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A B S T R A C T 

We present a hybrid active galactic nucleus (AGN) feedback model that features three accretion disc states (the thick, thin, 
and slim discs at low, moderate, and super-Eddington accretion rates, respectively), and two feedback modes: thermal 
isotropic and kinetic jets. The model includes black hole (BH) spin evolution due to g as accr etion, BH mergers, jet spin- 
down, and Lense–Thirring torques. The BH spin determines the jet directions and affects the feedback efficiencies. The 
model is implemented in the swift code and coupled with the C OLIBRE g alaxy formation model. We present the first 
r esults fr om hybrid AGN feedback simulations run as part of the COLIBRE suite, focusing on the impact of new parameters 
and calibration efforts. Using the new hybrid AGN feedback model, we find that AGN feedback affects not just massive 
g alaxies, but all g alaxies down to M ∗ ≈ 10 

8 M �. BH spins ar e pr edict ed t o be near-maximal for int ermediat e-mass BHs 
( M BH 

∈ [10 

6 , 10 

8 ] M �), and lower for other BH masses, which is in good agreement with observations. The intergalactic 
medium is hotter and impacted on larger scales in the hybrid AGN feedback simulations compared to those using purely 

thermal feedback. In the hybrid AGN simulations, we predict that half of the cumulative injected AGN energy is in thermal 
and the other half in jet form, broadly independent of BH mass and redshift. Jet feedback is important at all redshifts and 

dominat es ov er thermal feedback at z < 0 . 5 and z > 1 . 5 , but only mildly. 

Key wor ds: g alaxies: evolution – galaxies: formation – galaxies: jets – (galaxies:) quasars: supermassive black holes. 
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 INTRODUCTION  

bservations reveal a diversity in the star-formation (SF) activity 
f galaxies, with lower-mass galaxies typically having higher spe- 
ific star formation rates (sSFRs), i.e. SFRs per unit stellar mass,
han high-mass galaxies (e.g. A. E. Bauer et al. 2013 ; Y .-Y . Chang
t al. 2015 ). High-mass ellipticals are typically gas-poor (e.g. T. 

iklind, F. Combes & C. Henkel 1995 , L. M. Young et al. 2011 ; T.
. Davis et al. 2019 ) and hav e v ery low or undet ectable lev els of 
F (e.g. S. Salim et al. 2007 ; K. E. Whitaker et al. 2012 ). Brightest-
luster galaxies (BCGs), the most massive elliptical galaxies in 

he Universe, are almost all devoid of SF (A. F r aser-McKelvie,
. J. I. Brown & K. A. Pimbblet 2014 ). The quiescent nature of 

hese galaxies poses a problem. They are located in the centres
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f galaxy clusters and are surrounded by hot, dense, pressure-
upport ed gas, the intraclust er medium (ICM), which emits X-
ays (e.g. C. L. Sarazin 1986 ; R. Stanek et al. 2006 ). The typical
ooling time of the ICM close to the BCG is shorter than a Hub-
le time. Without mitigation, w e w ould expect massiv e cooling
ows t o dev elop , causing large molecular h ydr ogen r eservoirs
nd starbursts within the BCG, with SFRs ≈ 1000 M � yr −1 (A. 
. Fabian 1994 ; D. S. Hudson et al. 2010 ). With the e x ception of 
 few cases (e.g. A. C. Edge 2001 ; A. F r aser-McKelvie et al. 2014 ;
. McDonald et al. 2015 ), this is not observed. 
The lack of SF in massive galaxies can be attributed to energy

njection by supermassive black holes (hereafter BHs), i.e. active 
alactic nucleus (AGN) feedback (see review by A. C. Fabian 

012 ). X-r ay observ ations of galaxy groups and clust ers rev eal
avities in the ICM (e.g. S. F. Gull & K. J. E. Northover 1973 ;
. Boehringer et al. 1993 ; L. Bîrzan et al. 2004 ; D. Eckert et

l. 2021 ). These cavities are cospatial with lobes inflated by jets
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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f relativistic particles launched by the central BHs, which can
ainly be observed at r adio w avelengths (e.g. R. D. Blandford &
. Königl 1979 ; P. L. Biermann & P. A. Strit tmat ter 1987 ; C. M.
rry & P. Padovani 1995 ; S. Mark off, H. Falck e & R. Fender 2001 ).
he jet powers, inferred from X-ray observations of cavities, are
ufficient to offset the cooling luminosities of the ICM (e.g. D. A.
afferty et al. 2006 ; J. Hlavacek-Larrondo et al. 2012 ; H. R. Russell
t al. 2013 ), solving the aforementioned cooling flow problem.
GN feedback in this situation, as well as in other, lower-mass
uenched galaxies, is known as radio jet, ‘maintenance mode’,
r mechanical feedback (e.g. A. C. Fabian 2012 ; D. Eckert et al.
021 ). 

In addition to radio jets, AGN have been observed at other
 avelengths (e.g. optical, X-r ay, UV, mid-infr ared, etc.; see com-
ilation by X. Shen et al. 2020 ). The brightest cases are known
s quasars (e.g. M. Schmidt 1968 ). These observations extend to
he highest redshifts (e.g. X. Fan et al. 2001 ), with the peak in
adiative AGN activity occurring around z = 2 (e.g. I. Delvecchio
t al. 2014 ; J. Aird et al. 2015 ; J. C. J. D’Silva et al. 2023 ). AGN are
bserv ed t o driv e outflows (e.g. D. M. Cr enshaw, S. B . Kraemer &
. M. George 2003 ; F. Tombesi et al. 2010 ; C. Feruglio et al. 2010 ).
heir origin is unknown, with the radiation possibly driving a
ind on the scales of the accretion disc surrounding the BH (e.g.
 . Murra y et al. 1995 ; M. Nomura et al. 2016 ; F. Fiore et al. 2017 ;
. Quera-Bofarull et al. 2023 ), or on larger scales (e.g. A. C. Fabian
999 ; T. Costa et al. 2018 ). What fraction of the luminosity couples
o the gas is also uncertain (e.g. C. M. Harrison et al. 2018 ). This

ode of AGN feedback, often r eferr ed to as ‘quasar’ feedback (T.
. Heckman & P. N. Best 2014 ), should be more relevant at higher

edshifts, when radiative AGN activity is stronger. 
In the standard picture, radiative AGN eject gas from their

alaxies/host dark matter (DM) haloes and thus quench them
e.g. T. Di Matteo, V. Springel & L. Hernquist 2005 ), while

aintenance-mode (jet) feedback, which is more often observed
n the local Universe, is thought to keep the galaxies quenched
e.g. R. G. Bower et al. 2006 ), with almost all massive quenched
alaxies having some radio emission, even if at a low level (J.
abater et al. 2019 ). In this picture, BHs occupy one of the two
ifferent feedback modes depending on their accretion rate ex-
ressed as a fraction of the Eddingt on rat e (the Eddingt on ratio).
hey are thought to be in the radiatively efficient quasar mode

f the Eddington ratio is above 1 per cent, and in the mainte-
ance mode if it is below that value (T. M. Heckman & P. N. Best
014 ). 

The above picture of two-mode feedback, in separate Edding-
on ratio regimes, is very likely an oversimplification. Of order 10
er cent of AGN in the radiatively efficient, quasar r egime, ar e
bserv ed t o be radio-loud (T. M. Heckman & P. N. Best 2014 ), i.e.
hey have strong jets. In fact, some of the earliest observed quasars
ave these strong jets (e.g. J. L. Greenstein & M. Schmidt 1964 ;
. Kino & N. Kawakatu 2005 ). While these radio sour ces ar e r ela-

ively rare and constitute only a small fr action of all r adio sources,
hey are very powerful. These radio sources are found to be hosted
y active rather than quenched galaxies (D . J . Saikia 2022 ), unlike
he majority of low-power radio sources (J. Sabater et al. 2019 ).
he difference in host galaxy properties also implies that BHs in
uasars have higher accretion rates, which in turn means that
heir radio jets occur in a fundamentally different accretion and
eedback state to the one that causes ‘maintenance mode’ feed-
ack in quenched galaxies. Conceivably, jets from quasars could
e as important for galaxy evolution as the lower-power jets in
he standard ‘maintenance mode’ (A. Merloni & S. Heinz 2008 ).
NRAS 547, 1–46 (2026) 
onv ersely, low-pow er winds are observed not just in the high-
ddington ratio, quasar regime, but also at low Eddington ratios,

n which case, these objects are referred to as ‘red geysers’ (E.
heung et al. 2016 ; F. Shi et al. 2025 ). 
Furthermor e, the pr operties of AGN may change at super-

ddingt on rat es, with both jets and winds possibly becoming rel-
vant, and the radiative efficiency dr opping (e.g . M. A. Abr amow -
cz et al. 1988 ; A. S ̨adowski et al. 2014 ; also see review by P.

arziani et al. 2025 ). The super-Eddingt on regime is v ery rare,
specially in the local Universe, but the accretion rates can be so
igh that this regime may be important for BH and galaxy evolu-

ion, despit e its short-liv ed and infr equent natur e (F. Huško et al.
025 ). Powerful jets, possibly launched in the super-Eddington
tat e, hav e been found not only at redshifts up to z = 3 (V. Smol ̌ci ́c
t al. 2017 ; B. Šlaus et al. 2024 ), but also up to z = 6 (G. Ghisellini
t al. 2014 ; T. Sbarrato et al. 2021 ; T. Sbarrato et al. 2022 ; N. Roy
t al. 2024 ). 

A ccr etion theory has had great success in explaining many
spects of the AGN observations described above. Standard accre-
ion disc theory (I. D. Novikov & K. S. Thorne 1973 ; N. I. Shakura
 R. A. Sunyaev 1973 ) has been used to explain observed AGN

n the moderate Eddington-ratio regime, including the details of 
heir spectra (e.g. W.-H. Sun & M. A. Malkan 1989 ). In this accre-
ion model, which we will refer to as the ‘thin disc’ in this study,
he accretion disc is relatively cool, geometrically thin, optically
hick and radiatively efficient. Of order 10 per cnet (the precise
alue depends on BH spin and is between ≈ 4 and ≈ 40 per cent;
. D. Novikov & K. S. Thorne 1973 ) of the mass-energy accreting
hrough the disc is released by means of viscous heating and then
 adiated aw ay. 

The theory of the adv ection-dominat ed accretion flow (ADAF;
. Nar ay an & I. Yi 1994 ), which we will refer to as the ‘thick disc’,
escribes a hot, geometrically thick, optically thin and radiatively

nefficient accretion flow. This model corresponds to the low-
ddington ratio regime, in which the AGN are not bright in the
ptical or X-rays, but instead produce energetically dominant jets.
n all accretion discs, the magnetic dynamo effect can lead to an
ncrease of the magnetic field strength. How ev er, in the ADAF,
he field is easily adv ect ed inwards (F. Yuan & R. Nar ay an 2014 ).
his results in the launching of a jet through the R. D. Blandford
 R. L. Znajek ( 1977 ) (BZ) mechanism. The BZ jet efficiency
epends strongly on BH spin, as it is the rotational energy of the
H that powers jet launching. The ADAF model predicts that the

ransition between the thick and thin discs should occur at ≈ 1
er cent Eddington (R. Nar ay an & I. Yi 1995 ), which is consistent
ith observ ations of X-r ay binaries and A GN (T. J . Maccarone, E.
allo & R. Fender 2003 ; C. Done, M. Gierli ́nski & A. Kubota 2007 ;
. R. Russell et al. 2013 ; H. Noda & C. Done 2018 ). 
In addition to the thin and thick discs, other models have also

een developed. The advection- dominated, inflow–outflow solu-
ion (ADIOS; R. D. Blandford & M. C. Begelman 1999 ) predicts
 similar accretion flow as the thick disc (ADAF), but it features
trong outflows on account of thermal pr essur e of the gas. This
an explain observations of red geysers (E. Cheung et al. 2016 ).
ne of the main features of this model is that the winds take

way most of the accreting mass, so that the horizon-scale mass
ccretion rate at the inner edge of the accretion disc and into the
H is much smaller than that at large radii (on to the disc). In
ther words, the accretion efficiency is much less than unity. The
DIOS model is pr eferr ed over the ADAF one in observations of 

ndividual objects such as M87 ∗ and SgrA 

∗ (F. Yuan 2003 ; C. Y.
uo et al. 2014 ), cavity power observations in galaxy groups and
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lusters (R. S. Nemmen & A. Tchekhovskoy 2015 ), and numerical
imulations (F. Yuan, D. Bu & M. Wu 2012 ). 

The slim disc model (e.g. M. A. Abramowicz et al. 1988 ; J.-
. Wang & Y .-Y . Zhou 1999 ; A. S ̨adowski 2009 ) has been used

o describe the super-Eddington regime. In the slim disc, the 
r essur e is dominated by radiation rather than gas, but the disc is
therwise quite similar to the thick disc. Most notably, it is highly
dv ectiv e, which should result (in combination with the dynamo 
ffect) in similar jet efficiencies as in the thick disc. 

Recent developments in numerical simulation methods have 
llowed direct tests of accretion disc models. The exception to 
his is of very thin discs corresponding to the radiatively efficient 
hin disc model (N. I. Shakura & R. A. Sunyaev 1973 ), which
annot yet be simulated due to their very thin nature. Recent 
imulations of accretion disc formation from cosmological initial 
onditions find a hyper-magnetized disc state at moderate Ed- 
ington ratios, which may supplant the original N. I. Shakura 
 R. A. Sunyaev ( 1973 ) solution (P. F. Hopkins et al. 2024 ; P.
. Hopkins 2025 ). General-relativistic magnet o-hy drodynamical 
GRMHD) simulations of thick discs have confirmed most of 
he properties predicted by the ADAF/ADIOS models (e.g. R. 
ar ay an, I. V. Igumenshchev & M. A. Abramowicz 2003 ; A.
chekhovskoy, R. Nar ay an & J. C. McKinney 2010 ; J. C. McKin-
ey, A. Tchekhovskoy & R. D. Blandford 2012 ; A. Sadowski et al.
013 ). These simulations have also confirmed the BZ mechanism 

f jet launching, and they ha ve con verged on a fitting formula for
he jet efficiency that is more accurate than the BZ prediction (R.
ar ay an et al. 2022 ). The jet efficiency in this formula depends

trongly on BH spin and on the magnetization of the disc. It can
each values of up to several hundred per cent. This may appear to
iolat e energy conservation. How ev er, the efficiencies are defined 

s the power output relative to the mass-energy input into the BH.
Hs can tap their own rotational energy through jet launching 
nd lose more energy in the process than they gain mass-energy
hr ough accr etion. In addition to confirming the operation of the
Z process, GRMHD simulations show that very mass-loaded 

inds are operating in the thick disc (F . Y uan et al. 2012 ; M. Guo
t al. 2023 ), resulting in accretion efficiencies of a per cent or less.

GRMHD simulations reveal two classes of objects that dif- 
er based on the strength of the magnetic field near the event
orizon. The first are so - called ‘standard and normal evolution’ 
SANE) discs (e.g. R. Nar ay an et al. 2012 ), while the second are

agnetically arrested (MAD) discs (e.g. R. Nar ay an et al. 2003 ). In
he SANE state, the event horizon magnetization is a free param-
ter, while in the MAD state, it has saturated and is determined by
he accretion rate and BH spin. We expect most thick discs to be in
he MAD state on theoretical grounds, due to strong advection (F.
uan & R. Nar ay an 2014 ), and this is supported by observations

Event Horizon Telescope Collaboration et al. 2021 ; K. Akiyama 
t al. 2022 ; F. Yuan, H. Wang & H. Yang 2022 ). GRMHD simula-
ions of super-Eddington, slim discs show that jet efficiencies can 

e similarly high as in the thick disc. We also expect them to be
AD, as they are adv ection-dominat ed. GRMHD simulations of 

hinner, sub-Eddington accretion discs (M. J. Av ar a, J. C. McK-
nney & C. S. Reynolds 2016 ; A. Ricarte, R. Nar ay an & B. Curd
023 ) have found that the MAD state is possible in the thin disc,
ith jet efficiencies given by the same BZ formula as for the thick

nd slim discs. How ev er, the magnetization, and ther efor e the jet
fficiency, is lower, and heavily dependent on the Eddington ratio. 
urthermore, it is unknown if the MAD assumption is correct for

hin discs, as they are not adv ection-dominat ed. 
Models of galaxy formation, starting with semi-analytical mod- 
ls (R. G. Bower et al. 2006 ; D . J . Croton et al. 2006 ; C. D. P.
agos, S. A. Cora & N. D. Padilla 2008 ) and early hydrodynamical
imulations (T. Di Matteo et al. 2005 ; C. M. Booth & J. Schaye
009 ), began incorporating AGN feedback after X-r ay observ a-
ions showed that it is important in offsetting cooling flows in
alaxy clusters (e.g. L. Bîrzan et al. 2004 ; B. R. McNamara et
l. 2005 ; M. W. Wise et al. 2007 ). Many cosmological hydrody-
amical simulation models have included AGN feedback using 
 single, typically thermal AGN feedback mode, corresponding 
 o the high-Eddingt on ratio , ‘quasar’ mode (e.g. OWLs: J. Scha ye
t al. 2010 ; Magneticum: M. Hirschmann et al. 2014 ; EAGLE:
. Schaye et al. 2015 ; MassiveBlack-II: N. Khandai et al. 2015 ;
omulus: M. Tremmel et al. 2017 ; Astrid: S. Bird et al. 2022 ; Y.
i et al. 2022 ). Other simulation models hav e oft en used two-
ode AGN feedback where at low-Eddington ratios, the ‘quasar’ 
ode is replaced by either winds r epr esenting the ADIOS out-

ow (IllustrisTNG; R. Weinberger et al. 2017 ; D. Nelson et al.
019 ), manual bubble injection r epr esenting lobes inflated by
ets (e.g. D. Sijacki et al. 2007 ; Illustris; M. Vog elsberg er et al.
014 ), or direct kinetic jet feedback (HorizonAGN: S. Kaviraj et
l. 2017 ; NewHorizon: Y. Dubois et al. 2021 ; SIMBA: R. Davé
t al. 2019 ). Some simulation models have included additional 
eedback modes (e.g X-ray heating in SIMBA). Sophisticated sub- 
rid models have been developed to more realistically represent 
GN feedback, including accretion disc modelling and BH spin 

volution (e.g. M. Volonteri et al. 2005 ; C. D. P. Lagos, N. D. Padilla
 S. A. Cora 2009 ; N. Fanidakis et al. 2011 ; Y. Dubois et al. 2012 ;
. K. Steinborn et al. 2015 ; D. Fiacconi, D. Sijacki & J. E. Pringle
018 ; S. Bustamante & V. Springel 2019 ; A. J. Griffin et al. 2019 ; F.
uško et al. 2022 ; S. Koudmani et al. 2024 ; L. Sala et al. 2024 ), as
ell as inclusion of super-Eddington accretion and its feedback 

ffects (e.g. J. S. Bennett et al. 2024 ; D. Rennehan et al. 2024 ; F.
uško et al. 2025 ). 
Motiv ated by observ ational evidence of the complexity of AGN

eedback, as well as advances in theoretical modelling, we have 
eveloped a hybrid AGN feedback model for use in cosmological, 
ydrodynamical simulations of galaxy formation. The model syn- 

hesizes different aspects of AGN activity that have been studied 

ith accretion disc theory, including recent developments from 

RMHD simulations. We include three accretion disc states: the 
hick, thin and slim disc, at low, moderate and super-Eddington
atios, respectiv ely. Tw o feedback modes are included: (1) ther-

al isotr opic, r epr esenting the effects of radiation and winds, and
2) kinetic jets, r epr esenting the effects of r elativistic jets. We also

odel BH spin to more realistically implement AGN feedback, 
specially for jets. In addition to its usefulness as an AGN feed-
ack model, galaxy formation simulations run with the model 
an be used for detailed studies of BH and accretion physics in
 cosmological context. 

Aspects of the model have already been introduced in previous 
tudies, where we coupled it with the SWIFT-EAGLE model (J. 
chaye et al. 2015 ; M. Schaller et al. 2024 ). In F. Huško et al.
 2022 ), we studied BH spin and jet feedback from the thick disc
sing idealized galaxy clusters. We found that spin-driven jets 
an quench BCGs, even in very massive galaxy clusters. In F.
uško et al. ( 2024 ), we compared this mode with the thermal

sotropic one from the thin disc, as well as studied a simple hybrid
odel that used kinetic jets at low Eddington ratios and thermal

sotropic feedback at large Eddington ratios. The hybrid model 
erformed best, yielding moderate SFRs in the BCGs (but not 
MNRAS 547, 1–46 (2026) 
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ermanent quenching), and the lowest central entropies of the
CM. In F. Huško et al. ( 2025 ) we introduced the super-Eddington
spect of the model (the slim disc), with both jet and thermal
eedback, and also considered jets in the thin disc. In F. Huško &
. G. Lacey ( 2023a ), we performed the first idealized jet simula-

ions using smoothed particle hydrodynamics (SPH) to validate
he numerical behaviour of jets and the lobes they inflate. We
ound that most aspects of their behaviour ar e captur ed well with
s few particles as a few hundred. 

Here, we combine the different aspects of the hybrid AGN
eedback model discussed abov e int o a three-stat e model. We also
dd winds to the thick disc at low Eddington ratios, and introduce
ccretion efficiencies, which take account of the fact that the vast
ajority of the mass accreting through a thick or slim disc is

lown away by these winds. The model builds upon the AGN
eedback model used for the OWLs and EAGLE simulations (C.

. Booth & J. Schaye 2009 ; C. M. Booth & J. Schaye 2010 ; J. Schaye
t al. 2015 ). It has been int egrat ed int o the swift simulation
ode and included in the COLIBRE. 1 galaxy formation simulation
roject (J. Schaye et al. 2025 ), as an alternative AGN feedback
odel alongside its primary thermal-only model. In Fig. 1 , we

how the widespread and large-scale impact of jet activity at
 = 0 . 2 in one of our hybrid AGN feedback simulations run as
art of the C OLIBRE pr oject. We describe COLIBRE in Section 2 .
he main purpose of this study is to provide a comprehensive
nd self-contained description of the hybrid AGN feedback model
Section 3 ), as well as to describe its calibration as part of the
 OLIBRE pr oject (Section 4 ). We also pr ovide pr edictions for
H spin (Section 5 ) and a first analysis of the operation of AGN

eedback in the hybrid simulations (Section 6 ). We compare with
he simulations using purely thermal AGN feedback, focusing
n the energetics of feedback. In Section 7 , we summarize and
onclude. 

 T H E  COL I B R E  MODEL  AND  S I M U L AT I O N S  

ere we will describe the simulation methods and the COLIBRE
alaxy formation model. We provide a summary, and refer the
eader to J. Schaye et al. ( 2025 ), as well as individual methods
apers, for further details. The simulations are performed using a
ersion of the swift 

2 code (M. Schaller et al. 2024 ) in which the
OLIBRE model has been included. In Section 2.1 , we first de-

cribe the broad aspects of the simulation methods. In Section 2.2 ,
e present the different resolutions and simulation runs that are
sed in this study. In Section 2.3 , we summarize the COLIBRE
ubgrid model. BHs and AGN feedback are also included in the
ducial thermal model, but we describe these separately in Sec-

ion 2.4 , and we do so in more detail than for other aspects of 
OLIBRE, since BH physics is particularly relevant for this study.

.1 Simulation methods 

.1.1 Initial conditions 

he simulations include four particle types: DM, gas, stars, and
Hs. The first two are included in the initial conditions (ICs),
hich ar e cr eated at r edshift z = 63 , while the second two are

reated during the simulation. Four times as many DM particles
NRAS 547, 1–46 (2026) 
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g  
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c  

a  
s gas particles are included in the ICs, which results in the
article masses of the two types being nearly equal. The large
umber of DM particles suppresses spurious energy transfer from
M t o bary ons in galaxies (A. D. Ludlow et al. 2019 , 2023 ), which

an affect galaxy properties negatively. The ICs are created using
onofonic (O. Hahn et al. 2020 ; M. Michaux et al. 2021 ). 

.1.2 Gravity and hydrodynamics 

ravitational forces are computed using a fourth-order fast multi-
ole method (L. Gr eeng ar d & V. Rokhlin 1987 ; W. Dehnen 2014 ),
nd softened using a softening length ε. The effects of massive
eutrinos, which to first order influence the expansion rate of the
niverse, are included using the linear response method (Y. Ali-
aïmoud & S. Bird 2013 ). The equations of hydrodynamics are

olved using the SPHENIX SPH scheme (J. Borrow et al. 2022 ).
PHENIX is a density-energy SPH scheme that includes artificial
iscosity and conduction, as w ell as respectiv e limit ers of the tw o.

.1.3 Structure finding 

s the simulation pr ogr esses, a friends-of-friends (FoF) algorithm
s run to identify groups, but also to seed BHs (Section 2.4.1 ). The
oF algorithm is run on the DM particles starting from a = 0 . 05 ,
ft er ev ery �a = 0 . 00751 a , using a linking length of 0.2 times
he mean distance between them. Other particles are ‘attached’
o FoF groups based on their nearest DM particles within the
inking length. The hbt-herons (V. J . F orouhar Moreno et al.
025 ) subhalo finder, an updated version of hbt + (J. Han et al.
018 ), is then run using the catalogues and the snapshots. FoF
roups with fewer than 32 particles of all types are discarded
hen constructing halo catalogues. hbt-herons , unlike most
ther halo finders, uses temporal information to assign hierarchi-
al (sub)halo membership, alongside dynamical boundness crite-
ia. Finally, we run the soap post-processing tool (R. McGibbon
t al. 2025 ) to calculate all r elevant g alaxy and halo properties in
pherical and pr ojected apertur es of fix ed pr oper size, inclusive
r e x clusive of unbound particles and self-bound substructur es.
he fiducial choice for galaxy properties in this study is spherical
 x clusive apertur es of 50 pr oper kpc (her eafter pkpc) in radius.
hese are centred on the most bound particle of each subhalo. 

.2 Runs 

he COLIBRE simulations assume the ‘ 3 × 2 pt + All Ext.’, spa-
ially flat �CDM cosmology from the Dark Energy Survey (DES)
ear thr ee r esults (T. M. C. Abbott et al. 2022 ). The par ameter v al-
es are h = 0 . 681 , �m 

= 0 . 306 , �CDM 

= 0 . 256011 , �b = 0 . 0486 ,
� = 0 . 693922 , �γ = 0 . 000053 . For the definitions of these pa-

amet ers, as w ell as other cosmological paramet ers and their val-
es, see either J. Schaye et al. ( 2025 ) or T. M. C. Abbott et al.
 2022 ). 

In this study, we mostly use simulations with a (50 Mpc) 3 
omoving v olume (hereaft er L050) at m7 resolution (heraft er
050m7). Her e, ‘m7’ r efers to the initial mean particle mass

i.e. the mass resolution), which is m g = 1 . 47 × 10 7 M � for gas
articles, while DM particles have m D M 

= 1 . 94 × 10 7 M �. The
ravitational softening length for all particles is ε = 1 . 4 kpc in
r oper coor dinates at z < 1 . 57 , and ε = 3 . 6 kpc in comoving
oordinates at higher redshifts. We also run simulations at m6
nd m5 resolutions, for which the masses of all particles are

https://colibre-simulations.org
https://swiftsim.com
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Figure 1. Visualization of jet activity in the L100m6h simulation at z = 0 . 2 in proper coordinates. The background image shows the cosmic web using 
the gas surface density, while particles kicked into jets by BHs are displayed using both information on the elapsed time since when they were kicked 
into jets (colour) and their surface density (opacity). Side panels zoom in on individual jets of interest, with further zoom-ins on to their host galaxies 
(e x cept in the case of a cluster and its BCG) displayed using luminosities in the SDSS i , r , and g bands assigned to RGB colours. 
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ecreased by successive factors of 8; the gas particle masses are 
 g = 1 . 84 × 10 6 M � and m g = 2 . 3 × 10 5 M �, respectively. The

ravitational softening lengths are reduced by successive factors 
f tw o relativ e t o m7. 

In addition t o L050, w e used L025 and L012.5 simulations
t m6 and m5 resolution during the calibration process. In this
aper we also present results from L100 (at m6 and m7) and
200 (at m7) volumes run with the hybrid AGN feedback model, 
hich we refer to as L100m6h, L100m7h and L200m7h. Here, 

h’ refers to the fact that these were run with the hybrid model,
nlike the fiducial simulations that use purely thermal AGN 
eedback. 
.3 Subgrid physics 

.3.1 Radiative cooling and heating 

nlike in many previous large-volume cosmological simulations, 
as is allowed to cool down to T ≈ 10 K, i.e. no pr essur e floor
s applied to prevent cooling below warm int erst ellar medium
ISM) temperatures ( ≈ 10 4 K). The radiative cooling and heating 
ates are calculated with hybrid - chimes (S. Ploeckinger et al.
025 ), which uses the chimes reaction network (A. J. Richings,
. Schaye & B. D. Oppenheimer 2014a , b ) to calculate the species
bundances of electrons and nine hydrogen and helium species 
MNRAS 547, 1–46 (2026) 
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n non-equilibrium. The contribution to cooling and heating due
o an additional 147 metal species is accounted for using tables
hat assume st eady-stat e chemistry and ionization equilibrium.
n hybrid - chimes , the pre-tabulat ed metal cooling rat es are
orrected by the non-equilibrium electron density throughout the
imulation, ther efor e also including important non-equilibrium
ffects in the metal cooling rates. The parametrization of the
nt erst ellar radiation field, the cosmic ray rate, and the shielding
olumn density is linked to the local Jeans length, as introduced
n S. Ploeckinger & J. Schaye ( 2020 ), with the updates described
n S. Ploeckinger et al. ( 2025 ). 

.3.2 Chemistry, dust, and diffusion 

hemical enrichment of gas by heavy elements (described in
etail in Correa et al. 2025, in preparation) is assumed to occur
ue to mass-loss of Asymptotic Giant Branch (AGB) stars, mas-
ive stars, core-collapse supernovae (CCSN), SNIa, neutron star
ergers, common-envelop SN jets and collapsars. 14 elements

re tracked, 11 of which contribut e t o radiativ e cooling and heat-
ng: H, He, C, N, O, Ne, Mg, S, Si, Ca, Fe (S and Ca are not explicitly
racked, but solar abundances relative to Si are assumed for these
wo elements). In addition, Ba, Sr and Eu are also tracked. The
hemical yields of the processes that generate these elements
epend on the metallicity of star particles (inherited from the gas
etallicities of particles from which stars are born in COLIBRE).
as particles gain mass in the simulation as they are enriched.
as particles that reach a mass of 4 m g , where m g is the mean

nitial baryonic particle mass, are split into two. 
The dust grain model, which is described in detail in J. W. Tra y -

ord et al. ( 2025 ), includes three grain compositions (graphite,
orst erit e, and fayalit e) and 2 grain sizes (0.01 and 0.1 μm), and
s coupled to the radiative cooling module. Gas particles track
heir fractions of mass contained in the relevant dust grains types.
rains are assumed to be seeded by AGB stars and CCSN using
etallicity-dependent dust yields. The growth and destruction

f dust grains in the ISM are modelled on the fly. The model
ncludes accretion on to grains, as well as sputtering (destruc-
ion by collisions with hot gas particles), grain collisions (shat-
ering and coagulation), and astration. Dust is also directly de-
troyed in gas particles that are affected by thermal SN and AGN
eedback. 

The turbulent diffusion model (Correa et al. 2025, in prepara-
ion) accounts for mixing below the resolution scale using the
iffusion equation, with a diffusion coefficient that depends on
he local turbulent velocity dispersion. It is applied to elemental

ass fractions, mass fractions of dust grains of different com-
ositions and sizes, and diagnostic tracers that follow material
merging through different stellar mass-loss channels. A time-
tep condition is applied to ensure that diffusion is sampled
ell. 

.3.3 Star formation and mass-loss 

he star formation model is detailed in F. S. J. Nobels et al. ( 2024 ).
tar formation follows the Schmidt law: ˙ m ∗ = ε f f m g /t f f , where
 f f the gravitational free-fall time-scale and ε f f = 0 . 01 the star
ormation efficiency per free-fall time. Only gas that is gravita-
ionally unstable on the scale of the SPH kernel is eligible to form
tars, with both the local velocity dispersion and thermal pr essur e
ontributing to the stability of the gas against collapse. Stellar
NRAS 547, 1–46 (2026) 
articles r epr esent simple stellar populations (SSPs) of subgrid
tars whose masses are distributed according to the G. Chabrier
 2003 ) initial mass function (IMF) in the range M �. Once formed,
tar particles lose mass due to winds and SN. Most of the mass
oss occurs in the first 40 Myr once a stellar particle has formed.
o sample this mass loss phase well, star particles are limited
 o time-st eps no longer than 1 Myr for the first 40 Myr of their
volution. 

.3.4 Stellar feedback 

he main channel of stellar feedback in COLIBRE is SN (SNIa
nd CCSN, the latter being dominant). The energy associated
ith SNe is released stochastically, mostly in thermal form and
sing relatively large temperatur e incr ements so that numerical
ver cooling is suppr essed (C. Dalla Vecchia & J. Schaye 2012 ).
he gas neighbours targeted for feedback are chosen isotropically

see E. Chaikin et al. 2022 ). The heating temperatures used are
iven by 

T SN 

= 10 6 . 5 K 

(
n H 

n H , pivot 

)2 / 3 

, (1) 

here n H 

is the SPH-smoothed gas number density at the location
f the star particle, and n H , pivot is a free parameter (different values
re used for the thermal and hybrid AGN feedback models; see
ection 4.5 ). The index of 2/3 is motivated by the derivation by C.
alla Vecchia & J. Schaye ( 2012 ) for a minimum heating temper-

tur e r equir ed to pr ev ent numerical ov er cooling . Minimum and
aximum heating temperatures are also used, and they depend

n resolution (see E. Chaikin et al. 2025 ; J. Schaye et al. 2025 ). 
In addition to the variable heating temperature, the model

ncludes variable SN energies (for CCSN feedback, but not for
NIa). The energies injected per unit time by C CSN ar e not equal
 o those expect ed fr om the SSP r epr esent ed by the particle (giv en
ts age and metallicity), but rather f E times that value. f E for
CSN can be both smaller and larger than unity, and varies with

he stellar birth pr essur e, with minimum and maximum values
etween 0.1 and 4 (but dependent on resolution). This variation is
 equir ed because the stochastic thermal feedback may result in an
v er- or underestimat e of the true radiativ e losses, which cannot
e pr edicted r obustly at our numerical r esolution (E. Chaikin
t al. 2025 ). Ther efor e, calibration of f E is necessary if one wishes
o r epr oduce both g alaxy masses and sizes simultaneously. For
CSN feedback, a fraction f k in = 0 . 1 of the energy is injected
inetically in the form of low-velocity kicks, using a target ve-

ocity of 50 km s −1 . The kicks are done in pairs, in random but
pposite directions in a way that conserves energy, momentum
nd angular momentum (E. Chaikin et al. 2023 ). The role of 
inetic feedback is to generate turbulence in the ISM, helping to
tabilize the gas against star formation. 

COLIBRE also includes early stellar feedback alongside CCSNe
despite calling these ‘early’, these processes continue to operate
fter the SN phase). This includes: (1) stellar winds, (2) radiation
r essur e, and (3) H ii regions. Early stellar feedback is detailed in
. Benítez-Llambay et al. ( 2025 ). Stellar winds and radiation pres-

ur e ar e both modelled as momentum injections, which depend
n the metallicity and age of the SSP. These momentum injections
re modelled as kinetic feedback with velocity increments of 50
m s −1 . 
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.4 Black holes 

ere, we summarize how supermassive BHs are treated in the 
ducial COLIBRE model, which uses thermal AGN feedback. 
hese prescriptions are described in more detail in J. Schaye et 
l. ( 2025 ) (see also F. S. J. Nobels et al. 2022 ; Y. M. Bahé et al.
022 ). In Section 3 , where we introduce the hybrid model of AGN
eedback, we explain the differences of that model relative to the
ne presented in this section. 

.4.1 Seeding 

H seeding follows the appr oach intr oduced by T. Di Matteo
t al. ( 2003 ): they are seeded in haloes identified by the FoF
lgorithm (Section 2.1 ) whose mass e x ceeds M FoF , seed and that
o not yet have a BH. BHs are seeded with a mass of M BH , seed at
he location of the densest gas particle in the FoF group, which
s effectiv ely conv ert ed int o the collisionless BH particle. BHs
arry a subgrid mass, M BH 

, and a particle mass, M BH , part (initially
qual to the mass of the gas particle that created the BH). The
ubgrid mass is the physical, true mass of the BH. In the early
volution of the BH, its subgrid mass is generally much lower 
han the mass of the other particles in the simulation. The particle

ass is thus used for all N-body gr avitational inter actions with
ther particles within the code, since large differences between 

asses used in the gravity calculations lead to undesirable ef- 
ects. As the BH grows through accretion, it eventually reaches 
 B H ≈ M BH , part . 
For m7 resolution, M FoF , seed = 5 × 10 10 M �, while for m6 and
5, M FoF , seed = 10 10 M �. The BH seed mass, M BH , seed , is a free

ar ameter with v alues of or der ≈ 10 4 - 10 5 M �, corr esponding to
he direct collapse seed formation scenario. Its value affects the 
nset of BH growth and AGN feedback. It is used in the cali-
ration of the model at each resolution (E. Chaikin et al. 2025 ),
nd different values are used for the thermal and hybrid AGN 

eedback simulations (Section 4.5 ). 
In the hybrid simulations, we seed BHs with an initial spin

alue of | a | = 0 . 01 , directed randomly (see Section 3 , and more
pecifically Section 3.6 , for details on BH spin). This effectively 
ssumes that BHs are not spinning at the time they form, but we
void using | a | = 0 , since this can lead to numerically unstable
 xpr essions in our model. We t est ed seeding BHs with higher
pins, up to | a | = 1 , but found that this had no appreciable effect
n either BH or galaxy evolution. 

.4.2 Gas ac cr etion 

Hs are assumed to only accrete from gas in COLIBRE. In the
ybrid AGN feedback model, there are two relevant mass accre- 

ion rates: ˙ M acc , d , the accretion rate on to a subgrid accretion disc
hereafter the disc-scale accretion rate), and 

˙ M acc , H 

, the accre- 
ion rate on to the BH itself (i.e. its event horizon, hereafter the
orizon-scale accretion rate). The first of these accretion rates 

s generally agnostic to what occurs on subgrid (accretion-disc) 
cales, while the second can be heavily affected by assumptions 
bout subgrid accretion discs and feedback. These two accretion 

ates can be very different in the hybrid model (see Section 3.3 ),
ince we include subgrid processes occurring on accretion disc 
cales in more detail in the hybrid model. 

In the thermal AGN feedback model, mass is assumed to ac- 
r ete unimpeded fr om disc scales all the way into the event hori-
on. In other words, ˙ M acc , d = 

˙ M acc , H 

. The BH accretion rate in the
hermal AGN feedback model (and the disc-scale accretion rate 
n the hybrid model) is given by 

˙ 
 acc,d = 

˙ M BHL 
f turb f ang (

f 2 turb + f 2 ang 

)1 / 2 , (2) 

here ˙ M BHL is the Bondi–Hoyle–L yt tleton (BHL) accretion r ate 
H. Bondi 1952 , F. Hoyle & R. A. L yt tleton 1939 ), given by 

˙ 
 BHL = 4 πG 

2 ρg 

c 3 s 
M 

2 
BH 

, (3) 

ith ρg and c s the kernel-w eight ed gas density and sound speed
t the location of the BH, and f turb and f ang ar e corr ection terms
hat account for the suppr ession of the accr etion rate due to tur-
ulence and v orticity, respectiv ely (M. R. Krumholz, C. F. McKee
 R. I. Klein 2006 ). These corrections are due to turbulence and
 orticity on resolv ed scales, w ell outside a subgrid accretion disc.
he modified BHL formula may w ork bett er with a realistic mul-

iphase ISM that has non-zero angular momentum with respect 
o the BH, and perform better than the traditional formula in the
onte xt of g alaxy formation (P. F. Hopkins & E. Quataert 2011 ; A.
obbs et al. 2012 ; M. Gaspari, M. Ruszkowski & S. P. Oh 2013 ; D.
nglés-Alcázar et al. 2021 ). 
The turbulence limiter is given by 

f t urb = 

[
λ2 + M 

2 

( 1 + M 

2 ) 4 

]1 / 2 

, (4) 

here λ = 1 . 1 and M = 

√ 

(v 2 + σ 2 
g ) /c 2 s is the Mach number, with

 the kernel-int erpolat ed bulk velocity of gas relative to the BH,
nd σg the non-thermal velocity dispersion of the gas in the BH
rame. For low Mach numbers, f turb asympt ot es t o λ, while for
igh Mach numbers, it asympt ot es t o 1 / M 

3 . In the latter case,
he accretion rate scales as ˙ M BHL ∝ 1 / (v 2 + σ 2 

g ) 3 / 2 , with no depen-
ence on the sound speed. In the case that v � σg , the accretion
ate corresponds to the classical limit ˙ M BHL ∝ 1 /v 3 for supersonic
ulk flow (F. Hoyle & R. A. L yt tleton 1941 ). 

The vorticity limiter is given by (M. R. Krumholz et al. 2006 ) 

f ang = 

0 . 34 
1 + ω 

0 . 9 
� 

, (5) 

here ω � = ωR B /c s , R B = GM BH 

/c 2 s is the Bondi radius and ω =
∇ × v | is the kernel-w eight ed v orticity of the ambient gas. For
 negligible amount of v orticity, f ang asympt ot es t o 0.34, and
he accretion rate is suppressed by that factor relativ e t o BHL
ate with no vorticity. This suppression is a result of accretion
r oceeding thr ough a torus (rather than spherically), which is
lways expect ed t o be present on some scales, ev en if the angular
omentum is very small. For a large vorticity, the accretion rate

s suppressed even more. 
The accretion rate is limited to 100 times the Eddington rate 3 ,

hich is given by 

˙ 
 Edd = 

4 πGm p M BH 

εrad σT c 
, (6) 

here σT is the Thomson cross-section and εrad the accretion 

fficiency of a thin accretion disc. We assume εrad = 0 . 1 in the
hermal AGN feedback model and use the BH spin-dependent 
MNRAS 547, 1–46 (2026) 
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ormula in the hybrid AGN feedback model (I. D. Novikov & K.
. Thorne 1973 , equation 23 ). 

The (subgrid) BH mass ev olv es according to 

˙ 
 BH 

= (1 − εrad ) ˙ M acc , d , (7) 

n the thermal AGN feedback model, since a fraction εr ad of the
ccreting mass is radiated away as energy. In the hybrid AGN
eedback model, we replace this equation by a similar equa-
ion including additional efficiency terms corresponding to the
ccretion disc winds and jets (see equation 15 ). Furthermore, in
hat version, the accretion rate on to the disc, ˙ M acc , d , is replaced
ith the accretion rate through the inner boundary of the accre-

ion disc, into the BH event horizon, which is suppressed relative
o ˙ M acc , d by an accretion efficiency factor, εa cc ≤ 1 (accounting for

ass-loss due to accretion disc winds, as mass flows through an
ccretion disc from larger scales). 

BHs grow in the simulation by ‘nibbling’ rather than swallow-
ng entir e g as particles (Y. M. Bahé et al. 2022 ). BHs are seeded
n a gas particle that is conv ert ed int o a BH particle, with the BH
ubgrid mass, M BH 

, much smaller than the initial particle mass,
 BH , part . The subgrid BHs ther efor e initially ‘accr ete’ fr om the

article that they are attached to since being seeded, as long as
 BH 

< M BH , part . In this phase, the particle mass does not grow,
hile the subgrid mass does. Once the subgrid mass M BH 

e x ceeds
he particle mass M BH , part , BHs ‘nibble’ on surrounding particles
n order to conserve mass and energy. The nibbling is done in a
ernel-w eight ed fashion, but only on gas particles whose mass is
arger than half their initial baryonic mass. In the case that the
H gr ows fr om its particle mass r eservoir rather than thr ough
ibbling on gas neighbours, in the thermal AGN feedback model
e reduce the particle mass at the rate ˙ M BH , part = −εrad ˙ M acc , d ,
hich is consistent with equation ( 7 ), and which accounts for

nergy losses. In the hybrid AGN feedback model, we replace the
adiative efficiency in this equation with the sum of all energy
elease efficiencies, and the disc-scale accretion rate with the
ccretion rate into the BH horizon. 

.4.3 Mergers 

n order to merge, BHs must be located within three soft-
ning lengths of each other, the less massive BH needs to
e within the SPH kernel of the more massive BH, and the
elativ e v elocity of the BHs must not be too large: �v <
 

2 G (M BH , part , 1 + M BH , part , 2 ) /r , where M BH , part ,i is the particle
ass and r the separation between the two BHs. This condition

nsures that the relative velocity does not e x ceed the escape veloc-
ty of the system. When merging the BHs, we also conserve linear

omentum. During a merger, a fraction of the total mass-energy
f the two BHs is lost to gr avitational w aves. F or the thermal A GN
eedback model, this fraction is equal to 

E GW 

(M BH , 1 + M BH , 2 ) c 2 
= 0 . 057191 ν + 0 . 543763 ν2 , (8) 

hich is accurate to order ν2 , where ν = M BH , 1 M BH , 2 / (M BH , 1 +
 BH , 2 ) 2 is the symmetric mass ratio. This formula is based on nu-
erical relativity simulations (E. Bar ausse, V. Morozov a & L. Rez-

olla 2012 ), is valid for non-spinning BHs, and accounts for the
osses during the initial BH inspiral, the final plunge, the merger,
nd the ringdown. In the hybrid AGN feedback model, we use
 BH spin-dependent formula (Section 3.7 , equation 35 ), taken
rom the same work, of which the above is a special case. In the
NRAS 547, 1–46 (2026) 
on-spinning case, the mass-loss can reach ≈ 5 per cent for equal-
ass mergers. In the maximally spinning, counter-aligned case,

his can reach ≈ 12 per cent. We do not implement gravitational-
 ave recoils. 

.4.4 Repositioning 

nstead of modelling dynamical friction acting on to BHs, whose
ffects we cannot reliably resolve in our simulations, we reposi-
ion them manually to the local minimum of the potential well,
ollowing the prescription detailed in Y. M. Bahé et al. ( 2022 ).
t ev ery time-st ep, the BH is instantaneously mov ed t o the po-

ition of the neighbouring gas particle with the lowest gravita-
ional potential that satisfies the following criteria. The particle

ust: (1) be within the SPH kernel of the BH, (2) be within
hree gravitational softening lengths of the BH, and (3) have a
ow er pot ential than that at the BH’s location (e x cluding the BH’s
wn contribution). If no such particle is found, the BH does
ot reposition. When repositioning, we do not alter the BH’s
elocity. 

.4.5 Thermal AGN feedback 

he thermal AGN feedback model follows the prescription of 
. M. Booth & J. Schaye ( 2009 ). Instead of continuous energy

njection at every time-step, energy from accretion is stored in
 reservoir until it reaches a value large enough to heat a single
as neighbour by a large amount, to prevent numerical overcool-
ng and drive powerful outflows (for similar reasons as for SN
eedback, Section 2.3.4 ). The rate at which the energy reservoir
s incremented at every time-step is the thermal feedback power 

 th = εf L bol = εf εrad ˙ M acc , d c 2 , (9) 

here L bol is the (emitted) bolometric luminosity of the AGN,
rad = 0 . 1 is the assumed thin disc radiative efficiency, and εf the
oupling efficiency, a parameter that determines what fraction of 
he emitted radiation couples to gas (either on accretion disc or
arger scales, and either by directly heating it or driving a wind
hr ough radiation pr essur e that then shocks on subgrid scales).
he coupling efficiency is calibrated on the BH mass–stellar mass
elation (Section 4.5 ), with different values (between 0.02 and 0.1)
dopted in the thermal and hybrid AGN feedback models, and
t different resolutions. In the hybrid AGN feedback model, a
ersion of the above equation is applied only at moderate Edding-
on ratios (corresponding to the thin disc state), while otherwise
in the thick and slim disc), the factor εf εrad is replaced by εwind ,
hich corresponds to an accretion disc wind that is shocked on

ubgrid scales and does energy-driven feedback on larger scales
Section 2.4.5 ). In the hybrid AGN feedback model, the accretion
ate ˙ M acc , d is also suppressed by the accretion efficiency factor,
acc . 

The energy r equir ed for a single thermal AGN feedback event
s 

E AGN 

= 

m g k B �T AGN 

(γ − 1) μm p 
, (10) 

here γ = 5 / 3 is the adiabatic index for monatomic gas, and μ =
 . 6 , valid for ionized gas of primordial composition. The heating
emperature for a single feedback event scales with BH mass: 

T AGN 

= 10 9 K 

(
M BH 

10 8 M �

)
, (11) 
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ith a minimum of �T AGN , min = 10 6 . 5 K and a maximum of 
T AGN , max = 10 9 . 5 K at m7 resolution and �T AGN , max = 10 10 K at
6 and m5 resolutions. While the feedback efficiencies associ- 

ted with thermal feedback change in the hybrid AGN feedback 

odel, we use the same heating temperatures as for the thermal
odel. 
The variation of the heating temperature with BH mass, as 

pposed to the use of a large, constant value such as in EAGLE
 �T AGN 

= 10 9 K, J. Schaye et al. 2015 ), has a few benefits, all
f which are connected. First, it allows better sampling of AGN 

eedback in low-mass galaxies. In other words, a constant value 
iases the simulations tow ards bet ter resolving AGN feedback 

n more massive systems. While it is typically assumed that that
egime is the only one where AGN feedback is important, variable 
eedback temperatures (and jet kick velocities; Section 3.10 ) is 
hat allows the hybrid AGN feedback model to feature signifi- 

ant AGN effects in galaxies with masses of order M ∗ = 10 9 M �
r even lower, rather than only at M ∗ � 10 10 . 5 M � (as we show in
ection 4.3.1 ). Secondly, using the specific formulation �T AGN 

∝ 

 BH 

ensures that, as BHs grow, they do the same number of 
eating events per unit of growth on a logarithmic scale. This
gain means that feedback from higher-mass BHs is not preferred 

ver feedback from lower-mass ones, in terms of how well re-
olved it is. Finally, using variable heating temperatures allows 
ne to implement feedback more gently in the early stage of BH
rowth. 

In addition to gravitational time-steps, BHs use a time-step 

ondition �t AGN 

≤ �E AGN 

/P th , which ensures that BHs are wo- 
en up by the time they need to heat one gas neighbour. In the
ybrid AGN feedback model, we apply an equivalent time-step 

imiter for jet feedback, and two additional time-step conditions 
elat ed t o BH spin evolution (Section 3.8 ). A further minimum of 
00 yr is applied to BH time-steps (both in the thermal-only and
ybrid AGN feedback simulations). This is very short, but it is
ometimes reached in the m5 simulations, since e xtr emely high
ensities are reached at that resolution. 

.5 Parameters and calibration 

n Section 4 , we discuss the strategy adopted for calibrating the
ar ameter v alues of the hybrid AGN feedback model (Section 4 ).
he strategy is different to the one used for calibrating the thermal
GN feedback simulations, which is discussed in detail in E. 
haikin et al. ( 2025 ). Briefly, the final calibration inv olv ed sim-
lations with a comoving volume of (50 cMpc) 3 at m7 resolution,

n a Latin hypercube configuration of parameter values. Gaussian 

rocess emulation was used to infer the best-fitting parameter 
 alues. These par ameters (see below for the list) ar e pr esent also
n the hybrid AGN feedback model. The best-fitting parameter 
alues found by E. Chaikin et al. ( 2025 ) for all three resolutions
ere used as initial guesses for the hybrid AGN feedback model. 
hey are varied by hand, alongside new parameters specific to 

he hybrid AGN feedback model, and calibrated as discussed in 

ection 4 . 
The Gaussian process emulation employed by E. Chaikin et al. 

 2025 ) aimed to find the par ameter v alues that simultaneously
ield the best agreement with the z = 0 galaxy stellar mass func-
ion (GSMF) data from S. P. Driver et al. ( 2022 ) (GAMA survey
ear 4 release) and z = 0 galaxy size data from J. A. Hardwick
t al. ( 2022 ). Equal w eights w ere giv en t o both datasets, and the
t ting w as done only over the range 10 9 < M ∗ < 10 11 . 3 M �,
ue to resolution constraints at the low-mass end and box-size 
imitations at the high-mass end. 

Most of the calibration process inv olv ed varying four subgrid
arameters: (1) M BH , seed , the BH seed mass, (2) f kin , the fraction
f CCSN energy injected in kinetic form, (3) n H , pivot , the pivot
ensity for SN heating temperatures, and (4) P E , pivot , the pivot
tellar birth pr essur e at which the SN energy fraction ( f E ), which
epends on stellar birth pr essur e, is halfway between its mini-
um and maximum value. 
For the m6 and m5 resolutions, instead of employing emu- 

ation, slight adjustments t o paramet ers w ere chosen by hand
elativ e t o their m7 values, to achieve similar agreement with
he observational data. This process was done using L025 and 

012p5 bo x es for m6 and m5, respectively. In short, SN heat-
ng temperatures and pivot pr essur es incr ease, in or der to sup-
r ess numerical over cooling, since higher densities ar e r eached

n higher-resolution simulations. For the same reason, BHs also 
r ow mor e in higher-r esolution simulations. To adjust for this
ffect, BH seed masses are reduced at higher resolution. For all
hr ee r esolutions, the thermal AGN feedback coupling efficiency, 
f , is adjusted independently of other parameters, to yield BH 

asses similar to z = 0 observations. 

 H Y B R I D  AGN  ACC R ET I O N  AND  F E E D BAC K  

ODEL  

er e, we intr oduce our hybrid AGN model for BH accretion,
pin evolution and AGN feedback. We provide a full and self-
onsistent description. In Section 3.1 , we provide a brief descrip-
ion of the model, while other subsections present the model in
etail. For r eaders inter ested only in the outline of the model, we
uggest to read Section 3.1 and skip the rest of this section. 

In Section 3.11 , we compare our model to similar previously
ublished ones. Different aspects of our model were already in- 
roduced and discussed in F. Huško et al. ( 2022 , 2024 , 2025 ). In
ppendix A , we discuss how these different aspects are combined

nd what is different about our final model compared to these
reviously published, simpler versions. 

.1 Overview of the model 

he BH accretion and feedback subgrid model that we present 
er e has thr ee accr etion disc states, r epr esenting qualitatively dif-

er ent pr operties of accr etion discs. These differ ent states, namely
he thick, thin and slim disc, occur at different Eddington ratios
low, moderate, and super-Eddington, r espectively). These accr e- 
ion disc states are illustrated schematically in Fig. 2 . We discuss
hem in detail in Section 3.2 . It is important to emphasize that
here is no subgrid accretion disc that w e ev olv e (i.e. no subgrid

ass or angular momentum reserv oir); w e inst ead assume that
ccretion occurs from large scales on to the BH instantaneously. 
ow ev er, assumptions about accretion disc properties can signifi-

antly affect mass accretion, BH spin evolution and feedback even 

n this simplified scenario. 
The model includes two AGN feedback modes: thermal 

sotropic and kinetic jets. The thermal isotropic mode r epr esents
he effects of winds that are adiabatically shocked on subgrid 

cales, as well as effects of radiation (which may couple to gas on
arger than accretion disc scales). Both feedback modes are active 
n all three accretion disc states, resulting in a total of six effective
eedback channels. In practice, we find that only three of the six
hannels are actually relevant for the galaxy and BH population 
MNRAS 547, 1–46 (2026) 
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0.01

1

fEdd,d

Thin disc       Thick/slim disc     Radiation          Winds    Jets

Figure 2. The three different accretion disc states assumed in our model, corresponding to different Eddington ratio regimes, from bottom to top 
displaying the thick, thin and slim discs, with the thin disc component present at large radii. The accretion disc state changes depending on the disc- 
scale Eddington ratio, f E d d ,d , defined in Section 3.2 , at two critical values of 0.01 and 1. The left and right illustrations show edge-on and inclined views 
of the accretion disc, respectively. Radiation and winds are assumed to originate on accretion disc scales, and the effects of both are implemented using 
thermal isotropic feedback in the simulations. Jets, which consist purely of Poynting flux on these accretion disc scales, are implemented as bipolar 
velocity kicks. 
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s a whole (1) jets at low Eddington ratios (at low redshifts),
2) jets at moderat e Eddingt on ratios (at high redshifts), and (3)
hermal feedback at moderate Eddington ratios (at all redshifts). 

In our model, BH growth can be significantly impeded by the
irect effects of feedback, for tw o separat e reasons. First, the
eedback efficiencies can be very high and result in net mass
oss by BHs. Secondly, our model assumes that subgrid accretion
NRAS 547, 1–46 (2026) 
isc winds strip away most of the accreting material at low and
uper-Eddingt on accretion rat es, which w e r epr esent using an
ccretion efficiency parameter that quantifies this mass-loss. This
aramet er relat es the accretion rat e on t o a subgrid accretion disc
o the accretion rate through the BH event horizon. The BH mass
volution and various accretion rates related to the above are
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In order to realistically employ feedback (especially concerning 
ets), we model the evolution of the angular momentum of a 
H, J B H (see Sections 3.6 and 3.7 ). The dimensionless BH spin
aramet er (hereaft er the BH spin) has a magnitude defined as 

 = 

J BH 

c 
M 

2 
BH 

G 

, (12) 

here J B H = | J BH 

| is the angular momentum magnitude, and a
ign which indicates whether accretion is prograde or r etr ograde
either an aligned or counter-aligned inner accretion disc). The 
H spin direction is used as the direction for jet launching. Since

he BH spin v ect or is effectively a time-integrated quantity, it is
ypically much more stable in time than the instantaneous direc- 
ion of the angular momentum of gas near the BH. This facilitates
table jet launching and results in large-scale jet activity, as shown
n Fig. 1 . In addition to being used for jet directions, the BH spin
lso affects the strength of feedback (i.e. the efficiencies). 

Some of the feedback efficiencies in our model (the jet 
fficiency especially) depend on the magnetization state of the 
ccretion disc. We assume the largest possible (st eady-stat e) 
agnetization. In other w ords, w e adopt the magnetically 

rrested disc (MAD) assumption (R. Nar ay an et al. 2003 ), as
iscussed in Section 3.4 . We stress that the feedback efficiencies 

n our model are largely not free paramet ers; they inst ead depend
n BH spin and Eddington ratio, as discussed in Section 3.5 . The
 x ception to this is the coupling efficiency of radiation from the
hin accretion disc, but this same parameter exists in the purely
hermal AGN feedback simulations. On the other hand, our 

odel includes two new important parameters that are related 

o feedback, which set the values of accretion efficiencies in the
hick disc state and jet velocities. 

Due to the inclusion of jet feedback and BH spin, additional
ime-step conditions need to be adopted (see Section 3.8 ). Our
et launching scheme is discussed in Section 3.9 , while the im-
lementation of AGN feedback more generally is discussed in 

ection 3.10 . 

.2 A ccr etion disc states 

e assume differ ent accr etion disc states depending on the Ed-
ington ratio defined using the accretion rate on to the subgrid
ccretion disc (the disc-scale accretion rate), before mass loss due 
o winds. This Eddington ratio is defined as 

f Edd , d = 

˙ M acc , d 
˙ M Edd 

, (13) 

here ˙ M acc , d is given by equation ( 2 ). For most calculations 
ithin our model, we use the Eddington ratio 4 defined as 

f Edd , H 

= 

˙ M acc , H 

˙ M Edd 
, (14) 

hich is the same as equation ( 13 ), but with the disc-scale ac-
r etion rate, ˙ M acc , d , r eplaced by the accr etion rat e int o the BH
event horizon), ˙ M acc , H 

(see Section 3.3 for subtleties associated 
 To define the Eddington ratios in the hybrid AGN feedback model, fol- 
owing recent conv entions, w e use the BH spin-dependent Eddington ac- 
retion rate ˙ M Edd (equation 6 ), in which the constant radiative efficiency 
rad = 0 . 1 is replaced with a BH spin-dependent one that is appropriate 
or a thin, relativistic disc (equation 23 ). This can lead to differences in 
ddington ratios of up to a factor of 3. 

a
a  

w  

s  

a
h
e  

i

ith this difference). This second Eddington ratio includes the 
ffects of mass loss from the accretion disc due to winds and
orr esponds mor e closely t o observ ed Eddingt on ratios. When
eciding the nature of an accretion disc, one could use either of 
he tw o Eddingt on ratios. We discuss the merits of both options
n Appendix B1 , and based on the discussion therein, we choose
o use the disc-scale Eddington ratio (equation 13 ) to decide the
ccretion disc state. 

The three accretion disc types we include in the model are the
ollowing: 

(i) Thick disc for f Edd , d < 0 . 01 . This accretion flow is also
nown as the ADAF (adv ection-dominat ed accretion flow), 
DIOS (adv ection-dominat ed inflow–outflow solution if winds 

r e included), hot accr etion flow, RIAF (radiatively inefficient 
ccretion flow), the hard state (in terms of X-ray spectra) and the
ow state (in terms of accretion rate). The disc is geometrically
hick (with an aspect ratio H/R ≈ 0 . 5 , H being the scale height
f the disc at a cylindrical radius R ) and optically thin. The gas in
his disc is very hot and relatively diffuse, with low radiative effi-
iencies and strong advection that traps most of the thermal en-
rgy. Gas orbits are not fully circular, instead having a significant
adial component. The gas flow is continuous all the way down
 o the ev ent horizon, with no abrupt change in properties at the
adius of the innermost stable circular orbit ( R ISCO ). The poloidal

agnetic flux at the event horizon of the BH is very large, leading
o strong jets if the BH is spinning. Winds driven by thermal
r essur e and MHD effects are also present, taking away most of 
he accreting mass. We take the solution for this type of disc from
. Nar ay an & I. Yi ( 1995 ), and we also use results from numerical
RMHD simulations (A. Tchekhovskoy et al. 2010 ; R. Nar ay an

t al. 2022 ). BH spin evolution and AGN jet feedback in this
ccretion disc state was studied in detail in F. Huško et al. ( 2022 ).

(ii) Thin disc for 0 . 01 < f Edd , d < 1 . This accretion disc state
s also known as the radiatively efficient, standard or N. I. Shakura
 R. A. Sunyaev ( 1973 ) disc (SD or SSD), as well as the soft or high

tate. The disc is geometrically thin (usually H/R ∈ [0 . 001 , 0 . 01] )
nd optically thick, with a high radiative efficiency of ∼ 10 per
ent. Gas orbits are almost fully circular and extend down to
 ISCO . Within this inner radius, they quickly become unstable. 
 ets ar e likely pr esent, but their str ength depends sensitively on
he accretion rate and magnetic state of the disc. This state is
ffectively the one that is assumed at all accretion rates in the
hermal AGN feedback model. We take the solution for this disc
rom N. I. Shakura & R. A. Sunyaev ( 1973 ). We studied feedback
n this accretion mode in detail in F. Huško et al. ( 2024 ), alongside
he thick disc that was used at low Eddington ratios. 

(iii) Slim disc for f Edd , d > 1 . This accretion flow appears in
he super-Eddington regime of accretion. The disc is geometri- 
ally thick ( H/R of order 0.1–0.5), but less so than the thick disc. It
har es some featur es with both the thick and thin discs: it is both
dv ection-dominat ed and radiativ ely efficient. It launches strong 
ets and is very luminous (the efficiencies for jets and radiation
re lower than in the thick and thin disc, respectively, but the
ccretion rate is higher, resulting in potentially higher jet powers 
nd luminosities). Radiation pr essur e and MHD effects drive a
ind that may take away most of the accreting mass. We take the

olution for this type of disc from J.-M. Wang & Y .-Y . Zhou ( 1999 ),
nd also use numerical gener al-relativistic r adiation magneto- 
ydr odynamical (GRRMHD) simulation r esults fr om A. Ricarte 
t al. ( 2023 ). We introduced this disc state and the feedback from
t in our model in F. Huško et al. ( 2025 ). 
MNRAS 547, 1–46 (2026) 
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M

Figure 3. The fraction of BHs occupying different accretion disc states in the L200m7h simulation: left : thick disc, middle : thin disc, right : slim disc, 
multiplied by a factor of 10 for visual comparison purposes. Different colours indicate different redshifts. The shaded regions show uncertainties 
computed assuming binomial proportion confidence intervals. 

 

 

p  

o  

w  

d  

p  

ν

t  

α  

v  

i
 

s  

a  

r  

(  

i  

M  

(  

B  

t  

r  

s  

z  

A  

Z  

i  

A  

b  

M  

t  

p  

M  

t  

M
 

d  

a  

≈  

s  

d  

d  

q  

f  

e  

i
 

s  

(  

s  

i  

w  

p  

M  

c  

≈

3

T

M

w  

e  

t  

P  

n  

A  

t  

a  

o  

(  

s  

o  

B  

e  

a
 

t  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/2/stag324/8487639 by U
niversita di M

ilano Bicocca user on 14 April 2026
The choices for the critical Eddington ratios ( f Edd , d = 0 . 01 and
f Edd , d = 1 ) that separate the above states are discussed in Ap-
endix B2 . The modelling of accretion discs is highly dependent
n assumptions about the kinematic viscosity ν in the discs,
hose properties are largely unknown. All of the above accretion
isc models are of so - called α−discs, where α is a numerical
arameter that is related to the kinematic viscosity ν through
= αc s H. Her e, c s and H ar e the sound speed and height of 

he disc at a given radius, respectively. In the α−disc models,
does not vary with radius, but is instead given by a constant

alue. We set a value of α = 0 . 1 , as motivated by the discussion
n Appendix B2 . 

In order to illustrate the importance of the thr ee accr etion disc
tates, in Fig. 3 we show the fraction of all BHs that are in a given
ccretion disc state, as a function of BH mass and for different
 edshifts. Her e, we use results from one of our own simulations
specifically, L200m7h) that use the hybrid AGN feedback model
n combination with the C OLIBRE g alaxy formation model.

ost BHs are in the thick disc state at z = 0 , with the remainder
 5 - 15 per cent) in the thin disc state. The fraction of low-redshift
Hs in the thin disc state peaks at M BH 

≈ 10 7 M �, corresponding
o host galaxies with stellar massses M ∗ = 10 10 - 10 10 . 5 M �, a mass
 egime wher e BHs gr ow most rapidly. The BHs in the thin disc
tate are observable as classical optical and X-ray AGN. The
 = 0 thin disc occupation fraction that we find here matches
GN fr actions found observ ationally in the local Universe (e.g.
. Zhang et al. 2021 ; J. L. Steffen et al. 2023 ), where AGN are

dentified using the BPT diagram. In these observations, the
GN fraction is non-negligible for galaxies with stellar masses
etween 10 9 and 10 11 M �, with a peak value of 15 - 20 per cent at
 ∗ ≈ 10 10 . 5 M �. Although Fig. 3 has the BH mass on the x−axis,

his overall shape (see black line in the middle panel) and the
eak value of 15 per cent found in the simulations, reached at
 BH 

≈ 10 7 M �, are in good agreement with observations given
hat galaxies with M ∗ ≈ 10 10 . 5 M � host BHs with median masses
 BH 

≈ 10 7 M � (Section 4 ). 
As r edshift incr eases, the fraction of BHs occupying the thin

isc state increases, at all BH masses, but most prominently
round that same mass scale, M BH 

≈ 10 7 M �. By z = 1 , 2 , 4 , only
25 , ≈ 5 , and ≈ 2 per cent of such BHs are in the thick disc

tate, with most of the remainder growing efficiently in the thin
NRAS 547, 1–46 (2026) 
isc stat e. Abov e this mass scale, the fraction of BHs in the thin
isc state drops, since more massive BHs are more likely to have
uenched their host galaxy and stifled their own growth. The
ractions of BHs occupying differ ent accr etion states reflects the
volution of the median Eddington ratio at fixed BH mass, which
ncreases with redshift (Huško et al. in preparation). 

The slim disc state is very rare at all redshifts, and e x ceedingly
o at lower redshifts and/or high BH masses. Low-mass BHs
 M BH 

∈ [10 6 , 10 8 ] M �) are the most likely to be in the slim disc
tate. The BH mass range where this is likely at a given redshift
s even narrower, and moves from higher to lower-mass BHs
ith incr easing r edshift. At z = 3 , z = 4 , z = 6 , and z = 8 , the
eak in the fraction of BHs occupying the slim disc state is at
 BH 

≈ 10 8 , ≈ 10 8 , ≈ 10 7 , and ≈ 10 6 M �, respectively, with the
orresponding peak occupation fractions equal to ≈ 1 , ≈ 2 . 5 ,

6 , and ≈ 6 per cent. 

.3 Black hole mass evolution 

he BH mass ev olv es according to 

˙ 
 BH 

= (1 − εtot ) ˙ M acc , H 

= (1 − εrad − εjet − εwind ) εacc ˙ M acc , d , (15) 

here εt ot is the sum of all energy release efficiencies (radiative
fficiency εrad , jet efficiency εjet , and wind efficiency εwind ), and
he individual efficiency terms are defined using the relation
 i = εi ˙ M acc , H 

c 2 , where P i is the feedback power into a given chan-
el i . Equation ( 15 ) is analogous to that used for the thermal
GN feedback model (equation 7 ), but it has additional feedback

erms alongside radiation. The radiation and wind terms are both
ssociated with the thermal isotropic feedback channel used in
ur model, with the radiation term used in the thin disc state
and εwind = 0 ), and the wind term in the thick and slim disc
tates (with εrad = 0 for the purpose of equation 15 ). The sum
f the three efficiencies may exceed unity, in which case the
H can reduce its mass as it accretes (due to losing more mass-
nergy associated with its rotational energy, than it gains through
ccretion). 

In addition to these feedback terms, equation ( 15 ) also fea-
ur es the accr etion efficiency, εacc < 1 , which relates the disc-
cale accretion rate, ˙ M acc , d , and the accretion rate into the event
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Figure 4. The assumed accretion efficiencies as a function of the disc- 
scale Eddington ratio. The accretion efficiency connects the accretion rate 
on to a subgrid accretion disc (equation 15 ) with the accretion rat e int o the 
BH itself, and it r epr esents the effects of disc winds that tak e a way most of 
the mass. In the thin disc we assume a 100 per cent accretion efficiency, 
while in the slim disc we assume 1 per cent. In the thick disc, we combine 
results of GRMHD simulations and analytical calculations (equations 
16 and 17 ). For the free parameter r tr , 0 , we take the value 10 4 , correspond- 
ing to the value we found through calibration on the bolometric AGN 

luminosity function (see Section 4 ). The accretion efficiency in the thick 
disc is limited by the ratio of the Bondi radius and the gravitational radius 
of the BH, which depends only on the gas sound speed. Using different 
line styles, we show the accretion efficiency for several values of the sound 
speed, r anging from v alues appropriate for the hot ICM in galaxy clusters 
to those appropriate for cold, dense gas in the ISM. 
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orizon, ˙ M acc , H 

, thr ough 

˙ M acc , H 

= εacc ˙ M acc , d . This r elation encap- 
ulates mass-loss due to accretion disc winds that we assume to
e present in the thick and slim discs. In the next subsection, we
iscuss our assumptions for the accretion efficiency in different 
ccretion disc states. 

.3.1 Ac cr etion efficiency 

he accretion efficiency, εacc , represents the fraction of mass ac- 
reting on to a subgrid accretion disc that actually reaches the
vent horizon of a BH. We assume that it is less than unity only
n the thick and slim disc, where we assume strong winds to be
perating. We show our assumed accretion efficiencies in Fig. 4 
nd in the first row of Table 1 . 

We assume the accretion efficiency to be given by 

acc = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

(
10 
r th 

)s 
, f Edd , d < 0 . 01 ( thick disc ) 

1 , 0 . 01 < f Edd , d < 1 ( thin disc ) 
0 . 01 , f Edd , d > 1 ( slim disc ) 

(16) 

or the thin disc, we assume a 100 per cent accretion efficiency,
hile we assume 1 per cent for the slim disc, as motivated below.
or the thick accretion disc state, the accretion efficiency depends 
n the (dimensionless) radius of the thick component of the ac- 
r etion disc r t h = R t h /R G , wher e R t h is the physical radius of the
hick disc, and R G = M BH 

G/c 2 is the gravitational radius of the
H. At radii larger than R t h , the disc may be present, but it is in the
MNRAS 547, 1–46 (2026) 
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hin state and is thus assumed in our model to not be contributing
o the launching of a wind. The scaling of the accretion efficiency
ith the size of the thick disc, εa cc = (10 /r t h ) s , is well motivated
y theory (F. Yuan & R. Nar ay an 2014 ), where larger discs have
maller accretion efficiencies, implying that the exponent s > 0 .
ts value is also limited to s < 1 on theoretical grounds (R. D.
landford & M. C. Begelman 1999 ), but it cannot be predicted
nalytically. Observations suggest 0 . 3 < s < 1 (R. S. Nemmen
 A. Tchekhovskoy 2015 ), while recent MHD and GRMHD sim-
lations ha ve con verged on s ≈ 0 . 5 (M. Guo et al. 2023 , H. Cho
t al. 2024 ), so we assume that value. The normalization constant
qual to 10 (dimensionless radii) is present in the scaling since
ccretion disc winds are not thought to be launched from within

10 gravitational radii (F. Yuan & R. Nar ay an 2014 ). 
For the size of the thick disc, we take the scaling from R.

ar ay an & I. Yi ( 1995 ), which assumes that the transition from
he thin disc at large radii to the thick disc at small radii occurs
t a radius where half of the energy is r adiated aw ay, and half 
dv ect ed inwards 5 We also assume that the disc can be no larger
han the Bondi radius. For the dimensionless size of a thick disc
e thus assume 

 t h = min 

[
r t r, 0 

(
0 . 01 
f Edd , d 

)2 

, r B 
]
. (17) 

here r t r, 0 = R t r, 0 /R G is the dimensionless size of the thick ac-
retion disc that is accreting at the critical Eddington ratio of 
.01, and r B = R B /R G = (c/c s ) 2 is the dimensionless Bondi ra-
ius. The value of r t r, 0 , which serves as the normalization of the
ependence of r t h on f Edd , d , is in principle predicted by theory
R. Nar ay an & I. Yi 1995 ). How ev er, it is highly dependent on
he accretion disc viscosity α, more steeply than r t r, 0 ∝ α4 . The
alue of α could be in the range 0 . 1 −0 . 4 , so the value of r tr , 0 itself 
s highly uncertain. We hence leave it as a free parameter, and
alibrate its value (see Section 4.4 ). 

Given the assumptions discussed above, the accretion effi-
iency for the thick disc, i.e. at f E d d ,d < 0 . 01 , can be written as 

acc , th ≈
⎧ ⎨ 

⎩ 

3 . 16 × 10 −2 ( r tr , 0 
10 4 

)−0 . 5 
(

f Edd , d 
0 . 01 

)
, r B ≥ r tr , 0 

(
f Edd , d 
0 . 01 

)−2 

10 −3 
(

c s 
100 km s −1 

)
, r B < r tr , 0 

(
f Edd , d 
0 . 01 

)−2 
, 

(18) 

or our fiducial values. The first of these cases is valid if the tran-
ition radius (between an outer thin and an inner thick disc) is
maller than the Bondi radius, i.e. if an outer thin disc is present.
n this case, the accretion efficiency is linear with f Edd , d and
eaches values no larger than 3 . 16 × 10 −2 . In the second case, the
ntire disc (out to the Bondi radius) is thick. The dimensionless
ondi radius depends only on the sound speed of the gas, so the
ccretion efficiency scales as εacc , th ∝ c s . For accretion from hot
 as (e.g . c s = 1000 km s −1 ), the accr etion efficiency r eaches values
f 10 −2 , but it will generally be lower. 

For the slim disc, a similar picture as above likely holds. How-
ver, slim discs become relatively more advective and more ef-
cient at launching winds at higher accretion rates (A. Ricarte
t al. 2023 ), rather than at lower ones like for the thick disc. This
NRAS 547, 1–46 (2026) 

 Other calculations, such as from the disc ev apor ation model (e.g. R. 
. Taam et al. 2012 and r efer ences ther ein), giv e quantitativ ely different 
 xpr essions for the tr ansition r adius. How ev er, the qualitativ e behaviour 
f a larger thick disc component at smaller Eddington ratios also appears 
n such models. 

3

W  

k  

a  

e  
mplies that the accretion efficiency for the slim disc should have
he form εacc ∝ 1 / f a Edd , d , with a > 0 . In other words, it should
ecline with increasing Eddington ratio, which is opposite be-
aviour to that in the thick disc state. Since no simulations of 
lim discs hav e, t o our knowledge, yet studied wind mass load-
ng as a function of the Eddington ratio, we instead assume a
onstant slim disc accretion efficiency parameter , εacc , slim 

. W e do
ot calibrate it on any particular quantity or relation, but instead
ssume a value of εacc , slim 

= 0 . 01 , which is similar to the values of 
he accretion efficiency in the thick disc (although lower than in
ome GRRMHD simulations, see e.g. Y.-F. Jiang, J. M. Stone & S.
. Davis 2019 ). 

.4 A ccr etion disc magnetisation 

he magnetic flux threading the BH event horizon affects the
fficiency of thermal feedback in the thick and slim disc states, as
ell as jet efficiencies in all accretion states. In general, accretion
iscs may occupy two qualitatively distinct states in terms of how
trong their magnetic fields ar e: the ‘standar d and normal evolu-
ion’ (SANE) state (R. Nar ay an et al. 2012 ), or the magnetically
rrest ed disc (MAD) stat e (R. Nar ay an et al. 2003 ). In the SANE
tate, magnetic fields are unconstrained and dynamically unim-
ortant, while in the MAD state, they are dynamically important
nd have reached a saturated value, that depends e x clusively on
ccretion rate and BH spin. This state is reached as a result of a
trong magnetic dynamo effect, in combination with advection of 
he field from larger radii. 

We assume that all of our accretion discs are in the MAD state,
nd summarize our choice for the dimensionless magnetic flux,
= �H 

/ 

√ 

˙ M acc , H 

R 

2 
G c , �H 

being the magnetic flux threading the
vent horizon, in the second row of Table 1 . The dimensionless
agnetic flux in the MAD state is given by 

( f Edd , H 

, a ) = φ0 (a ) ×
{ 

1 , f Edd , d < 0 . 01 
( f Edd , H / 1 . 88) 1 . 29 

1+( f Edd , H / 1 . 88) 1 . 29 , f Edd , d > 0 . 01 (19) 

ere, φ0 (a ) is the dimensionless magnetic flux of a thick or suf-
ciently super-Eddington slim disc, which depends only on BH
pin and is given by (R. Nar ay an et al. 2022 ) 

0 (a ) = −20 . 2 a 

3 − 14 . 9 a 

2 + 34 a + 52 . 6 . (20) 

or thin discs and mildly super-Eddington slim discs, the value of 
is lower than φ0 (a ) . The functional form given by equation ( 19 )

or those discs gives a strong dependence on the Eddington ratio,
∝ f 1 . 29 

Edd , H 

if f Edd , H 


 1 , and saturation to φ0 (a ) if f Edd , H 

� 1 . 
The MAD assumption is supported by observations for thick

iscs (Event Horizon Telescope Collaboration et al. 2021 ; K.
kiyama et al. 2022 ). It is also strongly supported on theoretical
rounds for adv ection-dominat ed discs (F . Y uan & R. Nar ay an
014 ). We thus expect it to be valid at least in the thick disc state
nd for very super-Eddington slim discs. However, for thin discs
nd accretion near the Eddingt on rat e, our assumed magnetic
ux may be too high. 

.5 Feedback efficiencies 

e include two modes of AGN feedback: thermal isotropic and
inetic jets, both of which are used at the same time, and in each
ccretion disc state. The first of these modes encapsulates the
ffects of radiation and accretion disc winds, while the second
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ne r epr esents the effects of jets driven by the R. D. Blandford &
. L. Znajek ( 1977 ) mechanism. The feedback powers are given by

 th / jet = εth / jet ˙ M acc , H 

c 2 = εth / jet εacc ˙ M acc , d c 2 , (21) 

here εth / jet is either the thermal or jet efficiency. The feedback ef-
ciencies are shown in Fig. 5 , and are introduced in the rest of this
ection. In the left panel we show only the feedback efficiencies, 
hile in the right panel, we also multiply them by the accretion

fficiencies, to make the net energy release efficiencies more 
omparable between different accretion disc states. The feedback 

fficiencies that we assume are also summarized in the 3rd and 

th rows of Table 1 , for thermal and jet feedback, respectively. 

.5.1 Thermal feedback 

e assume that AGN emit radiation at the rate 

 AGN 

= εrad ˙ M acc , H 

c 2 , (22) 

here εrad is the radiative efficiency and 

˙ M acc , H 

is the accretion 

at e int o the ev ent horizon. For the thin disc, w e assume that a
raction εf , the coupling efficiency, of that radiation couples to gas
either on accretion disc or larger scales), causing feedback, 6 and 

he observable AGN luminosity is thus equal to (1 − εf ) L AGN 

. The
oupling efficiency, εf , is a free par ameter. Its v alue is calibr ated
y ensuring our simulated BH masses match observations at z = 

 (Section 4 ). 
For the radiative efficiency, for the thin disc, we assume the

 xpr ession for a relativistic thin accretion disc (I. D. Novikov & K.
. Thorne 1973 ): 

rad , thin (a ) = 1 − e ISCO (a ) = 1 −
√ 

1 − 2 
3 r ISCO (a ) 

. (23) 

ere, e ISCO is the specific binding energy (in units of c 2 ) at the
nnermost stable circular orbit (ISCO). r ISCO = R ISCO /R G , is the
imensionless radius of the ISCO. We give the radius of the ISCO
s a function of BH spin in Appendix C . The above formulation
iv es a radiativ e efficiency for the thin disc that varies between
rad ≈ 4 per cent at a = −0 . 998 and εrad ≈ 30 per cent at a =
 . 998 , which is to be compared with the constant value of 10 per
ent in the thermal AGN feedback model. 

In the thick and slim discs, we assume different, but very small
adiative efficiencies (see Appendix D ), since both of those disc
ypes are radiatively inefficient. We also assume that εf = 0 in
hose discs, since the slim disc winds may be partly driven by
adiation on the accretion disc scales. The radiative efficiencies 
or those discs are thus used e x clusively for calculating AGN
uminosities. 

For the thick and slim discs, we instead assume the presence of 
ccretion disc winds that are shocked on subgrid scales (T. Costa, 
. Sijacki & M. G. Haehnelt 2014 ), so we implement the effects of 

hese winds using the thermal feedback channel (in other words, 
e assume εth = εwind for these disc states). The thermal feedback 
 Our model is agnostic as to the exact mechanism by which radiation 
auses feedback. Radiation may launch a wind on accretion disc scales, 
r on larger scales. It may also directly heat gas on large scales. In either 
ase, we assume that the thermal isotropic feedback employed in the 
imulations is r epr esentative the effects of whichever of these effects that 
s dominant. 

ε

7

(
r
e

fficiencies are thus given by 

th ( f Edd , H 

, a ) = 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

0 . 005 
[

1 + 0 . 3 
(

φ

50 

) (
�H 
0 . 2 

) ]
, f Edd , d < 0 . 01 

εf 

(
1 −

√ 

1 − 2 
3 r ISCO 

)
, 0 . 01 < f Edd , d < 1 

0 . 065 
[

1 + 

(
φ

50 

)2 
]

M(�H 

) , f Edd , d > 1 

(24) 

here M(�H 

) ≡ max 
(
0 , 1 + �H 

− 8�2 
H 

)
. The second e xpr ession

orresponds to εf εrad , thin for the thin disc. The first and third 

 xpr essions corr espond to wind efficiencies for the thick and slim
iscs obtained from A. Sadowski et al. ( 2013 ) and A. Ricarte et al.
 2023 ), 7 r espectively. Her e, �H 

(a ) is the dimensionless angular
elocity of the BH event horizon, given by �H 

(a ) = a/ 2 r H 

(a ) ,
here r H 

(a ) = 1 + 

√ 

1 − a 

2 is the dimensionless radius of the
vent horizon. 

The thermal feedback efficiency for the thin disc, due to radia-
ion (assuming εf = 0 . 025 , in the mid-range of values we find by
alibration for the hybrid AGN feedback model, see Section 4 ),
s shown in Fig. 5 using dashed horizontal lines at moderate
ddin{gton ratios. It varies from ≈ 0 . 2 per cent at low BH spin
 a = 0 . 2 ) to ≈ 1 per cent at maximal BH spin ( a = 0 . 998 ). The
ind efficiency for the thick disc is shown with horizontal lines

t low Eddington ratios in Fig. 5 . It is generally similar to or larger
han the thermal efficiency in the thin disc. How ev er, one needs
o keep in mind that these winds are applied at lower accretion
ates than in the thin disc, and that we apply an accretion effi-
iency in the thick disc (resulting in much lower net accretion
ates than in the thin disc, see the right panel of Fig. 5 ). As a result,
hick disc winds have a very small effect in practice, at least at the
evel of calibration of galaxy formation simulations. This is also 
elat ed t o the fact that jets are the dominant feedback mechanism
n this regime, which is also visible in Fig. 5 (we introduce the
et efficiencies in the next subsection). The wind efficiency in 

he slim disc is shown using horizontal dashed lines at super-
ddingt on accretion rat es in Fig. 5 . The wind efficiencies have
alues of order 5 - 20 per cent, and are thus generally the largest
mong the thermal efficiencies used in our model. How ev er, as
n the thick disc, the winds from the slim disc are generally sub-
ominant to its jets (unless the BH spin is quite low, | a | < 0 . 4 ). 

.5.2 Jet efficiencies 

e assume that all accretion discs launch jets on account of 
nergy (and angular momentum) extraction through the R. D. 
landford & R. L. Znajek ( 1977 ) (BZ) pr ocess. Ther e have been
any studies on jet launching from MAD thick discs, and re-

ently it has been shown that the results from these studies may
lso be applied to slim and thin discs, once differences in the
imensionless magnetic flux, φ, between these disc types are 
ccounted for (A. Ricarte et al. 2023 ). We assume the jet efficiency
ormula from A. Tchekhovskoy et al. ( 2010 ): 

jet = 

κ
φ2 �2 

H 

(
1 + 1 . 38�2 

H 

− 9 . 2�4 
H 

)
, (25) 
MNRAS 547, 1–46 (2026) 

4 π

 The thick disc wind efficiency is taken directly from A. Sadowski et al. 
 2013 ), while the slim disc wind efficiency is a fitting function to the 
esults of A. Ricarte et al. ( 2023 ) that we derived and presented in F. Huško 
t al. ( 2025 , see appendix A therein). 
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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
or parabolic, we assume κ = 0 . 05 ). For a non-spinning BH ( a =
 ), the jet efficiency given by the above formula is εj et = 0 . All
hr ee of our accr etion disc states use equation ( 25 ). They differ
nly in their values of φ, which introduces large differences in
he jet efficiencies. For strongly super-Eddingt on rat es, the jet
fficiency of the slim disc is the same as that of the thick disc,
ince they have the same values of φ. For the thin disc, on the
ther hand, φ is generally much lower, e x cept at near-Eddington
ates (see equation 19 ). 

The jet efficiency given by equation ( 25 ) is shown in Fig. 5 using
olid lines. The jet efficiencies can be of order unity (or exceed
t) for highly spinning BHs. For moderate and large values of 
H spin, jets dominat e ov er thermal feedback at all Eddington

atios e x cept in the thin disc for f Edd , H 

∈ [0 . 01 , 0 . 3] (jets dominate
ven in the thin disc for f Edd , H 

� 0 . 3 , since the value of φ is
arge enough at those near-Eddingt on rat es t o yield jet efficiencies
arger than ≈ 1 per cent). 

.6 Black hole spin evolution 

he spin of every BH, given by equation ( 12 ), ev olv es due t o the
ollowing set of physical mechanisms: (1) gas accretion, (2) BH–
H mergers), (3) jet-induced spin-down, (4) radiation torques,
nd (5) Lense–Thirring torques. These mechanisms affect both
he magnitude and direction of the BH spin. How ev er, in practice,
he inner region of the accretion disc is usually either perfectly
ligned (spin positive) or counter-aligned (spin negative) with
espect to the BH spin vector (J. M. Bardeen & J. A. Petterson
975 ), or pr ecessing ar ound that same v ect or (L. St ella & M. Vietri
998 ). Thus, almost all quantities that depend on BH spin and
hat appear in our model can be assumed to depend e x clusively
n its magnitude and sign. 

Generally, the BH spin could occupy the full range a ∈ [ −1 , 1] ,
ith magnitudes larger than 1 not allowed in general relativity
NRAS 547, 1–46 (2026) 
R. P. Kerr 1963 ). In reality, how ev er, the BH spin is thought to
av e an effectiv e upper limit of a max ≈ 0 . 998 due to tor ques fr om
hoton emission during g as accr etion (K. S. Thorne 1974 ). We
hus impose that upper limit (which does have a non-negligible
mpact on the maximum values of some of the efficiencies that
e use). 
In Section 3.6.1 , we discuss how accretion and jet-induced

pind-down impact the evolution of the BH spin magnitude. The
hoice of the sign of BH spin and the evolution of its direction
s a v ect or are discussed in Sections 3.6.2 and 3.6.3 , respectively.
ense–Thirring torques have a great impact on both. 

.6.1 Evolving the magnitude of black hole spin 

he BH spin magnitude ev olv es according t o t o the spin-up/spin-
own function s , given by (J. M. Bardeen 1970 , R. Moderski & M.
ikora 1996 , N. Fanidakis et al. 2011 ) 

 ≡ d a 

d M acc , H 

/M BH 

= � in − 2 a (1 − εtot ) + s EM 

, (26) 

here � in = L in / (R G c ) is the dimensionless specific angular mo-
entum at the inner boundary of the accretion disc ( L in being the

pecific angular momentum in physical units). d M a cc,H is the rest
ass of the material accreted through the BH event horizon, and

t ot is the total efficiency of all energy loss processes as defined
n equation ( 15 ). The first term in equation ( 26 ) is due to gas
ccretion on to the BH, the second originates from the definition
f the BH spin a through the presence of the BH mass, while the
ast term encapsulates angular momentum loss due to electro-

agnetic effects (the launching of winds and mostly jets). 
For the thick disc, instead of using equation ( 26 ) directly,

e use r esults fr om GRMHD simulations, to be consistent with
ur assumptions about feedback efficiencies. We assume the fit-
ing function of R. Nar ay an et al. ( 2022 ) for discs in the MAD



Hybrid AGN feedback 17 

a

S
p
in

u
p

fu
n
ct

io
n
s

Figure 6. The BH spin-up/spin-down function. This is given by equation 
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the thin and slim discs ( f Edd , d > 0 , red and orange lines, respectively). 
For the latt er, w e show the spin-up/spin-down function for several values 
of f Edd , H 

. Positiv e or negativ e values of the spin a correspond to the 
inner region of the accretion disc co-rotating or counter rotating relative 
to the BH spin. The bottom left and top right quadrants correspond to 
the magnitude of the spin increasing, and the top left and bottom right 
quadrants to the magnitude of the spin decr easing . 

s

s

W
l  

c
s
t
d
n  

d  

B  

c
m  

d  

t
(
t
d  

(
 

(  

b

f
s
e

s

w  

o  

s

w
2  

o  

e
b  

E

s

w
(  

s  

e  

s
A
c
s
t  

a

k

3

W  

1  

a
p  

t
m  

b
t  

c  

a  

t  

t  

w  

u  

B  

&  

i
F  

a  

v  

s  

a
s

 

t  

K  

a  

w  

8 We removed a superfluous minus sign in the original equation provided 
by A. Ricarte et al. ( 2023 ). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/2/stag324/8487639 by U
niversita di M

ilano Bicocca user on 14 April 2026
tate: 

 thick = 

(
da 

d M acc , H 

/M BH 

)
thick 

= 0 . 45 − 12 . 53 a − 7 . 8 a 

2 + 9 . 44 a 

3 + 5 . 71 a 

4 − 4 . 03 a 

5 . (27) 

e show this spin-up/spin-down rate in Fig. 6 using the blue 
ine. In this figure, spin-up (an increase in BH spin magnitude)
orresponds to the bottom left and top right quadrants, while 
pin-down (a decrease in BH spin magnitude) corresponds to the 
op left and bottom right quadrants. BHs in the thick accretion 

isc state are almost always spinning down, except in a very 
arr ow r egion a ∈ [0 , 0 . 05] . This is a signature of strong jet spin-
own, and it means that jets will effectively fully spin down a
H given enough time. In practice, however, as the BH spin be-
omes low enough, feedback efficiencies also drop to low values, 
aking it more likely that the BH will increase its accretion rate

ue to self-r egulation (e.g . C. M. Booth & J. Schaye 2010 ) and
ransition to the thin disc state, where spin-up is more efficient 
see below). Furthermore, BH–BH mergers (see Section 3.7 ) will 
ypically leave remnant BHs with non-zero spin, so we generally 
o not expect to find many BHs with spin values that are very low
e.g. | a | < 0 . 3 ). 

For the slim and thin discs, we use results from A. Ricarte et al.
 2023 ), who provide a fitting formula that smoothly int erpolat es
etween the thin disc state without significant jet feedback (for 

f Edd , H 


 1 ), and a highly super-Eddington slim disc where jet 
eedback essentially matches the thick disc (and so jet spin-down 

hould also be similar). Their formula, which is analogous to 
quation ( 26 ), is 

 thin / slim 

= 

(
d a 

d M a cc,H /M BH 

)
thin / slim 

= s HD + s EM 

, (28) 
here the first term is a pure hydrodynamical term and the sec-
nd is an electromagnetic term. s HD is given in their approach by

 HD = 

s thin + s min ξ

1 + ξ
, (29) 

here ξ = 0 . 017 f Edd , H 

, s min = 0 . 86 − 1 . 94 a and s thin = � ISCO −
 ae ISCO is the spin-up/spin-down function of the thin disc (with-
ut outflows and outside the MAD regime), in which � ISCO and
 ISCO are the (dimensionless) specific angular momentum and 

inding energy , respectively , at the ISCO (see Appendix C ). The
M term, s EM 

, is given by 8 

 EM 

= −sgn (a ) εEM 

(
1 

k�H 

− 2 a 

)
, (30) 

here sgn is the sign function, εEM 

= εjet + εwind is the total 
jet + wind) EM efficiency of the slim disc, and k is given byThe
lim disc spin-up/spin-down rate is shown in Fig. 6 for sev-
r al v alues of f Edd , H 

. For small v alues, 0 . 01 < f Edd , H 


 1 , the
pin-up/spin-down function shows monotonic spin-up to a ≈ 1 . 
s f Edd , H 

approaches and exceeds unity (super-Eddington ac- 
retion), the impact of jets and winds on spin-down becomes 
tronger, and the spin-up/spin-down function becomes similar to 
hat of the thick disc (albeit there is a small r esidual differ ence at
 < 0 , even for strongly super-Eddington slim discs). 

 = 

{
0 . 23 , a ≤ 0 
min (0 . 35 , 0 . 1 + 0 . 5 a ) , a > 0 (31) 

.6.2 Choosing the sign of BH spin 

e assume that the effects of LT torques (J. Lense & H. Thirring
918 ) are effectively instantaneous in the inner regions of the
ccretion disc (compared to the time-scale of accretion). In this 
ictur e, the inner accr etion disc is defined as the r egion wher e
he BH’s angular momentum dominates over that of the angular 

omentum of the accretion disc. As a result, the accretion disc
ecomes either aligned or counter-aligned with the BH’s spin 

hr ough LT tor ques, or it pr ecesses ar ound the BH spin. In the
ase of count eralignment, w e consider accretion t o be r etr ograde
nd the BH spin negative; otherwise BH spin is positive. The
hin disc thus develops a warp due to LT torques and is assumed
o be perfectly aligned or counteraligned with the BH within a
 arp r adius R warp (see Appendix E for the e xpr essions that we
se), which is the radius out to which the ‘communication’ of the
H and the disc is effective in terms of torques (J. M. Bardeen
 J. A. Petterson 1975 ). Outside this radius, the accretion disc

s undisturbed and aligned with the larger-scale accretion flow. 
or the thick and slim discs, the assumption of exact (counter-)
lignment is invalid. Instead, the disc precesses about the BH spin
 ect or. This precession occurs on very short time-scales, much
horter than those we ar e simulating . For this reason we also
ssume (counter-) alignment of the thick disc, in a time-averaged 

ense. 
The sign of the BH spin (i.e. whether the disc aligns or coun-

eraligns) is decided based on the criterion developed by A. R.
ing et al. ( 2005 ). In this prescription, the BH and the inner
ccretion disc are assumed to come into (counter-) alignment in a
ay that the magnitude of the BH spin does not change, and the
MNRAS 547, 1–46 (2026) 
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otal angular momentum (of the BH + inner accretion disc out
o R warp ) is conserved. In this process, the BH spin aligns with the
otal angular momentum. The condition for counteralignment
and for BH spin to be negative) in this approach can be stated
s follows: 

cos θ < − J warp 

2 J BH 

, (32) 

here cos θ = 

ˆ J B H 

· ˆ J d is the misalignment between the BH spin
nd the larger-scale angular momentum of the disc (i.e. outside
 warp ), whose direction is ˆ J d . J warp is the total angular momen-

um of the inner accretion disc out to R warp (before alignment
ccurs). In our cosmological application of the model, ˆ J d is the
ernel-w eight ed direction of the gas angular momentum, com-
uted from the same gas neighbours that are used to compute the
isc-scale accretion rate. This assumption of alignment of the gas
ngular momentum between our simulated scales and the outer
egions of a subgrid accretion disc is quite strong, and discussed
n detail in F. Huško et al. ( 2022 ). 

.6.3 Evolving the direction of the black hole spin 

rom a numerical standpoint, the direction of the BH spin is
v olv ed in the following way. For each increment of mass M warp 
the mass within R warp ) consumed by the BH, the BH-inner ac-
retion disc system is assumed to come into equilibrium (with the
nner accretion disc aligned or counter-aligned with the BH), so
hat the direction of the angular momentum of both the BH and
he inner accretion disc is parallel or anti-parallel to the direction
f the total angular momentum, J t ot = J B H 

+ J warp . Here, J warp =
 warp ̂ J d , is the angular momentum of a single warp increment,
hich is assumed to be aligned with the angular momentum of 

he outer accretion disc (i.e. the large-scale accretion flow, which
 e calculat e dir ectly fr om the simulation). In practice we do not

v olv e the BH one warp increment at a time, but instead a number
f incr ements, N warp = �M/M warp , ar e used over each time-step,
here �M = 

˙ M a cc,H �t is the total mass to be consumed over a
ingle time-step of length �t. This approach is valid as long as
one of the relevant quantities (BH mass, BH spin magnitude
nd direction) change appreciably during a single time-step. We
nsure this by implementing additional time-step limiters related
o BH spin (Section 3.8 ). 

To calculate M warp and J warp , we r equir e knowledge of (1) the
 arp r adius, R warp , (2) the surface density, �(R ) , and (3) the spe-

ific angular momentum, L (R ) , of the accretion disc. The warp
ass, M warp , is calculated as the int egral ov er the surface density

ut to R warp , while the warp angular momentum, J warp , includes
he specific angular momentum, L (R ) , in the same integral. For
he thin disc we assume Keplerian rotation, L (R ) = 

√ 

M BH 

GR ,
hich is appropriate if pressure (both radiative and thermal)

s negligible compared to gravity. For the thick and slim discs,
he specific angular momentum is smaller by a numerical factor
f order 0.5, and this is due to thermal and radiation pr essur e,
espectively, being important in those two accretion disc states.

e discuss our choices for R warp and � in Appendix E . These
hoices then specify M warp and J warp . We also take into account
he possible truncation of the accretion discs at their self-gravity
adius, as discussed in Appendix E . 
NRAS 547, 1–46 (2026) 
.7 Final BH spin and mass loss to gravitational waves 
fter BH mergers 

he BH spin of a remnant after a BH–BH merger depends on the
ass ratio of the BHs, q = M B H, 2 /M B H, 1 < 1 and three v ect ors:

he two BH spin vectors of the BHs, a 1 and a 2 , as well as the orbital
ngular momentum of the system around their centre of mass, L .
e use a fitting formula from E. Barausse & L. Rezzolla ( 2009 ),

erived from numerical relativity simulations: 

 fin = 

1 
(1 + q ) 2 

(a 1 + a 2 q 2 + l q ) , (33) 

here l is a v ect or whose direction is the same as that of the or-
ital angular momentum L (in the centre-of-mass frame), while

ts magnitude is given by 

 l | = 

s 4 
( 1 + q 2 ) 2 

(| a 1 | 2 + | a 1 | 2 q 4 + 2 | a 1 ‖ a 2 | q 2 cos φ
)

+ 

(
s 5 μ + t 0 + 2 

1 + q 2 

) (| a 1 | cos θ + | a 2 | q 2 cos ξ
)

+2 
√ 

3 + t 2 μ + t 3 μ2 . (34) 

ere, μ = q/ (1 + q ) 2 is the symmetric mass ratio, while s 4 =
0 . 1229 , s 5 = 0 . 4537 , t 0 = −2 . 8904 , t 2 = −3 . 5171 , t 3 = 2 . 5763

re fit ting par ameters. The cosines that appear in equation ( 34 )
re given by cos φ = ˆ a 1 · ˆ a 2 , cos θ = ˆ a 1 · ˆ l and cos ξ = ˆ a 2 · ˆ l . 

Given the information available within the model, we could
n principle calculate the recoil velocity of the remnant, as well
s the total mass fraction lost to gr avitational w aves. We do not
mplement the former at this stage, since we cannot reliably track
he movement of BHs in their host galaxies due to our use of 
H r epositioning . How ev er, w e do implement the latter. We use
 esults fr om numerical r elativity simulations (E. Barausse et al.
012 ) and calculate the final mass of the remnant BH as 

 BH , fin = (M BH , 1 + M BH , 2 ) 
{ 

1 − [1 − e ISCO ( ̃  a )] μ

− 4 μ2 [4 p 0 + 16 p 1 ̃  a ( ̃  a + 1) + e ISCO ( ̃  a ) − 1] 
} 
, (35) 

here p 0 = 0 . 04827 , p 1 = 0 . 01707 and e I SCO ( ̃  a ) is the dimension-
ess specific binding energy (the e xpr ession can be r ead off fr om
quation ( 23 )) at the ISCO calculated using an effective BH spin
ariable defined as 

˜  = 

| a 1 | cos θ + | a 2 | cos ξ
(1 + q ) 2 

. (36) 

.8 Additional time-step conditions 

iven the changes to the BH model in the form of AGN jets and
H spin evolution, a few additional time-step conditions need
 o be implement ed. The minimum of these time-steps is taken
 o actually ev olv e the BH, alongside other time-step conditions
lready used for the BH in the code. We introduce a jet-related
ime-step condition that is given by 

t j et = 

�E j et 

P j et 
, (37) 

here P jet is the current, instantenous jet power, while �E jet is the
nergy to be given to a pair of particles (see Section 3.10 ). This
ime-st ep limit er ensures that the BH is woken up by the time it
eeds to ‘hand out’ a pair of kicks. 
We also introduce two time-step conditions related to the an-

ular momentum of the BH. The first of these ensures that the
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agnitude of the BH spin does not change much over a single
ime-step, and it is given by 

t a = 0 . 1 
| a | M BH 

s ˙ M acc , H 

, (38) 

here s = d a/ ( d M acc , H 

/M BH 

) is the spin-up/spin- down function
iscussed in Section 3.6.1 , given by equations ( 27 ) and ( 28 ). The
umerical factor 0.1 quantifies how finely we want to evolve BH
pin; it ensures that the value of BH spin changes by no more
han 10 per cent (relative to the current value) over the next
ime-step. 

The second angular momentum time-step condition is related 

o the r edir ection of the BH spin vector. Since the BH spin vector
ay be r edir ect ed v ery quickly relativ e t o its magnitude (due to

T torques), this condition is separate to that mentioned above. 
his time-step condition is given by 

t a = 0 . 1 
M warp J BH 

˙ M acc , H 

J warp sin θ
, (39) 

here θ is the angle between the current BH spin v ect or and
he angular momentum of gas in the accretion disc on large 
cales. The numerical prefactor is again present to ensure a suffi-
iently fine evolution of the BH spin direction. In particular, in
he case that the BH spin v ect or and the gas angular momen-
um are perpendicular ( sin θ = 1 ), this criterion will lead to a
hange of no more than ≈ 5 ◦ in the BH spin v ect or direction per
ime-step. 

.9 Jet launching scheme 

or each BH, we parametrize the choice of when and how to kick
as particles in the form of a target jet velocity, v jet . We express the
nergy received by the particles through the target jet velocity as
E = 2 × m̄ ngb v 2 jet / 2 , where m̄ ngb is the mean gas particle mass of 
eighbours in the SPH kernel of the BH, and the multiplication
y two is present since we always kick in pairs. For every BH, jet
nergy is funneled to a reservoir until it surpasses the value �E,
t which point a pair of particles are kicked. 

We do not kick particles perfectly along the jet direction (which
s parallel or anti-parallel with the BH spin v ect or for each BH),
ut instead implement a finite half-opening angle θj et = 7 . 5 ◦ (we
ound little difference when varying this from 0 ◦ to 30 ◦). This
s accomplished by assigning a new kick direction every time 
 kick event occurs; this direction is given by a unit vector n j et 
hat is drawn randomly and uniformly in solid angle within a 
one with half-opening angle θj et directed along the BH spin axis. 
ince we always kick in pairs, the above pr ocedur e is done for one
article in the ‘positive’ direction (along one side of the jet) and
or another particle in the ‘negative’ direction (the other side of 
he jet). We draw only one direction for every pair of kicks, so that
he imparted momentum is perfectly opposite in direction for the 
wo particles. 

We kick particles by increasing their velocity (in the frame of 
ach BH) by �v = �v n j et , where n j et is the kick direction for
 given particle. The magnitude of the velocity increase, �v , is
hosen in such a way that the kinetic energy of each particle in-
r eases e xactly by �E jet / 2 . �v thus depends on the initial particle
elocity (in the frame of the BH) and varies for every particle.
onservation of kinetic energy gives 

1 
m g (v i + �v) 2 − 1 

m g v 

2 
i = 

�E j et 
, (40) 
2 2 2 
here v i is the initial velocity in the BH frame. This equation can
e solved for the magnitude of the velocity increase �v , yielding 

v = 

√ 

v 2 i, jet + v 2 j et − v i, jet , (41) 

here v i, jet = v i · n j et is the initial velocity projected on to the kick
irection. 
Ideally, one would want to apply radial kicks to particles with

espect to the BH. In our scheme, the relative position v ect or
ointing from the BH to each particle may be significantly mis-
ligned with respect to the (new) relativ e v elocity v ect or. For
xample, a particle that is near the equatorial plane (defined 

y the BH spin v ect or) w ould be kicked with a v elocity that is
ear-perpendicular to the relative position vector that connects 

he BH and the particle. While this situation is not desirable,
t is our favoured approach for the following reasons. In order
o ensure that jets are being launched rather than winds, small
pening angles have to be used. For a spherical kernel with ≈
0 neighbours, a cone with an opening half-angle of 7 . 5 ◦ occu-
ies only ≈ 13 per cent of the kernel v olume. Thus, if w e w ere
icking particles radially, on av erage, w e w ould expect t o find
nly a few neighbours in this region to pick from, assuming an
sotr opic density distribution. J et feedback would then become 

or e pr one to noise, as we would not find any neighbours to kick
n many cases. With non-isotr opic particle distributions, e.g . one
lanar with respect to the BH spin v ect or, this issue w ould be
xacerbated. 

.10 The numerical implementation of AGN feedback 

he thermal mode of AGN feedback is implemented in the same
ay as in the purely thermal AGN feedback model (see Sec-

ion 2.4.5 ), with the only difference being that different feed-
ack efficiencies are used. We implement jets as described in the
revious subsection. Both feedback modes use their own energy 
eservoirs that are independent of each other. 

The reader may wonder whether it is reasonable to describe 
GN jet feedback using a prescription as simple as pure kinetic
icks, especially given the complexity of jet and lobe physics (e.g.
. A. Bourne & H.-Y. K. Yang 2023 ), which includes instabili-

ies, relativistic effects, magnetic fields and cosmic rays. These 
r ocesses ar e either not r esolved or not included in our model.
onetheless, we argue that the effects of kinetic jets indeed rep-
 esent the first-or der effects of jet feedback as it is thought to be
ccurring in the real Universe: the driving of anisotropic bow 

hocks that heat the ambient medium. This issue is discussed 

urther in Appendix F . 
The velocity in our model r epr esents both a physical and a

umerical parameter. On the physical side, increasing it leads 
o stronger shocks, and hotter and less dense lobes inflated by
ets. Feedback thus becomes more effectiv e. How ev er, increasing
t should not affect the dynamical evolution of jets and lobes for
ery supersonic jets that inflate self-similar lobes (S. A. E. G. Falle
991 ; C. R. Kaiser & P. Alexander 1997 ). In idealized simulations,
e found the opposite to be the case: varying jet velocities can
ave a major impact (F. Huško & C. G. Lacey 2023a , 2023b ; F.
uško et al. 2022 ). This is largely caused by numerical sampling

ffects. Consider the relation between the total kinetic energy of 
 jet event and the velocity: E kin , = 0 . 5 N jet m g v 2 jet , where N j et is the
umber of particles kicked into the jet. For a jet event of a fixed
nergy, increasing the jet velocity by some factor X causes the
umber of particles by which the jet is sampled to drop as N j et ∝
MNRAS 547, 1–46 (2026) 
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 /X 

2 . Ther efor e, the choice of jet velocities heavily impacts the
ampling of AGN jet feedback, and it needs to be made carefully.

We assume the following relation between the target jet veloc-
ty and BH mass: 

 jet (M BH 

) = v jet , 0 × min 

(
1 , 

√ 

M BH 

10 9 M �

)
, (42) 

here v j et, 0 is the normalization of the scaling (and also the maxi-
um achieved value, for BHs with M B H � 10 9 M �). We also apply
 minimum to the above relation, which is v jet , min = 10 2 . 5 ≈ 316
m s −1 . The choice of the normalization, v j et, 0 , is discussed in
ection 4 . The form of equation ( 42 ) is chosen to satisfy the same
rgument as for thermal feedback (see Section 2.4.5 ). In partic-
lar, given the above form, the energy per feedback event (indi-
idual particle kick) scales linearly with BH mass, which means
hat for every unit of BH growth on a logarithmic scale, BHs are
xpect ed t o experience a similar number of feedback events. 9 This
n turn means that there is no BH mass scale below which AGN
eedback is not sampled sufficiently well. With variable velocities,
e sample AGN feedback better than we would be able to if a

onstant velocity were used. 

.11 Comparison with other models 

 ccr etion disc and BH spin modelling, in the conte xt of g alaxy
ormation and evolution, has previously been included in nu-

erical calculations that use Monte Carlo - gener ated hier archi-
al merger trees (e.g. M. Volonteri et al. 2005 ; S. L. Shapiro
005 ), semi-analytical models (e.g. C. D. P. Lagos et al. 2009 ; N.
anidakis et al. 2011 ; E. Barausse 2012 ; A. J. Griffin et al. 2019 )
nd hydrodynamical simulations (e.g. Y. Dubois, M. Volonteri &
. Silk 2014 ; D. Fiacconi et al. 2018 ; S. Bustamante & V. Springel
019 ; R. Y. Talbot, M. A. Bourne & D. Sijacki 2020 ; Y. Dubois et
l. 2021 ; S. Koudmani et al. 2024 ; L. Sala et al. 2024 ). Most such
odels have included only the thin accretion disc, while the thick

ccretion disc, with its strong jet spin-down effects, is typically
eglected. Recent models have begun including it, however (A. J.
riffin et al. 2019 ; R. Y. Talbot et al. 2020 ; Y. Dubois et al. 2021 ; S.
oudmani et al. 2024 ). The slim disc, which is relevant for super-
ddington accretion, is also usually neglected. 
Our subgrid accretion disc and BH spin evolution model inher-

ts many aspects of the A. J. Griffin et al. ( 2019 ) semi-analytical
odel, adapted for use in hydrodynamical simulations by assum-

ng that the angular momentum of a subgrid accretion disc is
ligned with that of the gas in the BH kernel. We improve upon
hat model by explicitly including the thick disc and its associated
et-induced spin-down. We also model super-Eddington accretion
sing the slim disc, where jets are also very important. Our model

s similar to the one employed in the NewHorizon simulations
Y. Dubois et al. 2021 ), with two main differences: (1) it includes
uper-Eddington accretion and the slim disc, and (2) it includes
n accretion efficiency for the thick disc (also for the slim disc),
hich is much smaller than unity. In pr actice, this v astly reduces

ccretion, feedback and jet-induced spin-down from the thick
NRAS 547, 1–46 (2026) 

 This is not strictly true in the hybrid AGN feedback model, for neither the 
hermal nor jet feedback modes. The reason is that feedback efficiencies 
epend on BH spin and Eddington ratio, which introduces an indirect 
ependence on BH mass. This implies that the amount of energy injected 
y BHs does not scale linearly with BH mass, as it does in the purely 
hermal AGN feedback model. How ev er, these effects are relatively small. 

i  

m  

d  

(  

t  

E  

w  

a  
isc in our model compared to NewHorizon. The strong jets from
he thick disc in NewHorizon are probably the reason why the BH

asses and spins are generally too low in that model. 
Our model is, in some aspects, quite similar to the unified

ccretion disc model presented by S. Koudmani et al. ( 2024 ),
lthough they do not model the slim disc. Their model includes
n accretion efficiency for the thick disc, which varies with the
nsuppressed Eddington ratio in the same way as in our model
 εacc ∝ f Edd ), although with a much different normalization (so
hat accretion in the thick disc is less efficient in our model). Their

odel assumes that the inflow rates of mass and angular momen-
um on to the accretion disc are w ell-resolv ed, which they achieve
sing super-Lagrangian refinement (e.g. M. A. Bourne et al. 2024 ;
.-J. Shin et al. 2025 ). This means they can explicitly track the

otal mass and angular momentum in the subgrid accretion disc–
H system. Paired with assumptions on the disc structure, their
odel yields an accretion rate through the disc and on to the BH

hat is generally much different from the accretion rate on to the
isc itself. Due to viscous time delays the accretion rate on to the
H can be very different in magnitude and much less variable. 
Including a subgrid accretion disc (as a separate reservoir of 
ass and angular momentum that modulates the accretion rate)

s described above is hard to do in cosmological galaxy formation
imulations such as the ones presented in this paper, since we are
enerally very far fr om r esolving the inflow rates on to the subgrid
ccretion disc–BH system. For this reason, we assume that mass
ows through the disc unimpeded (modulo accretion disc winds

hat strip away some of the mass) and with no time delay with
espect to the inflow on to the disc. In practice, some assumptions
n the size of a subgrid accretion disc (see e.g. E. Cenci et al. 2021 )
ould be sufficient, when paired with the assumed mass inflow
ate (e.g. equation 2 ), to model the mass and angular momentum
f the disc. This would then yield an accretion rate through the
isc and on to the BH, as in the S. Koudmani et al. ( 2024 ) model,
hich might r epr esent a much more realistic accretion model

han the one where the BH immediately accretes the material that
s falling on to a subgrid disc. 

Many previous models have used an accretion efficiency or a
oncept similar to it (e.g. D. Anglés-Alcázar et al. 2017 ). Mass
oading factors for jets and winds (e.g. E. Choi et al. 2012 ; D.
ennehan et al. 2024 ) may produce a similar effect in that only
 small fraction of the mass accreting from large scales makes
t down to the BH event horizon, with the rest being expelled
nto feedback by a wind or jet. In these models, it is assumed
hat the mass being affected by feedback on resolved scales orig-
nates entir ely fr om a subgrid wind or jet. This means there is
n explicit link between the wind or jet velocity and the mass
oading (accretion efficiency). We do not make such an assump-
ion: the mass being heated by thermal feedback or kicked by
ets in our model on resolved scales could be the mass in the
mbient medium that is swept up by a subgrid wind or jet. There-
or e, our accr etion efficiencies ar e independent of the feedback
rescription. 
Our model is also significantly different compared to others

n relation to AGN feedback. Many galaxy formation models use
ultiple feedback modes, with jets often being used at low Ed-

ington ratios and thermal feedback at high Eddington ratios
e.g. S. Kaviraj et al. 2017 ; Y. Dubois et al. 2021 ). Compared
o such models, ours differs most in also including jets at high
ddington ratios alongside thermal feedback (in the thin disc),
hich bears similarity to SIMBA’s low-v elocity direct ed winds

t high Eddington ratios (R. Davé et al. 2019 ). It also differs in
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ncluding thermal feedback at low Eddington ratios alongside jets 
in the thick disc, albeit here the jets are completely dominant).
urthermore, our model includes the slim disc, with both ther- 
al and jet feedback being important (see the similar model by 
. Massonneau et al. 2023 ). Unlike most other hydrodynamical 

alaxy formation models (except that of NewHorizon; Y. Dubois 
t al. 2021 ), all of our AGN feedback efficiencies depend on BH
pin. Our AGN feedback is in some respects similar to that of D.
ennehan et al. ( 2024 ), who also use thr ee accr etion states, both

ypes of spin-dependent feedback across the different states, and 

eedback mass loadings that effectiv ely behav e like our accretion 

fficiencies (although they ar e e xplicitly linked with the feedback 

rescription). 

 C A L I B R AT I O N  AND  I N I T I A L  

 OSMOL  OGICAL  R E S U LT S  

ere we give a brief overview of our calibration efforts, before de-
cribing the pr ocedur e and its r elevant ingr edients in mor e detail.
eaders not int erest ed in details of the calibration pr ocedur e can

kip to Section 4.5 , where we discuss the results of our calibration.
In principle, the hybrid AGN feedback model could be cali- 

rated in a similar way as the thermal AGN feedback model used
or the flagship COLIBRE simulations (E. Chaikin et al. 2025 ). 
his would involve Gaussian-process emulation and a hyper- 
ube spanning many parameters, including (1) stellar feedback 

arameters in the COLIBRE model, (2) thermal AGN feedback 

arameters present in both the thermal and hybrid AGN feed- 
ack models, and (3) new hybrid AGN feedback-related param- 
ters. This process was beyond the scope of our current efforts,
ut will be done in the future. We opted to instead perform
 manual calibr ation v arying a set of parameters as small as
ossible. 
For calibrating the hybrid AGN feedback model, we chose to 

tart from the fiducial set of parameter values found by E. Chaikin
t al. ( 2025 ) for the thermal AGN feedback model at each resolu-
ion. Out of all parameters that vary with resolution, we chose 
 minimal set that are present in the thermal AGN model and
aried these independently at every resolution, alongside a mini- 
al set of parameters present only in the hybrid AGN model. The

ar ameter v ariation and calibr ation process, which is described
n more detail in Section 4.4 , was used to first calibrate the hybrid
GN feedback model at the m7 resolution. That set of parameter
 alues w as then used as the best guess for the calibration at the
6 resolution. We found that less than half of our calibration 

arameters needed changing at higher resolution, none of which 

ere the new parameters introduced in the hybrid AGN feedback 

odel. Once a satisfactory model (when compared with calibra- 
ion observ ables) w as found for the m6 resolution by tuning these
ew parameters, this model was used as a best guess for m5,
nd they were then tuned again until an acceptable model was 
ound. 

In Section 4.1 , we provide an overview of the parameters that
e varied, and a brief motivation for why we chose to vary them.

n Section 4.2 , we discuss which galaxy and BH relations and
r operties wer e chosen for calibration, as well as details of obser-
ational data used for comparison during calibration. Section 4.3 
ncludes the variations of several of the important calibration 

arameters, and the impact of these variations on the calibration 

elations. Informed by these variations, in Section 4.4 , we discuss
ow we carried out the actual calibration. Finally, in Section 4.5 
e discuss the calibrated parameter values that result from our 
alibration pr ocedur e. We also discuss the r esults of the largest
ybrid AGN simulations in terms of the calibration observables, 
nd the convergence between resolutions. 

.1 The choice of calibration parameters 

he five parameters that were varied are: 

(i) v j et, 0 : the normalization (which is also the maximum) of the
et velocity–BH mass scaling (equation 42 ), 

(ii) r t r, 0 : the dimensionless size of the thick accretion disc at
 critical Eddington ratio f E d d ,d = 0 . 01 , which determines the
ccretion efficiency at f E d d ,d < 0 . 01 (see Section 3.3 ), such that
acc , th ∝ f Edd , d / 

√ r t r, 0 , 
(iii) εf , the coupling efficiency for thermal AGN feedback in the 

hin accretion disc state at 0 . 01 < f Edd , d < 1 (Section 3.5.1 ), 
(iv) M BH , seed , the BH seed mass (Section 2.4.1 ), 
(v) n H , pivot , the pivot density for SNIa and CCSN feedback heat-

ng temperatures (see equation 1 ). 

The first two parameters ar e pr esent only in the hybrid AGN
eedback model, and relate to jet velocities and accretion efficien- 
ies, while the remaining three parameters are present both in the
ybrid and in the fiducial, thermal-only AGN feedback model. In 

rinciple, w e could hav e varied other hybrid AGN parameters.
ow ev er, these paramet ers (whose values w ere set in Section 3 )
ere not varied for two reasons: (1) the effects of varying them are

enerally smaller than for the above two hybrid AGN parameters 
as confirmed by many variations not shown here), especially for 
ur target calibration observables, and (2) they are better con- 
trained by either theory or observations. In most cases, both of 
hese r easons wer e true at the same time. The two new AGN
aramet ers that w e vary hav e both unconstr ained v alues and have
 strong effect on our target calibr ation observ ables across the
anges we considered (see Sections 4.3.1 and 4.3.2 ). 

We found that the modifications introduced in the hybrid AGN 

eedback model have a large effect on how feedback operates and
n how BHs self-regulate their growth. For this reason, varying 
he coupling efficiency, εf , is necessary to r epr oduce the observed
 BH 

- M ∗ relation at the massive end ( M ∗ > 10 10 M �). Allowing
he variation of the BH seed mass, on the other hand, is necessary
ince that parameter affects how quickly BHs grow and quench 

heir host galaxies, a process that is inher ently differ ent in the
ybrid AGN feedback model compared to the thermal one. We 
pted not to vary the AGN heating temperature, �T A GN , since it
as a widespread impact on nearly all galaxy and BH properties,
nd there is currently no single relation or property that can be
sed to constrain its value, especially not when there is addition-
lly a second mode of AGN feedback operating (whose strength 

s modulated by jet velocities). 
The final parameter, the SNIa and CCSN pivot density, n H , pivot ,

s varied since we find AGN feedback to have stronger effects
n the low-mass regime ( M ∗ < 10 10 M �) in the hybrid AGN
eedback model than in the thermal one (see Section 4.3 ). It is
hus also necessary to change at least one stellar feedback-related 

arameter, since the interplay between AGN feedback and stellar 
eedback is different. We chose to vary n H , pivot since the effects of 
arying it are strongest for int ermediat e-mass galaxies ( M ∗ ≈ 10 10 

 �), where we also found the differences between the thermal
nd hybrid AGN feedback models to be maximal in terms of the
bservables used for calibration. 
MNRAS 547, 1–46 (2026) 
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.2 Calibration relations and observational data 

he observables considered for calibration are largely the same as
or the thermal AGN feedback model (E. Chaikin et al. 2025 ). We
alibrate on (1) the z = 0 GSMF, (2) the z = 0 projected galaxy
tellar half-mass radius–stellar mass relation, and (3) the z = 0
lack hole mass–stellar mass relation. However, to this list we add
 fourth observable: (4) the bolometric AGN luminosity function
LF) (also at z = 0 ). This is added since the accretion efficiency
hat w e hav e intr oduced has a str ong effect on the growth history
f BHs and how many of them are in the thick disc, radiatively
nefficient regime ( f Edd , d < 0 . 01 ) at z = 0 , and how many in the
hin disc, radiatively efficient regime ( f Edd , d > 0 . 01 ). This pa-
ameter thus strongly affects the balance of accretion disc states
nd feedback modes, and this is inherently tied to the AGN LF
see Section 4.3.2 ). 

The observational data, which we introduce in the following
ubsections, are all conv ert ed t o the cosmology w e adopt ed for
OLIBRE, and to the Chabrier IMF, also used in COLIBRE. For
alibr ation against observ ational data, we only consider galaxies
ith stellar masses above 100 resolution elements, which corre-

ponds to M ∗ ≈ 10 9 , 10 8 , and 10 7 M � for m7, m6 and m5, respec-
ively. Galaxies with fewer stellar particles are poorly resolved,
nd we do not consider the simulation predictions to be reliable
n that stellar mass regime. 10 We do not consider observational
omparisons at M ∗ � 10 11 . 3 M �, since the effects of aperture sizes,
rojection, and observational sensitivity become more important
or central galaxies of galaxy groups and clusters. When plotting
ny of our calibration relations that inv olv e the st ellar mass, w e
se fixed bin widths of 0.25 dex. Next, we detail individual obser-
ational datasets used for calibration. 

.2.1 Galaxy stellar mass function 

he GSMF data that we compare with is from S. P. Driver et al.
 2022 ) (their table 6), which corresponds to the fourth data release
f the GAMA survey. We increase the normalization of their
SMF by 0.0807 dex (as recommended by the authors) to account

or two effects: (1) the data is at a median redshift of z = 0 . 03 ,
hereas we are int erest ed in comparing at z = 0 , and (2) the small
AMA volume is biased and not r epr esentative of the cosmic
ean. 
Galaxy masses determined observationally exhibit both ran-

om (statistical), as well as systematic uncertainties. While we
annot correct for systematic uncertainties, it is important for
ur comparison to account for the effects of Eddington bias that
ppear in the these observations, which can shift the GSMF to-
ar ds differ ent values (J. Schaye et al. 2025 ). The stellar masses

n GAMA have a 0.1 dex random uncertainty. We thus apply a
.1 dex random lognormal scatter to our simulated stellar masses,
hich mimics Eddington bias, i.e. the effects of random observa-

ional uncertainties in det ermining st ellar masses. We refer the
 eader to fig . D1 in J. Schaye et al. ( 2025 ) for the effects of applying
ifferent amounts of this scatter on the main observables, using
NRAS 547, 1–46 (2026) 

0 The actual particle limit down to which a simulation prediction is re- 
iable depends on what is being considered. For example, we find that 
he galaxy stellar mass function can be correctly predicted with as few 

articles as 10 or even less. On the other hand, galaxy sizes may only start 
eing reliable once resolved with a few hundred or even 1000 particles. 
or simplicity, we use a single threshold of 100 particles for all quantities 
onsider ed her e, but discuss the r ole of the thr eshold wher e r elevant. 
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F  

e  

X  

p  

1

g

he thermal AGN feedback model. The effects are very similar for
he hybrid model. 

.2.2 Galaxy size–mass relation 

e calibrate galaxy sizes by considering the galaxy size–stellar
ass relation, which we compare with J. A. Hardwick et al. ( 2022 )

their table C1), who reported projected half-mass galaxy sizes
rom a mass-selected sample of galaxies in the xG ASS spectr o-
copic survey (B. Catinella et al. 2018 ). We define galaxy sizes as
he radii that contain, in projection (along a random direction),
alf of the 50 kpc 3D mass of a given galaxy. We apply 0.1 dex

ognormal scatter to the stellar masses, as for the GSMF. 

.2.3 Black hole mass–stellar mass relation 

o ensure the simulated BH masses are realistic, we calibrate
sing the BH mass–stellar mass relation at z = 0 . We primarily
ompare with data from A. W. Graham & N. Sahu ( 2023 ) (their
able 1, with stellar masses corrected as per the erratum A. W.
raham & N. Sahu 2024 ), who performed morphological decom-
ositions and defined galaxies as elliptical, lenticular or discy.
hey found that the BH mass–stellar mass relation was largely
imilar for ellipticals and lenticulars, but differs from that of discs,
hich have significantly lower BH masses at fixed stellar mass.
e construct an overall median BH mass–stellar mass relation,

 epr esentative of the entire galaxy population, by binning the data
rom A. W. Graham & N. Sahu ( 2023 ), using fractions of different

orphological types of galaxies as weights. This pr ocedur e is de-
cribed in more detail in Appendix G , where we also provide, for
onvenience, the binned median BH masses with the associated
ncertainties on both the median stellar and BH masses in the
ins. While only ≈ 150 (in total) BHs were included in these bins,
his is sufficient to constrain the median BH masses to within
n uncertainty of ≈ 0 . 1 dex per stellar mass bin. For r efer ence,
e also compare with the power law fit from N. J. McConnell &
.-P. Ma ( 2013 ), which is based on a smaller sample (with fewer

pir als), and which w as obtained without weighting the contri-
utions of different morphological types. Therefore, this fit is
loser to describing the M BH 

- M ∗ relation for spheroid-dominated
alaxies than for the overall population, and is not expected to
gree with our binned w eight ed median points based on A. W.
raham & N. Sahu ( 2023 ), nor with our simulations. 
The simulated BH mass used to compare with the above data

s the subgrid mass of the most massive BH found within a 50
pc 3D apertur e ar ound a given g alaxy. We apply 0.15 de x log -
ormal scatt er t o the simulat ed st ellar masses of the galaxies
osting these BHs, which is slightly larger than for the GSMF
nd size comparisons, but more consistent with the stellar mass
ncertainties found by A. W. Graham & N. Sahu ( 2023 ). We only
ompare at M ∗ > 10 10 M �, since the observational data used here
nly extends down to such masses. 

.2.4 Bolometric AGN luminosity function 

or the AGN bolometric LF we use the compilation from X. Shen
t al. ( 2020 ), 11 who estimated bolometric luminosities from soft
 -ray, hard X -ray and mid-infrared AGN observations. We com-
are to their z = 0 . 2 data, using the simulation predictions at the
1 Taken directly from the data repository at https://github.com/ 
kulkarni/QLF/blob/master/Data/allqlfs.dat . 

https://github.com/gkulkarni/QLF/blob/master/Data/allqlfs.dat
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Table 2. The simulations used for our parameter variation study (all 
in 50 3 Mpc 3 volume bo x es and at m7 resolution). The first column is 
the simulation name, while the remaining columns are the parameters 
being varied: (1) the jet velocity normalization (note that v jet ∝ v jet , 0 

√ 

M BH 

, 
see equation 42 ), (2) the accretion efficiency paramet er r tr , 0 (not e that 
εacc , thick ∝ f Edd , d / 

√ r tr , 0 for f Edd , d < 0 . 01 , see equation 16 ), (3) the ther- 
mal feedback coupling efficiency in the thin disc ( 0 . 01 < f Edd , d < 1 ). 
Other parameters are kept fixed at their fiducial values found through 
calibration (Table 3 ). The first row is the fiducial thermal AGN feedback 
simulation (for r efer ence), the second is the fiducial hybrid AGN feedback 
simulation, while other gr oups of r ows indicate different simulations 
where a single parameter is varied in the hybrid model (with the varied 
values highlighted in bold). 

Simulation v j et, 0 (km s −1 ) r t r, 0 εf 

L050m7 (thermal) N/A N/A 0.1 
L050m7h (fiducial) 10 4 . 5 10 4 0.03 
L050m7h_low_ V j 10 4 10 4 0.03 
L050m7h_high_ V j 10 5 10 4 0.03 
L050m7h_const_ V j N/A 

a 10 4 0.03 
L050m7h_const_ V j _recal b N/A 

a 10 4 0.03 
L050m7h_low_ εacc 10 4 . 5 10 6 0.03 
L050m7h_high_ εacc 10 4 . 5 10 2 0.03 
L050m7h_const_ εacc 10 4 . 5 N/A 

c 0.03 
L050m7h_const_ εacc _recal b 10 4 . 5 N/A 

c 0.03 
L050m7h_low_ εf 10 4 . 5 10 4 0 . 01 
L050m7h_high_ εf 10 4 . 5 10 4 0 . 1 

Notes. a These simulations did not use the v jet , 0 parameter; they instead 
used constant jet velocities equal to 10 4 km s −1 . 
b These simulations had further parameters (the BH seed mass and the 
stellar feedback pivot density) varied, beyond the ones shown here. 
c These simulations did not use the r tr , 0 parameter; they instead had con- 
stant accretion efficiencies εacc = 1 in the thick disc. 
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ame redshift. We also compare with their ‘global’ fit (i.e. using
edshifts 0 < z < 6 to constrain their fitting function). The AGN
uminosities, used to construct our predictions for the bolometric 
GN LF, are computed using equation ( 22 ). We add 0.3 dex ran-
om lognormal scatter to these luminosities, mimicking typical 
bservational uncertainties in inferring bolometric luminosities. 
hen comparing with the observed (inferred) AGN bolometric 

F, we only consider luminosities 12 L AGN , bol > 10 42 erg s −1 . 
This lower limit is imposed for three reasons. First, observa- 

ional inferences of the AGN LF are likely very uncertain at these
ow luminosities, and affected by systematics (X. Shen et al. 2020 ).
econdly, we find that nearly all of the BHs that contribute to the
olometric AGN LF at L AGN , bol > 10 42 erg s −1 are in the thin disc
tate. On the other hand, nearly all BHs in the thick disc state
 f Edd , d < 0 . 01 ) have luminosities below this threshold value. We
re confident about our predictions for the luminosities from the 
hin disc, since they use radiative efficiencies of order 10 per cent
but dependent on BH spin) implied by standar d accr etion disc
heory (I. D. Novikov & K. S. Thorne 1973 ). On the other hand,
hick disc radiative efficiencies (we use those from R. Mahadevan 

997 , appendix D) are very uncertain. Thirdly, from a practical 
tandpoint, we find that our predicted AGN LFs converge with 

esolution for luminosities larger than the above-mentioned crit- 
cal value, while they increase with higher resolution at values 
elow it (see Section 4.6 ). 

.3 Single parameter variations 

ere we vary most of the parameters that are used in our cal-
bration pr ocedur e (see E. Chaikin et al. 2025 for the effects of 
ariations of the other parameters). These variations are summa- 
ized in Table 2 . We perform all variations at m7 resolution, using
50 Mpc) 3 simulation volumes (i.e. L050). The effects of these 
ariations are generally similar at higher resolutions, so we do not
how them here. The fiducial hybrid model used as the baseline 
n these comparisons is that found by calibration as described in
ections 4.4 and 4.5 . Here, we do not discuss how well the fiducial
odel fits the data; this is discussed in Section 4.5 . 
We vary: the jet velocity normalization, v j et, 0 (Section 4.3.1 ), the

ccretion efficiency parameter, r tr , 0 (Section 4.3.2 ), and the ther- 
al feedback coupling efficiency, εf (Section 4.3.3 ). We vary the 

rst two parameters since they are new parameters introduced in 

he hybrid AGN feedback model, and since they impact nearly all 
 alaxy and BH pr operties. While the coupling efficiency is not a
ew parameter, its variation has more significant consequences 

han it did in the OWLs and EAGLE models (C. M. Booth & J.
chaye 2010 ; J. Schaye et al. 2015 ). We briefly discuss the impact
f varying the BH seed mass and the stellar feedback pivot density
n Section 4.3.4 . They control the strength of AGN and stellar
eedback, respectively. 

.3.1 The impact of varying jet velocities 

n Fig. 7 , we show the impact of varying the jet velocities,
pecifically the velocity normalization parameter v jet , 0 , on 

he calibr ation observ ables that we described in the previous
ubsection. The velocity normalization, v jet , 0 , is varied up and 
2 Even this limit could be too low. Observed X-ray LFs are typically not 
eliable below L X = 10 42 erg s −1 , due to contamination from the host 
 alaxy. This limit corr esponds to appr o ximately L bol = 10 43 erg s −1 , and 
t may be redshift-dependent. 

t  

1

a
t

own by factors of ≈ 3 . 16 (0.5 de x) r elativ e t o the fiducial
alue ( 10 4 . 5 ≈ 31 600 km s −1 ). This corresponds to ranges of 
nergy per feedback event differing by an order of magnitude. 
hese variations change how explosive, 13 intermittent, and 

ell-sampled the feedback is. For r efer ence, we performed a
un with a constant velocity v jet = 10 4 km s −1 , as opposed to the
ducial v jet ∝ M 

0 . 5 
BH 

scaling . N ote that comparisons of our fiducial
odel with these higher- and low er-v elocity runs, as well as
ith the one using a constant velocity, cannot be used to rule

ut these models. A recalibration should first be att empt ed on
uch models. The low-velocity variation shown in Fig. 7 was our
nitial attempt at finding a best-fitting model. We have att empt ed
 o recalibrat e the constant-v elocity run; this is discussed in
ppendix H . As we show there, a constant-velocity model that
atches all the observed calibration data can indeed be found. 
e opted for variable velocities, however, to better sample AGN 

eedback in low-mass galaxies, and t o av oid an unphysical BH
ass–stellar mass relation, as explained in Section 2.4.5 . 
Increasing jet velocities results in a slight reduction of the 

SMF (top left) at M ∗ > 10 10 . 5 M �. This is due to the more
 xplosive natur e of feedback, which t ends t o reduce radiativ e
nergy losses and make feedback more efficient. If the jet 
elocities are reduced, the number of galaxies in this mass range
ncreases. Somewhat count erintuitiv ely, larger v elocities lead 

o an increase in the GSMF at 10 9 < M ∗ < 10 10 M �, probably
MNRAS 547, 1–46 (2026) 

3 B y ‘e xplosiv e’ w e refer t o how much energy a single gas particle receives 
s part of a feedback event. Mor e e xplosiv e feedback ev ents ar e less pr one 
o numerical overcooling and drive stronger outflows. 
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M

Figure 7. The impact of varying the jet velocities (see Section 3.10 ) on galaxy and BH observables considered for calibration, in L050m7 simulations. 
From left to right and t op t o bott om w e show, in order the (1) galaxy stellar mass function, (2) median galaxy project ed size–st ellar mass relation, (3) 
median BH mass–stellar mass relation, and (4) AGN bolometric LF. The first three are shown at z = 0 , while the AGN LF is shown at z = 0 . 2 . The grey 
dashed line shows the thermal AGN model, the black solid line shows the fiducial hybrid AGN model (with the shaded region showing uncertainties 
around that curve, which are Poisson errors in the case of the galaxy stellar mass and AGN LF functions, and standar d err ors of the median in the case 
of galaxy sizes and BH masses), and coloured curves show variations relativ e t o the fiducial hybrid AGN simulation (see legend). Lines are dotted at 
M ∗ < 10 9 M �, which corresponds to roughly 100 star particles, indicating limitations due to resolution. The velocity normalization w as v aried up and 
down by factors of 3.16 (0.5 dex; orange and blue, respectively), corresponding to increasing and decreasing the energies of individual feedback events 
by a factor of 10. The variations were done relative to the fiducial value of v j et, 0 = 10 4 . 5 ≈ 31 600 km s −1 . We also performed a simulation with a constant 
velocity of v j et, 0 = 10 4 km s −1 (green). Observational data are taken from (1) S. P. Driver et al. ( 2022 ), (2) J. A. Hardwick et al. ( 2022 ), (3) A. W. Graham 

& N. Sahu ( 2023 ) and N. J. McConnell & C.-P. Ma ( 2013 ), and (4) X. Shen et al. ( 2020 ). Further details are discussed in Section 4.2 . 
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ecause AGN feedback is sampled more poorly and is thus
ess effectiv e, despit e being mor e e xplosiv e. Low er v elocities
imilarly reduce the number of low-mass galaxies. Small
iffer ences in g alaxy masses between the differ ent runs persist
own to M ∗ ≈ 10 8 , indicating that AGN feedback affects dwarf 
alaxies. The run that has a constant v j et = 10 4 km s −1 features
 similar number of high-mass galaxies as the other runs, with
he e x ception of the low-normalization one, but the number
f g alaxies ar ound the knee ( M ∗ ≈ 10 10 M �) is significantly
ncr eased. This is pr obably caused by AGN feedback being
oorly sampled, and ther efor e less effective, in low-mass galaxies.
NRAS 547, 1–46 (2026) 
ifferences in the GSMF at lower masses could merely indicate
 horizontal shift; if there is a greater number of more massive
 alaxies, ther e must also be a smaller number of less massive
alaxies. In Appendix I , we show the effect of the same jet velocity
ariations on the stellar mass–halo mass r elation. Ther e, it is clear
hat higher jet velocities cause more effective feedback in haloes

ore massive than 10 12 M �, leading to decreased stellar masses
t fixed halo mass. The opposite is true for lower-mass haloes. 

Galaxy sizes (top right) show a picture consistent with stellar
asses in terms of jet velocity variations: increasing (decreasing)

et velocities results in massive galaxies, M ∗ > 10 10 M �, being
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14 In previous simulations, which used constant heating temperatures for 
AGN feedback, feedback was not sampled well in low-mass galaxies. Self- 
regulation was thus only important for massive galaxies ( M ∗ > 10 10 M �), 
where AGN feedback was dominant. In COLIBRE, especially in the h y - 
brid A GN feedback model, A GN feedback is important for a wider range 
of galaxy masses. The M BH 

- M ∗ relation is not as steep around M ∗ ≈ 10 10 

M � as it was in EAGLE (R. G. Bower et al. 2017 ), and self-regulation ap- 
plies more generally in COLIBRE, not just for massive galaxies dominated 
by AGN feedback. 
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arger (smaller) due to more effective AGN feedback, and the 
pposite is true for less massive galaxies. Galaxy sizes show dif-
erences between the different simulations down to a mass of 
 ∗ ≈ 10 8 M �, as for the GSMF. The constant-velocity case has

he largest galaxies, despite not having the largest velocities at 
igh masses. This is likely due to the assembly of galaxies and

heir cores occurring at high redshifts, when the BH mass, and 

her efor e the jet velocity (in the fiducial, variable-velocity case) is
ot large. 
BH masses (bottom left) are higher (lower) at fixed stellar mass,

f higher (lower) jet velocities are used. However, this effect is
riven by the fact that galaxy masses are changed when jet ve-

ocities are changed, shifting the same BHs horizontally in the 
 BH 

- M ∗ diagram. We checked the BH mass–halo mass relation 

nd found it to be unaffected by the velocity variation. This sug-
ests that BH self-regulation is tight and independent of jet ve- 
ocity, at least to the degree that we varied it here. The case of 
onstant v jet = 10 4 km s −1 has similar BH masses as the other
uns (e x cept the run with low velocities). 

Increasing jet velocities causes a slight incr ease (decr ease) in
he bolometric AGN LF (bottom right) if jet velocities are in-
r eased (decr eased), but only at L AGN , bol < 10 44 erg s −1 . The AGN
F is also slightly higher in the case of constant v jet = 10 4 km s −1 .
hese changes are probably related to how well AGN feedback is
ampled. 

The impact of these v ariations demonstr ates that jet veloc- 
ties cannot be calibrated by considering only a single one of 
he calibr ation observ ables. This partly motiv ates the calibr ation
pproach that we outline in Section 4.4 . 

.3.2 The impact of varying the ac cr etion efficiency in the thick 
isc state 

ig. 8 has the same format as Fig. 7 , but shows the effects of 
arying the thick disc accretion efficiency εacc through variations 
f the dimensionless size of the disc ( r tr , 0 ) at f Edd , d = 0 . 01 . We
ary r t r, 0 by factors of 100, which changes the accretion efficiency 
ormalization by factors of 10, relative to the fiducial scaling 
acc = 0 . 0316( f Edd , d / 0 . 01) . Similar to what we did for the ve-
ocities, we also show for r efer ence a simpler case that uses no
ccretion efficiency (i.e. εacc = 1 in the thick disc). In this figure,
e do not show a 100 per cent efficiency model that has been

ecalibrat ed, but inst ead show the first-order effects of setting the
ccretion efficiency to unity. An attempt at recalibration is shown 

n Appendix H , where we show that a recalibrated model with a
00 per cent accretion efficiency cannot reproduce the AGN LF. 

The GSMF (top left) is significantly affected by changes to the
ccretion efficiency only at M ∗ > 10 9 . 5 M �, although small differ-
nces exist at lower masses. The number of intermediate-mass 
alaxies at the knee of the GSMF ( M ∗ = 10 10 M �) drops mono-
onically with increasing εa cc . The number of massive galaxies 
 M ∗ ≈ 10 11 M �) is similar in all cases, e x cept for the εacc = 1 case,
here the number of such galaxies is slightly lower. As shown

n Appendix I , at fixed halo mass, an increase in the accretion
fficiency causes a decrease in stellar masses. 

The galaxy sizes (top right) show a picture consistent with 

tellar masses, with massive galaxies unaffected by variations of 
he accretion efficiency. For lower-mass galaxies ( M ∗ < 10 11 M �)
here is a monotonic trend with accretion efficiency, where higher 
alues lead to larger sizes (all the way to M ∗ = 10 8 M �). This
hows that thick disc feedback is important in low-mass galaxies, 
nd not just in massive ones. 
BH masses (bottom left) are largely unaffected, although 

igher accretion efficiencies lead to a small drop in the normal-
zation of the relation. 

The bolometric AGN LF (bottom right) is strongly affected 

y variations of the accretion efficiency. This is caused by 
he accretion efficiency also changing the effectiveness of jet 
eedback in the thick disc, which in turn changes the likelihood
hat a BH is in the thick disc state ( f Edd , d < 0 . 01 ) rather than
n the radiatively efficient thin disc state ( f Edd ,d > 0 . 01 ). This
ppears count erintuitiv e, but can be e xplained by self-r egulation.
n the self-r egulated gr owth and feedback picture, BHs will,
n av erage, t end t o hav e the same feedback pow ers in different
imulations (C. M. Booth & J. Schaye 2009 ; C. M. Booth & J.
chaye 2010 ; H. Li et al. 2025 ). As a result, if the accretion
fficiency is decreased, BHs adjust by increasing their accretion 

ates in order to have the same feedback powers. However, this
akes them more likely to enter the thin disc state. BHs in the

hin disc state are visible as AGN, and are virtually the only
nes contributing to the observed AGN LF at z = 0 , at least at
 AGN , bol > 10 42 erg s −1 . The sensitivity of the bolometric AGN
F to the accretion efficiency was used t o calibrat e the accretion
fficiency parameter, as illustrated in the figure. The strong 
isagreement of the fully efficient accretion in the thick disc 
 εacc = 1 for f Edd ,d < 0 . 01 ) with the observations is one of the

ain motivations for our introduction of the accretion efficiency. 

.3.3 The impact of varying the coupling efficiency 

n Fig. 9 , we show the effects on the calibration relations of 
arying the coupling efficiency of radiation from the thin disc, at
 . 01 < f Edd ,d < 1 , which is the main channel of thermal AGN
eedback in our simulations (Section 6.2 ). We vary the value by
ppr o ximately 0.5 dex up and down relative to the fiducial value,
hich is εf = 0 . 03 at m7 resolution. We find that the effects of 

arying it on galaxy properties are widespread, persisting down 

o M ∗ ≈ 10 8 M �, and they also have a mild impact on the AGN
F. A higher thin disc coupling efficiency results in higher stellar
asses (see also the effects of this variation on the stellar mass–

alo mass relation, shown in Appendix I ). 
The effects on galaxy properties may appear to be counterin- 

uitive; increasing the coupling efficiency (i.e. making feedback 

tr onger) r esults in higher stellar masses and smaller galaxies,
hich one would intuitively expect to happen when making feed- 
ack w eaker. How ev er, these effects are an indirect consequence
f the main impact of varying the coupling efficiency, which is a
hange in BH masses (visible in the bottom left panel of Fig. 9 ).
ncreasing the coupling efficiency reduces BH masses, and vice 
ersa. This is again a result of self-regulation (e.g. C. M. Booth
 J. Schaye 2009 ; C. M. Booth & J. Schaye 2010 ; H. Li et al.

025 ). In short, feedback from BHs adjusts to yield approximately
he same outflow powers (on average) in different simulations. 14 

f one uses lower coupling efficiencies, BHs have to grow more
MNRAS 547, 1–46 (2026) 
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M

Figure 8. As Fig. 7 , but showing the impact of varying the thick disc ( f Edd ,d < 0 . 01 ) accretion efficiencies through variations of the parameter r tr , 0 
(note that εacc , th ∝ f Edd ,d / 

√ r tr , 0 , see Section 3.3.1 , equation 18 ). The fiducial value of ( r tr , 0 = 10 4 ) yields the scaling for f Edd , d < 0 . 01 . Here, we show 

the effect of varying r tr , 0 up and down by factors of 100 (orange and blue, respectively), which changes the normalization of the εacc − f Edd , d relation by 
factors of 10. We also compare with a case of fully efficient accretion in the thick disc, i.e. where εacc = 1 (green). 
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n order to have the same feedback powers. The change in BH
asses then indirectly impacts galaxy properties, since we tie
GN heating temperatures and jet kick velocities explicitly to BH
ass (Section 3.10 ). Increasing the coupling efficiency decreases

he BH masses, which in turn mak es AGN feedback weak er on
alaxy scales. This demonstrates that in our model, in terms of 
arameters, changing feedback efficiencies is not dominant, as
Hs t end t o adjust t o inject as much energy as they need to regu-

ate their own growth. Instead, the efficiency of AGN feedback (in
erms of how efficiently it quenches galaxies) is mostly governed
y how explosive it is, which is instead controlled by heating
emperatures and jet velocities. 
NRAS 547, 1–46 (2026) 

g  
.3.4 The impact of varying other calibration parameters 

e vary neither the BH seed mass nor stellar feedback pivot
ensities here, as the effects of those variations are similar in
he hybrid and thermal AGN feedback models. We refer the
eader to E. Chaikin et al. ( 2025 ) for a detailed discussion of such
ariations. In short, increasing the BH seed mass causes earlier
GN growth and feedback, and therefore earlier quenching of 
alaxies (making them less massive and larger). It is most rele-
ant for int ermediat e-mass and massiv e galaxies ( M ∗ > 10 10 M �).
ncreasing the pivot density decreases the heating temperatures
f SN feedback, making it less effective at low-to-intermediate
alaxy masses ( 10 9 < M ∗ < 10 10 . 5 M �), thus increasing their
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Figur e 9. As Fig . 7 , but showing the impact of varying the thin disc ( 0 . 01 < f Edd , d < 1 ) coupling efficiency, εf , used for thermal feedback (see 
Section 2.4.5 ), on the galaxy and BH properties considered for calibration. The fiducial value of the coupling efficiency at m7 resolution is εf = 0 . 03 ; 
we vary this value by ≈ 0.5 dex to εf = 0 . 01 and εf = 0 . 1 . 
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asses and decreasing their sizes. Variations of both of these 
aramet ers hav e v ery little effect on the BH mass −st ellar mass
elation and on the AGN LF. 

.4 Calibration pr ocedur e 

n Section 4.3 , we showed how varying the jet velocities, the ac-
retion efficiencies and the coupling efficiencies affects the main 

 alaxy and BH pr operties that w e calibrat e on (Section 4.2 ). We
lso use information on how the variations of the other two pa-
ameters (Section 4.1 ), the BH seed mass and the stellar feedback
ivot density, affect the galaxy and BH properties (Section 4.3.4 ). 
nformed by this knowledge, our calibration pr ocedur e consists 
f the following steps: 

Step 1: Choose a value of the jet velocity normalization, v j et, 0 . 
St ep 2: Giv en a choice of v jet , 0 , calibrat e the coupling effi-

iency εf and the accretion efficiency parameter r tr , 0 . These are 
alibrated on the M BH 

- M ∗ relation and the AGN LF at z = 0 ,
 espectively. Mor e details of this ar e given below. 

St ep 3: Giv en a v jet , 0 and the newly calibrat ed values of εf and
 tr , 0 , calibrate the seed mass M BH , seed and the SNIa and CCSN
ivot density n H , pivot , using the z = 0 GSMF and stellar size −mass
elation. 

Step 4: Repeat Steps 1–3 for different values of v jet , 0 . The fully
alibrated models with different choices of v jet , 0 are then com- 
ared, and the one that best fits all of the data is chosen as the
nal model. 
This pr ocedur e was performed first at m7 r esolution, using (25
pc) 3 volumes (L025). The final models (in Step 4) were com-

ared using larger (L050) simulations, since they provide better 
tatistics and include more massive galaxies. The best-fitting set 
f par ameter v alues found at m7 w as used as the initial guess for
6, which was then recalibrated. The same was then repeated for
5, using the set of parameter values found for m6 as the initial

uess. For m6 and m5, the full pr ocedur e was not r epeated. We did
MNRAS 547, 1–46 (2026) 
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15 See the blue curve in the top right panel in Fig. 7 ; this disagreement 
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ot recalibrate r t r, 0 (in Step 2) since we found it to be unnecessary.
f was only slightly adjusted (in Step 2) at m6 compared to m7, but
emained the same at m5 compared to m6. Only the BH seed mass
nd SN pivot density were significantly varied for m6 and m5 (in
tep 3). The above pr ocedur e was done with ≈ 30 simulations at
7, and ≈ 10 each at m6 and m5. 
The calibration was split into the above steps for the follow-

ng reasons. The jet velocity affects nearly all observables that
e consider in the calibration (see Section 4.3.1 ). Models with
ifferent values of v j et, 0 thus cannot be calibrated by comparing
o a observed relation alone; we must instead fully calibrate such

odels. There is also no relation or quantity that would uniquely
onstrain jet velocities. 

Variations of the coupling efficiency, εf (Section 4.3.3 ), and
he accretion efficiency parameter, r t r, 0 (Section 4.3.2 ), affect both
alaxy and BH properties, while the BH seed mass, M BH , seed , and
he SN pivot density, n H , pivot , affect mostly g alaxy pr operties, with
lmost no effect on the high-mass end of the M BH 

− M ∗ relation
r on the AGN LF (at z ≈ 0 ). We thus first use the M BH 

- M ∗ relation
nd AGN LF to constr ain the v alues of εf and r t r, 0 , respectively,
nd as a subsequent step use the remaining calibration observ-
bles (GSMF and galaxy half-mass size–stellar mass relation at
 = 0 ) to calibrate M B H,seed and n H ,pivot . 

The calibration of the coupling efficiency εf was done in the
ame way as for the thermal AGN feedback model in COLIBRE.
ncreasing the value of εf decreases the normalization of the
 B H - M ∗ relation at the massive end ( M ∗ > 10 10 M �), and vice

 ersa, due t o self-regulation (C. M. Booth & J. Schaye 2010 ). While
hanging εf affects g alaxy pr operties in COLIBRE alongside BH
asses, it is important to calibrate the coupling efficiency on the
 B H - M ∗ relation first, and only then calibrate other parameters

hat directly affect galaxy properties (specifically the BH seed
ass and stellar feedback pivot density). 
We found that changing accretion efficiencies strongly affects

he likelihood that BHs will be in a given accretion disc state
radiatively inefficient thick disc with f Edd , d < 0 . 01 or radiatively
fficient thin disc with f Edd ,d > 0 . 01 ), as well as changing galaxy
roperties, but it does not strongly affect BH masses (see Sec-
ion 4.3.2 ). The accretion efficiency parameter r t r, 0 (we remind
he reader that εacc , th ∝ f Edd , d / 

√ r tr , 0 at f Edd , d < 0 . 01 , see equa-
ion 18 ) can thus be calibrated largely independently of the cou-
ling efficiency εf . Increasing the accretion efficiency decreases
he normalization of the AGN LF, since mor e gr owth and feed-
ack in the thick disc state (mostly jet feedback) makes it more

ikely that BHs will have f Edd , d < 0 . 01 and thus not contribute
o the AGN LF. The opposite is true if the accretion efficiency is
ecreased. 
Having chosen εf and r tr , 0 , the remaining step of choosing the

eed mass M BH , seed and pivot density n H , pivot was relatively simple.
e found that the seed mass needed to increase by roughly a

act or of tw o (at all resolutions) in comparison with the thermal
GN feedback model in order for galaxy sizes at the massive end
 o mat ch observations. The st ellar feedback piv ot density had t o
e r educed, decr easing the heating temperatur e used for SN feed-
ack, thereby weakening it. This was done to counter the effects
f a larger seed mass in the hybrid AGN model compared to the
hermal one, which results in a relatively more important role
f AGN feedback in low-mass and int ermediat e-mass galaxies
 M ∗ � 10 10 M �). 
NRAS 547, 1–46 (2026) 

w
s

.5 Calibration results 

ere, we discuss the final parameter choices for our hybrid AGN
eedback simulations at m7, m6 and m5 resolution, as given in
able 3 . The jet velocity scaling is the same at all resolutions,
nd is given by the parameter v j et, 0 = 10 4 . 5 km s −1 , yielding
 j et ≈ 31600 

√ 

M BH 

/ 10 9 M � km s −1 . Jet feedback is thus very
xplosiv e, with massiv e BHs launching particle pairs at a v elocity
lightly e x ceeding 0 . 1 c . This is not far fr om the observed values
f kpc-scale jets, which are typically in the transrelativistic
egime ( 0 . 3 - 0 . 5 c , N. N. Jetha, M. J. Hardcastle & I. Sakelliou
006 ; L. M. Mullin & M. J. Hardcastle 2009 ), or even slower
A. Shulevski et al. 2019 ). The energy associated with each of 
hese kicks corresponds to an equiv alent temper atur e incr ease
f ≈ 2 . 4 × 10 10 K (assuming a mean molecular weight of 1.2,
ppropriate for ionized hydrogen). This is ≈ 7 . 5 times higher
han the maximum heating temperatures used for the thermal
eedback channel (in both the thermal and hybrid AGN feedback

odels) at m7 ( �T AGN , max = 10 9 . 5 ≈ 3 . 1 × 10 9 K) and 2.4 times
igher than the maximum used at m6 and m5 ( �T AGN , max = 10 10 

). Note also that this difference is even more stark if one
onsiders an individual jet event to correspond to two particles,
ince we always kick in pairs. In this case, the total feedback
GN energy for each jet event is a factor ≈ 15 and ≈ 4 . 5 higher

han in a thermal event for m7 and m6/m5, respectively. 
Our initial choice for the parameter was v jet , 0 = 10 4 km s −1 ,

hich made jet feedback appr o ximately a factor of two less en-
rgetic per feedback event than thermal AGN feedback, at fixed
H mass. This was motivated by a desire to resolve jets as well as
ossible, while ensuring they are still highly supersonic relative
o the cir cumg alactic/ICM in their host haloes (jets need to be
ufficiently supersonic, v jet � 10 c s , to inflate lobes, see F. Huško
t al. 2024 ). How ev er, w e found it impossible t o calibrat e models
 o a satisfact ory degree with such v elocities. In particular, massiv e
aloes ( M halo > 10 13 M �) hosted galaxies that were too massive,
tar-forming and small compared to observations at z = 0 . 15 We
hen att empt ed a value of v j et, 0 = 10 4 . 25 km s −1 , which mitigat ed
ut did not fully resolve the problem. With our current value,
 jet , 0 = 10 4 . 5 km s −1 , galaxy sizes are in agreement with the data
t m7 resolution, but possibly too small at m6 resolution at the
igh-mass end (see Section 4.6 ). 
The fact that the hybrid AGN feedback model has t o hav e such

xplosive AGN feedback can be explained by it featuring delayed
H growth in massive galaxies at high redshift ( z > 3 ) (Huško et
l. in preparation).Since heating temperatures and jet velocities
cale with BH mass in COLIBRE, delayed BH growth implies less
ffective feedback for the same host galaxies at the same cosmic
ime. By making feedback more explosive (at fixed BH mass), we
ikely compensated for this effect. However, in hindsight, increas-
ng the heating temperatures for the thermal AGN channel would
robably have been at least as effective, if not more so, since
uenching at high redshifts may be driven more by the thermal
hannel of feedback. 

The highest values of jet velocities we use, 4 . 5 km s −1 , are signif-
cantly higher compared to other cosmological galaxy formation
imulations that use jets (S. Kaviraj et al. 2017 ; R. Davé et al.
ith observational data could not be countered by e.g . incr easing the BH 

eed mass. 
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Table 3. The final calibrated values of the parameters in the hybrid AGN feedback model (in 
parentheses we give the values of these parameters in the thermal AGN feedback model, if 
they exist). In order, these are 1) the jet velocity normalization (note that v jet ∝ v jet , 0 

√ 

M BH 

, 
see equation 42 ), (2) the accretion efficiency paramet er r t r, 0 (not e that εacc , th ∝ f Edd , d / 

√ r tr , 0 for 
f Edd , d < 0 . 01 , see equation 18 ), (3) the thermal feedback coupling efficiency, (4) the BH seed 
mass, and (5) the SN feedback pivot density. 

(km s −1 ) r tr , 0 εf M BH , seed (M �) n H , pivot (cm 

−3 ) 

m7 10 4 . 5 10 4 0.03 (0.1) 5 × 10 5 ( 3 . 16 × 10 5 ) 1.5 (0.6) 
m6 10 4 . 5 10 4 0.02 (0.05) 5 . 62 × 10 4 ( 3 × 10 4 ) 0.75 (0.5) 
m5 10 4 . 5 10 4 0.02 (0.05) 4 × 10 4 ( 2 × 10 4 ) 1.2 (1.0) 
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019 ; Y. Dubois et al. 2021 ), which use values up to 10 4 km s −1 .
ow ev er, our maximum jet velocities are only reached at high BH
asses, M BH 

� 10 9 M �. Galaxies with such high BH masses have
lr eady gone thr ough their str ongest g as outflow phases and been
uenched, which occurs when their progenitor galaxies have a 
ass of M ≈ 10 10 . 5 M � and their BHs a mass of M BH 

≈ 10 8 M �.
hese galaxies have jet velocities more similar to 10 4 km s −1 ,
sed by other galaxy formation simulations. It should be noted, 
ow ev er, that at high redshifts, AGN jets in our simulations are
r edominantly fr om the thin disc state at high Eddington ratios
see Section 6 ), unlike other simulations. 

Our final choice for the accretion efficiency parameter was 
 t r, 0 = 10 4 , which yields the scaling (see Section 3.3.1 , equation
8 ) εacc , th = 0 . 0316( f Edd , d / 0 . 01) for f Edd , d < 0 . 01 . We find this
ame scaling to work at all three resolutions: m7, m6, and m5.
s is visible, the accr etion efficiencies ar e of or der one per cent
r lower; this is necessary to significantly dampen the strength 

f jets from the thick disc state at f Edd , d < 0 . 01 . Our calibrated
oupling efficiency is equal to εf = 0 . 03 at m7 and slightly lower,
f = 0 . 02 , at m6 and m5. This is a factor of 3 (2.5) times lower
han the coupling efficiencies used in the thermal AGN feedback 

odel (0.1 and 0.05). 
Our final BH seed masses ar e appr o ximat ely tw o times larger

n the hybrid AGN feedback model than in the thermal AGN 

eedback model at all resolutions. These values are necessary 
n order to reproduce the stellar masses and sizes of galaxies in

assive haloes ( M halo > 10 13 M �). This implies that the hybrid
GN feedback model is slightly less effective at quenching these 
assiv e galaxies, giv en the same BH seed mass. Our final piv ot

ensities are higher than the values used in the thermal AGN 

eedback model at all resolutions. This implies that SN feedback is 
eaker, which is necessary to r epr oduce stellar masses and sizes
f g alaxies ar ound the peak of the stellar mass–halo mass relation
 M halo ≈ 10 12 M �). We had to weaken SN feedback (relative to the
hermal AGN feedback model) since AGN feedback is stronger in 

hat mass regime due to the higher seed mass. 

.6 Convergence 

n Fig. 10 , we show the calibration relations for our biggest
imulations at each resolution that were run with the hybrid 

GN feedback model and that have reached z = 0 (L200m7h,
100m6h, and L025m5h, with L100m7h also included for a box- 
ize comparison), each having been calibrated independently. 
hese are to be compared with observations and with each other.
he figure has the same format as Figs 7 –9 , but w e ext end the axes

anges somewhat, since we are also interested in testing the con- 
ergence with resolution. Since the simulations are (re)calibrated 

t higher resolution, this constitutes a weak convergence test in 

he terminology of J. Schaye et al. ( 2015 ). For clarity, we do not
how the comparison with the thermal AGN feedback model (see 
gs 25 and 26 in J. Schaye et al. 2025 for that comparison). We
ot e here, how ev er, that the main observables shown her e ar e
 epr oduced to a similar degree of accuracy as with the thermal
GN feedback model. This means that the abundance of galaxies 
nd their sizes, as well as the BH masses, are similar between
he two models. This agreement between the two AGN feedback 

mplementations also holds for many other pr edicted g alaxy scal-
ng relations that were not considered during the calibration. 
oth the thermal and hybrid AGN models at the m5 resolution
erform slightly worse than their m6 and m7 counterparts, which 

s an outcome of more crude calibration due to wall-clock time
onstraints of running m5 simulations. 

.6.1 Galaxy stellar mass function 

n the top left of Fig. 10 , we compare the simulated and observed
SMFs. We find that the model predicts similar GSMFs for m7

nd m6 at all masses where the simulation predictions are reliable
or both resolutions ( M ∗ � 10 9 M �), with the m6 model having a
lightly higher GSMF at 10 9 < M ∗/ M � < 10 10 . All three GSMFs
re in fairly good agreement with the observational data at all
tellar masses, within 0.2 dex (this is comparable to the systematic
ncertainty in the observationally inferred stellar masses). The 
imulated GSMF is ≈ 0 . 15 dex higher at the knee of the GSMF
 M ∗ ≈ 10 10 M �) than the data, and ≈ 0 . 2 dex lower than the data
t M ∗ ≈ 10 9 M � for m7 and m6, but in good agreement with the
ata at m5. At lower masses, the simulated GSMF is in agreement
ith the increasingly uncertain observational data, even down 

o M ∗ = 10 7 M �, where the m7 resolution is not reliable. The
imulated GSMF is higher than the last data point for the most
assive galaxies from S. P. Driver et al. ( 2022 ) ( M ∗ ≈ 10 11 . 6 M �),

ut the comparison is not reliable here (see Section 4.2 ). 

.6.2 Galaxy size–mass relation 

he top right panel of Fig. 10 compares simulated galaxy sizes to
bservations. Both m7 and m6 are generally in good agreement 
ith the data at most stellar masses (within 1 σ , where σ is the

tandar d err or of the median, given by the error bars), while m5
hows slightly too large sizes (at M ∗ ≈ 10 10 M �), with some of 
he disagreement stemming from the L025m5h box not being 
 olume-conv erged. The m7 model shows signs of disagreement 
ith the data at M ∗ = 10 9 M �, but the sizes are affected by reso-

ution effects at these masses. The m6 model slightly underesti- 
at es the observ ed sizes at the high-mass M ∗ > 10 11 M � end (at
 level of more than 2 σ ), by ≈ 0 . 1 dex. How ev er, the size–mass
elation is very steep at these masses. A shift in stellar masses by
.2 dex could alleviate this tension (by moving the entire relation
orizontally), and such a shift would be similar in magnitude to
MNRAS 547, 1–46 (2026) 
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M

Figure 10. The calibration observables for our final calibrated models at m7, m6 and m5 resolutions in the largest simulated volumes that have reached 
z = 0 (L200, L100, and L025, respectively). The simulations were calibrated independently at each resolution. The panels that have stellar mass on 
the x−axis extend down to M ∗ = 10 6 M �, but we stop the curves where we resolve a galaxy with a single stellar particle ( ≈ 10 7 , ≈ 10 6 , and ≈ 10 5 
M �, respectively), and make them dotted where the simulation predictions are unreliable (at a stellar mass corresponding to ≈ 100 particles for each 
resolution in the first 3 panels, and at an AGN luminosity of L bol = 10 42 erg s −1 for the last panel). At the high-mass (or luminosity) end w e st op the 
curves at the first bin that has fewer than 10 objects in it. For other details of the comparison, see the caption of Fig. 7 . 
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he systematic uncertainties in observational determinations of 
tellar masses. 

.6.3 Black hole mass–stellar mass relation 

he bottom left panel of Fig. 10 compares BH masses with ob-
ervations. The BH masses are similar at all three resolutions
or M ∗ > 10 10 M �, and in close agreement (within the 1 σ un-
ertainty) with the data from A. W. Graham & N. Sahu ( 2023 ).
he simulated M BH 

- M ∗ relation has the same slope as the re-
ation from A. W. Graham & N. Sahu ( 2023 ), which is much
teeper than the power -la w fit from N. J. McConnell & C.-P. Ma
 2013 ). This is because that fit is more appropriate for spheroid-
ominated galaxies, which have higher BH masses at fixed stellar
ass. Below M ∗ ≈ 10 10 M �, the simulation predictions begin to
NRAS 547, 1–46 (2026) 
iv erge. At low st ellar masses, the BH mass t ends smoothly t o
he value of the seed mass, M B H,seed . These values correspond to
 × 10 5 M �, ≈ 5 . 63 × 10 4 M �, and 4 × 10 4 M � at m7, m6, and
5, respectively. 

.6.4 Bolometric AGN luminosity function 

n the bottom right panel of Fig. 10 , we compare the AGN bolo-
etric LF to the observational data. We find that the results are
 ell conv erged abov e L AGN , bol = 10 42 erg s −1 , the value below
hich the observational comparison is not reliable (Section 4.2 ).
 t v alues below this, the AGN LF for m6 and m5 is significantly
igher than m7, and closer to the observed data. At L AGN , bol >

0 43 erg s −1 , the predicted AGN LF is 0 . 3 - 0 . 7 dex too high com-
ared with the data. This disagreement implies that our adopted
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ccretion efficiencies in the thick disc state ( f Edd ,d < 0 . 01 ) are
oo low. The disagreement is caused by two effects. First, for
ractical reasons, during calibration we almost always plotted our 
redictions at z = 0 (we often did not output snapshots at red-
hifts other than z = 0 and z = 2 during calibration), as for most
bservational comparisons, the data is at z ≈ 0 . How ev er, the data
or the AGN bolometric LF is at a median redshift z ≈ 0 . 2 . Mean
GN luminosities grow by nearly 0.3 dex between these redshifts. 
econdly, we mostly used L025 or L050 bo x es during calibration,
nd the AGN LF is not fully converged in terms of volume for
hese bo x es. Despite these mild disagr eements with the data, our
GN LF is still in better agreement with it than had we not used

ub-unity accretion efficiencies (Fig. 8 ), and this was our main
otivation to calibrate on the AGN LF. 

.7 The role of AGN feedback in low-mass galaxies 

s shown in Section 4.3 (see also Appendix I ), the hybrid AGN
eedback simulations feature significant AGN feedback effects in 

ow-mass g alaxies. Ther e is no strong observational evidence of 
GN feedback operation in low-mass galaxies (e.g. A. C. Fabian 

012 ), but some evidence in selected low-mass galaxies has begun 

o emerge in recent years (e.g. S. J. Penny et al. 2018 ; D. S. Carr et
l. 2025 ; S. Salehirad, A. E. Reines & M. Molina 2025 ). Around
alf of the injected AGN energy in the hybrid AGN feedback 

odel is in the form of jets (see Section 6 ), which could explain
he increased role of AGN feedback in the hybrid model in low-

ass galaxies compared to the purely thermal one. This interpre- 
ation could be consistent with observations that find evidence of 
ets in low-mass galaxies (M. Mezcua, H. Suh & F. Civano 2019 ).
lt ernativ ely, the stronger effects of AGN feedback in the hybrid

imulations could be due to the use of a higher BH seed mass,
hich results in overall higher BH masses at fixed halo mass,

nd ther efor e str onger feedback. This is consistent with pr evious
imulation studies that find the mass of the BH to be the primary
river of quenching at lower BH masses (e.g. R. S. Sharma et al.
020 ; S. K oudmani, N . A. Henden & D. Sijacki 2021 ; S. Wellons
t al. 2023 ; E. Arjona-Gálvez, A. Di Cintio & R. J. J. Grand 2024 ).
. M. Booth & J. Schaye ( 2013 ) and S. Koudmani, D. Sijacki &
. C. Smith ( 2022 ) have shown that a reduced efficiency of SN

eedback can also make AGN feedback stronger by allowing more 
H growth; this is also consistent with our findings, since the
ybrid AGN feedback simulations use lower SN feedback heating 

emperatures by necessity. 

 B L A C K  H O L E  S P I N – M A S S  R E L A T I O N  

n this w ork w e largely refrain from providing predictions on
 alaxy and BH pr operties fr om simulations run with the hybrid
GN feedback model. Some of these are presented in J. Schaye 
t al. ( 2025 ) and others will be e xplor ed in future studies. How-
v er, w e present in Fig. 11 the predicted BH spin–BH mass re-
ation at z = 0 (note that this shows the spin magnitude) for the
200m7h, L100m7h, L100m6h, and L025m5h simulations, which 

se the final calibrated hybrid AGN feedback model presented 

n Section 4 . BH spin is a new and important BH property intro-
uced in the hybrid AGN model, and Fig. 11 illustrates the typical
agnitudes of BH spin for BHs of different masses. 
From the left panel, which shows the relation for all BHs,

e see that median BH spins are generally high, | a | > 0 . 8 , for
nt ermediat e-mass BHs ( M BH 

∈ [10 6 , 10 8 ] M �) at m7 and m6,
ith peak median values of | a | = 0 . 96 and | a | = 0 . 92 , reached at
 BH mass of M BH 

= 10 6 . 5 M � at both resolutions. For BH masses
utside the range M BH 

∈ [10 6 , 10 8 ] M �, the magnitude of BH spin
ecr eases towar ds even lower or even higher BH masses on either
ide of this r ange. A t m5, the BH spin grows monotonically up to
 BH 

≈ 10 8 M �, the highest BH mass at which we can constrain
H spin using a L025 volume, where it reaches a value | a | ≈ 0 . 6 ,
hich is significantly lower than at m7 and m6. For a discussion

f the reasons behind this lack of convergence, see below. 
The shape of the BH spin–mass relation is a result of a balance

etween gas accretion, BH–BH mergers and jet-induced spin- 
own. At int ermediat e masses ( M BH 

∈ [10 6 , 10 8 ] M �), BHs are
ost likely to be in the thin disc state (see Fig. 3 , which shows

hat BHs with M BH 

= 10 7 M � are the ones most likely to be in
he thin disc state, and this is close to the BH mass at which
he median spin magnitude is highest). Spin-up in the thin disc
tat e is v ery efficient due t o high gas accretion rat es, v ery quick
pin r edir ections, and negligible jet-induced spin-down. Mergers 
 end t o result in BH spins significantly smaller than | a | = 1 (e.g.
 a | ≈ 0 . 7 , E. Barausse et al. 2012 ), which can explain lower BH
pins for massive BHs ( M BH 

> 10 8 M �). These BHs are hosted
y quenched, gas-poor galaxies whose growth is mainly driven 

y mergers. Jet-induced spin-down due to prolonged accretion in 

he thick disc state may also play a role in driving the median
H spin to values as low | a | ≈ 0 . 3 at M BH 

> 10 9 . 5 M �, which is
ard t o achiev e through mergers alone. BH seeds in our simu-

ations mostly grow through mergers. How ev er, since w e seed
Hs with | a | ≈ 0 , these initial mergers are unlikely to lead to
ignificant spin-up. The increase in BH spin with BH mass at the
ow-mass end ( M BH 

< 10 6 M �), visible in Fig. 11 , is thus likely
o be due to gas accretion. Since the BH seed mass is a calibration
arameter that changes with resolution, our prediction for the 
H spin −mass relation is likely resolution-dependent at these 

ow BH masses, as is visible in the figure. How ev er, the large
ifference between the seed mass at m6 and m7 is mostly due to
he two resolutions using a different halo threshold mass for BH
eeding. 

In the right panel of Fig . 11 , we compar e the predicted BH spin
agnitudes with observational measurements of BH spin. These 
easur ements r ely on X-ray r eflection spectr oscopy and thermal

ontinuum fitting (see the review by C. S. Reynolds 2021 ). They
hould be treated with care, since they rely on uncertain models
e.g. S. Hagen & C. Done 2023 ). In addition to the compilation of 
H spin measur ements pr ovided by C. S. Reynolds ( 2021 ), which
pan a wide range of BH masses, we also include measurements
or low-mass BHs ( M BH 

≈ 10 6 M �) from L. Mallick et al. ( 2022 ),
ho used X-ray reflection spectroscopy. We supplement these 
atasets with our own compilation of individual measurements 
rom the following studies, using largely but not e x clusively X-ray
 eflection spectr oscopy: D . J . Walton et al. ( 2013 ), M. J . Valtonen
t al. ( 2016 ), R. V. Vasudevan et al. ( 2016 ), Event Horizon Tele-
cope Collaboration et al. ( 2019 ), J. Jiang et al. ( 2019 ), S. Laine
t al. ( 2020 ), C. Bambi et al. ( 2021 ), R. Ghosh & S. Laha ( 2021 ),
 . J . Walton et al. ( 2021 ), and J. Sisk-Reynés et al. ( 2022 ). Many
f these observational measurements are lower limits rather than 

rue measurements of BH spin, so we do not bin the data. 
All of the above spin measurements are for BHs accreting at
oder ate r ates (C. S. Reynolds 2021 ). For this reason, we restrict

ur comparison to BHs in the thin disc state ( 0 . 01 < f Edd , d < 1 ),
here the AGN spectrum can be distinguished from that of the
ost galaxy. The inferred BH masses in the observed sample have
 median uncertainty of ≈ 0 . 4 de x. We ther efor e add 0.4 dex
ognormal scatt er t o our simulat ed BH masses t o replicat e Ed-
MNRAS 547, 1–46 (2026) 
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M

Figure 11. The BH spin–mass relation for the L200m7h (red solid), L100m7h (red dashed), L100m6h (orange solid),{ and L025m5h (light blue solid) 
simulations. The orange shaded region shows the 16–84 percentile range for L100m6h. The left panel shows the relation for all BHs, while the right 
panel shows it only for BHs in the thin disc state, where we have also added 0.4 dex lognormal scatter to BH masses. The e x ception in this panel is the 
dotted line, which shows the case of no added scatter for L100m6h. The spins of BHs in the thin disc state are compared with observations of moderately 
accreting BHs (C. S. Reynolds 2021 and L. Mallick et al. 2022 , as well as our compilation of other studies; see the text for further details). For these 
observed BHs, many measured spins are lower limits. We mark these measurements with crosses, show no lower error bar and extend the upper one to 
| a | = 1 . 
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ington bias (for r efer ence, we also show the case with no scatter
dded using a dotted line for L100m6h −the difference between
he two cases is small). Comparing the simulation lines in the
ight panel with those in the left panel of Fig. 11 , the latter of 
hich are for all BHs, we see that applying this selection results

n higher BH spins at fixed BH mass, at least at int ermediat e BH
asses ( M BH 

∈ [10 6 , 10 8 ] M �). This is indicative of those BHs
pinning up more efficiently, which is expected for the thin disc
tate. 

Our predictions for both m7 and m6 r esolution ar e br oadly
onsistent with the observed trend of the BH spin–mass relation,
hile m5 seems to predict too low BH spins for intermediate-
ass BHs. At a mass of M BH 

≈ 10 7 M �, where the relation peaks,
he predicted spin magnitudes are in agreement with the ob-
ervations at m7 and m6, all of which are close to | a | = 1 . At
ower BH masses, our predictions are also close the observations.
he scatter is r epr oduced ther e, while the low-spin percentile

ange of the scatter is possibly too large at M BH 

≈ 10 7 M �. We
redict massive BHs ( M BH 

> 10 8 . 5 M �) to have slightly lower
H spin than the dozen or so observed ones in this mass range,
t least at m7. If this is not a result of observational bias, and
s instead true disagreement, it could be indicative of overly
trong jet spin-down of massive BHs, since BHs cannot other-
ise obtain low spins. How ev er, at m6, we predict BH spin to be

omewhat higher at the high-mass end ( M B H > 10 8 M �) than
t m7, at least up to wher e pr edictions ar e available at m6 fr om
he L100m6h simulation ( M BH 

≈ 10 8 . 5 M �). Larger volumes are
eeded to probe higher masses at m6, in order to determine
hether the hybrid AGN feedback model pr edicts corr ect BH

pins in massive galaxies. Finally, we do not compare in detail
NRAS 547, 1–46 (2026) 
ith other simulations, but our predictions for the relation are
roadly similar to those of other recent cosmological h ydrody -
amical simulations that include BH spin modelling (S. Busta-
ante & V. Springel 2019 ; L. Sala et al. 2024 ; R. S. Beckmann et al.

025 ). 
We stress that BH spins were not used during the calibra-

ion of the hybrid AGN model, and are thus true predictions.
ow ev er, during calibration w e found that the prediction for
H spins is intimately tied to the radiative activity of BHs. In
articular, variations of the accretion efficiency of the thick disc,
hich strongly influence the AGN LF (Section 4.3.2 ), also had
 large impact on the predicted BH spin–mass relation. Larger
alues of the accretion efficiency result in lower BH spins. This
s a consequence of BHs mor e fr equently being in the thick disc
ather than in the thin disc state near z = 0 , which results in less
fficient spin-up. Int erestingly, w e found that models that do not
atch the AGN LF also do not match the observed BH spin −mass

elation. 
The good agreement of predicted BH spins at m7 and m6 res-

lutions, as well as that of S. Bustamante & V. Springel ( 2019 )
nd L. Sala et al. ( 2024 ), all of which ar e r elatively low-r esolution
 m g > 10 6 M �), is intriguing, and somewhat unexpected, espe-
ially given the too low BH spins at m5 resolution. This can be
xplained as follows. Efficient spin-up of BHs requires: 1) that
 sufficient fraction of the mass accretion should occur in the
hin disc state, where spin-up is easy, and 2) good alignment of 
H spin with the surr ounding g as on resolved scales, i.e. the
H spin, a , needs to be positive often enough. We claim that

he first condition is fulfilled by matching the observed AGN
F. The second condition is easy to fulfill at low resolutions.
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Figur e 12. Temperatur e in slices of 30 cMpc at z = 0 . 2 thr ough the L100m6 (left) and L100m6h (right) simulations, using thermal and hybrid AGN 

feedback, respectively. The images are in proper coordinates. Red to yellow colours encode the mass-weighted projected temperature, while blue to white 
colours highlight particles affected by thermal or jet feedback up to 5 Gyr in lookback time. For these particles, the surface density is used to determine 
the opacity, while brighter (white) colours indicate more recent AGN events. 
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ow-resolution simulations, even with a multiphase ISM, do not 
esolve the turbulent nature of the gas as well as high-resolution
imulations. Furthermor e, BH kernels ar e larger at low resolu-
ion, encompassing a larger fraction of the galaxy and thus prob-
ng better the average angular momentum of the gas, which is
ell-defined for disc g alaxies. This r esults in the angular mo-
entum of the gas accreting on to a subgrid BH being aligned
ith the large-scale angular momentum of gas in the galaxy disc

han it might be at higher resolution. These considerations imply 
hat spin-up should be less efficient at higher resolutions, which 

e can indeed see from Fig. 11 . We interpret this as a result
f gas turbulence being resolv ed bett er and BH kernels being
maller. 

These considerations show that predicting BH spins is a big- 
 er challeng e in high-r esolution simulations than low-r esolution
nes, in a model that assumes that the subgrid accretion disc is
ligned with the direction of the angular momentum in the BH
ernel on resolved scales of the simulation. This strong assump- 
ion works in low-resolution simulations, where turbulence is 
ot resolved well and where BH kernels encompass a substantial 

raction of the galaxy. The assumption breaks down at higher 
 esolutions, wher e the subgrid accretion disc is not resolved, nor
ngular momentum flows on to it, while the gas turbulence is
esolved and the BH kernels are small. In high-resolution sim- 
lations, the angular momentum of gas accreting on to the BH

s stochastic and often misaligned with respect to a galaxy disc
R. Levine, N. Y. Gnedin & A. J. S. Hamilton 2010 ; P. F. Hopkins
t al. 2012 ; D. Anglés-Alcázar et al. 2017 ). This is also consistent
ith observations that show nuclear molecular gas discs that are 
isaligned with respect to their host galaxies (J. E. Greene et al.

013 ; I. Ruffa et al. 2020 ). On the other hand, observ ations of r adio
ets indicate broad alignment with galaxy discs (S. Kaviraj et al. 
015 ; L. A. Vazquez Najar & H. Andernach 2019 ; X. Zheng, Y.
hang & H. R öt tgering 2024 ), which may imply alignment in a

ime-averaged sense. 
 A  GN  F E E D BA  C K  I N  T H E  H Y B R I D  

I M U L AT I O N S  

n this section, we analyse in more detail how AGN feedback
per ates in pr actice in the COLIBRE simulations. We focus on

et feedback and we only consider basic pr operties; mor e detailed
nalyses will be presented in future studies. In Section 6.1 , we
ighlight the qualitative differences between the thermal and h y -
rid AGN feedback simulations using visualizations of the IGM 

nd large-scale AGN activity. We also quantify the far-reaching 
ffects of jets. In Section 6.2 , we compare the feedback energies
n the hybrid and thermal AGN feedback simulations, focusing 
n how much energy is injected as a function of cosmic time.
or the hybrid AGN feedback simulations, we discuss the relative 

mportance of the two feedback channels and the three accretion 

isc states. 

.1 Large-scale outflows 

n Fig. 12 , we show the temperature slices through the L100m6
nd L100m6h simulations (run with the thermal and hybrid AGN 

eedback models, respectively) at z = 0 . 2 . We also overlay par-
icles directly heated or kicked by AGN feedback (see caption 

or details). AGN feedback drives outflows and heats the IGM 

hrough shocks. These are frequently bipolar even in the thermal 
GN feedback case (which is nominally isotropic, but bipolar 
utflows t end t o form as gas escapes galaxies; P. D. Mitchell et al.
020 ), but more often so in the hybrid AGN feedback case, due to
he explicit two - sided jet activity. Individual jets may be discerned
n the right panels as well as the bow shocks ahead of the jets. The
ets appear to push out gas to larger radii compared to thermal
eedback. This is consistent with large-scale jet activity in the 
IMBA simulations (R. Davé et al. 2019 ; J . Borrow, D . Anglés-
lcázar & R. Davé 2020 ). 
MNRAS 547, 1–46 (2026) 
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Figure 13. The distances out to which a given halo can affect its sur- 
r oundings thr ough jet feedback in the L200m7h simulation. We show at 
z = 0 and for central haloes, as a function of halo mass, three distance 
scales (top: raw scale in physical units, bottom: the same, normalized by 
the virial radius). The solid line shows the median distance to the centre 
of energy of jet -kick ed particles, where the weight for every particle is 
m g v 2 j et / 2 . The coloured dots show these median centres of energy for indi- 
vidual haloes. Colours r epr esent the mean redshift at kick time, w eight ed 
in the same way as the distance. Dashed and dotted lines show median 
distances computed using the centre of mass and the farthest kicked jet 
particle, r espectively. All distances ar e computed with r espect to the halo 
centre (the most bound particle), and accounting for periodic boundary 
conditions. The BH used in the analysis is the most massive bound BH 

located in a 50 kpc e x clusive apertur e. 
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We now quantify some of our discussion from above. When
icking particles into jets, we tag them by the ID of the BH that
icked those particles. We do not do this for thermal feedback, so
e restrict the following analysis to jet feedback only. In addition

o r ecor ding the ID of the BH particle, we r ecor d how much
nergy was given to the gas particles, and the time when the kick
ccurred. This can be used to track individual jet particles and
heir positions at any given time. Using this information, for every
entral halo in L200m7h at z = 0 , we find all particles that were
icked as part of jet feedback by the current most massive BH (in
 50 kpc 3D aperture centred on the most bound particle) hosted
y that halo. We then compute the distance to both the centre of 
ass and centre of energy of these particles, where for the latter,

he weight is m g v 2 j et , v j et being the target jet velocity at kick time.
e compute mean redshifts at kick time for the centre of energy

ase. For every BH, we also find the farthest kicked particle. 
Fig. 13 shows the results of this analysis, as a function of halo
ass, defining the haloes here as objects whose mean density

s 200 times larger than the critical density at z = 0 . In the top
anel, we show the raw distances, while the bottom panel shows
istances normalized by the virial radius. The median jet dis-
ances increase with halo mass from ≈ 0 . 5 Mpc ( ≈ 6 virial radii)
t M 200 , c = 10 11 M � to ≈ 4 Mpc ( ≈ 10 virial radii) at M 200 , c ≈ 10 13 

 �. They then drop off, both in raw terms and when normalized
y virial radius. This is true for both the centre of mass and centre
f energy cases. The median jet distance for the most massive
aloes in L200m7h, with M 200 , c ≈ 10 15 M �, is 2 Mpc ( ≈ 1 virial
adius). 

This decrease in the median jet distance is likely caused by
wo effects. First, AGN activity is most efficient at expelling gas
round the M 200 , c ≈ 10 13 M � mass scale (see the scaling of gas
raction with halo mass; Davies et al. in preparation). For these
aloes, jet particles ar e ther efor e most likely to end up at many
irial r adii aw ay . Secondly , more massive haloes have r ecurr ent
et activity at lower redshifts, which can be seen in Fig. 13 in terms
f the mean kick redshift for the most massive haloes ( z ≈ 1 . 5 for
 200 , c ≈ 10 15 M � compared to z ≈ 3 for M 200 , c ≈ 10 13 M �). These

et particles kicked at lower r edshifts ar e less likely to be located
s far away as the ones kicked at high redshift. 

In Fig. 13 , we also show the median distance to the farthest
icked jet particle. This saturates to 10 Mpc, which corresponds
o ≈ 20 virial radii for M 200 , c = 10 13 M � and ≈ 5 virial radii for
 200 , c = 10 15 M �. While not shown here, in the case of individual

aloes, the farthest jet particles can be located up to 20 Mpc away
largely at M 200 , c ≤ 10 13 ), which is, incidentally, similar to SIMBA
J. Borrow et al. 2020 ; M. Gebhardt et al. 2024 ), but less e xtr eme
han IllustrisTNG (M. Ayromlou, D. Nelson & A. Pillepich 2023 ).
ote that even the centre of energy can be as far away as ≈ 100

irial radii for low-mass haloes ( M 200 , c ≈ 10 11 M �). 
We warn the reader that the above discussion does not neces-

arily pertain to the actual size of currently active jets, nor even
et remnants. This is for the following two reasons. First, BHs may
ick particles that exit haloes hosting them and then effectively
etach from the halo’s motion. Even if we are not considering
at ellit es here, the haloes may move considerably between the
ime at kick and z = 0 , and thus the farthest jet particles may be
ocated far away simply due to this motion. Secondly, much of the
et feedback occurs at high redshift, especially for high-mass BHs,
osted by high-mass haloes, that do jet feedback in the thin disc
tate (see the next subsection). The peak redshift of this activity
s at z ≈ 3 . The fact that BHs hosted by more massive haloes kick
NRAS 547, 1–46 (2026) 
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16 Low jet efficiencies are a consequence of our use of constant and low 

accretion efficiencies ( εacc = 0 . 01 ) in the slim disc. Given the fact that the 
disc-scale accretion rate cannot exceed 100 times the Eddington rate, the 
horizon-scale Eddington ratio in the slim disc cannot be above the Ed- 
dingt on rat e. This means that the dimensionless magnetic flux is always 
low in the slim disc, and thus also the jet efficiency (see equations 19 and 
25 ). A mor e r ealistic choice for εacc , e.g . one wher e it scales with f Edd , d but 
such that the horizon-scale accretion rate does not drop below Eddington, 
would ensure that jets are at least as important in the slim disc state as 
they are in the thin disc state. 
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ore particles at higher redshifts, as seen in Fig. 13 , may be an
ffect of jet feedback being stronger in the thin disc state, but it
ay also simply be a consequence of more massive haloes having 

ormed earlier. In either case, these jet particles hav e depart ed
heir haloes at relatively early redshifts. Such particles join the 
ubble flow and are therefore located even farther from their 
ost haloes than they would otherwise be (compared to a simple
cenario of ballistic ejection from a self-gravitating halo, without 
osmic expansion). 

.2 Feedback energetics 

ere, we focus on injected AGN energies, comparing the thermal 
GN feedback simulations to those using the hybrid model, as 
ell as comparing different channels and modes in the hybrid 

imulations. We also compare with injected SN energies. We 
tudy the energetics both globally as a function of redshift, and 

n t erms of cumulativ e energies as a function of BH mass at
 = 0 . We use the L200m7 and L200m7h simulations since they
re converged (volume-wise) in terms of these energy measures, 
xhibit the smallest variation with time between snapshots, and 

re the largest simulations using the hybrid model that w e hav e
vailable, in t erms of v olume. Some of the quantitativ e analysis
n the following discussion depends slightly on resolution, but 
he qualitative trends that we find also apply for the L100m6 
imulations, which we do not show here. 

The left column of Fig. 14 shows the energetics in terms of the
osmic evolution of feedback power densities (top row) and cu- 
ulativ e inject ed feedback energy densities (bott om row). In both

he thermal and hybrid AGN feedback simulations, SN feedback 

ominat es abov e z ≈ 1 . 5 , aft er which AGN take ov er (see t op left).
t z = 0 , AGN are injecting 3 times as much energy as SN in the

hermal AGN feedback simulation, and an order of magnitude 
ore in the hybrid AGN feedback simulation. By z = 0 the total

njected AGN energy (bottom left) is nearly equal to the total
njected SN energy in the thermal AGN feedback simulation, and 

qual for the hybrid AGN case. 
From the left panels, we can also see that the AGN are injecting

imilar amounts of energy in the two AGN models up to z ≈ 5 ,
ith the thermal model showing slightly more AGN energy at 

hese early redshifts. This is relat ed t o the thermal AGN feedback
imulations e xhibiting mor e efficient BH gr owth at the earliest
edshifts (Huško et al. in preparation). AGN start injecting more 
nergy (by ≈ 50 per cent) in the hybrid model compared to the
hermal one below z = 5 and overall around 25 per cent more
nergy is injected in the hybrid model by z = 0 . 

The left panels also show the hybrid AGN power and energy 
ensity components due to thermal isotropic and kinetic jet feed- 
ack. Jet feedback is dominant at low redshift z ≤ 0 . 5 . This is

n agreement with the canonical picture of radiatively driven 

quasar’ feedback dominating at high redshifts, and mechanical 
eedback dominating at low redshifts. Thermal feedback is, how- 
v er, non-negligible ev en at z = 0 . Finally, jet feedback is again
ore important than thermal feedback at z > 2 . By z = 1 , both

eedback modes have injected nearly equal amounts of energy, 
nd this remains the case down to z = 0 . Our findings are in good
greement with the observ ationally motiv ated empirical model of 
. Mocz, A. C. Fabian & K. M. Blundell ( 2013 ). 

In the middle column of Fig. 14 , we show the individual con-
ributions to the two feedback modes (thermal and jet) from the
hr ee differ ent accr etion disc states in the hybrid AGN simula-
ions. In general, three feedback channels are important: (1) thick 
isc jets (from BHs with f E d d ,d < 0 . 01 ) at low redshift ( z < 1 ),
2) thin disc thermal feedback (from BHs with 0 . 01 < f Edd ,d <

 ) at all redshifts, and (3) thin disc jets at z > 1 . The dominance
f jets over thermal feedback at low ( z < 0 . 5 ) and high redshifts
 z > 2 ) is thus due to different types of discs. By z = 0 , thin disc
ets have injected a very similar amount of energy as thin disc
hermal feedback. The total thick disc jet energy injected by z = 0
s a factor of ≈ 2 lower than the thin disc jet and thermal com-
onents. Winds from the thick and slim discs ( f E d d ,d > 1 for the

att er), implement ed using thermal feedback in the hybrid model,
re generally negligible in terms of global energetics with the 
 x ception of slim disc winds at z > 5 , when they are energetically
omparable to thin disc jets and thermal feedback. Jets from the
lim disc are always negligible, although we suspect that this may
ot be the case in a more realistic model. 16 

In the right column of Fig. 14 , we show the effective feed-
ack efficiencies in the same simulations. These are computed 

y dividing the power (energy) densities by the rest mass-energy 
ccretion rate densities (rest accreted mass-energy densities) on 

o all BHs. By construction, the thermal run has a total efficiency
f ε = εf εr ad = 0 . 01 . Note that jet efficiencies here do not have the
ame meaning as the ‘true’ jet efficiencies defined in Section 3 ,
ince we ar e her e dividing the energies that may be injected in
ny accretion state with masses that may have been accreted in
ther accretion states. Most BH accretion occurs in our model 
t moderate Eddington ratios, f Edd , d = 0 . 01 − 0 . 3 , while most jet
nergy is launched at Eddington ratios below (in the thick disc
tat e) or abov e those v alues, with lit tle growth occurring at such
ddington ratios, largely due to low values of the accretion effi-
iency. 

The total instantaneous efficiency in the hybrid AGN feedback 

imulation is slightly lower (by ≈ 0 . 1 dex) than in the thermal
GN feedbck simulations at z < 1 , despite it having a larger
ower density at these redshifts. The total instantaneous effi- 
iency is larger in the hybrid AGN feedback simulations at z > 2 ,
nd reaches a maximum of ≈ 3 per cent at z = 5 . The jet chan-
el has a mean instantaneous efficiency of 0 . 3 - 0 . 6 per cent at
 < 2 (increasing to ≈ 2 per cent at z = 5 , likely due to thin
isc jets becoming important). The thermal instantaneous effi- 
iency increases monotonically with redshift from 0.3 per cent 
t z = 0 to 0.6 per cent at z = 3 . This increase with redshift is
robably due to the median BH spin also increasing with redshift
Huško et al. in preparation), which also increases the radiative 
fficiencies. The cumulativ e t otal efficiency (in the bott om panel)
s almost always higher in the hybrid AGN feedback model com-
ared to the thermal one, with the exception of very high redshifts
 z > 8 ). 

The left panel Fig. 15 shows the BH mass dependence of the
umulativ e inject ed AGN feedback energies per BH by z = 0 for
he L200m7 thermal and hybrid AGN feedback simulations. In 

he middle and right panels, we show the same quantity but
MNRAS 547, 1–46 (2026) 
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M

Figure 14. Cosmic evolution of feedback energetics in the L200m7 (dashed) and L200m7h (solid) simulations, using thermal and hybrid AGN feedback, 
respectiv ely. The t op row shows the feedback pow er densities, while the bott om row shows the cumulativ e inject ed feedback energy densities. Yellow 

lines show energies from SNe, while black lines show total AGN energies. The thin red and blue lines show the thermal and kinetic jet components of 
AGN feedback in the hybrid simulation. The middle panels show the thermal and jet components in the hybrid AGN feedback simulation split on to 
individual contributions from the three accretion disc stat es, as giv en by the legend. In the right panels, the t op (bott om) shows the effective feedback 
efficiency, computed as the total power (energy) density divided by the total rest mass-energy accretion rate density (accreted rest mass-energy density). 

Figure 15. Left: BH mass dependence of the cumulativ e inject ed AGN and SN feedback energies at z = 0 in the L200m7 (thermal) and L200m7h (hybrid) 
AGN feedback simulations. Middle: the cumulative injected feedback energies in units of 0 . 01 M BH , acc c 2 . Right: as the middle panel but splitting the jet 
and thermal contributions in the hybrid AGN feedback simulation on to contributions from different accretion disc states. 
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ivided by 0 . 01 M BH ,acc c 2 in order to reduce the dynamic range,
nd since we expect the total AGN energy to roughly scale with
he accreted BH mass. We also show energies injected by SNe of 
he host galaxies of these BHs. We find that the AGN-injected
nergies are comparable to SN-injected ones at all BH masses, and
or both the thermal and hybrid AGN feedback models. This sug-
ests that AGN feedback is relevant in both low-mass and high-
ass galaxies, which is consistent with the effects we see when

arying feedback parameters (Section 4.3 ), since these variations
mpact galaxies of all masses. This is true for parameter variations
hat affect either of the two AGN feedback modes. 
NRAS 547, 1–46 (2026) 
Cumulativ e AGN-inject ed energies clearly ov ertake SN-
njected ones only above M B H ≈ 10 9 M � (see middle panel of 
ig . 15 ). The r eason that this does not occur at lower mass,
.g . at M B H ≈ 10 7 − 10 8 M �, wher e AGN-induced quenching
egins to occur, is due to the fact that some of the SN energy
oes not do useful work since it is injected at low heating
emperatures ( �T < 10 7 . 5 K) and is thus more prone to cooling
osses. Furthermore, a clear transition at M BH 

≈ 10 7 - 10 8 M � may
e visible when comparing instantaneous feedback energies, but

n Fig. 15 we are comparing cumulative energies injected over
he entire history of a given BH (galaxy). 
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The most massive BHs appear to be injecting more feedback 

nergy in the thermal AGN simulation than in the hybrid one, 
r at least to have injected it when integrated over time. In the
ybrid AGN simulation, appr o ximat ely half of the cumulativ e

njected energy is in thermal and half in kinetic jet form by z = 0 ,
 eg ar dless of BH mass. As can be seen in the right panel, the
hermal component is almost entirely due to thin disc feedback, 
hile for the jet channel, the thick disc contribution is dominant
elow M B H ≈ 10 7 M � and the thin disc one above that mass, up
o M B H ≈ 10 10 M �. For the most massive BHs, thin and thick
isc jets are approximately equally important in terms of total 
nergy injected by z = 0 , although this energy was injected at very
ifferent times for the two feedback channels. 

 CONCLUSIONS  

e introduce a new, hybrid AGN feedback model for cosmolog- 
cal, hydr odynamical g alaxy formation simulations. The model 
ncludes two feedback modes: thermal isotropic and kinetic jets. 
he thermal mode r epr esents the effects of AGN disc winds
hocked on subgrid scales and/or radiative heating on subgrid or 
arger scales. The jet mode r epr esents the effects of relativistic jets
riven by the R. D. Blandford & R. L. Znajek ( 1977 ) mechanism.
he model includes three accretion disc states (Section 3.2 ): the

hick, thin and slim disc states. BHs occupy these states depend- 
ng on their Eddington ratio, with the three stat es populat ed with
Hs that have low ( f Edd , d < 0 . 01 ), moderate ( 0 . 01 < f Edd ,d <

 ) and super-Eddington ( f Edd ,d > 1 ) accretion rates, respectively.
ere, f Edd ,d is the Eddington ratio defined using the accretion rate

n to a subgrid accretion disc. Both feedback modes are used in
ll three accretion states, but with different efficiencies. We also 
nclude indirect effects of mass loss due to accretion disc winds
n the thick and slim disc states (Section 3.3.1 ), through a new
arameter: the accretion efficiency, εa cc . 
The model includes a subgrid prescription for BH spin (Sec- 

ions 3.6 and 3.7 ), which ev olv es due t o (1) g as accr etion, (2) BH–
H mergers, (3) jet-induced spin-down, and (4) Lense–Thirring 

or ques. This pr escription is based on accr etion disc theory, al-
hough it mostly uses numerical fitting functions obtained from 

ener al-relativistic (r adiation) magnet ohy drodynamical simula- 
ions. The BH spin affects the feedback efficiencies of all feedback 

odes, as well as jet directions (Section 3.5 ). 
The thermal isotropic and kinetic jet feedback modes are im- 

lemented through BH heating and kicking events, respectively 
Section 3.9 ), with the heating temperature, �T AGN 

, and kick 

elocity, v j et , modulating the explosiveness and frequency of AGN 

eedback (Section 3.10 ). The energy of each feedback event scales
n proportion with the BH mass. In addition to �T AGN 

and v j et , our
odel has one free parameter that is directly related to AGN feed-

ack: the coupling efficiency, εf , of radiation to thermal feedback 

n the thin disc state. This same parameter is present in single-
ode AGN feedback models often used in galaxy formation sim- 

lations. How ev er, paramet ers relat ed t o the accretion efficiency,
ntroduced in our model, also have a strong indirect impact on
eedback. 

The hybrid AGN feedback model is implemented in the swift 

ode (M. Schaller et al. 2024 ) used for galaxy formation simula-
ions, and has been coupled to the C OLIBRE g alaxy formation
imulation suite (J. Schaye et al. 2025 ). While the flagship simu-
ations of the COLIBRE suite used a thermal-only AGN feedback 

odel (C. M. Booth & J. Schaye 2009 ), a set of runs use the
ybrid AGN feedback model presented here. These runs were 
erformed at all three resolutions included in the COLIBRE suite 
m7, m6, m5), but in bo x es up to 8 times smaller in volume than
he flagship runs, at each resolution. 

In Section 4 , we demonstrated the impact of varying three
odel parameters: the jet velocity normalization (Fig. 7 , the thick

isc accretion efficiency (Fig. 8 ), and the thermal feedback cou-
ling efficiency (Fig. 9 ). We also discussed how the final model
 as calibr ated. As shown there, AGN feedback has important

ffects in int ermediat e-mass and low-mass galaxies, all the way
own to M ∗ ≈ 10 8 M �, and not just in massive galaxies as typ-

cally assumed. We confirmed this by considering the energies 
njected by AGN and comparing them to those injected by SNe
Figs 14 and 15 ). 

N ew parameters intr oduced in the hybrid AGN feedback model
 equir e calibration, especially those that are more numerical in
atur e (e.g . jet velocities). Parameters that are also present in the

hermal AGN feedback model, as well as SN-related parameters, 
 equir e r ecalibration when used with the new hybrid AGN feed-
ack model. Instead of an ab initio calibration of the entire set of 
tellar and AGN feedback parameters, as an initial guess we used
he fiducial set of parameters from the thermal AGN COLIBRE 

imulations (E. Chaikin et al. 2025 ). We then varied these param-
ters as necessary to r epr oduce the same calibration galaxy and
H properties as the thermal AGN model (the GSMF, the stellar
ass–size relation, and the stellar mass–BH mass relation, all at 

 = 0 ), but we also calibrate on the bolometric AGN luminosity
unction (at z = 0 . 2 ) since it holds useful information on how

any BHs are radiatively efficient, corresponding to our thin disc 
tate ( 0 . 01 < f Edd ,d < 1 ). The calibr ation w as done first for m7,
nd the parameter values were then slightly adjusted for m6 and
5. The parameters we (re)calibrate for the hybrid AGN feedback 

odel are (1) the jet velocity normalization, v j et, 0 ; (2) the accretion
fficiency-relat ed paramet er, r t r, 0 ; (3) the coupling efficiency εf ;
4) the BH seed mass, M BH , seed ; and (5) the stellar feedback pivot
ensity n H ,pivot . The final, calibrated values of the parameters for
he three resolutions are given in Table 3 . 

The calibration of the hybrid AGN feedback model presented 

n this study likely did not yield the best-fitting set of parameter
alues, particularly in relation to the slim accretion disc state 
used for super-Eddington accretion). In the future, it will be 
seful to perform a calibration wider in scope (utilizing more 
arameters) and more efficient (utilizing emulat ors). Despit e the 
or e limited appr oach to the calibration, the hybrid AGN feed-

ack simulations generally r epr oduce the observational data well 
Fig. 10 ). 

The BH spin–mass relation (Fig. 11 ), arguably the most im-
ortant new prediction from the hybrid AGN model in rela- 
ion to BHs, is in br oad agr eement with observations. The pr e-
icted relation has a peak for intermediate-mass BHs ( M B H ∈
10 6 , 10 8 ] M �). These BHs typically ha ve near -maximal spin,
 a | ≈ 1 . Lower- and higher-mass BHs have lower spins. This
hape of the BH spin–mass relation is linked to the relevance
f (1) accretion in the thin disc state, which tends to spin-up
Hs towards | a | ≈ 1 , (2) BH–BH mergers, which tend to result

n spins significantly less than | a | ≈ 1 , and (3) jet-induced spin-
own, which can almost completely spin down BHs. 
Finally, in Section 6 we presented the first results on the op-

ration of AGN feedback in the hybrid AGN feedback model, as
ound in the larger, production runs included in the COLIBRE 

uite. By z = 0 , jet particles are able to reach large distances (of 
rder a dozen Mpc, in some cases 100 virial radii) from their
ost galaxies and impact the IGM on larger scales than in the
MNRAS 547, 1–46 (2026) 
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urely thermal AGN model (Figs 12 and 13 ). This has impli-
ations for cosmological studies, where the impact of baryonic
ffects on matter power spectra ar e of gr eat inter est. The total
mount of injected AGN energy (Fig. 14 ) is larger in the hybrid
odel than in the thermal one at all but the highest ( z > 5 )

edshifts, by nearly 50 per cent. Jets provide roughly half of the
otal AGN energy (independent of BH mass; Fig. 15 ), with the
hick disc state ( f Edd , d < 0 . 01 ) dominating the jet channel at
ower redshift ( z < 1 ) and the thin disc state ( 0 . 01 < f Edd ,d < 1 )
ominant at higher redshifts ( z > 1 , peaking at z ≈ 3 ). Thermal

sotr opic feedback fr om the thin disc is important at all redshifts
nd dominat es ov er jet feedback at z ≈ 0 . 5 - 1 . 5 , but only slightly.
ther feedback channels contribute negligibly to cosmic energy

verages. 
The hybrid AGN simulations use a different AGN feedback
odel compared to the fiducial COLIBRE simulations, but they

re calibrated to the same observational data. This provides a
seful estimate of the impact of different implementations of 
GN feedback on: 1) galaxy properties that were not calibrated,
) CGM, IGM and ICM properties, and 3) baryonic effects on
osmology, among others. These simulations can also be used to
tudy various aspects of AGN feedback, including AGN jets. 

The hybrid AGN feedback simulations will be a powerful tool
acilitating studies focusing on BH and accretion physics in a
ully cosmological context, especially since our model includes
H spin evolution and three distinct accretion disc states. In
articular, the simulations can be used to study the statistics of 
pin for the BH population, as well as BH spin evolution. The
nclusion of BH spin will also facilitate more accurate predictions
f gr avitational w ave emission due to BH–BH mergers. While not
iscussed here, the outputs of the simulations include quantities
ecessary for the calculation of the radio emission of jets and

obes in post-pr ocessing . Pr edictions using this synthetic radio
mission will be discussed in future studies. 
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P P E N D I X  A:  S I M P L I F I E D  VERSIONS  OF  T H E  

ODEL  

n F. Huško et al. ( 2022 , 2024 , 2025 ), we introduced the aspects
f the model that concern the thick, thin and slim disc states,
espectively. We studied AGN feedback in these individual ac- 
retion disc states separately, but also in hybrid variants. These 
tudies were performed using idealized galaxy clusters in the first 
wo cases, and high-redshift cosmological simulations of a proto- 
luster in the latter case. The first study modelled only the thick
isc and only kinetic jet feedback, using BH spin evolution. The
econd study also considered the thin disc, comparing models 
hat apply either the thick disc state and its jets or the thin disc
nd its thermal feedback at all Eddington ratios. There, a hybrid
odel where the two modes switched at f Edd , d = 0 . 01 was also

onsidered. In the final study, the super-Eddington slim disc was 
ntroduced, with its jet and wind (thermal) feedback, considering 
nly hybrid models where the thin disc transitions to the slim disc
tate at f Edd , d = 1 . 

In the hybrid model that we introduce here, we combine these
hr ee accr etion disc states in a similar way as in the above studies.
imilar to the last of the above three studies, we include jets in the
hin disc, which was not done in the second study. Here we also
nclude wind (thermal) feedback in the thick disc, which was not
ncluded in either of the first two studies. Another major modi-
cation to the model presented here is that we include accretion 

fficiencies in the thick and slim disc, both on account of their
ass-loss induced by str ong winds. Finally, the pr evious versions

f the hybrid AGN feedback model were coupled with the swift -
AGLE galaxy formation model, whereas here we couple it with 

OLIBRE. 

P P E N D I X  B :  T H E  TRANSITION  B ET W E E N  

CC R ET I O N  DISC  ST  A  T E S  

he state of the accretion flow (thick, thin or slim disc) is assumed
o depend on the dimensionless accretion rate, i.e. the Edding- 
 on ratio. How ev er, it is not immediat ely clear if one should use
he disc-scale Eddington ratio, f Edd , d , or the horizon-scale one, 
f Edd , H 

, t o det ermine whether the accretion disc should transition
o another state. This choice is discussed in Section B1 , whereas
n Section B2 we discuss the choice of critical Eddington ratios at
hich these transitions occur. 

1 Disc-scale versus horizon-scale Eddington ratios 

rom a modelling perspective, it is not clear whether accretion 

iscs should transition between different states based on the value
f the horizon-scale accretion rate or the inflow rate on to the
isc. This is a question that concerns only simulations and not
 eality. The r eason is that the transition between the thick and
hin disc is, in r eality, pr obably smooth rather than abrupt. In
n ideal scenario, as a BH that is deep in the thick disc (i.e.
oth f Edd , d 
 0 . 01 and f Edd , H 


 0 . 01 ) pr ogr essively incr eases its
ccr etion rate, its accr etion efficiency should also pr ogr essively
ncrease until it reaches εacc ≈ 1 at the critical Eddington ratio 
f Edd ≈ 0 . 01 . At this point, it does not matter whether one uses
f Edd , d or f Edd , H 

= εacc f Edd , d to decide the transition between the
tates, since both will give the same outcome. The same is true if 
he disc is transitioning from the thin to the thick disc state. 

Let us now consider the above scenario in the context of our
odel. If the disc is currently thin, εacc = 1 and f Edd , H 

> 0 . 01
ther efor e also f Edd , d > 0 . 01 ), the disc will stay thin. Let us imag-
ne then slightly reducing f Edd , H 

to f Edd , H 

= 0 . 009 . The disc will
ecome thick, with εacc 
 1 and f Edd , d = εacc f Edd , H 


 0 . 009 . If 
he accretion rate again slightly increases (so that f Edd , H 

> 0 . 01 ),
he disc may or may not transition to the thin state depending on
hether we consider f Edd , H 

or f Edd , d . If we consider f Edd , H 

, the
ccretion rat e w ould need t o increase by nearly a factor of 100
assuming a per cent level accretion efficiency), i.e. f Edd , d would 

eed to be of order unity, for the disc to transition back to the thin
tate. We consider this to be unrealistic, and instead use f Edd , d 
o decide the transition. This is supported by our numerical ex-
eriments (not shown here) where we attempted to use f Edd , H 

to
ecide the transition, but found it impossible to calibrate realistic 
odels with that choice. 
The above discussion may point to our accretion efficiency pre- 

cription being somewhat unr ealistic, mor e specifically, the fact 
hat accretion efficiencies suddenly drop to very low values even 

f the disc is only slightly in the thick state. This is an outcome
f our calibr ation r ather than an a priori assumption we made,
ith the r tr , 0 parameter having a large value (see Section 4.3.2 ).
e considered models that have accretion efficiencies of order 

nity for accretion discs that are only slightly in the thick state,
ut our attempt at calibrating such models was unsuccessful. We 
elieve that this is related to the jet feedback prescription for the
hick disc. We use jet efficiency formulas that depend only on BH
pin, i.e. jets are very strong for discs that are only slightly in the
hick disc state. In reality, however, jets should be relatively weak
t such high Eddington ratios, and radiative feedback stronger 
F . Y uan & R. Nar ay an 2014 ). Our need t o use v ery low accretion
fficiencies ther efor e pr obably compensat es for the ov erly strong
ets at the point of transition between the thick and thin disc
tates. Futur e general-r elativistic radiativ e magnet ohy drodynam- 
cal (GRRMHD) simulations of the transition between the thick 

nd thin disc state will likely resolve this issue from a theoretical
erspective. 

2 Critical Eddington ratios 

he transition between the thin disc at moderat e Eddingt on ratios
nd the slim disc is simply set to occur at f Edd , H 

= 1 , in other
MNRAS 547, 1–46 (2026) 
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 ords, w e assume that the slim disc coincides with the super-
ddington accretion disc state. The transition between the thick

R. Nar ay an & I. Yi 1994 ) and thin (N. I. Shakur a & R. A. Suny aev
973 ) discs is more subtle. It should occur around f Edd , d ≈ α2 (R.
ar ay an & I. Yi 1995 ), where α is the accretion disc viscosity
arameter. Mor e r ecent calculations suggest that the pr operties
f the thick disc already begin to change at f Edd , H 

= 0 . 2 α2 , and
he transition appears to be complete by f Edd , d = 0 . 7 α (F. Yuan
 R. Nar ay an 2014 ). Between these two values, the disc takes
n a transition state whose pr operties ar e not well understood.
or conceivable values of α, which may be as low as 0.05 and as
igh as 0 . 1 - 0 . 4 (A. R. King, J. E. Pringle & M. Livio 2007 , F. Yuan
 R. Nar ay an 2014 ), the transition state may occupy the range
 . 001 - 0 . 3 in f Edd , d . Observations of both X-ray binary (C. Done
t al. 2007 ) and AGN spectra (H. Noda & C. Done 2018 ) find this
ransition to occupy a narrower range of f Edd , d = 0 . 01 - 0 . 03 . An
nalysis of the radiative and mechanical powers of AGN shows
he transition to span the same range (H. R. Russell et al. 2013 ).

e assume the lower end of this range to be the critical transition
ate at which the two accretion disc states (the thin and thick disc)
nterchange; f Edd , d , crit = 0 . 01 . 

Giv en this choice, w e can set a value for the viscosity parameter
, which appears in many of the equations describing accretion
isc structure that we will discuss. For this purpose we use the
nding of numerical calculations that the transition spans the
ange between 0 . 2 α2 and 0 . 7 α in f Edd , d (F. Yuan & R. Nar ay an
014 ). We assume that the geometric mean of these two bound-
ries corresponds to f Edd , crit , 0 = 0 . 01 , which is true for α ≈ 0 . 1 , so
e set α = 0 . 1 in this model. 

P P E N D I X  C :  INNERMOST  STAB L E  C I RC U L A R  

R B I T  

he radius of the ISCO (R. P. Kerr 1963 ) is given by R ISCO =
 ISCO R G , where r ISCO is the dimensionless radius of the ISCO. r ISCO 
epends on BH spin as 

 ISCO = 3 + Z 2 ∓
√ 

(3 − Z 1 )(3 + Z 1 + 2 Z 2 ) , (C1) 

here the minus and plus sign are for prograde and retrograde
ccr etion, r espectively, and Z 1 and Z 2 are functions of BH spin
iven by 

 1 (a ) = 1 + 

(
1 − a 

2 
)1 / 3 [ (

1 + | a | )1 / 3 + 

(
1 − | a | )1 / 3 

] 
(C2) 

nd 

 2 (a ) = 

√ 

3 a 

2 + Z 

2 
1 . (C3) 

he specific angular momentum at the ISCO is given by L ISCO =
 BH 

G� ISCO /c , where � ISCO is a dimensionless function of BH spin:

 ISCO (a ) = 

2 
3 
√ 

3 

(
1 + 2 

√ 

3 r ISCO − 2 
)
. (C4) 

P P E N D I X  D:  RADIATIVE  E F F I C I E N C Y  I N  

H E  T H I C K  AND  S L I M  D I S C S  

n the thick disc state, most of the thermal energy is adv ect ed
nw ards tow ards the BH before it has time t o radiat e away. This
esults in a low, but non-zero radiative efficiency. This efficiency
s mostly governed by radiative cooling rates of electrons through
ynchr otr on, br emsstrahlung, and Compton processes. Numeri-
al simulations have not focused on radiative efficiencies of thick
NRAS 547, 1–46 (2026) 
iscs, so we take the r esults fr om an early numerical study (R.
ahadevan 1997 ), in which cooling processes were studied in the

ontext of the original thick disc solution of R. Nar ay an & I. Yi
 1994 ) (note that more recent results have been obtained by F.-G.
ie & F. Yuan 2012 , although their formulae are not as convenient

or general numerical implementation). 
The numerical study in question (R. Mahadevan 1997 ) found

wo different regimes: for f Edd , H 

< f Edd , crit , visc , viscous heating
ominates the heating of electr ons, wher eas for f Edd , crit , visc <

f Edd , H 

< f Edd , crit , thick , it is dominated by ion-electron heating.
ere, f Edd , crit , visc is the transitional value between the two thick

isc state, and f Edd , crit , thick = 0 . 01 is the transitional accretion rate
hich separates thin and thick discs. The radiative efficiency in

he viscous heating regime is given by 

rad , thick = 0 . 04 εrad , thin 

(
δ

0 . 1 

)(
1 − β

0 . 5 

)(
6 

r ISCO 

)
, (D1) 

nd in the ion-electron heating regime by 

rad , thick = 0 . 2 εrad , thin 

(
f Edd , H 

α2 

)(
β

0 . 5 

)(
6 

r ISCO 

)
. (D2) 

ere, β is the ratio of gas pressure and total pressure (which
ncludes the magnetic pr essur e). A somewhat differ ent param-
ter, βm 

, can be defined as the ratio of gas pressure and magnetic
r essur e (F . Y uan & R. Nar ay an 2014 ). The tw o paramet ers are
elated by β = βm 

/ (1 + βm 

) . βm 

is not an independent parameter;
any simulations have found that αβm 

≈ 0 . 5 (e.g. F. Yuan & R.
ar ay an 2014 ; M. C. Begelman, N. Scepi & J. Dexter 2021 ), which
e adopt. δ r epr esents the fraction of viscous energy dissipation
ir ectly transferr ed to the electr ons, and is constrained in theo-
etical studies between 0.1 and 0.5 (P. Sharma et al. 2007 , F. Yuan
 R. Nar ay an 2014 ). Observ ations imply a v alue close to 0.2 (F.
uan 2003 , H. Liu & Q. Wu 2013 ), which we adopt. The critical
ddingt on ratio betw een the tw o thick disc stat es can be found
y ensuring that both formulae (equations ( D1 ) and D2 ) yield the
ame radiative efficiency. This gives an accretion rate equal to 

f Edd , crit , visc = 0 . 2 
(

δ

0 . 1 

)(
1 − β

β

)
α2 , (D3) 

hich is equal to 1 . 28 × 10 −3 for our assumed values of the dif-
erent parameters. 

For the slim disc, we take results based on numerical works (A.
 ̨adowski 2009 ). We use the following fitting formula adopted for
heir results by (P. Madau, F. Haardt & M. Dotti 2014 ): 

rad , SD = 

0 . 1 
f Edd , H 

A ( a ) 
[

0 . 985 
1 . 6 / f Edd , H 

+ B ( a ) 
+ 

0 . 015 
1 . 6 / f Edd , H 

+ C( a ) 

]
, 

(D4) 

her e the thr ee BH spin-dependent functions ar e given by
 (a ) = (0 . 9663 - 0 . 9292 a ) −0 . 5639 , B (a ) = (4 . 627 - 4 . 445 a ) −0 . 5524 , and
(a ) = (827 . 3 - 718 . 1 a ) −0 . 7060 . For accretion that is sufficiently

ub-Eddington, this formula yields the radiative efficiency of a
hin disc (equation 23 ). For super-Eddington accretion, the radia-
ive efficiency drops with the Eddington ratio. 

P P E N D I X  E :  WARP  RADII  AND  DISC  

U R FAC E  D E N S I T I E S  

he radius R warp , which separates the inner and outer accretion
isc, can be calculated by equating the Lense–Thirring precession
ime-scale ( t p = 2 π/ �p , with �p = 2 GJ BH 

/c 2 R 

3 the precession
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ate) and the vertical warp pr opag ation time-scale ( t warp = R 

2 /ν2 ,
ith ν2 the kinematic viscosity in the vertical direction) (J. E. 
ringle 1992 ; R. G. Martin, J. E. Pringle & C. A. Tout 2007 ; S.
ielo et al. 2014 ). We use the relation 

˙ M = 3 πν1 � (for R � R ISCO ,
. Fiacconi et al. 2018 ) t o calculat e ν1 , and ther efor e ν2 . For the

hick and slim disc, we assume ν2 = ν1 . For the thin disc, ν2 
an be related to ν1 by ν2 = ξν1 , with ξ a numerical factor (G.
odato & D. J. Price 2010 ). The constant parameter ξ is often
lso e xpr essed in the form α2 /α. Early theoretical calculations 
redicted α2 = 1 / 2 α for small α (J. C. B. Papaloizou & J. E. Pringle
983 ), which has also been confirmed by simulations (G. Lodato 
 J. E. Pringle 2007 ). Later simulations found that higher-order

orrections to this prediction may need to be included for realistic
alues of α (G. Lodato & D. J. Price 2010 ), such as α = 0 . 2 . These
umerical results agree with an early theoretical prediction (G. I. 
gilvie 1999 ) which we assume here: 

= 

ν2 

ν1 
= 

α2 

α
= 

2 
α2 

1 + 7 α2 

4 + α2 , (E1) 

hich reduces to 1 / 2 α2 for small α. 
The w arp r adius, R warp , can be derived for the advection-

ominated thick and slim discs as (see G. I. Ogilvie 1999 ): 

 warp , adv = R G 

(
384 | a | 

25(H/R ) 2 

)2 / 5 

. (E2) 

hus, it depends only on the magnitude of the current BH spin,
he aspect ratio of the disc (and the BH mass through R G ). For
oth the thick and slim disc we assume H/R = 0 . 3 , based on
eneral-relativistic magnet ohy drodynamical (GRMHD) simula- 
ions (R. Nar ay an et al. 2022 ; A. Ricarte et al. 2023 ). This value is
omewhat lower than the aspect ratio in the self-similar analytical 
olutions for these discs ( H/R ≈ 0 . 4 - 0 . 5 as in R. Nar ay an & I. Yi
994 ; J.-M. Wang & Y .-Y . Zhou 1999 , r espectively). Reg ar dless of 
hese small differences, equation ( E2 ) yields small warp radii (no
arger than ≈ 10 R G ), much smaller than for the thin disc (see
elow). While we take the aspect ratio H/R from the GRMHD
imulations, we assume surface densities based on the analytical 
olutions since they are more wieldy and easily accessible. These 
ake the same form for the two types of accretion disc: 

adv = 

˙ M acc , H 

2 πR | v r | , (E3) 

here v r is the radial inflow velocity of the gas, and the only
our ce of differ ence between the e xpr ession for �a dv between the
wo discs. For the slim disc, v r = −αv K / 

√ 

5 (J.-M. Wang & Y .-Y .
hou 1999 ), where v K = 

√ 

M B H G/R is the Keplerian velocity. For
he thick disc we take v r = −αv 0 v K (R. Nar ay an & I. Yi 1994 ),
here the parameter v 0 is not 1 / 

√ 

5 ≈ 0 . 45 but is instead depen-
ent on α through v 0 = 3 / (5 + 2 ε) , where ε = (5 / 3 − γ ) / (γ −
) , γ is the adiabatic index of the g as, r elat ed t o the gas-t o-t otal
r essur e ratio β by γ = (8 − 3 β ) / (6 − 3 β ) . Finally, β can be con-
ect ed t o α through the findings of GRMHD simulations (F . Y uan
 R. Nar ay an 2014 ) as β = 1 / (1 + 2 α) , which is equivalent to the

elation αβm 

= 0 . 5 mentioned in Appendix D . v 0 depends on α

nly weakly; for α = 0 . 2 , we obtain v 0 = 0 . 52 , very close to the
alue for the slim disc. Having introduced these dependencies, 
e are also in a position t o stat e the specific angular momentum
 (R ) for the thick and slim discs. For the slim disc, it is a factor
 / 
√ 

5 ≈ 0 . 45 of the Keplerian value L K = 

√ 

M B H GR , while for the
hick disc, it is �0 = 

√ 

2 ε/ (5 + 2 ε) times the Keplerian value. For 
= 0 . 2 , �0 ≈ 0 . 37 , again close to the slim disc value. 
For the thin disc, R warp also depends on the surface density �,
nlike for the thick and slim discs. The solution for the thin disc
N. I. Shakura & R. A. Sunyaev 1973 ), assumed in this model,
escribes thr ee r egions: (a) an inner r egion wher e radiation pr es-
ure dominates the pressure and electron scattering the opacity, 
hich is often unstable and usually does not extend far out, (b)
 middle region where gas dominates the pressure and electron 

catt ering dominat es the opacity, and (c) an outer r egion wher e
as also dominates the pr essur e, but the opacity is dominated by
r ee-fr ee absorption. Our fiducial choice is to describe the disc
sing the region (b) from N. I. Shakura & R. A. Sunyaev ( 1973 )
but we found that using region (c) makes little difference). In
egion (b), the surface density of a thin disc can be expressed as 

TD = 6 . 84 × 10 5 g cm 

−2 α−4 / 5 f 3 / 5 Edd , H 

(
εr ad 

0 . 1 

)3 / 5 

(
M BH 

10 8 M �

)1 / 8 ( R 

R S 

)−3 / 5 

. (E4) 

sing the surface density, the warp radius can be calculated as 

 warp,TD = 3410 R S a 

5 / 8 ξ−5 / 8 α−1 / 2 f −1 / 4 
Edd , H 

(
εrad 

0 . 1 

)−1 / 4 ( M BH 

10 8 M �

)1 / 8 

. (E5)

or region (b) (A. J. Griffin et al. 2019 ). 
A t large r adii, thin accretion discs can be prone to the effects

f self-gravity (see G. Lodato 2007 for a review). The gravity there
ue to the disc locally becomes comparable to that due to the BH.
n order to estimate the radius at which this becomes true, the
isc self-gr avity r adius R sg , we use the Toomre instability par am-
ter, Q = �c s / πG �, and set its value equal to the critical value
f 1. This equation, the Toomre instability crit erion, be solv ed for
he self-gravity radius, giving 

 sg,TD = 6460 R S α
28 / 51 f −18 / 51 

Edd , H 

(
εrad 

0 . 1 

)−18 / 51 ( M BH 

10 8 M �

)−49 / 51 

. (E6) 

f R sg < R warp , we assume that the entire accretion disc is
counter-) aligned and use R sg instead of R warp in all equa-
ions where R warp appears. 

P P E N D I X  F :  K I N ET I C  J ET S  AS  A  

E P R E S E N T  A  T I O N  OF  R E L AT I V I ST I C  JET  

E E D BAC K  

or use as a feedback mechanism in cosmological simulations 
f galaxy formation, which hav e relativ ely poor resolution, it is
ot clear how best to r epr esent the effects of relativistic AGN

ets. Real jets and the lobes they inflate are affected by many
hysical processes, including basic (relativistic) hydrodynamics, 
agnetic fields, instabilities and cosmic ray physics. Many ideal- 

zed jet simulations have been performed, varying the different 
hysical aspects at play (see the review by M. A. Bourne & H.-
. K. Yang 2023 ). While the details change, it appears that the
ain characteristic of jet physics is that, as the jet material is

hocked at the jet head, a hot lobe of material is inflated. The lobe
hen expands and drives a bow shock that pr opag ates thr ough
he ambient medium and heats it anisotropically. This is the 

ain way jets deposit their energy; most or all simulations find
hat of order half of the injected jet energy is deposited into the

edium through the bow shock while the jet is still active. This
r action v aries somewhat (in the r ange 30–70 per cent) with how
he jets are simulated. The behaviour of lobes may also differ
omewhat depending on whether they constitute nonrelativistic 
MNRAS 547, 1–46 (2026) 
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Table G1. The binned median galaxy stel- 
lar and BH masses (and their associated er- 
r ors) fr om the A. W. Graham & N. Sahu 
( 2023 ) dataset, corrected for morphological 
sampling effects. These r epr esent the median 
BH mass–stellar mass relation for the over- 
all galaxy population, although one that in- 
cludes Eddington bias, rather than the intrin- 
sic median relation. See the text for a descrip- 
tion of the binning pr ocedur e and the mor- 
phological sampling correction. 

log 10 M ∗[M �] log 10 M B H [M �] 

10 . 50 ± 0 . 03 7 . 44 ± 0 . 14 
10 . 85 ± 0 . 02 7 . 95 ± 0 . 10 
11 . 37 ± 0 . 02 8 . 85 ± 0 . 10 
11 . 70 ± 0 . 03 9 . 40 ± 0 . 13 
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articles or relativistic ones, on the magnetic fields of the ambi-
nt medium, and on how well instabilities are captured in the
imulations. How ev er, as at least half of the energy is deposited
n the ambient medium independently of the exact contents of 
he lobes, it appears that for capturing the dominant effects,
he precise details of jet and lobe modelling do not matter. The

ain effects of relativistic AGN jet feedback can thus be repre-
ented with a mechanism as simple as non-relativistic kinetic
icks/injections. 
The cav eat t o the abov e stat ement is that one needs t o resolv e

he presence of a lobe to capture the driving of a bow shock. With
f order dozens or hundreds of particles, we begin to resolve a
obe, so the energy injection should broadly be correct (F. Huško
 C. G. Lacey 2023a ). With only a dozen or fewer particles r epr e-

enting an entire jet event, this is not true, and instead all of the
nergy injection into the ambient medium is done through shock
eating of individual kicked particles. While this scenario is very
ommon in our simulations, more common than w ell-resolv ed
ets, this is a resolution limitation that cannot be circumv ent ed
y more physical modelling of jets. It instead r equir es numerical
dvancements such as adaptive particle splitting/merging (see
.g. M. A. Bourne & D. Sijacki 2020 , K.-Y. Su et al. 2021 , R. Y.
albot et al. 2020 ). 

P P E N D I X  G:  T H E  O B S E RVE D  MEDIAN  B L AC K
O L E  MASS– STELLAR  MASS  R E L AT I O N  

e compute the weighted median BH mass as a function of the
 otal st ellar mass using the stellar masses and dynamical BH

ass measurements from A. W. Graham & N. Sahu ( 2023 ), with
he stellar masses corrected as per the erratum A. W. Graham
 N. Sahu ( 2024 ) (a decrease of 0.15 dex relativ e t o A. W. Gra-
am & N. Sahu 2023 ). The stellar masses from A. W. Graham
 N. Sahu ( 2023 ) were inferred from deep infrared observations
ith Spitzer using colour-dependent mass-to-light ratios. We con-
rmed that these are consistent with our own mass-to-light ra-

ios, aft er conv erting from their assumed P. Kroupa ( 2001 ) to
ur adopted G. Chabrier ( 2003 ) IMF. The dynamical BH mass
easurements collected in A. W. Graham & N. Sahu ( 2023 ) may

e biased towards galaxies of a particular morphological type, at
east in the case of some of the methods of BH mass measure-

ent. For this reason, we decided to compute weighted medi-
ns that take into account the expected and realized numbers of 
 alaxies of differ ent morphological types in differ ent stellar mass
ins. 

Our binning pr ocedur e consists of the following steps. We com-
ut e w eight ed median BH masses in four bins that each contain

30 - 40 galaxies, with the limits between bins chosen by hand
o that no bin has e xtr eme outliers. The weights used for the
edians for a given type of galaxy (spheroidal or disky) are equal

o f exp / f obs , where f obs is the actual fraction found for a given
alaxy type in a given stellar mass bin in the A. W. Graham & N.
ahu ( 2023 ) data, while f exp is the expected fraction in that same
tellar mass bin. For this purpose, ellipticals and lenticulars are
oth consider ed spher oidal, since they appear to follow the same
 BH 

- M ∗ relation in the A. W. Graham & N. Sahu ( 2023 ) data. For
f exp , we use the morphological fractions (and their dependence
n stellar mass) from A. J. Moffett et al. ( 2016 ). The binned stellar
nd BH masses that we obtain as a result of this procedure are
rovided in Table G1 . 
NRAS 547, 1–46 (2026) 
P P E N D I X  H :  S I M P L E R  R EC A L I B R AT E D  

ODELS  

n Figs 7 and 8 , we showed the effects of varying the jet velocities
nd the thick disc accretion efficiencies, respectively. There we
lso showed models that had constant values of the associated
arameters, v j et = 10 4 km s −1 and εa cc = 1 , respectively. How-
ver, showing that such models do not perform as well as our
ducial one when compared against calibration data is not suffi-
ient to rule them out. This is because such parameter variations
ere not coupled to simultaneous changes of other parameter

alues. In Fig. H1 , we show our best attempts at recalibrating
uch models. Both of the models were recalibrated by reduc-
ng the BH seed masses (since AGN feedback is more effective
n lower-mass galaxies/earlier in both runs, this had to be off-
et by delaying BH growth). The constant-velocity model has a
ecreased SN pivot density (making SN feedback more effec-
ive), while the opposite is true for the constant-efficiency model.
hat model also has a lower thermal AGN feedback coupling
fficiency. 

Both recalibrated models perform well when compared against
he z = 0 GSMF and galaxy size–mass relation (see the top row in
ig. H1 ). The constant-velocity model better r epr oduces g alaxy
izes at M ∗ < 10 9 . 5 M �, and r epr oduces BH masses and the AGN
F equally well (or even slightly better for the latter) than the
ducial model. Despite these small benefits, the variable-velocity
odel was chosen for reasons explained in Section 2.4.5 . The fact

hat these models all produce the main observables to a similar
egree of accuracy means that these observables cannot be used
 o discriminat e betw een them. Other g alaxy pr operties, which
emain true predictions, must be used. 

The model with a constant accretion efficiency falls slightly
hort on the BH–mass relation at the massive end (see the bot-
om left in Fig. H1 ). This could have been remedied by further
educing its coupling efficiency, but note that it already has a
ery low value of εf = 0 . 01 . As a result, jet AGN feedback is
lmost completely dominant over thermal AGN feedback at all
asses, and even over SN feedback. The AGN LF (see the bot-

om right in Fig. H1 ) is too low, and we were not able to re-
roduce it with any parameter variations for the model in ques-
ion. This is indicative of AGN jet feedback from the thick disc
ccretion state being overly dominant in such a model. Our
emedy was the introduction of thick disc accretion efficiencies


 1 . 
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Figure H1. As Figs 7 –9 , but showing the comparison (in L050 bo x es at m7 resolution) between the fiducial hybrid AGN feedback model and two 
simpler models that, separately, used constant accretion efficiencies in the thick disc (of 100 per cent) or constant jet velocities (of 10 4 km s −1 ). Both of 
the simpler models have been recalibrated to r epr oduce the data shown here as best they can. 
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P P E N D I X  I :  IMPACT  OF  PARAMETER  

AR IATIONS  ON  T H E  ST E L L A R  MASS–HALO  

ASS  R E L AT I O N  

n Section 4.3 , w e show ed the effects of varying different param-
ters in terms of the impact on two main galaxy observables: the
SMF and galaxy sizes as a function of stellar mass. Differences 

n the GSMF can be hard to interpret, since changes in stellar
ass at fixed halo mass produce horizontal shifts in the GSMF. 
To make the impact of these parameter variations on galaxy 

tellar masses easier to interpret, in Fig. I1 we show the effects
f the three parameter variations included in Section 4.3 (the jet 
elocity normalization, the thick disc accretion efficiency, and 

he thin disc thermal feedback coupling efficiency) on the stellar 
ass–halo mass relation for central subhaloes at z = 0 . We use

ins of width 0.3 dex in halo mass. For r efer ence, we also show
 a  
he P. Behroozi et al. ( 2019 ) semi-empirical model, which re-
roduces the observed GSMF). For consistency with P. Behroozi 
t al. ( 2019 ), we define the halo mass as the virial mass using the
efinition from G. L. Bryan & M. L. Norman ( 1998 ), which is a
tting function to the results of V. R. Eke, S. Cole & C. S. Frenk
 1996 ). 

The left panel of Fig. I1 shows that higher jet velocities lead to a
ecrease in stellar masses in haloes more massive than M BN98 ≈
0 12 M �, likely due to more explosive feedback. In lower-mass
aloes, the effect is opposite, likely due to differences in the
ampling of AGN feedback. Lower jet velocities, however, also 
ead to higher stellar masses in low-mass haloes. It thus appears
hat the fiducial velocity model is close to optimal in terms of 
he balance between sampling effects and the how efficient (ex- 
losive) the feedback is. The middle panel shows that higher 
ccretion efficiencies in the thick disc state lead t o low er st ellar
MNRAS 547, 1–46 (2026) 
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M

Figure I1. The impact of variations of the jet velocity normalization (left), the thick disc accretion efficiency (middle) and the thin disc thermal coupling 
efficiency (right) on the stellar mass–halo mass relation for central subhaloes at z = 0 . The lines show the median fr om differ ent simulations as given 
by the legends, with the black shaded region corresponding to the 16–84 percentile range for the fiducial hybrid simulation. The lines become dotted 
at a halo mass where the median stellar mass is ≤ 10 9 M �, corresponding to ≈100 star particles. The variations shown here are the same as presented 
in Figs 7 –9 . For r efer ence, we show the prediction from the P. Behroozi et al. ( 2019 ) semi-empirical model. Halo masses follow the G. L. Bryan & M. L. 
Norman ( 1998 ) definition. 
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asses in all haloes down to M B N98 ≈ 10 11 M �, likely due to more
ffective jet feedback from the thick disc. The right panel shows
hat higher thin disc thermal coupling efficiencies lead to higher
tellar masses in all haloes down to M BN98 ≈ 10 11 M �. This is
ikely a consequence of the coupling efficiency mainly changing
H masses due to self-regulation, which in turn changes the AGN
NRAS 547, 1–46 (2026) 
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eating temperatures in those galaxies due to different BH masses
equation 11 ). 
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