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ABSTRACT

In theoretical models of galaxy evolution, AGN and star formation (SF) activity are closely
linked and AGN feedback is routinely invoked to regulate galaxy growth. In order to constrain
such models, we compare the hydrodynamical simulations IllustrisTNG and SIMBA, and
the semi-analytical model SAG to the empirical results on AGN and SF at cosmic noon
(0.75 < z < 2.25) reported in Florez et al. (2020). The empirical results are based on a large
mass-complete sample drawn from 93,307 galaxies with and without high X-ray luminosity
AGN (Lx 2 10* erg s7'), selected from a 11.8 deg” area (~ 0.18 Gpc® comoving volume
at z = 0.75 — 2.25). The main results of our comparisons are: (i) SAG and IllustrisTNG both
qualitatively reproduce the empirical result that galaxies with high X-ray luminosity AGN have
higher mean SFR, at a given stellar mass, than galaxies without such AGN. SAG, however,
strongly over-produces the number density of high X-ray luminosity AGN by a factor of 10
to 100, while IllustrisTNG shows a lack of high X-ray luminosity AGN at high stellar mass
(M > 10" M) at z ~ 2. (ii) In SIMBA, the mean SFR of galaxies with high X-ray luminosity
AGN is lower than the SFR of galaxies without such AGN. Contrary to the data, many high
X-ray luminosity AGN in SIMBA have quenched SF, suggesting that AGN feedback, or other
feedback modes in galaxies with such AGN, might be too efficient in SIMBA.

Key words: galaxies: evolution — galaxies: star formation — galaxies: general — quasars:
general

1 INTRODUCTION Iution. Observations have shown that the central BH mass of a
galaxy correlates with the galaxy bulge stellar mass (Magorrian
et al. 1998; McLure & Dunlop 2002) and galaxy bulge velocity
dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Kor-
mendy & Ho 2013), suggesting a clear link between galaxy and BH
growth. Furthermore, the cosmic black hole accretion rate (BHAR)
density and star formation rate (SFR) density are observed to peak

Understanding the connection between galaxy properties and their
central massive black holes (BHs) currently remains one of the
biggest challenges to formulating theoretical models of galaxy evo-
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at z ~ 2 and decline in tandem down to z ~ 0 (Babi¢ et al. 2007;
Wilkins et al. 2008; Jogee et al. 2009; Madau & Dickinson 2014;
Delvecchio et al. 2014). Such trends suggest that galaxy and BH
growth are closely intertwined, but whether they coevolve remains
a topic of debate (e.g., Kormendy & Ho 2013; Jahnke & Maccio
2011).

Active galactic nuclei (AGN) activity in galaxies arises directly
from the accretion of gas onto a galaxy’s central massive BH. The
resulting feedback from an AGN is thought to suppress or reduce
star formation (SF) in the host galaxy via jets, winds, and radia-
tion. In theoretical simulations of galaxy evolution, AGN feedback
is often invoked, along with stellar feedback, in order to solve the
“overcooling” problem in galaxy formation models whereby galax-
ies grow too massive and produce stellar mass functions that do not
resemble empirical ones unless some form of heating or feedback
is applied to the cooling gas inside the dark matter halo (Naab &
Ostriker 2017; Somerville & Davé 2015). Different forms of AGN
feedback are postulated to affect the host galaxy and the gas in the
surrounding environment in different ways. Winds and radiation
from the accretion disk near the BH can heat gas or expel it on
various galactic scales (Hopkins et al. 2016; Roos et al. 2015; Choi
et al. 2015; Vogelsberger et al. 2013; Fabian 2012; Hambrick et al.
2011) whereas the jets from an AGN can heat the gas in the intra-
cluster medium (ICM) of galaxy clusters, therefore preventing gas
cooling and ultimately preventing future episodes of star formation
(Davé et al. 2019; Heckman & Best 2014; Fabian 2012; Peterson
& Fabian 2006). Cosmological simulations often try to model these
two forms of AGN feedback (i.e., quasar mode and radio/jet mode),
however, lack of high spatial and spectral resolution observations
of AGN along with poor simulation resolution has made it difficult
to constrain the physical mechanisms driving AGN feedback, BH
growth, and the extent to which AGN feedback can heat and/or expel
gas. It should be noted, however, that some numerical simulations
do model AGN feedback parameters based on observations of out-
flows of molecular and ionised gas (e.g., Perna et al. 2017; Liu et al.
2013; Sturm et al. 2011) as well as observations of radio-loud jets
(Fabian 2012) in galaxies with bright AGN (Davé et al. 2019).

While it has been postulated that some stages of AGN activity
might suppress SF as outlined above, there is evidence of AGN
and enhanced SF activity coexisting in galaxies. Many studies have
found, at low and high redshift, luminous AGN residing in galaxies
with enhanced episodes of SF (Florez et al. 2020; Masoura et al.
2018; Mahoro et al. 2017; Rosario et al. 2013; Santini et al. 2012;
Sanders et al. 1988). Other studies, however, provide evidence for
decreased SFRs in galaxies with luminous AGN (Leslie et al. 2016;
Shimizu et al. 2015). An enhancement of SF activity in AGN host
galaxies could at least be, in part, due to processes that are capable
of igniting and fueling circumnuclear SF and BH accretion when
the angular momentum problem can be overcome (e.g., Jogee 2006,
and references therein). Examples of such processes include gas-
rich major and minor mergers (Hopkins et al. 2008), gravitational
torques from bars and/or non-axisymmetric features in the disc,
stellar feedback, and hydromagnetic winds (see Jogee 2006, and
references therein). It is critical for models of galaxy evolution to
constrain how AGN feedback impacts galaxy formation, especially
since AGN and SF are always assumed to be closely linked in such
models and AGN feedback is routinely invoked to regulate galaxy
growth.

Until recently, analyzing the SF properties of galaxies with
bright AGN proved rather difficult as AGN emission is capable of
dominating the galaxy spectral energy distribution (SED) across a
wide range of wavelengths (e.g., UV to mid-IR), thereby making it

difficult to distinguish between AGN activity and emission from SF
in the SED fitting. For this reason, studies of galaxy evolution often
remove galaxies with bright AGN from their samples (Stevans et al.
2021; Sherman et al. 2021; Kawinwanichakij et al. 2020; Sherman
et al. 2020b,a; Ilbert et al. 2013) or fail to analyze galaxies with and
without high luminosity AGN using a consistent methodology or
a statistically large enough sample (Whitaker et al. 2014; Muzzin
et al. 2013; Whitaker et al. 2012; Elbaz et al. 2011; Williams et al.
2009; Elbaz et al. 2007; Salim et al. 2007; Brinchmann et al. 2004).
In recent years, however, numerous SED fitting codes have been
developed that are capable of disentangling the emission from AGN
and SF in the SED and producing more reliable estimates of stellar
mass and SFR (e.g., CIGALE (Boquien et al. 2019), AGNfitter
(Calistro Rivera et al. 2016), SED3FIT (Berta et al. 2013)). In
Florez et al. (2020), we used CIGALE to perform SED fitting on
a large sample of massive galaxies with and without high X-ray
luminosity AGN at z = 0.5 — 3. By using CIGALE we were able to
derive galaxy properties, such as SFR and stellar mass, for galaxies
with and without high X-ray luminosity AGN in a self-consistent
manner.

The goal of this project is to follow up on the work done in
Florez et al. (2020) (hereafter Paper 1), which reports two key re-
sults: (i.) At fixed stellar mass, galaxies with high X-ray luminosity
AGN (Ly > 10* erg s~1) have a mean SFR that is a factor of
~ 3 — 10 times higher than galaxies without such AGN; (ii.) The
majority (> 95%) of AGN with high X-ray luminosity do not reside
in galaxies with quenched star formation. These results suggest that
enhanced SFRs and AGN activity in galaxies are triggered by mech-
anisms that lead to large gas inflow rates on kpc to sub-pc scales
(e.g., mergers), growing both the supermassive BHs (SMBHs) and
the stellar masses of the host galaxies. These results also suggest
that if AGN feedback quenches the SF in a galaxy, it does so after
the high X-ray luminosity phase of AGN activity. In this paper, we
will expand on these results by analyzing the cosmological hydro-
dynamical simulations IustrisTNG (Nelson et al. 2018; Springel
et al. 2018; Naiman et al. 2018; Pillepich et al. 2018b; Marinacci
et al. 2018; Nelson et al. 2019a,b; Pillepich et al. 2019) and SIMBA
(Davé et al. 2019), as well as the semi-analytical model of galaxy
formation and evolution SAG (Cora et al. 2018). We explore the
following questions: (i) How does the number density of high X-ray
luminosity AGN in theoretical models and numerical simulations
compare to the empirical number density of observed AGN (Section
6.1)? (i) Do theoretical models reproduce the observed distribution
of galaxies with and without high X-ray luminosity AGN in the
stellar mass—SFR plane as well as the empirical result that galaxies
with high X-ray luminosity AGN have a higher SFR, on average, at
fixed stellar mass than galaxies without such AGN (Section 6.2)?

This paper is organized as follows: In Section 2, we summarize
the results of Paper 1 and briefly outline the data, sample selection,
SED fitting procedure, and stellar mass and SFR completeness limit
estimates used in that paper. In Section 3, we discuss the updates
to the sample selection in Paper 1 and in Section 4 we discuss the
observed demographics of the high X-ray luminosity AGN popu-
lation. In Section 5 we discuss the three theoretical models, their
implementation of AGN and SF feedback, and how we obtain the
X-ray luminosity from the black hole accretion rate. In Section 6
we present our results, and in Sections 7 and 8 we discuss and sum-
marize our results, respectively. In this paper we assume Hy = 70
km s~! Mpc’l, Qn = 0.3, and Qp = 0.7 for the observed data (as
in Paper 1).

MNRAS 000, 1-17 (2021)



2 OVERVIEW OF EMPIRICAL RESULTS AND DATA
ANALYSIS IN PAPER 1

The goal of the present paper is to evaluate the extent to which
three state-of-the-art theoretical models can reproduce the empirical
results presented in Paper 1 (Florez et al. 2020). In this section,
we summarize the empirical results of Paper 1 and outline the
associated data, sample selection, and methodology we follow for
the analysis. In Paper 1, we compared the stellar masses and SFRs
of a large mass-complete sample of galaxies with and without high
X-ray luminosity AGN at 0.5 < z < 3 (258 galaxies complete
in X-ray luminosity with Ly > 10 erg s~ 153,765 galaxies
without). Our data were selected from a relatively large ~ 11.8
deg? area in Stripe 82 with multiwavelength data (X-ray to far-IR)
available, corresponding to a large comoving volume of ~ 0.3 Gpc3
at 0.5 < z < 3. A large strength of this work was that we self
consistently modeled and fit the SEDs of galaxies with and without
high X-ray luminosity AGN using the SED fitting code CIGALE. As
mentioned in the introduction, two of the key results we reported in
Paper 1 are: (i.) The mean SFR, at fixed stellar mass, of galaxies with
high X-ray luminosity AGN is higher by a factor of ~ 3—10 than the
mean SFR of galaxies without such AGN; (ii.) An overwhelming
number of galaxies with high X-ray luminosity AGN (> 95%) do
not have quenched SF.

The data, sample selection, SED fitting, and stellar mass and
SFR completeness limit estimates used in the present paper are es-
sentially the same as those used in Paper 1. We give a brief overview
of these topics in the following subsections. Before comparing the
empirical results of Paper 1 to the theoretical models, we make some
small adjustments to the sample selection in order to improve the ro-
bustness of these comparisons. These adjustments will be discussed
in Section 3.

2.1 Photometric Catalogs

Our photometric data are primarily obtained from the NEWFIRM
Kg-selected catalog (So depth of 22.4 AB mag) of Stevans et al.
(2021) which covers 17.5 deg2 of the Sloan Digital Sky Survey
(SDSS) Stripe 82 equatorial field. The NEWFIRM Kg-selected
catalog includes u, g, r, i, z photometry from DECam as well as 3.6
and 4.5 ym photometry from IRAC. We supplement this photometry
with J and Kg data from VICS82 in order to obtain a total of ten
photometric filters spanning near-UV to mid-IR wavelengths. In
Paper 1 we ran the EAZY-py SED fitting code (Brammer et al. 2008)
on this data to obtain photometric redshifts for galaxies without a
high X-ray luminosity AGN. The photometric redshifts have an
accuracy of o, = 0.037 at z < 1 (Paper 1), and a photometric
redshift accuracy of o; = 0.102 at 1.9 < z < 3.5 (Sherman et al.
2021).

We utilize X-ray photometry from the Stripe 82X X-ray survey
(LaMassa et al. 2016) in order to identify and analyze galaxies with
high X-ray luminosity AGN. Stripe 82X covers 31.3 deg? of the
SDSS Stripe 82 equatorial field and includes archival Chandra and
XMM-Newton X-ray data. For this project, we use photometry from
the XMM-N ewton Announcement Opportunity 13 (AO13) that was
introduced in LaMassa et al. (2016). We crossmatch the Stripe 82X
AO13 data to the NEWFIRM Kg-selected catalog as described in
Paper 1 using the maximum likelihood estimator (MLE) method
of Sutherland & Saunders (1992). Spectroscopic redshifts for this
sample are obtained from LaMassa et al. (2019) with ~ 70% com-
pleteness. The remaining ~ 30% of sources without a spectroscopic
redshift have a photometric redshift obtained from Ananna et al.
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(2017). The photometric redshifts presented in Ananna et al. (2017),
when compared to available spectroscopic redshifts, have a normal-
ized median absolute deviation of onyap ~ 0.06 at 0 < z < 3.

2.2 Sample Selection

For the analysis in Paper 1 we produced two final samples of galax-
ies: a sample of galaxies with high X-ray luminosity AGN, and a
control sample of galaxies without such AGN. Both samples were
chosen from the region of the sky where the Spitzer-HETDEX
Exploratory Large Area (SHELA, Papovich et al. 2016) and the
Stripe 82X footprints overlap, spanning an area of 11.8 deg?, cor-
responding to a comoving volume ~ 0.3 Gpc? at our redshift range
of interest 0.5 < z < 3. In Paper 1 we did not correct our sample of
galaxies with high X-ray luminosity AGN for dust obscuration. We
cited Powell et al. (2020) who calculated how many AGN would be
added to their high X-ray luminosity (Lx > 10445 erg s™!) sample
at z > 1 if they made a correction for dust obscuration and found
that their sample would increase by very little (< 4%). We therefore
believe our sample of high X-ray luminosity AGN would similarly
not increase by much if we corrected for dust obscuration.

For the final samples we used in our analysis in Paper 1, we re-
quired a Kg flux with a signal-to-noise ratio (S/N) detection greater
than 5, an IRAC 3.6 and 4.5 um flux with a S/N detection greater
than 2, and a detection in the DECam u, g, r, i, 7 filters. We required
this for both samples of galaxies with and without high X-ray lumi-
nosity AGN. These sample cuts gave us a total of 932 galaxies with
high X-ray luminosity AGN at z = 0.5 — 3 and a total of 318,904
galaxies without high X-ray luminosity AGN at the same redshift
range. We clarify here that the sample of galaxies without high X-
ray luminosity AGN that we analyze in Paper 1 does not include any
galaxies with X-ray emission detected in XMM AO13 (see Figure
1 in Paper 1). This sample, however, may include galaxies hosting
AGN whose X-ray luminosity are lower and lie below the X-ray
detection limit of XMM AO13.

2.3 SED Fitting

One of the large advantages of Paper 1 is that we fit the SEDs of
galaxies with and without high X-ray luminosity AGN using the
exact same SED fitting code. This allowed us to self-consistently
derive and obtain stellar masses and SFRs for galaxies with and
without high X-ray luminosity AGN. In our SED fitting of galaxies
with high X-ray luminosity AGN, we implemented the Fritz et al.
(2006) AGN emission templates to model the AGN emission at UV
to mid-IR wavelengths. We did not include AGN emission templates
in the SED fitting of galaxies without high X-ray luminosity AGN,
however. For all galaxies, we included models of dust emission due
to star formation from Dale et al. (2014) and the stellar population
synthesis models of Bruzual & Charlot (2003). We assumed dust
attenuation to the SED as described by Calzetti et al. (2000), a
Chabrier initial mass function (IMF; Chabrier 2003), and a delayed
exponential SFH (Ciesla et al. 2018, 2016).

In Paper 1, we performed a number of tests to determine if
our CIGALE-derived SFRs were reliable. First, we ran CIGALE
on a sample of 38 galaxies with high X-ray luminosity AGN from
the CANDELS survey (Grogin et al. 2011; Koekemoer et al. 2011),
using photometric bandpasses that span the same wavelength range
as our own sample, and compared the CIGALE-derived SFRs to
the SFRs from Yang et al. (2019, 2017) for the same group of
galaxies. We find relatively good agreement between our CIGALE-
derived SFRs and those presented in Yang et al. (2019, 2017),
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Table 1. The number of galaxies with and without high X-ray luminosity AGN at each redshift range.

Sample All z bins (0.75 <z <2.25) 0.75<z<125 125<z<1.75 1.75<z<2.25
(@) (b) (© (d) (e)

(1) SO-DECam-NEWFIRM-IRAC 209,721 130,650 53,074 25,997

(2) S1-Lum-AGN

i.) Total Number N 667 321 228 118

ii.) Lx > Lx Jim 321 151 117 54

111) Lx > LX,lim & M, > M*,95%]im 203 119 66 18

(4) S2-No-Lum-AGN

i.) Total Number Nt 209,054 130,329 52,846 25,879

ii.) My > M, 95qlim 93,104 67,015 21,330 4,759

*Note: (1) SO-DECam-NEWFIRM-IRAC contains all galaxies in SHELA that fall inside the Stripe 82X survey footprint and have a
detection in the DECam u, g, r, i, z bands, a S/N > 5 in the NEWFIRM K-band, a S/N > 2 in the 3.6 and 4.5 um IRAC bands. (2)
S1-Lum-AGN contains the subsample of galaxies in SO-DECam-NEWFIRM-IRAC that have a high X-ray luminosity AGN. The total
number of galaxies and the number of galaxies with X-ray luminosities above the completeness limit (Lx > Lx jim) and stellar masses
above the 95% stellar mass completeness limit (M. > M, g5qlim) are also shown. (3) S2-No-Lum-AGN contains the subsample of
galaxies in SO-DECam-NEWFIRM-IRAC that do not have a high X-ray luminosity AGN.

who obtain SFRs by taking the median value of the SFR measured
by numerous teams for the same object (see Section 4.3 of Paper
1). Second, we created mock galaxy SEDs with AGN emission
included and then ran CIGALE on the mock galaxy SED fluxes. We
then compared the CIGALE-derived SFRs to the true mock galaxy
SFRs and found that ~ 90% of the CIGALE-derived SFRs agree
with the true mock galaxy SFRs to within a factor of 3-4 and only
2% of the CIGALE-derived SFRs differ from the true SFRs by a
factor 10 or more (see Section 4.4 of Paper 1). Lastly, we ran EAZY-
py on the sample of galaxies without high X-ray luminosity AGN
and compared the EAZY-py SFRs to the CIGALE-derived SFRs.
We found that EAZY-py SFRs are consistent with CIGALE SFRs,
on average, to within a factor ~ 2 — 3 (see Section 5.2 of Paper 1).
These tests demonstrated that our SED fitting procedure in Paper 1
is robust and produces reliable SFRs.

2.4 Estimate of Stellar Mass and SFR Completeness Limits

In Paper 1, we estimated the stellar mass completeness limits for
our sample of galaxies with and without high X-ray luminosity
AGN following the procedures described in Davidzon et al. (2013);
Pozzetti et al. (2010). This method assumes that the stellar mass
completeness limit of a galaxy survey can be determined from
the least massive galaxy that can be detected in a given bandpass
with a magnitude equal to the magnitude limit of the survey in
that bandpass. Because our samples were constructed from a Kg-
selected catalog, we determined the stellar mass completeness limit
at each redshift using the Kg-band magnitudes of our sources. We
refer the reader to Paper 1 for a full description of our stellar mass
completeness limit estimate. The 95% stellar mass completeness
limits for the sample used in this work are log(M../Mg) = 10.27,
10.58, and 11.03 in our 0.75 < z < 1.25, 1.25 < z < 1.75, and
1.75 < z < 2.25 bins, respectively.

For every galaxy in our sample, we derived a dust-corrected
SFR from our SED fitting procedure using all available band-passes.
Unlike stellar mass, where there is a fairly direct connection between
a galaxy’s stellar mass and its Kg-band magnitude, it is not so easy
to obtain a survey completeness limit for a dust-corrected SFR as
this would require the use of many different observed bandpasses
and SED models. To overcome this, in Paper 1 we used the DECam
u-band and g-band as a proxy for FUV flux and obtained a dust
extincted SFR completeness limit based on the u-band and g-band
50 limiting magnitudes (m,, jim = 25.0 AB mag and mg jjy = 24.8

AB mag, see Wold et al. (2019)) by applying the SFRgyv conversion
factor from Hao et al. (2011). This conversion factor assumes a
Kroupa (2001) IMF, so we reduce the estimated SFRryy by 0.046
dex to make the results consistent with the Chabrier (2003) IMF
used throughout this work. For our analysis we used the u-band flux
atz < 1.25 and the g-band flux at z > 1.25 to estimate the FUV flux.
The estimated u-band and g-band based dust extincted FUV SFR
completeness limits are log(SFRryv 1im/Mo yr~1) =-0.02, 0.33,
and 0.62 at 7 =0.75-1.25,z=1.25-1.75and z = 1.75 — 2.25,
respectively. We emphasize here that the SED-derived SFRs and the
dust-extincted SFRs estimated from the FUV flux are very different
quantities. The SED-derived SFRs are likely going to be higher than
the dust-extincted SFRs derived from the FUV flux as those from the
SED fitting have been corrected for dust extinction. If we apply a dust
correction based on the median attenuation measured from CIGALE
for galaxies within 0.1 mag of the 5o~ u and g-band completeness
limits, which is ~ 2 — 2.5 for all three redshift ranges, we find
dust-corrected FUV completeness limits of log(SFRryv jim/Mo
yr_l) =1.02,1.23,and 1.40atz = 0.75-1.25,z = 1.25-1.75 and
z = 1.75-2.25, respectively. We note that we do not use a signal-to-
noise ratio cut for any of the DECam filters in our analysis, meaning
it would not be unusual to measure intrinsic SFRs from the SED
fitting well below the FUV-based SFR completeness limits listed
here.

3 UPDATES TO THE SAMPLE SELECTION

As mentioned in Section 1, the goal of the present paper is to
evaluate the extent to which three state-of-the-art theoretical models
can reproduce the empirical results presented in Paper 1. In order
to increase the robustness of the comparison between our empirical
results and the theoretical models, we make some small updates to
the sample selection which we discuss here.

First, we use a narrower redshift range here than the redshift
range used in Paper 1, which corresponds to 0.5 < z < 3. This is
because we only have simulation snapshots available at z = 1.0, 1.5,
and 2.0 for the three theoretical models we use in this work, mean-
ing that a more direct comparison of the empirical results to the
simulated data can be made at 0.75 < z < 2.25. Second, the recent
availability of spectroscopy by the Hobby Eberly Telescope Dark
Energy Experiment (HETDEX, Hill et al. 2008) has allowed us to
replace the photometric redshifts of three galaxies from the Stripe
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82X sample with spectroscopic redshifts. Lastly, because black hole
accretion is intimately connected with the emission produced in the
“hard” X-ray spectral range of the galaxy SED (Haardt & Maraschi
1991), we select our sample of galaxies with high X-ray luminos-
ity AGN based on their rest-frame hard-band (2-10 keV) X-ray
luminosities, instead of the observed full-band (0.5-10 keV) X-ray
luminosity as is done in Paper 1.

We calculate the rest-frame hard-band (2-10 keV) X-ray lumi-
nosity for our sample of sources crossmatched to the AO13 X-ray
data following the methodology in LaMassa et al. (2019). We use
the detml parameter from the Stripe 82X catalog to determine if
a source is significantly detected in a given band-pass. A source
is considered significantly detected in the hard or full X-ray band-
passes if it has detml > 15 in the XMM AO13 catalog (LaMassa
et al. 2016). If a source is significantly detected in the hard-band,
we compute the rest-frame hard-band X-ray flux by multiplying the
observed hard-band flux by the k-correction factor (1 + 2V 2 and
assume a spectral index value of I' = 1.7, consistent with a typical
AGN spectral slope in the full and hard X-ray bandpasses (Cappel-
luti et al. 2007; Mainieri et al. 2007; Tozzi et al. 2006; Kim et al.
2004). If a source is not detected significantly in the hard-band but
is detected with a significance above detml = 15 in the full-band,
we multiply the observed full-band flux by a factor of 0.665 and the
same k-correction factor as the hard-band, again assuming I" = 1.7,
to obtain a rest-frame hard-band X-ray flux. If a source is not de-
tected significantly in either the hard or full X-ray band-passes, then
we calculate the rest-frame hard-band X-ray flux from the observed
soft-band flux by multiplying the soft-band flux by a factor of 1.27.
As in LaMassa et al. (2019), we assume I" = 2 for the soft-band,
s0 no k-correction is needed when calculating the rest-frame hard-
band X-ray flux from the observed soft-band flux. The factors of
1.27 and 0.665 that we use to convert the observed soft-band and
full-band fluxes to the hard-band, respectively, are calculated by
assuming an AGN power law spectral model with the spectral index
(T") values we use here and extrapolating to estimate the hard-band
flux from the soft-band and full-band fluxes. Of the 667 sources we
use to perform our analysis, 170 are detected significantly in the
hard-band, 466 are detected significantly in the full-band but not
the hard-band, and 31 are not detected significantly in either the full
or hard band-passes.

We compute the 95% completeness limit of the rest-frame
hard-band X-ray luminosity in each of our redshift ranges of inter-
est using the XMM AO13 flux area curves presented in LaMassa
et al. (2016). Because the majority (~ 70%) of our sample actually
have rest-frame hard-band X-ray luminosities computed from the
observed full-band flux, we use the observed full X-ray band-pass
flux area curves from LaMassa et al. (2016) to determine a com-
pleteness limit for our X-ray sample. We multiply the full band X-ray
flux limit by the same conversion factor (0.665) and k-correction
factor as mentioned above to obtain a rest-frame hard-band X-ray
luminosity completeness limit at each redshift range. The 95% full-
band X-ray flux limit of XMM AO13 is Fx =2.09 x 1014 erg s~!
cm™2. This translates to a 95% rest-frame hard-band X-ray lumi-
nosity of Ly = 10¥08 erg s~ at 7 = 0.75-1.25, Lx = 10**! erg
slatz=125-1.75and Ly = 10 ergs~! atz = 1.75-2.25.
For the analysis of our sample of galaxies with high X-ray lumi-
nosity AGN on the mass-SFR plane, we select only objects having
rest-frame hard-band X-ray luminosities above the 95% X-ray lu-
minosity completeness limit at each corresponding redshift range.

In Table 1 we list how many objects are detected in our sample
of galaxies with high X-ray luminosity AGN, how many are above
the 95% X-ray luminosity completeness limit, and how many are
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above both the 95% X-ray luminosity and stellar mass completeness
limits. We note that our X-ray sample selection for the present paper
produces a slightly larger sample at our redshift range of interest than
the X-ray sample selection used in Paper 1. Using the updated X-ray
selection method described above, we find 321 galaxies above the
X-ray luminosity completeness limit and 203 galaxies above both
the X-ray luminosity and stellar mass completeness limits at 0.75 <
z < 2.25. By contrast, using the X-ray selection method of Paper 1,
yields 300 galaxies above the X-ray luminosity completeness limit
and 181 galaxies above both the X-ray luminosity and stellar mass
completeness limits at 0.75 < z < 2.25. This means our final mass-
complete and X-ray luminosity-complete sample of galaxies with
high X-ray luminosity AGN is ~ 12% larger when we use the X-ray
sample selection detailed in this paper as opposed to that of Paper 1.
We note that this updated sample selection process does not require
us to rerun the CIGALE SED fitting code on the sample of galaxies
with high X-ray luminosity AGN, meaning that the derived stellar
masses and SFRs used here are the same as those used in Paper 1.

4 DEMOGRAPHICS OF HIGH X-RAY LUMINOSITY
AGN

The goal of this work is to compare the empirical results of Paper
1 to three theoretical simulations. As described in Section 3, in or-
der make more direct comparisons to the simulations, we improved
upon the sample section of AGN of high X-ray luminosity in Pa-
per 1 such that we now select galaxies with high X-ray luminosity
AGN based on their hard-band (2-10 keV) X-ray luminosity, rather
than their full-band (0.5-10 keV) X-ray luminosity. Before we com-
pare our empirical results to theoretical models, we first perform
a consistency check on the distribution and demographics of high
X-ray luminosity AGN by measuring the X-ray luminosity function
(XLF) of our sample and comparing it to the XLF measured by
other studies. We emphasize that the goal of this test is not to focus
on the details and implications of the empirical hard-band XLF, but
rather to ensure that our sample selection process is sampling the
XLF with relative uniformity. We refer the reader to Ananna et al.
(2019) for the most up-to-date observational constraints of the XLF
computed from the cosmic X-ray background (CXB).

In Figure 1, we plot the observed rest-frame hard-band XLF
at three different redshift ranges using our sample of cross-matched
galaxies and all galaxies from XMM AO13 that fall in our survey
footprint, where SHELA and Stripe 82X overlap, and include the
observed XLFs from three other studies (Buchner et al. 2015; Miyaji
et al. 2015; Hopkins et al. 2007) for comparison. The Miyaji et al.
(2015) XLF is based on the Swift Burst Alert Telescope (BAT)
survey, the Buchner et al. (2015) XLF is based on a multi-tiered
survey consisting of data from the COSMOS (Scoville et al. 2007),
CDFS (Xueetal.2011), AEGIS-XD (Davis et al. 2007), and XMM-
XXL (Pierre et al. 2016) surveys, while the Hopkins et al. (2007)
XLF is obtained by applying a bolometric correction to the best-
fit of the bolometric luminosity function. We include the XLF of
the matched and unmatched XMM AO13 sources since the cross-
matching can only be done reliably for a subset of the sample (see
Paper 1). Our XLF is calculated using the 1/Vipax method (see
Schmidt 1968) whereby the luminosity function (LF) of a survey
is calculated by dividing the number of galaxies in given bin of
luminosity by the bin size and the differential comoving volume
which is calculated by taking the difference between the comoving
volume (Vipax) at a maximum z that a source of a given luminosity
can probe and the comoving volume at the lower edge of the z bin.
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In all three panels, we show the 95% completeness limit for the
corresponding redshift range as the vertical dashed line.

As shown in Figure 1, above the 95% completeness limit (espe-
cially at Ly 2 10*3 erg s1), our XLF agrees relatively well with
the XLF from other studies. For instance, at z = 0.75 — 1.25, our
XLF agrees well with the XLF from other studies at Ly > 10443
erg s~! but at lower X-ray luminosities (Lx < 10**-3 erg s71) there
is a small dip that is factor of ~ 2 lower for cross-matched sources
and a factor of ~ 1.2 — 1.5 lower for the full XMM AO13 XLF.
This could be due to uncertainties in our XLF introduced by dust
obscuration, causing us to miss AGN at lower Ly . At all redshifts,
our XLF appears to agree most with the XLF from Miyaji et al.
(2015), however, they find brighter objects more frequently than we
do with X-ray luminosities exceeding 10%+ erg s~!, which could
be due to a number of reasons. Their sample size is much larger
than ours, as they use data from the Swi ft BAT survey which spans
an area on-sky of 3.9 x 104 deg? and thus they are able to cap-
ture much more extreme and rare systems than we can. The Swi ft
BAT survey detects X-rays at energies of 14 — 195 keV, however,
so Miyaji et al. (2015) apply a correction to convert X-ray lumi-
nosities from Swift BAT to the hard band. This could introduce
some source of uncertainty to the measured XLF of Miyaji et al.
(2015) and produce inconsistencies with other studies. We note that
other discrepancies between the different empirical XLFs can arise
from uncertainties due to corrections for Compton-thick sources, as
well as photometric redshift estimates. The latter could especially
affect the XLF of Buchner et al. (2015) as their sample only has
spectroscopic redshifts for ~ 50% of sources.

5 THEORETICAL MODELS AND NUMERICAL
SIMULATIONS

In numerical simulations and theoretical models of galaxy evolu-
tion, AGN and SF activity are closely linked and AGN feedback is
invoked to regulate galaxy growth. In order to constrain such mod-
els, we will explore in Section 6 how three different simulations (i.e.,
the hydrodynamical simulations IllustrisTNG and SIMBA, and the
semi-analytic model SAG) compare to our empirical results on AGN
and SF at cosmic noon (Paper 1). In this section, we describe the
three theoretical models, their implementation of AGN, stellar, and
other feedback, and how we obtain a hard X-ray luminosity from
the BHAR in each model. For a recent, comprehensive review of
cosmological simulations, we refer the reader to Vogelsberger et al.
(2020).

5.1 IllustrisTNG

IustrisTNG is the successor to the Illustris hydrodynamical simula-
tion (Vogelsberger et al. 2014a,b; Genel et al. 2014) and is modeled
in varying box sizes and implements improved galaxy physics rel-
ative to the original Illustris simulation. The updates to the galaxy
physics of Illustris focus on the growth and feedback of massive
BHs, galactic winds, and chemical enrichment of gas and stellar
evolution (Pillepich et al. 2018a). For this project, we utilize the
largest box size available, TNG300, which has a volume of ~ 3003
Mpc? and a mass resolution of Mparyon = 1.1 X 107 M. Following
Sherman et al. (2020b), we utilize the masses and SFRs measured
within twice the stellar half mass radius (the 2Xx Ry aperture). The
full description of the AGN and stellar feedback implementations in
IustrisTNG, as well as updates to the original Illustris model, can

be found in Weinberger et al. (2017) and Pillepich et al. (2018a),
respectively. Here, we only give a brief overview.

One of the ways in which IllustrisTNG improves upon the
Illustris model is by replacing the radio-mode AGN feedback in the
low-accretion state with a new kinetic AGN feedback model that
produces black hole-driven winds. The radio-mode AGN feedback
model of Illustris injected thermal bubbles into the ICM, whereas
the new kinetic AGN feedback model produces randomly oriented
injections of momentum into the surrounding gas. The choice to
replace the radio-mode feedback of Illustris is motivated by recent
theoretical work that advocates for the inflow/outflow solutions of
advection dominated accretion flows (ADAFs) (Yuan & Narayan
2014). The new kinetic AGN feedback model is responsible for
the quenching of galaxies in massive dark matter halos (~ 1012 -
10" M) and for producing ‘red and dead” populations of galaxies
at late times in IllustrisTNG (Weinberger et al. 2017). This in turn
produces more realistic SFRs in massive galaxies and estimates
of the quenched fraction (Sherman et al. 2020b; Donnari et al.
2019) in IllustrisTNG. In the high-accretion state, both Illustris
and IlustrisTNG invoke quasar-mode thermal feedback that heats
the gas surrounding the BH. The transition between the low and
high-accretion state AGN feedback modes in IllustrisTNG has a
dependence on BH mass and Eddington ratio. This choice was
made to ensure that BHs can transition to self-regulated states at
lower accretion rates, and to ensure that newly seeded BHs do not
remain in the low-accretion state.

In addition to AGN feedback, IllustrisTNG also invokes super-
nova (SN) feedback in order to regulate SF and prevent the over-
production of galaxies. The SNe feedback is implemented through
wind particles which are injected in random directions, with the
strength of the feedback based on the energy released by the SN. In
contrast to the original [llustris model, IllustrisTNG injects galactic
winds isotropically and modifies the velocity of wind particles by
introducing a redshift dependence factor in the calculation of the
wind velocity. This choice of adding a redshift-dependent wind ve-
locity is motivated by work done in semi-analytic models that find it
necessary to implement a similar approach in order to reproduce the
evolution of observed luminosity and stellar mass functions (Hen-
riques et al. 2013). Additional mechanisms capable of heating and/or
removing gas from galaxies, such as tidal stripping, ram-pressure
stripping, and dynamical friction all occur naturally in IllustrisTNG.
Such mechanisms follow the solutions of the equations of gravity
and hydrodynamics in an expanding universe with gravitationally-
collapsing structures (see Yun et al. 2019, for review of how these
processes affect satellite galaxies in IllustrisTNG).

5.2 SIMBA

The SIMBA simulation is a hydrodynamical simulation that is run
on a box with a side length of 100 Mpc/h and a mass resolution
of mgas = 1.82 % 107 M. SIMBA builds on the MUFASA model
(Davé et al. 2016) by introducing a new black hole growth model
based on "torque-limited" accretion (Hopkins & Quataert 2011;
Anglés-Alcdzar et al. 2013, 2015) as well as a new novel sub-grid
prescription for AGN feedback. Further details about the SIMBA
model can be found in Davé et al. (2019), we briefly summarize
some key aspects below.

The AGN feedback model in SIMBA transfers energy from
small to large scales through kinetic outflows with outflow param-
eters based on observations of AGN feedback. At Eddington ratios
greater than 0.02, SIMBA implements a "radiative" feedback mode,
modeled after observations of ionised and molecular gas outflows,
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Figure 1. We compare the hard (2-10 keV) XLF of our sample of high X-ray luminosity AGN (S1-Lum-AGN, blue), which is based on XMM AO13 sources
that have a reliable counterpart in our NEWFIRM K-selected catalog, to the XLF from all sources in XMM AO13 (red), and to the XLF from published
studies Miyaji et al. (2015) (black, solid), Buchner et al. (2015) (red, shaded), and Hopkins et al. (2007) (gray, solid). The vertical dashed line in each panel
indicates the 95% X-ray luminosity completeness limit, computed from the 95% flux limit at the upper edge of each redshift bin. The error bars computed for
our sample are Poisson errors, and we calculate the XLF using the 1/Vpax method. We find relatively good agreement between our XLF values and those from

]044.5

the literature, especially at luminosities greater than Ly = ergs™!.

where the AGN drives multi-phase winds with velocities of ~ 1000
km s~!. At Eddington ratios lower than 0.2, SIMBA transitions to
a "jet" feedback mode where the AGN drives hot gas in collimated
jets with velocities on the order of ~ 10* km s~!. Such jets are
capable of heating gas on scales up to ~ 8 Mpc away from the
source. At late times (z = 0), the jet feedback from numerous AGN
is shown to impact the inter-galactic medium (IGM) on large scales
in SIMBA (Christiansen et al. 2020). We note that both radiative
and jet feedback in SIMBA can simultaneously act on the surround-
ing gas in systems with Eddington ratios between 0.02 to 0.2. All
outflows driven by AGN feedback are purely bipolar, meaning that
gas elements are ejected in a direction parallel to the angular mo-
mentum vector of the accretion disk. We note that both the radiative
and jet feedback modes in SIMBA employ kinetic feedback rather
than thermal feedback. In addition to the radiative and jet AGN
feedback, SIMBA adds an X-ray heating component to AGN with
full velocity jets which heats the gas in galaxies. The X-ray feed-
back mode is motivated by work done in Choi et al. (2012), who
show that this feedback is capable of quenching massive galaxies in
high-resolution zoom simulations.

The stellar feedback model implemented in SIMBA is the same
feedback model that is implemented in MUFASA. In MUFASA,
stellar feedback is attributed to winds from massive stars as well as
long-lived stars (e.g., Type la supernovae, asymptotic giant branch
stars). The stellar feedback model assumes massive stars drive ma-
terial out through a combination of Type II supernovae winds, radi-
ation pressure, and stellar winds. This type of kinetic feedback from
massive stars is described in detail by Springel & Hernquist (2003)
and Oppenheimer & Davé (2006). Meanwhile, feedback from long-
lived stars is delayed relative to the time of star formation and so is
not represented by the same outflows prescribed to massive stars.
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The prescriptions for Type la supernovae feedback and feedback
from asymptotic giant branch stars are described in Scannapieco &
Bildsten (2005) and Conroy et al. (2015), respectively.

5.3 SAG

The semi-analytical model SAG is implemented on the MultiDark
Planck 2 (MDPL2) dark-matter only simulation with a volume of
1/h3 Gpc3. The version of SAG we use in the present paper was
also used by Sherman et al. (2020b). It is run on 9.4% of the full
MDPL2 volume and was provided by the simulation leads (S. Cora,
private communication). A full description of the SAG model can
be found in Cora et al. (2018), here we briefly describe it.

In SAG, the AGN feedback model is implemented through a
radio mode prescription that injects energy into the region surround-
ing the black hole, thereby reducing hot gas cooling. The accretion
of hot gas is assumed to deposit energy into relativistic jets and this
energy then gets deposited as heat in the hot gas atmosphere. Black
holes in SAG can grow via both radio and quasar mode accretion,
however, quasar mode feedback is not implemented in the model.
Quasar growth in SAG occurs during mergers and disc instabilities,
whereas radio mode accretion arises from the accretion of hot gas
onto the BH. Accretion of hot gas onto a BH occurs once a static hot
halo has formed around the galaxy hosting the BH and is assumed
to accrete continuously with a dependence on BH mass and hot gas
mass (Henriques et al. 2015). For a more detailed description of
the AGN feedback model in SAG, we refer the reader to Section
2.2 of Cora et al. (2019). SAG also includes redshift-dependent and
virial velocity-dependent stellar feedback that heats gas within the
galaxy. The parameter that controls the redshift dependent stellar
feedback has been modified to better produce the evolution of the
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SFR density at high redshifts (z > 1.5) (Cora et al. 2018). In addi-
tion, the redshift-dependent stellar feedback implemented here has
been shown to produce a quiescent fraction in local galaxies that is
in better agreement with observations than other SAMs have been
able to achieve (Xie et al. 2020; Cora et al. 2018). We note that
Sherman et al. (2020b) compare the empirical quiescent fraction at
1.5 < z < 3to SAG and two other semi-analytical models and found
that SAG best reproduces the observed trend that quenched fraction
increases with stellar mass. This could be attributed to the explicit
modeling in SAG of ram-pressure stripping and tidal stripping for
satellite galaxies falling into a group or cluster. These processes
are not instantaneous, meaning they gradually remove gas from the
infalling satellite galaxy.

5.4 Obtaining an X-ray Luminosity from the BHAR

In this section, we describe how we obtain a hard-band (2-10 keV)
X-ray luminosity from the BHAR in the numerical simulations.
By obtaining X-ray luminosities from the predicted BHARs, we
can select and analyze samples of highly luminous AGN in the
simulations and compare to our observational results of galaxies
with high X-ray luminosity AGN. In each simulation, we calculate
bolometric luminosities for all objects with BHARs > 0 using the
following equation:

Lbo] :GMC2 (1)

Here, € is the radiative efficiency, M isthe BHAR, and ¢ is the speed
of light. The radiative efficiency e is set internally by each simulation
andis setto 0.1 in SAG and SIMBA, and is set to 0.2 in I1lustrisTNG.
The radiative efficiency of € = 0.2 in IllustrisTNG was chosen
from a range of plausible values, however, lower values would have
produced a stronger discrepancy between the measured and fiducial
BH accretion rate at high redshift in IllustrisTNG (Weinberger et al.
2017). Once we get a bolometric luminosity we apply two different
bolometric corrections (BCs) from Hopkins et al. (2007) and Lusso
et al. (2012) to get hard-band X-ray luminosities.

One of the BCs we apply to Ly to get Ly is that from Lusso
et al. (2012) (hereafter L12), who use observed BH masses, bolo-
metric luminosities, and X-ray luminosities to derive a relation be-
tween the BC and the Eddington ratio frqq of their AGN samples. In
L12, they plot Ly /Lx versus fgqq for Type I and Type IT AGN and
fit a linear relation to the trend. Their Type I sample has higher bolo-
metric luminosities, on average, than their Type II sample. Given
that our sample is primarily made up of AGN with high X-ray lu-
minosity, and assuming high X-ray luminosity corresponds to high
bolometric luminosity (Duras et al. 2020; Lusso et al. 2012; Hop-
kins et al. 2007), we use the best-fit BC given in L12 for Type I
AGN. The BC is obtained using the following equation:

log(Lyoi/Lx) = 0.752 x log(max[fgqq, 0.0015]) + 2.134 2)

We note that we use max[fgqq,0.0015] in this equation because
values of fgqq lower than 0.0015 can result in an X-ray luminosity
that exceeds the bolometric luminosity. The other BC we apply to
the simulated galaxies to get Ly is from Hopkins et al. (2007)
(hereafter HO7). In HO7, the authors use fully integrated SEDs of
quasars from hard X-rays to radio wavelengths, column densities for
a given spectral shape, and X-ray luminosities to derive a relation
between X-ray luminosity and bolometric luminosity. The advan-
tage of this method is that the BC only depends on the bolometric
luminosity and so it can be applied in reverse to obtain Ly, for

observed galaxies with high X-ray luminosity AGN. We clarify,
however, that we only apply the HO7 BC to the simulated galaxies
to obtain the predicted X-ray luminosity. The BC for HO7 is given
by the following equation:

Loo/Ly = 10.83 [20ke o 6.08 [ Zbele - 3)
= 10. +6.
bol5X 10107 10107,

Using these equations (Egs. 2 & 3), along with Eq. 1, we con-
vert the BHARS of all sources in the simulations with M > 0 to
X-ray luminosities in the hard (2-10 keV) band. This allows us to
select and analyze samples of galaxies with high X-ray luminos-
ity AGN in the simulations and make direct comparisons to the
observed data.

6 COMPARISON OF EMPIRICAL RESULTS TO
THEORETICAL MODELS

In Paper 1, we explored the distribution of high X-ray luminosity
AGN in the SFR-stellar mass plane and found that galaxies with
high X-ray luminosity AGN have higher SFR, on average, than
galaxies without such AGN at a given stellar mass. In this paper,
we added some refinements to the selection of high X-ray lumi-
nosity AGN that increase the fidelity of comparisons to theoretical
models and numerical simulations. We now compare our results
to the hydrodynamical simulations IllustrisTNG and SIMBA, and
the semi-analytic model SAG to explore the following questions: (i)
How does the number density of high X-ray luminosity AGN in the-
oretical models and numerical simulations compare to the observed
distribution (Section 6.1)? (ii) Do theoretical models reproduce the
observed distribution of galaxies with and without high X-ray lu-
minosity AGN in the SFR-stellar mass plane (Section 6.2)? (iii) Do
they reproduce the empirical result that galaxies with high X-ray lu-
minosity AGN have a higher SFR, on average, at fixed stellar mass
than galaxies without such AGN (Section 6.2)?

6.1 The X-ray Luminosity Function

Comparison of our observed XLF (see Figure 1) to the predicted
XLF from the simulations can provide important insight to the phys-
ical processes directly related to AGN feedback and BH growth in
the simulations. In Figure 2, we plot our XLF from the matched and
unmatched XMM AO13 source list and the cross-matched sample
(same data points from Figure 1) alongside the predicted XLFs from
the three different simulations used in this work and the two differ-
ent BCs, each corresponding to a different row, and at three different
redshifts, each corresponding to a different column. The XLF for
the simulations is calculated similarly to how it was calculated for
the observed sample, but without the 1/Viyax method, which is not
necessary for theoretical models.

Regardless of whether one uses the BC of L12 or HO7, SAG
appears to over-predict the number density of galaxies with high
X-ray luminosity AGN at all redshifts and at almost all but the very
highest X-ray luminosities, in a few instances, by factors ranging
from ~ 10 to ~ 100. We note that the bright end of the SAG XLF
only appears to agree with the data when applying the BC of HO7.
When applying the BC of L12, SAG appears to produce objects of
impossibly high X-ray luminosities (Lx > 104 ergsTlatz ~ 1.5
and at z ~ 2), which are not seen in our observations and the other
observational studies whose XLF we plot in Figure 1. This striking
overabundance of high X-ray luminosity AGN in SAG is also evident
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Figure 2. The hard (2-10 keV) X-ray luminosity function of our crossmatched sample (blue, same from Figure 1) and the full matched and unmatched XMM
AO13 sample that falls in our survey footprint (red, same from Figure 1) compared to the XLF measured for SAG (orange), IllustrisTNG (green) and SIMBA
(magenta) in three different redshift bins. All error bars shown are Poisson errors. Each row corresponds to a different bolometric correction that was used to
obtain the X-ray luminosity from the bolometric luminosity in the simulations. Row 1 uses the bolometric correction from L12, and row 2 uses the bolometric
correction from HO7. Regardless of the bolometric correction used, SAG appears to over-predict the number density of galaxies with high X-ray luminosity
AGN, relative to the observed sample, at all redshifts and X-ray luminosities. The XLF of IllustrisTNG appears to agree relatively well with the observed XLF,
especially when assuming the bolometric correction from HO7. The XLF for SIMBA appears to show that SIMBA over-predicts the number density of galaxies,

regardless of bolometric correction used, though not to the extent that SAG does.

on the SFR-stellar mass plane (Figure 3). The discrepancy between
the data and SAG is large enough that it cannot be accounted for by
the inherent uncertainties associated with computing the XLF for a
theoretical simulation using a different BC.

In the case of IllustrisTNG and SIMBA, any disagreement
with the data is less pronounced and has a larger dependence on
which BC is used to obtain X-ray luminosities in the simulations.
For both IllustrisTNG and SIMBA, the best agreement between the
empirical and observed XLF is given by the BC of HO7. However, in
the highest redshift bin (z ~ 2), this BC produces very few objects
above the 95% X-ray luminosity completeness limit and there are no
objects above Ly ~ 10% erg s7L. By contrast, the BC given by L12
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leads to overproduction of X-ray luminous AGN at Ly < 10% erg
s~!at z ~ 1 in SIMBA by a factor of ~ 10 relative to the empirical
XLF.

It is important to emphasize here the large uncertainties inher-
ent in computing the XLF for simulations of galaxy evolution. One
source of uncertainty we have discussed comes from the different
BCs that exist in the literature, which all yield different populations
of high X-ray luminosity AGN. Another source of uncertainty arises
from the calculation of the bolometric luminosity. In this work,
we only use a single expression to calculate bolometric luminosity.
Some studies, however, suggest that it is necessary to make a distinc-
tion between radiatively efficient and inefficient AGN when com-
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puting bolometric luminosity (Giustini & Proga 2019; Fanidakis
et al. 2012; Churazov et al. 2005). Radiatively inefficient AGN are
typically associated with low accretion rates, relative to the Edding-
ton limit, and low gas densities. For such AGN, the gas flows do
not cool efficiently as the radiative cooling is not capable of coun-
teracting the viscosity-generated energy (Yuan & Narayan 2014).
We consider the effect of using a different expression to calculate
bolometric luminosity in the Appendix for the SAG model, as it
explicitly separates the radio mode accretion of hot gas from quasar
mode accretion, and discuss whether doing so mitigates the over-
production of high X-ray luminosity AGN by SAG (see Figure B1).
We find that calculating the bolometric luminosity differently for
the radio mode accretion hardly affects the XLF predicted by SAG,
especially at X-ray luminosities above the observed completeness
limits. We note that Habouzit et al. (2019) does this for IllustrisTNG
and finds that making a distinction between radiatively efficient and
inefficient AGN when computing bolometric luminosity results in
an XLF that is largely the same as the XLF that does not make
a distinction between radiatively efficient and inefficient AGN, es-
pecially at high X-ray luminosities (Lx > 10% erg s~1) (see their
Figure A1). Lastly, we note that the fraction of Compton-thick AGN
is not accounted for in the simulations, making it yet another source
of uncertainty.

6.2 High X-ray Luminosity AGN on the SFR-Stellar Mass
Plane

In Figures 3 and 4, we show the stellar mass-SFR relation of galaxies
with and without high X-ray luminosity AGN for our observed sam-
ple and for the three simulations at three different redshift ranges.
Figure 3 shows a scatter plot of SFR versus stellar mass, whereas
Figure 4 shows the mean SFR as a function of stellar mass. Al-
though some refinements were made to the AGN sample selection
here based on the hard X-ray luminosity (see Section 3), we note
that the top rows of Figures 3 and 4 essentially represent the empir-
ical results from Paper 1 and are similar to Figures 10 and 11 in that
paper. We also remind the reader that we use slightly different red-
shift ranges here so that we can more easily compare the empirical
results to the theoretical models.

In Figure 3, the sample of galaxies without high X-ray lumi-
nosity AGN are color-coded by density on the stellar mass-SFR
plane, where density is calculated by counting neighbors around
each galaxy inside a circle with diameter equal to 0.1 dex. The
galaxies with high X-ray luminosity AGN in SAG are similarly
color-coded on a gray scale by density to better illustrate their dis-
tribution. We also plot the average SFR in different bins of stellar
mass for the sample of galaxies without high X-ray luminosity AGN,
which we refer to as the main sequence. We calculate 10 errors for
the main sequence through a bootstrap method described in Paper
1. This bootstrap method re-samples galaxies x times within a given
mass bin, where x is the sample size within that bin, with replace-
ment. For each resampling, we calculate the average SFR and do
this 1000 times. By taking the average SFR of all 1000 draws, we
generate a set of average SFR values and take the 16th and 84th
percentile of this set to calculate the error of the average SFR. Also
shown in each panel of Figure 3 is the line that falls 1 dex below
the main sequence (magenta, dotted). As is done in Paper 1, we
consider any sources that fall below this line to have quenched SFR.
In Figure 4 we show the mean SFR as a function stellar mass for
galaxies with and without high X-ray luminosity AGN separately.
Error bars for all samples are calculated using the aforementioned
bootstrap method.

As reported in Paper 1, the top row of Figures 3 and 4 show
that galaxies with high X-ray luminosity AGN have a higher mean
SFR by a factor of ~ 3 — 10 than galaxies without such AGN at
a given stellar mass. We suggested in Paper 1 that this connection
between high SFR and high AGN activity could be partly due to
processes where large gas inflows fuel both circumnuclear SF and
BH growth (e.g., Jogee 2006, and references therein). It is also clear
from Figure 3 that the vast majority (> 95%) of galaxies with high
X-ray luminosity AGN do not have quenched SF, thereby suggesting
that if AGN feedback quenches SF in a galaxy, it does so after the
high X-ray luminosity phase of AGN activity

In Figures 3 and 4, the second, third, and fourth rows from the
top show the corresponding distributions of galaxies with and with-
out high X-ray luminosity AGN in the SFR-stellar mass plane in the
semi-analytical model SAG (row 2), and the hydrodynamical simu-
lations IllustrisTNG (row 3) and SIMBA (row 4). The results shown
in these Figures are based on the BC of HO7. We use the BC pre-
scription of HO7 here as it seems to provide the best match between
the models and the data (Section 6.1). These theoretically predicted
distributions of galaxies with and without high X-ray luminosity
AGN in the SFR-stellar mass plane can be directly compared to the
empirical results shown in the top rows of Figures 3 and 4.

We find that SAG strongly over-produces the number density
of high X-ray luminosity AGN by factors of ~ 10 — 100. This can
be seen in the second row of Figure 3, as well as in the Figure 2
discussed in Section 6.1. However, SAG does qualitatively repro-
duce the empirical results showing that galaxies with high X-ray
luminosity AGN have higher mean SFR than galaxies without such
AGN at a given stellar mass (second row from the top in Figures
3 and 4). As can be seen in Figure 3, galaxies in SAG with high
X-ray luminosity AGN tend to reside in galaxies with enhanced
SFR relative to the main sequence and only a very small fraction
(< 1%) of galaxies with high X-ray luminosity AGN in SAG have
quenched SFR, consistent with the empirical results.

MustrisTNG qualitatively reproduce the empirical result that
galaxies with high X-ray luminosity AGN have higher mean SFR
than galaxies without such AGN activity at a given stellar mass
(third row in Figures 3 and 4). As illustrated in Figure 3, in Illus-
trisTNG, most galaxies with high X-ray luminosity AGN lie above
the main sequence. However, [llustrisTNG shows a lack of high X-
ray luminosity AGN at high stellar masses (M, > 101! Mg)atz ~ 2
and very few objects with X-ray luminosities above the observed
95% X-ray luminosity completeness limit at the same redshift.

In the SIMBA simulation, we find at z < 2 that galaxies with
high X-ray luminosity AGN with M, < 105 M have mean SFRs
that are 1 to 2 orders of magnitude lower than the main sequence
(bottom row of Figure 4). As a result, the mean SFR of galaxies
with high X-ray luminosity AGN is lower than the SFR of those
without such AGN. This trend is opposite to the empirical results
(top row of Figures 3 and 4). Contrary to the data, many high X-ray
luminosity AGN in SIMBA have quenched SF, suggesting that AGN
feedback or other feedback modes in galaxies with such AGN might
be too efficient in SIMBA. We discuss this further in Section 7. In
the highest redshift bin, there are very few AGN with Ly above the
observational 95% completeness limit.

‘We note that the number of galaxies with high X-ray luminosity
AGN in the models having quenched SF depends on which BC
prescription we use to go from bolometric luminosity to X-ray
luminosity (see Section 5.4). Figures 3 and 4 currently use the BC
from HO7. Figures Al and A2 in the Appendix, show the results
with the BC in L12. These figures show that the main results remain
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Figure 3. The stellar mass-SFR relation for galaxies with (black, stars) and without (colored) high X-ray luminosity AGN for our observed sample (first row),
for SAG (second row), for IllustrisTNG (third row), and for SIMBA (fourth row) in three different redshift bins. The galaxies without high X-ray luminosity
AGN are color-coded by density on the mass-SFR plane in all panels (see colorbar). The galaxies with high X-ray luminosity AGN in SAG (second row) are
similarly color-coded by density on a gray scale to better illustrate their distribution, with black regions having approximately 20 neighbors or less inside an
aperture with a diameter of 0.1 dex and white regions having approximately 100 to 180 neighbors within an aperture of the same size. The dashed vertical line
shows the observed stellar mass completeness limit at each redshift range. Also shown in each panel is the mean SFR, at fixed stellar mass, for the sample of
galaxies without high X-ray luminosity AGN (red circles), which we refer to as the main sequence, and the line that falls 1 dex below the main sequence (dotted
magenta). We used the HO7 bolometric correction to obtain X-ray luminosities in the models for this figure. Compared to the data, SAG strongly over-produces
the number density of AGN of high X-ray luminosity in all three redshift bins, as is seen in Figure 2, while IllustrisTNG shows a lack of high X-ray luminosity
AGN at high stellar masses (M. > 10'! Mg) at z ~ 2. However, both SAG and IllustrisTNG qualitatively reproduce the empirical results that galaxies with
high X-ray luminosity AGN have higher mean SFR than galaxies without such AGN at a given stellar mass (see Figure 4). Contrary to the data, in SIMBA the
majority of galaxies with high X-ray luminosity AGN appear to have quenched SF.
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Figure 4. Row 1: The mean SFR as a function of stellar mass for the sample of galaxies with (black circles) and without (red circles, same as Figure 3) high
X-ray luminosity AGN. Rows 2-4: Similar to first row, but for SAG (row 2), IllustrisTNG (row 3), and SIMBA (row 4). As in Figure 3, the BC of HO7 was used
to obtain hard X-ray luminosities in the models shown here. In qualitative agreement with the data, SAG and IllustrisTNG show enhanced SFR in galaxies with
high X-ray luminosity AGN compared to galaxies without such AGN, except at the highest stellar masses in IllustrisTNG. Contrary to the data, galaxies with
high X-ray luminosity AGN in SIMBA have a mean SFR, at a given stellar mass, that is lower than the mean SFR of galaxies without such AGN.
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largely unchanged for all three simulations at M, < 10115 Mg. We
discuss this further in the Appendix.

7 DISCUSSION

In Sections 6.1 and 6.2, we compare the empirical and predicted
XLF and stellar mass-SFR relation of galaxies with and without
high X-ray luminosity AGN. These comparisons are critical for
guiding how AGN feedback is implemented in theoretical models
of galaxy evolution. We discuss the possible sources of discrepancy
between the theoretical models and the empirical results, as well as
the implications for each theoretical model below.

SAG: We find that SAG over-produces the number density of high
X-ray luminosity AGN at all redshifts and almost all X-ray lumi-
nosities by two orders of magnitude. Only at the every highest X-ray
luminosities obtained from the HO7 BC (Lx = 10% erg s_]; see
Figure 2) does the predicted XLF from SAG appear to match that of
data. The overproduction of high X-ray luminosity AGN in galaxies
could be due to the lack of quasar mode feedback and/or inefficient
stellar feedback allowing high BHARs to go unchecked in such
a large fraction of the population. In SAG, the growth of BHs via
quasar mode is only triggered by mergers or disc instabilities, mean-
ing such processes would produce high SFRs and AGN activity but
may lack the feedback channels to suppress BH growth enough
to prevent the overproduction of high X-ray luminosity AGN. The
radio mode AGN feedback is only activated through the accretion
of hot gas during the cooling process (Cora et al. 2018), mean-
ing there is no AGN feedback present when BHs grow in the quasar
mode (i.e., via mergers or disc instabilities). Observations of quasars
have shown that AGN with typically higher accretion rates (> few
percent of fgqq) are capable of driving molecular and ionised gas
outflows with velocities of up to ~ 1000 km s~ or more (Perna
et al. 2017; Liu et al. 2013; Sturm et al. 2011). Therefore, it is not
unreasonable to speculate that SAG needs to implement some form
of quasar feedback in order to regulate the overproduction of high
X-ray luminosity AGN.

In Figures 3 and 4, we find that an excessive number of
high mass galaxies (M, > 1015 Mg) in SAG have high X-ray
luminosity AGN, but the most massive galaxies in our sample do
not. This is consistent with the fact that SAG over-produces the
number of high X-ray luminosity AGN at all redshifts. The average
SFR of galaxies with and without high X-ray luminosity AGN in
SAG follows a trend similar to what is seen in the observations. The
mean SFR of galaxies with high X-ray luminosity AGN is higher,
by a factor of ~ 2 — 10, than the mean SFR of galaxies without high
X-ray luminosity AGN at the same stellar mass. We also find that
very few galaxies with high X-ray luminosity AGN have quenched
SF, consistent with what we find in the observations. Starbursts
in SAG are triggered via mergers and disc instabilities, as is the
accretion of cold gas onto the BH in quasar mode. It is therefore no
surprise that objects growing their BHs through these mechanisms
experience large amounts of SF.

IustrisTNG: The XLF of IllustrisTNG agrees with the empirical
XLF more than the XLF of the other two simulations, especially
when considering the BC of HO7 and the BC of L12 at z > 1. We
find, however, that even when applying the HO7 or L12 BC to obtain
X-ray luminosities, the XLF of IllustrisTNG does not reproduce the
bright end of the empirical XLF at z = 1 or z = 2. This is in agree-
ment with what is found in Habouzit et al. (2019), who compare the
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XLF of IlustrisTNG to observations and find that [1lustrisTNG can-
not produce galaxies with X-ray luminosities at the bright end of the
empirical XLF. They suggest that this could be due to the high effi-
ciency of the kinetic mode AGN feedback which suppresses the BH
accretion and AGN luminosity. In lustrisTNG, the kinetic mode
AGN feedback is activated at low accretion rates relative to the Ed-
dington limit and has a dependence on BH mass. More specifically,
the transition between feedback modes in IllustrisTNG occurs when
the Eddington ratio exceeds or drops below a BH mass dependent
threshold of min|[ f(Mpy), 0.1], where f(Mpy) is a quantity pro-
portional to MéH. As shown in Weinberger et al. (2017), galaxies

with BHs more massive than ~ 108 M, tend to have lower Edding-
ton ratios than galaxies with less massive BHs. The dependence
of the kinetic feedback mode on BH mass in IlustrisTNG could
mean that galaxies with more massive BHs (Mpy = 108 Mg) will
always be prevented from producing X-ray luminosities seen at the
bright end of the XLF. Galaxies with lower mass BHs (Mpy < 107
M) cannot produce such luminous AGN either as the bolomet-
ric luminosity required to produce X-ray luminosities at the bright
end of the observed XLF would exceed the Eddington limit by an
order of magnitude or more (e.g., Lggq = 1.2 X 10% erg s~ for
Mgy = 107 M o). We note that IllustrisTNG explicitly limits BH
growth by the Eddington limit by estimating the accretion rate as
Mgy = min(Mpondi» MEaq), Where Mpong; is the Bondi accretion
rate and Mggq is the Eddington limit (Weinberger et al. 2017).

In the highest redshift bin of Figures 3 and 4, we do not
find any high X-ray luminosity AGN in IllustrisTNG residing in
galaxies above our observed stellar mass completeness limit. As
discussed above, feedback from AGN with BHs more massive than
108 M o is more likely to be kinetic mode feedback. Therefore, if
one were to reasonably expect that more massive (M, > 10! Mg)
galaxies, with accreting BHs, in IllustrisTNG host more massive
BHs (Mg > 108 Mg), then there is a high probability that
the kinetic feedback mode is activated in those galaxies and the
feedback, in turn, prevents the accretion rate and the resulting X-ray
luminosity from reaching the observed values We note that Figure
6 of Weinberger et al. (2017) explicitly shows how the BHAR
drastically drops once the kinetic mode feedback is triggered,
which typically occurs at Mgy 2 108 M. At z < 2 we find that
the mean SFR, at a given stellar mass, of galaxies with high X-ray
luminosity AGN is higher than the mean SFR of galaxies without
such AGN in [lustrisTNG (Figures 3 and 4).

SIMBA: The XLF produced by SIMBA agrees with the empirical
XLF to within a factor of ~ 2 -3 at all redshifts when using the HO7
BC to derive X-ray luminosities. However, SIMBA does not seem to
be able to produce AGN with X-ray luminosities seen at the bright
end of the empirical XLF (with Lx > 10* ergs™!). A likely reason
for this could simply be due to the limited volume of SIMBA (~ 3 X
100 Mpc3), as AGN with such high X-ray luminosities are extremely
rare and have low number densities (< 1077 Mpc’3). It has been
shown in Thomas et al. (2021) that the radio luminosity function of
AGN in SIMBA extends up to the highest observed luminosities,
without any evidence for truncation, lending credit to the idea that
the lack of AGN with Ly > 10% erg s~! in SIMBA is due to
limited volume rather than the implementation of BH accretion in
the model. We remind the reader that, unlike IllustrisTNG, whose
AGN kinetic feedback is injected in randomized directions and is
capable of clearing all the gas near the BH, the AGN kinetic feedback
in SIMBA is purely bipolar and decoupled from the gas, meaning it
explicitly avoids clearing gas in the vicinity of the BH.

In SIMBA, the mean SFR of galaxies with high X-ray luminos-



14  Florez et al.

ity AGN is lower than the mean SFR of galaxies without high X-ray
luminosity AGN. For SIMBA, it is clear that the quenching mech-
anisms are far too efficient in galaxies with high X-ray luminosity
AGN as the SFRs of these objects are far lower than the empiri-
cal SFRs of galaxies with high X-ray luminosity AGN. Not only
does SIMBA implement jet and radiative mode feedback, it also
implements X-ray heating in AGN with full velocity jets. This form
of feedback is invoked in gas-poor (i.e., having Mgys/ M. < 0.2)
galaxies when the AGN jet mode feedback is active, meaning two
forms of AGN feedback can rapidly heat and eject the gas in galax-
ies. X-ray feedback is not applied to more gas-rich galaxies under
the assumption that such galaxies would be able to absorb and ra-
diate away the X-ray energy (Davé et al. 2019). Another possible
reason that SF is much lower in galaxies with high X-ray luminosity
AGN in SIMBA is because the radiative mode feedback injects mo-
mentum, rather than thermal energy (as is done in IlustrisTNG for
quasar-mode feedback), into the surrounding gas. Such injections
of momentum are more effective at quenching SF than injections of
thermal energy as the resulting winds from the kinetic feedback are
capable of ejecting gas from the galaxy. It is important to note that
due to the small volume of SIMBA, the results we are seeing could
also be in part due to environment. The jet mode feedback in SIMBA
is shown to have a widespread effect on the IGM (Christiansen et al.
2020), meaning that jet mode feedback could effectively quench
the SF of many galaxies existing in large groups or clusters. This
would make it such that quasars in groups or clusters have quenched
SF, even if the quasar-mode (i.e., radiative) feedback itself is not
the primary driver of SF quenching. It is therefore possible that a
larger volume could weaken the discrepancy between the empirical
results and SIMBA. Future work that explores the characterization
of environment in both observations and larger volume simulations
will shed light on this issue.

We note that part of the discrepancy we find between SIMBA
and the empirical results could be also due to the stochastic accre-
tion of hot gas. The Bondi accretion for a BH could essentially be
nonexistent until the BH accretes a single hot gas particle, and then
the accretion rate is high for that time step. If this happens to occur
during the time step of the output, one gets a very high accretion
rate. This was dealt with in Thomas et al. (2021) by smoothing
the accretion rate over a 50 Myr window, which ultimately resulted
in lower Bondi accretion rates more consistent with observations.
The smoothing of the accretion rate in SIMBA has the potential to
prevent quenched galaxies from achieving such high X-ray lumi-
nosities and therefore move the mean SFR of galaxies with high
X-ray luminosity AGN to higher values and result in slightly better
agreement with the empirical results. We note that yet another part
of the discrepancy between SIMBA and the empirical results could
be due to the fact that the kinetic feedback in SIMBA is bipolar
and decoupled from the gas. Since the AGN kinetic feedback avoids
clearing gas in the vicinity of the BH, it is possible that the feed-
back modes cannot prevent BHs in massive quiescent galaxies from
accreting too much hot gas and becoming luminous AGN.

8 SUMMARY

In Paper 1 we explored the relation between AGN and SF activity
at cosmic noon. We found that galaxies with high X-ray luminosity
AGN have higher mean SFR by a factor of ~ 3 — 10, at a given
stellar mass, than galaxies without such AGN. We also found that
the vast majority (> 95%) of galaxies with high X-ray luminosity
AGN do not have quenched SF. These results are consistent with a

scenario where high SFRs and high AGN luminosities are triggered
by mechanisms capable of producing large gas inflow rates into
the vicinity of a galaxy’s AGN accretion disk. These results also
suggest that any quenching from AGN feedback would likely occur
after the high X-ray luminosity phase of AGN activity.

In numerical simulations and theoretical models of galaxy evo-
lution, AGN and SF activity are closely intertwined and AGN feed-
back is routinely invoked to regulate galaxy growth. In this paper,
we explored such models by comparing three different simulations
(i.e., the hydrodynamical simulations IllustrisTNG and SIMBA, and
the semi-analytical model SAG) to our empirical results (Paper 1)
and provide guidance and constraints for future developments and
improvement of these models. We made some small refinements to
the sample selection in order to increase the fidelity of comparisons
to theoretical models. We explored the following questions: (i) How
does the number density of high X-ray luminosity AGN in theo-
retical models and numerical simulations compare to the observed
distribution (Section 6.1)? (ii) Do theoretical models reproduce the
observed distribution of galaxies with and without high X-ray lu-
minosity AGN in the SFR-stellar mass plane (Section 6.2)? (iii)
Do theoretical models reproduce the empirical result that galaxies
with high X-ray luminosity AGN have a higher SFR, on average, at
fixed stellar mass than galaxies without such AGN (Section 6.2)?
We summarize our findings below.

(1) SAG: We find that SAG over-produces the number density
of high X-ray luminosity AGN at all redshifts and almost all X-ray
luminosities by factors of ~ 10 — 100. This is evident in the XLF
produced by SAG (Figure 2) and in the distribution of high X-ray
luminosity AGN on the SFR-stellar mass plane (Figure 3). This
could be due to a lack of quasar mode feedback and/or inefficient
stellar feedback which is allowing high BHARSs to go unchecked
in a large fraction of the population. Observations of quasars have
shown that such AGN are capable of driving outflows with velocities
of up to ~ 1000 km s~} or more. It is therefore not unreasonable
to speculate that SAG may need to implement some form of quasar
mode feedback in order to regulate the overproduction of high X-ray
luminosity AGN.

In Figure 3, we find an excessive number of high mass galax-
ies (M, > 1019M¢) in SAG have high X-ray luminosity AGN,
consistent with the fact that SAG over-produces the number density
of high X-ray luminosity AGN at all redshifts. SAG qualitatively
reproduces the empirical result that galaxies with high X-ray lu-
minosity AGN have higher mean SFR, at fixed stellar mass, than
galaxies without such AGN by a factor of ~ 2 — 10. SAG also
produces very few quenched galaxies with high X-ray luminosity
AGN, consistent with what we find in the observations. Starbursts
in SAG are triggered via mergers and disc instabilities, so it is no
surprise that objects growing their BHs through these mechanisms
also experience large amounts of SF.

(2) HNlustrisTNG: The XLF produced by IustrisTNG shows
relatively good agreement with the empirical XLF, especially when
considering the BC of HO7. IllustrisTNG, however, cannot seem
to produce AGN observed at the bright end of the empirical XLF.
This could be due to the high efficiency of the kinetic mode AGN
feedback which suppresses BH accretion and therefore AGN lumi-
nosity. Because the feedback mode has a dependence on BH mass,
it is possible that galaxies with BHs more massive than ~ 103Mg
will always be prevented from producing X-ray luminosities seen at
the bright end of the XLF.

When examining the highest redshift bin in Figures 3 and 4, we do
not find any high X-ray luminosity AGN residing in galaxies above
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our observed stellar mass completeness limit in IlustrisTNG. As
discussed above and in Section 7, this is likely due to the dependence
of the feedback mode on BH mass in IllustrisTNG. The kinetic
mode feedback is more likely to be activated in higher stellar mass
galaxies (M; > 1011 M), simply due to higher mass galaxies
hosting higher mass BHs, and the feedback in turn prevents the
AGN X-ray luminosity from reaching observed values. At z < 2,
we find the mean SFR, at fixed stellar mass, of galaxies with high
X-ray luminosity AGN is higher than the mean SFR of galaxies
without such AGN in IllustrisTNG.

(3) SIMBA: Similar to IllustrisTNG, SIMBA does not seem able
to produce AGN with X-ray luminosities seen at the bright end of
the empirical XLF (with Ly > 10* ergs~!). This is could likely be
due to the limited volume of SIMBA rather than the BH accretion
model itself, as high X-ray luminosity AGN at the bright end of
of the XLF are extremely rare and have low number densities. Un-
like IllustrisTNG, the bipolar kinetic feedback in SIMBA explicitly
avoids clearing out the gas in the vicinity of the BH, meaning that
it does not suppress BH growth as effectively as the kinetic AGN
feedback model does in IllustrisTNG.

Contrary to the empirical results, the mean SFR of galaxies with
high X-ray luminosity AGN is lower than the mean SFR of galaxies
without such AGN in SIMBA (Figures 3 and 4). It is clear that the
quenching mechanisms in SIMBA act far too efficiently in galax-
ies with high X-ray luminosity AGN. We note that both forms of
AGN feedback in SIMBA (i.e., jet mode and radiative mode) inject
momentum into the surrounding gas, rather than thermal energy.
Such injections of momentum are capable of removing gas from a
galaxy and quenching SF more effectively than injections of ther-
mal energy. In addition to radiative and jet mode feedback, SIMBA
implements X-ray feedback in AGN with full-velocity jets mean-
ing multiple forms of feedback can rapidly heat and eject the gas
in galaxies. Because the jet mode feedback can affect the IGM on
scales up to ~ 8 Mpc, we note that the quenching of SF in galaxies
with high X-ray luminosity AGN could be partially due to volume
and/or environment as a high density environment is much more
likely to experience widespread quenching.

We note that part of the discrepancy between SIMBA and the em-
pirical results on the stellar mass-SFR plane could also be due to the
stochastic accretion of hot gas onto the BH. If BHARS are smoothed
over some range of time, as is done in Thomas et al. (2021), it could
potentially prevent quiescent galaxies from achieving such high X-
ray luminosities and therefore move the mean SFR of galaxies with
high X-ray luminosity AGN towards higher values. It is also possi-
ble that the bipolar nature of the kinetic feedback model in SIMBA
contributes to the disagreement with the empirical results. Since the
kinetic feedback is bipolar and decoupled from the gas, the kinetic
AGN feedback model in SIMBA may not prevent BHs in massive
quiescent galaxies from accreting too much hot gas and becoming
luminous AGN.
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APPENDIX A: APPLYING THE L12 BOLOMETRIC
CORRECTION TO THEORETICAL MODELS

In this appendix, we follow up on Section 5.4 and discuss whether
the results change when we derive X-ray luminosities in the
theoretical models using the L12 BC. We plot the same quantities
as in Figures 3 and 4 using the L12 BC and show the new results in
Figures A1l and A2. The most notable difference in the distributions
of high X-ray luminosity AGN we get from the HO7 BC to the
L12 BC can be seen in SAG where more of these AGN reside in
galaxies with quenched SF and in IllustrisTNG where more high
X-ray luminosity AGN reside in more massive galaxies with high
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and low SF. In Figure A2, we see that galaxies with high X-ray
luminosity AGN in SAG have lower SFR than galaxies without
such AGN at M > 10'15 M, contrary to what we see in Figure
4. We discuss the changes for each model below when using the
L12 BC.

SAG: When we apply the L12 BC to SAG, we find many more
galaxies with high X-ray luminosity AGN to have quenched SF,
especially in the lowest redshift bin. This causes a turnover in
the mean SFR-stellar mass trend where galaxies with high X-ray
luminosity AGN go from having higher mean SFR than galaxies
without such AGN to having lower mean SFR than galaxies
without such AGN at M, > 101! My at z ~ 1. This turnover
is not seen in Figure 4, where we use the BC of HO7 to obtain
X-ray luminosities. We note, however, that the main discrepancies
we found between the empirical results and SAG when using
the HO7 were: (i) The overproduction of high X-ray luminosity
AGN (Figures 2 and 3) relative the observed distribution of
high X-ray luminosity AGN; (ii) The existence of galaxies with
high X-ray luminosity AGN in high mass (M. > 1015 a1
galaxies, which is not seen in the observed data. We find that
these conclusions remain true even when using the BC of L12 to
obtain X-ray luminosities in SAG. The abundance of quenched
galaxies with AGN of high X-ray luminosity arises from the fact
that the L12 BC assigns higher X-ray luminosities to objects with
lower Eddington ratios (Equation 2). Therefore, many more objects
experiencing quenching through radio mode feedback are going
to be assigned X-ray luminosities that are above the observed
95% X-ray luminosity completeness limit when we apply the L12
prescription to obtain X-ray luminosity. Lastly, we note that only
~ 10% of the high X-ray luminosity AGN actually reside in galaxies
with quenched SF when applying the BC of L12 to galaxies in SAG.

INustrisTNG: It is notable that when using the 112 BC to obtain
X-ray luminosities for AGN in [llustrisTNG, there are high X-ray
luminosity AGN present in galaxies with M, > 10!!, given that
many of these objects are missing in row 3 of Figures 3 and 4.
We find that at higher stellar masses, the mean SFR of galaxies
with high X-ray luminosity AGN matches the sample of galaxies
without high X-ray luminosity AGN in IllustrisTNG (Figure A2).
At higher stellar masses, galaxies with high X-ray luminosity AGN
have BHs accreting at lower rates relative to the Eddington limit,
meaning the efficient AGN kinetic feedback mode is activated in
these systems. As mentioned in Section 5.4, the BC of L12 assigns
higher X-ray luminosities to objects with lower Eddington ratios.
This is why the BC of L12 picks up more galaxies with high X-ray
luminosity AGN above the 95% X-ray luminosity completeness
limit at M, > 1011 Mg in all three simulations than the HO7 BC.
What the L12 BC is doing is essentially producing higher X-ray
luminosities for objects with low Eddington ratios (fgqg < 0.1).
Such AGN tend to exist in higher mass galaxies and are accreting
in the kinetic mode in the case of IllustrisTNG. Such galaxies
will have SF that is quenched by the kinetic mode feedback of
TustrisTNG.

SIMBA: We find very little change, qualitatively, between the re-
sults given by the L12 BC and HO7 BC for SIMBA. The results
given by the L12 BC remain consistent to what we found previ-
ously for the HO7 BC, with the only real notable difference being
seen at the lowest and highest redshift bins where more high X-ray
luminosity AGN are produced by the L12 BC.
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APPENDIX B: CALCULATING BOLOMETRIC
LUMINOSITY WITH A DEPENDENCE ON EDDINGTON
RATIO

In this appendix, we follow up on Section 5.4 and discuss the effect
of making a distinction between radiatively efficient and inefficient
AGN when computing bolometric luminosity. We consider using a
different expression that depends on the Eddington ratio to calculate
bolometric luminosity for the SAG model, as it explicitly separates
the radio mode accretion of hot gas from quasar mode accretion.

For sources accreting in the radio mode in SAG, we compute
their bolometric luminosities using Eq. (7) of Fanidakis et al. (2012)
and recalculate their X-ray luminosities using the BCs of HO7 and
L12. We note that all sources accreting in radio mode in SAG have
very low Eddington ratios (fggq < 0.01). We show the predicted
XLF by SAG in Figure B1 when assuming a constant radiative
efficiency for all sources (orange circles with error bars, same as
in Figure 2), and when using Eq. (7) of Fanidakis et al. (2012) to
calculate bolometric luminosity for AGN accreting in radio mode
(orange, dashed line). Again, we show the XLFs when applying the
L12 BC to the model (top panels), as well as the HO7 BC (bottom
panels). The only difference between the predicted XLFs produced
by SAG can be seen in the top panels, where the BC of L12 is
applied to get X-ray luminosity. The faint end slope of the SAG
XLF predicted by the variable radiative efficiency slightly flattens
out relative to the SAG XLF predicted by assuming a constant
radiative efficiency, however, both XLFs predicted by SAG in the top
and bottom panels are largely the same in shape and normalization
above the observed X-ray luminosity completeness limit. We find
that SAG still overproduces high X-ray luminosity AGN and the
XLF remains largely unchanged when assuming a variable radiative
efficiency to calculate bolometric luminosity.

This paper has been typeset from a TX/IATgX file prepared by the author.
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Figure A1. The stellar mass-SFR relation for galaxies with (black, stars) and without (colored) high X-ray luminosity AGN for our observed sample (first row),
for SAG (second row), for IllustrisTNG (third row), and for SIMBA (fourth row) in three different redshift bins. The galaxies without high X-ray luminosity
AGN are color-coded by density on the mass-SFR plane in all panels. As in Figure 3, the galaxies with high X-ray luminosity AGN in SAG (second row) are
color-coded by density on a gray scale to better illustrate their distribution, with black regions having approximately 10 neighbors or less inside an aperture
with a diameter of 0.1 dex and white regions having approximately 100 to 150 neighbors within an aperture of the same size. The dashed vertical line shows
the observed stellar mass completeness limit at each redshift range. Also shown in each panel is the mean SFR, at fixed stellar mass, for the sample of galaxies
without high X-ray luminosity AGN (red circles), which we refer to as the main sequence, and the line that falls 1 dex below the main sequence (dotted
magenta). We used the L12 bolometric correction to obtain X-ray luminosities in the models for this figure. Both SAG and IllustrisTNG appear to predict that
the majority of galaxies with high X-ray luminosity AGN have enhanced SFRs, relative to the main sequence, at M, < 10'15 Mg. The majority of galaxies
with high X-ray luminosity AGN in SIMBA, however, appear to have quenched SF. These results are consistent with what we found in Figure 3
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Figure A2. The mean SFR as a function of stellar mass for the sample of galaxies with (black circles) and without (red circles) high X-ray luminosity AGN.
As in Figure Al, the BC of L12 was used to obtain hard X-ray luminosities in the models shown here. SAG and IllustrisTNG appear to show enhanced SFR
in galaxies with high X-ray luminosity AGN compared to galaxies without such luminous AGN, except at the highest stellar mass in IllustrisTNG and SAG
(M, 2 10" Mg). SIMBA appears to show that the mean SFR of galaxies with high X-ray luminosity AGN fall below the main sequence, consistent with
what we found in Figure 4.
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Figure B1. Similar to Figure 2 which shows the XLF of our observed sample (blue), XMM AO13 (red), and the theoretical models using the L.12 BC (top
row) and HO7 (bottom row) BC. We remind the reader that the dashed vertical line represents the X-ray luminosity completeness limit. Here, we only focus on
the SAG model (orange) and show the predicted XLF that arises when we apply two different methods to obtain bolometric luminosity. The SAG XLF with
the error bars and circles is the same that is shown in Figure 2, where the radiative efficiency e is treated as a constant. The SAG XLF shown by the dashed
line is computed by treating the radiative efficiency of the radio accretion mode as a variable that depends on the Eddington ratio (from Fanidakis et al. 2012).
The only difference between the two predicted XLFs produced by SAG is seen at the faint end of the XLF in the top panels, where the BC of L12 is applied to
get X-ray luminosity. The faint end slope of the SAG XLF predicted by the variable radiative efficiency slightly flattens out relative to the SAG XLF predicted
by assuming a constant radiative efficiency. We find that SAG still overproduces high X-ray luminosity AGN and the XLF remains largely unchanged when
assuming a variable radiative efficiency to calculate bolometric luminosity.
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