at [0,0], with the corresponding 
fraction of stellar mass indicated in each quadrant. Stars form preferentially 
farther out under the presence of AGN winds compared to the NO-WIND 

simulation (right quadrants), with a weak correlation between difference in 
formation time and distance. 
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Figure 9. Radial velocity distribution for stars that formed in the AGN-WIND 

simulation within ∼30 Myr (bottom panel), and the same star particles tracked 
in the NO-WIND simulation (top panel). Stars are separated according to their 
formation time in the AGN-WIND simulation, as in Fig. 8 , with each colour 
corresponding to stars that formed in a given time interval as indicated. The 
radial velocity is al w ays measured at � t = 30 Myr. 
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ndicated by the v ertical gre y bands, the outflow component reaches
 SFR values between one ( � t = 25 Myr) and two ( � t = 15 Myr)

rders of magnitude higher than the inflow component, coinciding
ith gas structures along the edge of the cavity compressed by the
GN winds. Thus, even in cases such as these, where AGN winds

uppress � SFR at all radii relative to the NO-WIND case, the higher
ractional contribution of outflowing material to star formation can
e indicative of local AGN feedback triggering of star formation,
s star-forming gas is preferentially entrained within the outflowing
edium. 

.4 Spatial and temporal shift in star formation 

ince all simulations start from the same initial conditions (Section
.2 ), it is possible to track the evolution of the same Lagrangian
ass elements (either gas or stars) across simulations using their

nique particle identifiers. Star formation is so efficient in the NO-
IND case that the majority of the gas particles that turned into stars

n the AGN-WIND case also formed stars in the NO-WIND simulation,
hich allows us to look further into the effect of AGN feedback
n the stars that form in both cases. Fig. 8 quantifies the difference
n the formation time and radial distance for stars formed in the
GN-WIND simulation relative to the stars formed out of the same
as elements in the NO-WIND simulation. Here, we show the two-
imensional distribution for the differences in formation time and
istance for stars that formed during the 30 Myr since the start of
he AGN feedback phase (defined for the AGN-WIND simulation).
NRAS 524, 3446–3463 (2023) 
his allows us to investigate whether stars that form in the presence
f AGN winds do so at similar times/distances or not compared
o the same stars in the absence of winds. For example, the top
ight quadrant corresponds to stars forming later in time and farther
rom the centre in the AGN-WIND run, while the lower left quadrant
epresents stars forming earlier and closer than in the NO-WIND

ase. 
The distribution in the difference of radial distances for stars that

ormed under the presence of AGN winds shows that ∼80 per cent
f stars preferentially formed at a further distance compared to their
O-WIND counterpart. This may constitute indication of ne gativ e
eedback, even for stars that manage to form in the presence of AGN
eedback. When investigating the difference in formation times, we
nd some indication of earlier conversion of gas into stars for stars

hat form further out in the AGN-WIND simulation (with AGN winds
ushing ISM gas radially outwards but locally triggering faster star
ormation), while preferentially delayed star formation for stars that
orm closer to the BH. The complex interaction of AGN winds and
SM gas drives a weak anticorrelation between the difference in
ormation distance and the difference in formation time relative to
he NO-WIND simulation. 

Fig. 9 examines the radial velocities of the same sample of stars
s in Fig. 8 , where we now show separate distributions for stars
hat formed in the AGN-WIND simulation during three different
ime intervals: 0 ≤ t form 

< 10 Myr , 10 ≤ t form 

< 20 Myr , and 20 ≤
 form 

< 30 Myr . In the NO-WIND simulation, the stellar radial velocity
istributions are roughly symmetric and spread up to ±1000 km s −1 ,
wing to the strong deepening of the nuclear gravitational potential in
he absence of AGN feedback, with only minor differences depending
n the stellar formation time. For comparison, the escape velocity at
 kpc increases from ∼620 km s −1 at �t = 5 Myr to ∼700 km s −1 at
t = 25 Myr , while at 100 pc the escape velocity increases from
750 km s −1 to ∼1150 km s −1 in the same time interval. In the
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Figure 10. Radial profile of the total star formation rate surface density 
( � SFR ) corresponding to � t = 10 Myr since the start of the AGN phase, for 
various simulations with different AGN feedback strength. 
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bsence of strong AGN or stellar-feedback driven winds that could 
otentially accelerate star-forming clumps, the large stellar velocities 
eached in the NO-WIND simulation can thus be easily explained by 
rbital dynamics in the ultra-dense nuclear stellar potential (Angl ́es- 
lc ́azar et al. 2017c ; Wellons et al. 2020 ; Parsotan et al. 2021 ). 
In contrast, we find that new stars in the AGN-WIND simulation are

inematically different in addition to forming further out compared 
o the NO-WIND case, exhibiting lower radial velocities than the same 
tars in the NO-WIND simulation. This is particularly the case for
tars forming in the first ∼ 20 Myr, where ∼90 per cent end up with
adial velocities within ±250 km s −1 , owing to the lower gravitational 
otential. In this case, stars that form in the last ∼10 Myr in the
resence of winds show a broader velocity distribution compared 
o stars formed earlier, extending up to ±500 km s −1 possibly due 
o the more coherent nature of star-forming structures dominated by 
ither inflowing or outflowing material at higher velocities (Fig. 2 ). In
ny case, stellar radial velocities are a better reflection of the depth
f the gravitational potential than of the velocity of AGN-driven 
inds. 

 D E P E N D E N C E  O N  AG N  W I N D  EFFICIENCY  

ig. 10 shows the star formation rate surface density ( � SFR ) as a
unction of radial distance, similar to Fig. 5 but at � t = 10 Myr,
or the NO-WIND and AGN-WIND simulations, as well as four other 
imulations that vary in AGN feedback strength (see Table 1 ). At
rst glance, the hierarchy in feedback strength, from weakest ( εk = 

.5 per cent; green) to strongest ( εk = 50 per cent; red), can be clearly
een in the increasing suppression of the star formation rate surface 
ensity distribution relative to the NO-WIND case. The weakest AGN 

inds can barely open a central cavity of size ∼25 pc during the
rst 10 Myr, while the strongest winds very quickly e v acuate the
ntire star-forming gas reservoir within the central kpc. Aside from 

eeing how � SFR changes with different feedback efficiencies, we 
an also identify examples of local positive feedback. AGN winds 
n simulation m0.1e0.5 can only suppress star formation within a 
mall ca vity, b ut the compression of gas in the edge of the ca vity
riggers star formation reaching a factor of 10 higher � SFR than in
he NO-WIND simulation in the same radial range. 

The top panel of Fig. 11 shows the stellar mass enclosed within R
 2 kpc as a function of time, excluding the mass found already in

tars at the beginning of the AGN feedback phase at t 0 , as in Fig. 4 but
ow comparing simulations with different AGN feedback strength. 
imilarly, the middle panel shows the stellar mass formed out of

he initial star-forming gas reservoir at t 0 for each simulation, and
he bottom panel shows the corresponding lefto v er star-forming gas.
he m0.1e0.5 simulation shows very similar stellar mass growth 
s the NO-WIND case o v er time, indicating that AGN winds with
inetic feedback efficiency εk = 0.5 per cent and energy injection 
ate Ė w ∼ 6 . 29 × 10 44 erg s −1 can only barely affect the star-forming
as reservoir of this massive galaxy. Increasing the AGN feedback 
trength by a factor of 10 ( εk = 5 per cent) has a clear ne gativ e effect
n the o v erall stellar mass growth, suppressing the conversion of
nitially star-forming gas into stars and, more importantly, reducing 
he amount of new gas that can become star forming, as seen in Fig.
 for our fiducial AGN-WIND simulation. In the strongest feedback 
ases (m4e20 and m10e50), the total stellar mass enclosed within 
 kpc increases initially by �M � ∼ 10 9 M � (during the first ∼5 Myr)
ut then quickly decreases owing to the very strong suppression 
f subsequent star formation and the change in the gravitational 
otential due to the massive evacuation of gas from the galaxy driving
he expansion of the stellar component. 

 DI SCUSSI ON  

ur simulations suggest that powerful AGN winds have a global 
e gativ e impact on the stellar mass growth of massive galaxies
ear their peak of star formation activity (Angl ́es-Alc ́azar et al. in
reparation), in broad agreement with many previous cosmological 
imulations where AGN feedback prescriptions are calibrated to help 
egulate star formation in galaxies at the high mass end (Di Matteo
t al. 2005 ; Baldry et al. 2006 ; Bower et al. 2006 ; Choi et al. 2012 ;
ubois et al. 2012 ; Somerville & Dav ́e 2015 ; Choi et al. 2018 ;
av ́e et al. 2019 ; Wellons et al. 2023 ). In the absence of AGN

eedback, an ultra-dense central starburst quickly develops at the 
ime at which stellar feedback no longer becomes efficient enough 
o drive large-scale galactic winds (Angl ́es-Alc ́azar et al. 2017c ;
andya et al. 2021 ; Stern et al. 2021 ; Byrne et al. 2023 ) and the
imulated galaxy becomes o v ermassiv e and o v ercompact relativ e to
bservations (Wellons et al. 2020 ; Parsotan et al. 2021 ). Our results
ndicate that sufficiently strong AGN winds (as would be produced 
y a MBH with M BH = 10 9 M � accreting at the Eddington rate with
inetic feedback efficiency εk = 5 per cent) can shut down star
ormation at this critical time, producing more realistic galaxy sizes 
nd central stellar densities (see Cochrane et al. 2023 ). Ho we ver, a
actor of 10 reduction in either M BH , εk , accretion rate relative to
ddington, or a combination of them (since these parameters are 
egenerate) can dramatically decrease the impact of AGN-driven 
inds, suggesting that other feedback channels, such as radiation 
ressure or cosmic rays (not included here) may be required to
e gulate massiv e galaxies (Choi et al. 2018 ; Costa et al. 2018a , b ;

ellons et al. 2023 ). 
AGN winds create a central cavity devoid of star-forming gas, as

een in previous studies (Gabor & Bournaud 2014 ; Curtis & Sijacki
016 ; Hopkins et al. 2016 ; Richings & Faucher-Gigu ̀ere 2018a ;
osta et al. 2020 ; Torrey et al. 2020 ), but can also penetrate into the
alaxy disc to some extent, reducing the star formation rate surface
MNRAS 524, 3446–3463 (2023) 
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Figure 11. Top: Stellar mass growth within the central 2 kpc as a function of 
time for a variety of simulation runs with different AGN feedback strengths. 
Solid lines represent the total mass of stars formed since t 0 , i.e. e xcluding an y 
pre-existing stars. Middle: The total mass in stars formed by initially star- 
forming gas at t 0 (dashed lines). Bottom: Total gas mass remaining from the 
original star-forming gas reservoir (dotted lines). The horizontal dash–dotted 
line (black) represents the initial total mass of star-forming gas available at 
the start of the simulations ( t 0 ). 
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ensity on all scales. The coupling efficiency of AGN winds and
he surrounding ISM decreases as the size of the cavity increases,
ith a larger fraction of input wind energy escaping along the polar
irection (Torrey et al. 2020 , Angl ́es-Alc ́azar et al. in preparation).
he large, sustained gas inflow rate onto the galaxy yields a complex

nteraction between AGN winds in infalling structures, with dense
tar-forming clumps able to penetrate the cavity in some cases, and
he geometric coupling efficiency of winds and ISM gas changing
ith time accordingly. Our results show that AGN winds reduce the

mount of stars formed out of the initial star-forming gas reservoir
ut, more importantly, AGN winds are preventing new gas from
ecoming star-forming throughout the simulation. 
The impact of stellar and/or AGN feedback in galaxies has been

enerically considered as either ejective , removing gas directly from
he ISM, or preventive , stopping gas from accreting into the ISM in
he first place (Somerville & Dav ́e 2015 ). Previous studies suggest
hat pre venti ve AGN feedback is crucial in dwarf galaxies, where
alactic winds reduce the accretion rate on to the galaxy (Muratov
t al. 2015 ; Hirschmann, De Lucia & Fontanot 2016 ; Angl ́es-Alc ́azar
t al. 2017b ; Hafen et al. 2019 ; Tollet et al. 2019 ; Hafen et al. 2020 ;
itchell et al. 2020 ; Pandya et al. 2020 ), and massive halos, where

radio-mode’ or ‘jet-mode’ AGN feedback has been proposed to
revent hot halo gas from cooling (Bower et al. 2006 ; Gabor & Dav ́e
015 ; Weinberger et al. 2017 ; Dav ́e et al. 2019 ; Su et al. 2021 ), while
jective feedback may be more prominent in gas-rich star-forming
alaxies (Somerville & Dav ́e 2015 ). Our analysis tracking the source
f gas responsible for star formation in each simulation suggests
hat AGN winds are acting as both modes of ne gativ e feedback
imultaneously, ejecti ve and pre venti ve (see also Grand et al. 2017 ;
rodotou et al. 2022 ). Interestingly, pre venti ve AGN-wind feedback
in the sense of preventing the replenishment of the star-forming gas
eservoir) appears to be far more important than ejective feedback for
uppressing the stellar mass growth of massive star-forming galaxies
t their peak of activity (Figs 4 and 11 ). 

Our simulations show that AGN winds can also trigger star
ormation locally by compressing gas along the edge of the cavity,
ncreasing the gas density and SFE locally compared to the same
egion in the simulation without AGN winds. This positive AGN
eedback effect by gas compression is in qualitative agreement
ith previous analytic models and idealized simulations (e.g. Silk
005 ; Gaibler et al. 2012 ; Ishibashi & F abian 2012 ; Zubo vas &
ayakshin 2012 ; Silk 2013 ; Zubovas et al. 2013 ; Nayakshin 2014 ;
ieri et al. 2015 , 2016 ; Dugan, Gaibler & Silk 2017 ; Zubovas &
ourne 2017 ). Ho we v er, while man y previous studies hav e argued

hat global positive AGN feedback plays a key role, and can even be
he dominant star formation mode of g as-rich g alaxies at high redshift
e.g. Gaibler et al. 2012 ; Silk 2013 ; Zubovas et al. 2013 ; Bieri et al.
015 , 2016 ), our simulations show that powerful AGN winds acting
n a massive star-forming galaxy can only trigger a small amount of
tar formation compared to the o v erall ne gativ e effect. 

Some studies propose that the dominant feedback ef fect, positi ve
r ne gativ e, may depend on global host galaxy properties and/or the
hysical conditions in different parts of the galaxy. Nayakshin ( 2014 )
rgues that AGN feedback has a ne gativ e effect in gas poor galaxies
ut a global positive effect in gas rich galaxies with AGN feedback
ccelerating the collapse of the cold ISM phase, in contrast with
ur results. Gaibler et al. ( 2012 ) simulated the impact of AGN jets
n idealized simulations of high-redshift galaxies, arguing that jet
eedback suppresses star formation in the central region, forming a
ing-like star-forming structure at the cavity boundary in qualitative
greement with our results, but they predict a strong increase in
lobal SFR due to the external pressure enhancement throughout
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he galaxy disc produced by the jet cocoon (see also Sutherland &
icknell 2007 ; Bieri et al. 2015 , 2016 ; Dugan et al. 2017 ). Recently,

ome simulations show that, enhancing the gas to higher densities 
ear the jet axis may increase the likelihood of more star formation,
lthough an o v erall increase in the turbulent velocity and kinetic
nergy results in suppressing star formation (Mandal et al. 2021 ). 
sing idealized simulations of the impact of AGN outflows on the 

ragmentation rate of gas in turbulent spheres, Zubovas & Bourne 
 2017 ) proposed that there is a critical AGN luminosity at which
ositive feedback dominates, with outflows being too efficient at 
emoving gas at higher luminosities. Different galaxy properties, 
GN feedback mechanisms, and efficiencies may thus play a role 

n the detailed balance of positive and negative feedback. Our 
osmological zoom-in simulations including a detailed treatment 
f star formation, stellar feedback, and hyper-refined AGN-driven 
inds propagating in a multiphase ISM suggest that AGN feedback 
as either a minor global impact on massive star-forming galaxies 
assuming low feedback efficiency) or net negative effects (for high 
eedback efficiency), but the contribution of positive feedback to 
tar formation in galaxies under different conditions and/or redshifts 
hould be investigated in future work. 

Signatures of local positive AGN feedback in our simulations 
nclude the spatial anticorrelation of wind-dominated regions and 
tar-forming clumps, and higher local SFE in regions compressed 
y the winds, in qualitative agreement with observations (Cresci 
t al. 2015a , b ; Carniani et al. 2016 ; Shin et al. 2019 ; Perna et al.
020 ; Bessiere & Ramos Almeida 2022 ; Schutte & Reines 2022 ).
xamples of high-redshift galaxies where positive and ne gativ e AGN 

eedback may co-exist include SINFONI observations of quasars 
ith extended outflows (traced by O III ) that appear to suppress

tar formation in a central cavity while triggering star formation 
traced by H α) along the edges of the outflow-dominated region 
Cresci et al. 2015b ; Carniani et al. 2016 ), qualitatively similar
o our simulated galaxy. Ho we ver more recent observations with 
WST suggest that H α may be powered by the central AGN rather
han a signature of star formation (Cresci et al. 2023 ). Examples
n the low redshift universe include MUSE observations of Seyfert 
alaxies with similar spatial anticorrelations of outflow components 
nd star-forming regions (Cresci et al. 2015a ; Shin et al. 2019 ).
ombining MUSE and ALMA observations, Shin et al. ( 2019 ) 

howed that regions of a star-forming ring structure interacting 
ith a large-scale outflow in a nearby Seyfert 2 galaxy have higher
FR density but comparatively lower molecular gas content than 
ther regions. This may imply higher SFE by a factor of ∼3–
 owing to positive AGN feedback, in qualitative agreement with 
ur results. Following a different approach, Bessiere & Ramos 
lmeida ( 2022 ) compared the spatial distribution of the young stellar
opulations ( < 100 Myr) of the nearby Type II quasar Markarian 34
nd the kinematics of the warm ionized outflows, finding a local 
nhancement of recent star formation coinciding with the outer 
dge of one side of the outflow, while increased turbulence and 
isrupted gas kinematics with no signs of recent star formation 
n the other side of the outflow. This provides further indication 
hat positive and negative AGN feedback can coexist in galaxies, 
s suggested by our simulations. Nonetheless, simulated global 
alaxy SFRs are consistently higher in the absence of AGN winds, 
upporting scenarios where AGN feedback is globally ne gativ e (if
nything) while star formation triggering represents a subdominant 
omponent. 

In the absence of AGN winds, the star-forming gas reservoir con- 
ains roughly similar fractions of inflowing and outflowing compo- 
ents, reflecting the turbulent ISM dynamics pre v alent throughout the 
imulation. Ho we ver, ef ficient AGN winds can significantly change
he ISM gas kinematics. Simulations with AGN winds show stronger 
ariability in the contributions of different dynamical components to 
he global SFR at later stages, varying from up to ∼90 per cent
f inflowing material to ∼90 per cent of outflowing material o v er
ime. Some observations suggest that outflows driven by AGN 

eedback contain star-forming gas within the outflow itself, which 
ay constitute a strong manifestation of positive AGN feedback 

Santoro et al. 2016 ; Maiolino et al. 2017 ; Cresci & Maiolino 2018 ;
allagher et al. 2019 ; Rodr ́ıguez del Pino et al. 2019 ). We have

dentified some examples of outflowing star formation material, 
ncluding a clear outflow component contributing � 70 per cent of the
otal SFR (16 M � yr −1 out of ∼ 20 M � yr −1 ) with velocities reaching
p to ∼1000 km s −1 . Ho we ver, we do not see a consistent trend of
utflowing gas dominating the SFR; the inflow component actually 
ecomes more pre v alent at later times, suggesting that gas pushed
y the AGN winds has lower probability of forming stars except for
hort transitory phases. 

The small o v erall amount of star formation in fast outflows sug-
ests that positive AGN feedback does not contribute much to high
elocity stars populating the stellar halo, possibly less than similar 
rocesses operating in galactic winds driven by stellar feedback (Yu 
t al. 2020 ). This is in contrast with some analytic models where gas
wept outwards by radiation pressure from the AGN efficiently forms 
utflowing stars that drive the size and structural evolution of massive
alaxies (Ishibashi & Fabian 2012 , 2014 ). Instead, the dominant
tructural effect of efficient AGN winds in our simulations is the
uppression of the central starburst, with the consequent reduction 
n the nuclear stellar density and increase in the stellar ef fecti ve
adius of the galaxy (Cochrane et al. 2023 ; Angl ́es-Alc ́azar et al.
n preparation). In a companion paper (Mercedes-Feliz et al. in 
reparation), we explore in detail the role of powerful AGN winds
riving the formation of very dense stellar clumps in rare but extreme
ositive feedback events. 
Future work should consider the role of AGN winds on a larger

ample of galaxies across different halo masses and redshifts, to 
nvestigate if the results presented here can be generalized beyond 
he specific galaxy conditions simulated here, and to e v aluate whether 
ost galaxy properties play a role in determining the efficiency 
f positive AGN feedback. In addition, future simulations should 
onsider the impact of AGN winds coupled to BH accretion self-
onsistently, unifying our wind particle spawning technique with the 
yper-refinement scheme presented in Angl ́es-Alc ́azar et al. ( 2021 )
o increase the mass resolution dynamically as gas approaches the 
H. The BH accretion rate is expected to decrease owing to AGN

eedback self-regulation (e.g. Di Matteo et al. 2005 ; Choi et al.
012 ; Hopkins et al. 2016 ; Habouzit et al. 2021 ). Our results,
ssuming constant accretion rate, should thus represent an upper 
imit to the impact of accretion-driven winds for a given kinetic
fficiency. 

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

e have presented a detailed analysis of a set of high-resolution
osmological zoom-in simulations of a massive galaxy near the peak 
f star formation activity ( M halo ∼ 10 12 . 5 M � at z ∼ 2) to investigate
he plausible positive versus negative effects of AGN feedback during 
 luminous quasar phase. Crucially, our simulations include resolved 
ultiphase ISM physics from the FIRE project (Hopkins et al. 

018 ) and a no v el implementation of hyper-refined AGN-driven
inds that simultaneously captures their propagation and impact 

rom the inner � 10 pc to CGM scales (Angl ́es-Alc ́azar et al. in
MNRAS 524, 3446–3463 (2023) 
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reparation). Comparing simulations without MBH feedback and
ith different AGN feedback strength, our results can be summarized

s follows: 

(i) Strong AGN winds with 5 per cent kinetic ef ficiency, po wered
y an MBH with mass M BH = 10 9 M � accreting at the Eddington
ate, drive the formation of a central gas cavity of size ∼200 pc and
an dramatically reduce the star formation rate surface density across
he galaxy disc in ∼30 Myr, indicating that powerful quasar winds
ave a global negative impact on star formation. 
(ii) Most of the star formation suppression relative to the control

imulation without AGN winds is driven by a strong reduction in
he amount of new gas that can become star-forming during a period
f intense gas accretion onto the galaxy. Direct ejection of the pre-
xisting star-forming gas reservoir at the beginning of the quasar
hase only accounts for a small fraction of the o v erall reduction in
tellar growth, suggesting that prev entiv e feedback dominates o v er
jective feedback for strong AGN winds. 

(iii) Reducing the kinetic efficiency by a factor of 10 ( εk =
.5 per cent) shows no clear sign of global positive or ne gativ e
eedback, with the star formation rate being barely affected, while
ncreasing the kinetic efficiency by a factor of ten ( εk = 50 per cent)
esults in a complete blow out of the star-forming gas reservoir in
 10 Myr. 
(iv) Compression of gas near the edge of the cavity by AGN winds

an increase the local star formation rate surface density compared to
he same radial range in the simulated galaxy without AGN winds.
his local triggering of star formation is driven by the increased
mount of gas accumulated at the edge of the cavity as well as the
igher SFE of compressed gas. 
(v) The spatial anticorrelation of wind-dominated regions and star-

orming clumps along with higher local star formation efficiencies
onstitute plausible signatures of local positive AGN feedback, in
ualitative agreement with observations. However, the highest SFE
eached across all simulations occurs in the absence of AGN winds,
wing to the much larger central stellar mass surface density and the
nability of stellar feedback to regulate star formation. 

(vi) Besides the o v erall suppression of star formation, efficient
GN feedback drives a spatial and temporal shift in star formation.
tars that do form under the presence of AGN winds tend to do so at

arger radial distances compared to stars formed out of the same gas
lumps in the absence of AGN winds. Star formation also tends to
ccur earlier in time at the beginning of the quasar phase, with AGN
inds triggering faster conversion of gas into stars in local regions,
ut comparatively later in time for stars forming after ∼20 Myr of
lobal ne gativ e impact of AGN winds. 
(vii) The main impact of AGN feedback on the kinematics of new

tars is the reduction of their typical radial velocity (either positive
r ne gativ e). The strong deepening of the nuclear gravitational
otential in the absence of AGN winds results in stellar radial
elocities reaching up to 1000 km s −1 , while the suppression of the
uclear stellar density by AGN winds yields stellar radial velocities
 500 km s −1 . 
(viii) AGN winds tend to produce decoupling of dynamical

omponents, with star-forming gas dominated by either inflowing
r outflowing material in different regions. In some cases, the local
ontribution of outflowing material to star formation can exceed
hat of the inflow component by factors > 10. Ho we ver, the inflo w
omponent tends to dominate at later times, suggesting that gas
adially accelerated by the winds has lower probability of forming
tars except for short transitory phases. 
NRAS 524, 3446–3463 (2023) 
In conclusion, our results suggest that positive and negative AGN
eedback coexist in galaxies, where strong quasar winds can suppress
lobal stellar mass growth while locally triggering a small amount
f star formation. The simulations presented here do not support
cenarios where positive AGN feedback is the dominant mechanism
owering rapid star formation in galaxies. 
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ngl ́es-Alc ́azar D. , Özel F., Dav ́e R., 2013, ApJ , 770, 5 
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PPENDI X:  SFE  PER  FREE-FA LL  TI ME  

ig. A1 shows the radial profile of the SFE, as in Fig. 6 , and
he SFE per free-fall time ( εff ) for two snapshots, � t = 10 Myr
nd � t = 20 Myr since the start of the quasar feedback phase.
e compute εff ≡ (SFR/ M gas ) × t ff = SFE × t ff for each gas

lement according to its mass M gas and SFR, where the free-fall
ime is defined as t ff = 

√ 

3 π/ 32 Gρ. We then compute the mass-
eighted av erage o v er all gas in c ylindrical radial bins. The gre y
ands correspond to regions where � SFR is higher in the AGN-
IND simulation compared to the NO-WIND case, which coincides
ith higher SFE and higher molecular gas mass surface density in the
resence of AGN winds (Fig. 6 ). Here, we see that these regions also
ave higher ef fecti ve SFE per free-fall time εff , recovering similar
esults. In the FIRE simulations, εff is a predicted quantity (Hopkins
t al. 2018 ), with typical kpc scale-averaged efficiencies in the range
ff ∼0.01 −0.1 for Milky Way-mass galaxies at z = 0 (Orr et al.
018 ), determined by stellar feedback self-regulation (Ostriker &
hetty 2011 ; Hopkins, Quataert & Murray 2012 ; Faucher-Gigu ̀ere,
uataert & Hopkins 2013 ). Our simulations of a massive, high-

edshift galaxy represent very different conditions either with or
ithout AGN winds. In the NO-WIND simulation, we find that

ff is significantly higher in the nuclear region because stellar
eedback is no longer able to regulate star formation with such
igh stellar surface density; as expected, the average εff on kpc
cales is much more similar to low- z Milky Way-mass galaxies.
n the AGN-WIND case, the ultra-compact nuclear region does
ot develop, and the efficiency remains in the range of εff ∼
.01 −0.1. 
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Figure A1. Radial profile of the SFE (solid lines) and the SFE per free-fall time ( εff ; dashed lines) at time � t = 10 Myr (left) and � t = 20 Myr (right) since the 
beginning of the quasar feedback phase for the NO-WIND (blue) and AGN-WIND (orange) simulations. The vertical grey band indicates the main region where 
SFE and εff are higher in the AGN-WIND simulation compared to the NO-WIND case, which also corresponds to a region with higher � SFR in the presence of 
AGN winds. 
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