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A B S T R A C T 

Using several variants of the cosmological SIMBA simulations, we investigate the impact of different feedback prescriptions on 

the cosmic star formation history. Adopting a global-to-local approach, we link signatures seen in global observables, such as 
the star formation rate density (SFRD) and the galaxy stellar mass function (GSMF), to feedback effects in individual galaxies. 
We find a consistent picture: stellar feedback mainly suppresses star formation below halo masses of M H 

= 10 

12 M � and before 
z = 2, whereas AGN feedback quenches the more massive systems after z = 2. Among SIMBA ’s AGN feedback modes, AGN 

jets are the dominant quenching mechanism and set the shape of the SFRD and the GSMF at late times. AGN-powered winds 
only suppress the star formation rate in intermediate-mass galaxies ( M � = 10 

9 . 5 −10 M �), without affecting the o v erall stellar 
mass-assembly significantly. At late times, the AGN X-ray feedback mode mainly quenches residual star formation in massive 
galaxies. Our analysis reveals that this mode is also necessary to produce the first fully quenched galaxies before z = 2, where 
the jets alone are inefficient. These initially highly star-forming galaxies contain relatively large black holes, likely strengthening 

the X-ray-powered heating and ejection of gas from the dense, central region of galaxies. Such extra heating source quenches 
the local star formation and produces a more variable accretion rate. More generally, this effect also causes the break down of 
correlations between the specific star formation rate, the accretion rate and the black hole mass. 

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

nderstanding the physical processes that shape the cosmic star 
ormation history, and thus the stellar mass assembly in dark matter 
aloes, is essential to develop a comprehensive model of galaxy 
volution. While the hierarchical formation of dark matter structures 
s well established through the convergence of efficient gravity- 
nly N -body simulations (Frenk et al. 1988 ; Primack 2005 ; Springel
005 ; Diemand, Kuhlen & Madau 2007 ; Klypin, Trujillo-Gomez & 

rimack 2011 ; Angulo et al. 2012 ; Frenk & White 2012 ), the
ydrodynamical interactions go v erning baryonic components are 
omplex and costly to model computationally. 

Early attempts to model the formation of stars from the cold halo
as either utilized fully analytic approaches (White & Rees 1978 ; 
ekel & Silk 1986 ), or semi-analytic models (earliest attempts 
y White & Frenk 1991 ; Kauffmann, White & Guiderdoni 1993 ;
ole et al. 1994 ), in which the evolution of baryons is modelled
n to dark matter haloes extracted from N -body simulations. These 
orks showed that assuming the cooling time as the bottleneck for

tar formation leads to an o v erproduction of stars with respect to
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bserv ations. This is kno wn as the ‘o v ercooling problem’, which
as subsequently confirmed by early hydrodynamical simulations 

Balogh et al. 2001 ; Dave et al. 2001 ). 
The solution to the o v ercooling problem lies in the inclusion of

o-called ‘feedback processes’, an umbrella term for self-regulating 
echanisms arising from star formation and the supermassive black 

oles accreting in the centre of massive galaxies (active galactic 
uclei, AGNs). Pioneering works by Larson ( 1974 ) and Dekel &
ilk ( 1986 ) showed that the momentum output from supernovae
SNe) can cause significant gas-loss and thus deplete the reservoir 
or star formation. Silk & Rees ( 1998 ) similarly argued that the
elease of gravitational potential energy from a fast-accreting AGN 

ecomes comparable to the binding energy of the host galaxy, which
ay contribute to quenching. Modern analytic (Hernquist & Springel 

003 ; Rasera & Teyssier 2006 ; Dav ́e, Finlator & Oppenheimer 2012 ;
alcido, Bower & Theuns 2020 ; Sharma & Theuns 2020 ; Sorini &
eacock 2021 ; Fukugita & Kawasaki 2022 ) and semi-analytic (Hen-
iques et al. 2015 ; Hirschmann, De Lucia & Fontanot 2016 ; Lacey
t al. 2016 ) models include at least some of these feedback processes
nd generally predict a more realistic star formation history. 

Nev ertheless, the e xact quenching mechanisms, their relativ e 
mportance, and the coupling of the released energy to the interstellar
as, remain unclear (see re vie ws by Somerville & Dav ́e 2015 ; Naab &
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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striker 2016 ). A range of physical processes acting on different
emporal and spatial scales may contribute to the o v erall quenching
f g alaxies. Full h ydrodynamic cosmological simulations are thus a
aluable testing ground for different theories, as increased computa-
ional power and refined hydrodynamics code solvers (Hernquist
t al. 1989 ; Teyssier 2002 ; Springel et al. 2005 , 2021 ; Schaller
t al. 2024 ) have enabled the modelling of all galactic components
cross cosmic time. Despite this progress, numerical constraints
ften require a trade-off between resolution and simulated volume,
ence making it unfeasible to describe sub-galactic feedback process
ithin cosmological simulations from first principles. Instead, their
resumed macroscopic effects are modelled via so-called sub-grid
rescriptions (see e.g. Crain & van de Voort 2023 , for a recent
e vie w). 

The general consensus is that stellar feedback is primarily efficient
t quenching low-mass systems, due to their relatively low gravita-
ional potential, and at early times, where AGNs have not yet grown
nd matured enough to affect the galaxy. Associated processes such
s SNe and stellar winds are largely understood to cause outflows, in
ine with observations of high mass-loss rates in star-forming galaxies
Heckman et al. 1990 ; Veilleux, Cecil & Bland-Hawthorn 2005 ;
ubin et al. 2014 ). High cooling rates in the dense environments at
igh-redshift mean that most thermal energy input cools away too
uickly to have a lasting effect on the interstellar medium (ISM;
omerville & Dav ́e 2015 ). 
At late times, AGNs are thought to deposit significant amounts

f thermal and kinetic energy into the gas reservoirs of massive
alaxies. Observational studies have broadly identified two main
egimes. At accretion rates close to the Eddington limit, AGN
eedback is radiatively efficient. Gravitational potential energy from
he infalling matter is released as radiation, triggering winds capable
f driving cool ISM gas out of the galaxy at non-relativistic speeds
e.g. Simionescu et al. 2008 ; Rupke & Veilleux 2011 ; Fabian 2012 ;
icone et al. 2014 ; Harrison et al. 2014 ; King & Pounds 2015 ;
oncas et al. 2022 ; Kubo et al. 2022 ). This is often called ‘quasar’
r ‘wind’ mode. The radiatively inefficient regime at low accretion
ates is referred to as ‘jet’ or ‘radio’ mode, as these AGNs can launch
ipolar radio jets at relativistic speeds, carrying large amounts of
inetic and thermal energy (Fabian 2012 ; Heckman & Best 2014 ;
landford, Meier & Readhead 2019 ). Galaxies with observed AGN

ets are characterized by low star formation rates (SFRs), hinting at
fficient quenching mechanisms. 

Some studies suggest that jets deposit their thermal energy into the
ircumgalactic medium (CGM) and intracluster medium (ICM). For
xample jets often coincide with bubbles of hot gas visible in X-ray,
hich regularly penetrate as far as hundreds of kpc into the ICM and
ave likely been heated by shocks (Suresh et al. 2015 ; Turner et al.
017 ; Mukherjee et al. 2018 ; Christiansen et al. 2020 ; Fielding et al.
020 ). This could be enough to offset cooling flows, i.e. the accretion
f cooled CGM gas on to the galaxy, and thus starv e activ e star
ormation (Croton et al. 2006 ; Gabor & Dav ́e 2015 ; Peng, Maiolino &
ochrane 2015 ). In some instances, jet-driven outflows have been

ound to be significantly mass-loaded to limit star formation via direct
emoval of gas from the central regions (Morganti et al. 2013 ; Jarvis
t al. 2019 ). Jets could also heat and accelerate e xisting wind-driv en
utflows (Dasyra et al. 2014 ; Tadhunter et al. 2014 ), potentially
oosting their efficiency in quenching star formation. In addition to
GN-driven winds and jets, X-ray radiation from the accretion disc

s thought to heat and e x ert pressure on the gas surrounding the black
ole (Sazonov, Ostriker & Sunyaev 2004 ; Hambrick et al. 2011 ; Choi
t al. 2012 ). 
NRAS 534, 361–383 (2024) 
State-of-the-art cosmological simulations typically incorporate
oth stellar and AGN feedback mechanisms. Some simulations adopt
 single AGN feedback prescription (e.g. Schaye et al. 2015 , 2023 ;
av ́e, Thompson & Hopkins 2016 ; McCarthy et al. 2017 ), while
thers distinguish between a radiative wind mode at high accretion
ates and a jet mode at low accretion rates (e.g. Vogelsberger et al.
013 , 2014 ; Dubois et al. 2014 ; Pillepich et al. 2018 ; Dav ́e et al.
019 ; Pakmor et al. 2023 ). Thus, the exact implementations of
eedback processes differ substantially between simulations and
ely on distinct physical assumptions. Nev ertheless, the y all broadly
ucceed at reproducing several observational benchmarks, such as
he galaxy stellar mass function (e.g. Baldry, Glazebrook & Driver
008 ; Baldry et al. 2012 ; Bernardi et al. 2013 ; D’Souza, Vegetti &
auffmann 2015 ), the star formation efficiency (e.g. Guo et al. 2011 ;
ehroozi, Wechsler & Conroy 2013 ; Moster, Naab & White 2013 ),

he galaxy black hole–stellar mass relationship (e.g. Kormendy &
o 2013 ; McConnell & Ma 2013 ), or the gas fraction within haloes

e.g. Giodini et al. 2009 ; Lovisari, Reiprich & Schellenberger 2015 ),
lthough in some cases free parameters were tuned to obtain this
greement. 

While encouraging, the broad agreement between observations
nd different simulations makes it harder to discern the validity
nd limitations of different models of galaxy formation. Ho we ver,
cti v ating only specific feedback modes across dif ferent v ariants of
therwise identical simulations can reveal the exact effect of each
rescription on the star formation history. Applying this strategy to
he OWLS project (Schaye et al. 2010 ; van de Voort et al. 2011 )
howed that AGN feedback is a major cause for the decline of the
osmic SFR density after z = 2. Qualitatively similar conclusions
ere reached by Weinberger et al. ( 2017 ) and Salcido et al. ( 2018 )
sing dif ferent v ariants of the ILLUSTRISTNG (Pillepich et al. 2018 )
nd EAGLE (Schaye et al. 2015 ) simulations, respectively. 

A rigorous study seeking to isolate the effect of every feedback
rescription on star formation history has not yet been undertaken
or the SIMBA simulation (Dav ́e et al. 2019 ), which encompasses key
o v elties in the modelling of AGN feedback and black hole accretion
ith respect to previous state-of-the-art cosmological simulations.
n top of implementing both jet and radiative wind feedback
inetically, SIMBA is the first cosmological-scale simulation to also
xplicitly model thermal energy input from X-ray heating processes,
nd to adopt a dual gas accretion mechanism on to black holes
epending on the gas temperature. The simulation suite contains
ve variants of a 50 h 

−1 cMpc cosmological box, which isolate
IMBA ’s four different feedback prescriptions. These have already
een used to constrain the effects of different feedback modes
n the global statistics of galaxy properties (Dav ́e et al. 2019 ),
he distribution and thermal state of baryons within haloes and in
he intergalactic medium (Borrow, Angl ́es-Alc ́azar & Dav ́e 2020 ;
hristiansen et al. 2020 ; Bradley et al. 2022 ; Sorini et al. 2022 ; Yang
t al. 2022 ; Khrykin et al. 2024 ), the CGM (Appleby et al. 2019 ;
orini, Dav ́e & Angl ́es-Alc ́azar 2020 ; Yang et al. 2024 ), and galaxy
rofiles (Appleby et al. 2021 ). 
In this work, we provide a comprehensive theoretical study on

ow SIMBA ’s stellar and AGN feedback modes shape the cosmic star
ormation history. First, we investigate the signature of each feedback
ode on global observables, such as the cosmic SFR density, on

ifferent halo populations, and even individual galaxies. We then
onnect our results with key properties of the simulated galaxies and
heir central black holes. 

The paper is organized as follows. In Section 2 , we describe the
IMBA runs considered. We then present our analysis, following a
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lobal-to-local approach. In Section 3.1 , we assess the o v erall evo-
ution of cosmic star formation by examining global star formation 
nd stellar mass statistics in the five simulation runs. In Section 3.2 ,
e examine the star formation history within halo populations 
f different mass. In Section 3.3 , we focus on the contribution
o quenching from different AGN feedback modes on individual 
alaxies after z ∼ 2, while Section 3.4 specifically focuses on effects 
aused by the X-ray heating mode on highly star-forming galaxies 
nd black hole growth. In Section 4 , we coalesce our results into a
ohesive picture of how the different feedback prescriptions shape 
he cosmic star formation history and further compare our results 
ith previous works on SIMBA as well as other simulations. Finally, 
ection 5 summarizes our results. 

 SIMULATION S  

.1 SIMBA 

IMBA (described in detail in Dav ́e et al. 2019 ) is a suite of cosmolog-
cal simulations built upon the GIZMO gravity plus hydrodynamics 
olver (Hopkins 2015 ). GIZMO is composed of the GADGET -3 tree–
article–mesh gravity solver (Springel 2005 ) for dark matter particles 
nd a meshless finite mass approach for the hydrodynamic evolution 
f gas particles. The simulations assume a cosmological model ac- 
ording to the Planck Collaboration XIII ( 2016 ) specifications, with 
he following parameters: �M 

= 0 . 3 , �� 

= 0 . 7 , �b = 0 . 048 , H 0 =
8 km s −1 Mpc h 

−1 σ8 = 0 . 82 , n s = 0 . 97. Cosmological initial con-
itions are created using MUSIC (Hahn & Abel 2011 ). 
Star formation in SIMBA is modelled according to a sub-grid 

mplementation by Krumholz & Gnedin ( 2011 ) of an H 2 -based
chmidt ( 1959 ) law, where the H 2 fraction is estimated using the

ocal metallicity and column density of the gas. The SFR is then
omputed using the ratio of the molecular gas density and dynamical 
ime, with a star-forming efficiency of 0.02, inspired by Kennicutt 
 1998 ). If the hydrogen number density n H is abo v e the threshold
 th = 0 . 13 cm 

−3 , and the temperature is at most 0.5 dex above 

log 

(
T 

K 

)
= 4 + 

1 

3 
log 

n H 

n th 
, (1) 

 gas element is defined as ISM gas and can spontaneously turn into
 stellar particle, conserving mass and momentum. 

T ype II SNe, T ype Ia SNe, and asymptotic giant branch (AGB)
tars will release metals into the surrounding gas, according to the 
hemical enrichment model by Oppenheimer & Dav ́e ( 2006 ), which
racks the evolution of eleven different elements (H, He, C, N, O, Ne,

g, Si, S, Ca, Fe). Within SIMBA ’s dust cycle module metals from
he SNe and AGB ejecta will partially condense into dust, which can
hen grow further via gas-phase metal accretion. Dust is destroyed 
ia thermal sputtering, SNe shocks, and in processes involving 
eated gas, such as hot winds, star formation and AGN X-ray, 
nd jet mechanisms. Radiative cooling and photoionization heating 
rocesses are incorporated into the simulation via the GRACKLE - 
.1 library (Smith et al. 2017 ). SIMBA also employs a uniform
onizing background as detailed in Haardt & Madau ( 2012 ), with

odifications made by Rahmati et al. ( 2013 ) to incorporate self-
hielding on the fly. 

Feedback from star formation is modelled as a kinetic ejection of
etal-enriched wind particles, representing the aggregate effect of 
ype II SNe, stellar winds, and radiation pressure. Gas elements in 
roximity to star-forming regions are decoupled from the bulk flow 

nd expelled with a new velocity perpendicular to their prior velocity 
nd acceleration vectors. Winds are two-phase, meaning 30 per cent 
f the wind particles are ejected in a ‘hot’ state, with a temperature
ased on the supernova energy and the kinetic wind energy, while the
emaining 70 per cent are ejected at 10 3 K. The mass-loading factor
f the wind is scaled with the galaxy’s stellar mass according to a
roken power-law, a fit to mass outflow rates in the FIRE zoom-in
imulations (Angl ́es-Alc ́azar et al. 2017b ): 

( M � ) ∝ 

⎧ ⎪ ⎨ 

⎪ ⎩ 

9 
(

M � 

M 0 

)−0 . 317 
, if M � < M 0 

9 
(

M � 

M 0 

)−0 . 761 
, if M � > M 0 

, (2) 

here M 0 = 5 . 2 × 10 9 M �. 
SIMBA ’s wind speed scaling is based on the rates predicted by
uratov et al. ( 2015 ), also using the FIRE simulations. In order

o represent enrichment due to Type II SNe, wind metallicities are
etermined by the Type II SNe yield and the mass-loading factor.
ventually, ejected particles will recouple, based on the surrounding 
as conditions and the elapsed time since decoupling. Feedback from 

Ne Type Ia are modelled separately, via a prompt and a delayed
omponent as described in (Dav ́e et al. 2016 ). Ho we ver, since these
re rare events and deposit negligible amounts of energy into the gas,
e do not consider this feedback type further in this work. 
SIMBA ’s black hole particles are seeded into galaxies with stellar
ass M � � 10 9 . 5 M �, with initial seed masses of 10 4 M �h 

−1 . Growth
ccurs via two accretion modes, which are implemented as sub-grid 
odels. They distinguish between a spherical Bondi accretion from 

ot non-ISM gas (Bondi 1952 ) and a disc-like torque-limited accre-
ion mode from cold ISM gas. This mode is driven by gravitational
nstabilities and is able to reco v er the relation between black holes
nd their host galaxy masses without self-regulation (Hopkins & 

uataert 2011 ; Angl ́es-Alc ́azar, Özel & Dav ́e 2013 ; Angl ́es-Alc ́azar
t al. 2015 , 2017a ). 

SIMBA further employs three AGN feedback modes, which aim to 
odel quenching mechanisms driven by the release of gravitational 

otential energy in the accretion process. These modes are active 
epending on the mass of the black hole, its accretion rate, and
he gas fraction of the host galaxy. At high accretion rates with
ddington ratio f edd > 0 . 2, defined relative to the Eddington rate
f the black hole particle, the radiative AGN wind mode produces
ipolar outflows, which are modelled as a momentum injection in 
he direction parallel to the disc’s angular momentum. Gas particles 
re randomly selected within the black hole kernel, decoupled and 
jected at a new speed, given by: 

 w , rad = 500 + 500 ( log M BH − 6 ) / 3 km s −1 , (3) 

here M BH is the black hole mass in solar masses M �. At top speed,
he gas particles are ejected at 1200 km s −1 . 

Below 0.2 f edd , AGN transition into jet mode, given their black
ole mass M BH exceeds 10 7 . 5 M �. Similarly to the winds mode, this
echanism is modelled kinetically. Gas particles are ejected in the 

ame fashion as before, but with a boosted velocity. This boost is
nversely dependent on f edd : 

 w , jet = v w , rad + 7000 log ( 0 . 2 /f edd ) km s −1 . (4) 

he velocity increase due to jets is capped at 7000 km s −1 . The
astest particles accelerated by AGN winds and jets can thus reach
p to 8200 kms −1 , an order-of-magnitude faster than in the pure
adiative winds mode. While gas particles are ejected at the original
emperature in the wind mode, jet mode outflows are heated to the
irial temperature of the halo, T vir = 10 7 (M H / 10 15 M �) 1 / 3 K (Voit 
005 ), moti v ated by observ ations of hot gas carried in jets (Fabian
012 ). The gas is recoupled after 10 −4 of the Hubble time has passed.
MNRAS 534, 361–383 (2024) 
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M

Table 1. SIMBA simulation runs used in this work. 

Simulation 
Box size 

( h −1 cMpc) 

Minimum gravitational 
softening length ( h −1 

kpc) 

DM mass 
resolution 

(M �) 

Gas mass 
resolution 

(M �) 
No. of 

particles 
Stellar 

feedback 
Radiative 

winds Jets 
X-ray 

heating 

SIMBA -100 100 0.5 9 . 6 × 10 7 1 . 82 × 10 7 2 × 1024 3 
√ √ √ √ 

SIMBA -50 50 0.5 9 . 6 × 10 7 1 . 82 × 10 7 2 × 512 3 
√ √ √ √ 

SIMBA -25 25 0.5 9 . 6 × 10 7 1 . 82 × 10 7 2 × 256 3 
√ √ √ √ 

SIMBA -25 High-res. 25 0.25 1 . 2 × 10 7 2 . 28 × 10 6 2 × 512 3 
√ √ √ √ 

No-X-ray 50 0.5 9 . 6 × 10 7 1 . 82 × 10 7 2 × 512 3 
√ √ √ 

No-jet 50 0.5 9 . 6 × 10 7 1 . 82 × 10 7 2 × 512 3 
√ √ 

No-AGN 50 0.5 9 . 6 × 10 7 1 . 82 × 10 7 2 × 512 3 
√ 

No-feedback 50 0.5 9 . 6 × 10 7 1 . 82 × 10 7 2 × 512 3 
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Lastly, SIMBA accounts for X-ray radiation emitted by the accretion
isc, which heats the surrounding gas and imparts radial momentum
ia radiation pressure. The energy input is quantified according to
quation 12 of Choi et al. ( 2012 ). SIMBA ’s X-ray mode operates on
alaxies with active jets, if the galaxy’s gas fraction f gas = 

M gas 

M � 
is also

elow 0.2. In g as-rich g alaxies, which typically exhibit lower velocity
inds and no jets, much of this energy input would be absorbed

nd re-radiated, making this feedback inefficient. In contrast to the
ind and jet modes, the energy input is spherical and impacts gas
articles according to their proximity to the black hole. Non-ISM
as experiences an increase in temperature, while for ISM gas, half
f the X-ray energy is converted into heat, and the other half is
njected as radial outward momentum, computed by treating the
emaining energy as kinetic. This was done in order to ensure that
he energy deposit into SIMBA ’s low-resolution, pressurized ISM does
ot dissipate too quickly through cooling. 

.2 Runs 

he SIMBA simulation suite comprises a range of simulation runs with
ifferent volumes and input physics. Unless otherwise specified, co-
oving units are indicated with a ‘c’ prefix. In this work, we make use

f five simulation variants, which each span a volume of 50 h 

−1 cMpc
nd are populated by 512 3 dark matter and 512 3 gas elements.
hey were performed from z = 249 to z = 0 with the same initial
onditions, but sequentially deacti v ated feedback prescriptions, as
utlined in Table 1 . SIMBA -50, the fiducial run, contains all four
rescriptions, for a full physics simulation. No-X-ray excludes only
he X-ray mode, whereas the No-jet run excludes both jets and X-
ay heating. In the No-AGN run, the winds mode is deacti v ated as
ell, such that only the stellar feedback prescription remains. The
o-feedback run straightforwardly contains no feedback processes.
ontrasting results from these different runs will allow us to isolate

he effects of each of the four different sub-grid prescriptions in the
ollowing analysis. We note, that the No-feedback and No-AGN
un still include black hole seeds and the dual accretion mode.
ue to the self-regulation of the torque-limited accretion mode (see
ngl ́es-Alc ́azar et al. 2017a ; Dav ́e et al. 2019 ), black hole–galaxy

caling relations are conserv ed, ev en when compounded with Bondi
ccretion and in the absence of feedback. We demonstrate this for
he M BH –M � relation in Appendix A . Thus, any difference in star
ormation history between the simulation variants will be a direct
onsequence of the respective feedback modes, rather than an indirect
onsequence of a potentially o v eractiv e accretion history that has
iminished the gas reservoir. 
We further considered three additional runs of different volumes

nd resolution in order to test convergence. Ho we ver, for these runs
NRAS 534, 361–383 (2024) 
nly the full fiducial set-up is available and, consequently, we can
nly assess volume and resolution convergence for the SIMBA -50 run.
IMBA -25 and SIMBA -100 were performed at the same resolution as
IMBA -50, containing 2 × 256 3 and 2 × 1024 3 particles in volumes
5 h 

−1 cMpc and 100 h 

−1 cMpc , respectively. SIMBA -25 High-res.
ontains 2 × 512 3 particles in its 25 h 

−1 cMpc volume. We note
hat in this run, the particle masses have been reduced by a factor
f 8, to compensate for the increase in number of particles. The
inimum gravitational softening length and mass resolutions for all

uns are listed in Table 1 . A convergence test can be found in the
ppendix B . 
Haloes were identified on the fly within SIMBA , using GIZMO ’s

hree-dimensional friends-of-friends (FOF) and a linking length of
.2 times the mean interparticle distance. FOF haloes were then
ross-matched with haloes and galaxies found using the PYTHON

ackage CAESAR (Dav ́e et al. 2019 ). CAESAR also generates cata-
ogues containing all identified haloes and galaxies, along with key
roperties such as their masses and SFR’s, which form the basis
f the following analysis. The majority of these files are publicly
vailable in the SIMBA Project Repository. 1 

 RESULTS  

n the following analysis, we contrast key observables across the five
0 h 

−1 cMpc simulation variants in order to isolate the global effects
f SIMBA ’s stellar and AGN feedback modes on the cosmic star
ormation history. We subsequently connect them to the evolution of
tar formation and stellar mass in halo populations of different mass,
s well as individual galaxies. 

Dav ́e et al. ( 2019 ) used some of the observables presented in this
aper to test SIMBA ’s ability to reproduce key galaxy properties.
o we ver, thus far there has not been an analysis contrasting all five
0 h 

−1 cMpc runs with different feedback prescriptions for a unified
icture of how they affect SIMBA ’s cosmic star formation history.
here appropriate, we provide a summary of these prior assessments

n the context of our results and refer the reader to the rele v ant
ublication for more detailed comparisons with observational results.

.1 The evolution of the global star formation history 

e begin with an assessment of how SIMBA ’s feedback modes affect
he o v erall cosmic star formation and the resulting stellar mass
rowth. 

http://simba.roe.ac.uk/
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Figure 1. Cosmic star formation rate density for decreasing redshift, in 
50 h −1 cMpc SIMBA simulation variants with different feedback prescriptions 
(solid lines): No-feedback (yellow), No-AGN (purple), No-jet (red), No-X- 
ray (blue), and the full physics SIMBA -50 (green) run. Additionally shown are 
a collection of surv e y results (Madau & Dickinson 2014 ; data points) and an 
analytical model from Sorini & Peacock ( 2021 ; indigo dashed line). While 
stellar feedback is responsible for quenching the SFRD before z ∼ 2, AGN 

feedback, specifically the jets, takes o v er as the dominant quenching mode 
thereafter. Including X-ray heating already produces a minor suppression 
from z ∼ 4. 
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.1.1 Cosmic star formation rate density 

he cosmic star formation rate density (SFRD) tracks the o v erall
FR of the simulation volume and is thus a good starting point for
ur analysis. In Fig. 1 , we compare the temporal evolution of the
FRD across the five 50 h 

−1 cMpc simulation variants. In order to 
ompute the SFRD, we extract and sum up the SFRs for all FOF
aloes at distinct snapshots between z = 0 − 9 and then divide each
alue by the comoving volume of the simulation box. We repeat 
his computation for the SIMBA -50 (green), No-X-ray (blue), No- 
et (blue), No-AGN (purple), and No-feedback (orange) runs. A 

ollection of surv e y results by Madau & Dickinson ( 2014 ; black
ata points, hereafter MD14 ) is shown for comparison. 
The No-feedback run exhibits a sharp increase in SFRD be- 

ore z ∼ 4, culminating in a peak around z ∼ 3 and a gradual
ecline at low redshifts. This conflicts with the observations from 

D14 , who find a later peak at z ∼ 2, with its maximum value
.7 dex below the No-feedback curve. The discrepancy between 
he predicted and observed SFRD grows up to 1 dex by z = 0.
he excess production of stars at all cosmic times in the No-

eedback variant of SIMBA is an unsurprising manifestation of the 
forementioned o v ercooling problem. Ho we ver, within a hierarchical 
tructure formation scenario, and in the absence of any feedback 
echanism, the SFRD is expected to form more stars even earlier 

han in the No-feedback model considered here, due to its limited 
esolution, and therefore worsen the o v ercooling problem (Dav e 
t al. 2001 ). The high-redshift growth of the SFRD in the No-
eedback run is thus partly a numerical artefact. At higher redshift,
assive haloes become increasingly rare due to the evolution 

f the halo mass function, hence a progressively larger fraction 
f haloes falls below the mass resolution limit of the simula-
ion. Clearly, such haloes cannot contribute to the production of 
tars. 
SIMBA runs with feedback modes are increasingly successful at 
eproducing the MD14 results. Including stellar feedback in the No- 
GN run appears to efficiently quench the SFRD at high-redshift. 
he slowed increase up to the peak at z ∼ 2 is well represented, but it

ails to reproduce the declining SFRD of the MD14 results thereafter.
ncluding AGN radiative winds in the No-jet run, in addition to stellar
eedback, suppresses the SFRD by less than 0.1 dex at z < 2 and
as no discernible effect before. Only when including AGN jets, in
he No-X-ray run, the SFRD starts showing a slight downturn just
efore z = 2 and is strongly suppressed thereafter. The slope of the
FRD after cosmic noon becomes steeper, closely resembling the 
hape traced by the data. By redshift z ∼ 0, the jets have produced a
umulative suppression of almost 1 dex. 

Interestingly, the impact of different feedback prescriptions on 
he SFRD that we just described is in broad agreement with the
redictions of recent analytical models of cosmic star formation. We 
eport in Fig. 1 the SFRD given by the Sorini & Peacock ( 2021 )
odel (purple dashed line) as an example. Such model constitutes a

eneralization of the formalism introduced by Hernquist & Springel 
 2003 ) and calculates the SFRD by integrating the SFR within haloes
f a given total mass, weighted by the halo mass function. For a
iven population of haloes of fixed mass, the SFR is determined by
hichever time-scale is the shortest: the cooling time at low-redshift, 

nd an average gas consumption time-scale (based on the reasoning in 
pringel & Hernquist 2003 ) at high-redshift. Additionally, Sorini & 

eacock ( 2021 ) introduced a simple constant stellar wind model to
imic the effect of stellar feedback in reducing the gas reservoir

vailable for the production of stars at any given time. 
It is noteworthy that the Sorini & Peacock ( 2021 ) model agrees

ith the fiducial SIMBA run not only z � 3, where stellar feedback
ppears to be the dominant driver of quenching, but also around
osmic noon. The increasing discrepancy in the slope of the SFRD
t later times is due to the absence of an explicit AGN feedback
echanism in the Sorini & Peacock ( 2021 ) model. This also explains
hy the slope given by the analytical model matches the one found

n the No-AGN SIMBA run. Ho we ver, analytical SFRD at z < 2
xhibits a lower normalization, yielding a better match with data. This 
appens because, although Sorini & Peacock ( 2021 ) do not model
GN feedback, the underlying parameters of their formalism are 

till calibrated to reproduce observations of the Kennicutt–Schmidt 
Kennicutt 1998 ) and baryonic Tully–Fisher (McGaugh et al. 2000 )
elationships (Genzel et al. 2010 and Lelli, McGaugh & Schombert 
016 , respectively). On the contrary, no parameter is recalibrated 
ithin the SIMBA suite of simulations once a specific feedback 
odule is deacti v ated. It is therefore expected that, for the same

et of feedback mechanisms, the SIMBA results lie farther away from
he data. Similar considerations can be made when comparing the 
nalytical SFRD at low-redshift with the results of the No-jet run,
hich do not significantly deviate from those of the No-AGN run. 
We therefore suggest that the inclusion of some form of AGN-jet
echanical feedback in analytical models along the lines of Sorini &
eacock ( 2021 ) can impro v e the match with observ ations. Ho we ver,

his might not be the case for other analytical models that rely on a
ifferent formalism. For instance, a smaller impact of AGN versus 
tellar feedback on the late-time SFRD has been highlighted also by
he Salcido et al. ( 2020 ) analytical model, which, unlike Sorini &
eacock ( 2021 ), includes a phenomenological implementation of 
eedback from radiative AGN winds (following Benson & Bower 
010 ; Benson 2012 ). If the Salcido et al. ( 2020 ) AGN prescriptions
re turned off, the slope of the late-time SFRD remains essentially
nchanged, while it is still in agreement with observ ations. Ho we ver,
 comprehensive comparison of the numerical predictions of the 
MNRAS 534, 361–383 (2024) 
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ifferent SIMBA variants against analytical models of star formation
oes beyond the scope of this manuscript, and we leave it for future
ork. 
Another result emerging from Fig. 1 is that X-ray heating may

lay a relatively important role in shaping the SFRD both at high-
nd low-redshift. Such feedback mechanism is included in the
ducial SIMBA -50 run and the resulting SFRD displays a further
uppression of around 0.2 de x, in e xcellent agreement with MD14
t late times. Ho we ver, it appears that before z ∼ 1, the data are
etter reproduced by the No-X-ray run than the full-physics SIMBA -
0 run. Nevertheless, the predictions of both the No-X-ray and
IMBA -50 runs agree with most data points within the error bars,
ence current SFRD observations cannot definitively discriminate
etween these models. Furthermore, some data may be affected by
ystematic errors, since parametric models estimating the SFRD
rom the spectral energy distributions of observed galaxies may
mpose strong priors on the underlying physical parameters, hence
iasing the results (Carnall et al. 2019 ). Thus, the imperfect match
etween the No-X-ray or SIMBA -50 runs and the Madau, Shen &
o v ernato ( 2014 ) compilation in certain redshift ranges should not
e concerning. 
We further note that while quenching of the SFRD in the No-X-

ay and No-jet runs set in just before z ∼ 2, the suppression in the
IMBA -50 run begins already at z ∼ 4. We discuss the origin of this
eature further in Section 3.4.1 . Lastly, we note that our curve for
he SIMBA -50 run is consistent with Dav ́e et al. ( 2019 ), who in their
g. 7 compare the SFRD in the full physics SIMBA -100 run to the
D14 results. This means that the predictions of the SIMBA variants

isplayed in Fig. 1 are well converged with respect to the box size
see also Fig. B1 and the discussion in Appendix B ). 

In summary, we conclude that SIMBA ’s stellar feedback mode
s responsible for quenching the SFRD before z ∼ 2. Simulation
ariants including AGN feedback prescriptions do not exhibit a
ignificant difference to the No-AGN run before z ∼ 2, with the
xception of a drop in SFRD of around 0.2 dex after z ∼ 4 in the
ducial SIMBA -50 run. This indicates that, o v erall, AGN feedback

s only able to efficiently quench cosmic star formation activity
fter z ∼ 2, while the inclusion of X-ray heating creates a minor
uppression already at z > 2. After z ∼ 2, the AGN jet mode appears
o be by far the most efficient at suppressing the SFRD, while the
nclusion of X-ray heating only provides a minor contribution to
uenching. Radiativ e AGN winds hav e almost no effect on the o v erall
volution of the SFRD. 

.1.2 Galaxy stellar mass function 

he effects described in Section 3.1.1 represent the ‘macroscopic’
mpact of different feedback mechanisms on the star formation
istory, as the cosmic SFRD is a global quantity that incorporates the
ontributions from all galaxies. In this section, we will investigate
o w the dif ferent feedback prescriptions af fect the gro wth of galaxies
f different stellar masses. This can be done by studying the GSMF,
hich characterizes the number density of galaxies per co-moving
olume and logarithmic stellar mass bin. In Fig. 2 , we present the
SMF (here denoted as � ) at z = 4 , 2 , 1, and 0. In the same colour-

ode as in Fig. 1 , we show the 50 h 

−1 cMpc simulation variants,
s well as the full-physics SIMBA -100 run (grey). Errors due to
osmic variance (shaded areas) have been estimated by jackknife
e-sampling o v er the eight sub-octants of the simulation volume. 

At z = 4, all 50 h 

−1 cMpc simulation runs are populated with
alaxies containing stellar masses lower than 10 11 . 25 M �, and con-
NRAS 534, 361–383 (2024) 
iderably more low-mass galaxies of around 10 9 M � than higher
ass galaxies. Across all mass bins, the No-feedback GSMF is

round 1 dex higher than in all other runs. The runs with at least
tellar feedback appear almost identical, consistent with the result
rom Section 3.1.1 that stellar feedback is primarily responsible for
uenching galaxies at early times, where AGN feedback effects are
ot yet significant. 
At z = 2, the GSMF flattens abo v e 10 11 M � for all runs containing

eedback. The y only div erge around 10 11 . 5 −11 . 7 M �, where the No-
-ray and SIMBA -50 runs show a slight trend toward fewer high-
ass galaxies. Ho we ver, at this epoch, all runs contain few massive

alaxies, meaning the high-mass end of the GSMF is affected by
mall number statistics. There appears to be no significant difference
etween the No-X-ray and SIMBA -50 runs, indicating that the gap
etween the SFRD given by these runs at z ∼ 2 − 4 (see Fig. 1 ) does
ot seem to translate into significant differences in the GSMF. This
uggests that the early quenching due to the acti v ation of the X-ray
ode is not enough to slow the o v erall stellar mass growth. 
If the stellar feedback mode is acti ve, the lo w-mass end of the

SMF flattens out even more at z = 1 and 0, with a drop-off of
arying steepness abo v e 10 10 . 5 M �. We note that abo v e this threshold
he GSMF seems to converge across the No-feedback, No-AGN, and
o-jet runs. Both stellar feedback and AGN winds do not appear to
e ef fecti ve at suppressing the formation of galaxies with high stellar
ass content. In contrast, the No-X-ray run and SIMBA -50 runs, show
 decreased GSMF at these masses, indicating a suppression due to
he AGN jets and the X-ray mode. Galaxies with stellar mass abo v e
0 12 . 25 M � and 10 12 M � do not form in the No-X-ray and SIMBA -50
un, respectively. 

A minor peak emerges around 10 9 . 5 M � for all runs containing
GN feedback, which coincides with the stellar mass necessary to

eed a black hole particle into the galaxy (see Section 2 ). This peak
eflects an accumulation of galaxies reaching this stellar mass and
mmediately being affected by their new black hole, which slows
he growth of additional stellar mass. Except for this peak, the AGN
eedback runs show no significant difference to the No-AGN run
elow 10 10 . 5 M �, indicating that the upper threshold of the GSMF
s set by the stellar feedback mode in this mass regime. Lastly,
e note that with decreasing redshift the low-mass end of the No-

eedback GSMF shrinks at the expense of a growing high-mass tail.
hus, this run assembles most of its mass earlier than the other

uns and primarily grows low-mass galaxies to higher masses at late
imes. 

In conclusion, we find that before z ∼ 2, the o v erall stellar mass
rowth in SIMBA is regulated by stellar feedback. After z ∼ 2 the
GN jet mode, and to a lesser extent the X-ray mode, suppress the

ormation of galaxies with high stellar masses. Below 10 10 . 5 M �, the
hape of the GSMF continues to be largely set by stellar feedback. 

Across the redshift range considered in Fig. 2 , the GSMF from the
ducial SIMBA -50 and SIMBA -100 runs are consistent with each other,

ndicating that our results are converged volume wise. A comparison
f the GSMF against observations was already undertaken for the
IMBA -100 simulation across the redshift range 0 < z < 6 by Dav ́e
t al. ( 2019 ). The SIMBA -100 simulation was found to yield good
greement with data below 10 11 M �. However, similarly to other
osmological simulations (e.g. EAGLE ; Schaye et al. 2015 ), Dav ́e et al.
 2019 ) identified an excess of galaxies at 10 11 M �. They attributed
his to both numerical uncertainties and observational difficulties
n quantifying massive systems, as well as dust-obscuration poten-
ially causing rest-frame optical surv e ys to miss massive galaxies.

e refer the interested reader to Dav ́e et al. ( 2019 ) for further
etails. 
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Figure 2. Galaxy stellar mass function (GSMF, here � ) in five simulation v ariants, sho wn in the same colours as in Fig. 1 . Additionally shown is the SIMBA -100 
run (grey). Errors (shaded areas) are computed by jackknife re-sampling. Overall, the GSMF is lowered by stellar feedback up to z = 2. Thereafter , A GN 

feedback suppresses the GSMF at stellar masses abo v e 10 10 . 5 M �. Jets and X-ray heating also truncate the GSMF at the high-mass end at z = 1 and 0. 
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.2 Stellar- and halo-mass dependence of stellar and AGN 

eedback effects 

n Section 3.1 , a consistent picture emerged for the global evo-
ution of the cosmic star formation activity and the resulting 
tellar mass build-up in SIMBA : stellar feedback is responsible 
or quenching the o v erall star formation before z ∼ 2, whereas
GN feedback is the dominant mechanism at lower redshift. The 

volution of the GSMF indicates that this transition is mass- 
ependent, where stellar feedback slows the stellar mass assembly 
n low-mass systems, but does not affect the formation of high- 

ass galaxies significantly. The number density of these galaxies 
s instead set by AGN feedback, in particular the jet feedback 
ode. In this section, we split SIMBA ’s halo population according 

o mass to further examine how their SFRs and relative stellar
ontent are affected by each of the implemented feedback mod- 
ls. 
g  
.2.1 Evolution of the star formation rate in low- and high-mass 
aloes 

e first consider how the instantaneous SFR evolves in haloes of
ifferent total mass. At snapshots between z = 6 and 0 in each of the
0 h 

−1 cMpc simulations, we categorize all FOF haloes with at least
ne galaxy into four logarithmic mass bins. These bins are symmetric
nd centred on M H = 10 11 , 10 12 , 10 13 , and 10 14 M �. For all haloes
n the simulation variants, we find the normalized SFR (nSFR ≡
FR / M H ), which provides a relative measure of the star-forming
ctivity for each halo. In Fig. 3 , we then compare the temporal
volution of the median nSFR in each of the mass bins across the
imulation variants, colour-coded as in Figs 1 and 2 . The shaded area
epresents the 16th to 84th percentile spread. 

For haloes in the 10 11 M � bin, only the No-feedback run differs
rom the other four simulation variants. The nSFR is up to 1.5 dex
reater and exhibits a gradual decrease from 10 −10 yr −1 to just below
MNRAS 534, 361–383 (2024) 
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M

Figure 3. Median of normalized star formation rate (nSFR ≡ SFR / M H ) with 16th–84th percentile spread in four halo mass bins centred on M H = 10 11 , 10 12 , 
10 13 , and 10 14 M �, shown for simulation runs with different feedback implementations. Lower halo masses � 10 12 M � are mainly affected by stellar feedback, 
while AGN feedback quenches the nSFR at higher masses � 10 13 M �. The AGN jets emerge again as the most powerful mode. 
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0 −11 yr −1 . This evolution is similar at all halo masses, as the star
ormation limit is only set by the cooling time and the availability of
old and dense ISM gas. Except for a very slight divergence close to
 ∼ 0, the nSFRs in the other simulation variants appear almost
dentical to the No-AGN feedback run, regardless of the modes
cti v ated. The median nSFR exhibits an initial quenching between
edshifts 6 and 2 and subsequently continues at a roughly constant
ate between 10 −11 . 5 yr −1 and 10 −12 yr −1 . At these low masses, either
lack holes have not been seeded due to similarly low stellar masses,
r if they have, they are in early evolutionary stages. This would
ean that either the more powerful AGN jets and X-ray heating
odes have not been active or their effect on the surrounding gas has

ot accumulated enough to exhibit a significant impact on the nSFR
volution. 

At M H ∼ 10 12 M �, the four simulations with feedback show
ifferences after z ∼ 1, where potential black hole particles in the
ore massive haloes within this bin have had time to be seeded

nd evolve. At this epoch, as well as across the entire evolution
n all higher mass bins, the No-AGN run converges with the
NRAS 534, 361–383 (2024) 
o-feedback run, while the runs with AGN feedback show a
ontinued suppression. 

SIMBA ’s stellar feedback thus shapes the nSFR evolution in
ower mass haloes, but is not ef fecti v e at higher masses. Abo v e
 H ∼ 10 12 . 5 M �, the stronger gravitational potential likely keeps

ccelerated gas elements from escaping the galaxy through outflows.
dditionally, the mass loading of stellar winds follows a broken
ower-law (see equation 2 ). Haloes containing more stellar mass
han the threshold value of M 0 = 5 . 2 × 10 9 M �, are assigned a mass-
oading factor that declines much more steeply with stellar mass. This
educed mass-loading factor results in fewer ejected gas particles.
s larger haloes typically contain more stellar mass, this further
iminishes the impact of stellar feedback in these larger systems. 
As for the effects of AGN feedback after z ∼ 1 in the M H =

0 12 M � bin, we note that each feedback mode contributes to the
 v erall quenching of the median nSFR. This is the only mass range,
here the No-jet run shows a visible difference from the No-AGN

un, meaning that radiative AGN winds have quenched the nSFR by
round 0 . 5 dex at z = 0. Similarly as for the stellar feedback, the
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ravitational potential of more massive haloes is likely too strong 
or wind-ejected particles to escape. Even for the largest black 
oles, the maximum speed a gas particle can reach in wind mode
s around 1200 km s −1 , while the escape velocity for massive haloes
s approximately an order-of-magnitude greater . Therefore, SIMBA ’ s 
GN-driven winds are only able to quench the star formation in 
aloes of around 10 11 . 5 to 10 12 . 5 M �. 
As a result, the influence from stellar and radiative wind feedback 
odes is negligible in the 10 13 and 10 14 M � mass bins. Instead, 

he AGN jets and X-ray heating modes are the dominant quenching 
echanisms. At z ∼ 0, the No-X-ray run shows a significant sup-

ression of the median nSFR by approximately 1 dex in the 10 13 M �
in and 1.5 dex in the 10 14 M � bin. This confirms that SIMBA ’s AGN
ets are in large part responsible for the o v erall quenching of star
ormation in high-mass haloes. In the SIMBA -50 run, the additional 
-ray heating causes a further reduction of the median nSFR by 
0 . 5 dex in both high-mass bins. In the 10 13 M � bin, the divergence

rom the No-X-ray run, appears as early as z ∼ 4, consistent with
he early quenching of the SFR density in the SIMBA -50 run seen in
ig. 1 . In the 10 14 M � bin, all nSFR curves begin at z ∼ 2, meaning

hat such massive haloes have not formed before this epoch. The 
articular influence of the jet and X-ray feedback modes at these high
alo masses is likely a consequence of larger mass haloes housing 
lack holes that are not only more massive and have a larger sphere of
nfluence, but are also further along in their evolutionary trajectory. 
lder black holes tend to reach lower accretion rates, which will 

llow the activation the jet mode and, if the gas fraction is low, the
-ray mode. The jet mode, in particular, will significantly increase 

he ejection speeds and thermal energy of the wind particles. 
In summary, we find a clear mass dependence in how SIMBA ’s

eedback modes affect the evolution of the normalized SFR in 
ifferent halo populations. Stellar feedback sets the star formation 
ctivity for haloes smaller than 10 12 . 5 M �. After z ∼ 1, haloes 
etween 10 11 . 5 and 10 12 . 5 M � are also affected by radiative winds, 
ets, and X-ray heating. Abo v e this threshold, stellar and AGN
inds cease to be ef fecti ve and instead the jets and X-ray heating
odes become the significant quenching mechanisms in haloes abo v e 

0 12 . 5 M �. This mass dependence arises due to the competing factors
rom each system’s gravitational potential, the evolutionary state of 
he AGN, as well as the mass-dependent parameter scaling of the 
tellar mode efficiency. 

.2.2 The stellar mass–halo mass ratio at z ≤ 2 

he previous section has shown that the AGN-jet and X-ray feedback 
odes in SIMBA are efficient at suppressing the median nSFR of

aloes with M > 10 12 . 5 M � and contribute to quenching haloes 
etween 10 11 . 5 and 10 12 . 5 M � after z ∼ 1. Ho we ver, this broad
tatistic does not demonstrate how each mode shapes the stellar 
ontent of haloes as a result. To disentangle the impact of each of
he three AGN feedback mechanisms, we thus examine the stellar 

ass–halo mass (SMHM) ratio, revealing the efficiency with which 
aloes of different mass turn their gas into stellar mass. 
We calculate the SMHM ratios of all haloes at z = 2 and z = 0 by

ividing the stellar mass within the central galaxy of each halo by the
otal halo mass. This calculation eliminates any contribution from 

mall satellite galaxies, which might otherwise obscure the trends 
bserved in the massive central galaxies that are most impacted 
y the growth and feedback of their central black holes. Figs 4
nd 5 then show two-dimensional histograms of the SMHM ratio 
gainst halo mass for the runs containing at least stellar feedback, 
espectively at z = 2 and z = 0. In order to directly connect the
elative stellar content to the star-forming activity, the bins are 
oloured by the specific SFR (sSFR ≡ SFR / M � ) of the central
alaxy. We additionally show the median SMHM ratio (red line 
n Fig. 4 , blue line in Fig. 5 ) and 16th–84th percentile spread
black lines). At the low-halo mass ends, the median relations are
iased by the diagonal resolution cut-off, which enforces a minimum 

umber of stellar particles for a halo to be considered well-resolved,
orresponding to a stellar mass of ∼ 10 8 . 5 M �. This starts affecting
he median relations below halo masses of approximately 10 11 . 2 M �
t z = 2 and ∼ 10 11 . 7 M � at z = 0 (relations shown in dashed instead
f solid lines). Abo v e the resolution cut, we compare to the median
rom the UNIVERSEMACHINE abundance matching (Behroozi et al. 
019 , purple), which assumes a one-to-one correspondence between 
alaxies and dark matter haloes by comparing observed galaxy 
roperties to the properties of simulated haloes. 
At z = 2, the histograms exhibit a largely similar pattern across

he shown runs, in agreement with the findings that SIMBA ’s AGN
eedback is largely active after z = 2. Most bins show a high sSFR
anging from approximately 10 −9 to 10 −8 yr −1 . The lower end 
f the halo mass spectrum, below 10 11 M �, displays a moderate
eduction in sSFR, likely due to the highly ef fecti ve stellar feedback
n small systems. In the full SIMBA -50 run, a few high-mass bins
ppear quenched, with specific SFRs as low as 10 −10 to 10 −11 yr −1 .
oreo v er, the histogram in the SIMBA -50 run is slightly truncated,
ith the highest ratios reaching only up to ∼ 10 −1 . 25 rather than

xtending to ∼ 10 −1 . 10 as seen in the other runs. These haloes thus
ontain a relatively smaller fraction of stellar mass compared to 
aloes of the same mass in the other runs. This indicates that a minor
uppression of stellar mass growth has taken place before z = 2, and
s likely correlated with the early quenching of the SFR density in the
IMBA -50 run (see Section 3.1.1 ). We further find excellent agreement 
f the median relation with Behroozi et al. ( 2019 ) in all feedback
imulation runs, until the turno v er at around M H = 10 12 . 5 M �. As
hown in Fig. 3 , within this mass range the nSFR is go v erned by
he stellar feedback mode at z > 1, explaining the lack of differences
etween them. At the high-mass end, the SIMBA simulations generally 
redict SMHM ratios that are larger than the median relation reported
n Behroozi et al. ( 2019 ). None of the runs fully captures the turno v er
oint in the relation, with the SIMBA -50 run showing the closest
pproximation. This means that even with all AGN feedback modes, 
IMBA could o v erestimate the amount of stellar mass contained in
igh-mass haloes at z = 2. As referenced in Section 3.1.2 , this excess
f high-mass galaxies is discussed in Dav ́e et al. ( 2019 ). For Fig. 4
n particular, we also note that the UNIVERSEMACHINE median is 
tself derived from significantly processed data and thus subject to 
dditional assumptions. As a result, the mismatch with the SIMBA -50
un is not o v erly concerning. 

At z = 0 the histograms of the SMHM ratio exhibit stark dif-
erences. sSFR’s in the No-AGN run are most quenched at high
tellar mass fractions, likely because large amounts of the gas 
ave already been turned into stars. AGN winds have additionally 
uenched the sSFR in the No-jet run for halo masses between 10 11 

nd 10 12 M �, which has largely prevented stellar mass fractions of
0 −1 . 5 and abo v e. These represent haloes with stellar masses larger
han the seeding threshold M �, BH = 10 9 . 5 M �, which are impacted 
y their new black hole. While radiative winds have shown only
 minimal ability to quench star formation in prior figures, we
how here that this is sufficient to affect stellar mass growth in
ntermediate mass haloes. We further note that the No-AGN and 
o-jet runs include a population of highly quenched haloes with 

tellar mass fractions exceeding 10 −1 . This is an artefact of the FOF
MNRAS 534, 361–383 (2024) 
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M

Figure 4. Two-dimensional histograms of the SMHM ratio for z = 2 in the four simulation variants containing feedback. Bins are coloured by the sSFR. 
Additionally shown are the median relation (red lines) with the 16th to 84th percentile (black lines), as well as the UNIVERSEMACHINE median (Behroozi et al. 
2019 ; purple). Below halo masses of ∼ 10 11 . 7 M � we expect the resolution cut to affect the median relation significantly (change from solid to dashed lines). 
At this epoch, star formation rates are generally high and all feedback runs exhibit remarkably similar features, except for a few quenched bins in the SIMBA -50 
run due to X-ray feedback. This means, stellar feedback is the dominant mechanism shaping stellar mass assembly and AGN feedback is not yet efficient. 
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alo finder, where small galaxies in their own subhalo, but in close
roximity to a large halo, are interpreted as central galaxies instead
f satellite galaxies. These populations only occur in the No-AGN
nd No-jet run, as the inclusion of jets prevents these galaxies from
orming in the first place. We do not consider these populations true
uenched central galaxies and thus exclude them from our further
iscussion. 
In the No-X-ray run, the jets introduce the expected turnover

t 10 12 M � into the median SMHM ratio. Histogram bins reveal a
ontinued quenching of the sSFR abo v e this threshold, which has led
o lower stellar mass fractions in high-mass haloes. This is consistent
ith the turno v er seen in Behroozi et al. ( 2019 ). Nev ertheless, be yond
10 13 . 4 M �, the No-X-ray run still slightly o v erpredicts the relation.

n contrast, the Behroozi et al. ( 2019 ) median remains within the 16th
o 84th percentile range in the full SIMBA -50 run up to the highest
alo masses. The acti v ation of X-ray feedback further enhances the
ampening of the sSFR for massive haloes, with an increased number
f bins exhibiting a sSFR values as low as 10 −11 yr −1 . 
NRAS 534, 361–383 (2024) 
In summary, we find that the inclusion of SIMBA ’s X-ray mode
as slightly reduced the SMHM ratio in massive haloes before z =
, while the AGN winds and the jets alone have not altered the
istograms significantly compared to the No-AGN run. At z = 0, the
uppression of star formation due to SIMBA ’s radiative AGN winds
as limited stellar mass growth in haloes ranging from ∼ 10 11 to
0 12 M �. At higher halo masses, AGN jets produce the turno v er of
he SMHM ratios at around 10 12 M �. Adding the X-ray heating mode
ees a further quenching of the sSFR at high halo masses and slightly
ecreased SMHM ratios with respect to the No-X-ray run. 

.3 AGN feedback effects in individual galaxies at z ≤ 2 

hus far, we have examined the mass- and redshift-dependence
f stellar and AGN feedback-induced quenching in both global
tatistics, as well as at fixed halo mass. In this section, we will
urther trace the efficiency of SIMBA ’s AGN feedback modes to the
roperties of individual galaxies and their black holes. 
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Figure 5. Two-dimensional histograms of the SMHM ratio for z = 0, in a configuration otherwise identical to Fig. 4 . The resolution cut biasing affects halo 
masses below ∼ 10 11 . 2 M �. For readability purposes, the median relation is shown in blue instead of red here. Jets introduce the sharp turno v er in the No-X-ray 
run at 10 12 M �, showing a continuous suppression of stellar mass assembly in large haloes. AGN winds from newly seeded black holes suppress the sSFR at 
intermediate masses, while X-ray feedback contributes to the quenching of galaxies in massive haloes. 
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.3.1 sSFR–M � relation 

n Figs 6 ( z = 2) and 7 ( z = 0), we consider the scatter of the sSFR–
 � relation for all central galaxies with a black hole particle in

he No-AGN, No-jet, No-X-ray, and SIMBA -50 runs. Galaxies have 
een categorized according to their eligibility for each of the three 
GN feedback modes. In the following, ‘eligibility’ means fulfilling 

he criteria related to M BH , f edd , and f gas outlined in Section 2 .
hus, all galaxies with either f edd > 0 . 2 or log ( M BH ) < 7 . 5 are
ligible for wind mode only (circular markers). At f edd < 0 . 2 and
og ( M BH ) > 7 . 5 galaxies are also eligible for jets, which act in
ddition to the wind mode (square markers). When, additionally 
o f edd < 0 . 2 and log ( M BH ) > 7 . 5, the gas fraction f gas is below
.2, galaxies are eligible for X-ray mode, in addition to winds and
ets (triangular markers). We stress that if a galaxy is eligible for
 certain feedback mode, that does not necessarily imply that said 
ode is activ e. F or e xample galaxies that are marked as eligible

or AGN-jet feedback according to the aforementioned criteria, will 
learly not undergo this feedback mode in the No-jet run. As we
onsider only galaxies with a central black hole, Figs 6 –7 exclude
he smallest galaxies below 10 9 . 5 M �. 
As the mass of the black hole directly scales the strength of the
GN wind mode, as well as determines the sphere of influence of the
lack hole, we further indicate the ratio of the black hole-to-stellar
ass ratio in the marker size. We distinguish between M BH /M � <

0 −3 , 10 −3 < M BH /M � < 10 −2 . 5 , 10 −2 . 5 < M BH /M � < 10 −2 , and
0 −2 < M BH /M � < 10 −1 . Lastly, we colour-code markers by the
ddington ratio of the black hole. We note, that all square markers,
ignifying eligibility for jet feedback (but not X-ray feedback), have 
een given a black outline as a visual aid. 

At z = 2, galaxies in the No-AGN run exhibit sSFR’s between
0 −9 . 5 and 10 −8 yr −1 , with no clear trend across all stellar masses.
his finding aligns with our results from earlier sections, where 
e established that SIMBA ’s stellar feedback has minimal impact 
n high-mass galaxies. Broadly, the type of feedback a galaxy is
ligible for depends on stellar mass. Galaxies that would be eligible
olely for radiative winds, are concentrated among lower stellar 
asses, typically between 10 9 . 5 and 10 10 M �. Between roughly 

0 10 and 10 11 M �, most galaxies are eligible for jet feedback.
t even higher stellar masses, an increasing number of galaxies 
ould qualify for X-ray feedback as well. This division remains 
MNRAS 534, 361–383 (2024) 
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M

Figure 6. Scatter plots of the sSFR–M � relation for all central galaxies at z = 2 in the four runs containing feedback, coloured by Eddington ratio of the AGN. 
Galaxies eligible for AGN winds are shown in circles, jets in squares (with a black outline as a visual aid), and X-ray feedback in triangles. The marker size 
indicates the mass of the black hole relative to the galaxy’s stellar mass, as indicated in the legend. While some galaxies in the No-X-ray run show slightly 
reduced sSFR’s, only the SIMBA -50 run contains quenched galaxies at this epoch. 
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n subsequent plots and is a consequence of the co-evolution
f galaxies and black holes. As none of these prescriptions are
ncluded in the No-AGN run, we do not expect any effect due
o AGN feedback. Ho we ver, while the accretion rate is high for
NRAS 534, 361–383 (2024) 
ost AGNs in this run, a few galaxies at the higher mass end
xhibit lowered values for f edd . These coincide with slightly lower
SFR’s, which illustrates that since both accretion and star formation
raws from the gas reservoir of the host galaxy, these processes



Feedback effects on the cosmic SFH in s IMBA 373 

Figure 7. Same layout as Fig. 6 , except at z = 0. Including AGN winds reduces sSFR’s for intermediate-mass galaxies below 10 10 . 5 M �. Jets quench galaxies 
abo v e 10 10 M � and introduce a correlation between the sSFR and the accretion rate. This correlation is broken by the X-ray mode in the SIMBA -50 run, where 
although high-mass galaxies are further quenched, Eddington ratios are more variable. 
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re intimately connected, even in the absence of AGN feedback 
rescriptions. 
The No-jet run follows a similar pattern to the No-AGN run, in

greement with our findings from previous sections that at z = 2,
adiativ e winds hav e not yet significantly affected galaxies. A few
alaxies exhibit low accretion rates, with slightly lowered sSFR’s, 
ut they generally remain in the 10 −9 . 5 − 10 −8 yr −1 range, with no
ualitati ve dif ference from the No-AGN run. In the No-X-ray run,
MNRAS 534, 361–383 (2024) 
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his trend of decreased sSFR’s with lower accretion rates becomes
ore pronounced, as the sSFR in some galaxies with jet and X-

ay eligibility is suppressed to around 10 −10 yr −1 , a commonly used
hreshold for a galaxy to still be classified as star-forming. These
alaxies with sSFR’s around 10 −10 yr −1 also e xhibit relativ ely large
 BH /M � and Eddington fractions below 10 −1 . 
In the SIMBA -50 run, the majority of galaxies with f edd < 10 −1 

how quenched sSFR’s between 10 −10 and 10 −11 yr −1 . Almost all of
hese affected galaxies are eligible for X-ray feedback, explaining
hy this feature is only seen in this full physics run, when X-ray

eedback is actually acti v ated. These galaxies are the origin of the
ap between the SFRD evolution, in the No-X-ray and SIMBA -50
uns, shown in Fig. 1 . However, it is surprising that only a few tens
f quenched galaxies in this run make up the difference of 0.2 dex in
he o v erall star formation at z ∼ 2. We inv estigate this feature further
n the following section. 

In addition to the X-ray-affected galaxies, there are two galaxies
ith sSFR’s below 10 −10 yr −1 and accretion rates below 10 −2 ,
hich are in wind-only mode (o v erlapping circular markers of

lightly different green tones). Their black hole masses are just
elow 10 7 . 5 M � and thus the jet mode is not yet acti ve. Ho we ver,
ompared to their stellar mass, these black holes are relatively
assive ( M BH /M � > 10 −2 . 5 ), which is likely the cause of their low

SFR’s compared to their other wind-only counterparts at this stellar
ass. Their wind velocities must be close to 750 km s −1 , which is

ignificant compared to escape velocities of 10 10 M � galaxies. 
At z = 0, the sSFR in the entire galaxy population in the No-

GN run is at least 1 dex lower relative to the z = 2 snapshot.
e note that the quenched galaxies with sSFR between 10 −11 and

0 −12 yr −1 and stellar masses between 10 10 and 10 11 M �, match the
opulation with high stellar mass fractions in Fig. 5 , which we
dentified as probable halo finder artefacts. We thus exclude these
alaxies, and the analogous population in the No-jet plot, from further
nalysis. 

In the No-jet run, the AGN winds quench the sSFR in galaxies
ith a relatively large black hole and stellar masses between 10 9 . 5 

nd 10 10 . 5 M �. Additionally, there is a trend toward generally lower
tellar masses, while in the No-AGN run, most galaxies accumulate
t intermediate stellar masses. This suggests that feedback from AGN
inds has slowed the growth of stellar masses for smaller galaxies.
arger galaxies appear unaffected by the inclusion of AGN winds,

n agreement with our earlier findings. 
Acti v ating the jets in the No-X-ray run results in the quenching

f most galaxies with stellar mass > 10 10 M �, which again demon-
trates the powerful impact of jet feedback. This creates a clear
ownward slope, where abo v e 10 11 M �, there are almost no galaxies
ith sSFR > 10 −10 yr −1 , which dominate the No-jet run. Below stel-

ar masses of 10 10 M �, most black hole particles have masses below
0 7 . 5 M � (see also Fig. A1 ), thus preventing the activation of jet
eedback until the black hole has grown to this threshold. These low-
ass galaxies continue to exhibit a wide range of sSFR’s between

0 −9 and 10 −12 yr −1 . We further note a clear correlation between
 edd and the sSFR, where the most severely quenched galaxies also
xhibit the lowest accretion rates. Most of these quenched galaxies
ould also be eligible for X-ray feedback, if it was included in

his run, meaning these galaxies exhibit low gas fractions. This is
n contrast with the No-jet run, which showed much more galaxies
bo v e 10 10 M � as eligible for jets, meaning higher gas fractions. With
he inclusion of the X-ray feedback mode in the SIMBA -50 run, the
SFR’s are further suppressed in many galaxies, with a significant
umber of them exhibiting values below 10 −11 . 5 yr −1 . There is a
NRAS 534, 361–383 (2024) 
arger fraction of galaxies in the 10 9 . 5 − 10 10 M � range, indicating
hat the impact of X-ray heating has been sufficient to slow down
he growth of stellar mass in individual galaxies. While the No-X-
ay run showed a clear correlation between the Eddington ratio and
he sSFR across all galaxies, we find that in the full physics run,
alaxies affected by X-ray feedback exhibit a much larger scatter
n f edd . Two galaxies of similar stellar mass and similarly quenched
SFR’s, might differ up to 2 dex in their Eddington fraction. This is
urprising, since both accretion and star formation draw from the gas
eservoir of the galaxy. It is likely a consequence of the central energy
nput from the X-ray mode, which increases the relative contribution
f Bondi accretion from hot gas to the o v erall accretion rate and
uppresses local star formation. We explore this connection further
n Section 3.4.2 . Lastly, we note that more galaxies in this run contain
alaxies with particularly large black holes for their stellar masses,
uggesting that the acti v ation of the X-ray mode in some cases
llows for more efficient black hole growth. This occurs because
nce a black hole is growing via Bondi accretion, its accretion rate
cales as M 

2 
BH , which for massive black holes can result in rapid

rowth. 

.4 Impact of X-ray feedback on highly star-forming galaxies 
nd black hole growth 

.4.1 Cosmic star formation rate density in star-forming and 
uiescent galaxies 

n prior sections, we have shown repeatedly that the X-ray heating
ode in SIMBA has a non-negligible effect on star formation even

efore z = 2. The SFR density in Fig. 1 showed a discrepancy of
round 0.2 dex between the curves for the No-X-ray and SIMBA -
0 runs. The SMHM ratio at z = 2 (Fig. 4 ) exhibited lower stellar
ass fractions at high halo masses, as well as some bins with

uppressed specific SFRs for the SIMBA -50 run, suggesting that this
arly quenching of a few galaxies is enough to alter the o v erall
istribution of stellar mass in the simulation. In Section 3.3.1 , we
dentified a small number of individual galaxies which presented
uppressed sSFR’s at z = 2. In this last section, we investigate
h y these g alaxies are suf ficient to lo wer the o v erall SFRD before
 = 2. 

The quenching of these galaxies would be fractionally substantial
f the X-ray mode primarily suppressed star formation in previously
ighly star-forming galaxies. To assess the o v erall contribution to
he SFRD from galaxies at different SFR, we bin all galaxies
nto five equally spaced logarithmic bins, which are centred on
0 −1 , 1 , 10 , 10 2 , and 10 3 M � yr −1 and e xtend 0.5 de x abo v e and
elow these values. In Fig. 8 , we display the SFRD computed for
alaxies in each of these bins (see colour-code in legend), alongside
he total SFRD (black dashed line) in the No-jet, No-X-ray, and
IMBA -50 runs (top panels and bottom left panel). To guide the
omparison, we further include the total SFRD from the runs in
receding panels (grey dashed lines). 
In the No-jet run, the SFRD contribution from all SFR bins

emains relatively constant, with particularly high contributions from
he highest SFR bins, specifically 10 to 10 3 M �yr −1 (blue lines).
o we ver, upon acti v ating jets in the No-X-ray run, there is already
 noticeable decrease in the SFRD contributions from galaxies in
hese SFR bins when compared to the No-jet run. As a result, the
0 M �yr −1 bin begins to set the shape of the SFRD after z ∼ 1.
hile the suppression of the 10 2 and 10 3 M �yr −1 bins begins just

efore z ∼ 2, the o v erall SFRD is not lowered significantly until after
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Figure 8. Top panels and bottom left panel: SFRD in galaxies in bins of SFR between log(SFR / M �yr −1 ) = −1 and 3 (see legend). Different panels show the 
No-jet, No-X-ray, and SIMBA -50 run, with the total SFRD from all galaxies in the indicated run (black dashed line). As a visual reference, we further include the 
total SFRD from the previous panel (grey dashed lines). The highest SFR bins suffer the most quenching by jets and X-ray heating. For X-ray feedback, this 
suppression of the SFRD sets in before z = 2, while the jets are only efficient after z = 2. Bottom right panel: Ratio between the SFRD in the No-X-ray and 
the SIMBA -50 run from galaxies with SFR > 10 M � yr −1 (blue) and all galaxies (black). Before z = 2, the ratio between the SFRD from highly star-forming 
galaxies in the No-X-ray and SIMBA -50 runs closely traces the ratio of the SFRD from all galaxies. This indicates that the quenching of these galaxies due to 
X-ray heating is responsible for the early discrepancy between these runs. 
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 ∼ 2. Instead, an increased SFRD contribution from the 10 M �yr −1 

in before z ∼ 2 compensates for the early suppression. 
In contrast, the SIMBA -50 run shows that the 10 2 and 10 3 M �yr −1 

ins are quenched by 0.2–0.3 dex from z ∼ 4, and to a lesser extent,
o is the 10 M �yr −1 bin. Lower SFR bins appear largely unchanged. 
his suggests that the quenching of the o v erall SFRD before z = 2

s indeed primarily due to the reduced contribution from highly star-
orming galaxies under X-ray heating. 

We further verify that the quenching of formerly highly star- 
orming galaxies is quantitatively responsible for the difference in 
FRD at z ∼ 2 − 4 between the No-X-ray and SIMBA -50 runs. In the
ottom right panel of Fig. 8 , we show the ratio of the SFRD from all
alaxies (black) in both runs and the SFRD ratio of the galaxies with
FR > 10 M �yr −1 (blue). Up to just before z = 2, the ratio of the
FRD from all galaxies in the entire SIMBA -50 run with respect to the
o-X-ray run is mirrored by the SFRD ratio computed from only the
ighly star-forming galaxies. After z = 2, the SFRD ratio from these
alaxies decreases to 0.2–0.3, meaning residual quenching of lower- 
FR galaxies due to X-ray heating only contributes significantly to 

he gap between the No-X-ray and SIMBA -50 SFRD’s at late times.
hus, we conclude that the gap between z = 2 − 4 across the No-
-ray and SIMBA -50 runs in Fig. 1 can be fully explained by the
uenching of a small number of galaxies that were initially highly
tar-forming. 
MNRAS 534, 361–383 (2024) 
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.4.2 Distribution of sSFR for galaxies on the f edd –M BH relation 

n this section, we aim to explain why the f edd –sSFR correlation
reaks down upon the activation of the X-ray mode, as seen in
ig. 7 . Additionally, we further examine the relationship of the galaxy
SFR’s to the accretion rate and the black hole mass. In Fig. 9 , we
how scatter plots of the f edd –M BH relation for all central galaxies
n the No-X-ray and SIMBA -50 runs at z = 4, 2, 1, and 0. Markers
re coloured by the galaxy’s sSFR. Similar to Fig. 6 , we represent
alaxies eligible for AGN winds with circular markers, those eligible
or jets with square markers (outlined in black as a visual aid), and
alaxies eligible for X-ray feedback with triangular markers. The
ize of each marker corresponds to the ratio of black hole mass to
tellar mass of the host galaxy. 

At z = 4, all galaxies within both runs exhibit high sSFR’s with
o discernible signs of quenching. The majority of these galaxies
re primarily influenced by AGN winds, given that most of their
lack holes are still below the M BH = 10 7 . 5 M � threshold. However,
 few larger galaxies beyond this threshold feature sufficiently low
ccretion rates to be eligible for jet feedback. We note a slight
endency toward higher M BH /M � ratios in the No-X-ray run. In
he SIMBA -50 run, temporary activity of the X-ray mode may have
aused slightly lower stellar masses within these galaxies. 

At z = 2, the runs show more pronounced differences. Both runs
ow include galaxies eligible for X-ray feedback, which contributes
o the emergence of quenched galaxies in the SIMBA -50 run, con-
istent with Fig. 6 . These galaxies further exhibit accretion rates
elow log( f edd ) = −3 . 5, which similarly do not occur in the No-X-
ay run. Some galaxies with low Eddington fractions are only eligible
or jets. They are characterized by relatively small black hole masses
nd exhibit high sSFR’s, indicating that they are not quenched. These
ow accretion rates are likely a result of the small spheres of influence
f the black holes and the reduced gas concentrations in the galactic
entre due to temporary X-ray feedback. 

At z = 1, quenched galaxies are also observed in the No-X-ray
un. Galaxies display a positive correlation between the sSFR and
he f edd , which in turn shows a clear anticorrelation with M BH . In
ontrast, galaxies eligible for X-ray feedback in the SIMBA -50 run
how more variable accretion rates and sSFR’s. Black holes with zero
ccretion rates have been assigned log( f edd ) = −6 . 5. Additionally, a
opulation of galaxies with M BH ∼ 7 . 5, which are only eligible for
ets, not X-ray, exhibits significantly decreased accretion rates below
og( f edd ) = −2. This population is notably absent in the No-X-ray
un. It is likely that these galaxies were affected by X-ray feedback,
ausing rapid quenching of their accretion rates, and a subsequent
e-accretion of some gas led to higher gas fractions, deacti v ating
he X-ray mode. A further investigation showed that gas fractions
n these galaxies indeed ho v er around 0.2, the threshold for X-ray
eedback acti v ation. 

At z = 0, the anticorrelation between f edd and M BH , along with a
orrelation with sSFR, persists in the No-X-ray run. In the SIMBA -50
un, the anticorrelation holds until M BH = 10 7 . 5 M �, abo v e which
he X-ray mode causes considerable variations in Eddington ratios
nd sSFR’s of up to 2.5 and 1.5 dex, respectively. 

Thomas et al. ( 2019 ) found the same break in the f edd –M BH 

nticorrelation in the SIMBA -100 run. They ascribe this to variable
ccretion rates due to the Bondi accretion mode for hot gas, which
s inherently less stable than the tidal accretion mode for cold gas.
he sudden input of thermal energy close to the black hole could

ransform a significant amount of ISM-gas into non-ISM gas, which
ould both quench the SFR and increase the contribution from Bondi

ccretion. We explain this reasoning in more detail in Section 4.1.4 . 
NRAS 534, 361–383 (2024) 

w  
 DI SCUSSI ON  

.1 Feedback effects on the cosmic star formation history in 

IMBA : a cohesi v e picture 

n previous sections, we examined v arious observ ables related
o star formation and stellar masses and subsequently contrasted
heir evolution in different SIMBA simulation variants with isolated
eedback prescriptions. In this section, we unify these results into
 cohesive picture of how the cosmic star formation history is
ffected by stellar and AGN feedback in the full-physics SIMBA

imulations. We proceed by explaining how each feedback mode
cting in individual galaxies at specific redshifts gives rise to key
eatures in global observables, such as the SFRD and the GSMF. 

.1.1 Stellar feedback 

rom the beginning of star formation at early epochs, galaxies
re subject to the effects of SIMBA ’s stellar feedback mode. This
ainly affects further star formation due the ejection of particles

rom mass-loaded two-phase winds, resulting in galaxy outflows,
hich significantly reduce the availability of cold gas for star

ormation and thus curtail the star-forming activity in these galaxies.
ue to the inverse scaling of the mass-loading factor with stellar
ass, according to a power-law with break at M 0 = 5 . 2 × 10 9 M �

see equation 2 ), as well as the mass scaling of the counteracting
ravitational potential, stellar feedback is more ef fecti ve in low-mass
aloes, which are more pre v alent at high-redshifts. 
As a result of stellar feedback, the median nSFR in halo popu-

ations with low total masses ( M H < 10 12 . 5 M �) is lowered in all
uns relative to the No-feedback run (see Fig. 3 ). This is entirely
esponsible for the high-redshift suppression of the SFRD by 0.8 dex
ntil z ≈ 4, after which AGN feedback starts suppressing and even
uenching star formation in more massive haloes (see Fig. 1 ). After
 = 4, stellar feedback contributes a continued, albeit decreasing,
uppression of the SFRD until z = 0. This slows stellar mass growth
n low-mass systems and, consequently, the GSMF (Fig. 2 ) is reduced
y 1 dex at all masses for z = 4 and below M � ∼ 10 10 M � at z = 1
nd 0. 

.1.2 AGN winds 

s stellar masses gradually increase, albeit at a slowed pace due to
he influence of stellar feedback, galaxies eventually reach stellar

asses of M � � 10 9 . 5 M �. At this point the first black holes are
eeded, with seed masses of 10 4 M �h 

−1 . These newly formed
lack holes exhibit high accretion rates, and AGN winds are active
mmediately. Ho we ver, the wind velocities scale with the black
ole mass and are thus low initially. For M BH = 10 4 M �h 

−1 , the
ind velocity is approximately ≈ 170 km s −1 (see equation 3 ). This
ay be insufficient to e x ert significant influence on the star-forming

ctivity. During this early phase, galaxies remain gas-rich, fuelling
igh accretion and SFRs. At around z ∼ 2, Fig. 6 shows only a few
nstances of slightly lowered accretion rates due to the influence of
GN winds. 
At later cosmic epochs, black holes have grown more massive

nd accelerated AGN wind particles can achiev e v elocities of up
o ∼ 1200 km s −1 for black hole masses of 10 10 M �. This mode is
ele v ant for quenching intermediate-mass systems, where black hole
asses are not yet large enough for jets to have taken over as the

ominant quenching mode. As shown in Fig. 7 , galaxies at z = 0
ith M � ∼ 10 9 . 5 − 10 10 M � and relatively large black holes at low
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Figure 9. Scatter plots of the f edd –M BH relation for all central galaxies in the No-X-ray and SIMBA -50 runs between z = 4 − 0, coloured by sSFR. As in Fig. 6 , 
galaxies eligible for AGN winds are shown in circles, jets in squares (with a black outline as a visual aid) and X-ray feedback in triangles, with the marker size 
indicating the size of the black hole. While the No-X-ray run shows a clear anticorrelation between the f edd and M BH , the inclusion of X-ray feedback in the 
SIMBA -50 run introduces a break abo v e M BH = 10 7 . 5 M �. 
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ccretion rates ( f edd < 0 . 01) exhibit sSFR’s below 10 −11 yr −1 . As a
esult of the slowed stellar mass growth, galaxies accumulate at this
ass range at the expense of more massive systems. This translates

nto the minor peak in the GSMF for galaxies with stellar masses
round 10 9 . 5 − 10 10 M � observed in Fig. 2 . 

The quenching of intermediate-mass galaxies further manifests in
he SMHM ratio at z = 0, as shown in Fig. 5 . In this case, stellar

ass fractions are reduced within haloes in the mass range of M H ∼
0 11 − 10 12 M �. The suppression of the sSFR in individual galaxies
as a cumulative effect on the median nSFR after z ∼ 1 in Fig. 3 ,
here haloes with M H ∼ 10 12 M � exhibit a noticeable drop of 0.5
ex in the No-jet run. At higher masses, the escape velocity exceeds
he maximum achie v able wind speed (1200 km s −1 ), which renders
he wind mode insufficient to quench the nSFR. 

.1.3 Jet feedback 

he first galaxies eligible for the jet mode appear around z = 4, as
hown in Fig. 9 . However, their sSFR’s remain relatively high, at
round 10 −9 yr −1 . Fig. 6 shows that upon reaching z = 2 in the No-
-ray run, individual high-mass galaxies with jets and low accretion

ates ( f edd < 10 −2 . 2 ) exhibit sSFR’s below 10 −9 . 5 yr −1 , which are not
resent in the No-jet run. This trend can also be seen in the SFRD
Figs 1 and 8 ). It coincides with a reduced number of galaxies at
igh stellar masses with respect to the No-jet run (see Figs 6 and 2 ).
o we ver, jets are in general not efficient at fully quenching galaxies at

hese epochs, except in special cases that have specific environmental
onditions (Szpila et al. 2024 ). 

After z = 2, ho we ver, jets become the dominant quenching mech-
nism in SIMBA . By z = 0, the y hav e significantly altered the slope
f the sSFR–M � relation in the No-X-ray run, particularly impacting
alaxies with M � � 10 10 M � (Fig. 7 ). This translates into a reduction
f the median nSFR by 1 − 1 . 5 dex for halo populations with masses
reater than 10 12 . 5 M �, as well as a decrease of the o v erall SFRD
y 1 dex. Stellar mass growth is slowed drastically, as a result,
nd the jets crucially introduce a downward bend into SMHM
atio at M H ∼ 10 12 M � and reduce the GSMF by up to 1 dex at
 � � 10 11 M �. 
We further find a clear correlation of f edd and sSFR in the No-

-ray run. Both star formation and accretion processes draw from
he g alaxy’s g as reservoir and they thus correlate with the amount of
vailable gas. Gas is more easily heated and expelled from the galaxy
or higher outflow velocities. Since the speed of AGN jets scales
nversely with the logarithmic accretion rate down to f edd = 0 . 02
equation 4 ), then a lower accretion rate is associated with lower
SFR. 

The efficiency of the jet mode at late times is connected to the
etailed mechanism powering this AGN feedback mode, and the
edshift evolution of the properties of the CGM. The particles that
re ejected by the AGN jets are heated to the virial temperature of the
alo and subsequently deposited in the CGM outside the galaxy, at
istances of around 50 kpc. Ejected particles are initially decoupled,
eaning that they undergo no hydrodynamic interactions with the

urrounding gas. After 10 −4 Hubble times, particles recouple and
eposit their high thermal energy in the CGM. Before z ∼ 2, the
GM is characterized by high densities. The heating introduced
y AGN feedback thus tends to dissipate quickly due to ele v ated
ooling rates. As a result, AGN jets are not ef fecti ve in high-redshift
nvironments. At lower redshifts, the CGM is more diffuse and
etains most of the deposited heat. Appleby et al. ( 2021 ) showed that
t low redshifts, the CGM of No-X-ray and SIMBA -50 galaxies with
NRAS 534, 361–383 (2024) 
 � � 10 10 M � is primarily composed of hot gas, with temperatures
 0 . 5 T vir . This restricts the (re-)accretion of CGM gas on to the

alaxy, creating a scenario where galaxies ef fecti v ely starv e due to
o w gas av ailability, resulting in a slo w quenching of the SFR and
he accretion rate o v er dynamical time-scales (see slow quenching
escribed in Montero et al. 2019 ). Importantly, this form of AGN
eedback is mostly pre ventati ve, and does not significantly affect
he local ISM within galaxies. Instead, only a small fraction of the
jected particles, approximately a 1 / 50 of the gas mass, is carried
ut by the feedback process. 
Jets affect particularly high-mass haloes, as they typically contain

arger and more mature black holes with low accretion rates, which
re required for the jets to initially acti v ate and then reach velocities
igh enough for heated gas particles to leave the galaxy . Additionally ,
he virial temperature scales with halo mass, resulting in larger
mounts of thermal energy being carried by the jets. The vast majority
f jet energy is kinetic, ho we ver, as the virial velocity of massive
aloes is ∼ 10 3 K while the jet velocity is ∼ 10 4 K. 
We note that previous work with the SIMBA suite of simulations

as also identified z = 2 as a critical epoch. Sorini et al. ( 2022 )
howed that before this redshift, stellar feedback is the dominant
echanism shaping the distribution of baryons in the IGM, and
ithin low-mass haloes and their CGM. After z = 2, the AGN-jet

eedback mode exhibits the strongest impact on the baryonic content
f high-mass haloes and their CGM, as well as the content and
hermal state of the IGM (see also Christiansen et al. 2020 ; Khrykin
t al. 2024 ). Our work therefore shows that the relative importance of
ifferent feedback modes on star formation and baryon distribution
re closely related. The underlying reason is most likely connected to
he smaller number of galaxies eligible for AGN-jet feedback before
 = 2 (Fig. 9 ). 

.1.4 X-ray heating 

he inclusion of X-ray heating is crucial for producing quenched
alaxies before z = 2. This is evident in Fig. 6 , where a few tens of
alaxies in the full SIMBA -50 run exhibit sSFR’s below 10 −10 yr −1 ,
hich are notably absent in the No-X-ray run. These galaxies also

ontain relatively large black holes for their stellar masses. Fig. 8
as confirmed that the quenching of this small number of formerly
ighly star-forming galaxies (SFR > 10 M � yr −1 ) is responsible for
he diverging SFRD at z ∼ 4 in the full SIMBA -50 run in Fig. 1 . Signs
f early quenching resulting from the acti v ation of the X-ray mode
lso manifest in the median nSFR for haloes around 10 13 M � and a
ew bins with low sSFR’s in the SMHM ratio histogram in Fig. 4 .
otably, since these effects are limited to only a handful of galaxies,

he y hav e e x erted a relativ ely minor influence on the o v erall stellar
ass distribution at z = 2. Consequently, no significant differences

n the GSMF and only a slight trend toward lower SMHM ratios are
vident at this epoch. 

After z = 2, when the jets can efficiently quench galaxies, SIMBA ’s
-ray heating mode plays a minor role. It remains responsible for

uppressing residual star formation in high-mass galaxies, as seen
n the sSFR’s of individual galaxies with stellar masses exceeding
0 10 M � in Fig. 7 and the quenching ∼ 0 . 5 dex of the median nSFR
f haloes with M H > 10 12 . 5 M �. This further results in a continued
.2 dex suppression of the overall SFRD after z ∼ 2. The resulting
tellar mass growth is only affected at the highest masses, as X-ray
eedback reduces the number of galaxies with M � = 10 11 − 10 12 M �
n the GSMF and results in a decline in SMHM ratios for haloes with
asses exceeding 10 13 M �. Lastly, we note that the X-ray mode
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reaks the anticorrelation between black hole mass and accretion 
ate (Fig. 9 ), as well as the correlation of sSFR and accretion rate
Fig. 7 ), which were both present in the No-X-ray run. 

In summary, we explain the di verse ef fects of the X-ray mode on
alaxies at different epochs as follows: already before z = 2 both the
o-X-ray and the SIMBA -50 contain some galaxies with unusually 
assive and mature black holes for their galaxies. These galaxies 

ikely contained large amounts of gas initially, which resulted in 
ignificant black hole growth and high SFRs. Eventually the accretion 
ate drops below f edd = 0 . 2, which activates the jet mode. These are
ot efficient at quenching star formation by themselves at this point, 
ut eventually gas fractions are low enough for the X-ray mode 
o turn on, which quenches star formation activity in the central 
egions. This is seen in the central suppression of the sSFR in SIMBA -
0 galaxies compared to galaxies in the No-X-ray run (Appleby 
t al. 2019 ). While the radiative wind and jet modes act in the purely
ipolar fashion and do not affect the local ISM significantly, the 
nergy input of the X-ray mode is spherical and directly affects the
entral gas. All ISM and non-ISM gas particles within the black hole
ernel receive a temperature increase, as well as a radial outward 
omentum kick for just the ISM gas. In addition to dispelling the

SM gas from the central regions, the thermal input may be significant
nough to surpass the ISM temperature floor defined in equation ( 1 )
nd the affected gas is thus no longer eligible for star formation. The
esulting quenching of the central star formation is rapid (Montero 
t al. 2019 ) and independent of the current accretion rate. Residual
tar formation outside of the central region will vary among different 
alaxies, thus explaining the break of the correlation between f edd 

nd the o v erall sSFR’s upon the acti v ation of X-ray feedback. Early
uenched galaxies with formerly high star formation rates were likely 
articularly affected due to their large black hole masses, whose 
ncreased sphere of influence was able to quench most of the star
ormation. 

The black hole accretion rate itself is similarly affected by the 
entral thermal energy input. For cold gas, torque-limited accretion is 
he dominant accretion mode, since it accretes gas below T < 10 5 K,
hich is primarily in the ISM phase. If gas in the black hole
ernel is suddenly heated to higher temperatures, it is accreted via 
pherical Bondi accretion. This mode is much less stable, resulting 
n a significantly more variable accretion rate. As a result, the 
nticorrelation between the Eddington ratio and the black hole mass 
lso breaks down. Thomas et al. ( 2019 ) follow a similar reasoning
elated to the pre v alence of hot gas at the expense of cold gas in
uenched systems to explain the same feature found in the SIMBA -
00 run. They ascribed the origin of the imperfect anticorrelation 
etween black hole accretion rate and mass to the action of AGN jets.
o we ver, as we showed in this manuscript, only upon contrasting
ifferent SIMBA runs isolating the AGN feedback prescriptions, it 
ecomes clear that only the inclusion of the X-ray feedback produces 
his feature. Similarly, Szpila et al. ( 2024 ) examined early ( z ≥ 2)
uenched galaxies in SIMBA -100, and by tracking individual systems 
howed that each early quenching event was preceded by going into 
et mode. Our analysis using the SIMBA variants suggests that it is
rimarily the influence of the X-ray feedback accompanying AGN 

ets that drives early quenching. 

.2 Comparisons to other cosmological simulations 

ost modern cosmological simulations and galaxy evolution models 
ontain prescriptions for stellar feedback and AGN feedback. Despite 
ome similarities in the modelling approach, each of them differs 
n the exact parametrization and underlying assumptions. In this 
ection, we compare our results with previous similar attempts at 
isentangling the effects of different feedback prescriptions on the 
tar formation history predicted by other cosmological simulations. 

Vogelsberger et al. ( 2013 ) analyse several variants of a 25 h 

−1 cMpc
osmological box with the galaxy formation model that forms the 
asis of the ILLUSTRIS simulations (Vogelsberger et al. 2014 ). Similar
o SIMBA , stellar feedback is implemented kinetically and three 
istinct prescriptions are used to model AGN feedback. ILLUSTRIS 

ses a thermal ‘quasar mode’ at high accretion rates and a kinetic
radio mode’ at low accretion rates. Additionally, ‘electromagnetic’ 
eedback from the excess UV photoionizing and photoheating radia- 
ion in the proximity of AGN is included in the fiducial run. Ho we ver,
ince the strength of this mode depends on the luminosity output of
he AGN, its effects are only significant in the radiatively efficient
uasar mode. Vogelsberger et al. ( 2013 ) then compare the evolution
f key galaxy properties across runs with successive inclusions of 
he feedback modes. Similar to our results from SIMBA , they find
hat stellar feedback shapes the cosmic SFR density at early times,
hereas specifically the low-accretion radio mode takes o v er at late

imes. This transition begins around z = 4, earlier than SIMBA ’s jet
ode is able to quench galaxies. Ho we ver, the inclusion of the X-

ay mode in SIMBA decreases the SFRD to a similar degree after
 = 4, thus the fiducial SIMBA and ILLUSTRIS show a similar evolution
 v erall. Vogelsberger et al. ( 2013 ) further find that the GSMF at
 = 0 is shaped by stellar feedback in galaxies below M � ∼ 10 11 M �,
bo v e which the radio mode takes o v er. This is again in agreement
ith the effects of SIMBA ’s stellar and jet modes. The quasar and

lectromagnetic AGN mode in ILLUSTRIS have almost no effect on 
oth the SFRD and GSMF. 

ILLUSTRISTNG (Weinberger et al. 2017 ; Pillepich et al. 2018 ) is
he successor to the ILLUSTRIS simulations. Among other modelling 
mpro v ements, it contains a more sophisticated stellar feedback 
odel (see Pillepich et al. 2018 ) and a kinetic radio feedback mode

see Weinberger et al. 2017 ). The kinetic radio mode generates
ipolar jets, but unlike the AGN-jet mode in SIMBA , their direction is
andomized, thus not generally aligned with the rotation axis of the
nner galactic disc. The original thermal quasar and the radiative elec-
romagnetic prescriptions remain the same as in ILLUSTRIS . Pillepich 
t al. ( 2018 ) compare the galaxy populations in several 25 h 

−1 cMpc
uns with isolated mechanisms for stellar and AGN feedback. As in
IMBA and ILLUSTRIS , the SFRD evolution is shaped e xclusiv ely by
tellar feedback before z = 4, after which AGN feedback becomes
ele v ant and creates a peak at z = 2 − 3. ILLUSTRISTNG ’s stellar
eedback similarly sets the GSMF at z = 0 below M � ∼ 10 11 M �,
hile AGN feedback regulates the GSMF at higher masses. For the
FRD and GSMF, effects from the quasar and thermal kinetic mode
re not considered separately. Ho we ver, the SMHM ratio sho ws that
uasar mode is at least partially responsible for suppressing stellar 
ass growth in haloes between 10 11 and 10 12 M �, whereas the radio
ode is needed to create the peak at 10 12 M �. 
The HORIZON-AGN (Dubois et al. 2014 ) simulations models stellar 

eedback kinetically for the first 50 Myr and thermally thereafter. 
s in ILLUSTRISTNG , AGN feedback is once again split into an

sotropic thermal ‘quasar’ mode at high-accretion rates and a kinetic 
et-producing ‘radio’ mode at low-accretion rates. We note however, 
hat the transition between these modes, as well as the exact
mplementation differs from that of ILLUSTRISTNG . Kaviraj et al. 
 2017 ) compare the evolution of the GSMF in the fiducial HORIZON -
GN run to the HORIZON -NoAGN run, where all AGN feedback

s disabled. They find that AGN feedback is crucial to reproduce
bserved number densities of high-mass galaxies ( M � > 10 11 M �)
elow redshifts z ∼ 2. 
MNRAS 534, 361–383 (2024) 
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EAGLE (Schaye et al. 2015 ) is unique among modern cosmological
imulations, as both its stellar and its sole AGN feedback mode are
odelled as an input of thermal energy. Among a comparison of

0 h 

−1 cMpc EAGLE variants based on different cosmologies, Salcido
t al. ( 2018 ) show the SFRD evolution in a fiducial and a No-
GN version of the � cold dark matter (CDM) Universe.In the
bsence of AGN feedback, they find an increased normalization of
round 0.25 dex after z = 4 and no change in slope. While the time
here AGN feedback becomes rele v ant is in agreement with other

imulations, this is a much weaker effect than in SIMBA , ILLUSTRIS ,
nd ILLUSTRISTNG . In those simulations, the continued quenching
ue to AGN feedback produces a suppression of at least 0.5 dex at
 = 0 and is needed to mo v e the peak of the SFRD between z = 2
nd 3, as well as steepen its late-time slope. Salcido et al. ( 2018 ) only
how the GSMF at z = 0 . 1, but they find the same mass cut-off at
 � = 10 11 M �, abo v e which AGN feedback suppresses the number

ensity of galaxies. 
Overall, the cosmological simulations ILLUSTRIS , ILLUSTRISTNG ,

ORIZON-AGN , EAGLE , and SIMBA largely find that their stellar and
GN feedback modes affect global galaxy statistics in a similar way,
espite differing implementations and underlying assumptions. This
onverges to a unified picture where the SFRD is shaped by stellar
eedback at early times, while AGN feedback starts showing effects
fter z = 4 and becomes the dominant quenching mechanism after
 = 2. AGN feedback produces a sharp turno v er at M � = 10 11 M �
n the GSMF, while below this threshold stellar feedback suppresses
he number density of galaxies. A feature that is introduced with
inetic AGN feedback modes is a steeper decrease of the SFRD
t late times. Ho we ver, it does not appear to be crucial in order to
eproduce the observed SFRD. Indeed, EAGLE yields a good match
ith the observed SFRD by using a single, purely radiative, AGN

eedback prescription. 
The o v erall similarity of the conclusions that can be drawn

rom different models suggests that the emerging picture of star
ormation history in a cosmological context is robust. Ho we ver,
his makes it harder to discriminate amongst different feedback
rescriptions with observations of global properties such as the
FRD or GSMF. A more promising strategy would be focussing
n potentially more sensiti ve observ ables. A good example is the
volution of the f edd − M BH relationship, which we showed to be
ighly sensitive to X-ray feedback. A complementary approach
ould be to track the evolution of the star formation history
f individual galaxies in key mass ranges, and especially across
 = 2, which acts as a watershed between a stellar-feedback and
GN-feedback-dominated eras for high-mass haloes. Indeed, even

f different models broadly agree on the global star formation
istory, they may still differ in their predictions for restricted
opulations of galaxies. We will address these questions in future
ork. 

 C O N C L U S I O N S  

n this work, we investigated the impact of stellar and AGN
eedback on the cosmic star formation history using the cosmological
IMBA simulation suite. By comparing the redshift evolution of
ey observables across different runs of the 50 h 

−1 cMpc run with
solated feedback variants, we have successfully connected the
 v erall quenching seen in global statistics to feedback mechanisms
cting in individual haloes and galaxies. This enabled us to form a
ohesive picture of how SIMBA ’s feedback modes have shaped the
osmic star formation history: 
NRAS 534, 361–383 (2024) 
(i) While AGN feedback starts quenching star formation in indi-
idual haloes after z = 4, z = 2 emerges as a key redshift transition,
fter which AGN feedback modes take o v er as the dominant quench-
ng mechanisms. Before z = 2, the shape of global statistics like the
FRD (Fig. 1 ) and the GSMF (Fig. 2 ) is set by stellar feedback.
his conclusion is analogous to the findings by Sorini et al. ( 2022 )
n the impact of feedback modes on the distribution of gas within
aloes, in the CGM, and in the IGM, hence underscoring the tight
orrelation between the effect of feedback on the gaseous and stellar
omponents. 

(ii) The extent to which different haloes are affected by each
eedback mode strongly depends on their mass. Stellar feedback
hapes both the evolution of the instantaneous SFR (see Fig. 3 ), as
ell as the associated stellar mass growth (Figs 4 and 5 ), in low-
ass haloes of � 10 12 M �, which are also more common at z > 2.

n these haloes, the gravitational potential is too low to compete
ith the speeds of mass-loaded stellar winds, leading to outflows

arge enough to quench the star formation rate. In larger haloes,
bo v e 10 12 M �, stellar feedback becomes less ef fecti ve due to an
ncreased gravitational potential and a decreased mass-loading factor
n SIMBA . These haloes tend to contain massive black holes, which
ave matured to low accretion rates, thus enabling efficient quenching
ue to AGN feedback. 
(iii) Among the three AGN feedback modes in SIMBA , jet feedback

t low accretion rates is by far the most effective at quenching
tar formation. This is largely a slow quenching mechanism, where
he jets heat the surrounding CGM to high temperatures, which
revents further gas accretion. The radiative AGN winds alone at high
ccretion rates are only rele v ant for quenching intermediate-mass
alaxies between M � ∼ 10 9 . 5 and 10 10 M �. X-ray heating mainly
uenches residual star formation in the central regions, which at
ate times mainly affects the number of massive galaxies between
0 11 and 10 12 M �, as well as their SFRs, which have already been
uenched by jets. 
(iv) We further found new that the X-ray heating mode, in

articular, is necessary to produce the first fully quenched massive
alaxies before z = 2, where jets alone are not yet efficient (Figs 6
nd 7 ). As soon as galaxies become eligible for X-ray feedback, the
as temperature around the black hole is increased and/or the gas is
ushed outwards spherically. For a few galaxies with a particularly
assive black hole and a centrally concentrated star formation,

his produces the earliest galaxies with quenched sSFR’s below
0 −10 yr −1 . As both black hole growth and star formation draw from
he same gas reservoir, this small number of galaxies initially showed
he highest SFRs prior to quenching. Their quenching is significant
nough to manifest in a suppression of the o v erall SFRD already
fter z = 4 (Fig. 8 ). 

(v) The X-ray mode is also responsible for breaking the anticorre-
ation between the Eddington ratio and the black hole mass (Fig. 9 ),
hich had been identified in the fiducial SIMBA -100 run by (Thomas

t al. 2019 ). The heating of the central gas likely leads to a preferential
ccretion via the spherical Bondi mode, which is much less stable
han the torque-limited accretion from cold gas. As a result, the
ccretion rates are more variable for any given black hole mass and
o longer correlated with the specific SFR’s. 

Comparing our results with previous similar works utilizing
ther cosmological simulations (e.g. Vogelsberger et al. 2013 , 2014 ;
einberger et al. 2017 ; Pillepich et al. 2018 ; Salcido et al. 2018 ),
e find broad agreement on the effect of different feedback modes
n global observables of the star formation history, such as the
FRD and GSMF. Ho we ver, the inclusion of a kinetic AGN feedback
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echanism at low-accretion rates in simulations that adopt multiple 
eedback modes appears to be necessary in order to match the late-
ime slope of the observed SFRD. The EAGLE simulation represents 
n exception, as it reproduces the data with a single radiative AGN
eedback mode only. 

Despite the agreement on global observ ables, dif ferent models 
ay still predict different evolutions of the properties of individual 

alaxies. For instance, the aforementioned models produce signifi- 
antly different cool gas contents within galaxies (Dav ́e et al. 2020 )
nd predictions for sub-millimetre galaxies (Lo v ell et al. 2021 ).
e wish to explore more such discriminating scenarios in future 
 ork. We further w ant to assess the feasibility of observationally

onfirming or rejecting the characteristic predictions of SIMBA for 
he effect of X-ray feedback in the accretion rate –mass relationship 
f supermassive black holes. 
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purple), No-jet (red), No-X-ray (blue), and the full physics SIMBA -
0 (green) run, with 16th–84th percentile spreads (shaded areas).
ith the exception of the SIMBA -50 run above M � = 10 11 . 6 M �, all

ines lie within the o v erlapping percentile ranges. While stellar and
lack hole masses generally reach higher values in the No-feedback,
o-jet, and No-AGN runs, they follow the same M BH –M � relation

s the other runs. This indicates that the exclusion of AGN feedback
odes does not fundamentally change the relationship between black

oles and stellar growth in SIMBA . Fig. A1 thus mirrors the results
rom Angl ́es-Alc ́azar et al. ( 2017a , particularly fig. 4), who found
hat when incorporating the same torque-limited accretion as SIMBA ,
lack hole–galaxy scaling relations arise self-consistently and are
elati vely insensiti ve to the black hole feedback model. 

Only the SIMBA -50 run lies abo v e the other relations at M � >

0 11 . 6 M � and M BH > 10 9 M �. As described in 3.3.1 , these particu-
arly massive black holes are likely a result of the central heating from
he X-ray mode, which increases the relative contribution of Bondi
ccretion from hot gas to the o v erall accretion rate. As the black
oles are generally massive by the time X-ray feedback turns on, and
elationship. 
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We note, ho we ver, that the purpose of this work is to isolate the 
relative strength of SIMBA ’s feedback modes, rather than qualifying 
results from the fiducial model. Since the runs with different feedback 
variants are only available for SIMBA -50, we unfortunately cannot 
test the volume and resolution dependence of the effects due to each 
feedback mode. 

Figur e B1. Conver gence test for the SFRD. We compare the SIMBA -50 
fiducial run (black) to the SIMB A -100 (blue), SIMB A -25 (green), and the SIMB A - 
25 High res run (red). While volume-wise convergence between SIMBA -50 
and SIMBA -100 is excellent, the SIMBA -25 versions produce slightly increased 
SFRD’s. 
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he Bondi accretion rate scales as M BH , these black holes have likely
een able to grow efficiently. The initial temperature increase due 
o the X-ray mode also pushes the gas abo v e the ISM temperature
hreshold set in equation ( 1 ), meaning that the gas consumed in
ondi accretion is defined as non-ISM gas and thus unable to form

tars. The quenching of local star formation in SIMBA -50 (see Section
.1.4 ) is therefore a direct consequence of the X-ray heating, rather
han the removal of gas in an overactive accretion. 

Overall, we thus do not expect black hole accretion alone to impact
tar formation significantly in any of the SIMBA runs. We come to
he same conclusion when comparing the M BH –σ relations. As a 
esult, all differences in the cosmic star formation history across the 
ve simulation variants can be attributed to the respective feedback 
odes. 

PPEN D IX  B:  N U M E R I C A L  C O N V E R G E N C E  

ig. B1 shows a volume and resolution convergence test for the 
FRD using the different simulations with full physics SIMBA models. 
e contrast SIMBA -100 (blue), s IMBA -50 (black), SIMBA -25 (green),

nd SIMBA -25 High-res runs (red). We refer to Table 1 for the
pecifications of each run. 

Comparing runs with the same resolution, we note excellent 
olume-wise convergence between the SIMBA -100 model and SIMBA - 
0. SIMBA -25 exhibits a higher SFRD by around 0.2 dex, which is
ikely because the small volume produces fewer massive haloes. As 
 result, the AGN jet feedback is not well-sampled, which produces 
he most significant suppression in the SFRD. The resolution-wise 
onvergence between the SIMBA -25 and the SIMBA -25 High-res run 
s not as close. The SFRD in the High-res run is increased by
.1–0.25 dex with respect to the SIMBA -25 run, as small haloes, in
articular, are better resolved. 
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