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A B S T R A C T 
In this paper, we investigate how massive central galaxies cease their star formation by comparing theoretical predictions from 
cosmological simulations: EAGLE, Illustris, and IllustrisTNG with observations of the local Universe from the Sloan Digital Sky 
Surv e y (SDSS). Our machine learning (ML) classification reveals supermassive black hole mass ( M BH ) as the most predictive 
parameter in determining whether a galaxy is star forming or quenched at redshift z = 0 in all three simulations. This predicted 
consequence of active galactic nucleus (AGN) quenching is reflected in the observations, where it is true for a range of indirect 
estimates of M BH via proxies as well as its dynamical measurements. Our partial correlation analysis shows that other galactic 
parameters lose their strong association with quiescence, once their correlations with M BH are accounted for. In simulations, we 
demonstrate that it is the integrated power output of the AGN, rather than its instantaneous activity, which causes galaxies to 
quench. Finally, we analyse the change in molecular gas content of galaxies from star-forming to passive populations. We find 
that both gas fractions ( f gas ) and star formation efficiencies (SFEs) decrease upon transition to quiescence in the observations 
but SFE is more predictive than f gas in the ML passive/star-forming classification. These trends in the SDSS are most closely 
reco v ered in IllustrisTNG and are in direct contrast with the predictions made by Illustris. We conclude that a viable AGN 
feedback prescription can be achieved by a combination of pre ventati ve feedback and turbulence injection which together 
quench star formation in central galaxies. 
K ey words: galaxies: e volution – galaxies: nuclei – galaxies: star formation. 
1  I N T RO D U C T I O N  
The launch of large surv e ys like the Sloan Digital Sky Survey (SDSS; 
York et al. 2000 ), revealed that local galaxies reside either in the ‘blue 
cloud’ or the ‘red sequence’ in the colour–magnitude diagram (e.g. 
Strate v a et al. 2001 ; Baldry et al. 2004 ; Wyder et al. 2007 ) and that this 
division persists to as far back as redshift z ∼ 3 (e.g. Giallongo et al. 
2005 ; Willmer et al. 2006 ; Brammer et al. 2009 ). The distribution in 
galactic colour, ho we ver, reflects a more fundamental bimodal dis- 
tribution in the specific star formation rate (sSFR, star formation rate 
per unit stellar mass) (e.g. Kauffmann et al. 2003 ; Santini et al. 2009 ), 
owing to significantly different optical signatures between young and 
old stellar populations (e.g. Bruzual & Charlot 2003 ; Maraston & 
Str ̈omb ̈ack 2011 ). When observed across cosmic time, the mass den- 
sity in the red, passive population increases in size, while it remains 
roughly constant in the star-forming cloud (e.g. Bell et al. 2004 ; Faber 
et al. 2007 ). This observation is generally interpreted as a change in 
the object membership between the two populations as a consequence 
of star formation slowing down. As a result, quenching is at large 
defined as the process of galaxy transition between the blue cloud and 
the red sequence o v er time. F or the purpose of our research, ho we ver, 
quenching refers specifically to the change in location in the stellar 
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mass ( M ∗)–star formation rate (SFR) plane during which galaxies fall 
off the star-forming main sequence (MS; Brinchmann et al. 2004 ; 
Noeske et al. 2007 ) to join the ‘passive’ population with low sSFRs. 

Quenching has been shown to correlate well with galaxy stellar 
mass (e.g. Baldry et al. 2006 ; Peng et al. 2010 ; Bluck et al. 2019 ; 
Liu et al. 2019 ), halo mass (e.g. Woo et al. 2013 ; Wang et al. 2018 ), 
morphology (e.g. Cameron & Driver 2009 ; Cameron et al. 2009 ; 
Bell et al. 2012 ; Bluck et al. 2014 ; Omand, Balogh & Poggianti 
2014 ), the angular momentum of inflowing gas (i.e. angular 
momentum quenching, Peng & Renzini 2020 , Renzini 2020 ), 
stellar kinematics (Wang et al. 2020 ), central velocity dispersion 
(e.g. Wake, van Dokkum & Franx 2012 ; Bluck et al. 2016 , 2019 , 
2020a , b ; Teimoorinia, Bluck & Ellison 2016 ) and, more recently, 
with dynamically measured supermassive black hole mass (e.g. 
Terrazas et al. 2016 , 2017 ; Mart ́ın-Navarro et al. 2018 ). In the case 
of satellite galaxies, an additional connection between environment 
and quiescence was revealed, where the star-forming state of an 
object depends on local o v erdensity and its location within the parent 
dark matter halo (e.g. van den Bosch et al. 2008 ; Peng et al. 2012 ; 
Woo et al. 2013 ; Bluck et al. 2016 ; Liu et al. 2019 ). In this study, 
we choose to focus on central galaxies only, in order to investigate 
the intrinsic quenching mechanisms, unaffected by the galactic 
environment. 

X-ray observations of galaxy clusters brought a crucial under- 
standing of the macrophysics of quenching, showing that the bulk of 
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1) Classify galaxies into star forming and quenched   [threshold at log (sSFR/yr−1) = −11]
Ø Simulations: Illustris, TNG, Eagle
Ø Observations: SDSS

2) Train Random Forest Classifier to predict quenching status based on:
Ø Stellar mass: proxy for the strength of supernova feedback 
Ø Halo mass: linked to CGM gas heating via virial shocks
Ø Black hole mass: traces integrated energy input via AGN feedback
Ø Accretion rate: instantaneous AGN feedback energy injection

3) Feature importances à Quenching mechanism?
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Black hole mass is the most predictive feature for all simulations and observations!

BH quenching in centrals 1065 
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Figure 5. Feature importances for M BH , M halo , and M ∗ extracted from an RF classification of central galaxies into star-forming and quenched categories. Bar 
heights represent the importance of each parameter for the classification outcome in a trained forest, and they sum up to one in each data set. Error bars indicate 
the 5th and 95th percentiles of the distribution in parameter importance drawn from 500 realizations of the experiment. Left-hand panels: Results in simulations. 
It is apparent that, irrespective of the model differences, all simulations predict M BH to be the most important galactic property discriminating between the 
star-forming and quenched populations. Right-hand panels: Results in the SDSS with M BH estimated using calibrations in equations ( 7 )–( 11 ). It is clear that 
M BH dwarfs other parameters in its connection with quiescence, regardless of the choice of calibration. 
GLE struggles to definitively quench galaxies at high black hole 
masses. 

Although f Q and sSFR trends provide an interesting insight into 
the differences between EAGLE, Illustris and TNG, they do not 
indicate which among M BH , M halo , and M ∗, if any, are responsible 
for regulating galaxy quenching. We thus mo v e on to using ML 
techniques in the next section, in order to answer this fundamental 
question. 
4.2 Random Forest classification 
In order to find out which galactic parameter among M BH , M halo , 
and M ∗ is the most predictive in determining whether a galaxy is 
star-forming or quenched, we perform a series of Random Forest 
classifications described in detail in Section 3.3 . We conduct this 
ML experiment consistently in both simulations and the observations, 
repeating the training and testing sequence 500 times for each data 
set. In this way, we account for the random subsampling of the more 
numerous population between the star-forming and quiescent objects 
required to create an input sample of 50 per cent PA and 50 per cent 
SF galaxies. As a result we can compare the relationships between 
different galaxy parameters and quenching delivered by EAGLE, 
Illustris and TNG against the SDSS to see how different quenching 
mechanisms present in the simulations manifest themselves in the 
observables at hand. 

In Fig. 5 , we show relative parameter importances extracted from 
the Random Forest classifier for simulations in the left panels and 
the SDSS on the right. Bar heights represent the median importance 
for each parameter, while the error bars mark the 5th and 95th 
percentiles of the importance distribution created by repeating the 
experiment 500 times in each data set. The input features are listed 
in a decreasing order of importance from left to right in each panel 
and all importances sum up to unity in each data set. Each experiment 
consists of four input features: M BH , M halo , M ∗ and a random draw 
from a flat distribution between 0 and 1. The seemingly redundant 
‘random’ feature allows us to check how much more important the 
highest ranking input feature is for assigning the PA/SF labels than 
a random guess. In the SDSS, we perform the classification using all 
black hole mass calibrations from equations ( 7 ) to ( 11 ), labelling the 
results with the parameters used to estimate M BH . As discussed in 

the earlier parts of our analysis, the H ̈aring & Rix ( 2004 ) bulge mass 
calibration does not require a cut on galaxy inclination and hence 
serves as a consistency check for the influence of this selection 
criterion on our classification result. 

We first focus on simulations in the left-hand panel of Fig. 5 . 
It is o v erwhelmingly apparent that the decision trees grow almost 
solely using black hole mass as the criterion for splitting the sample. 
Even in EAGLE where M ∗ picks up some residual importance, M BH 
holds o v er 4 times more predictiv e power, as measured by the Gini 
Importance calculated for the feature across all trees in the forest. In 
simulations, the primacy of black hole mass for predicting quenching 
is invariant under different implementations of AGN feedback and 
baryonic processes. EAGLE, Illustris and TNG all predict black hole 
mass to be the most informative of quiescence, despite a multitude of 
differences in the subgrid prescriptions for the interaction between 
AGN and the matter surrounding them. 

This unanimous theoretical prediction is met incredibly well in 
the observations (right-hand panel in Fig. 5 ), where the relative 
importance of M BH dwarfs the other two parameters. In the SDSS, 
this prominent dominance of black hole mass is robust against the 
choice of calibration since the importances of M BH agree with one 
another within ±0.05 for all adopted prescriptions. We also find a 
near-identical result when we force the RF to subsample features at 
each split, further discussed in Appendix B1 . 

We are also confident that our conclusions drawn with the SDSS 
data are not affected by any potential sources of bias. As we explain 
in Appendix B4 , the result is not driven by the differences in precision 
with which we measure M halo and M ∗, as compared with M BH . 
We also check that our sample selection does not influence our 
conclusions by exploring different corrections and quality cuts in 
Appendix B3 . Finally, in order to further convince ourselves that the 
use of calibrations to estimate M BH does not drive our conclusions 
we also repeat the RF experiment in Appendix C with a sample 
of 90 central galaxies with dynamical measurements of black hole 
mass compiled by Terrazas et al. ( 2017 ). We find that out of the two 
parameters available for the sample – M ∗ and M BH , black hole mass 
has a significantly higher importance in the passive classification both 
when the decision trees randomly sample a subset of all features and 
when all features are available for each split. This result is completely 
consistent with our general conclusions from this section, based on 
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Really???   How robust is this to changes in 
cosmological and feedback parameters?

TNG CV set (fixed parameters) TNG LH set (varying 6 parameters)

Aina Nambena
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Stellar mass
z = 0



Really???   How robust is this to changes in 
cosmological and feedback parameters?

TNG CV set (fixed parameters) TNG LH set (varying 6 parameters)
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Halo mass z = 0



Really???   How robust is this to changes in 
cosmological and feedback parameters?

TNG CV set (fixed parameters) TNG LH set (varying 6 parameters)

Aina Nambena
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Black hole mass z = 0



Really???   How robust is this to changes in 
cosmological and feedback parameters?

TNG CV set (fixed parameters) TNG LH set (varying 6 parameters)

Aina Nambena
(UConn/Heidelberg)

Black hole accretion rate z = 0



Really???   How robust is this to changes in 
cosmological and feedback parameters?

Stellar mass Halo mass BH mass BH accretion rate

à Sharpest increase in quenched fraction around MBH = 1e8 M☉ Weinberger+  Habouzit+ 
Terrazas+  Zinger+

Galaxy quenched fraction TNG CV set (fixed parameters)



Random Forest performance

Classification success rate =
94%                      93%                         90%                        88%

Ø Almost as good prediction training on the LH set varying all parameters
Ø Slightly worse for SIMBA compared to TNG 



And feature importances…

Ø SMBH mass is still the most predictive



And feature importances…

Ø SMBH mass is still the most predictive



And feature importances…

Ø SMBH mass is still the most predictive, BUT…



Cross testing?

Train à Test

CV à LH                ✓
SIMBA à TNG     ✓
TNG à SIMBA       X



Cross testing?

Ø Systematic effect 
of 1P variations



Total growth 
(accretion + mergers)

SMBH mass tracks total feedback energy 
but… how much of that is useful feedback?



Total growth 
(accretion + mergers)
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We use the SIMBA cosmological hydrodynamic simulation to investigate...

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION

2 METHODS
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2 ⇥ 3 = 6 or E = 220 km s�1, but more complicated expressions
should be entered as a numbered equation:
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Figure 1. Black holes mass grows through gas accretion (purple), specifically
cold gas accretion (blue) and hot gas accretion (red), as well as through
mergers (green). Smaller black holes merge into the higher mass black hole
throughout its lifetime becoming more important later in the black hole’s life.
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Black hole accretion and feedback in SIMBA 3

Figure 5. Components of ejected mass from cold gas accretion, hot gas accretion, wind feedback mode, and jet feedback mode of an example black hole.
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Black hole accretion and feedback in SIMBA 3

Figure 5. Components of ejected mass from cold gas accretion, hot gas accretion, wind feedback mode, and jet feedback mode of an example black hole.
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Figure 6. Components of total energy ejected by an example black hole from jet feedback mode, winds feedback mode, hot accretion mode, and cold accretion
mode.
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ABSTRACT
We use the SIMBA cosmological hydrodynamic simulation to investigate...
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1 INTRODUCTION

2 METHODS

2.1 SIMBA simulation

Simple mathematics can be inserted into the flow of the text e.g.
2 ⇥ 3 = 6 or E = 220 km s�1, but more complicated expressions
should be entered as a numbered equation:

2.2 Tracking black hole accretion and feedback modes

3 RESULTS

3.1 Black hole–galaxy scaling relations

4
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6 CONCLUSIONS
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Figure 1. Black holes mass grows through gas accretion (purple), specifically
cold gas accretion (blue) and hot gas accretion (red), as well as through
mergers (green). Smaller black holes merge into the higher mass black hole
throughout its lifetime becoming more important later in the black hole’s life.
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Figure 6. Components of total energy ejected by an example black hole from jet feedback mode, winds feedback mode, hot accretion mode, and cold accretion
mode.
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And what about satellites?
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