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ABSTRACT
A mild correlation exists in active galaxies between the mean black hole accretion, as traced by the mean X-ray luminosity 〈LX〉
and the host galaxy stellar mass M∗, characterised by a normalisation steadily decreasing with cosmic time and lower in more
quiescent galaxies.We create comprehensive semi-empirical mock catalogues of active black holes to pin downwhich parameters
control the shape and evolution of the 〈LX〉 −M∗ relation of X-ray detected active galaxies. We find that the normalisation of
the 〈LX〉 − M∗ relation is largely independent of the fraction of active galaxies (the duty cycle), but strongly dependent on
the mean Eddington ratio, when adopting a constant underlying MBH −M∗ relation as suggested by observational studies. The
data point to a decreasing mean Eddington ratio with cosmic time and with galaxy stellar mass at fixed redshift. Our data can
be reproduced by black holes and galaxies evolving on similar MBH −M∗ relations but progressively decreasing their average
Eddington ratios, mean X-ray luminosities, and specific star formation rates, when moving from the starburst to the quiescent
phase. Models consistent with the observed 〈LX〉 −M∗ relation and independent measurements of the mean Eddington ratios, are
characterised by MBH −M∗ relations lower than those derived from dynamically measured local black holes. Our results point
to the 〈LX〉 −M∗ relation as a powerful diagnostic to: 1) probe black hole-galaxy scaling relations and the level of accretion onto
black holes; 2) efficiently break the degeneracies between duty cycles and accretion rates in cosmological models of black holes.

Key words: Galaxies: evolution – Galaxies: active

1 INTRODUCTION

The origin of the coevolution between central supermassive black
holes (BHs) and their host galaxies, most notably mirrored in their
scaling relations, persists as an open debate in extra-galactic astron-
omy. The masses of these central BHs show a correlation with the
host galaxy properties, including the stellar mass and velocity disper-
sion (e.g., Kormendy & Ho 2013; Reines & Volonteri 2015; Shankar
et al. 2016), correlation which is observed to hold even at higher
redshifts (e.g. Shankar et al. 2009; Cisternas et al. 2011; Suh et al.
2020; Li et al. 2021). In particular, the significant interconnection
observed between the average X-ray luminosity (LX) and the star
formation rate (SFR) in active galaxies, i.e. with an active galactic
nucleus (AGN), has been often interpreted as a tracer of the elusive
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underlying link between BH accretion and host galaxy growth across
cosmic times (e.g., Mullaney et al. 2012; Shankar et al. 2013). The
X-ray luminosity of galaxies is also used as a proxy of black hole
accretion rate (BHAR) since X-rays are very energetic photons that
are created very close to the central BH and other contaminants in
the host galaxies at these wavelengths, for example, emission from
stellar processes or binary systems, are usually less powerful and not
dominant (e.g. Brandt &Alexander 2015).Many studies have tried to
unveil the degree of causality of the BHAR with host galaxy proper-
ties like the SFR and stellar mass (M∗) across cosmic time by taking
advantage of deep surveys and cosmological simulations (Delvec-
chio et al. 2015; Rodighiero et al. 2015; Yang et al. 2017; McAlpine
et al. 2017). The results point toward a positive correlation between
the BHAR and theM∗ for star-forming galaxies, with a slope close to
unity similar to the main sequence (MS) of star forming galaxies and
which evolves with redshift. In particular, Carraro et al. (2020) per-
formed a statistical analysis in the COSMOS field in order to study
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the evolution of the average X-ray luminosity and therefore average
BHAR in mass complete samples, as a function of stellar mass, for
normal star-forming, quiescent and starburst galaxies up to 𝑧 = 3.5.
In their work they found that at the highest redshift studied, the three
populations of galaxies had similar BHARs, while towards lower
redshifts they split among starbursts, maintaining about constant ac-
cretion rates, star forming galaxies, having a decrease in BHAR of
∼ 1.5 orders of magnitude, and quiescent galaxies, characterised by
a lower but still significant accretion of their BHs. It is the aim of
the present work to deepen into the observational findings of Carraro
et al. (2020), and to provide a physical framework to understand their
results in terms of fundamental BH accretion parameters.
To achieve this goal, we make use of state-of-the-art semi-

empirical models (SEMs) of galaxies and BHs in a cosmological
context. SEMs are a competitive, fast and flexible methodology, ex-
tensively used in recent years to constrain the degree of evolution and
mergers in galaxies (e.g., Grylls et al. 2020), as well as the degree
of coevolution with their central BHs (Conroy & White 2013; Geor-
gakakis et al. 2019; Comparat et al. 2019; Aird & Coil 2021; Shankar
et al. 2020a; Allevato et al. 2021). The application of SEMs is par-
ticularly relevant to the creation of active and normal galaxy “mock”
catalogues (e.g. Georgakakis et al. 2019; Comparat et al. 2019; Aird
& Coil 2021; Shankar et al. 2020a; Allevato et al. 2021), which are a
vital component of the planning of imminent extra-galactic surveys
such as Euclid (Laureĳs et al. 2011). SEMs, which by design rely
on only a few input assumptions, are particularly effective in pro-
viding insightful constraints on the main parameters regulating the
dependence of some observables on time or mass.
In this work we perform new estimates of the mean X-ray lumi-

nosity 〈LX〉 as a function of galaxy stellar mass, redshift and galaxy
life phases, for the X-ray detected sources in the Carraro et al. (2020)
sample, and use comprehensive semi-empirical mock catalogues of
active BHs to pin down which parameters control the shape and
evolution of the 〈LX〉 −M∗ relation. We explore a variety of inputs
in our model, such as the shape of the Eddington ratio distribution
𝑃(log_, 𝑧), which carries information on the accretion of a BH, or
the normalisation of the MBH −M∗ scaling relation. We will show in
what follows that the slope and normalisation of the 〈LX〉 −M∗ rela-
tion are mostly determined by, respectively, the MBH −M∗ relation
and the mean Eddington ratio.
In Section 2 we present our model and in Section 3 we highlight

the main parameters controlling the 〈LX〉 −M∗ evolution at different
redshifts and galaxy phases. In Sections 4 and 5 we discuss our
findings and draw our conclusions on the relevance of our results in
the context of the BH-galaxy co-evolution scenario. Throughout this
paper we assume a Chabrier (2003) stellar initial mass function, and
a flat cosmology with 𝐻0 = 70 Km/s/Mpc, ΩΛ = 0.7, Ω𝑀 = 0.3.

2 BUILDING ROBUST AGN MOCK CATALOGUES

In this study we create realistic mock catalogues of AGN and non-
active galaxies to study which input parameters mostly control the
〈LX〉 −M∗ relation at different redshifts. Below we provide the most
relevant steps in the generation of our mocks, and refer the reader to
Allevato et al. (2021) for full details.
The first step for the creation of mocks consists in generating a

halo distribution via a halo mass function from Tinker et al. (2008) at
the redshift of interest. To each dark matter halo we assign a galaxy
stellar mass via abundance matching techniques 1, using the relation

1 We immediately note that the exact choices for this first step of the mock

of Moster et al. (2010) with updated parameters from Grylls et al.
(2019, Eq. 5) with a normal scatter in stellar mass at fixed halo mass
of 0.11 dex. We then assign a BHmass via the empirically calibrated
MBH −M∗ relation by Reines & Volonteri (2015), with an intrinsic
scatter of 0.55 dex, and also explore the impact of adopting other
MBH −M∗ relations from Shankar et al. (2016), Davis et al. (2018)
and Sahu et al. (2019), which bracket the systematic uncertainties in
the BH-galaxy stellar mass in the local Universe. We then assume
that each relation does not evolve with redshift, as suggested by a
number of studies (e.g. Shankar et al. 2009; Delvecchio et al. 2019;
Suh et al. 2020; Shankar et al. 2020b; Carraro et al. 2020; Li et al.
2021;Marsden et al. 2021). To each galaxy and BHwe then assign an
Eddington ratio _ ≡ 𝐿𝑏𝑜𝑙/𝐿Edd and convert bolometric luminosities
𝐿𝑏𝑜𝑙 to intrinsic (i.e., unobscured) 2-10 keV X-ray luminosities 𝐿𝑋

via the same bolometric corrections 𝑘𝑋 adopted by Carraro et al.
(2020). Following the formalism in, e.g., Shankar et al. (2013) and
Allevato et al. (2021) and references therein, which in turn follows
the one routinely adopted in continuity equation models, the AGN
luminosity function at any given redshift 𝑧 can be expressed by the
convolution

Φ(log 𝐿𝑏𝑜𝑙 , 𝑧) =
∫ log_max

log_min
𝑈 (𝑦, 𝑧)𝑛(𝑦, 𝑧)𝑃(log_, 𝑧)𝑑 log_ (1)

where 𝑦 = logMBH and 𝑛(𝑦, 𝑧) is the total BH mass function.
𝑃(log_, 𝑧) is the Eddington ratio distribution, which we assume
for simplicity to be independent of BH mass, normalised to unity
in the range log_min < log_ < log_max. 𝑈 (𝑦, 𝑧) is the intrin-
sic duty cycle, i.e., the fraction of all black holes of mass 𝑦 that
are active and accreting mass at an Eddington rate in the range
log_min < log_ < log_max at redshift 𝑧. We set our minimum Ed-
dington ratio to log_min = −4 and the maximum Eddington ratio to
log_max = 1, noticing that the exact value chosen for log_max does
not alter any of our results as the adopted Eddington ratio distribu-
tions have extremely low probabilities above the Eddington limit.
The flexibility offered by Eq. 1 allows to disentangle the effects

of the shape of 𝑃(log_, 𝑧), which carries information on the accre-
tion properties of a BH, from the fraction 𝑈 (𝑦, 𝑧) of active BHs
accreting above a certain threshold in Eddington ratio. The reference
𝑃(log_, 𝑧) distribution is taken to be a simple Gaussian in log_
characterised by a standard deviation 𝜎 and a mean `. We will show
that the shape of the 𝑃(log_, 𝑧) distribution plays a minor role in the
outputs as long as the characteristic Eddington ratio, defined as

Z𝑐 (𝑧) ≡ 〈log_〉 (𝑧) =
∫ log_max

log_min
𝑃(log_, 𝑧) log(_) 𝑑 log(_) , (2)

is the same.We assume a constant duty cycle of𝑈 = 0.2 as suggested
by Goulding et al. (2010) from local X-ray AGN, but we will also
explore the impact on our results of varying the input duty cycle with
BHmass, specifically decreasing withMBH as inferred by Schulze &
Wisotzki (2010) and Schulze et al. (2015), and also increasing with
MBH, as proposed by Man et al. (2019). Although these works were
based on AGN samples with different selections, we use these duty
cycles simply as a guidance to explore the impact on our results of
different “shapes” of the input intrinsic duty cycles𝑈 (𝑦, 𝑧).
When comparing with the data we must retain from the full BH

mock only those active BHs shining above the X-ray flux limit of

generation are irrelevant to our results and conclusions discussed below.
As in this work we are not studying the environment of active galaxies, the
information on host halo mass is here only given for completeness. Equivalent
mocks could be generated by simply extracting galaxies from an input stellar
mass function.
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the observational survey (e.g., Shankar et al. 2013). In our reference
sample, the Chandra COSMOS Legacy Survey (COSMOS-Legacy,
Civano et al. 2016), theX-ray flux limit corresponds to luminosities of
𝐿𝑋 = 1042 erg/s in the lower redshift bin (𝑧 = 0.45), increasing by an
order of magnitude or more at higher redshifts (see below for details).
When computing all AGN-related observational probes, such as the
AGN luminosity function (Eq. 1), the characteristic Eddington ratio
Z𝑐 (𝑧) (Eq. 2), or the mean X-ray luminosity (Eq. 5), we thus include
only those active black holes shining above the Chandra COSMOS
Legacy Survey flux limit at the given redshift2. For example, although
we fix our minimum Eddington ratio to log_min = −4 for our input
𝑃(log_, 𝑧) (e.g., in Eq. 1), after imposing the cut in X-ray flux limit,
among the BHs with massMBH . 108 𝑀� in the lowest redshift bin,
only those accreting at an Eddington rate log_X,min & −3 will be
included in the comparison with the data. We will discuss below that
the flux limit plays a non-negligible role when comparing theoretical
AGNmocks to observations, particularly with respect to the observed
fraction of active black holes as a function of host galaxy stellar mass
(Figure 1).
We assign SFRs to quiescent, normal star-forming, and starburst

galaxies based on their respective SFR-M∗ relation. For starburst and
quiescent galaxies, we adopt the SFR fits from Carraro et al. (2020,
Table 3), while for the “main sequence” we adopt the Schreiber et al.
(2015, Eq. 9) flexible parametric formula

log10

(
SFR

𝑀�𝑦𝑟−1

)
= 𝑚 −𝑚0 + 𝑎0𝑟 − 𝑎1 [max(0, 𝑚 −𝑚1 − 𝑎2𝑟)]2 (3)

with 𝑚 ≡ log10 (𝑀∗) − 9 and 𝑟 ≡ log10 (𝑧 + 1). Best-fit parameters
for our COSMOS data are 𝑎0 = 2.29 ± 0.12, 𝑎1 = 0.25 ± 0.04,
𝑎2 = 0.33 ± 0.30, 𝑚0 = 0.64 ± 0.03, 𝑚1 = 0.55 ± 0.11. We add a
dispersion of 0.2 dex to the SFR.
Irrespective of their duty cycle, we assign to each galaxy in the

mock an X-ray luminosity from X-ray binary emission following
Lehmer et al. (2016, Table 3), and when computing the average X-
ray luminosity competing to a given bin of stellar mass, we then
subtract the mean binary emission competing to that bin of stellar
mass and star formation rate, strictly following the samemethodology
pursued in Carraro et al. (2020).We note that neglecting X-ray binary
emission entirely fromour procedurewould yield very similar results.
Following the procedure described above, we generate diverse galaxy
mock catalogues with distinct choices of the input MBH−M∗ scaling
relations, duty cycles, and 𝑃(log_, 𝑧) distributions. We then divide
each AGN mock catalogue in bins of stellar mass, and select the
BHs that shine above the flux limit of the COSMOS-Legacy survey
(Marchesi et al. 2016), i.e., the “detected” sources of the mock,
as discussed above. The first observable we compute is the AGN
fraction, defined as

AGN fraction(𝑀∗, 𝑧) =
∑
𝑖 𝑈𝑖,detected

𝑁tot
, (4)

where the sum in the numerator runs over all active BHs above the
flux limit, and 𝑁tot at the denominator is the total number of active
and normal galaxies in the specified stellar mass bin. We note that
the probability for a galaxy to be detected above a certain X-ray
luminosity threshold, i.e., the “observed” duty cycle, will depend not

2 The COSMOS field is a great combination of area and depth making it ide-
ally suited to probe the accretion properties of active BHs. A deeper field may
be more sensitive to the faint end shape of the Eddington ratio distribution,
but would not allow to include more luminous sources. A shallower field on
the other hand, may return better statistics for the more luminous sources, but
rapidly losing the fainter ones.

only on the assumed (intrinsic) duty cycle, but also on other properties
such as its BH mass and Eddington ratio. We will discuss below the
differences between observed and intrinsic duty cycles and highlight
how different input parameters in the mocks can generate similar
observed fractions of AGN. The comparison between the observed
AGN fraction and predicted input duty cycle 𝑈 (logMBH, 𝑧) yields
important constraints on the accretion properties of active BHs when
coupled to other observables, as we will discuss below. Finally, we
perform 500 bootstraps out of which we extract the median SFR and
M∗, and the linear mean LX weighted by the AGN duty cycle

〈𝐿𝑋 〉 =
∑
𝑖 𝑈𝑖 (𝑦𝑖 , 𝑧)𝐿𝑋 (𝑦𝑖)∑

𝑖 𝑈𝑖 (𝑦𝑖 , 𝑧)
, (5)

where log 𝐿𝑋 (𝑦𝑖) = 38.1 + log_𝑖 + 𝑦𝑖 − log 𝑘𝑋 , where again the
sums run over all detected BHs in the selected stellar mass bin. The
key advantage of computing mean X-ray luminosities only consid-
ering sources above the flux limit, is that it provides a tracer of BH
luminosity largely independent of the duty cycle, as demonstrated
below. For each bootstrapped distribution we compute the median
SFR and 〈LX〉 with their 5th and 95th percentiles, following the
same procedure as in the comparison observational sample selected
by Carraro et al. (2020). We note that in the original work by Carraro
et al. (2020) the mean X-ray luminosities were computed over the
full sample ofM∗-selected galaxies, including both detected sources
and stacking on non-detected sources. Eq. 5 is instead a weighted
mean over only the detected sources, and thus we recomputed the
mean X-ray luminosities in the Carraro et al. (2020) sample limiting
the analysis to only X-ray detected sources. Whilst Carraro et al.
(2020) assumed an average characteristic obscuration/extinction cor-
rection for all sources competing to a given bin of X-ray luminosity,
we here apply to each individual source the obscuration correction
listed in the Marchesi et al. (2016) catalogue. These new estimates
of the mean X-ray luminosities, which will be presented below, will
be used in what follows as term of comparison for our models. We
checked that the weighted X-ray luminosity in a given bin of stellar
mass given by Eq. 5 is equivalent to the simple arithmetic mean
〈𝐿𝑋 〉 =

∑
𝑖 𝐿𝑋 (𝑦𝑖)/𝑁AGN over a randomly selected subsample of

galaxies 𝑁AGN = 𝑈×𝑁tot in the given bin of stellar mass (in fact, the
two expressions become formally identical in the limit of strictly con-
stant duty cycles). The advantage of adopting a weighted mean over a
simple arithmetic one is that the former is more stable against numer-
ical noise induced by low number statistics. A detailed comparison
to the data would require to distinguish in the model the relative frac-
tions of starburst, main sequence and quiescent galaxies, and for each
galaxy class compute a distinct meanX-ray luminosity via Eq. 5, with
the sum running over the subsample of detected sources competing
to the specified galaxy type. However, such fractions would appear as
additional constant weights in both the numerator and denominator
of Eq. 5, and as such they would be cancelled out. In other words, we
checked that computing a mean 〈𝐿𝑋 〉 =

∑
𝑖 𝐿𝑋 (𝑦𝑖)/𝑁AGN over all

detected sources irrespective of their star-forming type, or restricting
the calculation of the mean to only the relative numbers of detected
sources per galaxy type as observed in the data (Carraro et al. 2020,
their Tables A.1, A.2, A.3), yields equivalent results for the same set
of input parameters.

3 RESULTS

3.1 Reproducing the measured fraction of detected galaxies

Before showing the results on the predictedmeanX-ray luminosity of
detected galaxies, we discuss if and when our model is able to match

MNRAS 000, 1–11 (2021)
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Figure 1. Dependence of the fraction of X-ray detected galaxies (AGN fraction) on the input model duty cycle (top panels), Eddington ratio distribution
(bottom-left panel) and MBH −M∗ scaling relation (bottom-right panel). We include in each panel the fraction of X-ray detected galaxies from the COSMOS
sample from Carraro et al. (2020) with an error bar given by the binomial error on the number of detected AGN and a Poisson error on the total number of
sources.

the fraction of X-ray sources directly observed in COSMOS-Legacy
as a function of stellar mass. The open blue squares in Figure 1 are
the COSMOS Legacy data, taken from Table A.1 in Carraro et al.
(2020) to which we associate a binomial error on the number of
detected AGN and a Poisson error on the total number of sources,
combined together with standard error propagation applied to 𝑁det

𝑁tot
.

We then compare the data with our models filtered by the flux limit
of the observations, which is equal to L𝑋,𝑚𝑖𝑛 = 1042𝑒𝑟𝑔/𝑠 and
L𝑋,𝑚𝑖𝑛 = 6 × 1042𝑒𝑟𝑔/𝑠 at 𝑧 = 0.45 and 𝑧 = 1.0, respectively. We
adopt as our reference model one characterised by a constant input
duty cycle of 𝑈 = 0.2, a Gaussian Eddington ratio distribution in
log_ peaked at ` = −2, and the MBH − M∗ scaling relation from
Reines & Volonteri (2015). We will show below that this choice of
input parameters provides a goodmatch to both the mean AGNX-ray
luminosity and AGN luminosity function. We then vary several of
the input parameters, starting from the duty cycle at both 𝑧 = 0.45
and 𝑧 = 1 (left and right top panels, respectively), the peak of the
Gaussian 𝑃(log_, 𝑧) (bottom, left panel), and the input MBH −M∗
scaling relation (bottom, right panel). It is first of all interesting to
note from the top panels that, once the Gaussian 𝑃(log_, 𝑧) and
MBH − M∗ scaling relation are fixed to our reference choices, the
data are consistent with an input duty cycle𝑈 ∼ 0.2 constant in both
stellar/black hole mass and redshift, at least up to 𝑧 . 1 (dark blue
dashed lines in both top panels). The apparent strong increase of the
AGN fraction with stellar mass is simply induced by the imposed

flux limit. A too strong mass dependence in the input duty cycle, as
suggested by the local fraction of optical AGN measured by Man
et al. (2019) in SDSS, would be inconsistent with the data (dashed,
orange lines), as well as an overall too low initial fraction (dotted,
turquoise lines with𝑈 = 0.01).
The bottom left panel of Figure 1 shows that a varying input

𝑃(log_, 𝑧) distribution, and thus a varying characteristic Z𝑐 , as la-
belled, generates widely different AGN fractions. More specifically,
the higher the Z𝑐 the more luminous are, on average, the mock AGN,
which in turn implies that proportionally less sources are removed
by the cut imposed by the flux limit. We find that when Z𝑐 & −0.5,
the observed AGN fraction is nearly identical to the input 𝑈 ∼ 0.2
(dashed, yellow line), while it rapidly diverges from the input𝑈 ∼ 0.2
dropping towards lower mass, less luminous AGN when Z𝑐 . −2.
The right lower panel of Figure 1 also shows that a flatter or steeper
MBH − M∗ input scaling relation, such as the ones from dynami-
cally measured 𝑀BH by Sahu et al. (2019, dotted, turquoise line)
in early type galaxies and Davis et al. (2018, dot-dashed, magenta
line) in late type galaxies, naturally induce a proportionally flatter
or steeper AGN fraction, because they map galaxies of same stellar
mass to more massive/more luminous or less massive/less luminous
AGN. In conclusion, the observed AGN fraction can contribute to
efficiently break the degeneracies in the input parameters (see also
Section 4), and, when combined with other independent constraints
on, e.g., the BH-galaxy scaling relations and/or the Eddington ratio
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Figure 2. A gallery of average LX −M∗ relations of detected sources at 𝑧 = 0.45 for star forming galaxies obtained by varying one of the input relations at a
time. The relation that varies in each subplot is reported in the legend. Results from COSMOS X-ray detected sources at the same redshift from Carraro et al.
(2020) are included in all plots for comparison (blue squares). Top left: LX −M∗ relation obtained by changing the Eddington ratio distribution function. We use
a Schechter function and Gaussian function in log(_) with varying mean ` and standard deviation 𝜎 values. Top right: LX −M∗ relation obtained by changing
the duty cycle method. Bottom left: LX −M∗ relation obtained by changing the MBH −M∗ scaling relation. Each scaling relation is shown within its original
stellar mass range of derivation. Bottom right: LX −M∗ relation obtained with a toy MBH −M∗ scaling relation where we change the logarithmic slope 𝛽 of the
relation logMBH = 𝛼 + 𝛽 logM∗ and increase its scatter. Original Reines & Volonteri (2015) values are: 𝛽 = 1.1 and 0.55 dex scatter.

distributions, it is a powerful diagnostic of the intrinsic AGN duty cy-
cle𝑈 (𝑦, 𝑧), and it can thus be used to constrain the accretion history
of supermassive black holes.

3.2 The effect of the model’s inputs on the 〈LX〉 −M∗ relation

In Figure 2 we compare the mean X-ray luminosity of detected active
galaxies in a given bin of stellar mass, which in what follows we will
continue labelling simply as 〈LX〉 (Eq 5), with several differentmodel
predictions. To pin down the input parameters that mostly control the
〈LX〉 −M∗ relation, we explore in Figure 2 how the relation varies
by changing, from top left to bottom right, the 𝑃(log_, 𝑧) , the duty
cycle, the full MBH − M∗ relation, and only the slope/scatter of
the Reines & Volonteri (2015) relation, as labelled. All the mocks
are generated at 𝑧 = 0.45, though the results are applicable to all
redshifts, as further discussed below. In Figure 2 the data refer to
only the subsample of star forming, main sequence galaxies. As
anticipated in Sec 2 and Eq 5, the mean 〈LX〉 should in principle
be weighted by the fractional number of detected sources within a
given star formation class (e.g., quiescent, star forming, starbursts).

However, this additional weighting can be neglected as it is cancelled
out in Eq 5, being a constant in each bin of stellar mass (e.g., Carraro
et al. 2020).

The top left panel of Figure 2 compares the mean 〈LX〉 measured
in the data with the one from our mocks of detected galaxies. We
find that a Z𝑐 ∼ −2 is able to match the data at 𝑧 = 0.45. This value
of the mean Eddington ratio is broadly consistent with the mean
specific BH accretion rate _sBHAR measured by Aird et al. (2019)
from large samples of deep X-ray AGN surveys, and also with the
mean Eddington ratio quoted by other groups (e.g., Hickox et al.
2009; Kauffmann & Heckman 2009). The top panels of Figure 2
clearly show that whilst the normalisation of the 〈LX〉 −M∗ relation
is strongly controlled by the characteristic Eddington ratio Z𝑐 (left
panel), it has a negligible dependence on the input AGN duty cycle
(right panel). This behaviour is expected as the 〈LX〉 in Eq 5 is
an average luminosity calculated only on the fraction of detected
sources, and as such it is largely independent of the number of BHs
detected in a given bin of stellar mass, but strongly dependent on the
rate at which these BHs are accreting. We show in the top left panel
of Figure 2 that a Schechter or Gaussian 𝑃(log_, 𝑧) yield the same
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Figure 3. The LX −M∗ relations at 𝑧 = 0.45 (left panels), 𝑧 = 1.0 (central panels) and 𝑧 = 2.7 (right panels) obtained by assuming a MBH −M∗ scaling relation
from Reines & Volonteri (2015) and a Gaussian in log(_) with standard deviation 𝜎 = 0.3 dex. We vary the Eddington ratio distribution in order to reproduce
the observational results from the COSMOS-Legacy detected sources selected in Carraro et al. (2020). Black dashed lines represent the survey luminosity limits.

mean X-ray luminosity 〈LX〉 at fixed stellar mass as long as their Z𝑐
are the same (dotted turquoise and dot-dashed magenta lines). It is
indeed the characteristic Eddington ratio Z𝑐 , and not the overall shape
of the 𝑃(log_, 𝑧) input distribution, to determine the level of mean
X-ray luminosity in detected galaxies at fixed stellar mass and at fixed
MBH−M∗ relation. Nevertheless, some constraints even on the shape
of the 𝑃(log_, 𝑧) can be derived from ourmethodology. For example,
assuming a steeper/flatter faint end in the input Schechter 𝑃(log_, 𝑧)
function, would induce a lower/higher Z𝑐 . To then preserve the same
Z𝑐 necessary to match the observed 〈LX〉 − M∗ relation, would in
turn require a shift in the knee of the Schechter function, and the new
combination of faint end slope and knee can then be tested against
the AGN luminosity function (which we further discuss below). It
is relevant to reiterate at this point that the observations are only
sensitive to Eddington ratios corresponding to luminosities above
the survey flux limit (Eq. 2), and thus are sensitive only to portion of
the 𝑃(log_, 𝑧) above the minimum Eddington ratio detectable in the
sample.
Some residual, weak dependence on the duty cycle may be visible

in the right panel of Figure 2 especially towards higher stellar masses
(dote-dashed, magenta line). This (tiny) dependence of the 〈LX〉−M∗
relation on the input duty cycle is a simple byproduct of the scatter
in the MBH −M∗ relation and of our definition of input duty cycle:
𝑈 (logMBH, 𝑧) is dependent on BH mass, and thus at fixed stellar
mass, a variety of BHs with different weights could contribute to the
mean 〈LX〉, slightly altering its final value depending on the shape
(not the normalisation) of the input duty cycle𝑈 (logMBH, 𝑧).
The bottom left panel of Figure 2 shows instead a close link be-

tween the normalisation of the input MBH −M∗ relation and the nor-
malisation in the 〈LX〉 −M∗ relation: at fixed Z𝑐 , a lower MBH −M∗
relation will result in a proportionally lower 〈LX〉 −M∗ relation, and
vice versa. This link between the two relations naturally arises from
the proportionality between X-ray luminosity and BHmass, which in
turn is linked to the host galaxy stellar mass via the MBH −M∗ rela-
tion. The right panel of Figure 2 shows the variations in the 〈LX〉−M∗
relation for the same input MBH −M∗ relation with varying slope or
scatter, as labelled. A steeper/shallower MBH −M∗ scaling relation
will result in a proportionally steeper/shallower 〈LX〉 −M∗ relation,
while a lower/higher scatter will decrease/increase the normalisation

of the 〈LX〉−M∗ relation, mainly due to the lower/larger contribution
of detected BHs, especially themoremassive and luminous ones. It is
thus clear from Figure 2 that the slope and normalisation of the input
MBH −M∗ relation, as well as the input Z𝑐 , all play a significant, and
in fact degenerate, role in shaping the 〈LX〉 −M∗ relation. For ex-
ample, a flatter slope in the MBH −M∗ relation or a mass-dependent
Z𝑐 , progressively decreasing at larger masses, could both produce
a flatter slope in the 〈LX〉 −M∗ relation. Also, decreasing Z𝑐 with
increasing BH mass could indeed reconcile the Carraro et al. (2020)
observational results with a steeper MBH −M∗ relation as calibrated
in the local Universe (e.g., Shankar et al. 2016; Davis et al. 2018). If
the scaling relation between BHs and their hosts is constrained via
independent methods, such as AGN clustering (e.g., Shankar et al.
2020a; Allevato et al. 2021; Viitanen et al. 2021), then the 〈LX〉−M∗
relation can be used to constrain the mean Z𝑐 as a function of galaxy
stellar mass and redshift, as further discussed below.

3.3 Reproducing the 〈LX〉 −M∗ relation through cosmic time

In this Section we extend the comparison to data on the 〈LX〉 −M∗
relation at different redshifts. We showed in Section 3.2 that the
〈LX〉 can provide valuable constraints on the mean Eddington ratio
of active BHs. Thus, by studying the 〈LX〉 − M∗ at different red-
shifts and galaxy stellar masses, we can build a more comprehensive
view of how BHs accrete at different epochs and in different host
galaxies. The data point to a steady decrease of the mean 〈LX〉 −M∗
luminosity with cosmic time at fixed host galaxy stellar mass. As
discussed above, this decreasing trend could be interpreted either as
a progressive decline in the normalisation of the MBH −M∗ relation
and/or in the characteristic Z𝑐 . The latest data suggest a rather weak
evolution in the MBH −M∗ relation up to at least 𝑧 ∼ 2.5 (e.g., Suh
et al. 2020; Shankar et al. 2020b) thus favouring, in our approach, a
steady decrease in Z𝑐 , which would also be in line with independent
observations (e.g., Kollmeier et al. 2006) and continuity equation
models (e.g., Shankar et al. 2013; Aversa et al. 2015).
In Figure 3 we show the predicted 〈LX〉 −M∗ relation for mock

catalogues at 𝑧 = 0.45, 1.0, 2.7 (left, central and right panels respec-
tively), generated by assuming as a reference the Reines & Volonteri
(2015) MBH −M∗ relation, which naturally generates a slope in the
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Figure 4. LX as a function ofM∗ (left) and SFR (right). LX are obtained at 𝑧 = 1.0 for detected galaxies with a Reines & Volonteri (2015) MBH −M∗ scaling
relation and with a Gaussian Eddington ratio distribution as shown in the legend, with a 𝜎 = 0.3𝑑𝑒𝑥. In the right panel, SFRs are obtained using the fits
from Carraro et al. (2020) for star-forming (SF), quiescent (Q) and starburst (SB) galaxies, and data points are colour coded according to M∗. All relations are
compared with results from COSMOS data from Carraro et al. (2020).

〈LX〉 −M∗ relation consistent with our data. At each redshift we plot
the models with an input Gaussian distribution 𝑃(log_, 𝑧) with a
` value (the corresponding Z𝑐 values are very similar being Gaus-
sian distributions) chosen in a way to match the central value of the
〈LX〉 − M∗ distribution at each redshift. We find that, assuming a
strictly constant MBH −M∗ relation, to reproduce the data we would
need a drop of a factor & 100 in the characteristic Eddington ratio
Z𝑐 from 𝑧 ∼ 2.7 to 𝑧 ∼ 0.45, which mirrors the fast drop in mean
Eddington ratio also derived in some observational data and conti-
nuity equation results (see, e.g., Fig. 12 in Shankar et al. 2013). We
checked that the steady decrease in Z𝑐 /` with decreasing redshift
is not an artefact of the progressively lower flux limit with cosmic
time (dashed, horizontal lines in Figure 3). Recomputing Z𝑐 [𝑧] im-
posing the same flux limit in all redshift bins yields very similar
results. We also note that at 𝑧 & 1, on the assumption that the input
MBH −M∗ relation remains constant in both slope and normalisa-
tion, the models tend to produce a 〈LX〉 −M∗ relation steeper than
what observed, which in turn would require a Z𝑐 decreasing with
increasing stellar mass by a factor . 3 to improve the match to the
data. A systematically lower mean Eddington ratio for more mas-
sive galaxies would imply that their more massive BHs should have
grown earlier, the so-called downsizing trend, in whichmoremassive
galaxies/BHs build up the bulk of their mass faster than less massive
galaxies/BHs (e.g., Marconi et al. 2004). It is important to highlight
that the amount of downsizing/decrease in Z𝑐 with increasing host
galaxy stellar mass, would be reduced if one includes in the mocks a
larger statistical uncertainty in stellar mass and/or X-ray luminosity,
which would both tend to flatten the predicted 〈LX〉 −M∗ relation
(see, e.g., discussion in Shankar et al. 2014; Allevato et al. 2019). All
in all, the results in Figure 3, taken at face value, suggest that BHs
would be accreting close to their Eddington limit at 𝑧 & 2.5, and
then rapidly shut off at lower redshifts, especially for more massive
galaxies. Indeed, continuity equation models clearly show that more
massive BHs have formed most of their mass by 𝑧 ∼ 1 (e.g., Marconi
et al. 2004; Shankar et al. 2020b).

3.4 Reproducing the 〈LX〉 −M∗ relation in starburst,
main-sequence and quiescent galaxies

So far we have mostly focused on comparing model predictions with
the mean 〈LX〉 −M∗ relation of star forming main sequence galax-
ies, which are the vast majority of the detected active galaxies in
COSMOS-Legacy. However, AGN activity is routinely detected also
in other galaxy life phases. Carraro et al. (2020) showed that, at least
at 𝑧 < 2.25, starbursts, star forming and quiescent galaxies are char-
acterised by distinct 〈LX〉 −M∗ relations, which are similar in slope
but differ in normalisation by a factor of ∼ 10 when moving from
quiescent galaxies, with the lowest average 〈LX〉, to the starbursts,
with the highest average 〈LX〉 at fixed stellar mass. In the context
of our approach, this offset in 〈LX〉 at fixed stellar mass could be
explained either by a systematic difference in the characteristic Ed-
dington ratio Z𝑐 and/or by a systematic offset in the normalisation of
the MBH−M∗ relation, when moving from quiescent to star-forming
galaxies. In this Section we proceed with a systematic comparison
of our models with the COSMOS-Legacy data focusing on the de-
pendence of the 〈LX〉 −M∗ relation on galaxy type at fixed redshift,
specifically at 𝑧 = 1, though the conclusions we will retrieve below
are quite general and can be easily extended to other redshift bins.
In the left panel of Figure 4 we explore mocks with a constant input

MBH−M∗ relation fromReines&Volonteri (2015), but characterised
by distinct Z𝑐 , as labelled (circles, triangles, and pentagons), against
the 〈LX〉 − M∗ relation measured for the three types of galaxies
studied by Carraro et al. (2020) (blue diamonds, squares and crosses
for starbursts, star forming, and quiescent galaxies, respectively).
Reproducing the steep increase in mean 〈LX〉 at fixed M∗ requires,
as expected, a proportionally higher value of Z𝑐 in main sequence
and starburst galaxies, assuming the same MBH −M∗ relation. We
stress that the calculation of the mean 〈LX〉 of each galaxy type
via Eq. 5 would require an additional statistical weight specifying
the relative contribution of each galaxy type to the total number
of detected active galaxies. As this weight is constant in each stellar
mass bin, it would however cancel out when applied to the numerator
and denominator of Eq. 5. In the right panel of Fig. 4 we show the
SFRs of the entire sample from Carraro et al. (2020) against the
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luminosity of the X-ray detected sources only. We decided not to
use the SFRs from the detected sample since the tracers used for
their estimation (IR and UV luminosity) may be polluted by AGN
emission and the IR stacking may not achieve a significant signal-
to-noise with the low number statistics from this subsample, both
leading to non-representative SFRs for these galaxies.

Interestingly, it is apparent from Figure 4 that the observed 〈LX〉 −
M∗ relation in starburst galaxies is not a simple power law but tends
to show a break that becomes more pronounced in more massive
galaxies of mass log(𝑀∗/𝑀�) & 10.5 and at lower redshifts. In our
modelling, this feature could be naturally reproduced with a further
decrease in Z𝑐 in the most massive galaxies in our sample, which
would align with the idea of downsizing, as discussed above. This
result supports the view that, already in the early starburst phase,
more massive galaxies and their central BHs have accreted their
mass earlier and are now in their declining phase, as predicted by
some models (e.g., Lapi et al. 2018). We stress that the downsizing
in Z𝑐 would be even more pronounced if steeper MBH −M∗ relations
were adopted in input. The right panel of Figure 4 shows that our
chosen values of Z𝑐 that match the 〈LX〉−M∗ relation for each galaxy
type, also reproduce, at the same time, their respective LX − SFR
relations, where the SFR is assigned to each galaxy type based on
their observed underlying SFR −M∗ relation.

An alternative way to explain the different normalisation of star-
burst and quiescent galaxies in the 〈LX〉 − M∗ plane would be to
adopt the same Z𝑐 for all galaxy types and progressively increase the
normalisation of the MBH −M∗ scaling relation when moving from
quiescent to starburst galaxies. We however disfavour such a model.
Direct measurements of the MBH − M∗ scaling relation in AGN
within a variety of host galaxies (e.g., Reines & Volonteri 2015;
Shankar et al. 2019; Suh et al. 2020, and references therein), have all
revealed normalizations that are lower than those typically measured
locally in dynamically measured BHs, possibly due to some biases
in the latter (e.g., Shankar et al. 2016). In particular, BHs in local
elliptical, quiescent galaxies seem to be the most massive ones at
fixed host galaxy stellar mass among all samples of local active and
normal galaxies (see, for example, Figure 8 in Reines & Volonteri
2015). In addition, also the analysis of the clustering of active, mostly
star-forming, galaxies at fixed BH mass favours MBH −M∗ scaling
relations with a normalisation lower than the one measured for local
quiescent, early-type galaxies (e.g., Shankar et al. 2020a; Allevato
et al. 2021; Viitanen et al. 2021). Direct (or indirect) comprehensive
measurements of the MBH −M∗ scaling relation in active starburst
galaxies are still unavailable. However, theoretical models suggest
that the ratio between BH mass and host galaxy stellar mass in the
starburst phase should, if anything, be lower than what observed lo-
cally, as the BH grows from a relatively small seed within a host
forming stars at exceptionally high rates (see, e.g., Lapi et al. 2014,
their Figure 3). More generally, these models suggest that, from an
evolutionary point of view, quiescent galaxies should be older galax-
ies with larger BHs at fixed stellar mass (e.g., Cirasuolo et al. 2005;
Granato et al. 2006; Lapi et al. 2006; Shankar et al. 2006; Lapi et al.
2018).

All in all, the evolutionary picture that could be extracted from
Figure 4 is one in which the central BH and its host galaxy move
around a similarMBH−M∗ scaling relation throughout their lifetime.
They could start from a main-sequence or even starburst, gas-rich
phase, evolving at an almost constant (specific) SFR, as also proposed
by theoretical models (e.g. Lapi et al. 2014; Aversa et al. 2015) and
direct observations (Carraro et al. 2020), and then gradually switch
off their accretion and star formation due to internal gas consumption,

thus gradually reducing their SFR and accretion onto the central BH
(right panel of Figure 4).

4 DISCUSSION

We showed in the previous Sections that the mean 〈LX〉−M∗ relation
of X-ray detected active galaxies is a powerful tool to constrain the
mean accretion rate of active BHs Z𝑐 as a function of time and BH
mass, and in ways largely independent of the duty cycle. When cou-
pled to other independent probes, the 〈LX〉 −M∗ can thus provide an
invaluable support in breaking the degeneracies in the accretion pa-
rameters of supermassive BHs. For example, as discussed in Section
2, the AGN X-ray luminosity function is a convolution of the under-
lying BH mass function, which mostly depends on the BH-galaxy
scaling relations (e.g., Salucci et al. 1999), the intrinsic fraction of
active BHs as a function of BH mass (the duty cycle 𝑈 (𝑦, 𝑧)), and
the normalised Eddington ratio distribution 𝑃(log_, 𝑧) (see, e.g.,
Shankar et al. 2013, and references therein). Thus, knowledge of the
AGN X-ray luminosity function and of the characteristic mean Ed-
dington ratio Z𝑐 from independent observables, could shed light on
the duty cycle, once a robust estimate of the underlying BH-galaxy
scaling relation is available from, e.g., AGN clusteringmeasurements
(see discussion in Shankar et al. 2020a; Allevato et al. 2021; Viitanen
et al. 2021).
Figure 5 shows a few examples of the dependencies of the AGN

luminosity function on the most relevant model input parameters.
We compare the observed X-ray AGN luminosity function3 by Ueda
et al. (2014, orange dotted lines) and Miyaji et al. (2015, blue filled
circles), with the predictions of our reference model with a constant
duty cycle 𝑈 = 0.2, a MBH −M∗ relation from Reines & Volonteri
(2015), and a Gaussian 𝑃(log_, 𝑧) with ` = −2, a combination able
to simultaneously reproduce the observed fraction of X-ray AGN
(Figure 1) and mean 〈LX〉 − M∗ relation (Figure 2). Despite the
crudeness of our model, the top-left panel of Figure 5 shows that our
reference mock (solid green line) is able to broadly reproduce the
data at all luminosities within a factor of . 2, without any extra fine-
tuning. On the other hand, when switching to a MBH −M∗ relation
with a higher normalisation than the one calibrated by Reines &
Volonteri (2015), such as the one by Sahu et al. (2019), would tend
to significantly overproduce the observed AGN luminosity function,
an effect induced by the newMBH−M∗ relation which maps galaxies
to more massive BHs and thus more luminous AGN (e.g., Shankar
et al. 2020a). To recover the match to the AGN luminosity function
with the newMBH−M∗ relation we would require a mean Eddington
ratio Z𝑐 significantly lower by more than an order of magnitude, as
shown in the bottom, left panel (solid, red line), which allows to
systematically shift the predicted luminosity function by a factor of
& 10 to fainter X-ray luminosities, in better agreement with the data.
Although such a low value of Z𝑐 could still generate a 〈LX〉 −M∗
relation in broad agreement with the data, at least at larger stellar
masses (by simply proportionally lowering the violet dashed model
in the bottom, left panel of Figure 2), and also with the observed
AGN fraction (pink double dot-dashed line in the bottom right panel
of Figure 1), it would be inconsistent with independentmeasurements
of the mean Eddington ratios at similar redshifts (e.g., Hickox et al.
2009; Kauffmann & Heckman 2009; Aird et al. 2019). Alternatively,
we could keep the reference value of Z𝑐 but decrease the duty cycle

3 Both luminosity functions do not include Compton-thick sources, thus our
duty cycle𝑈 (logMBH, 𝑧) refers to the total fraction of Compton-thin AGN,
i.e., those with log 𝑁𝐻 < 24 cm−2.
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Figure 5. XLF from the models using the Eddington ratio better representing the 𝐿𝑋 of the data at 𝑧 = 0.45. Top panels: Using Reines & Volonteri (2015)
scaling relation, varying the duty cycle U=0.2 (left) and U=0.01 (right). Bottom panels: Using Sahu et al. (2019) scaling relation, varying the duty cycle U=0.2
(left) and U=0.01 (right). Models are compared with data from Ueda et al. (2014) and Miyaji et al. (2015) at the same redshift.

to𝑈 = 0.01, as shown in the solid lines reported in the right panels of
Figure 5. This solution improves the match between the model with
higher normalisation in theMBH−M∗ relation and the observedAGN
luminosity function, at least at the bright end (bottom right panel).
However, such a low value of the duty cycle𝑈 = 0.01 is inconsistent
with the much higher fraction of AGN detected in COSMOS-Legacy
(Figure 1).

Our current work is able to provide additional clues and empir-
ical evidence in support of the (complex) models of supermassive
BH evolution in galaxies. According to the standard picture of the
early phases of the co-evolution of galaxies and their central BHs
(e.g., Granato et al. 2006; Hopkins et al. 2006; Lapi et al. 2018),
galaxies undergo a first rapid, gas-rich and strong burst of star for-
mation, during which a (seed) BH can substantially grow at or above
the Eddington limit, followed by a more regular and then quiescent
phase during which both the star formation and the accretion onto the
central BH drop substantially. We already showed in the left panel
of Figure 4 that, in the context of our modelling, when assuming
a constant or slowly varying underlying MBH −M∗scaling relation,
the data tend to favour an evolving characteristic Eddington ratio
Z𝑐 , steadily declining when the galaxy transitions from the starburst

to the quiescent phase, and we suggested, based on the compari-
son with the L𝑋 -SFR relation (right panel of Figure 4), that this
temporal trend in BH accretion rate should be closely mirrored by
the star formation in the host galaxy, in agreement with the expec-
tations from theoretical models. Here we further elaborate on this
idea. In our previous work (see, e.g., Figure 3 in Carraro et al. 2020),
we showed that main-sequence and quiescent galaxies share similar
ratios of BHAR and SFR at all probed cosmic epochs, suggesting
that the two processes are indeed linked together throughout differ-
ent galaxy phases. In fact, the mean BHAR/SFR can be written as
BHAR/SFR ∝ 𝐿𝑏𝑜𝑙/SFR ∝ 10Z𝑐MBH/(𝑘M∗), where 𝑘 = SFR/M∗
is the specific SFR. Thus, at fixedMBH/M∗, a similar BHAR/SFR ra-
tio as the one observed in star forming and quiescent galaxies, would
be induced by a proportional decline in characteristic Eddington ra-
tio Z𝑐 and specific SFR 𝑘 within a bin of stellar mass. Analogously,
the significantly lower BHAR/SFR in starbursts with respect to qui-
escent/star forming galaxies, as measured by Carraro et al. (2020),
would be naturally interpreted as a proportionally higher specific
SFR 𝑘 and roughly constant or slightly higher Z𝑐 in these young gas
rich systems, as predicted by some BH evolutionary models (e.g.,
Lapi et al. 2014; Aversa et al. 2015).

MNRAS 000, 1–11 (2021)
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5 CONCLUSIONS

In this work we use statistical semi-empirical models to generate
accurate mock catalogues of active galaxies, which we analyse in
the same manner as in the comparison observational sample from
Carraro et al. (2020). Our goal is to unveil the input parameters
driving the 〈LX〉 −M∗ relation. We start from a halo mass function at
a given redshift, we assign galaxies and BHs to darkmatter haloes via
the most up-to-date empirical stellar-halo and MBH −M∗ relations,
andwe assume a SFRdepending only on stellarmass and redshift.We
explore a range of Eddington ratio distributions 𝑃(log_, 𝑧), MBH −
M∗ scaling relations and duty cycles𝑈 (logMBH, 𝑧). Our results can
be summarised as follows:

• In agreement with previous findings (see, e.g., Aird et al. 2012;
Shankar et al. 2013), the apparent increase of AGN detections to-
wards high stellar masses, i.e., the “observed” AGN fraction, is not
necessarily caused by AGN being more frequent in more massive
galaxies, but we find that it is mostly a consequence of the X-ray
survey flux limit, which prevents the detection of the faintest sources
with a higher probability of being located in lower mass galaxies.

• The mean 〈LX〉 −M∗ (or LX-SFR) relation in detected BHs is
largely independent of the AGN duty cycle, but strongly depends on
the shape, normalisation and scatter of the underlying MBH − M∗
scaling relation and on the characteristic Eddington ratio Z𝑐 , which
play a degenerate role in linking the mean 〈LX〉 with the BH mass.

• When assuming a roughly constant MBH − M∗ relation with
time, as indicated by many recent observations, current X-ray data
on the 〈LX〉−M∗ relation favour models with a mean Eddington ratio
of a few percent at 𝑧 = 0.45 and rapidly approaching the Eddington
limit at 𝑧 ∼ 3, in broad agreement with a variety of independent data
sets and theoretical models.

• At fixed redshift 𝑧 & 1, the same data sets also show evidence
for downsizing, with the most massive BHs having accreted their
mass more rapidly than less massive BHs.

• At fixed redshift, the 〈LX〉 −M∗ relation increases by nearly an
order of magnitude in normalisation when moving from quiescent
to starburst galaxies. Our models suggest that, on the reasonable
assumption of a constant MBH −M∗ relation, this increase in mean
〈LX〉 is mostly induced by the mean Z𝑐 being much higher during
the starburst, gas-rich phase, and rapidly dropping in the quiescent,
gas-poor phase.

• Models consistent with the observed 〈LX〉 −M∗ relation, inde-
pendentmeasurements of themean Eddington ratios, the observedX-
ray AGN fraction, and the X-ray AGN luminosity function, are char-
acterised by input MBH −M∗ relations with normalizations aligned
with those of local AGN samples (e.g., Reines & Volonteri 2015;
Shankar et al. 2019), which are often lower than those derived from
dynamically measured local BHs.

The main result derived from this work is the evidence that the
〈LX〉 −M∗ relation can efficiently break degeneracies among input
duty cycles, Eddington ratio distributions and also BH-galaxy scaling
relations, when the latter are coupled with independent observational
probes, such as AGN clustering measurements (Shankar et al. 2020a)
and observed AGN fractions, thus representing a powerful test for
BH evolutionary models in a cosmological context.
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