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ABSTRACT
Feedback from active galactic nuclei (AGNs) is crucial for regulating galaxy evolution. Motivated by observations of broad
absorption line winds from rapidly accreting supermassive black holes (SMBHs), we introduce the MISTRAL AGN feedback
model, implemented in the AREPO code. MISTRAL comes in two versions: continuous radial (MISTRAL-CONTINUOUS) and stochastic
bipolar momentum deposition (MISTRAL-STOCHASTIC). Using the framework of the IllustrisTNG simulations, we explore the
effect of MISTRAL on BH and galaxy properties, through an idealized Milky Way-mass galaxy and cosmological zoom simulations
run down to z = 2. Unlike standard thermal AGN feedback prescriptions, MISTRAL generates galaxy-scale winds that mimic
outflows driven by BH accretion. MISTRAL-CONTINUOUS produces short-lived galactic fountains, and is inefficient at regulating
the growth of massive galaxies at z = 2. In contrast, MISTRAL-STOCHASTIC efficiently suppresses star formation in massive
galaxies, reproduces the empirical stellar-to-halo mass relation, and yields a consistent trend of BH-stellar mass evolution. By
supporting large-scale outflows while simultaneously preventing gas inflows, MISTRAL-STOCHASTIC additionally regulates the
cold and hot gas fractions at both galaxy and halo scales. MISTRAL-STOCHASTIC therefore works self-consistently across the halo
mass range explored

(
1012–3 × 1013 M�

)
, without adopting an SMBH-mass-dependent AGN feedback scheme such as the one

used in IllustrisTNG. Our model is a promising tool for predicting the impact of AGN winds on galaxy evolution, and interpreting
the growing population of high-redshift galaxies and quasars observed by James Webb Space Telescope. This work is part of the
‘Learning the Universe’ collaboration, which aims to infer the physical processes governing the evolution of the Universe.

Key words: methods: numerical – galaxies: active – galaxies: evolution – galaxies: formation.
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or more than two decades, most (if not all) massive galaxies are
hought to host a supermassive black hole (SMBH) in their centres,
ith masses ranging from a million to a few billion solar masses
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Magorrian et al. 1998; Schödel et al. 2002). As material accretes
n to SMBHs, vast amounts of energy are released in the form of
nergetic radiation, winds, and jets (Fabian 2012; Tombesi et al.
013; Cicone et al. 2014; Genzel et al. 2014), powering so-called
ctive galactic nuclei (AGNs). Since the energy released by an SMBH
an easily exceed the binding energy of its host galaxy (e.g. King &
ounds 2015), AGNs are thought to play a significant role in galaxy
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volution (Silk & Rees 1998; Kauffmann & Haehnelt 2000; Bower
t al. 2006; Croton et al. 2006; Somerville et al. 2008; Somerville &
avé 2015; Naab & Ostriker 2017). Depending on the efficiency with
hich the BH accretion energy released couples to the surrounding
as, the back reaction of an AGN – referred to as AGN feedback – can
ffect both BH growth and the evolution of the host galaxy by heating
nd ejecting gas, and (or) preventing gaseous inflows, and thus
epriving both star formation and BH accretion of their source of fuel
Fabian 2012; Gaspari, Ruszkowski & Sharma 2012; Harrison 2017).
his BH–galaxy coevolution scenario is further supported by the

ight correlations observed between the BH mass and the properties
f their host galaxies, such as stellar bulge luminosity, mass, and
tellar velocity dispersion (Tremaine et al. 2002; Kormendy & Ho
013; Reines & Volonteri 2015, even if also non-causal origins of
hese relations have been discussed by e.g. Hirschmann et al. 2010
nd Jahnke & Macciò 2011).

In the past decade, observations have found increasingly strong and
bundant evidence for AGN feedback, in the form of jets and winds.
ollimated radio-emitting jets are thought to be powered by the
xtraction of the SMBH spin, through the Blandford–Znajek process
Blandford & Znajek 1977). Jets are associated with radiatively
nefficient AGN events, when SMBHs are accreting at low rates
e.g. McNamara et al. 2000; Fabian et al. 2011; Hlavacek-Larrondo,
i & Churazov 2022). By inflating hot X-ray cavities in the intra-
luster medium of galaxies, jets are commonly invoked as an
fficient mechanism for reducing cooling flows on to galaxies, and
hus, subsequent star formation, which is also referred to as the
adio or jet feedback mode (e.g. Fabian 2012). However, in the
adiatively inefficient regime, other forms of feedback can exist,
uch as outflows, without the presence of strong relativistic jets.
herefore, throughout this paper, we refer to AGN feedback in this

ow-accretion state as radiatively inefficient feedback.
Conversely, in high-luminosity AGNs (with bolometric luminosi-

ies of 1046–1048 erg s−1), the accreting mass is efficiently converted
nto radiation, driving winds from radiatively efficient accretion
iscs. These winds are powered through magnetic or radiation
ressure on lines, free electrons, or dust. They can originate on
mall scales within the SMBH torus or accretion disc, in the broad-
ine region, or at larger nuclear scales. AGN winds are observed via
road absorption lines (BALs) in the rest-frame UV, as well as broad
ptical, UV, and infrared emission lines in the spectra of quasars (e.g.
ing & Pounds 2015), which are characteristic of strong outflows of
olecular and ionized gas (e.g. Richards et al. 2011; Cicone et al.

014; Harrison et al. 2014; Hamann et al. 2018; Herrera-Camus
t al. 2020; Wylezalek et al. 2020). In particular, BAL winds, found
n ∼ 20–50 percent of the quasar population across all redshifts (e.g
ewett & Foltz 2003; Dai, Shankar & Sivakoff 2008; Bischetti et al.
023; Maiolino et al. 2024), are considered a key driver of AGN
eedback; they are often highly energetic, with outflow velocities
anging from a few thousand to a few tens of thousands of km s−1

e.g. Fiore et al. 2017; Choi et al. 2020; Rodrı́guez Hidalgo et al.
020), and can lead to outflows that extend from parsec to galactic
cales, where the latter can reach several kpc from the central SMBH
r even further (e.g. Arav et al. 2018; Choi et al. 2022).
By transferring mass, momentum, and energy from the nuclear re-

ion to the interstellar medium (ISM) and the circumgalactic medium
CGM) of galaxies, winds from radiatively efficient accretion expel
nd heat large amounts of gas, and therefore have the ability to impact
tar formation (e.g. Veilleux et al. 2020, for a review). This AGN
eedback mode is thought to be particularly relevant at cosmic noon
z � 2), when both cosmic star formation density and quasar activity
eak (Madau & Dickinson 2014). This scenario is further supported
NRAS 543, 967–993 (2025)
y the prevalence of AGN-driven circum-nuclear outflows observed
t this epoch (e.g. Förster Schreiber et al. 2014; Genzel et al. 2014),
ndicating the importance of radiatively efficient AGN feedback (also
eferred to as quasar-mode feedback in the literature) in the early
ssembly of galaxies.

The close connection between AGN feedback and galaxy evolution
as been explored extensively in semi-analytic models and numerical
imulations (for reviews see Somerville & Davé 2015; Naab &
striker 2017). AGN feedback is a key ingredient of current galaxy

ormation models, which is necessary to reproduce observable
roperties of galaxy populations in the nearby to intermediate redshift
niverse. This includes the formation of a population of red and dead
assive galaxies, the regulation of the massive end of the galaxy

tellar mass function, realistically low stellar content at a given halo
ass, and the regulation of the cooling rate and X-ray temperature of

as at galaxy cluster scales (Somerville et al. 2008; Ciotti, Ostriker
Proga 2010; Gaspari et al. 2011; Dubois et al. 2013; Harrison

017; Henden et al. 2018; Eckert et al. 2021). However, the details
f how these processes actually work remain uncertain, due to the
mpossibility for simulations to capture the dynamic range from BH
o galaxy scales. For instance, fully resolving BH accretion would
equire reaching physical scales of the order of the Schwarzschild
adius. For a BH mass of 107 M�, this corresponds to 10−6 pc, which
s computationally prohibitive in cosmological simulations that aim
t modelling hundreds of Mpc.

To smooth over the small-scale complexity, the common approach
o modelling AGN feedback in cosmological simulations is to rely
n subgrid prescriptions, meant to reproduce the consequences of
rocesses that happen at unresolved scales. Initially, AGN feedback
as implemented by simply assuming that a fraction of the rest-
ass SMBH accreted energy couples thermally to the surrounding

as (Di Matteo, Springel & Hernquist 2005; Springel, Di Matteo
Hernquist 2005), which was shown to be insufficient in reducing

ooling and star formation in most massive systems with stellar
asses beyond 1011 M� (at the typical resolution achieved in cosmo-

ogical simulations). To overcome this, more complex prescriptions
ave been progressively developed (Bourne & Sijacki 2017; Choi
t al. 2017; Talbot, Bourne & Sijacki 2021; Huško et al. 2022,
024, 2025; Rennehan et al. 2024), though some of these are still
rohibitively expensive to include in large cosmological simulations.
n such coarse resolution simulations, isotropic thermal BH energy
eposition remains a widely adopted approach to implementing
eedback in the radiatively efficient BH regime (e.g. Di Matteo et al.
012; Dubois et al. 2014; Hirschmann et al. 2014; Vogelsberger et al.
014; Springel et al. 2018, but see Choi et al. 2015; Schaye et al.
015; Davé et al. 2019).
To better regulate gas fractions and star formation in the most
assive galaxies, some simulations transition to another AGN

eedback mode when the Eddington ratio drops below a certain
hreshold (∼ 10−2), injecting kinetic energy (Dubois et al. 2012;

einberger et al. 2017), or thermal energy with a higher efficiency
Di Matteo et al. 2012; Steinborn et al. 2015), or in the form of AGN-
nflated bubbles of hot gas (Sijacki et al. 2007). Other simulations,
hich do not distinguish between radiatively efficient and inefficient

egimes (Schaye et al. 2015, 2023), distribute the thermal AGN
nergy from a reservoir of feedback energy by stochastically heating
as elements to a high temperature (Booth & Schaye 2009). To
eproduce galaxy observables at z = 0, cosmological simulations
ften enhance the effectiveness of their AGN thermal mode, for
nstance by stochastically heating a selected number of cells to a
arge enough temperature to overcome excessive radiative losses
Schaye et al. 2015), or implement a two-mode feedback scheme
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ith an accretion rate-based switch (Dubois et al. 2012; Weinberger
t al. 2017; Davé et al. 2019). The latter approach is adopted for
nstance in the Illustris-TNG simulations (TNG hereafter; Marinacci
t al. 2018; Naiman et al. 2018; Nelson et al. 2018, 2019a; Pillepich
t al. 2018a; Springel et al. 2018).

Despite adopting a range of different AGN feedback models,
osmological simulations have been successful in reproducing basic
bservations of galaxy, BH, and AGN populations, predominantly
or the low-redshift Universe. Such simulations include Massive-
lack (Di Matteo et al. 2012), Illustris (Vogelsberger et al. 2014),
agneticum (Hirschmann et al. 2014), Horizon-AGN (Dubois et al.

014), MassiveBlack-II (Khandai et al. 2015), Eagle (Schaye et al.
015), Romulus (Tremmel et al. 2017), Illustris-TNG (Springel et al.
018), Simba (Davé et al. 2019), and Flamingo (Schaye et al. 2023).
owever, their galaxy formation models are usually calibrated to

eproduce selected galaxy and BH properties at z = 0, which limits
heir predictive power for the interpretation of galaxy evolution
hrough cosmic time. In particular, Habouzit et al. (2021, 2022)
howed that predictions for high-redshift BH and AGN populations
rom cosmological simulations tend to strongly diverge with in-
reasing redshift. Moreover, most current cosmological simulations
nderestimate the observed number density of high-redshift massive
uiescent galaxies (e.g. Valentino et al. 2023; Weller et al. 2025).
In addition, it remains unclear whether radiatively efficient AGN

eedback in the form of thermal energy deposition can generate real-
stic galactic-scale gaseous outflows, as observed out to z = 7.5 (Liu
t al. 2024, and references therein). Thus, motivated by observations
f BAL winds, Ostriker et al. (2010) and Choi et al. (2012, 2015)
rst implemented a momentum/kinetic energy based AGN feedback
odel for generating winds driven by radiatively efficient BH

ccretion. Using similarly motivated prescriptions (Anglés-Alcázar
t al. 2017; Davé et al. 2019; Costa, Pakmor & Springel 2020),
ecent simulations suggest that quasar-driven outflows can play an
mportant role in galaxies. Notably, they contribute to efficiently
egulating star formation and X-ray luminosities (Choi et al. 2018;
osta et al. 2018; Davé et al. 2019), bringing the z = 0 galaxy stellar
ass function and cold and hot gas fractions in simulations closer

o observations, compared to incorporating only continuous thermal
uasar energy injection (Springel et al. 2005; Sijacki et al. 2007).
Motivated by this success, it is now within reach to investigate

ow AGN winds from radiatively efficient accretion affect galaxy
nd BH evolution out to early cosmic epochs. In this paper, we build
n the AGN feedback model of Ostriker et al. (2010) and Choi et al.
2012) and introduce the MISTRAL1 subgrid model for cosmological
imulations, implemented into the AREPO code (Springel 2010).
ISTRAL bridges the gap between radiatively efficient AGN wind
rescriptions in high-resolution idealized simulations (e.g. Costa
t al. 2020; Sivasankaran et al. 2025), and traditional subgrid models
mplemented in large volume cosmological simulations. As such,

ISTRAL allows us to investigate the role of radiatively efficient
GN-driven winds in galaxy evolution. In particular, in this paper,
e use MISTRAL to explore to what extent AGN-driven winds affect
H and their host galaxy properties around cosmic noon.
For this purpose, in this study, we couple MISTRAL with the

ell-tested galaxy formation physics from the TNG cosmological
imulations. For reproducing realistic galaxy populations at z = 0,
he TNG simulations distinguish between a thermal isotropic AGN
nergy input at high Eddington ratios (referred to as the TNG
hermal model), and a kinetic prescription in the low-accretion regime
Mistral is the name of a cold and strong wind that blows in South of France. 2
introduced by Weinberger et al. 2017). Our aim with MISTRAL is to
ncorporate a physically motivated prescription for AGN winds from
adiatively efficient accretion, in order to understand their impact
n the BH–galaxy co-evolution compared to previous, standard
GN feedback models. This is also one of the key goals of the

Learning the Universe’ collaboration,2 of which this work is a part.
ith this intention in mind, we have explored two variants of our
odel implementation: a continuous radial deposition of momentum

MISTRAL-CONTINUOUS), and stochastic bipolar momentum injection
MISTRAL-STOCHASTIC) – the AREPO analogue of the model imple-
ented by Choi et al. (2012) in the GADGET code (Springel 2005). In

his study, both versions are used independently, and at all Eddington
atios.

The paper is organized as followed. Section 2 gives an overview
f the galaxy formation and BH physics used in the TNG simulations
nd in this study (Section 2.1), before presenting the details of the
ISTRAL model (Section 2.2). Throughout the paper, we study how
GN winds generated by our two versions of MISTRAL impact BH
rowth and galaxy evolution, compared to the AGN feedback models
sed in the standard TNG simulations. We split this analysis into two
ections. We first explore the effect of MISTRAL within an idealized
imulation of a Milky Way-mass galaxy (Section 3). To evaluate
he ability of MISTRAL to realistically regulate BHs and galaxies,
e analyse galaxy and outflow properties at z = 2 in a suite of 15

osmological zoom simulations (Section 4), whose initial conditions
re extracted from the TNG100 simulation. We finally comment on
ur results in the context of other studies in Section 5, and summarize
ur conclusions in Section 6.

G A L A X Y F O R M AT I O N A N D B L AC K H O L E
HYSI CS MODELS

n this section, we first focus on the models for galaxy and BH
hysical processes used in the TNG project, which we adopt in
he simulations in this paper. Then, we present our new MISTRAL

eedback model and its implementation into the astrophysical code
REPO (Springel 2010).

.1 Galaxy formation physics in TNG

hroughout this paper (aside from our new AGN feedback model),
e use the same galaxy formation model as in the published TNG

imulations, which reproduce several key galaxy properties and scal-
ng relations at z = 0 (see e.g. Pillepich et al. 2018b). These models
re implemented in the magnetohydrodynamical moving-mesh code
REPO (Springel 2010; Weinberger, Springel & Pakmor 2020), and
xplained in detail in Weinberger et al. (2017) and Pillepich et al.
2018a). The ISM is modelled with a two-phase effective equation of
tate, based on the model developed by Springel & Hernquist
2003). Radiative gas cooling is computed from pre-tabulated cooling
unctions, depending on gas density, temperature, and metallicity.
tars form stochastichally from gas denser than nH � 0.13 cm−3,
ollowing the Kennicutt–Schmidt relation and the Chabrier (2003)
nitial mass function. As they evolve, stars chemically enrich the
urrounding gas and release mass and energy as Type Ia and Type
I supernova and asymptotic giant branch stars. Stellar feedback is
odelled as supernova-driven isotropic winds, releasing 10 per cent

f the energy thermally, following Marinacci, Pakmor & Springel
2014), and the rest in a kinetic isotropic fashion. Unlike the model
MNRAS 543, 967–993 (2025)
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sed in the original Illustris simulations (Vogelsberger et al. 2014),
upernova-driven winds in TNG have an energy that depends on
he star-forming gas cell metallicity, such that the total wind energy
ecreases with metallicity (equation 3 from Pillepich et al. 2018a).
he stellar-driven outflows are mediated by wind particles, launched
t a velocity that scales with the dark matter velocity dispersion.
hese wind particles are decoupled from the dense local ISM,
nd propagate until they encounter a gas cell with a low density
0.05 times lower than the density threshold for star formation), into
hich they transfer their mass, momentum, metal, and energy.
In the TNG simulations, SMBHs are modelled as collisionless sink

articles. They are seeded with an initial mass MBH = 1.2 × 106 M�
n haloes with a dark matter mass above 7.4 × 1010 M� that have not
een previously seeded with a BH. Throughout the simulation, the
MBHs are (re)located at the position of the halo potential minimum
very time-step. They can grow by merging with other BHs and
y accreting gas, as we explain in more detail in the next section.
GN feedback operates in a dual mode: a thermal mode at high
ddington ratios (the radiatively efficient BH regime, Section 2.1.2),
nd a kinetic mode at low Eddington ratios (radiatively inefficient
egime, Section 2.1.3).

.1.1 Black hole accretion

lack hole accretion in the TNG simulations follows the Eddington-
imited Bondi–Hoyle–Lyttleton prescription (Hoyle & Lyttleton
939; Bondi & Hoyle 1944; Bondi 1952), where the Bondi–Hoyle–
yttleton accretion rate ṀBondi and the Eddington rate ṀEdd are
efined as follows:

˙ Bondi = 4πG2M2
BHρ

c3
s

(1)

˙ Edd = 4πGMBHmp

εrσTc
(2)

Here, G is the universal gravitational constant, mp is the proton
ass, εr is the radiative accretion efficiency, σT is the Thompson

ross-section, and c is the vacuum speed of light. MBH is the black
ole mass, and ρ and cs are the average density and effective sound
peed3 of the gas near the black hole, respectively. All the gas
roperties are calculated within the BH smoothing length hBH, by
erforming a kernel-weighted average over a prescribed number of
as cells nBH,ngb that are the nearest BH neighbours, such that

BH,ngb =
∑

i

4πh3
BH

3

mi

mtarget
wk(ri) , (3)

here mi/mtarget is the mass of the gas cell i compared to the target
as mass resolution enforced by the refinement scheme of the AREPO

ode. wk(ri) is the cubic spline smoothing kernel weight associated
ith this gas cell i (in units of inverse volume), which scales with its
istance ri to the BH. Essentially, this means that the BH smoothing
ength may vary over time, in order to enclose a similar number
f cells nBH,ngb ± 4. In TNG50, TNG100, and TNG300 (the TNG
imulations with box side lengths of ∼ 50, 100, and 300 cMpc,
espectively), nBH,ngb is set to 512, 256, and 128 (see also appendix B
n Weinberger et al. 2017). In what follows, we refer to the sphere
f radius hBH as the BH smoothing volume. In this work, the value
f hBH varies from a few hundred pc to a few kpc. This parameter
ncreases when the gas density near the BH decreases (as a result
NRAS 543, 967–993 (2025)

The effective gas sound speed includes the contribution from the thermal gas
peed cs,th and the speed of the Alfvén waves cA, such that c2

s = c2
s,th + c2

A.

χ

t

f the gas cell width expanding), which preferentially occurs after
fficient AGN feedback episodes.

To first order, the rate of inflowing gas mass on to the BH
orresponds to the Bondi accretion rate capped at the Eddington
imit, that is,

˙ BH,inf = min
(
ṀBondi, ṀEdd

)
(4)

In addition, Vogelsberger et al. (2013) introduced a modification to
he BH accretion rate to prevent the formation of a hot bubble of low-
ensity gas around the BH, whenever there is no star-forming gas in
ts immediate vicinity. As such a configuration would overestimate
he BH accretion rate, ṀBH,inf is lowered by a factor (Pext/Pref )2

henever Pext (defined as the kernel-weighted pressure of gas in the
H smoothing volume) is lower than a reference pressure Pref =

γ − 1)ρsfrueq. In this equation, γ is the adiabatic index of the gas,
sfr is the gas density threshold beyond which star formation happens,
nd ueq is the equilibrium thermal energy when the cooling losses
n the BH smoothing volume balance the AGN feedback energy
njected.

When flowing towards the SMBH, gas forms an accretion disc
here some fraction of the inflowing mass (with εr = 0.2 in TNG) is

onverted into radiation, such that the actual BH accretion rate ṀBH

s

˙ BH = (1 − εr ) ṀBH,inf (5)

Numerically, the SMBH grows continuously according to equation
5), by draining gas mass from the BH smoothing volume cells, in a
ernel and volume weighted manner.

.1.2 AGN feedback in the radiatively efficient regime

s explained in detail by Weinberger et al. (2017), AGN feedback in
NG operates in a dual mode, with different AGN energy injection
chemes depending on the BH accretion regime. This prescription
s motivated by the physical properties of BH accretion discs: when
he SMBH accretes at or above a few 10−2 of ṀEdd, the AGN is in a
adio-quiet radiative mode, releasing energy from an optically thick
nd geometrically thin accretion disc (Shakura & Sunyaev 1973).
ecause this system radiates its heat very efficiently, this is also

eferred to as the SMBH radiatively efficient regime. Otherwise,
he AGN energy is deposited in an optically thin and geometrically
hick, radiatively inefficient accretion structure, as described by the
dvection-Dominated Accretion Flow model (Narayan & Yi 1994)
r the Adiabatic Inflow–Outflow Solutions (Blandford & Begelman
999). As noted above, super-Eddington accretion is not accounted
or in TNG, and we also do not allow it throughout the work presented
ere.
To determine whether the SMBH is in a radiatively efficient or

nefficient state, the common procedure is to compare the Eddington
atio fEdd = ṀBondi/ṀEdd to a certain value χ = 10−3–10−1 (e.g.
ijacki et al. 2007; Merloni & Heinz 2008; Dubois et al. 2012), as
etermined from observations of soft-to-hard state transitions of X-
ay binaries (Maccarone 2003). Instead of adopting a constant value
or χ , the TNG simulations adopt a mass-dependent parametrization,
n order to promote (prevent) the triggering of the radiatively
nefficient feedback mode for high-mass (low-mass) BHs, where

= min

[
0.002 ×

(
MBH

108 M�

)2

, 0.1

]
(6)

Whenever fEdd > χ , energy is deposited following the TNG
hermal model that we also refer to as the ISOTROPIC THERMAL
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odel. In this radiatively efficient regime, a fraction εf of the
uminosity Lr radiated during the accretion process thermally couples
o the gas. In the TNG simulations, εr = 0.2, and εf = 0.1. Per
njection event (during a time-step 	t), a total energy rate ĖBH

s distributed thermally, spherically, and isotropically, in a kernel-
eighted fashion, to the nBH,ngb gas cells enclosed in the BH

moothing volume, such that

˙BH = εfLr = εfεrṀBH,infc
2 (7)

Therefore, each gas cell i is given a thermal energy increment
Ei , where mtot is the total kernel-weighted gas mass enclosed in

he BH smoothing volume:

Ei = ĖBH 	t wk(ri)
mi

mtot
(8)

Particularly relevant in the high-accretion regime, when the bolo-
etric luminosity is the highest, Vogelsberger et al. (2013) introduced
hat they refer to as a radiative electro-magnetic AGN feedback

hannel. This channel consists of depositing thermal energy, and is
ncluded in the TNG simulations. More specifically, this phenomeno-
ogical model aims at capturing the effect of the ionizing radiation
mitted by SMBHs on the thermal state of the gas. For this purpose,
he fraction of AGN bolometric luminosity that does not couple
o the gas is combined with a redshift-dependent UV background
Faucher-Giguère et al. 2009), which is then used to infer metal line
ooling and heating rates from pre-tabulated tables. To determine
heir net cooling rate, each gas cell is assigned a total bolometric
ntensity, derived from the obscured bolometric luminosity of all the
Hs from the simulation, depending on their distance to the gas cell.
his radiative feedback channel renders the TNG thermal feedback
ore efficient, as star formation is slightly more suppressed in the

igh-accretion regime compared to when no AGN radiative feedback
s included (see fig. 15 from Vogelsberger et al. 2013).

.1.3 AGN feedback in the radiatively inefficient regime

hen fEdd < χ (defined in equation 6), AGN feedback in TNG
onsists of momentum kicks to the BH’s neighbouring gas cells,
eant to mimic the effects of kinetic winds and jets. In this low

ccretion state, εf
4 is a variable feedback coupling efficiency defined

s

f = min

(
ρ

0.01ρSF
, 1

)
(9)

Here, ρSF � 10−23 g cm−3 is the density threshold for star for-
ation. This non-constant parametrization of εf in the radiatively

nefficient regime weakens the coupling of the BH energy to the
urrounding gas at low density.

After several BH accretion events, when a minimum AGN energy
f 10σ 2

DMmtot erg has accumulated (where σDM is the 1D dark matter
elocity dispersion), a feedback event takes place. The total kinetic
eedback energy available 	EBH (which corresponds to the sum of
fLr accumulated over several time-steps) is distributed to all gas
ells from the BH smoothing volume, such that each cell i receives
momentum kick 	pi in a random direction:

pi = mi

√
2
	EBH wk(ri)

ρ
(10)
We use a slightly different parametrization of εf than the one in Weinberger
t al. (2017), who combine εr and εf into a single efficiency parameter εf,kin.

M

E

The wind direction is the same for all gas cells per injection event,
o that momentum is only conserved on a time-averaged basis. We
lso refer to this TNG kinetic AGN feedback as the RANDOM KINETIC

odel.

.2 The MISTRAL model

hen gas flows from galaxies down to their SMBH, radiation is
mitted, predominantly in dense regions close to the BH. There, in the
o-called broad-line region (and, to a lesser extent, in the narrow-line
egion), winds can be driven by line, radiation, and magnetic pressure,
arrying mass, momentum, and energy that affect their surroundings.
o model such AGN-driven winds, Ostriker et al. (2010) and Choi
t al. (2012) developed a subgrid AGN feedback scheme that they
mplemented into the smoothed-particle hydrodynamics (SPH) code
ADGET (Springel 2005). Based on their methodology, we implement

he MISTRAL model into the moving-mesh code AREPO (Springel
010), as explained in this section. We note that, in this work,
ISTRAL operates at all Eddington ratios, in both the radiatively

fficient and inefficient regimes (i.e. we do not use any of the TNG
GN feedback models with MISTRAL). In order to focus on a set-
p as close as possible to the one adopted by Choi et al. (2012),
e do not include the modification in BH accretion introduced by
ogelsberger et al. (2013), nor their radiative AGN feedback channel

both of which are used in the TNG simulations). In this work, unlike
hoi et al. (2012), we do not consider the radiative feedback from

he X-ray radiation associated with BH accretion.
On its journey towards an SMBH, not all the inflowing gas mass

eaches its final destination: instead, some of the gas will be entrained
nto a wind, outflowing at a rate ṀBH,wind. Therefore, the BH accretion
ate can be rewritten as

˙ BH = ṀBH,inf − ṀBH,wind, (11)

here ṀBH,inf is defined in equation (4) as the usual Eddington-
imited Bondi accretion rate. Equation (12) defines the energy
eleased by the SMBH as ĖBH, where vw is the average wind
elocity. In this equation, we relate the kinetic energy deposition of
he outflowing material to the accretion rate via the AGN feedback
fficiency parameter εw, which translates how efficiently the accreted
atter turns into wind energy.

˙BH = εwṀBHc2 = 1

2
ṀBH,wind v2

w (12)

Correspondingly, the BH wind momentum rate ṗBH can be defined
s

˙BH = ṀBH,windvw (13)

Using equation (12), we can introduce, as done by Ostriker et al.
2010) and Choi et al. (2012), a dimensionless parameter ψ such
hat

= ṀBH,wind

ṀBH
= 2εwc2

v2
w

(14)

Using this parameter, mass, energy, and momentum conversion
quations can be written as follows:

˙ BH = 1

1 + ψ
ṀBH,inf, (15)

˙ BH,wind = ψ

1 + ψ
ṀBH,inf, (16)

˙BH = εw
1

1 + ψ
ṀBH,infc

2, (17)
MNRAS 543, 967–993 (2025)
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M

Figure 1. Fraction of the inflowing gas mass rate Ṁinf that contributes to the
BH mass accretion rate ṀBH (black lines, left y-axis) and to the BH energy
rate ĖBH (blue lines, right y-axis) as a function of the AGN wind feedback
coupling efficiency εw. The solid, dashed, and dotted lines, respectively,
correspond to an average wind velocity of 105, 104, and 103 km s−1.
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˙BH = ψ

1 + ψ
ṀBH,infvw (18)

Using X-ray and UV absorption line spectroscopy, studies of BAL
uasars and ultra-fast outflows suggest that AGN winds velocities
an span from thousands to tens of thousands of km s−1, with
nferred kinetic efficiencies estimated to lie in the range 10−4–10−3

Tombesi et al. 2011, 2013; Matzeu et al. 2023). However, these
bservational constraints remain uncertain, and may vary depending
n BH masses and accretion rates. For simplicity, and given the
bservational uncertainties, this work treats these two parameters
s constants, with the aim of capturing the average impact of AGN
inds on galaxy evolution at resolved scales. For typical values

w = 5 × 10−3 and vw = 104 km s−1, ψ = 9, such that a momentum
ux ṗBH = 0.3Lr/c is injected. This also means that 10 per cent of

he inflowing gas mass rate will be actually accreted on to the BH,
riving the remaining 90 per cent as a (subgrid) wind. More generally,
ig. 1 shows the fraction of inflowing gas mass accreted by the BH
in black, left y-axis) and the fraction of inflowing rest-mass energy
eleased as a wind (in blue, right y-axis) as a function of εw. The
hree sets of curves correspond to an average wind velocity of 105,
04, and 103 km s−1 (solid, dashed, and dotted lines). By definition,
he energy released is lower for low εw values, allowing the amount
f BH mass accreted to be correspondingly higher. In addition, at
fixed εw, a higher wind velocity vw will drive a smaller fraction

f the inflowing gas into the outflowing wind, and a higher fraction
nto actual BH accretion (see equations 12 and 14). Thus, these two
arameters control the amount of mass and energy loading in our
odel, and both the fractions of mass accreted and energy released

re more sensitive to vw than to the coupling efficiency εw.
In this paper, the BH inflowing gas mass rate is determined

ollowing the Bondi prescription. The total gas mass accreted by
he BH during a given time-step 	t follows equation (15), and this
as mass is continuously swallowed from gas cells that belong to
he BH smoothing volume, as described in Section 2.1.2. Once gas
s drained, the BH energy resulting from the accretion process is
istributed over the remaining gas mass, at the same time-step. This
s done in a kinetic fashion, either in a continuous way with MISTRAL-
ONTINUOUS, or in a stochastic manner with MISTRAL-STOCHASTIC.
ISTRAL-CONTINUOUS provides a kinetic alternative to the TNG
NRAS 543, 967–993 (2025)
hermal model, as both models release AGN feedback continuously in
ll the cells from the BH smoothing volume. Conversely, MISTRAL-
TOCHASTIC inputs momentum only in a subset of stochastically
elected cells. While MISTRAL-STOCHASTIC is a closer analogue to
he feedback model developed by Ostriker et al. (2010) and Choi
t al. (2012), MISTRAL-CONTINUOUS will be used to illustrate the
ransition from (1) a purely thermal to a kinetic, radiatively efficient
GN feedback model and (2) a continuous to a stochastic feedback

njection scheme. We now review the details of these two flavours
f the MISTRAL model, which are tested and used separately in this
tudy. Both versions of MISTRAL are schematically illustrated and
ompared to the TNG AGN feedback models in Fig. 2.

.2.1 MISTRAL-CONTINUOUS: continuous radial momentum injection

n MISTRAL-CONTINUOUS, gas cells are kicked radially away from
he BH, at a velocity vkick, such that both momentum and energy
re conserved. For this purpose, we adopt the following procedure.
e first adjust the direction of the kicks by subtracting the centre of
ass to each radial vector ri , so that each cell i is kicked following

he unit vector ni = ri/||ri || − ∑
i miwk(ri)ri/

∑
i miwk(ri). To

avour the emergence of a bipolar outflow out of this spherically
ymmetric injection scheme, we define vkick such that a higher
elocity increment is imparted to gas cells that are aligned with
he mass-weighted angular momentum jtot of the smoothing volume
close to the BH):

pi = mi vi,kick = mi wk(ri)wAM(ri)vkick (19)

Here, wAM(ri) = ||ri · jtot|| corresponds to an angular momentum
eight, and vkick is defined to ensure energy conservation such that

BH =
∑

i

( pi + � pi )
2

2mi

− pi
2

2mi

, (20)

here pi = mi vi is the current momentum of cell i (before the
njection of AGN feedback). Solving equation (20) and determining
he value of vkick is equivalent to solving the quadratic equa-
ion atotvkick

2 + btotvkick − EBH = 0, which gives

kick = btot +
√

b2
tot + 4EBHatot

2atot
, (21)

tot =
∑

i

mi [wk(ri)wAM(ri)ni ]
2

2
, (22)

tot =
∑

i

miwk(ri)wAM(ri)ni · vi

2
(23)

Once determined, vkick is then used to update each cell velocity,
omentum, and energy. While this prescription ensures conservation

f energy, it does not strictly distribute the BH energy to the gas mass
xpected from equation (16). This is because we implicitly assume
hat all gas mass in the BH vicinity which is not accreted will be
icked, at a certain velocity determined such that we distribute the
otal AGN energy. As a consequence, if there is a large number of
ells over which we must distribute a low BH energy, the effective
elocity vi,kick imparted to a cell (corresponding to the the wind
elocity at the scale of hBH) may be orders of magnitude lower than
he input wind velocity vw (corresponding to the wind velocity at the
ccretion scale). In order to inject the correct amount of momentum,
s determined by equations (13) and (18), when equation (16) is not
ulfilled, one solution might be to change the amount of gas mass over
hich momentum is injected (e.g. by changing the size of the BH
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Figure 2. Clockwise: schematic illustration of the ISOTROPIC THERMAL and RANDOM KINETIC models used in TNG, MISTRAL-STOCHASTIC, and MISTRAL-
CONTINUOUS. For each model, we represent the BH sink particle as a star, surrounded by gas cells depicted by circles. The dashed circle shows the extent of
the spherical smoothing volume with radius hBH. With the ISOTROPIC THERMAL model, each gas cell receives a mass-weighted fraction of the BH energy in a
thermal form (equation 8). With the RANDOM KINETIC model, gas cells receive a momentum kick in the same random direction, provided that enough BH energy
has accumulated (equation 10). In the TNG simulations, this model acts when the Eddington ratio is below a certain threshold χ (equation 6), and the ISOTROPIC

THERMAL model operates otherwise. With MISTRAL-CONTINUOUS, cells are kicked radially away from the BH, with a velocity weighted by the alignment of the
cell to the angular momentum of the gas surrounding the BH (equation 19). With MISTRAL-STOCHASTIC, cells are kicked at a velocity vw with a probability P
(equation 25), in a direction parallel or antiparallel to the gas angular momentum.
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moothing volume), which we defer for future work.5 In this paper,
o ensure a meaningful comparison with the TNG feedback models,
e instead choose to distribute the BH energy to all gas cells within

he BH smoothing volume, even though the momentum injection
hen differs from what is specified by equations (13) and (18).
An alternative approach to conserve both the total energy and momentum
xactly (regardless of the gas mass involved in the feedback event) would
e to inject momentum via kinetic kicks, and then distribute any residual
nergy as thermal energy. However, in cases where the gas mass receiving
eedback is significantly larger than the target wind mass, this hybrid scheme
ould result in feedback being dominated by thermal energy. Since our
oal with MISTRAL-CONTINUOUS is to explicitly investigate the impact of
inetic feedback, in contrast to more common thermal implementations in
he radiatively efficient regime, we deliberately choose to preserve energy at
he expense of exact momentum injection.
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.2.2 MISTRAL-STOCHASTIC: stochastic bipolar momentum injection

ISTRAL-STOCHASTIC aims at being the AREPO equivalent of the AGN
ind model from Ostriker et al. (2010) and Choi et al. (2012). Instead
f continuously injecting momentum, we now switch to a stochastic
pproach: gas cells from the BH smoothing volume are kicked at the
hosen input velocity vw, with a probability Pi for each cell i:

i = ṀBH,wind	twk(ri)

ρ
(24)

This ensures that we will impart momentum only to the fraction
f ṀBH,inf that should be launched in a wind, as defined in equation
16). Each cell eligible for receiving momentum is then kicked with a
elocity vw in a direction parallel (antiparallel) to the mass-weighted
ngular momentum of the gas jtot of the BH smoothing volume, if
he gas cell is above (below) the mid-plane perpendicular to jtot.6
MNRAS 543, 967–993 (2025)

We checked that randomly kicking the cells parallel or antiparallel to jtot

as opposed to imposing the direction of the velocity kick based on the
osition of the cell relative to the galaxy disc) barely changes the impact of
he MISTRAL-STOCHASTIC model on galaxy and BH properties.
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M

Table 1. Initial conditions and properties of the idealized galaxy simulations.
Left: Mhalo: dark matter halo mass, Mdisc: baryonic disc mass (gas +
stars), MBH,seed: BH seed mass, Rvir: virial radius, fgas: gas disc fraction,
Zdisc: disc metallicity. Right: Lbox: length of the simulated box, mDM: dark
matter mass resolution, mbaryons: mean baryon mass resolution, εDM,stars:
Plummer equivalent gravitational softening of the collisionless component,
εgas: minimum value of the gravitational softening of the gas, nBH,ngb:
weighted number of gas cells in the BH smoothing volume.

Galaxy properties Simulation properties

Mhalo 1.5 × 1012 M� Lbox 3000 kpc
Mdisc 6.1 × 1010 M� mDM 5 × 105 M�
MBH,seed 5 × 107 M� mbaryons 8 × 104 M�
Rvir 230 kpc εDM,stars 195 pc
fgas 0.07 εgas 50 pc
Z 0.05–1 Z� nBH,ngb 512
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7We define the virial radius as the radius of the sphere that encloses a mean
density that is 200 times the critical density of the Universe.
Because we cannot kick a fraction of the gas mass contained in a
ell (this would require changing the refinement strategy), we allow
n AGN feedback event only if ṀBH,wind	t is larger than the gas mass
esolution. Therefore, at a given time-step, the probability Pi requires
sufficiently high BH accretion rate to have a chance to be satisfied.
o circumvent this issue, we redefine the effective probability for gas
ell i to be outflowing as

i = Mbucket,outfwk(ri)

ρ
, (25)

here Mbucket,outf = ∑
j

(
ṀBH,outf,j	tj

)
is a bucket variable used to

eep track of the outflowing gas mass expected after each time-
tep 	tj. When a gas cell is kicked, we remove its mass from

bucket,outf at the end of the time-step. Therefore, the probability of
eceiving a velocity increment at a given time-step remains the same
or all the eligible gas cells. In order to ensure that we effectively
ick the outflowing gas mass expected on a time-average basis, gas
ells are eligible for being kicked only if their mass is lower than
he Mbucket,outf . We eventually update the velocity, momentum, and
nternal energy of the cells that have been kicked. Given the stochastic
ature of this model, the injected energy and momentum correspond,
n average over several AGN feedback events, to the values from
quations (17) and (18), and typically differ by no more than 20 per
ent per injection event.

IDEALIZED MILKY WAY-MASS
IMULATION S

major goal of this work is comparing the impact of MISTRAL on
alaxy properties, compared to the AGN feedback models used in the
NG simulations. For this purpose, we first use idealized Milky Way-
ass simulations in this section, before applying a similar analysis

n z = 2 cosmological zoom simulations (Section 4).

.1 Set-up of the idealized simulations

o examine the impact of MISTRAL winds on galaxies, we first
se simulations of an idealized Milky Way-mass disc-dominated
alaxy as a controlled experiment. Specifically, the initial conditions
orrespond to those of galaxy m12 from Su et al. (2019), converted
rom GIZMO (Hopkins 2015) to AREPO-readable data. We summarize
ome of the galaxy properties below and in Table 1, and refer
he reader to section 2.2 of Su et al. (2019) for a more complete
escription.
NRAS 543, 967–993 (2025)
The galaxy disc is embedded in a box of 3000 kpc in width, and is
osted in a 1.5 × 1012 M� dark matter halo, which follows a spherical
sotropic NFW density profile (Navarro, Frenk & White 1996). The
ark matter halo has a virial radius7 of Rvir = 230 kpc, an NFW
cale length of 20.4 kpc, a concentration parameter c = 12, and a
aximum circular velocity of 174 km s−1. The galaxy contains a

tellar bulge that follows a Hernquist (1990) profile, and exponential
otation-supported gas, and stellar discs, in which the initial temper-
ture is at pressure equilibrium. In order to roughly reproduce the
bserved Milky Way profile (Miller & Bregman 2013, 2015), the
nitial conditions include a hydrostatic spherical gaseous halo with a

ass of 1.5 × 1011 M�, following a beta profile with a scale radius
f 20.4 kpc and β = 0.5.
Dark matter is modelled by collisionless particles with a mass of

DM = 5 × 105 M�. The baryon mass resolution (for both gas and
tellar particles) has a mean value of mbaryons = 8 × 104 M�, and can
ary by a factor of 2 for gas upon cell (de)refinement or by mass-
osses for the stellar particles. The Plummer equivalent gravitational
oftening of the collisionless component (dark matter, stellar, and
ind particles) is fixed to εDM,stars = 195 pc, and the gravitational

oftening of the gas is set to 2.5 times the cell radius, with a minimum
alue of εgas = 50 pc.

The galaxy includes exponential gas and stellar discs, with a scale
ength of 6 and 3 kpc, respectively, and a scale height of 0.3 kpc for
oth. The galaxy also features an extended spherical gas halo with
scale radius of 20 kpc. In what follows, we define the galaxy disc

s a cylinder of Rdisk = 20 kpc in radius and hdisk = 2 kpc in height.
nitially, this disc has a gas fraction fgas = Mgas/(Mgas + Mstar) �

per cent. It contains a gas mass Mgas = 4.2 × 109 M�, hosts a
tellar mass Mstar = 5.7 × 1010 M�, and has a metallicity Z = Z� =
.02 at the core. Gas metallicity decreases as a function of radius r

s Z� × (0.05 + 0.95/(1 + (r/Rdisk)1.5)), until it reaches Z = 0.001
utside the disc. We first run the initial conditions adiabatically,
ithout feedback and cooling processes, for 100 Myr, in order to relax

he AREPO mesh before turning on star formation and stellar feedback
or another 500 Myr. These two steps, respectively, allow the AREPO

rid and the galaxy disc to stabilize, so that the galaxy reaches an
quilibrium state, before we allow the central SMBH to accrete gas
nd release energy. Throughout this section, we refer to t = 0 Myr as
he time at which BH physics is enabled. During the 500 Myr pre-BH
hase, a stellar mass of 9 × 109 M� forms, so that at t = 0 Myr, the
alaxy disc has a gas mass Mgas = 3.3 × 109 M�, a total stellar mass

star = 6.6 × 1010 M�, and a gas fraction fgas = 0.05.
The SMBH is initially positioned at the centre of the simulation

ox, and at the centre of the galaxy disc. The SMBH has an initial
ass of MBH = 5 × 107 M�, lying between the local BH mass–

tellar mass scaling relations from Kormendy & Ho (2013) and
eines & Volonteri (2015). Although this BH seed mass is an order
f magnitude greater than the SMBH in the Milky Way, it enables the
H to grow without requiring an accretion boost parameter, which
ould otherwise be necessary to examine the effects of different

eedback prescriptions, given the short duration and idealized nature
f these simulations. The BH grows via gas accretion and releases
nergy as described in Section 2, depending on the AGN feedback
odel used. Specifically, in this section, we study the following set

f simulations:

(i) NO BH: without BH accretion and feedback.
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(ii) ISOTROPIC THERMAL: isotropic thermal BH energy release,
orresponding to the thermal feedback used in TNG at high Ed-
ington ratios (in the radiatively efficient regime). We set εr = 0.1
nd εf = 5 × 10−3, and use this feedback model at any Eddington
atio. Note that here, εr × εf = 5 × 10−4, unlike 0.02 in the TNG
imulations.

(iii) RANDOM KINETIC: random AGN winds, corresponding to the
GN kinetic feedback used in TNG at low Eddington ratios (in

he radiatively inefficient regime). Similarly as for the ISOTROPIC

HERMAL simulation, we use εr = 0.1 and εf = 5 × 10−3, and we
se the RANDOM KINETIC model at all Eddington ratios (unlike what
s done in the fiducial TNG simulations).

(iv) FIDUCIAL TNG: default TNG feedback models and parameters.
n the radiatively efficient and inefficient regimes, εf = 0.1 or follows
quation (9), respectively, and εr = 0.2. In practice, the SMBH
ever enters the radiatively inefficient regime during the simulation
untime, such that εr × εf = 0.02 at all times. This simulation is
he only one of the set that includes the radiative AGN feedback
eveloped by Vogelsberger et al. (2013).

(v) MISTRAL-CONTINUOUS: continuous radial momentum injec-
ion mode of MISTRAL. We set εw = 5 × 10−4 and vw = 104 km s−1.

(vi) MISTRAL-STOCHASTIC: stochastic bipolar momentum injec-
ion mode of MISTRAL. We set εw = 5 × 10−4 and vw = 104 km s−1.

In all simulations that include BH physics, we adopt nBH,ngb = 512
s the weighted number of gas cells in the BH smoothing volume.
xcept for the simulation with the FIDUCIAL TNG model, we use

he same feedback coupling efficiencies in order to better determine
ow injecting a given BH rest-mass accreted energy using different
chemes impacts galaxy properties. We also checked (but do not
how) that adopting the same net efficiency for all simulations
i.e. ĖBH/ṀBH,infc

2 = 2.6 × 10−4) does not impact the conclusions
rawn in this section. Given our choice of parameters, 52 per cent of
he inflowing gas mass is accreted in the simulations with MISTRAL,
hich goes up to 90 per cent in the simulations with the ISOTROPIC

HERMAL and RANDOM KINETIC models, and to 80 per cent in the
imulation with the FIDUCIAL TNG set-up. We note that our choice
f vw = 104 km s−1 is consistent with the velocity of AGN-driven
inds measured at small scales, such as the broad-line region (e.g.
ombesi et al. 2011; Matzeu et al. 2023) and the inner edge of the
usty torus (Choi et al. 2020). This velocity however differs from
hat of the outflow measured at kpc scales, which may reach lower
alues (e.g. Choi et al. 2022). We also emphasize that in this section,
ur aim is to illustrate how the continuous or stochastic injection
f thermal or kinetic energy affects galaxy properties. We note that
he results from the FIDUCIAL TNG idealized simulation that use the
ame coupling efficiency parameters as TNG are presented solely
or reference. We do not apply these parameters to MISTRAL since
oing so would result in 97 per cent of the inflowing mass being
xpelled as a wind, leaving only a small amount available for black
ole accretion. Instead, we adopt a similar parametrization as that
sed by Choi et al. (2012) in a similar idealized context, with a wind
fficiency within the range of observational estimates.

.2 Comparison of MISTRAL to the TNG AGN feedback models

hroughout this section, we explore the impact of MISTRAL on gas
roperties (Section 3.2.1), star formation and BH growth (Section
.2.2), and outflow properties (Section 3.2.3), compared to the

SOTROPIC THERMAL and RANDOM KINETIC models used in TNG.
.2.1 Effect of AGN feedback on gas properties

e begin with a qualitative comparison of the effects of AGN
eedback on gas properties. Fig. 3 shows edge-on maps of gas
ensity and temperature, for the simulations without BH physics
NO BH), and with the FIDUCIAL TNG, RANDOM KINETIC, ISOTROPIC

HERMAL, MISTRAL-CONTINUOUS, and MISTRAL-STOCHASTIC AGN
eedback models. The maps are plotted at a time t � 586 Myr, except
n the simulation with the RANDOM KINETIC model, for which we
how them just after an AGN feedback event occurs, at t � 630 Myr.

In the absence of AGN feedback and with the ISOTROPIC THERMAL

odel, gas cycles around the galaxy and the BH without producing
galaxy-scale outflow. Although the ISOTROPIC THERMAL model

s also at play in the simulation with the FIDUCIAL TNG physics,
ome gas escapes the galaxy perpendicular to its disc, following
he path of least resistance, which creates a thin bipolar wind. In
his simulation, we find that the RANDOM KINETIC model is never
ctivated, as the Eddington ratio is always between 2 and 10 times
igher than the thermal-to-kinetic mode threshold χ (equation 6).
herefore, the difference in gas distribution between the FIDUCIAL

NG and the ISOTROPIC THERMAL simulations is the consequence of
he TNG thermal feedback being stronger in the former, for which
he fraction of BH accreted rest-mass energy coupling to the gas
f is 20 times higher. With the RANDOM KINETIC model, a large-
cale one-sided wind is launched in a random direction. Conversely,
ISTRAL-CONTINUOUS generates a bipolar wind whose shock front,

omposed of dense cold gas, extends up to 10 kpc before flowing back
o the ISM at later times. On the other hand, the episodic BH energy
njection with MISTRAL-STOCHASTIC efficiently carves low-density
ot bipolar outflows into the CGM. In these idealized simulations,
he angular momentum of gas in the BH vicinity aligns with the
-axis. For this reason, and by construction, gas cells with MISTRAL-
TOCHASTIC are always kicked vertically. As a result, this creates
collimated region depleted of gas after successive AGN feedback

pisodes. The biconical winds produced with the two versions of
ISTRAL are also visible from the velocity field overlaid in grey

rrows in the gas density maps.
The gas velocity is further quantified in Fig. 4, which shows

he mass-weighted probability density function of radial velocities
tacked between t = 500 and 600 Myr (which encloses the time for
hich the maps in Fig. 3 are displayed). We plot gas within half

he virial radius of the galaxy (i.e. within 115 kpc from the galaxy
entre) and that is outside of the galaxy disc (as defined in Section
.1), in order to exclude turbulent gas from the ISM and better
ocus on inflowing and outflowing gas in the CGM. The leftmost
art of Fig. 4 shows similar velocities of vr � −200 km s−1 for the
nflowing gas (i.e. negative radial velocities) with all models, with the
xception of the RANDOM KINETIC model, which produces inflows
s fast as vr � −300 km s−1. However, some models clearly lead
o different positive radial velocities. Outside of the galaxy disc
n the NO BH, FIDUCIAL TNG, ISOTROPIC THERMAL, and MISTRAL-
ONTINUOUS simulations, gas reaches a maximum radial velocity
f 200–300 km s−1. On the other hand, the RANDOM KINETIC model
nd MISTRAL-STOCHASTIC are more efficient at generating winds
s fast as 1000 km s−1, and MISTRAL-STOCHASTIC produces more
as at vr > 300 km s−1 than the RANDOM KINETIC model. Therefore,
his shows that injecting kinetic energy stochastically, rather than
n a continuous manner or in thermal form, is more efficient at
roducing fast AGN-driven winds out of the ISM with our set-
p. This result is similar to what is found for instance by Choi
t al. (2012), using the mechanical feedback model that inspired
ISTRAL-STOCHASTIC.
MNRAS 543, 967–993 (2025)
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Figure 3. Edge-on 80 kpc wide slices of the gas density (top rows) and temperature (bottom rows). From left to right and top to bottom, we show the NO BH,
FIDUCIAL TNG, RANDOM KINETIC, ISOTROPIC THERMAL, MISTRAL-CONTINUOUS, and MISTRAL-STOCHASTIC simulations. A 10 kpc width scale bar is plotted in
the lower left corner, and the time at which these maps are plotted is indicated in the lower right corner. In the density maps, the arrows show the gas velocity
field overlaid.
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Figure 4. Probability density function of the gas radial velocity with data
stacked from 500 to 600 Myr. We restrict the material used in the analysis to
gas within half the galaxy virial radius and outside the galaxy disc. We show
simulations without BH physics (NO BH) in grey dotted, and with the FIDUCIAL

TNG, RANDOM KINETIC, ISOTROPIC THERMAL, MISTRAL-CONTINUOUS, and
MISTRAL-STOCHASTIC feedback models in dashed black, solid orange, green,
blue, and purple, respectively.
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Figure 5. Phase diagrams of gas temperature against the gas radial velocity,
colour-coded by the mean hydrogen number density. From top to bottom and
left to right, we show the NO BH, ISOTROPIC THERMAL FIDUCIAL TNG MISTRAL-
CONTINUOUS, RANDOM KINETIC, and MISTRAL-STOCHASTIC simulations, with
data stacked from 500 to 600 Myr (21 snapshots). The black lines show the
1σ contours for nH = 10−2, 10−1, and 1 cm−3.
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Fig. 5 quantitatively compares the effect of the different AGN
eedback models on gas properties. The figure shows phase diagrams
f temperature as a function of radial velocity for gas within half the
irial radius of the galaxy. We stack data between 500 and 600 Myr to
mooth any transient effects, which may arise from the burstiness of
tar formation and from the stochasticity of feedback processes. We
lso highlight the 1σ contours (black lines) where the gas hydrogen
ensity is nH = 10−2, 10−1, and 1 cm−3, to guide the comparison
etween the simulations. These contours globally reveal two regimes:
ense relatively cold gas with T ≤ 105 K, which corresponds to
SM gas, and diffuse gas at T > 105 K, which is predominantly
ocated in the CGM. Because of the two-phase ISM model adopted
n these simulations, the temperature of the dense star-forming gas is
imited to 104 K, and can reach higher temperatures as a consequence
f overpressurization (Springel & Hernquist 2003). Overall the
O BH, ISOTROPIC THERMAL, and FIDUCIAL TNG simulations have
imilar phase diagrams. While the six galaxies all have dense gas at
� 104 K, only the simulations with the RANDOM KINETIC model

nd MISTRAL-STOCHASTIC lack a second reservoir of dense gas at
H = 1 cm−3 and T � 105 K. This gas phase, present in the four
ther simulations, corresponds to heated and ejected gas, which has
ormed a small-scale galactic fountain that quickly cycles back to the
SM. With the RANDOM KINETIC model and MISTRAL-STOCHASTIC,
his gas is sufficiently accelerated that it is ejected out of the ISM.

ith MISTRAL-STOCHASTIC in particular, this produces an extended
ail of fast, hot, and diffuse gas in the upper right corner of the
lot. The phase diagrams also show that MISTRAL accelerates gas to
igher velocities than the ISOTROPIC THERMAL model. The higher
elocity gas is cold and dense with MISTRAL-CONTINUOUS, and
ostly belongs to the galaxy disc (as it is not visible in Fig. 4),
hile it is predominantly hot and diffuse with MISTRAL-STOCHASTIC,

upporting the qualitative results from Fig. 3.
.2.2 Regulation of star formation and BH growth

e now quantify the impact of the different AGN feedback models
n regulating star formation and black hole growth. From top to
ottom, Fig. 6 shows the star formation rate, cumulative stellar mass
ormed, and gas fraction in the galaxy disc as a function of time. Here,
e define gas fraction as fgas,disk = Mgas,disk/(Mgas,disk + Mstellar,disk),
here Mstellar,disk includes both newly formed stars and the stellar
ass formed during the pre-BH phase of the simulations.
Focusing on stellar properties first, we find that MISTRAL-

TOCHASTIC suppresses star formation more significantly than other
odels, while MISTRAL-CONTINUOUS, in contrast, globally leads

o the highest SFR after the first 200 Myr. This can be directly
inked to the gaseous content in the disc, which has a time evolution
imilar to that of the SFR. Despite having the highest stellar mass,
he simulation with MISTRAL-CONTINUOUS also has the highest gas
raction of the six runs. With this feedback model, the variation
f fgas,disk with time reflects the fact that the dense outflowing
as accelerated by AGN feedback rapidly falls back to the galaxy,
pisodically providing more fuel for star formation. By construc-
ion, MISTRAL-CONTINUOUS injects momentum radially away, which
MNRAS 543, 967–993 (2025)



978 M. Farcy et al.

M

Figure 6. From top to bottom: SFR, cumulative stellar mass formed, and gas
fraction in the galaxy disc, as a function of time. We show simulations without
BH physics in dotted grey, with the FIDUCIAL TNG model in dashed black,
and with RANDOM KINETIC, ISOTROPIC THERMAL, MISTRAL-CONTINUOUS, and
MISTRAL-STOCHASTIC shown by orange, green, blue, and purple solid lines,
respectively.
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Figure 7. From top to bottom: BH accretion rate, cumulative BH mass
formed, and cumulative BH energy released, as a function of time. We
show simulations with the FIDUCIAL TNG model in dashed black, and
with RANDOM KINETIC, ISOTROPIC THERMAL, MISTRAL-CONTINUOUS, and
MISTRAL-STOCHASTIC shown by orange, green, blue, and purple solid lines,
respectively.
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reates density contrasts in the ISM and leads to gas compression that
riggers star formation compared to the other models. In particular,
he galaxy with MISTRAL-CONTINUOUS has higher SFRs and gas
ractions than the simulation without BH physics. We note that
ur results would likely differ if using different star formation and
esolved multiphase ISM prescriptions (which we will investigate in
forthcoming study). With this set-up, MISTRAL-CONTINUOUS acts as
ositive feedback, leading to a stellar mass formed 1.2 times higher
han in the absence of AGN feedback. Given our parametrization,
he simulation with the ISOTROPIC THERMAL model produces very
imilar SFR and gas fraction as the NO BH simulation. With its
sotropic release of thermal energy that gently heats up the ISM
as, the ISOTROPIC THERMAL simulation produces lower disc gas
ractions than MISTRAL-CONTINUOUS, but forms almost as many
tars as the NO BH simulation. These quantities are reduced in the
NRAS 543, 967–993 (2025)
IDUCIAL TNG simulation, as a result of the higher BH energy released
see also Fig. 7), reducing the stellar mass formed by a factor of
.6 compared to the simulation without BH physics. Because a
imilar star formation suppression is achieved with the RANDOM

INETIC model with less BH energy released, this shows that a larger
mount of thermal energy is needed to achieve the same effect on
tar formation as kinetic winds (but the impact on gas properties
nd BH growth differs with the BH energy deposition scheme).
inally, being more efficient at ejecting gas out of the disc, MISTRAL-
TOCHASTIC has even lower fgas,disk and SFR, forming 1.8 times less
tellar mass than the counterpart NO BH run. We note however that
hese differences in stellar mass formed remain negligible compared
o the total stellar mass of the galaxy, which varies by no more than
per cent during the 1200 Myr of the simulations.
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Figure 8. Mass outflow rate as a function of distance from the galaxy centre,
with data stacked from 200 to 1000 Myr. The coloured lines represent
average quantities, and the limits of the standard deviation from the mean
are shown by the shaded area. The dotted grey, dashed black, solid orange,
green, blue, and purple lines show simulations with NO BH, the FIDUCIAL

TNG, RANDOM KINETIC, ISOTROPIC THERMAL, MISTRAL-CONTINUOUS, and
MISTRAL-STOCHASTIC feedback models.

M

E

o
t
f
s
t
a
g
R

b
t
w
A
I

o
T
s
l
T

B
w
l
t
v
p
T

R

AGN feedback does not only impact star formation but also BH
ccretion. Fig. 7 shows the black hole accretion rate, cumulative black
ole mass accreted, and cumulative BH energy released. Overall, the
ANDOM KINETIC and the two MISTRAL models produce a more bursty
H accretion history than the ISOTROPIC THERMAL and FIDUCIAL TNG

odels. Given our choice of efficiency parameters (see Section 3.1),
e remind the reader that the fraction of inflowing gas mass accreted
y the BH corresponds to 90 per cent in the ISOTROPIC THERMAL and
ANDOM KINETIC simulations, to 50 per cent with MISTRAL and, by
efault, to 80 per cent with the FIDUCIAL TNG model. This explains
hy the BH accretion rates are consistently higher with the ISOTROPIC

HERMAL model than in the other simulations, despite releasing more
H energy than MISTRAL, for instance. Unlike with the deposition
f kinetic energy, the thermal energy released by the BH with
he ISOTROPIC THERMAL model is more prone to being radiated
way in dense gas, which reduces the actual feedback efficiency
Weinberger et al. 2018). Therefore, with the low feedback coupling
fficiency adopted in our simulation, the ISOTROPIC THERMAL model
s inefficient at regulating both star formation and BH growth. When
his feedback model is stronger, with a higher feedback coupling
fficiency in the FIDUCIAL TNG simulation, the higher amount of BH
nergy initially released efficiently regulates BH growth (Terrazas
t al. 2020), and the total BH mass accreted is almost 50 times lower.
ust as it is more efficient at regulating star formation, the RANDOM

INETIC model leads to lower BH accretion rates and releases less
nergy than the ISOTROPIC THERMAL model, despite having the same
eedback coupling efficiency.

Similarly as for the SFR, the simulation with MISTRAL-
ONTINUOUS has higher BH accretion rates than the one with
ISTRAL-STOCHASTIC, as the former retains more gas near the
H. This is also because MISTRAL-STOCHASTIC is more efficient
t expelling and heating the gas surrounding the BH, leading to
ower BH accretion rates. Compared to the simulation with the
SOTROPIC THERMAL model, the integrated BH mass accreted differs
y a factor of 3.8 and 10 for MISTRAL-CONTINUOUS and MISTRAL-
TOCHASTIC, respectively, such that the BH eventually reaches a
ass 1.8 lower with MISTRAL-CONTINUOUS, and 2.3 times lower
ith MISTRAL-STOCHASTIC. By the end of the simulation, the BH

eaches a mass of 5.1 × 107, 7.1 × 107, 1.3 × 108, 7.1 × 107, and
.8 × 107 M� with the FIDUCIAL TNG, RANDOM KINETIC, ISOTROPIC

HERMAL, MISTRAL-CONTINUOUS, and MISTRAL-STOCHASTIC mod-
ls, respectively. Interestingly, despite releasing less BH energy
ver the duration of the simulation, MISTRAL-STOCHASTIC efficiently
egulates star formation, resulting in the lowest overall SFR among
ll the models we investigated.

.2.3 Properties of the outflowing gas

he main goal of MISTRAL is to capture the consequences of the winds
hat are accelerated in the vicinity of the SMBH, as a result of the
nergy released from the accretion disc. To quantify the efficiency of
GN feedback in generating galactic winds, this section now focuses
n the properties of the outflowing gas. We define gas as outflowing
hen it is flowing away from the galaxy centre, in a radial direction

i.e. gas cells with a positive radial velocity). To compute the mass
nd kinetic energy outflow rates Ṁoutf and Ėoutf , we define spherical
hells of width 	Rshell = 2 kpc, located at a distance Rshell between
and 100 kpc from the galaxy centre. Ṁoutf and Ėoutf are computed

s follows, by summing the contribution of all the outflowing cells
, of gas mass mi , and radial velocity vr,i > 0, which are intersected
y the shells:
˙ outf =
∑

i

mivr,i

	Rshell
(26)

˙outf =
∑

i

1

2

mivr,i

	Rshell
v2

r,i (27)

Fig. 8 first focuses on the mass outflow rate, shown as a function
f distance from the galaxy centre for our six simulations. In order
o reduce the noise due to the burstiness of supernova and AGN
eedback, we stack 161 outputs between 200 and 1000 Myr. We
how the average mass outflow rate (coloured lines) together with
he standard deviation (shaded areas). Because the outflow properties
re calculated in spherical shells, distances below 20 kpc include
as that resides in the ISM. There, MISTRAL-CONTINUOUS and the
ANDOM KINETIC model produce the highest mass outflow rates,
y accelerating large quantities of dense gas. This is also visible in
he bottom right part of the corresponding phase diagram (Fig. 5),
here we see more cold high-velocity gas for these two models.
t larger distances and up to 50 kpc, MISTRAL-CONTINUOUS, the

SOTROPIC THERMAL, and the FIDUCIAL TNG model all produce mass
utflow rates similar to the case where no BH physics is included.
he outflow rates with the ISOTROPIC THERMAL model have a smaller
catter than with MISTRAL-CONTINUOUS, due to BH accretion being
ess bursty. Interestingly, the mass outflow rates with the FIDUCIAL

NG model start to diverge at 50 kpc and beyond, where enough
H energy remains to support outflowing gas (see also Fig. 9), and
here the gas density is sufficiently low to avoid significant radiative

osses. Beyond 20 kpc, kinetic winds with MISTRAL-STOCHASTIC and
he RANDOM KINETIC produce the highest outflow rates, reaching
alues close to 10 M� yr−1 100 kpc away from the galaxy, com-
ared to 1–2 M� yr−1 for MISTRAL-CONTINUOUS and the ISOTROPIC

HERMAL model. While the mass outflow rates start to drop when
shell ≥ 70–80 kpc with all the other models, this is not the case with
MNRAS 543, 967–993 (2025)
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M

Figure 9. Mass outflow rate and kinetic energy outflow rate as a function of
time, measured in a shell located at 50 kpc from the galaxy centre. The dotted
grey, dashed black, solid orange, green, blue, and purple lines show simula-
tions with NO BH, the FIDUCIAL TNG, RANDOM KINETIC, ISOTROPIC THERMAL,
MISTRAL-CONTINUOUS, and MISTRAL-STOCHASTIC feedback models.
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ISTRAL-STOCHASTIC. This is a consequence of the episodic ac-
eleration of gas along the same direction, maintaining the highest
as outflow rates at radii between 80 and 100 kpc from the galaxy
entre. At Rshell = 100 kpc, MISTRAL-STOCHASTIC therefore leads to
ass outflow rates almost one order of magnitude higher than the

SOTROPIC THERMAL model and MISTRAL-CONTINUOUS.
To better quantify the efficiency of different AGN feedback models

n driving large-scale winds, Fig. 9 shows the mass outflow rate and
he kinetic energy outflow rate as a function of time.8 Both quantities
re measured at Rshell = 50 kpc, a distance that probes the CGM,
nd at which the mass outflow rates with MISTRAL-CONTINUOUS

nd the ISOTROPIC THERMAL model reach a plateau (as visible
n Fig. 8).

Overall, the mass outflow rates at that distance are the highest with
ISTRAL-STOCHASTIC and the RANDOM KINETIC model. Conversely,
ISTRAL-CONTINUOUS and the ISOTROPIC THERMAL model produce

he lowest mass and kinetic energy outflow rates, despite the
otal amount of BH energy released being up to five times lower
ith MISTRAL-CONTINUOUS. Compared to the simulation with the

SOTROPIC THERMAL model, the one with the FIDUCIAL TNG physics
lobally has higher mass outflow rates. Because of the large amount
NRAS 543, 967–993 (2025)

We refrain from showing energy outflow rates normalized by the instan-
aneous AGN luminosity given the high variability of the BH accretion
ates with MISTRAL. This also allows better visualization of the BH energy
njection events, which happen occasionally with MISTRAL-STOCHASTIC and
he RANDOM KINETIC model, unlike their continuous BH accretion.

t
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f BH energy released during the first 200 Myr, we also note the
resence of an initial peak in mass and energy outflow rates in this
imulation. We report a similar feature with MISTRAL-STOCHASTIC

nd the RANDOM KINETIC model after the first AGN feedback event,
espite more than 10 times less BH energy being released with
ISTRAL-STOCHASTIC.
Unlike the ISOTROPIC THERMAL and FIDUCIAL TNG models, the two

ersions of MISTRAL both lead to outflowing properties that fluctuate
pisodically. This can be interpreted as follows. Depending on BH
ccretion, MISTRAL-CONTINUOUS continuously injects momentum
adially away, and this occasionally launches small-scales winds,
s visible in Fig. 3. The time needed for these galactic fountains
o fall back to the galaxy leads to ∼ 100–200 Myr fluctuations in
utflow properties, as gas has to reach the ISM and be accreted by
he SMBH before AGN feedback has a chance to expel gas again.
luctuations with a similar time delay can also be observed in galaxy
roperties, such as SFR, BH accretion rate, and gas fraction (Figs 6
nd 7). This illustrates that there is a cycle of gas, which affects BH
ccretion, and consequently the injection of AGN feedback. With
he RANDOM KINETIC model and MISTRAL-STOCHASTIC, the episodic
aunching of winds directly correlates with the stochastic injection
f kinetic AGN feedback, by construction. The first AGN feedback
pisodes are sufficiently efficient that they remove gas from the ISM,
hich can also be seen in Fig. 6 and the subsequent reduction of star

ormation and BH growth. The following AGN feedback events then
ontribute to maintaining this trend. Despite the total BH energy
eleased being the lowest with MISTRAL-STOCHASTIC, this model
eads to the highest mass and energy outflow rates (except for the last
00 Myr dominated by the RANDOM KINETIC model at this distance
rom the galaxy), which is the signature of the powerful AGN-driven
inds generated by this stochastic kinetic AGN feedback model.
To conclude, in these idealized simulations, the RANDOM KINETIC

odel and MISTRAL-STOCHASTIC happen to produce similar mass and
nergy outflow rates, and lead to a similar star formation suppression.
owever, the AGN winds they produce have different morphologies,
hich differently impacts BH growth and gas properties, both in the
alaxy disc and in the CGM. Because idealized simulations exclude
he complexity of the CGM and cosmic inflows, the differences we
ee between AGN feedback models in these idealized galaxies are
mplified in a more realistic cosmic environment, which we examine
n the next section.

ZO O M S I M U L AT I O N S O F M A S S I V E
A L A X I E S AT C O S M I C N O O N

n this section we show how the two versions of our model affect
he evolution of massive galaxies in a more realistic cosmological
ontext. To take into account the impact of galaxy mergers and
f gas inflows from the cosmic web, we turn to cosmological
imulations. For this purpose, we conduct a suite of cosmological
oom-in simulations of massive z = 2 galaxies from the TNG100
imulation (Marinacci et al. 2018; Naiman et al. 2018; Nelson et al.
018; Pillepich et al. 2018b; Springel et al. 2018), whose galaxy
ormation model has been already detailed in Section 2.1. This
imulation corresponds to the intermediate cosmological volume of
he IllustrisTNG project, with a box size of 110 cMpc in width.
NG100 has a dark matter mass resolution of 7.5 × 106 M�, a
aryonic mass resolution of 1.6 × 106 M�, an adaptive gravitational
oftening length of 185 comoving pc at minimum for gas, and a
ravitational softening length of 740 pc at z = 0 for stars and dark
atter. It adopts a Planck Collaboration XIII (2016) cosmology
ith �
,0 = 0.6911, �m,0 = 0.3089, �b,0 = 0.0486, σ8 = 0.8159,
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Table 2. Properties at z = 2 of the 15 galaxies targeted for re-simulation,
as obtained from the snapshot 33 (z = 2) of the TNG100 simulation. From
left to right: GrNr: halo group number of the galaxy, Mhalo: total mass of the
halo hosting the galaxy, Mstellar: stellar mass within twice the stellar half-mass
radius, sSFR: specific star formation within twice the stellar half-mass radius,
MBH: BH mass. Starred halo numbers correspond to objects that are evolved
down to z = 0.

GrNr Mhalo Mstellar sSFR MBH

at z = 2 [1012 M�] [1010 M�] [yr−1] [108 M�]

631∗ 1.1 0.6 1.6 × 10−9 0.03
511 2.3 4.8 3.5 × 10−10 0.9
449 1.6 4.2 3.5 × 10−12 4.1
306 2.7 5.5 5 × 10−10 2.5
200 3.2 5.5 2 × 10−11 5.1
190 4.3 12.7 0 5.7
123∗ 3.5 2.3 1.2 × 10−9 1.8
113 6.6 7.96 1.3 × 10−13 8.9
61 8.8 12.1 3.3 × 10−14 6.2
57∗ 8.4 11.2 10−10 6.3
55 6.1 12.8 9.4 × 10−15 7.5
30 10.0 15.8 3 × 10−11 11.4
18 17.6 32.9 4.7 × 10−11 15
10 26.3 20.2 1.5 × 10−12 8.7
6 31.5 30.1 1.7 × 10−12 18.2
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s = 0.9667, and h = 0.6774. Unless stated otherwise, we use the
ame galaxy formation models and parameters as in the TNG100
imulation. Below, we expand on the galaxies targeted for our sample
f zoom simulations.

.1 Initial conditions and sample of zoom simulations

e randomly select 12 galaxies among the most massive from
NG100 at z = 2 (three of them are also simulated at higher

esolution, see Appendix A). We additionally target three massive
alaxies from TNG100 at z = 0, which are used to calibrate εw,
n order to produce realistic z = 0 (and z = 2) galaxy and BH
roperties (see Appendix B). In the TNG simulations (and in our
oom simulations), haloes and galaxies are, respectively, defined
s friend-of-friend groups and gravitationally bound objects, and
re determined on-the-fly using the SUBFIND algorithm (Springel
t al. 2001). Each galaxy can then be tracked back over time via its
erger tree, built in post-processing using the SUBLINK algorithm

Nelson et al. 2015; Rodriguez-Gomez et al. 2015). As summarized
n Table 2, at z = 2, our 15 target galaxies have stellar masses

stellar ≥ 6 × 109 M� and are hosted in haloes with masses in the
angeMhalo = 1012–3 × 1013 M�.9 Throughout this section, if not
entioned otherwise, stellar properties are defined from all the

ravitationally bound star particles within twice the stellar half-
ass radius of the galaxies. We re-simulate this sample of haloes

sing the zoom-in technique described below, and will refer to
hese re-simulations as ‘zoom’ simulations even if we keep the same
esolution as TNG100.

For each selected halo, we first extract the list of dark matter
articles at snapshot 33 from TNG100, corresponding to our target
We note that, upon re-simulation with the zoom-in technique, and even if
sing the same galaxy formation physics and resolution, some properties may
ary from the parent galaxy to its zoom counterpart, and BH mass, stellar
ass, and SFR will obviously differ when using one AGN feedback model

r another, as shown by the different figures from this section.

t
s
(

o
l
a

nal redshift z = 2. This is with the exception of haloes with group
umber GrNr 631, 123, and 57, for which ICs are extracted at z = 0
snapshot 99), their final redshift (see Appendix B). The spatial
istribution of these particles is then located back in time, down
o the initial snapshot zero (which corresponds to z = 20), in order
o identify the Lagrangian region from which the halo formed. We
nally apply to this particle set a perturbation field following the
el’dovich (1970) approximation, in the same way as done in N-
ENIC (Springel 2015), using the same cosmological parameters

nd power spectrum as used in the TNG100 simulation. The initial
onditions generated consist of a list of dark matter particles (from
hich gas cells are internally generated by AREPO), at TNG100

esolution within the region centred on the target halo, and at a lower
esolution outside, such that the computational load is exclusively
ocused on the region of interest. Within this zoom region, the highest
esolution DM particles have a mass of 7.5 × 106 M�, and the DM
esolution progressively coarsens away from the region of interest
own to 2 × 1012 M�. The central ‘zoom’ region of interest is defined
s the sphere containing four times more DM particles than that
elonging to the virial radius Rvir of the target halo at the final redshift.
his extends the resolution around the halo’s immediate surrounding

up to � 1.6 × Rvir) in order to minimize any contamination by low
esolution DM particles.

.2 Impact of AGN-driven winds on z=2 massive galaxies

n this section, we employ our suite of cosmological simulations
o investigate the effects of AGN winds on massive galaxies. We
ocus on BH and galaxy properties at z = 2, which is the most
romising redshift for probing the impact of AGN winds driven by
adiatively efficient accretion. Indeed, this redshift, also referred to
s ‘cosmic noon’, corresponds to the epoch when both star formation
nd SMBH growth are at their peaks (Madau & Dickinson 2014).
herefore, AGN feedback is expected to be particularly important, by
enerating winds that can impact star formation and gas fraction. We
ompare the two versions of MISTRAL to the TNG THERMAL model,
n order to isolate the impact of AGN feedback in the radiatively
fficient regime of SMBHs. Unlike the ISOTROPIC THERMAL model
sed in Section 3, the TNG THERMAL model includes the same fiducial
hysical models and parameters as in the TNG simulations, and we
nly disable the switch for the TNG RANDOM KINETIC model at low
ddington ratios. We also provide a comparison of MISTRAL to the
IDUCIAL TNG AGN feedback model where the kinetic winds are
nabled at low Eddington ratios. In these two sets of simulations, we
se the same radiative and coupling efficiency parameters as in TNG
unlike what was done in Section 3). When using the TNG THERMAL

odel, the fraction of rest-mass accreted energy that couples to
he gas is defined by the product of εr = 0.2 and εf = 0.1. When
witching to the RANDOM KINETIC model, this fraction is variable
ut capped at εkin = 0.2 (see equation 9 from Weinberger et al.
017). In the simulations with MISTRAL, we adopt vw = 104 km s−1

nd εw = 10−3, which corresponds to 36 per cent (respectively 64
er cent) of the inflowing gas mass being accreted (kicked as a
ind). With both MISTRAL-CONTINUOUS and MISTRAL-STOCHASTIC,

his choice of parameters gives reasonable results in terms of
tellar and black hole masses compared to z = 0 observations
see Appendix B).

We first analyse some of the main galaxy properties compared with
bservationally derived scaling relations in Section 4.2.1. We then
ook at the impact of AGN feedback on gas fractions in Sections 4.2.2
nd 4.2.3, and on gas flows in Section 4.2.4.
MNRAS 543, 967–993 (2025)
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Figure 10. SMHM relation at z = 2, for zoom simulations with the FIDU-
CIAL TNG physics (circles), the TNG THERMAL model (squares), MISTRAL-
CONTINUOUS (crosses), and MISTRAL-STOCHASTIC (stars). We also show the
stellar to halo mass relation at z = 2 from Behroozi et al. (2019) with a
grey line and shaded area, and from Shuntov et al. (2022) with a black line.
To enhance clarity, the x-axis shows halo masses from zoom simulations
with the FIDUCIAL TNG physics, such that, for each galaxy, all four models
are displayed at the same x-coordinate. The solid and dashed orange lines
correspond to the mean and 1σ scatter from the TNG100 simulation, shown
for reference.
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Figure 11. Star formation rate as a function of stellar mass at z = 2 for
zoom simulations with the FIDUCIAL TNG physics (circles), the TNG THERMAL

model (squares), MISTRAL-CONTINUOUS (crosses), and MISTRAL-STOCHASTIC

(stars). SFR values that are lower than the limit of the plot (with FIDUCIAL

TNG and MISTRAL-STOCHASTIC) are denoted with downwards arrows. The
grey line and shaded region show the observationally derived z = 2 main
sequence and its 1σ scatter, as taken from Schreiber et al. (2015), and the
black line corresponds to the z = 2 sSFR quiescent threshold defined e.g.
in Franx et al. (2008) as the Hubble time divided by 0.3. The solid and
dashed orange lines correspond to the mean and 1σ scatter from the TNG100
simulation, shown for reference.
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.2.1 Stellar mass, SFR, BH mass, and BH accretion rate at z=2

e first focus on how AGN feedback regulates star formation. Fig. 10
hows the stellar mass to halo mass (SMHM) relation, where the y-
xis is defined as the ratio between the stellar mass and the theoretical
aryonic mass fbaryon Mhalo = 0.17 Mhalo. In addition, we compare
ur data with observational estimates at z = 2 from Behroozi et al.
2019) and Shuntov et al. (2022). As they do, in this section, we
se the virial overdensity halo mass definition (Bryan & Norman
998). With a few exceptions, all galaxies lie around or above the
xpected relations.10 The two lowest mass haloes (with GrNr 631
nd 511) that are located before the peak of the SMHM relation,
ith Mhalo < 1012.3 M�, have higher stellar masses with MISTRAL

han with the TNG AGN feedback models. This trend changes
hen halo mass increases. MISTRAL-CONTINUOUS (crosses) and the

NG THERMAL model (squares) lead to the highest stellar masses,
specially at the most massive end. Enabling the RANDOM KINETIC

eedback model in the FIDUCIAL TNG zooms (circles) reduces this
ension, and MISTRAL-STOCHASTIC (stars) shows good agreement
ith the empirical relation from Shuntov et al. (2022), at any halo
ass. From this analysis, we conclude that the TNG THERMAL mode

lone and MISTRAL-CONTINUOUS are both inefficient at regulating
tar formation in the most massive galaxies, the regime where
GN feedback is thought to have a dominant role. This motivated

he inclusion of a complementary more efficient AGN feedback
NRAS 543, 967–993 (2025)

0Simulations with the lowest stellar masses correspond to the galaxies hosted
n halo GrNr 190 with MISTRAL-STOCHASTIC and in halo GrNr 123 with the
IDUCIAL TNG and the TNG THERMAL models.

9
e
t
l
o

ode in the TNG simulations, which is achieved with the RANDOM

INETIC model when BHs have sufficiently low Eddington ratios
iven their mass (following equation 6, Weinberger et al. 2017).
ere, our MISTRAL-STOCHASTIC model has a similar effect on galaxy
rowth, and works self-consistently across the whole halo mass range
xplored without the need to invoke a BH mass-dependent feedback
cheme.

We report a similar result in Fig. 11, which shows the SFR as a
unction of stellar mass. We show the star formation main sequence
t z = 2, as derived from Schreiber et al. (2015), which is reproduced
y the TNG100 simulation. The black line corresponds to the z = 2
uiescent threshold of sSFR = 10−10 yr−1, defined as the Hubble
ime divided by 0.3, following Franx et al. (2008). At this redshift,
lmost all galaxies can be considered as star-forming when using the
NG THERMAL model alone, with only one galaxy having an SFR
elow the quiescence threshold. This number increases to two with
ISTRAL-CONTINUOUS, which similarly only suppresses the SFR for

ome of the most massive galaxies. However, as shown in Fig. 10,
his is not sufficient to produce realistic galaxy masses at z = 2.
uenching massive galaxies is easier when enabling the RANDOM

INETIC model at low Eddington ratios in the FIDUCIAL TNG runs, with
ix galaxies out of 15 that drop below the quiescence limit. MISTRAL-
TOCHASTIC is even more efficient at suppressing star formation, with
/15 galaxies quenched at z = 2. Notably, MISTRAL-STOCHASTIC

fficiently acts over a wider range of galaxy mass compared to
he FIDUCIAL TNG model, extending quenching to galaxies with
ower stellar masses (down to Mstar = 1010.4 M�) than any of the
ther AGN feedback models. While MISTRAL-STOCHASTIC yields a
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Figure 12. BH mass versus stellar mass at z = 2, for zoom simulations
with FIDUCIAL TNG (circles), TNG THERMAL (squares), MISTRAL-CONTINUOUS

(crosses), and MISTRAL-STOCHASTIC (stars) AGN feedback models. We show
the local z = 0 black hole–stellar mass relation from Greene, Strader & Ho
(2020), and z � 2 observational estimates from Suh et al. (2020), Abuter et al.
(2024), and Newman et al. (2025).
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Figure 13. Black hole accretion rate as a function of halo mass at z = 2, for
zoom simulations with the FIDUCIAL TNG physics (circles), the TNG THERMAL

model (squares), MISTRAL-CONTINUOUS (crosses), and MISTRAL-STOCHASTIC

(stars). With the former, empty markers indicate that the TNG RANDOM

KINETIC model is active, as determined by ṀBH/ṀEdd < χ (see equation 6).
As for Fig. 10, the x-axis shows halo masses from zoom simulations with
the FIDUCIAL TNG physics, in order to display our four models at the same
x-coordinate.
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uenched fraction of 60 per cent at z = 2 in our sample, this value
ies within the broad observational range of 20–70 per cent reported
or similar stellar masses (e.g. Muzzin et al. 2013; Pandya et al. 2017;

eaver et al. 2023). In forthcoming work, we will explore quenching
ractions further with a larger simulation sample.

AGN feedback is expected to influence not only the growth of its
ost galaxy but also the evolution of its SMBH. Fig. 12 shows the BH
ass versus stellar mass at z = 2, compared to two direct dynamical
easurements of BH mass at z � 2 from Abuter et al. (2024) and
ewman et al. (2025). We also include observational estimates at
= 1.8–2.2 from Suh et al. (2020), though we caution that these

re based on indirect methods (such as virial estimators applied
o broad-line AGNs), which are subject to significant systematic
ncertainties (e.g. Bertemes et al. 2025), such that their use for
omparison should be treated with care. Finally, we include the z = 0
H–stellar mass observational relation from Greene et al. (2020),

upported by observational evidence suggesting that this relation has
ot evolved strongly, if at all, since z = 2 (e.g. Suh et al. 2020; Tanaka
t al. 2025).

Acknowledging these uncertainties, we find that with MISTRAL-
ONTINUOUS, BHs are, respectively, undermassive and overmassive

n low- and high-mass galaxies, compared to these observations.
owever, we note that this result depends on the value of εw,

hosen as the best compromise for producing realistic stellar and
lack hole masses at z = 0 − 2 with both MISTRAL-CONTINUOUS

nd MISTRAL-STOCHASTIC (Fig. B1 and B2). In Appendix B, we
how with three galaxies (GrNr 631, 123, and 57 at z = 2) that a
igher value of εw tends to produce too low BH masses with both
ersions of MISTRAL at z = 2, and with MISTRAL-STOCHASTIC at
= 0. Conversely, values giving a better match with the observations

t z = 2 also produce overmassive BHs at z = 0. With the value of
w adopted, MISTRAL-CONTINUOUS therefore prevents BH growth in
he lowest mass galaxies from our sample, and fails at regulating BH
nd galaxy growth in the most massive ones.
Interestingly, using the TNG THERMAL feedback alone leads to
oth higher stellar and black hole masses than with the FIDUCIAL

NG physics, in such a way that the BH–galaxy co-evolution remains
roadly consistent with the observational estimates. BH masses
ith MISTRAL-STOCHASTIC are also nicely consistent with these
bservations, and globally leads to slightly lower BH masses than
he FIDUCIAL TNG zoom simulations.

To further evaluate the impact of AGN feedback on BH growth,
ig. 13 shows the BH accretion rate at z = 2, as a function of halo
ass. For Mhalo < 1012.5 M�, the four models lead to similar BH

ccretion rates, with MISTRAL producing slightly lower values. This
ndicates that, in this regime, both variants of our model regulate
H growth at z = 2 at least as efficiently as, if not more efficiently

han, the TNG AGN feedback prescriptions. In more massive haloes,
clear trend emerges: MISTRAL-CONTINUOUS produces the highest
H accretion rates, followed by the TNG THERMAL model, with the

IDUCIAL TNG model leading to even lower values. Notably, at z = 2,
ll SMBHs in haloes with Mhalo > 1012.5 M� have ṀBH/ṀEdd < χ

where χ is defined by equation 6), indicating that AGN feedback
perates following the RANDOM KINETIC model. Finally, in these
ost massive haloes, MISTRAL-STOCHASTIC generally results in the

owest BH accretion rates at this redshift, which is also true for the
ntire halo mass range explored (with the exception of a few objects).

To summarize, Figs 10, 11, 12, and 13 show that the TNG THERMAL

eedback alone and MISTRAL-CONTINUOUS are generally less efficient
t regulating black hole and stellar masses in massive galaxies.
ISTRAL-STOCHASTIC better matches observational estimates at all
alo masses, and is sufficiently strong to quench more than half of
he galaxies in our sample by z = 2. We note, however, that this
tudy focuses on massive systems, which would be the progenitors
f massive quiescent galaxies at z = 0. In future work, we will
xplore how MISTRAL would regulate such galaxies as well as lower
MNRAS 543, 967–993 (2025)
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M

Figure 14. Cold gas fraction versus stellar mass at z = 2, for simulations
with the FIDUCIAL TNG physics (circles), the TNG THERMAL model (squares),
MISTRAL-CONTINUOUS (crosses), and MISTRAL-STOCHASTIC (stars). Both the
gas and the stellar masses are measured within a sphere of radius Rvir/10
centred on the galaxies. Gas is defined as cold if it has a temperature T ≤
105 K and a density ρ ≥ 2 × 10−25 g cm−3. The arrows denote gas fractions
below the range of the plot. The triangle markers and shaded area show
observations of star-forming galaxies at z = 2 compiled by Tacconi et al.
(2010) and Tacconi, Genzel & Sternberg (2020).
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ass objects at lower redshift, especially when the SMBH is in the
adiatively inefficient regime.

.2.2 Cold gas fraction

e now want to study how AGN feedback impacts the gas content in
nd around galaxies. We start by illustrating how the cold gas fraction
defined as the cold gas to baryonic mass ratio) varies as a function
f stellar mass in Fig. 14. We measure the cold gas and stellar masses
ithin the galaxy radius, defined as 10 per cent of the virial radius

e.g. Oser et al. 2010). Gas is defined as cold if it has a temperature
≤ 105 K and a density ρ ≥ 2 × 10−25 g cm−3 (or equivalently

H ≥ 0.13 cm−3), which corresponds to the thresholds used to define
tar-forming gas in the TNG simulations. For reference, we include
bservations of star-forming galaxies at z = 2 from Tacconi et al.
2010) and Tacconi et al. (2020). In observational data, cold gas
s usually traced by molecular gas. This is not modelled in our
imulations, which rely on a two-phase ISM subgrid prescription
nstead (Springel & Hernquist 2003). Nevertheless, there is fairly
ood agreement between observations and gas fractions measured in
ur simulations, especially at the lower mass end, irrespective of the
GN feedback model used. Larger differences between models are

een for the most massive galaxies, for which the cold gas fraction
s expected to decrease as galaxies become increasingly quenched.

hen Mstar ≥ 1011 M�, the TNG THERMAL model and MISTRAL-
ONTINUOUS globally lead to the highest gas fractions. With the
IDUCIAL TNG physics, the cold gas fraction significantly drops for
ome of the galaxies, which correspond to the galaxies with the
owest SFR reported in Fig. 11. In these objects, the RANDOM KINETIC

odel of the low-accretion BH mode is enabled, which efficiently
emoves copious amounts of gas from the galaxies and prevents
aseous inflows. Finally, the impact of MISTRAL-STOCHASTIC on gas
NRAS 543, 967–993 (2025)
raction is even more dramatic, which is also consistent with the
arger number of massive quenched galaxies at z = 2 produced with
his model. The general picture depicted by Fig. 14 can also be related
o the phase diagrams shown in Section 3.2.1 for our idealized galaxy
imulations (Fig. 5): with the TNG THERMAL model and MISTRAL-
ONTINUOUS, galaxies retain more cold gas in their ISM, while a
ignificant fraction of this gas phase is heated, efficiently ejected
ut of the dense ISM and prevented from being re-accreted with
ISTRAL-STOCHASTIC, especially in the highest-mass galaxies.

.2.3 Hot gas fraction

GN feedback is thought to play a role in the overall baryon content
f galaxy groups and clusters (e.g. Eckert et al. 2021; Oppenheimer
t al. 2021), by affecting the amount and thermal state of gas at these
arge scales, which can also be traced by the resulting thermal X-
ay luminosity of the hot gas within the DM halo (McCarthy et al.
010). Interestingly, it has been shown that the hot gas fraction can
ary substantially from one simulation to another depending on the
GN feedback model adopted (e.g. Choi et al. 2015; Weinberger
t al. 2017), and despite the fact that these simulations all reproduce
alaxy population properties such as the massive end of the local
alaxy stellar mass function (Eckert et al. 2021). Therefore, the hot
as fraction is a sensitive probe to test different implementations of
GN feedback.
For this reason, Fig. 15 shows the hot gas fraction at z = 2 (top

anel) and z = 0 (bottom panel), as a function of the total mass M500

nclosed within a sphere of radius R500. The latter is defined as the
egion where the mean density is 500 times the critical density of
he Universe, and the hot gas fraction is defined as the ratio of the
ot gas mass to the total mass within R500. We define hot gas as gas
ith T ≥ 106 K and ρ ≤ 2 × 10−25 g cm−3. For reference, we show

he fit to the gas fraction–halo mass relation made by Eckert et al.
2021) from a collection of local observations, recently extended by
opesso et al. (2024, see their equation 4) to lower halo masses using
Rosita observations at z < 0.2.

With a few exceptions, the TNG AGN feedback models and
ISTRAL-CONTINUOUS tend to produce higher hot gas fractions

ompared to MISTRAL-STOCHASTIC. This is not only the case at z = 2
ut also at z = 0, as shown in the bottom panel of Fig. 15, using the
hree galaxies that we re-simulated down to z = 0. With this restricted
ample of objects, the FIDUCIAL TNG model, MISTRAL-CONTINUOUS,
nd MISTRAL-STOCHASTIC all give results reasonably close to the fit
o the observations of Popesso et al. (2024) at z = 0. Interestingly,
he FIDUCIAL TNG model has been shown to tend to overpredict hot
as fractions at z = 0 in the TNG simulations (Popesso et al. 2024;
ennehan et al. 2024). Here, MISTRAL-CONTINUOUS and MISTRAL-

TOCHASTIC, respectively, overpredict and underpredict the hot gas
raction for one of the three galaxies. To confirm the ability of
ISTRAL to reproduce realistic hot gas fractions, we would however
eed to repeat a similar analysis for a larger sample of massive
alaxies, simulated down to z = 0. At this redshift, where SMBHs
rimarily undergo radiatively inefficient accretion, we may need to
ecalibrate our model, as it was not designed to operate in this regime,
hich we will explore in future work.
Going back to z = 2, simulations with MISTRAL-STOCHASTIC pro-

uce the lowest hot gas fractions across different halo mass ranges,
ompared to the other AGN feedback models tested. This shows
hat at z = 2, AGN winds from radiatively efficient accretion can
fficiently expel gas beyond the halo virial scale, and simultaneously
egulate galaxy properties such as stellar mass, star formation rate,
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Figure 15. Hot gas fraction in the CGM at z = 2 (top panel) and z = 0
(bottom panel), defined as gas with T ≥ 106 K and ρ ≤ 2 × 10−25 g cm−3, as
a function of the total mass M500 enclosed within a sphere of radius R500. The
x-axis shows M500 from zoom simulations with the FIDUCIAL TNG physics,
in order to display the four set-ups at the same x-coordinate. The shaded
areas show the best fits to the gas fraction–halo mass relation determined
from z = 0 observations by Eckert et al. (2021) and Popesso et al. (2024),
respectively. In this work, only three galaxies are simulated down to z = 0
(see Appendix B).
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Figure 16. Mass inflow (upper plots) and outflow (bottom plots) rates at
z = 2 as a function of halo mass, measured in spherical shells of 0.01 × Rvir

in width, located at the galaxy radius (defined as 10 per cent of the virial radius,
leftmost panels) and at the halo virial radius (rightmost panels). The x-axis
shows the halo mass from zoom simulations with the FIDUCIAL TNG model
such that inflow and outflow rates are displayed at the same x-coordinate.
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lack hole mass, and cold gas fraction. While we calibrate our
odel to match BH masses and stellar masses at z = 0, MISTRAL-

TOCHASTIC is not calibrated to reproduce the regulation of star
ormation and cold and hot gas fractions, which can be challenging
or cosmological simulations (Eckert et al. 2021; Popesso et al. 2024;
ennehan et al. 2024). Thus, MISTRAL-STOCHASTIC is a promising

ool for reproducing and studying the regulation of galaxy population
rowth due to AGN feedback.

.2.4 Inflows and outflows

inally, we quantify how AGN feedback regulates gas flows at
ifferent scales by focusing on mass inflow and outflow rates. To
ompute these two quantities, we adopt the same prescription as
etailed in Section 3.2.3. Mass inflow and outflow rates are defined
ollowing equation (26). They are differentiated by the sign of
heir radial velocity, with positive (negative) values corresponding
o outflowing (inflowing) gas. To better account for the different
asses and sizes of our 15 galaxies, we compute mass flow rates at
he galaxy and the halo radius, respectively, defined as Rgal = 0.1 Rvir

nd Rvir (with Rvir varying from 56 to 210 kpc at z = 2 from the least
o the most massive galaxy from our sample). For the same reason,
he width of the shell within which flow rates are calculated is set to
.01 × Rvir.

The resulting mass inflow and outflow rates at z = 2 are shown as
function of halo mass in Fig. 16. At the galaxy radius, simulations
ith MISTRAL-CONTINUOUS have the highest mass inflow and outflow

ates. This again illustrates the small-scale gaseous fountains driven
ith this model. With MISTRAL-CONTINUOUS, AGN feedback expels
as that rapidly falls back to the galaxy, which is notably confirmed
ith mass outflow rates that are lower at Rvir than at Rgal. Conversely,
ISTRAL-STOCHASTIC leads to the opposite behaviour for the most
assive galaxies, which, respectively, have among the lowest mass

utflow rates at Rgal, but the highest mass outflow rates at Rvir.
his can be explained by the fact that these massive galaxies have
ery little gas left at z = 2 (Fig. 14), and experience fewer AGN
eedback episodes as a result of the lower BH accretion rates (Fig. 13).

hen there is enough gas left to feed the SMBH, galaxies with
ISTRAL-STOCHASTIC have their outflows enhanced, which is the

ase for galaxies with Mhalo ≤ 1012.6 M�. This is also the case at
ny halo mass at higher redshift. For instance, we checked (but
o not show) that mass outflow rates measured at Rgal are higher
ith MISTRAL-STOCHASTIC than with the other models at z = 3 and
= 4. In addition, galaxies with MISTRAL-STOCHASTIC have their

nflow rates suppressed at both halo and galaxy scales. Compared
o MISTRAL-CONTINUOUS and the TNG THERMAL model, the most
assive galaxies with MISTRAL-STOCHASTIC have their inflow rates

t Rgal suppressed by up to 1 dex. AGN feedback with MISTRAL-
TOCHASTIC therefore prevents inflowing gas from reaching the
MNRAS 543, 967–993 (2025)
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alaxy (by providing pressure support beyond the galaxy scale), and
imultaneously efficiently removes material from the halo. MISTRAL-
TOCHASTIC acts simultaneously in an ejective and preventive way,
ust as does the model from Choi et al. (2012), as shown by Brennan
t al. (2018), and the TNG model (Zinger et al. 2020; Wright et al.
024). Our simulations with the FIDUCIAL TNG model similarly have
nflows suppressed at the galaxy scale, but both the suppression of
nflow rates and the enhancement of mass outflow rates at the virial
adius are less pronounced than with MISTRAL-STOCHASTIC.

D ISCUSSION

n this section, we contextualize our results by comparing them
o other mechanical, kinetic AGN feedback models (Section 5.1),
efore discussing the limitations of our work and potential avenues
or improvement (Section 5.2).

.1 Comparison with AGN feedback models from the literature

ISTRAL builds upon previous efforts to develop more physically
otivated models of AGN-driven winds. In this section, we focus on

omparing MISTRAL with other AGN feedback prescriptions adopted
n cosmological simulations, in order to highlight the unique features
f our model.
In this study, we illustrate how the numerical AGN energy injection

cheme impacts galaxy properties and evolution. In particular, we
how that modelling AGN feedback via continuous thermal energy
eposition, as done in the TNG quasar model, is inefficient at driving
ast large-scale winds, such as those observed in some AGN (e.g.
ischetti et al. 2019, 2024). This may be the consequence of artificial
vercooling, which corresponds to the fact that thermal energy is
uickly radiated away, if resolution is not high enough to let the
nergy propagate away from its injection site (Weinberger et al.
018). To alleviate this issue and make the quasar feedback more
fficient, one possibility is to increase the amount of energy injected,
y introducing a duty cycle to store the AGN energy (Booth &
chaye 2009; Henden et al. 2018). This is what is used in the
imulations presented by Schaye et al. (2015), who additionally
witch from a continuous to a stochastic energy deposition scheme.
nother solution, adopted in MISTRAL-CONTINUOUS, is to rely on

continuous) momentum injection. While this improves the situation
n generating small-scale galactic winds, the model, as it is, does not
eproduce realistic BH and galaxy properties at z = 2. By combining

stochastic AGN feedback scheme with momentum injection,
ISTRAL-STOCHASTIC produces large-scale winds driven by BH

ccretion while effectively regulating BH and galaxy evolution.
sing idealized simulations of galaxy groups and clusters, Huško

t al. (2024) also found that directional kinetic feedback is more
fficient at removing cold gas and suppressing star formation than
sotropic thermal or kinetic feedback, which is similar to what
e find with MISTRAL-STOCHASTIC and the TNG RANDOM KINETIC

odel, when compared with the TNG ISOTROPIC THERMAL model
nd MISTRAL-CONTINUOUS.

Although the TNG RANDOM KINETIC model produces similar out-
ow properties as MISTRAL-STOCHASTIC (Section 3), the two models

ead to quantitatively different CGM gas morphology, and MISTRAL-
TOCHASTIC needs less cumulative BH energy to produce a noticeable
ffect on gas fraction and star formation. These differences arise
rom the timing and location of AGN energy deposition. Because the
wo models require different conditions for releasing energy, they
aturally lead to different AGN feedback duty cycles. In addition,
ifferences in the directionality of the injection affect whether energy
NRAS 543, 967–993 (2025)
s preferentially coupled to low-density CGM gas or to denser gas in
he galaxy disc, which can occasionally occur with the TNG RANDOM

INETIC model. Together, these two aspects impact the efficiency
f AGN feedback on large scales. In addition, the TNG RANDOM

INETIC model has only been used in the radiatively inefficient
egime in a cosmological context, and it would likely require re-
alibration in order to operate in both SMBH regimes, as MISTRAL-
TOCHASTIC does. We also note that, in this study, we do not intend to
uantitatively compare the AGN-driven winds generated by MISTRAL

ith observations of BAL outflows. We also do not assess how
ealistically MISTRAL operates in the radiatively inefficient regime,
r in regulating galaxies within haloes of Mhalo ≤ 7 × 1012 M�, using
he same parametrizations for radiatively efficient AGN feedback at
ifferent redshifts. These are all aspects that we plan to explore in
etail in subsequent works.

MISTRAL-STOCHASTIC is the AREPO analogue of the AGN feedback
odel developed by Ostriker et al. (2010) and implemented by
hoi et al. (2012) in GADGET. First, we should remind the reader

hat the two astrophysical codes rely on a different computational
ethod for solving the hydrodynamical equations. GADGET (Springel

005) employs the Lagrangian SPH technique (Monaghan 1992),
hich considers dark matter, gas, and stars as particles. AREPO

Springel 2010) is a descendant of GADGET, which discretizes
he MHD equations on a moving Voronoi mesh, combining the
dvantages of grid-based and SPH schemes. In both MISTRAL-
TOCHASTIC and its GADGET equivalent, gas elements (cells with
REPO and particles with GADGET) are stochastically kicked at a
re-defined wind velocity. In addition, the model from Choi et al.
2012) shares the momentum imparted to the wind particle with
p to two neighbouring gas elements. All particles have the same
elocity increment, corresponding to a third of the initial wind
elocity. Because this correspondingly decreases the total kinetic
nergy released, the residual energy is then deposited in the thermal
orm to ensure energy conservation. This feature was primarily
eveloped for its computational advantages: reducing the wind
elocity increment limits the reduction of the numerical time-step,
nd sharing momentum among several particles allows the model
o better capture the AGN outflows at low resolution, when the
umber of gas particles is insufficient to propagate the AGN wind
therwise. Due to its grid-based approach, AREPO treats energy and
omentum propagation via fluxes. This allows the AREPO version

f the model to capture the AGN wind evolution at low resolution
by enabling cell refinement, if needed), without suffering from the
echnical limitations of SPH prescriptions. For this reason, we do not
tilize momentum sharing in our current implementation of MISTRAL-
TOCHASTIC. Unlike Choi et al. (2012), we also do not consider the
adiative feedback from the SMBH X-ray radiation, which has been
hown to have a negligible effect on the stellar and gas properties of
assive galaxies Choi et al. (2017).
Overall, MISTRAL-STOCHASTIC produces similar results as the
odel from Choi et al. (2012). Using an idealized galaxy disc

imulation, Choi et al. (2012) illustrated how their model produces
igher wind velocity and energy compared to isotropic thermal
eedback models. With z = 0 cosmological zoom simulations, Choi
t al. (2015, 2017, 2018) showed that their AGN feedback model
eads to a realistic regulation of black hole growth, star formation, and
alaxy properties such as their sizes and X-ray luminosities. Using
he same model, Brennan et al. (2018) analysed mass inflow and
utflow rates at galaxy and halo scales, and demonstrated the ability
f the Choi et al. (2012) feedback model to launch powerful galactic
inds, while simultaneously acting via preventive feedback, similar

o what we find and show in Fig. 16 (see their figs 12 and 13). Despite
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sing different astrophysical codes and galaxy formation physics, our
mplementation of the model of Choi et al. (2012) therefore produces
ualitatively consistent results.
Other kinetic AGN feedback models have been used in cosmolog-

cal simulations, primarily for the radiatively inefficient regime. In
he Horizon-AGN simulation (Dubois et al. 2014), bipolar outflows
re launched with a velocity of 104 km s−1, following the model
mplemented in the grid code RAMSES by Dubois et al. (2012). Unlike

ISTRAL, this feedback mode only operates when the Eddington
atio is lower than 0.01, and quasar feedback is modelled via thermal
nergy injection. A bimodal feedback scheme is also adopted in the
NG simulations (Nelson et al. 2019a), in which AGN feedback is
odelled with a kinetic prescription only at low Eddington ratios

Weinberger et al. 2017). In addition, they do not impose any bipo-
arity for the wind: instead, its direction is randomly chosen at each
eedback event, leading to collimated outflows that preferentially
scape along the path of least resistance (Nelson et al. 2019b).
ith our model, the bipolarity of the AGN wind is controlled by an

ngular momentum weight in MISTRAL-CONTINUOUS, and by directly
njecting momentum along the direction of the angular momentum
f the inner disc with MISTRAL-STOCHASTIC.

MISTRAL-STOCHASTIC is similar in some ways to the AGN feed-
ack model in the Simba simulations (Davé et al. 2019). Simba is
he first large-scale cosmological simulation that adopted a kinetic
rescription for both the radiatively efficient and inefficient regimes,
sing the GIZMO mesh-free code (Hopkins 2015). As we do with
ISTRAL-STOCHASTIC, gas elements are ejected in a strict bipolar
ay, following a certain wind probability set by the desired mass

oading factor (see equation 9 in Davé et al. 2019). In contrast with
ur work, the wind velocity varies with BH mass or Eddington ratio,
epending on the feedback mode. Lower velocity winds are launched
n the high-accretion BH regime (with typical velocities of a few
undreds kilometres per second), and winds as fast as ∼ 104 km s−1

similar to the velocities we use in MISTRAL) can only be launched
n the low-accretion rate regime. Also conducted with the GIZMO

ode, the galaxy zoom simulations from the FIRE project (Hopkins
t al. 2014, 2018) include a kinetic model for fast nuclear winds,
ithout distinguishing between BH accretion regimes. Similar to

he wind model of Choi et al. (2012) and to MISTRAL, their model,
rst introduced by Hopkins et al. (2016), assumes that a fraction of

he gas accreted on to the BH is blown out as a wind at a certain
elocity. However, gas particles are launched in the plane of the BH
ccretion disc, creating planar outflows instead of the bipolar winds
btained with MISTRAL-STOCHASTIC. More recently, Torrey et al.
2020) updated this model to inject kinetic winds using a particle
pawning technique, enabling better resolution of the wind shock.
n this approach, each newly spawned wind particle is given a fixed
emperature, metallicity, and radially outward velocity. Using this

odel, Cochrane et al. (2023), Wellons et al. (2023), and Byrne et al.
2024) all show that the resulting AGN outflows regulate galaxy
roperties, such as their size, stellar mass, and morphology.
Most AGN feedback models used in cosmological simulations to

ate have been calibrated to regulate massive galaxies, and reproduce
range of z = 0 observations. At low redshift, AGN feedback is

xpected to be dominated by a radio-jet mode, active during episodes
f low accretion rates. For this reason, a wealth of theoretical studies
ry to capture the complex jet–ISM interaction, and its impact on
alaxy growth and properties (e.g. Bourne & Sijacki 2017; Talbot
t al. 2021; Huško et al. 2022; Borodina et al. 2025). Conversely,
ess effort has been directed towards the modelling of the radiatively
fficient (quasar) mode (but see e.g. Costa et al. 2020; Rennehan
t al. 2024), which is much more common in gas rich high-redshift
alaxies. Given the growing number of high-redshift quasar, BAL
inds, and galaxy observations that challenge our models of BH

nd galaxy evolution (e.g. Carnall et al. 2023; Wang et al. 2023;
ang et al. 2023; Bischetti et al. 2024; Matthee et al. 2024), and the
ifficulty simulations seem to have in producing sufficient numbers
f massive quenched galaxies at z = 3–7 (e.g. Valentino et al. 2023;
agos et al. 2025; Weibel et al. 2025; Weller et al. 2025), improving

he physical fidelity of radiatively efficient AGN feedback models is
xtremely timely.

.2 Uncertainties and limitations

e now summarize some intrinsic limitations of the MISTRAL model
nd of our work. To reproduce the outflows thought to be generated
y accretion on to SMBH, MISTRAL assumes that a fraction of the
nflowing gas mass, corresponding to MBH,wind, is ejected as an
GN wind, while the rest is effectively accreted. As described in
ection 2.2.1, this statement is not strictly satisfied with MISTRAL-
ONTINUOUS. Instead, the AGN energy is released (in the form of
omentum) into a prescribed number of BH neighbouring gas cells,

or consistency with what is done (in the form of thermal energy)
n the TNG quasar mode. When the total gas mass receiving the
H energy exceeds MBH,wind, this choice overdilutes the SMBH
nergy, potentially affecting the strength of AGN feedback. This does
ot apply to MISTRAL-STOCHASTIC: the SMBH energy is distributed
ver the expected outflowing gas mass, provided that MBH,wind is
igher than the gas mass resolution. Therefore, with MISTRAL-
TOCHASTIC, the timing of AGN feedback episodes depends on
as resolution, via the probability of momentum injection (equation
4). In Appendix A, we show that stellar and black hole masses
t z = 3 are barely impacted by changing the numerical resolution
ith MISTRAL-STOCHASTIC. However, at higher redshift (z � 7), the

iming of the first AGN feedback event may impact the early stages
f BH and galaxy growth.
Capturing the consequences of AGN feedback on galaxy evolution

lso relates to the details of BH seeding and accretion, which
etermine the amount of SMBH energy released. In this work,
H accretion is modelled following the Bondi–Hoyle–Littleton

ormalism. This is a simple model, which predicts growth rates
ased on the SMBH mass, assuming a spherical symmetry while
emaining agnostic about the angular momentum transfer of the gas.
ther models, implemented in cosmological simulations, reduce the
ependency of the accretion rate on the BH mass. One such example
s the torque-limited accretion (Hopkins & Quataert 2011; Anglés-
lcázar, Özel & Davé 2013; Anglés-Alcázar et al. 2015, 2017), which

egulates BH growth based on the fact that gas has to lose angular
omentum via gravitational instabilities in order to be driven from

alaxy scales down to the BH accretion disc. Together with improved
H seeding prescriptions (e.g. Bhowmick et al. 2024), more realistic

reatments of BH accretion would improve the physical fidelity of
GN feedback models, and enable a better interpretation of the BH-
alaxy co-evolution through cosmic time.

For this study, MISTRAL is implemented and used in the framework
f the TNG simulations. Like all cosmological simulations, the
NG simulations (and therefore our work) rely on a number of
implifying assumptions regarding the galaxy formation physics.
deally, capturing galaxy evolution would involve resolving the
omplex, multiphase structure of the ISM where star formation
nd BH accretion take place. These processes happen at sub-parsec
cales that are prohibitively expensive to reconcile with cosmological
olumes of several tens or hundreds of Mpc in width. To encapsulate
he range of physical processes happening at unresolved scales,
MNRAS 543, 967–993 (2025)
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he TNG simulations couple star formation and feedback subgrid
odels with an effective equation of state (Springel & Hernquist

003; Vogelsberger et al. 2013). Recently, alternatives have been
eveloped, such as SMUGGLE (Marinacci et al. 2019), a model that
esolves the multiphase structure of the ISM implemented in AREPO.
t additionally includes an improved prescription for stellar feedback
y self-consistently treating the outflows generated during supernova
xplosions (see also Smith, Sijacki & Shen 2018), as opposed to the
NG decoupled stellar wind-model used in our simulations (Pillepich
t al. 2018a). Adopting an improved model of the ISM could enhance
he robustness of our conclusions, as the structure of the ISM itself
an affect the AGN wind propagation, and hence impacts the outflow
roperties, such as their temperature and velocity (Ward et al. 2024;
ivasankaran et al. 2025).
Another important aspect for accurately simulating the interactions

etween AGN winds and galaxies is to capture the scales at which
MBH energy couples with the ambient gas. As already mentioned,
H accretion and wind launching happen at sub-parsec scales, a

esolution very challenging to reach in combination with the Mpc
cales of cosmological simulations. To circumvent this limitation,
ne promising avenue is to make use of hyper-refinement techniques,
hich allow one to restrict the computational load of an increased

esolution to a specific location and for a limited amount of time.
his is precisely the approach adopted by Anglés-Alcázar et al.

2021). Using a galaxy zoom simulation from the FIRE project
Hopkins et al. 2014, 2018), they used a hyper-Lagrangian refinement
echnique to connect galaxy scales to the sub-parsec scale of the BH
ccretion disc. However, this is achieved for a short duration of a
ew Myr, and they do not account for AGN feedback. In the spirit
f increasing resolution dynamically around the SMBH, a variety
f super-Lagrangian refinement techniques have been implemented
nd coupled to AGN feedback prescriptions (e.g. Curtis & Sijacki
016a, b; Bourne & Sijacki 2017; Beckmann, Devriendt & Slyz 2019;
ourne, Sijacki & Puchwein 2019; Koudmani et al. 2019; Costa et al.
020). However, because of their computational cost, none of them
ave been applied to large-scale cosmological simulations to date,
or to extended periods of time in cosmological zoom simulations.

C O N C L U S I O N S

uilding on the success of the AGN feedback model from Ostriker
t al. (2010) and Choi et al. (2012), we introduce and implement the
ISTRAL subgrid model of AGN winds from radiatively efficient

ccretion into the AREPO code. MISTRAL aims to capture AGN
eedback from BAL winds, which are driven during BH accretion
y physical processes occurring at scales typically unresolved in
osmological simulations. To compare the impact of MISTRAL to
revious models that rely on isotropic thermal energy injection, we
ntroduce two versions of MISTRAL. MISTRAL-CONTINUOUS serves as
natural extension to the continuous isotropic thermal energy depo-

ition scheme used at high Eddington ratios in the TNG simulations,
y continuously injecting momentum in a similar spherical fashion.
n the spirit of the original model developed in GADGET by Choi et al.
2012), MISTRAL-STOCHASTIC imparts momentum stochastically to
as cells, with the direction of the velocity kicks being set to create
ipolar winds. We first test both versions of our model in an idealized
alaxy simulation, coupling MISTRAL with the TNG galaxy formation
hysics models for star formation, the ISM, stellar feedback, etc. In
his controlled experiment, we compare the effects of MISTRAL to
hose of the TNG AGN feedback models (ISOTROPIC THERMAL and
ANDOM KINETIC models), and report the following results:
NRAS 543, 967–993 (2025)
(i) MISTRAL generates galaxy-scale winds, whose properties de-
end on the momentum injection scheme. When momentum is
njected continuously and radially with MISTRAL-CONTINUOUS, AGN
inds are dense, short-lived, and form a galactic fountain. Alterna-

ively, when momentum is stochastically imparted to gas cells with
ISTRAL-STOCHASTIC, large-scale fast bipolar winds form, creating
ot and diffuse pathways through the CGM. This result contrasts with
raditional AGN feedback models that rely on continuous thermal
nergy injection: when using the same energy coupling efficiency as
ith MISTRAL, the TNG ISOTROPIC THERMAL model does not produce
noticeable AGN wind.
(ii) AGN winds from radiatively efficient accretion can signifi-

antly impact galaxy evolution. By expelling dense gas that quickly
alls back to the ISM of the galaxy, MISTRAL-CONTINUOUS acts as
ositive feedback, enhancing the SFR through higher gas fractions
han the other models. Conversely, the large scale AGN winds
enerated with MISTRAL-STOCHASTIC quite effectively reduce the
old gas fraction, star formation, and BH accretion.

(iii) Episodic kinetic AGN feedback models are more efficient at
enerating large-scale outflows than continuous energy or momen-
um deposition schemes. With MISTRAL-STOCHASTIC and the TNG
ANDOM KINETIC model, the episodic AGN feedback events produce
ersistent winds that propagate to large distances from the galaxy,
ith mass and energy outflow rates higher than those obtained with

he other models. MISTRAL-CONTINUOUS and the TNG ISOTROPIC

HERMAL model lead to similar mass and energy outflow rates over
ime and distance, except within the inner few kpc, where MISTRAL-
ONTINUOUS accumulates gas.

In the second part of our work, we examine MISTRAL’s ability to
eproduce realistic galaxies at z = 2. For this purpose, we conduct
our sets of cosmological zoom simulations, targeting 15 massive
alaxies from the TNG100 simulation. For each galaxy, we run
imulations with both versions of MISTRAL, the TNG THERMAL model
i.e. the ISOTROPIC THERMAL and radiative AGN feedback models),
nd the FIDUCIAL TNG models (which include the RANDOM KINETIC

odel at low Eddington ratios). Isolating the TNG THERMAL model
llows for a more direct comparison of MISTRAL with previous
rescriptions that have been used to model AGN feedback in the
adiatively efficient SMBH regime. Simulations with the FIDUCIAL

NG physics provide a more balanced comparison between MISTRAL

which covers both regimes of BH accretion) and the well tested
GN feedback model used in TNG. We mainly focus on MISTRAL-

TOCHASTIC, as it produces the more realistic and interesting results.
ur conclusions are as follows:

(i) MISTRAL-STOCHASTIC efficiently regulates galaxy growth
cross the entire range of halo masses tested, and can lead to star
ormation quenching atz = 2. Conversely, MISTRAL-CONTINUOUS

nd the TNG THERMAL model tend to overpredict the stellar mass of
he most massive galaxies. With the FIDUCIAL TNG model, enabling
he low-accretion BH mode with the RANDOM KINETIC model is
ssential to suppress star formation and quench galaxies at z = 2.

(ii) MISTRAL-STOCHASTIC shows a broadly consistent trend of BH-
tellar mass evolution, with simulated BH masses that fall within the
ange of observational estimates of BH masses atz = 2. At z = 2, this
odel produces BH masses that are slightly lower than the FIDUCIAL

NG model, and lie slightly above the z = 0 observational SMBH
ersus stellar mass relation from Greene et al. (2020). All AGN
eedback models tested, except MISTRAL-CONTINUOUS, also produce
MBH and stellar masses lying close to this observational relation.
his suggests that the efficiency of MISTRAL-CONTINUOUS may need
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o vary with time or galaxy mass to regulate BH growth consistently
cross different galaxy masses.

(iii) MISTRAL-STOCHASTIC realistically modulates gas fractions
n massive galaxies. Our model reduces the cold gas content in
he ISM of the most massive galaxies and regulates their hot gas
ontent. The hot gas fractions at z = 0 are broadly consistent with
bservational measurements, but this result, based on three simulated
aloes, would require a larger statistical sample for a more robust
omparison. The regulation of both cold and hot gas fractions with
ISTRAL-STOCHASTIC is achieved without requiring an SMBH mass-
ependent AGN feedback scheme, unlike the FIDUCIAL TNG model.
oth MISTRAL-CONTINUOUS and the TNG THERMAL model fail to

uppress cold gas fractions and star formation in massive galaxies,
nd produce high hot gas fraction at the halo scale.

(iv) MISTRAL-STOCHASTIC acts via both preventive and ejective
eedback mechanisms. Indeed, it suppresses inflows at the galaxy
nd halo scales while driving outflows up to the virial radius of the
aloes. MISTRAL-CONTINUOUS primarily enhances mass outflow rates
n the most massive galaxies at small scales, but does not provide
ufficient pressure support to affect gas inflows. Unlike the TNG

HERMAL model alone, the FIDUCIAL TNG model occasionally helps
n preventing gas inflows and in generating outflows, although to a
esser extent than MISTRAL-STOCHASTIC does at large scales.

The numerical details of AGN feedback modelling can profoundly
mpact the properties of simulated galaxies, influencing our un-
erstanding of the physics governing the evolution of galaxies.
n summary, our MISTRAL-STOCHASTIC model successfully repro-
uces realistic stellar masses and cold gas fractions at z = 2, and
imultaneously regulates SMBH masses and hot gas fractions. It
nhances outflows, removing gas from the galaxies and the haloes,
nd suppresses inflows, bringing some galaxies to a quiescent state
y z = 2. MISTRAL-STOCHASTIC works self-consistently across the
ntire halo mass range explored, capturing the consequences of
GN feedback in the radiatively efficient regime while avoiding

he BH-mass dependent TNG feedback scheme. Due to this suc-
ess, MISTRAL-STOCHASTIC has been shown to be a promising tool
or deciphering the role of AGN winds from radiatively efficient
ccretion in shaping galaxy properties through cosmic time. Our
odel paves the way for making robust predictions for the impact of
GN-winds using cosmological simulations. In a following work, we
ill create synthetic spectra following the approach of Hirschmann

t al. (2017, 2019) and Hirschmann, Charlot & Somerville (2023),
hich will be crucial to interpret the wealth of high-redshift quasar

nd galaxy observations made with current and upcoming facilities
uch as James Webb Space Telescope (JWST), Euclid, and ELTs.
n particular, MISTRAL-STOCHASTIC will be an invaluable tool for
xploring the origin of high-redshift massive galaxy quenching, a
henomenon increasingly observed with JWST (Carnall et al. 2023;
alentino et al. 2023; de Graaff et al. 2025), but not yet fully captured
y current cosmological simulations (e.g. Weller et al. 2025).
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Table A1. Simulation resolution as a function of the zoom factor, with
res × 1 corresponding to TNG100 resolution and res × 2 to (roughly) TNG50
resolution. From top to bottom: mDM: dark matter mass resolution; mbaryons:
mean baryon mass resolution; εDM,stars: Plummer equivalent gravitational
softening of the collisionless component; εgas: minimum value of the
gravitational softening of the gas; nBH,ngb: weighted number of gas cells
in the BH smoothing volume; zend: redshift reached at the end of the run, for
the last snapshot.

Resolution TNG100 (res × 1) ∼ TNG50 (res × 2)

mDM [M�] 7.5 × 106 9.4 × 105

mbaryons [M�] 1.4 × 106 1.7 × 105

εDM,stars [cpc/h] 1000 500
εgas [cpc/h] 125 62.5
nBH,ngb 256 512
zend 2 3
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PPENDI X A : TESTI NG MI STRAL AT HIG H ER
ESOLUTI ON

n order to study the resolution convergence of the results discussed in
ection 4, we re-simulate three of the 15 galaxies of our sample with
n increased resolution. Specifically, we target haloes with group
umber 61, 30, and 10. We construct their new ICs at two times
igher spatial resolution, i.e. we increase the number of particles
y a factor of 8, which roughly corresponds to TNG50 resolution
as summarized in Table A1). To limit their computational cost, we
un these higher resolution simulations down to z = 3. We refer to
hem as the res × 2 simulations, as opposed to the res × 1 simulations
tudied in Section 4, that adopt the resolution of their parent TNG100
imulation. Apart from resolution, both sets of simulations use the
ame galaxy formation physics, as described throughout the paper.
e only increase the weighted number of gas cells in the BH

moothing volume nBH,ngb by a factor of 2, as was originally done
rom TNG100 to TNG50 (and as explained by Weinberger et al.
017).
Fig. A1 shows the halo, stellar, and black hole masses in the res × 2

ersus the res × 1 simulations. We compare these three properties
t z = 3 for zoom simulations using MISTRAL-CONTINUOUS (blue),
ISTRAL-STOCHASTIC (purple), as well as the FIDUCIAL TNG physics

black), for reference. Halo and stellar masses are fairly well
onverged with these three set-ups, as they follow closely the one-
o-one relation shown in dashed lines. While MISTRAL-STOCHASTIC

eads to similar BH masses regardless of resolution, MISTRAL-
ONTINUOUS and the FIDUCIAL TNG model can both lead to more and

ess massive BHs when changing resolution, and this effect is more
ronounced with MISTRAL-CONTINUOUS. Resolution convergence
n cosmological simulations is a long-standing issue, due to the
omplex and non-linear nature of the interactions between feedback
rocesses and galaxy evolution. In order to recover similar evolution
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Figure A1. Halo mass, stellar mass, and black hole mass at z = 3 for
three galaxy simulations at TNG100 (res×1) and TNG50 (res×2) resolution.
Zoom simulations with the FIDUCIAL TNG physics, MISTRAL-CONTINUOUS,
and MISTRAL-STOCHASTIC are shown in black, blue, and purple, respectively.
In each panel, the dashed line shows the 1:1 relation.

o
r
t
w

A
E

O
v
p
2
b
i
o
h
3
6
a
C

ε

o
C

w
t
F
s
(
ε

m
d
B
o
f
h
r
b
z

f
h
b
c
p
r
n

f stellar and black hole masses with time, it may be necessary to
ecalibrate the efficiency of AGN feedback against z = 0 observa-
ions when changing resolution, which we will address in a future
ork.

P P E N D I X B: C A L I B R AT I O N O F TH E W I N D
FFI CI ENCY PARAMETER FOR MI STRAL

ur MISTRAL model contains two free parameters: the average wind
elocity vw, and the AGN feedback efficiency εw. Throughout this
aper, we keep vw = 104 km s−1, as done by Choi et al. (2012,
014, 2015, 2017, 2018). In order to determine which εw should
e used in our cosmological zoom simulations, we explore the
mpact of varying this parameter on three of the 15 galaxies from
ur sample. More specifically, we focus on galaxies hosted in the
aloes with group number 631, 123, and 57 at z = 2 (snapshot
3 from TNG100), which correspond to GrNr = 692, 101, and
4 at z = 0 (snapshot 99 from TNG100, from which their ICs
re extracted). We simulate these three haloes with MISTRAL-
ONTINUOUS and MISTRAL-STOCHASTIC, down to z = 0, and with
w = 5 × 10−4, 10−3, and 5 × 10−3.

In Fig. B1 and B2, we show the results when increasing the value
f εw from light to darker shades of blue and purple, for MISTRAL-
ONTINUOUS and MISTRAL-STOCHASTIC, respectively. For reference,
e also rerun these three objects using the zoom-in technique with

he FIDUCIAL TNG physics, which is displayed with black symbols.
rom left to right, the two figures show SFR and BH mass versus
tellar mass, and the SMHM relation at z = 0 (Fig. B1) and z = 2
Fig. B2). Overall, and with both versions of MISTRAL, increasing
w leads to smaller black hole masses and to slightly higher stellar
asses. This is because the fraction of gas mass accreted by the BH

ecreases when εw increases (while the fraction of gas mass receiving
H energy increases, see also Fig. 1), which reduces the total amount
f BH energy released and, as a result, reduces the ability of AGN
eedback to impact star formation. For this reason, galaxies tend to
ave lower SFRs and to be more easily quenched at z = 0 in the
uns with εw = 5 × 10−4. In this paper, we adopt εw = 10−3 as the
est compromise to produce realistic black hole and stellar masses at
= 0 and z = 2, simultaneously suppressing star formation at z = 0

or most simulations. A higher (respectively, lower) value of εw could
ave been used with MISTRAL-STOCHASTIC (MISTRAL-CONTINUOUS),
ut we prefer to use the same value in both models. In particular, this
hoice is motivated by the fact that εw = 5 × 10−3 with MISTRAL

roduces low BH masses at z = 2, which would make it less
elevant for studying the impact of AGN-driven winds at cosmic
oon.
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Figure B1. Scaling relations at z = 0 for zoom simulations with MISTRAL-STOCHASTIC in the upper row (respectively, MISTRAL-CONTINUOUS in the bottom row),
with εw = 5 × 10−4, 10−3, 5 × 10−3 in pink (light blue), purple (blue), and dark purple (dark blue). For reference, we show the counterpart zoom simulations
with the FIDUCIAL TNG physics in black. From left to right: star formation rate and BH mass versus stellar mass (with observational relations from Kormendy
& Ho 2013; Reines & Volonteri 2015; Greene et al. 2020), and SMHM relation (displayed at the same x-coordinate, compared with the empirical relation from
Behroozi et al. 2019). The arrows in the upper left plot denote an SFR lower than the limit of the plot. The legend with the markers indicates the halo group
number at z = 2, for consistency with the rest of the paper.

Figure B2. Same as Fig. B1 but at z = 2, with observational estimates from Suh et al. (2020), Abuter et al. (2024), and Newman et al. (2025) in the middle
panels and from Shuntov et al. (2022) in the right ones.
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