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A B S T R A C T 

We implement a black hole spin evolution and jet feedback model into SWIFT, a smoothed particle hydrodynamics code. The 
jet power is determined self-consistently assuming that the black hole accretion rate is equal to the Bondi rate (i.e. the accretion 

efficiency is 100 per cent), and using a realistic, spin-dependent efficiency. The jets are launched along the spin axis of the black 

hole, resulting in natural reorientation and precession. We apply the model to idealized simulations of galaxy groups and clusters, 
finding that jet feedback successfully quenches gas cooling and star formation in all systems. Our group-size halo ( M 200 = 10 

13 

M �) is quenched by a strong jet episode triggered by a cooling flow, and it is kept quenched by a lo w-po wer jet fed from hot 
halo accretion. In more massive systems ( M 200 � 10 

14 M �), hot halo accretion is insufficient to quench the galaxies, or to keep 

them quenched after the first cooling episode. These galaxies experience multiple episodes of gas cooling, star formation, and 

jet feedback. In the most massive galaxy cluster that we simulate ( M 200 = 10 

15 M �), we find peak cold gas masses of 10 

10 M �
and peak star formation rates of a few times 100 M � yr −1 . These values are achieved during strong cooling flows, which also 

trigger the strongest jets with peak powers of 10 

47 erg s −1 . These jets subsequently shut off the cooling flows and any associated 

star formation. Jet-inflated bubbles draw out low-entropy gas that subsequently forms dense cooling filaments in their w ak es, as 
seen in observations. 

K ey words: galaxies: e volution – galaxies: jets – galaxies: clusters: intracluster medium. 
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 I N T RO D U C T I O N  

bservations of massive elliptical galaxies reveal that they are mostly
red and dead’, i.e. devoid of significant amounts of star-forming gas
nd young stars. With the exception of a minority of brightest cluster
alaxies (hereafter BCGs; Edge 2001 ), these ellipticals host small
mounts of cold atomic and molecular gas ( < 1per cent in terms of
as-to-stellar mass fraction; e.g. Wiklind, Combes & Henkel 1995 ;
oung et al. 2011 ; Davis et al. 2019 ) are almost completely devoid
f warm ionized gas (e.g. Phillips et al. 1986 ; Morganti et al. 2006 ;
emi et al. 2022 ), and therefore host little ongoing star formation (e.g.
alim et al. 2007 ; Whitaker et al. 2012 ). The typical stellar ages in

hese galaxies imply that most of the stars formed more than several
yr ago (e.g. Bell et al. 2004 ; Van Dokkum et al. 2010 ). Theoretical
odels of galaxy formation, be they semi-empirical (e.g. Behroozi,
echsler & Conroy 2013 ; Moster, Naab & White 2018 ), semi-

nalytic (e.g. Bower et al. 2006 ; Somerville et al. 2008 ; Henriques
t al. 2015 ; Lacey et al. 2016 ), or in the form of hydrodynamical
imulations (e.g. Dubois et al. 2014 ; Vogelsberger et al. 2014 ; Schaye
t al. 2015 ), find that energy injection from active galactic nuclei
AGN feedback) powered by supermassive black holes (SMBHs) at
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he centres of massive galaxies is required in order to produce such
uenching of star formation (e.g. Croton et al. 2006 ). 
X-ray observations of hot gaseous haloes around galaxies reveal

vidence of AGN feedback in the form of cavities in the X-ray
mitting gas (Gull & Northo v er 1973 ; Boehringer et al. 1993 ;
cNamara et al. 2005 ; Wise et al. 2007 ). These observations have

ocused mostly on massive galaxy clusters (with dark matter halo
asses of M 200 � 10 15 M �), mostly due to the large X-ray luminosity

f the intracluster medium (Sarazin 1986 ; Stanek et al. 2006 ). Group-
ize gas haloes also display such cavities in the intergalactic medium
B ̂ ırzan et al. 2004 ; Eckert et al. 2021 ), despite being harder to detect.
bservations at radio frequencies often find that these X-ray cavities

re coincident with lobes (bubbles) of synchrotron-emitting plasma
hose source is the central SMBH of the central galaxy (Biermann &
trittmatter 1987 ; O’Dea 1998 ; Mark off, Falck e & Fender 2001 ).
his plasma originates from jets of relativistic particles launched

rom the vicinities of SMBHS (Blandford & K ̈onigl 1979 ; Urry &
 ado vani 1995 ). 
The properties of X-ray cavities can be used to estimate the jet

owers required to inflate them (Churazov et al. 2000 ; Fabian 2012 ;
erner et al. 2019 ; Eckert et al. 2021 ). Such analyses indicate that the

avity (jet) powers are correlated with the X-ray luminosities of the
aseous atmospheres, both in galaxy groups and clusters (Rafferty
t al. 2006 ; Hlavacek-Larrondo et al. 2012 ; Russell et al. 2013 ). This
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1 The spin of an SMBH cannot exceed 1 for theoretical reasons (otherwise the 
SMBH might feature a naked singularity). 
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uggests that the SMBHs are fed from the gas that cools from those
tmospheres, since the X-ray luminosity of such gas can be connected 
o its cooling and inflow rates (White, Jones & Forman 1997 ; Peres
t al. 1998 ). The jet powers estimated in this way are found to be
uf ficient to of fset cooling, indicating that AGN feedback in the
orm of relativistic jets is a plausible mechanism of star formation 
uenching, by depriving the central galaxies of the required cool gas. 
bservations at radio frequencies reveal that AGN jet feedback may 

lso be important in Milky-Way size galaxies (Ledlow et al. 2001 ;
ingh et al. 2015 ; Nesvadba et al. 2021 ; Webster et al. 2021 ), as
ell as dwarf galaxies (Pakull, Soria & Motch 2010 ; Mezcua, Suh &
i v ano 2019 ; Yang et al. 2020 ; Davis et al. 2022 ). Jet feedback may
lso be rele v ant in galaxies of various masses at high redshifts ( z >
; Heckman & Best 2014 ; Smol ̌ci ́c et al. 2017 ). 
The theoretical study of jet feedback in massive galaxies has been 

one largely through hydrodynamical simulations, either zoom-in 
osmological simulations (e.g. Dubois et al. 2010 ; Bourne & Sijacki 
020 ), or more commonly in idealized set-ups (e.g. Omma et al.
004 ; Reynolds, Garofalo & Begelman 2006 ; Yang, Gaspari & 

arlow 2019 ). In the latter category, a significant effort has been
edicated to studying single jet episodes, either modelling only the 
ydrodynamical aspect of jets and the bubbles/lobes they inflate 
e.g. Komissarov & Falle 1998 ; Churazov et al. 2001 ; Br ̈uggen et al.
002 ; Roediger et al. 2007 ; P avlo vski et al. 2008 ), or including
elativistic physics (e.g. Walg et al. 2013 ; English, Hardcastle & 

rause 2016 ; Choi 2017 ), magnetic fields (e.g. Hardcastle & Krause
014 ; Tchekhovsk o y & Bromberg 2016 ; Mukherjee et al. 2020 ),
adiativ e cooling (e.g. Blondin, Fryx ell & Konigl 1990 ; Stone, Xu &
ardee 1997 ; Guo, Duan & Yuan 2018 ) or cosmic rays (e.g. Guo &
athews 2011 ; Ehlert et al. 2018 ; Yang et al. 2019 ). The main goal of

hese studies has been to determine the jet energetics, i.e. how much
nergy is transferred to the ambient medium, where and in what form
e.g. Morsony et al. 2010 ; Bourne & Sijacki 2017 ; Weinberger et al.
017b ), as well as through which processes (e.g. Perucho et al. 2010 ;
ambic & Reynolds 2019 ; Yang et al. 2019 ). 
Some simulations in idealized set-ups have also modelled self- 

onsistent accretion, where a central SMBH launches jets based on 
n accretion rate determined from gas properties near the SMBH. 
hese simulations almost e xclusiv ely use adaptiv e mesh refinement 

AMR), with spatial resolutions typically reaching 200–500 pc (e.g. 
aspari et al. 2011 ; Li et al. 2015 ; Beckmann et al. 2019 ) in the

entres of the simulated systems. The jet velocities used are of the
rder of 10 4 km s −1 (e.g. Gaspari et al. 2011 ; Yang & Reynolds
016 ; Meece, Voit & O’Shea 2017 ), and the jet efficiencies εj 

related to the jet power P j and SMBH accretion rate Ṁ BH through 
j = P j / Ṁ BH c 

2 ) are typically low, in the range εj = 10 −4 –10 −2 (e.g.
aspari, Ruszkowski & Sharma 2012 ; Yang & Reynolds 2016 ; 
artizzi et al. 2019 ). The jets are usually launched in a fixed

irection, but some studies have included precession imposed by 
and (e.g. Li, Ruszkowski & Bryan 2017 ; Meece et al. 2017 ). The
et powers achieved in these simulations are in the range P j =
0 45 –10 46 erg s −1 (e.g. Yang & Reynolds 2016 ; Li et al. 2017 ; Martin
t al. 2019 ). The cold gas masses found in these simulations are often
airly large, M cold = 10 10 –10 11 M � or larger (e.g. Li & Bryan 2014a ),
robably due to low jet efficiencies. 
In Hu ̌sko & Lacey ( 2022 ) we perform hydrodynamical tests of

GN jets with SWIFT, an efficient smoothed particle hydrody- 
amics (SPH) code (Schaller et al. 2016 ). These tests feature a
onstant-power jet launched into a constant-density ambient medium. 
lthough AGN jet feedback has been employed in cosmological 

imulations (e.g. Dav ́e et al. 2019 ), it has not been been tested in
uch a way with an SPH code, nor has it been resolved to such a
egree ( ≈10 6 particles per jet). We find that the jets and lobes they
nflate behave as expected based on the self-similar theory of jet lobe
volution (e.g. Kaiser & Alexander 1997 ; Komissarov & Falle 1998 ),
ven at very poor resolutions ( ≈500 particles per jet). These results
re rele v ant for cosmological simulations, as well as simulations with
elf-consistent jet feedback, where the jets are fed by gas accretion.
uch simulations can feature a variety of jet episodes, some of them
airly weak and thus poorly resolved. 

In this paper, we present results from a study of self-consistent,
pin-driven jet feedback in idealized galaxy group and cluster set- 
ps simulated with SWIFT (see Nobels et al. 2022 for details of the
et-up). Our highest resolution simulations have a mass resolution of 
 g = 10 5 M �, which is 20 times better than the only other similar
PH simulation of this kind (involving gas cooling, self-consistent 

et feedback, and star formation) that has been performed (Barai 
t al. 2016 ). The spatial resolution (gravitational softening length) 
s 300 pc in our highest resolution simulations, matching most of
he AMR simulations discussed abo v e. In order to reliably simulate
he jet feedback cycle, we also model the evolution of the spin of
he central SMBH, including its direction, due to gas accretion and
et spin-down. We use high jet efficiencies, based on results of jet
aunching in general-relativistic magnetohydrodynamical (hereafter 
RMHD) simulations. Modelling SMBH spin evolution results in 
atural changes in jet direction, as well as emergent jet precession.
imilar simulations, involving the modelling of BH spin, have 
ecently been performed by Beckmann et al. ( 2019 ) using an AMR
ode. Sala et al. ( 2021 ) also recently studied jet feedback from AGN
ith an SPH code (as well as other types of AGN feedback), but

hese were at much higher resolution (pc-scale) and in a different
ontext (disc-type galaxies). We perform simulations in set-ups that 
pan the galaxy group to galaxy cluster regimes (with halo masses
rom M 200 = 10 13 M � to M 200 = 10 15 M �), as well as with varying
arameters, in order to probe jet feedback in detail. 
In Section 2 we discuss our SMBH spin evolution and jet feedback
odel. This includes the physics of thick, advection-dominated 

ccretion discs, jet efficiencies from GRMHD simulations, SMBH 

pin-up/spin-down from accretion and jets, as well as Lense & 

hirring ( 1918 ) precession. In Section 3 we discuss the numerical
mplementation of the model, the physical set-up and the different 
imulations we have done. In Section 4 we lay out the general features 
f jet feedback, going from the galaxy group scale to the galaxy
luster scale. In Section 5 we discuss jet feedback in more detail
sing our massive galaxy cluster set-up, focusing on properties of 
he hot and cold gas. We also present results from variations of
eedback-related parameters. Further results on these variations are 
lso provided in the Online Appendix C. In Section 6 we summarize
nd conclude. 

 BLACK  H O L E  SPIN  E VO L U T I O N  A N D  J E T  

EEDBACK  M O D E L  

he efficiency with which jets are launched from the vicinity of
MBHs depends strongly on the dimension-less spin parameter a , 
hich is related to the angular momentum of the SMBH, J BH , and its
ass, M BH , through a = J BH c/M 

2 
BH G . We refer to SMBHs with a =

 as maximally spinning. 1 In the rest of the paper, we assume that a ∈
 − 1, 1]. Here, positive values represent prograde accretion from the
nner accretion disc, whereas ne gativ e values represent retrograde 
ccretion, in the case that torques between the inner regions of the
isc and the SMBH cause counteralignment (see Section 2.6 ). 
MNRAS 516, 3750–3772 (2022) 
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In the simulations presented in this paper, we include only AGN jet
eedback in order to prevent other feedback mechanisms (including
tellar and AGN thermal feedback) from interfering with our interpre-
ations of the results. Jets are launched with high efficiencies from
MBHs that accrete slowly, in the thick disc regime (Narayan &
i 1994 ). Most supermassive SMBHs that host jets in the local
niverse are likely in this accretion regime (Heckman & Best 2014 ;
einberger et al. 2017a ). We do not include thin, radiatively efficient

iscs (Shakura & Sunyaev 1973 ), which are present at high accretion
ates, since we do not include radiative (thermal) feedback in our
imulations. Belo w we gi ve a summary of the main properties of
hick accretion discs. 

.1 Thick accretion discs 

hick accretion discs are known by many names: the advection-
ominated accretion flow (ADAF), hot accretion flow, RIAF (radia-
i vely inef ficient accretion flo w), the hard state (in terms of X-ray
pectra), and the low state (in terms of accretion rate). The disc
s geometrically thick ( H / R ≈ 0.5) and optically thin. The gas in
his disc is very hot and diffuse, and thus radiatively inefficient. It
s advected inwards and accreted on to the black hole faster than
t can radiate away a significant fraction of its thermal energy,
esulting in low luminosities. Gas orbits are not fully circular
nd instead have a significant radial component. The gas flow is
ontinuous all the way down to the event horizon, with no abrupt
hange in properties at the innermost stable circular orbit ( R ISCO ).
he poloidal magnetic flux at the event horizon of the SMBH is

arge, leading to strong jets. We take the solution for this disc from
arayan & Yi ( 1995 ) (see Yuan & Narayan ( 2014 ) for a detailed 

e vie w). 
The thick accretion disc appears at low (dimension-less) accretion

ates of ṁ = Ṁ BH , 0 / Ṁ Edd � 0 . 01, where the Eddington accretion
ate is given by 

˙
 Edd = 

L Edd 

εr c 2 
= 4 π

GM BH m p 

εr σT c 
. (1) 

ere, m p is the proton mass, σ T the Thomson cross-section, and
r = L bol / Ṁ BH c 

2 = 0 . 1 a nominal radiative efficiency used only for
he definition of ṁ in this paper (we do not include radiative feedback,
or is the radiative efficiency as high as 0.1 for the thick disc). Ṁ BH , 0 

s the large-scale accretion rate of the SMBH (before the matter
ettles down to an accretion disc). 

.2 Jet efficiency 

ccording to the model of Blandford & Znajek ( 1977 ) (BZ),
agnetic fields present due to an accretion disc plunge into the
MBH’s ergosphere and corotate due to frame dragging, resulting

n a net outward flux of energy and angular momentum. The power
f the jet that is launched in the BZ process scales as P jet ∝ �2 

H � 

2 
H ,

here �H is the angular velocity of the event horizon, and � H is the
et poloidal magnetic flux threading the horizon. The largest source
f uncertainty in modelling jet powers comes from the strength
f the magnetic field, which determines the flux � H . GRMHD
imulations of thick discs find that they settle down to the equilibrium
agnetically arrested disc state (MAD; Narayan, Igumenshchev &
bramowicz 2003 ). The large poloidal magnetic field in the central

egions of the disc ‘chokes‘ the inward flow, causing the accretion
o proceed in discrete blobs (or thin streams at very high resolution,
ee Ripperda et al. 2022 ). Simulations of the jet launching process in
hese systems have converged in terms of how much energy the jets
NRAS 516, 3750–3772 (2022) 
xtract from the SMBH (e.g. Tchekhovsk o y, Narayan & McKinney
011 ; McKinne y, Tchekho vsk o y & Blandford 2012 ; S ądowski et al.
014 ; Liska, Tchekhovsk o y & Quataert 2020 ; Narayan et al. 
021 ). 
Observational inferences indicate that most thick discs are in the
AD state (Ghisellini et al. 2014 ). Recent direct measurements of

he magnetic field in the thick disc surrounding the central SMBH
n M87 confirm this (Event Horizon Telescope Collaboration 2021 ).
igh-resolution and long-duration simulations have found that the
AD state is achieved even without any initial poloidal magnetic

eld, bolstering the theoretical expectation that all thick discs should
e MAD (Liska et al. 2020 ). Simulations of thinner accretion discs
ave also found that the MAD state can be achieved in those systems
Liska et al. 2019 ), and the jet powers are then much higher than
lassically expected (Meier 2002 ). 

The jet power in the MAD state is proportional to the accretion rate,
nd the relation is usually expressed in terms of the jet efficiency εj 

s P j = εj Ṁ BH , 0 c 
2 . We use the spin-dependent jet efficiency formula

ound by Tchekhovsk o y, Narayan & McKinney ( 2010 ), which is
ased on GRMHD simulations and is applicable for thick accretion
iscs in the MAD state. The jet efficiency is given by 

j = 

κ

4 π
φ2 

BH �
2 
BH 

[
1 + 1 . 38 �2 

BH − 9 . 2 �4 
BH 

]
, (2) 

here κ is a numerical factor that depends on the initial geometry
f the magnetic field (e.g. 0.054 for split-monopole versus 0.044 for
arabolic, we assume κ = 0.05), φBH is the dimension-less magnetic
ux threading the horizon (see Tchekhovsk o y et al. 2010 for the
recise definition), and �BH = a /2 r H is the (dimension-less) angular
elocity of the SMBH event horizon. Here, r H = 1 + 

√ 

1 − a 2 is
he radius of the horizon in units of the gravitational radius R G =
 BH G / c 2 . Equation ( 2 ) agrees very well with the results from higher

esolution simulations performed by Narayan et al. ( 2021 ), who
rovide the following fit for the magnetic flux as a function of 
pin: 

BH ( a) = −20 . 2 a 3 − 14 . 9 a 2 + 34 a + 52 . 6 . (3) 

he jet efficiency given by equation ( 2 ) has a strong dependence on
pin; for lo w v alues of spin it scales as εj ∼ a 2 , whereas for high
alues the dependence is even stronger ( εj ∼ a 4 − a 6 ). In the top
anel of Fig. 1 we show the dependence of the jet efficiency on spin.
he difference between prograde and retrograde accretion is clearly
isible. At a = 0.5, the jet efficiency is ≈30 per cent, while at a =
, it is around 200 per cent (indicating a net decrease in the total
ass energy). Retrograde SMBHs never launch jets with efficiencies

bo v e 100 per cent. 

.3 Accretion spin-up/spin-down 

he primary mechanism of SMBH spin evolution is accretion of
atter, facilitated by the existence of an accretion disc. The change

n the magnitude of the angular momentum of the SMBH can be
elated to the accretion rate through the relation 

d J BH 

d t 
= L in 

d M BH , 0 

d t 
, (4) 

here L in is the specific angular momentum of accreting matter
t some inner radius R in , and we have ignored jet spin-down (for
ow). R in is the radius within which matter does not efficiently
ransport angular momentum or energy outwards. Equation ( 4 ) can
e translated into an equi v alent equation for spin evolution (Bardeen
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Figure 1. The dependencies on spin of the jet efficiency (top), (dimension- 
less) specific angular momentum at the inner radius (middle) and spin- 
up/spin-down function for thick, advection-dominated discs (bottom). The 
jet efficiency is given by equation ( 2 ). In the middle panel, coloured lines 
show the fitting function for the specific angular momentum of accreting 
matter from Benson & Babul ( 2009 ), for a few possible values of accretion 
disc viscosity α. These are all approximately consistent with 45 per cent 
of the thin-disc specific angular momentum at the ISCO (innermost stable 
circular orbit, see the Online Appendix A for expression), for all spins. In 
the bottom panel, the black line (equation 5 ) shows that SMBHs surrounded 
by thick discs never spin-up beyond a = 0.6, while the blue line (adding the 
equation 6 term) shows that jets bring this equilibrium spin v alue do wn to 
0.25. 
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970 ; Fanidakis et al. 2011 ): 2 

d a 

d M BH , 0 /M BH 

)
acc 

= � in − 2 ae in , (5) 
 Note that time does not appear as an independent variable in the equation for 
pin evolution. Instead, the change in spin is determined entirely by the the 
urrent value of spin and the amount of matter being accreted. 

e
 

f  

e  

t  

i  
here � in = cL in / GM BH is the dimension-less specific angular
omentum. The change in mass of the SMBH can be related to

he mass funnelled towards it from large distances through d M BH =
1 − e r )d M BH, 0 . The second term in equation ( 5 ) originates from
he definition of spin, a = J BH c/M 

2 
BH G , which results in two terms

f a deri v ati ve is taken. The same term includes the specific binding
nergy e in , which we assume to be e in = 1 (see Benson & Babul 2009
or the effects of varying the choice of e in ). This corresponds to the
ssumption that the radiative efficiency is negligible in the thick disc
see e.g. Mahade v an 1997 or Yuan & Narayan 2014 ), and also that
he transport of energy outwards through viscous or magnetic forces 
s negligible. 

Orbits in the thick disc are not circular and stable out to some radius
 in ; gas properties instead vary with radius smoothly down to the
vent horizon of the SMBH, so that R in = R H = R G (1 + 

√ 

1 − a 2 ).
elf-similar solutions for the thick disc (e.g. Narayan & Yi 1994 )
ssume Newtonian gravity, which means that they are only correct 
t large distances, typically r > 10 R G . We instead take the values
or � in at the event horizon based on numerical calculations done
y Popham & Gammie ( 1998 ), who studied advection-dominated 
ccretion flows in the Kerr metric (Kerr 1963 ) for various values of
pin a , adiabatic index γ , advection parameter f (see e.g. Yuan &
arayan 2014 for definition) and viscosity parameter α = ν/ c s H ,
here ν is the kinematic viscosity, c s the sound speed, and H the

hickness of the disc. In particular, we take the fitting function
ound by Benson & Babul ( 2009 ), which represents these results
uantitatively. We assume purely advection-dominated flows ( f = 1). 
In the middle panel of Fig. 1 we show the specific angular
omentum from Benson & Babul ( 2009 ) for a few values of α,

howing that the dependence on α is very weak. We also show the
pecific angular momentum at the innermost stable circular orbit 
ISCO, see the Online Appendix A for the expression), assuming 
ully circular orbits. This is appropriate for the thin disc (No viko v &
horne 1973 ; Shakura & Sunyaev 1973 ). The dashed line shows a
caled-down ISCO specific angular momentum. According to the 
enson & Babul ( 2009 ) fitting function, � in is roughly 45 per cent

hat of the thin disc value for all values of spin. For simplicity, we
ssume � in = 0.45 � ISCO for the remainder of this paper. This finding
or the value of � in is similar to that from Newtonian self-similar
odels. For the thick disc, equations from Narayan & Yi ( 1995 )

mply an orbital velocity that is 0.25–0.37 of the Keplerian one
or α = 0.3–0.05, which is close to the correct general-relativistic 
alue. 

The value of α that we use is based on numerical results and
bservations (note that numerical simulations give only a value for 
he product αβ, β being related to the magnetic-to-total pressure 
atio). Numerical results indicate that hot accretion flows (thick 
ccretion discs) appear, in one form or another, for dimension-less 
ccretion rates ṁ < 0 . 4 α2 (Yuan & Narayan 2014 ). Observational
tudies based on analysing AGN spectra find that the transition 
rom a thick to a thin disc occurs at ṁ = 0 . 02 − 0 . 03 (e.g. Russell
t al. 2013 ; Noda & Done 2018 ). Combining this finding with the
umerical results, α can be constrained to the range 0.2–0.3. This is
n agreement with more direct observational estimates that also find 
= 0.2–0.3 (e.g. Martin et al. 2019 ). In this paper we assume α =

.2 (note that this is twice as large as is often assumed, e.g. Griffin
t al. 2019 ). 

In the bottom panel of Fig. 1 we show the spin-up/spin-down
unction in the case that only gas accretion is included, given by
quation ( 5 ), with the assumed � in for the thick disc. This shows that
he SMBH will spin-up if accretion is retrograde ( a < 0), and also
f it is prograde ( a > 0) and that spin is a � 0.6. If the spin is larger
MNRAS 516, 3750–3772 (2022) 
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han that, the SMBH will spin-down. This is somewhat confusing
how can pure accretion lead to SMBH spin-down? The answer

ies in a combination of frame-dragging and viscous stresses; some
f the angular momentum of the SMBH is transferred to the gas
rbiting around it. These particles are on fairly radial orbits in the
hick disc, and frame-dragging can accelerate their orbital velocities
n account of the spin of the SMBH. In this process, some of the
ngular momentum is transferred outwards through viscous forces,
esulting in spin-down. 

.4 Jet spin-down 

he effects of jets on SMBH spin evolution can be encapsulated as
n additional term to be added to equation ( 5 ), which can be written
s (see Benson & Babul 2009 for deri v ation): 

d a 

d M BH , 0 /M BH 

)
j 

= −εj ( a) 

√ 

1 − a 2 

a 

[(√ 

1 − a 2 + 1 
)2 

+ a 2 
]
. (6) 

ere we have ignored the effects of disc winds (unlike Benson &
abul 2009 ), which would generally appear as an additional effi-
iency term along with εj . The deri v ation of equation ( 6 ) assumes
hat the launching of the jet and accretion are decoupled processes,
.e. the mass-energy of the gas in the accretion disc does not directly
ontribute to the jet, and it is instead powered entirely by the
otational energy of the SMBH. 

A further assumption in the deri v ation of equation ( 6 ) is that the
hange of rotational energy of the SMBH, Ė rot , exactly matches the
et power (in magnitude). This is equivalent to assuming that the
rreducible mass-energy of the SMBH, E irr (which is related to the
otational energy through E rot + E irr = c 2 M BH ), remains constant
s the jet is launched. While the irreducible mass-energy cannot be
educed in the jet launching process, it is possible that the irreducible
ass-energy grows as the jet is launched, with the rotational mass-

nergy being decreased at a rate even greater (in magnitude) than
P j . Thus, equation ( 6 ) represents a minimum spin-down rate due

o jet launching. 
Equation ( 6 ) shows that stronger jets spin-down the SMBH more

han pure accretion, as expected. Simulations of jet launching in the
AD state find that jets spin-down the SMBH very ef fecti vely (e.g.
arayan et al. 2021 ), showing that the jet spin-down term cannot be

gnored in the evolution of SMBH spin (as has often been assumed).
rom the bottom panel of Fig. 1 , we see that including jet spin-down

n equation ( 5 ) results in faster spin-down for retrograde spins (note
hat positi ve v alues of the spinup/spindo wn function for negati ve
alues of a indicate spin-down), and a lower equilibrium spin value
or prograde accretion (0.25 instead of 0.6 without jets). 

Note that simulations of MAD jets imply stronger spin-down than
e have assumed here, to the point of the equilibrium spin value
eing a ≈ 0 (Narayan et al. 2021 ). In an idealized set-up with only
hick discs (such as the one we are presenting here), an equilibrium
pin value of ≈0 would imply an effectively finite amount of energy
hat an accreting SMBH can launch in the form of jets, before being
pun down to a ≈ 0. This would be problematic in our idealized
imulations, since the SMBHs would cease to do any feedback once
hey are spun down. As a result, we do not implement the spin-down-
elated findings from MAD simulations in this paper, and we instead
se the analytical prescription abo v e. Note that in a more realistic
cenario, including thin, radiati vely ef ficient discs at high accretion
ates, as well as SMBH mergers, equilibrium values of a ≈ 0 are not
roblematic. This is because the SMBH accretion rate would simply
ncrease, as a result of a lack of jet feedback, until the SMBH enters
he thin disc regime, where it can more ef fecti vely spin-up. 
NRAS 516, 3750–3772 (2022) 
.5 The structure of the disc: bending wave regime 

e have so far discussed how the magnitude of spin evolves given
he current spin and the mass accretion rate. Ho we v er, we hav e not
tated what we assume for the direction of the spin. The spin-down
f SMBHs due to jet launching only changes the magnitude of the
pin, and not its direction. For accretion, we could assume that the
ngular momentum change, corresponding to equation ( 5 ), is in the
irection of the large-scale angular momentum of the gas surrounding
he SMBH. We measure this direction using the SPH smoothing
ernel around the SMBH in the simulation, which we denote by
ˆ J d . A complication to this procedure, ho we ver, is that the SMBHs
lso experience Lense & Thirring ( 1918 ) torques, which we discuss
elow. In addition, the specific angular momentum of accreting
atter, as well as the feedback efficiencies, depend critically on
hether accretion is prograde ( a > 0) or retrograde ( a < 0). In
rder to determine this, more detailed accretion disc physics must be
ncluded in our model. 

Spinning SMBHs induce Lense & Thirring ( 1918 ) precession
hereafter LT) of a parcel of gas orbiting the SMBH, as a result
f torques that are related to the frame-dragging of space–time in the
err ( 1963 ) metric. In the context of an accretion disc, the LT torque

an have different effects depending on which accretion regime the
isc is in (see Nixon & King 2016 for a re vie w). In all cases, LT
recession is ef fecti ve only within some radius R warp . Within that
adius, torques between the disc and the SMBH ef fecti vely facilitate
he transfer of angular momentum between the two, whereas outside
t no such transfer occurs. 

The effects of LT precession depend on the ratio of the viscosity
arameter of the disc, α, and its aspect ratio H / R . In the case α

H / R (thin disc), the disc is aligned or counteraligned with the
MBH spin vector out to the radius R warp (Bardeen & Petterson
975 ; Papaloizou & Pringle 1983 ), and thus has a warped shape
hence the name). In the case of a thick disc α 
 H / R , the so-called
ending waves cause the precession of the disc within some inner
adius, with the precession rate depending on radius (Ogilvie 1999 ;
ubow, Ogilvie & Pringle 2002 ; King et al. 2005 ). 
Lubow et al. ( 2002 ) found that the behaviour of precessing discs in

he bending wav e-re gime depends on the value of a dimension-less
ariable x given by 

 = 

(
24 | a| 
h 

2 

)1 / 2 
r −( p+ 1 / 4) 

p + 

1 
4 

, (7) 

here h and p are used to parametrize the aspect ratio as H / R =
r p − 1 . The aspect ratio in the thick disc does not depend on radius
nd is equal to some value H / R . In terms of h and p , this choice
orresponds to p = 1 and h = H / R . For x 
 1 (large R ), the disc is
naffected by the bending waves and remains aligned with the large-
cale direction of angular momentum 

ˆ J d . In the inner regions ( x 	
), it experiences precession. The transitional radius between the two
egions can be found by taking x = 1 and inverting equation ( 7 ), this
ields 

 warp , adv = R G 

(
384 | a| 

25( H /R) 2 

)2 / 5 

. (8) 

or the thick disc, we take H / R = 0.3 based on GRMHD simulations
note that this is less than the value in the self-similar solution of
arayan & Yi 1995 ), resulting in values of R warp that are at most
 warp, adv ≈ 6 R G . In the thin disc, instead of causing precession, the
T torques cause the disc to be perfectly aligned or counteraligned
ut to thousands of R G , due to the Bardeen & Petterson ( 1975 ) effect.
e find similar values for the warp radius, of the order of several
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 G , if we instead assume that the Bardeen–Peterson effect operates 
or the thick disc. 

In deriving equation ( 7 ), Lubow et al. ( 2002 ) considered the
ase of a nearly Keplerian disc with a weak tilt. Despite these
ssumptions, observations have found that bending wave radii given 
y equation ( 8 ) are able to explain quasi-periodic oscillations in light
urves of X-ray binaries thought to host hot accretion flows (Ingram, 
one & Fragile 2009 ; Ingram & Done 2012 ). In addition, simulations
ave reproduced the findings from Lubow et al. ( 2002 ) (e.g. Fragile
t al. 2007 ; Fragile et al. 2009 Liska et al. 2018 ). 

.6 Prograde and retrograde accretion 

n our model, we decide whether accretion is prograde or retrograde 
n the same way as in Griffin et al. ( 2019 ) (see also Volonteri,
ikora & Lasota 2007 ; King, Pringle & Hofmann 2008 ; Fanidakis
t al. 2011 ). The rele v ant quantities in this algorithm are the SMBH
ngular momentum J BH 

and the disc angular momentum within 
he region of influence of LT precession. We take the latter as the
ngular momentum within the warp radius, J warp . The actual angular 
omentum of the entire accretion disc is, of course, very different. 
o we ver, the angular momentum outside R warp is irrele v ant for this
urpose since those regions of the disc do not interact with the SMBH
hrough LT torques. 

We assume that the direction of the angular momentum of the 
ccretion disc on large scales (outside the warp radius) matches that 
hich we measure around the SMBH in our simulations (using SPH 

articles in the SMBH smoothing kernel). This is a fairly strong
ssumption, given the fact that we measure the angular momentum 

irection on scales of 100–1000 pc, while the subgrid accretion disc is
f the order of 1 pc or smaller. We typically resolve the Bondi radius,
t least in our high-resolution simulations, so the direction of angular 
omentum being funnelled towards the black hole should remain the 

ame even on unresolved scales, if the black hole accretes directly 
rom the hot phase. This assumption may break down in the chaotic
old accretion scenario proposed by Gaspari, Ruszkowski & Oh 
 2013 ). Related to this issue is the possibility that accretion on small
cales may be inherently chaotic (with ef fecti vely random directions), 
ue to turbulence in the cold, star-forming interstellar medium around 
he black hole (King & Pringle 2006 ; Hopkins et al. 2012 ). This
s supported by some observations (e.g. Greene et al. 2013 ; Ruffa
t al. 2020 ), but not by others (e.g. Kaviraj et al. 2015 , see also
entati ve e vidence from the Event Horizon Telescope observations 
hat suggests misalignment of < 30 ◦ between the Sagittarius A ∗
ccretion disc and the Milky Way gas disc; Akiyama et al. 2022 ).
his issue, if it does exist, can only be o v ercome by resolving the
as around the SMBH on much smaller scales (Angl ́es-Alc ́azar 
t al. 2021 ), which is far beyond the reach of current cosmological
imulations. Until this becomes possible, our assumption allows us 
o model the spins of black holes, if not fully realistically. 

In our model, accretion proceeds in finite increments, such that one 
arp mass M warp is swallowed at a time (with M warp the disc mass
ithin R warp ). Before M warp is swallowed, the torques between the 
MBH and the disc bring the system to a steady state. During this
rocess, the magnitude of the SMBH angular momentum remains 
onstant, while its direction gradually aligns with that of the total 
ngular momentum J tot = J BH 

+ J warp . The angle between J BH 

nd J warp decreases with time, also resulting in the decrease in the
agnitude of J warp . 
Our procedure ef fecti vely amounts to assuming that torques 

etween the SMBH and the inner disc first reorient the SMBH, before
ny matter accretes. This allows us to assume that the accreting 
atter is either aligned or counteraligned with respect to the new
pin axis (prograde or retrograde accretion, respectively). Accretion 
s retrograde if 

cos θ < − J warp 

2 J BH 
, (9) 

here cos θ = 

ˆ J BH · ˆ J d is the initial misalignment between the 
MBH and the (large-scale) angular momentum of the disc, whose 
irection is ˆ J d (see King et al. 2005 for a deri v ation). In the case that
quation ( 9 ) is not satisfied, accretion is assumed to be prograde. Note
hat for the thick disc, the assumption of (counter-)alignment is not
trictly correct; the disc actually precesses. Ho we ver, the precession
s assumed to proceed around the new axis, so that on average the
hick disc is also (counter-)aligned. 

The warp angular momentum in equation ( 9 ) is calculated by
ntegrating the product of the surface density of the thick disc and
 ( R ), the specific angular momentum at a distance R from the SMBH,
ut to R warp . A similar integral (without the L ( R ) factor) is used to
alculate the warp mass M warp . We use the surface density from the
elf-similar thick disc solution presented in Narayan & Yi ( 1995 ): 

 adv = 

Ṁ BH , 0 

2 πR| v r | , (10) 

here v r = −αv 0 v K is the radial velocity. Here, v K = 

√ 

M BH G/R is
he Keplerian velocity, and v 0 is a numerical coefficient. The specific
ngular momentum is given by L ( R) = �0 

√ 

M BH GR , where �0 is
nother numerical coefficient. The two numerical coefficients are 
alculated as v 0 = 3/(5 + 2 ε) and �0 = 

√ 

2 ε/ (5 + 2 ε) , where ε =
5/3 − γ )/( γ − 1). The adiabatic index γ can be related to the
as-to-total pressure ratio β (Esin 1997 ): 

= 

8 − 3 β

6 − 3 β
. (11) 

inally, we connect β to α using findings from GRMHD simulations: 
= 1/(1 + 2 α) (Yuan & Narayan 2014 ). v 0 varies weakly with α;

or α = 0.05, it is 0.56, whereas for α = 0.2, it e v aluates to 0.52. �0 

epends on α somewhat more strongly; we obtain 0.27 and 0.37 for
he same values of α. 

 N U M E R I C A L  I MPLEMENTATI ON  A N D  

HYSI CAL  SET-UP  

.1 Numerical code and subgrid physics 

e use SWIFT (Schaller et al. 2016 ), an open-access 3 simulation
ode that includes hydrodynamics, gravity, cosmology, as well as 
arious subgrid physical processes. This includes our model for 
he evolution of BH spin, which is available to use as part of the
ode. SWIFT is currently being used in large simulations such as
he SIBELIUS suite (McAlpine et al. 2022 ), and will be used in
pcoming successors to the EAGLE simulation (Schaye et al. 2015 ).
t is a Lagragian code based on smoothed particle hydrodynamics 
SPH; Monaghan 1992 ). We use the SPHENIX hydrodynamical 
mplementation in SWIFT (Borrow et al. 2022 ), which includes 
rtificial viscosity and conduction (as well as respective limiters). 
oth are necessary in order to solve the hydrodynamics equations in

he general sense, but they are particularly important when attempting 
o simulate extreme contrasts in fluid properties, such as those present 
n supernova and AGN feedback events. 
MNRAS 516, 3750–3772 (2022) 
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In our simulations, we represent the gravity of the dark matter halo
sing an external potential. The stellar component is represented by
 live population of gravitationally interacting particles, while the
aseous component is represented with SPH particles. The smoothing
engths are set to 1.2348 times the local interparticle separation,
orresponding to a target neighbour number of 58. The minimal
moothing lengths are set to 0.01 times the gravitational softening
ength (the values of which are discussed in Section 3.6 ). 

The gas is allowed to cool radiatively based on the cooling function
rom Ploeckinger & Schaye ( 2020 ), although it is not allowed to cool
own to the molecular phase. Instead, we use an entropy floor (see
obels et al. 2022 for details). Star formation is modelled based on

he Kennicutt–Schmidt law (Kennicutt 1998 ) using the gas pressure
Schaye & Dalla Vecchia 2008 ). We do not include any stellar
eedback, magnetic fields, or other physics. 

.2 Black hole accretion 

n the centre of the halo we place an SMBH and fix its position, not
llowing it to wander around based on gravitational interactions with
he surrounding gas, nor to reposition to the potential minimum (Bah ́e
t al. 2022 ). We model the accretion rate using the Bondi–Hoyle–
yttleton prescription (Hoyle & Lyttleton 1941 ; Bondi 1952 ): 

˙
 B = 4 π

G 

2 M 

2 
BH ρ

( c 2 s + v 2 ) 3 / 2 
, (12) 

here ρ, c s , and v are the kernel-weighted density, isothermal sound
peed, and velocity (relative to the SMBH) of the gas, respectively,
ll of which are calculated from the smoothing kernel of the SMBH.
e assume that Ṁ BH , 0 , the large-scale accretion rate of the SMBH, is

qual to the Bondi rate. Here we use the subscript ‘0’ to differentiate
he large-scale accretion rate and the mass growth rate Ṁ BH ; the two
iffer since the radiative and/or jet efficiencies are non-zero. 
Some observations (e.g. Nemmen & Tchekhovsk o y 2015 ) indicate

hat a fraction (possibly a very large fraction) of the material infalling
rom the Bondi radius does not reach the black hole. Instead, it
ould be blown away in a kinetic wind (Blandford & Begelman
999 ; Yuan & Narayan 2014 ), ef fecti vely reducing the feedback
fficiency. Most simulations with a similar set-up as ours have used
o w ef ficiencies, since such ef ficiencies appear to be in line with
bservations. For simplicity, and since we are presenting the first
pplication of a model with self-consistent, spin-driven jet feedback
osted by a thick accretion disc, we do not reduce the Bondi accretion
ate by any such factor. For a similar reason, we do not suppress
he Bondi rate due to the turbulence and vorticity of the gas (e.g.
rumholz, McKee & Klein 2005 ; Krumholz, McKee & Klein 2006 ).
ur results should thus be treated as an upper limit to the possible

mpact of jets. 

.3 The numerical algorithm for spin evolution 

n the previous section we discussed the theory behind our model
or spin evolution. Here we will lay out how we implement the
odel, and and how this can be generalized to other hydrodynamical

imulations (e.g. EAGLE; Schaye et al. 2015 ), and in general in
ny hydrodynamical code (e.g. SWIFT; Schaller 2018 ). Using the
ame SPH particles that are used to measure the Bondi accretion rate
n to the SMBH, we measure the angular momentum direction of
he gas, ˆ J d , in SMBH smoothing kernel. We assume this to be the
irection of the angular momentum of the subgrid accretion disc at
arge distances, outside the influence of LT torques (i.e. outside the
arp radius). 
NRAS 516, 3750–3772 (2022) 
At the beginning of every time step of length � t , given a
ass reservoir �M 0 = Ṁ BH , 0 �t to be consumed and disc angular
omentum direction ˆ J d , our algorithm for evolving SMBH-related

uantities is as follows: 

(i) Calculate the warp radius R warp , mass M warp , and angular
omentum J warp (Section 2.5 ). 
(ii) Decide whether accretion is prograde or retrograde, based on

he angle between the current SMBH angular momentum direction
ˆ J BH and that of the disc ˆ J d , as well as the ratio of warp and SMBH
ngular momenta (equation 9 ). If prograde, we set a = +| a | , and if
etrograde a = −| a | . 

(iii) Calculate the jet feedback efficiency εj (Section 2.2 ). 
(iv) Increase the SMBH mass by (1 − εj ) � M 0 and evolve the

MBH spin according to equations ( 5 ) and ( 6 ), i.e. including spin-
p/spin-down from accretion, as well as the term responsible for jet
pin-down. The direction of the angular momentum of the SMBH
s modified such that it matches that of J BH 

+ N warp J warp ˆ J d , where
 BH 

is the old SMBH angular momentum vector, and N warp is defined
elow. The jet feedback energy reservoir is incremented by εj c 2 � M 0 .

Note that step (i) can precede step (ii) since warp-related quantities
o not depend on the sign of a . In the abo v e algorithm, N warp =
 M 0 / M warp represents the number of individual accretion events

ssumed to occur o v er a single time step. This can also be viewed as
he SMBH acquiring angular momentum through LT torques from
he warped disc with an ef fecti ve specific angular momentum of
 warp = J warp / M warp , so the total angular momentum acquired by the
MBH is � J = L warp � M 0 = ( J warp / M warp ) � M 0 = N warp J warp . Note

hat typically, N warp 	 1, due to small warp radii of the thick disc,
nd thus also small warp masses. Numerically, it is not feasible to
volve the system one warp increment at a time (nor is there any
ain in doing so). Finally, the abo v e algorithm is only applicable if
he black hole spin and its direction change very little o v er a single
ime step. We ensure this by adding a BH time-step whose duration
s chosen such that � J ≈ 0.01 J BH . 

In the Online Appendix B we show that the time-scale for
lignment of the BH spin vector with that on large scales using
his scheme is similar to the alignment time-scale in an approach
here LT torques are explicitly included in the equation for angular
omentum evolution. This demonstration was done for the thin,

adiati vely ef ficient disc (Shakura & Sunyae v 1973 ), rather than
he thick disc, since the rele v ant LT torque terms in the angular

omentum evolution equation are valid only for the thin disc. We
ound that the time-scale in our warp increment approach is ≈ 10 per
ent longer, but it depends on BH mass and accretion rate the same
ay as the one in the differential equation approach. 

.4 Jet launching 

he jet power is calculated from the current spin and mass accretion
ate as P j = εj Ṁ BH , 0 c 

2 , using the spin-dependent efficiency presented
n Section 2.2 . With every time step � t , the jet energy reservoir
s increased by P j � t . When this reservoir exceeds 2 × (1 / 2) m g v 

2 
j ,

here m g is the particle mass and v j the launching velocity, two
articles are kicked from the SMBH smoothing kernel, 4 and the
et reservoir is decremented by 2 × (1 / 2) m g v 

2 
j . The two particles

icked in each jet event are the farthest from the SMBH in our
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tandard scenario, with one on each side of the SMBH (relative to
ts angular momentum vector). We choose the farthest particles as 
ur fiducial prescription since we found that other choices can lead 
o rapid e v acuation of the region around the SMBH. The velocity
ectors are chosen at random within cones with half-opening angles, 
elative to the spin axis, equal to some value θ j (our standard choice
eing 10 ◦). We compute jet powers using actual jet kicking events
with adaptive time bins, each with a target number of 20 kicking
vents), instead of defining it as the rate at which the jet reservoir is
ncreased due to accretion. 

The jet launching velocity, v j , is a free parameter in our model, and
robably the most important one (see Hu ̌sko & Lacey 2022 ). Choos-
ng values that are too low leads to high-momentum (ballistic) jets
hat drill through the gaseous halo, without experiencing significant 
hocks, inflating bubbles, or heating the gaseous halo. Real AGN 

ets are highly relativistic and low-density, thus reaching the self- 
imilar stage very quickly, or equi v alently at very small distances
see e.g. Kaiser & Best 2007 for the physics of jets in the self-
imilar regime). On the other hand, using very large values of the jet
aunching velocity (close to relativistic) leads to poorly resolved jets. 
ote that the evolution of the shapes of the self-similar lobes inflated
y jets in the self-similar regime, as well as their energetics, should
ot vary at all with velocity (Kaiser & Best 2007 ). Furthermore,
on-relativistic jets that inflate self-similar lobes are very similar to 
elf-similar lobes produced by relativistic jets of the same jet power, 
ith differences of the order of 10 per cent. Through trial and error
e have found that values of v j ≈ 10 − 30 c s , where c s is the sound

peed of the ICM, represent a reasonable compromise. 
The choice of an appropriate velocity can ensure that the jet- 

nflated lobes in our simulations reach the self-similar regime. This 
n turn means that they exhibit similar hydrodynamics as in the 
ase where they are inflated by fully relativistic jets. However, it
s important to note that such jet-inflated lobes do not capture all
spects of observed radio lobes. This is because we do not model
hysics that may be important for this particular problem. Magnetic 
elds could be dynamically important in real jets and lobes since 

hey can contribute some fraction of pressure to the lobes (e.g. Konar
t al. 2009 ), and they can affect the stability of the jets (Nakamura,
chida & Hirose 2001 ; Tchekhovsk o y & Bromberg 2016 ). The

nclusion of cosmic rays (CRs) may also be important, especially if
et-inflated lobes are dominated by CRs. This is because such lobes 
ay not easily exchange energy with the ambient medium, depending 

n the properties of CR transport (see e.g. Ruszkowski, Yang & 

eynolds 2017 ). Ho we ver, CR physics is still not fully understood,
or is it clear whether CRs are dynamically dominant in real jet-
nflated lobes (although they are likely dynamically significant, see 
.g. Beckmann et al. 2022 ). Even in the case that magnetic fields and
Rs are important for the evolution of jets and lobes, our kinetic jet

eedback without magnetic fields and CRs may still quench cooling 
ows in a manner similar as observed. This is because a large fraction
of the order of 50 per cent or more) of the energy launched into
he jets is quickly transferred to the ICM through bow shocks (e.g.
ourne & Sijacki 2017 ; Weinberger et al. 2017a ; Hu ̌sko & Lacey
022 ). These bow shocks are launched by the lobes displacing the
CM and this process should be insensitive to the makeup of the
obes. 

.5 Dark matter, stars, and gas 

he initial conditions for our set-up are discussed in detail in Nobels
t al. ( 2022 ). Here we present a summary of the main features of the
et-up. The dark matter component is represented with an external 
avarro, Frenk & White ( 1996 ) potential, and its concentration
arameter depends on the mass of the system (see Section 3.6 ). We
nclude a stellar component in the form of a spherically symmetric
ernquist profile (Hernquist 1990 ). The velocity dispersion of the 

tellar halo is determined from the Jeans equation (Jeans 1915 ), with
he choice of no net rotation. 

The main component in our simulations, other than the SMBH, 
s the gaseous halo, which represents the circumgalactic/intracluster 
edium (CGM/ICM hereafter). The sound speed of this gas, c s , is set

qual to the circular velocity, v c , which determines the temperature
rofile of the halo. Along with the equation of hydrostatic equi-
ibrium, this condition sets the shapes of the pressure and density
rofiles. We assume that the gas is ideal, with an adiabatic index γ =
/3. The normalization of the density profile is determined from the
otal gas fraction within the R 500 radius, which is calibrated using
he results from the BAHAMAS simulations (McCarthy et al. 2017 ),
nd which reproduce the observed gas fractions. 

In the central regions of the gas halo, the temperature profile is
odified such that it can represent a typical profile found in cool-

ore clusters. This modification is controlled by a free parameter: the
inimal central temperature of the gas, T 0 . The gas is given a constant

raction of the (radially varying) circular velocity v c in the positive
-axis direction, such that the dimension-less spin parameter of the 
alo, λg = J g / ( 

√ 

2 M g V 200 R 200 ) (Bullock et al. 2001 ), is equal to the
ean value λ = 0.05 for dark matter haloes found in cosmological

imulations. Here, R 200 and V 200 are the virial radius and the circular
elocity at the virial radius of the dark matter halo, respectively, and
 g and J g the total mass and angular momentum, respectively, of the

aseous halo within R 200 . The metallicity of the gas is set to 0.3 Z �
with Z � = 0.0134). In the central regions of our gaseous halo, within
 radius of R res , we use a gas particle mass resolution of m gas, 0 . The
ame mass is used to represent the stellar Hernquist component. 
eyond R res the mass resolution of the gas increases as m g =
 gas, 0 ( r / R res ) 2 . Using a variable resolution allows for, effectively,
igher resolution simulations to be run. In order to properly resolve
he cooling flow and jet feedback, we use a large value of R res =
00 kpc. 

.6 Simulations 

e focus on three different systems: the 10 13 M �, 10 14 M �, and 10 15 

 � haloes, where the halo masses are defined as the masses within
he virial radius R 200 , the radius within which the mean density is
00 times larger than the critical density (assuming z = 0). The virial
adii of the three haloes are 442.7, 953.8, 2054.8 kpc, respectively. In
erms of virial o v erdensities computed using mean densities that are
00 times the critical density, the halo masses, M 500 , are 7.79 × 10 12 

 �, 7.52 × 10 13 M �, and 7.16 × 10 14 M �, while the virial radii,
 500 , are 305.8, 651.2, and 1358.8 kpc. The concentration parameters
f these haloes are 7.2, 5.6, and 4.0. The stellar masses of the galaxies
laced in their centres are 10 11 M �, 2.5 × 10 11 M �, and 6 × 10 11 

 �, and the black hole masses are 2.5 × 10 8 M �, 10 9 M �, and
 × 10 9 M �, respectively. These systems represent galaxy groups 
nd clusters. The simulations are run for 8 Gyr in the 10 13 M � and
0 14 M � cases, while the largest system is run for 16 Gyr due to its
onger cooling times. The parameter values used for the simulations 
resented in this paper are summarized in Table 1 . 5 

For each of our three halo masses, we perform a few parameter
ariations. We simulate each halo at three different mass resolutions, 
MNRAS 516, 3750–3772 (2022) 
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Table 1. List of all simulations. In the first three rows we specify the parameters of our fiducial simulations for each of the three halo 
masses we have simulated. We then specify the ranges of variations of all other parameters in the next three rows. The parameters 
are, in order: (1) M 200 – halo mass, (2) m gas, 0 – central gas resolution in terms of particle mass, (3) T 0 – central gas temperature, 
(4) a 0 – magnitude of initial SMBH spin, (5) εj – jet efficiency; constant value or εj ( a ), the spin-dependent efficiency given by 
equation ( 2 ), (6) v j – jet launching velocity, (7) Scheme – which particles within the SMBH smoothing kernel are kicked from the 
SMBH, F: farthest, C: closest, S: closest to the axis of the spin vector (in terms of angular distance), L: lowest density. 

M 200 (M �) m gas, 0 (M �) T 0 (K) a 0 εj v j ( km s −1 ) Scheme 

10 13 10 5 10 5.75 0.2 εj ( a ) 5 × 10 3 F 
10 14 8 × 10 5 10 6.75 0.2 εj ( a ) 10 4 F 
10 15 6.4 × 10 6 10 7.75 0.4 εj ( a ) 3 × 10 4 F 
10 13 10 5 −6.4 × 10 6 10 5.25 −10 6.25 0.1 −0.4 εj ( a ) 5 × 10 3 F 
10 14 10 5 −6.4 × 10 6 10 6.25 −10 7 0.1 −0.4 εj ( a ) 10 4 F 
10 15 8 × 10 5 −5.12 × 10 7 10 7.25 −10 8 0.2 −0.8 εj ( a ), 0.01 −1 1.5 −6 × 10 4 F, C, L, S 
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iffering by factors of 8 (corresponding to changes in the gravitational
oftening length, εg , by factors of 2). In the two lower halo mass
ases, our highest resolution simulations have a central particle mass
esolution of m gas, 0 = 10 5 M � and gravitational softening length
g = 300 pc. The highest resolution simulation for our most massive
alo is eight times worse in terms of mass resolution, since it is
omputationally more e xpensiv e. The typical smoothing length of
he BH in our simulations, as well as the highest density gas, is 2–
 times lower than the softening length during strong cooling flows,
nd around 10 times higher than that outside the cooling flows. In our
ighest resolution simulation, this corresponds to 100 pc and 1 kpc,
especti vely. These dif ferences arise due to the presence of cold gas
r lack thereof. 
We vary the initial SMBH spin for each of the three halo masses.

ur fiducial spins (directed along the z-axis) are 0.2 in the two
ower mass systems and 0.4 for the most massive galaxy cluster,
orresponding to jet efficiencies of ≈ 3 per cent and ≈ 12 per cent,
espectiv ely. Ev en though we use relatively low values of spin, the jet
fficiencies are larger than typically assumed in similar simulations
of the order of 10 −3 , e.g. Gaspari et al. 2012 ; Yang & Reynolds
016 ; Martizzi et al. 2019 ). This is a result of our assumption that the
ccretion efficiency is 100 per cent, i.e. that there are no disc winds
nd that all of the matter accreting from the Bondi radius reaches
nd accretes on to the SMBH. Note that the initial SMBH spin
oes not only change the ef ficiency; lo wer v alues of spin make the
MBH more susceptible to perturbations in the angular momentum
f accreting gas, so the SMBH spin vector will precess more or
ecome reoriented more rapidly. 
For each halo we vary the central temperature of the initial gas

istribution, T 0 . This parameter controls whether the halo being
imulated starts off as an analogue of a cool-core cluster (low T 0 ,
.g. four times lower than the virial temperature of the halo), a non-
ool-core cluster (high T 0 , near the virial temperature of the halo),
r something in between. For this reason, the choice of the initial
entral temperature can have a very strong impact on the evolution
f the system, as shown by Nobels et al. ( 2022 ). 
For the highest mass halo, we have also performed variations of
any other parameters. This includes jet-related parameters such as

he launching velocity. We also test cases where the axis along which
he jets are launched is fixed to be the z−axis; in this situation the jet
fficiency is also fixed in time, and we vary this constant efficiency.
e found that varying the half-opening angle of the jet does not

ffect our results (see the online Appendix C1). 
We also varied parameters related to the ICM. This includes

ts total angular momentum, the inclination of the ICM angular
omentum v ector relativ e to the initial spin v ector of the SMBH,
NRAS 516, 3750–3772 (2022) 
nd the metallicity distribution of the ICM. We v aried se veral other
nrelated parameters. We found that these variations did not affect
he feedback cycle significantly, at least in our most massive halo. We
iscuss these variations in more detail in the Online Appendices C2
nd C3. 

Finally, we varied the scheme with which particles are kicked from
he SMBH smoothing kernel. Our standard choice, where we kick
articles in the SMBH smoothing kernel that are farthest from it,
s compared with that where we kick the closest particles, the ones
losest to the spin axis in terms of angular distance, and the ones of
owest density. 

 RESULTS:  T H E  QU E N C H I N G  O F  G A L A X I E S  

C RO SS  T H E  MASS  SCALE  

.1 Galaxy group 

n our lowest mass system, representing an idealized galaxy group
ith a halo mass of M 200 = 10 13 M �, we find that regardless
f the initial SMBH spin, mass resolution, or initial central gas
emperature, the evolution of the system is similar. Initial cooling
ue to the presence of a cool core leads to a strong jet episode, which
ubsequently turns off any significant cooling during the next 8 Gyr
f evolution. Our results are similar to those found by Nobels et al.
 2022 ) for the same initial conditions using thermal AGN feedback
nstead of jets. We find that the Eddington-normalized accretion rate
˙  reaches peak values of ≈0.01 during the initial cooling flow, but
nly for the low initial spin case ( a 0 = 0.1) and low initial central
as temperature case ( T 0 = 10 5.25 K). This lasts only for several
yr, after which the accretion rate falls well below that value. In

ther cases, the accretion rate is al w ays well below 0.01, indicating
hat the jet-efficient, thick disc regime is applicable in these 
imulations. 

Fig. 2 shows the temperature of the gas in our highest resolution
imulation with our fiducial jet launching parameters. We see
llipsoidal lobes being inflated in the first two snapshots. In the third
napshot we see a weak jet, resembling an FRI source (Fanaroff &
iley 1974 ). This jet is weakly precessing due to the chaotic nature
f the angular momentum of accreting gas and since redirecting the
pin vector by a few degrees requires very little accretion. The spin
alue of the SMBH stays very similar to the initial one. The last
napshot shows the system at late times. By this point, the jet power
as reduced even more, but it is still non-zero. The system is kept in
 steady state by these very weak jets. 

In order to quantify jet feedback, we focus on the time dependence
f jet powers and star formation rates (cold gas masses follow the
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Figure 2. Gas temperature projections (mass-weighted mean) in our fiducial 
simulation (see Table 1 for details) of the galaxy group halo ( M 200 = 10 13 

M �) at different times. The images show a region 1 Mpc across and 200 kpc 
in depth. They show initially strong jets that inflate lobes and launch bow 

shocks, a weaker, precessing jets at intermediate times, and a very weak jet 
at late times. 
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FR very closely). Fig. 3 shows the jet powers and star formation
ates in our M 200 = 10 13 M � simulations, with varying numerical 
esolution, initial SMBH spin, and initial central temperature. These 
re all very similar, in that there is an initial jet and SFR episode,
ith the SFR being fully quenched by t = 0.5 Gyr. The jet power
radually reduces after reaching a peak within the first 0.5 Gyr. The
o wering do wn of the jets is completed by 2 Gyr in all cases. For
he remainder of the simulations, the jet powers remain close to their
verage values, indicating that the system has reached a quenched 
teady state. 

From the left-hand panel, we see that jet powers converge on to the
ame time dependence across different resolution levels. During the 
nitial jet episode, the three simulations have a very similar jet power.
he highest resolution simulation features a more protracted decrease 

rom the peak, possibly because the jets in that simulation can travel
o farther distances and thus heat local gas less ef fecti vely. The
ighest resolution simulation is also the most variable, as expected 
ue to the finer sampling of energy injection. Star formation is present 
nly during the peak of the initial episode and only in the two higher
esolution runs, and it increases with resolution. After the initial jet 
pisode, the lowest resolution run is so noisy that it features only a
ew jet kicking events around t = 3 Gyr. The two higher resolution
uns appear converged on to a fairly constant jet power after 2 Gyr,
ith a value of P jet ≈ 10 41 erg s −1 . The lower resolution simulation

s less variable in this period due to courser sampling. 
From the middle panel, we see that the details of the quenching

re very similar regardless of initial SMBH spin (which is, in this
ase, a proxy for jet efficiency, since spin varies very little during the
imulations, and jet efficiency varies as εj ∝ a 2 at small spin values,
ee Section 2.2 ). The main difference is that the highest spin case
ppears less variable during the initial jet episode. This is likely due
o the SMBH being able to react more quickly to gas cooling, by
aunching a pair of particles earlier and thus preventing buildup of
oo much cold gas. 

From the right-hand panel we see that haloes with lower initial
entral temperatures show more energy injection from jets, as well 
s more star formation, as expected due to higher rates of gas cooling.
tar formation is quenched successfully in all three cases. By t =
 Gyr, all simulations converge on to the same jet power as in the
revious cases, including the one where the central temperature is 
lose to the virial temperature. This likely indicates that all of the
as that differs between the initial profiles is ef fecti vely heated or
jected from the central regions of the halo. Since the spin remains
onstant ( a = 0.2), a constant jet power implies that the accretion
ate is the same between the different simulations. This accretion 
ate corresponds to Bondi growth directly from the hot halo. These
imulations indicate that ‘hot accretion’ is sufficient to keep the 
alaxies quenched, at least in systems with M 200 = 10 13 M �. 

.2 Low-mass galaxy cluster 

n the low-mass galaxy cluster case, with a halo mass of M 200 = 10 14 

 � halo, we find that hot halo accretion is not sufficient to keep the
entral galaxy quenched after the first jet episode. Instead, the galaxy
xperiences multiple episodes of jet activity and star formation; in 
ach episode, the jets are fed by cold gas. We find that the accretion
ate ṁ nev er e xceeds values of 0.03, indicating that our jet feedback
odel is applicable in these simulations. 
Fig. 4 shows visualizations of jets in the low-mass galaxy cluster at

arious times, in our highest resolution simulation ( m g = 10 5 M �),
ith our fiducial jet parameters. Since we use the same gas mass

esolution as for the galaxy group simulations, and the typical jet
owers are significantly larger, the jets appear better resolved. These 
napshots highlight the different jet morphologies seen throughout 
his simulation. In the first snapshot we show the initial jet episode.

e see two ellipsoidal lobes, as well as bow shocks propagating
hrough the halo. The hottest gas is near the jet head, as well as near
he jet base. This indicates that the jets have features akin to both
RI and FRII jets (Fanaroff & Riley 1974 ). 
In the second snapshot we show the aftermath of a second, weaker

pisode that occurs ≈1 Gyr after the first one. The third snapshot
hows an episode of a similar power after a third episode. In both
he second and third snapshot, there are signs of low-temperature 
as ahead of the bubbles inflated by these weaker jet episodes.
his low-temperature gas is a result of uplift of low-entropy gas
aused by the first, strong jet episode. We discuss this gas uplift
n Section 5.1 . The last snapshot shows the complex morphology
aused by a precessing jet that is also varying in power during its
pisode, causing multiple distinct bow shocks. These jets and bow 

hocks are also interacting with the infalling low-entropy gas that 
as previously uplifted, further complicating the picture. 
Fig. 5 shows the time dependence of jet powers and star formation

ates in our low-mass galaxy cluster simulations with varying 
arameters (the same ones as for the galaxy group case, shown in
ig. 3 ). We also include plots of total injected energy, cold gas mass
cold gas here meaning gas with T < 2 × 10 4 K) and magnitude of
MBH spin. In all cases, jet feedback leads to successful quenching.
In the top panels we show the results of varying the numerical

esolution. Overall, increasing the resolution leads to more energy 
njection from jets, as well as more variability in the jet power. The
mounts of cold gas do not increase with resolution, while the SFR
MNRAS 516, 3750–3772 (2022) 
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Figure 3. Jet power and star formation rate in the M 200 = 10 13 M � simulations with varying resolution (left-hand panel), initial SMBH spin (middle), and 
initial central temperatures (right-hand panel). The details of the fiducial case, relative to which these variations are made, are given in Table 1 (purple line in 
each panel, underlined parameter in each panel legend). The dotted black lines represent the upper limit of the specific star formation rate required to classify a 
galaxy as quenched. 

Figure 4. Gas temperature projections (mass-weighted mean) in our fiducial 
simulation (see Table 1 for details) of the low-mass galaxy cluster ( M 200 = 

10 14 M �) at different times. The images show a region 1 Mpc across and 
200 kpc in depth. They show the variety of jet morphologies featured during 
and between multiple cooling flows. The video version of this plot is available 
to view at ht tps://yout u.be/Edf2hS7HU70 . 
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ncreases only from the lowest to the intermediate-mass case. In the
wo lower resolution cases, the peaks in the SFRs are well correlated
ith peaks in the jet power, indicating that the cool gas feeding the

ets is also star forming. In the highest resolution case, the cold gas
ass and SFR is less variable, possibly due to the jets affecting

he cold gas to a lesser degree at higher resolutions. The cold gas
asses that we find, of the order of 10 7 − 10 8 M �, are consistent
ith observations of massive elliptical g alaxies (Georg akakis et al.
001 ; O’Sulli v an et al. 2015 ). 
NRAS 516, 3750–3772 (2022) 
In the middle panels, we see how the feedback depends on the
nitial SMBH spin. Unlike in the low-mass simulations, the spin
hanges somewhat. The medium-spin simulation shows no spin
volution, while in the low-spin simulation, the SMBH is spun up
rom a = 0.1 to a = 0.15. The higher spin simulation features spin-
own, from a = 0.4 to a = 0.32 by t = 8 Gyr. This spin-down is a
esult of jet activity; in the thick disc regime, jet launching causes a
ecrease in spin for SMBHs with spins abo v e ≈0.25 (see the bottom
anel of Fig. 1 ). Although we do not show these results here, we find
hat the direction of the spin vectors is very well aligned with the
−axis, with only the low-spin case showing a small deviation (10 ◦)
rom the initial direction. 

The simulations with a 0 = 0.1 and a 0 = 0.2 both feature fairly
 ariable jet po wers. The peaks of jet activity are very well correlated
ith peaks in the SFR and cold gas mass. The galaxies are quenched

t all times, with cold gas masses reaching values of up to 10 8 

 �. Outside the strongest SFR/jet episodes, we find small cold gas
eservoirs with M cold < 10 7 M � throughout most of the simulation.
he jet powers are al w ays abo v e 10 42 erg s −1 , which represents the
inimum jet power from hot halo accretion. The case with a 0 =

.4 is less variable than the other two. The jet power exhibits two
eaks (at t = 3 Gyr, and at the very end of the simulation), which
oincide with periods when cold gas mass is present, and when stars
re being formed. The cold gas masses and SFRs are lower than in
he cases with lower initial SMBH spin. This is probably a result of
he jet being able to react to an accumulation of cold gas more rapidly
due to higher jet efficiencies), thus promptly shutting off a cooling
ow. At the same time, the hot halo accretion launches stronger jets
i.e. the minimum in the jet power is higher, nearer to 10 43 erg s −1 ,
ather than 10 42 erg s −1 ), which results in less cooling during eventual
ooling episodes. During the very beginning of the simulation, this
s likely what prev ented an y gas from cooling quickly and launching
n initial jet episode. Despite the qualitative differences discussed so
ar, the total injected energy is very similar in all three cases. 

In the bottom panels, we show results of varying the initial central
emperature. A case with higher initial temperature than fiducial,
lose to the virial temperature, takes a longer time to show any jet/star
ormation activity, but even in this case there are jet/star formation
 ycles. As e xpected, lower initial central temperatures lead to more
old gas (exceeding 10 9 M �), more star formation and stronger jet
ctivity. In the two lowest temperature cases, the simulations feature
trong initial jet episodes, similar to the lower mass halo. The jet

art/stac2278_f3.eps
art/stac2278_f4.eps
https://youtu.be/Edf2hS7HU70
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Figure 5. Time dependence of the quenching/feedback process in the low-mass galaxy cluster simulations ( M 200 = 10 14 M �) with varying mass resolution 
(top row), initial SMBH spin (middle row), and initial central temperatures (bottom row). The left-hand panels show the jet power, while the right-hand panels 
show the star formation rate. Insets in the left-hand panels show the injected jet energy and magnitude of SMBH spin. The insets in the right-hand panels show 

the cold gas mass. The details of the fiducial case, relative to which these variations are made, are given in Table 1 (purple and orange lines in the top/middle 
and bottom panels, respectively; underlined parameter in each panel legend). The dotted black lines represent the upper limit of the specific star formation rate 
required to classify a galaxy as quenched. 
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owers peak at 10 45 erg s −1 , and the SFRs reach 100 M � yr −1 in the
owest temperature case. Unlike the galaxy group case, both of these 
imulations also feature further jet and star formation episodes later 
n. Ho we ver, in the later episodes the jet powers are weaker, and
he SFRs are low enough to consider the galaxies quenched. Both
imulations feature significant spin evolution. There is significant 
nitial SMBH spin-down, with the lowest temperature case settling 
own to a very low spin of a = 0.03 and misaligned relative
o the z-axis (not shown here). The somewhat higher temperature 
ase features spin-up back to around a = 0.2 during the initial jet
pisode, and the angle between the spin vector and z-axis is small
hroughout the simulation. This is expected since large amounts of 
ooling generally result in a cold circumnuclear disc. In the lowest
emperature case, it is possible that this did not occur, and the SMBH
as spun down into an ef fecti vely random direction, because there
as sufficient cooling in the very centre of the gaseous halo (where

he angular momentum of the gas is lower). 
Our results for the low-mass galaxy cluster are o v erall similar to

obels et al. ( 2022 ) for the same system using thermal feedback.
o we ver, we find that the jets quench cooling more ef fecti vely,

eading to less star formation. The quenching is also less protracted.
urthermore, the jets are able to quench haloes with lower initial
entral gas temperatures. Finally, we find that our cooling and jet
pisodes are largely non-periodic, while Nobels et al. ( 2022 ) find
MNRAS 516, 3750–3772 (2022) 
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Figure 6. Gas temperature projections (mass-weighted mean) in our fiducial 
simulation (see Table 1 for details) of the high-mass galaxy cluster ( M 200 = 

10 15 M �) at different times. The images show a region 1.2 Mpc across and 
400 kpc in depth. They show the variety of jet and bubble morphologies in 
this simulation, as well as jet reorientation. The video version of this plot is 
available to view at ht tps://yout u.be/2herQHMnrZs . 
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eriodicity. This difference is likely a result of varying efficiency in
he jet case. 

Beckmann et al. ( 2019 ) performed simulations similar to ours
including AGN jet feedback and SMBH spin evolution) and focused
n a set-up of an idealized Perseus-like galaxy cluster (which they
ssumed to have a halo mass of 3.4 × 10 14 M �, this may be more
omparable to our high-mass galaxy cluster simulations – see the
e xt subsection). The y found much higher cold gas masses and
tar formation rates than we do ( M cold = 10 10 −10 11 and SFR =
 −1000 M � yr −1 , respectively). Such a lack of strong quenching
s not necessarily surprising since the Perseus cluster is a cool-core
luster (Schmidt, Fabian & Sanders 2002 ), as well as having a central
MBH which is relatively undermassive for its host halo, by an order
f magnitude (Sani et al. 2018 ). 
The recurrence time between SFR episodes found by Beckmann

t al. ( 2019 ) is of the order of 0.1–0.2 Gyr instead of 1–2 Gyr as in
ur case (even when we compare their simulations with our cool-
ore simulations). This suggests that their jets heat the ICM more
ocally instead of travelling to the outer reaches of the halo – this
nterpretation is in line with the distances reached by the jets in the
wo sets of simulations (tens of kpc in their case versus hundreds
f kpc in ours). This means that the closest gas that has not been
f fecti vely heated lies at smaller radii in their case than in ours. Such
as has shorter cooling times, leading to a shorter recurrence interval
etween cooling flows. The difference in the distances reached by
he jets may be due to numerical resolution. Beckmann et al. ( 2019 )
esolve the ICM with a cell mass of m gas = 3.5 × 10 9 M � (more than
 factor of 10 3 poorer resolution than in our case). The y resolv e their
ets to a much better degree (up to ≈100 pc, which is in turn much
etter than our resolution in the jets, of the order of 1 kpc), but this
s progressively derefined as the gas launched by the jets ages (with
n exponential decay time of 10 Myr). On the order of several tens
f Myr, the jets probably quickly deposit their energy into the local
CM as they become poorly resolved, thus only being able to reach
istances of tens of kpc. 

.3 High-mass galaxy cluster 

e now turn to our most massive test case, an idealized high-mass
alaxy cluster with a halo mass of M 200 = 10 15 M �. We find multiple
pisodes of gas cooling and jet activity in this system, similar to the
ow-mass galaxy cluster. However, in this case, even with our fiducial
nitial central temperature, the cooling flows are strong enough to
nduce significant SMBH growth, and therefore also changes in
MBH spin (both its magnitude and direction). 
We find that the accretion rate ṁ occasionally exceeds 0.03, i.e.

t those times our thick disc and jet model is unrealistic. Instead,
he SMBH should enter the radiatively efficient thin disc regime
Shakura & Sunyaev 1973 ). We find that these periods are relatively
hort ( < 5 Myr in every case). However, in a realistic simulation
here the SMBH switches between the regimes depending on the

ccretion rate, it is possible that these periods of high accretion rates
ay be longer. This is because once the SMBH enters the radiatively

fficient regime, it is likely that the thermal feedback associated with
adiation is less ef fecti ve at quenching the cooling flow, which would
urther exacerbate an ongoing increase in accretion rate. We leave
 study of the interplay between thermal and jet feedback in such a
cenario for a future study. 

Fig. 6 shows the gas temperature at various times in our highest
esolution simulation of the high-mass galaxy cluster. In the first
napshot we see jets inflating a pair of bubbles, very close to the
-axis. In the second snapshot, the spin vector is still aligned with
NRAS 516, 3750–3772 (2022) 
he z direction, and we see a highly precessing active jet, as well as
obes/bubbles from a previous pair of episodes (which are blending
nto a single one in the top half). In the third snapshot, we see
hree pairs of bubbles, the outermost two of which are in the same
irection, while the innermost pair appears perpendicular to those.
one of these are in the z direction, with the spin axis of the SMBH
aving been changed. The last snapshot shows a strong jet being
aunched from the feeding off of a circumnuclear disc, which results
n a long-lived jet with a well-defined direction, but also showing
lear precession. These jets are 700 kpc long (each). 

Fig. 7 shows a similar set of plots as Fig. 5 , but for this most massive
ystem. We also show plots of the misalignment angle between the
MBH spin vector and the z-axis, instead of the total injected energy.
e see that the initial cooling flow takes a much longer time to

evelop (to the point of a non-zero cold gas mass reservoir/star
ormation), due to longer cooling times of the initial gas profile.
n our fiducial case with an initial central temperature of 10 7.75 K,
his takes 3–4 Gyr. Overall, we again find successful quenching
f star formation, with multiple cycles of feedback. The peak jet
owers approach 10 47 erg s −1 , peak cold gas masses approach 10 10 

 �, and peak SFRs reach values up to 100 M � yr −1 . The peaks
n SFRs are often large enough for the central galaxies to not be
onsidered quenched. Ho we ver, this is not a ‘problem’ per se, as many
bservations of central galaxies in clusters find similarly large cold
as mass reservoirs and SFRs (e.g. O’Dea et al. 2008 ), sometimes up
o 10 11 M � and 1000 M �yr −1 , respectively (Edge 2001 ; McDonald
t al. 2015 ; Castignani et al. 2020 ; O’Sulli v an et al. 2021 ). These
uge cooling flows are not found in the absence of jet feedback,
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Figure 7. Time dependence of the quenching/feedback process in the high-mass galaxy cluster simulations ( M 200 = 10 15 M �) with varying mass resolution 
(top row), initial SMBH spin (middle row), and initial central temperatures (bottom row), as per the legends in the right-hand panels. The left-hand panels show 

the jet power, while the right-hand panels show the star formation rate. Insets in the left-hand panels show the magnitude of SMBH spin and the angle between 
the spin vector and z-axis. The insets in the right-hand panels show the cold gas mass. The details of the fiducial case, relative to which these variations are 
made, are given in Table 1 (purple and orange lines in the top/middle and bottom panels, respectively; underlined parameter in each panel legend). The dotted 
black lines represent the upper limit of the specific star formation rate required to classify a galaxy as quenched. The yellow line in the top panel is discontinued 
at ≈12 Gyr since this simulation (the highest resolution one) was not run for the full 16 Gyr. 
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ut are instead correlated with it (Hlavacek-Larrondo et al. 2012 ; 
cNamara et al. 2014 ; Russell et al. 2017 ). 
In the top panels of Fig. 7 we show jet powers and SFRs with

arying numerical resolution. All three simulations inject similar 
mounts of energy, but higher resolution simulations show larger 
ariability and clearly distinct episodes. Smaller jet/cooling episodes 
iffer in timing and peak jet power/SFR, but all three simulations
how a similar episode at t ≈ 8 Gyr. The cold gas masses appear well
onverged with resolution, while the SFR grows by about an order 
f magnitude when resolution is increased from m g = 5.12 × 10 7 

 � to m g = 6.4 × 10 6 M �, but is converged down to m g = 8 × 10 5 
 �. In all three cases the SMBH is spun down during the initial
et episode, and its spin varies throughout the simulation between 
alues of 0 and 0.25. The spin vector becomes misaligned in all three
ases, but there is no sign of less misalignment at higher resolutions.
his indicates that the misalignment is not an effect of poor sampling
f the gas distrib ution, b ut rather a physical ef fect. Ho we ver, in our
ighest resolution simulation, the cold gas reaches peak masses of 
0 9 M �, which means that it is resolved by about 1000 particles at
ost. This may not be enough to draw any strong conclusions about

he morphology of the cold gas, and therefore about the evolution
f the spin vector in terms of direction. It is possible that higher
MNRAS 516, 3750–3772 (2022) 
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esolutions might result in fewer but longer lived cooling episodes
esulting in cold gaseous discs. 

The middle panels of Fig. 7 show results of simulations with
arying initial SMBH spin. We see that the SMBH is spun down
omewhat during the first cooling/jet cycle in all three cases, and the
ehaviour of spin is similar after the spin-down. In the highest spin
ase ( a 0 = 0.8), the SMBH gets spun down to 0.6 during the initial
ooling episode at t = 3.5 Gyr, and then it gets completely spun down
n the second cooling episode at t = 8–9 Gyr. For the remainder of
he simulation, in all three cases the spin takes on values between 0
nd 0.2, with the latter maximal value near the equilibrium spin due
o jet spin-down. The case with largest initial SMBH spin initially
hows a smaller angle between the spin vector and the z-axis, since
t is harder to steer it off into a different direction. On the other hand,
he cases with a 0 = 0.2 and a 0 = 0.4 both have spin vectors that are
ointed in a different direction almost immediately during the first
et episode. Despite the differences in spin, all three cases exhibit
 similar total injected jet energy as a function of time (not shown
ere), as well as similar star formation rates. 
From the bottom panels, we see the effects of varying the initial

entral temperature. The (relative) changes are similar to the low-
ass galaxy cluster case. As expected, decreasing the temperature

eads to more energy injection, cold gas, and star formation, as well
s more rapid spin-down and reorientation. The case with the lowest
nitial central temperature ( T = 10 7.25 K) has peak jet powers of
 few times 10 47 erg s −1 , corresponding to some of the strongest
bserved jets (Kino & Kawakatu 2005 ). The SFR reaches peaks
f a few times 100 M �yr −1 , which corresponds to SFRs of central
alaxies in clusters with some of the strongest cooling flows, such
s the Phoenix cluster (McDonald et al. 2015 ). The galaxy would
e considered non-quenched most of the time. Ho we ver, e ven in this
ase, after 11 Gyr the galaxy is completely quenched. In the case
ith the somewhat higher initial central temperature of T 0 = 10 7.5 

, the SFR is relatively high during the first 8 Gyr, but the galaxy is
gain quenched after that, with the exception of another episode at
 = 11 Gyr. In the case where the central temperature is close to the
irial temperature, there is almost no cold gas, star formation, or jet
ctivity. 

 J E T  FEEDBACK  IN  M O R E  DETA IL  

n the previous section we focused on the general morphology of
elf-consistent jets, as well as the details of the feedback cycle as
easured through the jet power and SFR. Here we will look at some

econdary features of these jets and their feedback. We focus on
he most massive halo that we have simulated, the high-mass galaxy
luster ( M 200 = 10 15 M �). 

Fig. 8 shows visualizations of gas properties (in slices, and
lso including zoom-ins, see the caption) in our highest resolution
imulation ( m g = 8 × 10 5 M �) of the massive halo, through
ts temperature, entropy, magnitude of the time deri v ati ve of the
 elocity div ergence (this quantity is a shock/sound wave tracer)
nd the X-ray surface brightness. 6 We have chosen these quantities
ince they highlight some of the main features of interest. The
NRAS 516, 3750–3772 (2022) 

 We calculate the X-ray surface brightness as appropriate for the ACIS 
etector on board the Chandra space telescope (Garmire et al. 2003 ) by 
sing its ef fecti ve area as a function of photon energy (corresponding to 
.2 −7 keV), which is convolved with a spectrum of bremsstrahlung cooling 
n an optically thin medium. The presence of metals is accounted for in the 
otal cooling function, but metal lines are not included in the spectrum. 

r  

m  

h  

c  

e  

j  

e  

r

articular times (snapshots) shown were chosen for a similar 
eason. 

.1 Uplift of filaments 

he jets in our simulations inflate bubbles that rise buoyantly due to
ra vity. Such b ubbles can be seen clearly in the first three snapshots
hown in Fig. 8 , in maps of all of the properties to varying degree.
e find that the rise of such bubbles is ubiquitously followed by the

ise of colder, ambient medium in the form of filaments that connect
he base of the bubbles to the centre of the halo. This gas is visible
n the second and third snapshots in the temperature maps due to
ts low temperature ( ≈10 7 K), and the entropy maps show that the
laments are of a somewhat lower entropy relative to the rest of the
mbient medium. The filaments are also visible in the X-ray surface
rightness, which shows actively cooling gas. 
These filaments can be traced to two distinct physical processes

Pope et al. 2010 ), the drift (a hydrodynamical effect related to the
isplacement of the gas by the bubbles; Darwin 1953 ), and the w ak e
trapping of gas in eddies at the bottom of buoyantly rising bubbles;
ang 2003 ). The drift is visible as the main body of the filaments

n Fig. 8 , while the w ak e is visible as the ‘petals’ at the end of
he filaments in the last three snapshots, most clearly in the X-ray 

aps. 
The first snapshot in the X-rays shows the base of the cavities

nveloped by cooling gas. This is qualitatively similar to filaments
f cool gas enveloping the base of X-ray cavities, as observed with
LMA in the Phoenix cluster (Russell et al. 2017 ). The filamentary

tructures trailing bubbles in the second and third snapshot (and
n our simulations in general, regardless of the resolution or mass
f the system) are qualitatively in agreement with observations
hat find filaments trailing X-ray cavities or radio bubbles (e.g.
ussell et al. 2016 ; Vantyghem et al. 2018 ). Observations with
LMA have found that filaments trailing bubbles may be ubiquitous
herever AGN bubbles are present (e.g. Olivares et al. 2019 ; Russell

t al. 2019 ). Observations in other wa velengths ha v e rev ealed man y
ore examples of this correlation (e.g. Wilman, Edge & Swinbank

009 ; Salom ́e et al. 2011 ; Tremblay et al. 2015 ; Maccagni et al.
021 ). In the Virgo cluster, a pair of filaments are visible in X-
ays, and they are aligned with a pair of radio lobes (Gatuzz
t al. 2022 ). Other observations also find X-ray filaments trailing
-ray cavities (e.g. Gendron-Marsolais et al. 2017 ), but these
enerally require long exposure times in order to resolve the 
laments. 
Simulations have been able to reproduce the uplift that results in

hese filaments (e.g. Churazov et al. 2001 ; Re v az, Combes & Salom ́e
008 ; Li & Bryan 2014b ; Brighenti, Mathews & Temi 2015 ; Qiu
t al. 2019 ; Zhang et al. 2022 ), although it is not clear how common
 feature they are. We have performed simulations of constant-power
ets and jet-inflated bubbles in an idealized ICM (Hu ̌sko et al., in
reparation), where we found that the filaments are present after
n y bubble-inflation ev ent. We also found that the y are energetically
ignificant, and that the process of uplift of ambient gas significantly
educes the central density of the ICM. This provides an alternative
echanism of feedback (alongside gas heating through shocks). It

as even been suggested that jet feedback may represent a self-driven
ycle: one jet episode results in the uplift of dense filaments that
ventually cool and fall on to the central galaxy, triggering another
et episode (McNamara et al. 2016 ). We do find that these filaments
ventually fall back on to the centre, but we leave a study of their
ole in the feedback cycle for a future paper. 
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Figure 8. Gas properties (mass-weighted means) at different times in our fiducial simulation (see Table 1 for details) of the high-mass galaxy cluster ( M 200 = 

10 15 M �). Each image is 800 kpc across, and shows slices 200 kpc in depth. Insets show a zoom-in of the central 50 kpc (10 kpc in depth). From left to right we 
show the temperature, entrop y, shock/sound w ave indicator and X-ray surface brightness (see the text for details). From top to bottom we sho w dif ferent times. 
The video version of the X-ray plots is available to view at ht tps://yout u.be/113F4ndbm1c . 
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.2 Structure of the cold gas 

ur simulations of the most massive halo ( M 200 = 10 15 M �) feature
ignificant changes in the direction of the SMBH spin vector, as
an be inferred from jets being launched in various directions. The 
volution of the spin is primarily tied to the properties of the cold
as ( T < 2 × 10 4 K) surrounding the SMBH. We find that the
old gas is morphologically varied. At times, it takes the form of a
elati vely long-li ved, rotationally supported disc (e.g. the first and
ast snapshots, visible mostly in the zoomed-in temperature and X- 
ay maps in Fig. 8 ). At other times, it is relatively clumpy, and can
ven be located far from the SMBH (third snapshot). These variations
ould be attributed to: (i) the depletion of gas due to direct launching
nto the jet by the jet-launching algorithm, (ii) the entrainment of gas
nto the jet, (iii) the cooling of gas at large distances due to shock
MNRAS 516, 3750–3772 (2022) 
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ompression of gas induced by the jets, (iv) the cooling of filaments
rawn out by jet-inflated bubbles, and (v) poor sampling due to finite
umerical resolution. 
Observationally, it is not clear how ubiquitous cold gaseous discs

re in massive galaxy clusters. For some galaxy clusters there is
lear evidence of molecular gas discs (Hamer et al. 2014 ), while
or others there is evidence of most of the molecular gas residing
n precipitating filaments (Crawford, Sanders & Fabian 2005 ). An
nalysis of a sample of clusters by Russell et al. ( 2019 ) suggests that
here is a spectrum, with most clusters having both filaments and
ircumnuclear discs, with neither dominating. Newer observations
ith ALMA (Nagai et al. 2019 ) find that many of these discs may be
nresolved in lower resolution observations. 

.3 Driving of shocks and sound waves 

s an anisotropic energy injection mechanism, jets are expected to
eposit a significant fraction of their energy near the axis along which
hey are launched. In our most massive galaxy cluster simulation, this
s not necessarily a problem since jets can reorient fairly quickly. In
ur lower mass systems, such reorientation does not occur. 
From the maps of the shock/sound wave tracer in Fig. 8 we see

hat jet launching is accompanied by ellipsoidal or spherical shocks
nd sound waves that propagate throughout the halo. The shocks
rom multiple jet episodes interact with each other in a complex way,
roducing ripples with a radial direction. This likely results from
nterference of waves from different jet episodes (or from the two
ides of a single jet episode). Plumes tracing the jet material are
isible due to strong shocking of the jet gas. Sound waves in our
imulations do not heat the ICM, since it is relatively homogeneous
i.e. it does not feature realistic substructures, such as gas clumps,
loshing fronts, relics of accreted clusters, etc.), but they might
o so in realistic zoom-in or cosmological simulations (Bambic &
eynolds 2019 ). 
These plots show that jets that are directed along one axis can

rive significant shocks in other directions. This is not surprising;
any simulations have found that a significant fraction (usually of

he order of 50 per cent) of jet energy is imparted to the medium
airly isotropically while the jet is active, by driving a bow shock that
eposits energy through thermalization at all angles (e.g. Bourne &
ijacki 2017 ; Weinberger et al. 2017b ; Hu ̌sko & Lacey 2022 ). After

he jet is turned of f, e ven more (if not all) of the previously injected
nergy is imparted to the ambient medium. This is consistent with
ur galaxy group and low-mass cluster simulations, where jets are
aunched almost perfectly along the z-axis, yet they successfully
uench gas cooling and star formation in the haloes. 

.4 Impact of jet feedback on profiles of gas-related quantities 

bservations indicate that, in terms of X-ray properties, galaxy
lusters come in roughly two types: cool-core (CC) and non-cool
ore (NCC; McNamara et al. 2000 ; Lewis, Stocke & Buote 2002 ). In
heir outer regions these clusters are very similar (Voit, Kay & Bryan
005 ), but in their centres, CC clusters exhibit a dip in temperature
hat can be a few times lower than the peak (Peterson et al. 2003 ).
his distinction is also visible in entropy (Hudson et al. 2010 ),
ensity (Peterson & Fabian 2006 ), and pressure (Arnaud et al. 2010 )
rofiles. CC clusters have significantly shorter central cooling times,
ypically less than the Hubble time (Voit & Donahue 2015 ). Previous
imulations have shown that the distinction between CC and NCC
lusters can be explained as a result of AGN feedback (e.g. Dubois
NRAS 516, 3750–3772 (2022) 
t al. 2011 ; Pike et al. 2014 ; Prasad, Sharma & Babul 2015 ; Barnes
t al. 2017 ). 

Fig. 9 shows the number density, temperature, and entropy profiles
f gas in our fiducial, medium-resolution simulation of the high-
ass galaxy cluster ( M 200 = 10 15 M �). Outside 200 kpc, the median

rofiles o v er 16 Gyr of evolution are similar to the initial ones,
ndicating that feedback mostly has an effect on the region within
hat radius. There are some variations at different times at all radii,
ut these are related to the relaxation of the halo, which is most
asily visible in the temperature profiles (shown here using a non-
ogarithmic axis), and also in an o v erall drop in the normalization of
he density and entropy profiles. 

Within 200 kpc there are significant variations in the profiles
etween snapshots, due to active cooling and feedback in this region.
he median temperatures within r < 10 kpc reach values as low as a

ew times 10 6 K ( T ≈ 0.1 keV) and as high as 10 8 K ( T ≈ 10 keV),
epending on whether the ICM is actively cooling or being heated
y feedback. Entropies at the same time reach values as low as K <

 keVcm 

2 and as high as K = 10 3 keVcm 

2 . We also show median
ines using all snapshots, as well as medians for when the cluster
s considered CC or NCC for the entropy profiles, according to the
efinition of Cavagnolo et al. ( 2009 ) (a cluster is considered CC if
ts central entropy, K 0 , measured within r < 10 kpc, satisfies K 0 <

0 keVcm 

2 , otherwise it is NCC). We find that our simulated cluster
s considered CC for almost its entire evolution, with the CC median
ines and the o v erall medians being v ery similar. Most of the time the
luster is more CC than when initialized, with densities being higher
nd temperatures and entropies lower. Our CC median entropy profile
grees fairly well with the sample from Cavagnolo et al. ( 2009 ),
nderestimating it by ≈ 50 per cent in the centre. Ho we ver, our NCC
edian entropy profile, comprised of only ≈10 snapshots, falls short

f the observed NCC median from Cavagnolo et al. ( 2009 ) by a factor
f ≈4. These differences may be in part due to the haloes in the sample
f Cavagnolo et al. ( 2009 ) differing in mass from M 200 = 10 15 M �.
t is also likely that more realistic, cosmological simulations, with
loshing due to mergers, would feature higher entropy cores, both
or CC and NCC clusters (Ascasibar & Markevitch 2006 ; ZuHone,

arkevitch & Johnson 2010 ). 

.5 Impact of parameter variations on the cooling and 

eedback cycle of galaxies 

n Section 4 we focused on general features of jets and the quenching
rocess in all three systems that we simulated. We varied the initial
MBH spin, mass resolution, and the central temperature in each
ase. In this section we present similar results, but for variations of
ther parameters or choices that we considered most significant; we
iscuss other variations in the Online Appendix C (where we find that
hey generally have little impact). These variations were all done for
he high-mass galaxy cluster ( M 200 = 10 15 M �). In Fig. 10 we show
he results of these variations for three different parameters/choices:
he jet launching velocity, the scheme with which particles are kicked
rom the SMBH smoothing kernel, and finally a set of simulations
here the jet direction is fixed along the z-axis, and the jet efficiency

s also fixed in time. 
The top row of Fig. 10 shows results of varying the velocity with

hich particles are kicked from the SMBH smoothing kernel. In
erms of jet power, higher launching velocities result in more episodic
eedback, which is especially pronounced with the highest launching
elocity we tested, v j = 6 × 10 4 km s −1 = 0 . 2 c. This simulation has
our cooling episodes (which may feature one or more distinct
et episode each) that last for 0.5–1.5 Gyr. Between these cooling
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Figure 9. Profiles of gas density, temperature, and entropy from our fiducal high-mass galaxy cluster simulation at medium resolution ( M 200 = 10 15 M �, m g = 

6.4 × 10 6 M �, see Table 1 for details). The initial profiles are shown by dotted lines, while thick solid lines are the median profiles using individual snapshots, 
which are shown with thin solid lines. The purple and orange lines show median profiles for our simulated cluster when it is cool-core (CC) and non-cool-core 
(NCC), respectively. The cluster is classified as the former if its central entropy (within r < 10 kpc) satisfies K 0 < 30 keVcm 

2 , and the latter if K 0 > 30 keVcm 

2 . 
This definition follows the observational sample of Cavagnolo et al. ( 2009 ); their median CC and NCC entropy profiles are shown with dashed purple and orange 
lines, respectively. 
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pisodes, the jet power is very low. The high-velocity case is
ikely more episodic due to its more e xplosiv e nature (due to a
arger launching velocity, stronger shocks occur as the jet is being 
ecelerated, and at smaller distances). This difference results in lower 
et powers in the minima between jet episodes; this is likely due to
he presence of hotter gas in the centre of the halo. 

With lower launching velocities, the halo is heated more gently 
nd at larger distances, since shocks occur at larger distances. This
s a result of the jets being more mass and momentum loaded,
ince the total mass launched into a jet with a total energy E j 

which we consider constant for the purpose of this argument) is
 j = 2 E j /v 

2 
j , and the total momentum p j = 2 E j / v j . The jets are

hus able to drill through the ICM more easily, if they are launched
ith lower velocities, until they have swept up approximately as 
uch mass as the mass in the jets, which is roughly when they

ransition from the ballistic phase to the self-similar one (see e.g. 
aiser & Best 2007 for a theoretical model, or Hu ̌sko & Lacey
022 for a confirmation of such behaviour in hydrodynamical tests). 
his transition roughly coincides with the scale where jets begin to 
xperience strong shocking. Furthermore, since densities are smaller 
t larger radii, the shocks are also likely to be weaker. 

The evolution of the SMBH spin magnitude and direction is similar
n all three simulations, with perhaps the only exception being the 
omewhat more frequent changes in the spin for the lowest velocity 
et simulation, due to the jet being active throughout almost the 
ntire simulation. Surprisingly, the peak star formation rates and 
old gas masses are higher with larger launching velocities, which 
eature more e xplosiv e feedback. The y also show more protracted
ecreases after their peaks during each episode. These differences 
re most likely due to e xplosiv e feedback being able to expel cold
as from the centre of the halo; the cold gas is then long-lived and
tar-forming until all of it is consumed (this behaviour was also 
ound by Nobels et al. 2022 with thermal AGN feedback). The lower
elocity cases feature stronger cold gas e v acuation from the centre
f the halo through the jet launching mechanism, leading to lower 
FRs. By this we are not referring to entrainment, but rather that the

et launching algorithm chooses the cold gas to be launched into the
et. The reason this effect depends on the jet launching velocity is
hat the mass loading of the jet increases as the velocity decreases:
˙
 j = 2 P j /v 

2 
j . 
When launching particles from the SMBH smoothing kernel, as 
art of our jet feedback implementation, a choice needs to be made
s to which particles are launched (see Chaikin et al. 2022 , in the
ontext of stellar feedback). Our fiducial choice is to kick particles
hat are farthest from the SMBH on either hemisphere (relative to
he spin vector). We compare this against kicking the closest two
articles, as well as kicking the two particles closest to the spin axis
in terms of angular distance). We also compare against a case where
he two particles with the lowest density are kicked, in an attempt to
 v oid launching cold gas into the jet. In Fig. 10 we show the effects
f varying this choice. As we see, the consequences are minor but
ot negligible. 
The scheme with the two closest particles being kicked is o v erall
ost similar to our fiducial choice, where the two farthest particles

re kicked. Ho we ver, the jet po wers, SFRs, and cold gas masses
re more variable and less episodic in that scheme, since the cold
as structure near the SMBH is more prone to being disrupted. The
cheme where low-density gas is targeted is o v erall similar to the
revious two, but results in quicker ‘final’ quenching by t = 10 Gyr,
ue to a long-lived and strong cooling/jet episode, which is not easily
isrupted since the launching scheme completely a v oids the cold gas.
he scheme where the gas closest to the spin axis is targeted appears

o be most efficient at feedback. This scheme is most episodic and
njects the energy required to quench cooling earlier than the other
chemes. It completely quenches the halo by t = 10 Gyr as well (at
east out to the end of the simulation). 

In the bottom row of Fig. 10 we show results from simulations
ith jets that are fixed along the z-axis, and that inject energy with a

onstant efficiency (that we vary). We find that there is surprisingly
ittle difference among simulations with efficiencies varying by 
actors of 10. Lower efficiency cases have more variable cooling/jet 
pisodes and shorter delays between the episodes. Overall, ho we ver,
e find that the amounts of energy injected by the jets is similar in all

hree simulations. The same is true for the amount of star formation.
his similarity is likely due to the self-regulated nature of the system

see e.g. Booth & Schaye 2010 ); the SMBHs may inject less energy
n the beginning of a cooling flow if they have lower efficiencies,
ut this will quickly be compensated by more cooling (and higher
MBH accretion rates) until the jet heating rate becomes sufficient 

o offset the cooling. 
MNRAS 516, 3750–3772 (2022) 
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M

Figure 10. Time dependence of the quenching/feedback process in the high-mass galaxy cluster simulations ( M 200 = 10 15 M �) with varying parameters/choices, 
as per the legends in the right-hand panels. In the top row we vary the jet launching velocity, and in the middle row the choice of which particles are kicked 
from the SMBH smoothing kernel. The bottom ro w sho ws a case with the jets fixed along the z-axis, with the jet power calculated using a fixed efficiency (see 
legend). The left-hand panels show the jet power, while the right-hand panels show the star formation rate. Insets in the left-hand panels show the magnitude of 
SMBH spin and the angle between the spin vector and z-axis in the top and middle panel, and the total injected jet energy in the bottom panel. The insets in the 
right-hand panels show the cold gas mass. The details of the fiducial case, relative to which these variations are made, are given in Table 1 (purple line in each 
panel and underlined parameter in each panel legend, with the exception of the bottom row). The dotted black lines represent the upper limit of the specific star 
formation rate required to classify a galaxy as quenched. 

6

I  

S  

n  

f  

t  

d  

m  

o  

e  

c
 

p  

i  

a  

m  

a  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/3/3750/6668814 by guest on 22 M
arch 2023
 SUMMARY  A N D  C O N C L U S I O N S  

n this paper we present a subgrid model for the spin evolution of
MBHs surrounded by unresolved thick accretion discs in hydrody-
amical simulations of galaxy formation. This model is applicable
or SMBHs accreting at low rates, as found in many galaxies in
he local Universe, especially massive ones. Coupled with a spin-
ependent jet efficiency formula based on recent general-relativistic
agnetohydrodynamical simulations, our model allows the study

f self-consistent jet feedback in a realistic manner. Due to spin
NRAS 516, 3750–3772 (2022) 

o  
volution, the model naturally results in jet reorientation, as well as
hanges in jet efficiency. 

We have implemented our model into the SWIFT smoothed
article hydrodynamics code, and applied it to an idealized set-up that
ncludes: (1) an external potential representing a dark matter halo, (2)
 central massive galaxy, (3) a realistic hot circumgalactic/intracluster
edium in hydrostatic equilibrium, and (4) a central black hole. We

ssume an accretion efficiency of 100 per cent, so that the black hole
ccretion rate is equal to the Bondi accretion rate (no disc winds or
ther mass-loss). The jet efficiencies that arise in our simulations

art/stac2278_f10.eps
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re of the order of 1 − 10 per cent, larger than most other similar
imulations. 

We have studied cases with three different dark matter halo 
asses: 10 13 M �, 10 14 M �, and 10 15 M �. These set-ups represent

ypical systems where jet feedback is expected to be important, 
ncluding galaxy groups and clusters. We have simulated these 
ystems at different resolutions and with varying parameters. From 

hese simulations we conclude the following: 

(i) Our jet feedback model is successful in quenching star for- 
ation in central galaxies across the mass scale, and with differing 

arameters related to jet feedback and initial conditions. Quenching 
s al w ays achieved, but details of the feedback can depend on choices
uch as jet launching velocity and which particles are kicked from
he SMBH smoothing kernel. 

(ii) The details of jet feedback are most sensitive to the mass of the
ystem (as measured through the halo mass). In the M 200 = 10 13 M �
ase (a typical elliptical galaxy in a galaxy group), an initial strong
ooling flow and jet episode leads to quenching within 0.5–2 Gyr. 
his galaxy remains quenched for a further 6 Gyr. A weak, constant-
ower jet is fed directly from the halo of hot gas. In the largest system
hat we simulate, the high-mass galaxy cluster ( M 200 = 10 15 M �),
he central galaxy experiences multiple cycles of cooling and jet 
ctivity. Jets fed by accretion from cold gas dominate in this system.
n the intermediate-mass case ( M 200 = 10 14 M �), representing a low-
ass galaxy cluster, cold gas accretion typically dominates, with hot 

alo accretion being sufficient to keep the halo quenched only if jet
fficiencies are very high, of the order of 100 per cent. 

(iii) At fixed halo mass, we find that the results are most sensitive
o the initial central temperature of the gaseous halo. We find the
trongest jet activity (with jet powers a few times 10 47 erg s −1 ) in
ur high-mass galaxy cluster ( M 200 = 10 15 M �), if it is initialized as
 strong cool-core cluster. Cold gas masses in this case reach peak
alues of 10 10 M � and star formation rates reach peak values of a
ew times 100 M � yr −1 , in agreement with observations. Periods of
uch high cold gas masses, star formation rates, and jet powers can
ast anywhere from 0.1 to 1 Gyr, depending on the jet efficiencies
i.e. spin) and the details of the system in question. 

(iv) In the galaxy group ( M 200 = 10 13 M �) and low-mass cluster
 M 200 = 10 14 M �), the cooling flows that develop do not lead to
old gas mass reservoirs large enough, or long-lived enough, to 
ead to significant SMBH accretion or spin evolution. Significant 
volution of SMBH spin (both in terms of magnitude and direction) 
ccurs in the M 200 = 10 15 M � system. The accretion is chaotic and
ot well-aligned with the z-axis, with the gas sometimes forming a 
ircumnuclear disc, and at other times clumps that may appear at 
arge distances from the centre of the halo ( > 10 kpc). 

(v) Compared to simulations using thermal AGN feedback in the 
ame set-up, performed by Nobels et al. ( 2022 ), we find that jets
re more efficient at quenching the galaxies. They lead to o v erall
ess star formation and cold gas, as well as more rapid shutoff in
tar formation during a given cooling flow. Compared to thermal 
eedback, the jets are able to quench haloes with lower initial central
as temperatures. The cooling and feedback cycle is periodic in the 
ase with thermal feedback, unlike the jet feedback case, where the 
ime elapsed between cooling episodes is less predictable. This is 
ikely due to jet efficiencies that vary during a given simulation. 

(vi) The inflation of jet lobes/bubbles is al w ays followed by the
plift of low-entropy gas from the centre of the gaseous halo. This
as forms dense, cooling filaments, in agreement with observations 
hat suggest that these filaments are ubiquitous in galaxy clusters 
ith evidence of jet activity. 
Our simulations of the group and low-mass cluster regimes 
 M 200 = 10 13 M � and M 200 = 10 14 M �) featured almost no spin
volution, which means that the jet efficiency and direction were 
f fecti v ely fix ed. In addition, we performed some simulations of the
igh-mass galaxy cluster ( M 200 = 10 15 M �) with the jet efficiency
xed at a few different values and the jet direction fixed along the
-axis. In all these simulations, successful quenching was achieved. 
hese results indicate that variations of the jet efficiency and direction 
ue to BH spin evolution may not be important if the main goal is to
uench galaxies. Ho we ver, some secondary ef fects are probably lost
e.g. non-periodicity of cooling flows). In a follow-up paper, we plan
o investigate the importance of varying jet efficiencies and directions 
n detail, using the same set-up as in this paper. In the same paper,
e will compare jet feedback with the thermal feedback mode used

n the EAGLE simulations. 
In the future we also plan to extend our analysis to idealized

et-ups representing different physical systems where jets may be 
mportant, e.g. disc galaxies or galaxy mergers. We will also perform
osmological zoom-in simulations in order to study jets in a more
ealistic, cosmological conte xt. Ev entually, we plan to perform large-
olume cosmological simulations with jets as a feedback mechanism. 
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