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1 INTRODUCTION

ABSTRACT

We present a census of the active black hole population at 1 < z < 2, by constructing the
bivariate distribution function of black hole mass and Eddington ratio, employing a maximum
likelihood fitting technique. The study of the active black hole mass function (BHMF) and
the Eddington ratio distribution function (ERDF) allows us to clearly disentangle the active
galactic nuclei (AGN) downsizing phenomenon, present in the AGN luminosity function, into
its physical processes of black hole mass downsizing and accretion rate evolution. We are
utilizing type-1 AGN samples from three optical surveys (VVDS, zCOSMOS and SDSS), that
cover a wide range of 3 dex in luminosity over our redshift interval of interest. We investigate
the cosmic evolution of the AGN population as a function of AGN luminosity, black hole mass
and accretion rate. Compared to z = 0, we find a distinct change in the shape of the BHMF and
the ERDF, consistent with downsizing in black hole mass. The active fraction or duty cycle
of type-1 AGN at z ~ 1.5 is almost flat as a function of black hole mass, while it shows a
strong decrease with increasing mass at z = 0. We are witnessing a phase of intense black hole
growth, which is largely driven by the onset of AGN activity in massive SMBHs (supermassive
black holes) towards z = 2. We finally compare our results to numerical simulations and semi-
empirical models and while we find reasonable agreement over certain parameter ranges, we
highlight the need to refine these models in order to match our observations.

Key words: galaxies: active — galaxies: nuclei —quasars: general.

co-evolution between the SMBH and its host galaxy, suggested by
the observed tight correlation between SMBH mass and the proper-

Supermassive black holes (SMBHs) constitute a fundamental com-
ponent of galaxies, as almost every massive galaxy harbours an
SMBH in its centre (Kormendy & Richstone 1995). A complete
picture of galaxy evolution requires an understanding of the growth
history of SMBHs. This is demanded by observational evidence for
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ties of the galaxy’s spheroidal component, e.g. with stellar velocity
dispersion (e.g. Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Tremaine et al. 2002; McConnell & Ma 2013), bulge luminosity
and bulge mass (Magorrian et al. 1998; Marconi & Hunt 2003;
Haring & Rix 2004). Furthermore, the cosmic black hole (BH) ac-
cretion rate density traces well the strong evolution in the cosmic
star formation rate density since z ~ 3 (e.g. Boyle & Terlevich
1998; Marconi et al. 2004; Silverman et al. 2008), implying a link
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between star formation and BH accretion in a global sense. Such a
connection between star formation and active galactic nuclei (AGN)
activity is also directly seen for luminous AGN (e.g. Netzer et al.
2007; Lutz et al. 2008; Silverman et al. 2009; Rosario et al. 2012).

The Soltan argument suggests that most BH growth takes place
in luminous AGN phases (Soltan 1982; Salucci et al. 1999; Yu &
Tremaine 2002). Therefore, the demographics of the AGN popula-
tion enables an assessment of the cosmic SMBH growth history. The
main demographic quantity is the AGN luminosity function (AGN
LF), which is established over a wide range in redshift, luminos-
ity and wavelength (e.g. Boyle et al. 2000; Ueda et al. 2003, 2014;
Wolf et al. 2003; Hasinger, Miyaji & Schmidt 2005; La Franca et al.
2005; Richards et al. 2006a; Bongiorno et al. 2007; Silverman et al.
2008; Croom et al. 2009; Aird et al. 2010; Assef et al. 2011; Fiore
etal. 2012). The evolution of the AGN LF allows us to constrain the
BH growth history using a continuity equation to evolve the black
hole mass function (BHMF) through redshift (Yu & Tremaine 2002;
Marconi et al. 2004; Merloni 2004; Yu & Lu 2004, 2008; Merloni
& Heinz 2008; Shankar, Weinberg & Miralda-Escudé 2009; Draper
& Ballantyne 2012). These studies found that the local total BHMF
is consistent with being a relic of previous AGN activity. They also
link the AGN ‘downsizing’, observed in the AGN LF (Ueda et al.
2003; Hasinger et al. 2005; La Franca et al. 2005; Croom et al.
2009), to the growth of SMBHEs, i.e. the most massive BHs grow
at earlier epochs, while lower mass BHs are still actively growing
at later times, a behaviour which is also called antihierarchical BH
growth (Marconi et al. 2004; Merloni 2004).

However, having only information on the AGN luminosity does
not allow us to distinguish the two quantities that govern SMBH
growth, i.e. SMBH mass (M, ) and accretion rate. The latter can be
expressed as the Eddington ratio A = Lg,1/Lgad, With the Eddington
luminosity Lggg = 1.3 x 10%(M, /M) erg s~!. This is a critical
limitation, since AGN show a wide distribution of accretion rates
(Heckman et al. 2004; Babi¢ et al. 2007; Kauffmann & Heckman
2009; Schulze & Wisotzki 2010; Aird et al. 2012; Bongiorno et al.
2012). Additional assumptions on the accretion rate distribution
or alternatively the mean accretion rate are required in the above
studies to link the bolometric AGN luminosity to BH growth. Thus,
while the AGN LF is relatively easy to determine observationally,
its information content is limited.

This situation is similar to galaxy evolution studies, where the
galaxy luminosity function (LF) already provides important infor-
mation, but the study of the stellar mass function in connection to
the specific star formation rate (sSFR) largely enhances our under-
standing (e.g. Elbaz et al. 2007; Peng et al. 2010). Galaxies show
a downsizing trend, equivalent to BHs, in the sense that for more
massive galaxies the bulk of their mass buildup happens at earlier
cosmic times compared to less massive galaxies (e.g. Cowie et al.
1996; Bundy et al. 2006; Pérez-Gonzdalez et al. 2008). While for
galaxy evolution, stellar mass and sSFR are key parameters, the
same is true for BH growth with BH mass and specific accretion
rate (i.e. Eddington ratio).

To break the degeneracy in AGN luminosity and disentangle the
AGN LF into their underlying distribution functions, additional
information on the SMBH mass has to be added. The BHMF
and Eddington ratio distribution function (ERDF) provide addi-
tional observational constraints on models of galaxy evolution, BH
growth and BH-galaxy co-evolution using empirical approaches
(Shankar, Weinberg & Miralda-Escudé 2013), semi-analytic mod-
els (Fanidakis et al. 2012; Hirschmann et al. 2012) or numerical
simulations (Di Matteo et al. 2008; Hirschmann et al. 2014; Sijacki
et al. 2014). The ERDF also allows further constraints on BH accre-
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tion models and the triggering history of BHs (Yu, Lu & Kauffmann
2005; Hopkins & Hernquist 2009).

Additional constraints on BH—galaxy co-evolution are obtained
from the cosmic evolution of the relation between M, and bulge
properties (Croton 2006; Booth & Schaye 2011; Dubois et al. 2012;
Anglés-Alcazar, Ozel & Davé 2013). However, its observational
determination is affected by sample selection effects (Lauer et al.
2007; Schulze & Wisotzki 2011). To model and account for selec-
tion effects that will bias observations, precise knowledge of the
underlying distribution functions, including the BHMEF, is required
(Schulze & Wisotzki 2011; Schulze & Wisotzki 2014).

The observational determination of BHMF and ERDF requires a
well-defined AGN sample, as it is the case for the LF determination,
but in addition requires a BH mass estimate for every object in the
sample. The most direct BH mass estimates for large statistical AGN
samples use the ‘virial’ method to estimate M, from a single-epoch
spectrum of a type-1 AGN with broad emission lines in their optical
spectra. We here restrict our investigation to these broad line AGN
and emphasize that our definition of an active BH only refers to this
unobscured AGN population (we will try to correct for obscured
AGN in Section 5.2).

With calibrations available for the broad Ha, HB, Mg and C1v
line (e.g. Vestergaard 2002; McLure & Dunlop 2004; Greene &
Ho 2005; Vestergaard & Peterson 2006; McGill et al. 2008; Wang
et al. 2009; Trakhtenbrot & Netzer 2012; Park et al. 2013), this
enables the estimate of M, for large AGN samples out to high-z
(e.g. McLure & Dunlop 2004; Netzer & Trakhtenbrot 2007; Shen
et al. 2008, 2011; Trump et al. 2009). However, these ‘virial’ BH
masses are still subject to significant uncertainties and possible
systematics (e.g. Vestergaard & Peterson 2006; Denney et al. 2013;
Shen 2013). While these are particularly important for individual
objects, they are less critical for demographic studies of the AGN
population, as will be carried out here.

The establishment of this ‘virial’ method for BH mass estimation
allowed the empirical determination of the active BHMF. There
have been two main approaches used for the determination of the
BHMF and ERDF. The first is directly borrowed from the determi-
nation of the AGN LF, using the classical 1/ V.« estimator (Schmidt
1968) with the same volume weights as for the AGN LF (Wang,
Chen & Zhang 2006; Greene & Ho 2007; Vestergaard et al. 2008;
Vestergaard & Osmer 2009; Schulze & Wisotzki 2010; Nobuta et al.
2012; Shen & Kelly 2012). We refer to this approach as luminosity-
weighted Vi« method. While it provides a non-parametric and
model-independent estimate of the distribution function, in general
it suffers from severe incompleteness due to the improper volume
weights which do not correct for active BHs below the flux limit
of the survey (Kelly, Vestergaard & Fan 2009; Schulze & Wisotzki
2010, see also Appendix B). Furthermore, it does not account for
the uncertainty in the virial M, estimates. Therefore, in general it
does provide a biased census of the active SMBH population.

For a proper treatment of the survey selection function, the BHMF
and ERDF need to be determined jointly by fitting an analytic
model for the bivariate distribution function of M, and A to the
observations. This forward modelling of the distribution functions
can be achieved via a maximum likelihood method, as developed by
Schulze & Wisotzki (2010), or within a Bayesian framework (Kelly
et al. 2009).

Schulze & Wisotzki (2010) used the maximum likelihood method
to determine the BHMF and ERDF at z < 0.3 from the Ham-
burg/ESO Survey (Wisotzki et al. 2000), establishing the local
zero-point of these distribution functions. Their results support the
notion of downsizing in BH mass. However, a full exploration of
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the growth history of BHs requires the determination of BHMF and
ERDF at higher redshifts. The SDSS QSO sample has been used to
study the evolution of BH activity by determining the BHMF for
0.4 < z < 5 (Kelly et al. 2010; Shen & Kelly 2012; Kelly & Shen
2013), employing a Bayesian framework (Kelly et al. 2009). These
authors also found evidence for BH mass downsizing in the BHMF
and for z > 2 also in the ERDF (Kelly & Shen 2013). However,
since the SDSS only covers the bright end of the AGN LF, their
results are largely limited to the high-mass end of the BHMF and
to high Eddington ratios and are affected by large incompleteness
at lower values, which introduces large uncertainties in this regime.
To resolve these limitations and probe the BHMF and ERDF to
lower masses and A, deep AGN surveys have to be used. Nobuta
et al. (2012) presented the BHMF and ERDF at z ~ 1.4 based
on an X-ray-selected sample from the Subaru XMM-Newton Deep
Survey (SXDS; Ueda et al. 2008), utilizing the maximum likeli-
hood method of Schulze & Wisotzki (2010). Since deep surveys
with spectroscopic follow-up are currently limited to small areas,
they did not probe the bright end of the LF. Therefore, for a wide
luminosity coverage and thus a wide coverage of BH mass and Ed-
dington ratio, it is important to combine deep, small area surveys
with shallower, large-area surveys.

In this paper, we follow this strategy. We are using two well-
defined AGN samples from the deep, small-area surveys of the
VVDS and zCOSMOS, and combine our results with the large
area, shallow SDSS to constrain the BHMF and ERDF within the
redshift range 1.1 < z < 2.1, covering a wide range in M, and X.
Our redshift range is chosen such that it covers the broad Mg 11 line
in the spectra for all three samples.

In Section 2, we present the individual samples we are using. The
BH masses and Eddington ratios of the three samples are presented
in Section 3. In Section 4, we present our results for the bivariate
distribution function. We discuss these results in Section 5 and
conclude in Section 6. The appendix gives more details on the
selection functions of the employed samples and present results on
the BHMF, ERDF and AGN LF based on the V,,,, method.

Throughout this paper, we assume a Hubble constant of
Hy = 70kms~" Mpc~' and cosmological density parameters
Qn=03and 2, =0.7.

2 THE SAMPLE

2.1 The VVDS

The VVDS is a pure magnitude-limited spectroscopic survey (Le
Fevre et al. 2005, 2013; Garilli et al. 2008). The target selection is
purely based on the /-band magnitude without any further selection
criteria. It consists of a wide survey (Garilli et al. 2008), spread over
three fields, with an effective area of 4.5 deg2 for 17.5 < Ixg <22.5
and a deep survey (Le Fevre et al. 2005), spread over two fields, with
an effective area of 0.62 deg2 for 17.5 < I,g < 24.0. The I-band
imaging has been designed to be complete to much fainter magni-
tudes than these limits, with limiting magnitudes of /x5 = 24.8 and
Inp = 25.3 at 5o in the wide and the deep fields, respectively (Mc-
Cracken et al. 2003; Le Fevre et al. 2004). Targets have been nearly
randomly selected for spectroscopy with the VIMOS multi-object
spectrograph on the Very Large Telescope (VLT). The survey used
the LRRED grism covering the spectral range 5500-9500 A at a
resolution of R ~ 230, corresponding to a spectral resolution ele-
ment of ~33 A. Type-1 AGN have been manually identified based
on the presence of broad emission lines (FWHM > 1000 kms~') in
their spectra. These simple selection criteria provide a well-defined
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AGN sample, free of a potential bias by pre-selection via colour
and/or morphology. Details on the type-1 AGN sample are given
in Gavignaud et al. (2006) and Gavignaud et al. (2008), while the
type-1 AGN LF, based on the ‘epoch 1’ sample is presented in
Bongiorno et al. (2007).

We here use the AGN sample from VVDS ‘epoch 2’, presented
in Gavignaud et al. (2008). It consists of 298 AGN, 235 with a
secure redshift and 63 with a degenerate redshift, because only a
single broad emission line without any other feature is present in the
spectrum. BH masses based on Mg 11 have been measured for 86 out
of 95 within 1.0 < z < 1.9, for which the data quality was sufficient
to estimate M, , and are presented in Gavignaud et al. (2008). These
86 AGN form our VVDS-sample. We additionally included the
redshift degenerate objects that could lie in our redshift range (61
AGN), measured their M, , assuming the broad line is Mg, and
statistically account for their contribution to the full sample (see
Appendix A).

2.2 zCOSMOS

Like the VVDS, zCOSMOS is a magnitude-limited spectroscopic
survey (Lilly et al. 2007) using VIMOS. It consists of zCOSMOS-
bright (Lilly et al. 2009), targeting ~20 000 galaxies over the full
COSMOS field and zCOSMOS-deep, targeting ~10000 galaxies
over the central 1 deg”.

We here use the data set of the zZCOSMOS-bright 20k spectro-
scopic catalogue. We do not include the type-1 AGN detected in
the deep sample (Bongiorno et al. 2012; Rosario et al. 2013), since
they do not constitute a well-defined sample, mainly due to the
BzK colour pre-selection, targeting z > 1.5 galaxies. Targets have
been chosen from Hubble Space Telescope (HST) F814W imag-
ing (Koekemoer et al. 2007) with 15 < I, < 22.5 across the
1.7 deg> COSMOS field. The target selection is based on a com-
bination of nearly random selection and compulsory targets. The
latter were observed with a higher chance and were largely based
on X-ray detection (Hasinger et al. 2007; Brusa et al. 2010), which
strongly favours AGN. For the statistical analysis, this has to be
taken into account by proper weighting (see Appendix A). Spec-
tra have been obtained with the VIMOS multi-object spectrograph
within the range 5500-9500 A at a resolution of R ~ 580.

Type-1 AGN are again identified by the presence of broad emis-
sion lines with FWHM > 1000kms~! in the spectra. Results on
the zZCOSMOS AGN sample from the 10k catalogue are presented
in Merloni et al. (2010). BH masses from broad Mg can be esti-
mated within the redshift range 1.1 < z < 2.1. zZCOSMOS-bright
contains 160 broad line AGN within this redshift range, for 145
of them we could measure a reliable M, . These AGN form our
zCOSMOS-sample.

We note that the COSMOS field has a rich multiwavelength
coverage from X-rays to radio. This gives us, for example, a more
precise handle on the bolometric luminosities and the host galaxy
contribution of the AGN sample.

2.3 SDSS

For the SDSS sample, we largely follow the work of Shen & Kelly
(2012). We start from the SDSS DR7 QSO sample (Schneider et al.
2010), consisting of 105 783 QSOs. We restrict this sample to the
subset that has been selected by a uniform target selection algorithm
(Richards et al. 2002) and thus form a well-defined broad line AGN
sample (Richards et al. 2006a; Shen & Kelly 2012). The sample is
magnitude limited to 15.0 < i < 19.1 below z = 2.9 and the target
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Figure 1. Redshift versus bolometric AGN luminosity for the three AGN
samples within the redshift range considered in this work, 1.1 < z < 2.1.
The orange circles, blue squares and the red contours are for the VVDS,
zCOSMOS and SDSS sample, respectively (the VVDS sample is restricted
to 1.1 < z < 1.9 and redshift degenerate objects are shown as open circles).

selection is based on multicolour information. The effective area of
the survey is 6248 deg” (Shen & Kelly 2012).

We further restrict the uniform QSO sample to the redshift range
1.1 < z < 2.1, containing 28 322 QSOs. BH masses, based on the
broad Mg line have been estimated by Shen et al. (2011). We
reject M, estimates with measurement error larger than 0.5 dex,
leading to a sample of 27 257 QSOs with available M, , forming
our SDSS-sample.

In Fig. 1, we show the redshift distribution against luminosity for
the three samples within the redshift range we study in this work
(1.1 <z<2.10).

The study of the demographics of the AGN population from these
well-defined samples requires knowledge on the respective selec-
tion functions. In Appendix A, we provide details on the applied
selection functions for the three surveys.

3 BH MASSES AND EDDINGTON RATIOS

3.1 BH masses

BH mass estimates from single epoch broad line AGN spectra can
be obtained via the ‘virial method’. This method employs the virial
relation M, = fRg; r AV?/G, where the broad line cloud velocity AV
is derived from the broad emission line width, fis a scale factor that
accounts for the geometry and kinematics of the broad line region
(BLR) (usually calibrated by scaling to the local M, —o . relationship
(e.g. Onken et al. 2004; Woo et al. 2010; Woo et al. 2013), and R g
is the BLR size. While the latter can be directly measured via rever-
beration mapping (e.g. Blandford & McKee 1982; Peterson et al.
2004), for single epoch spectra, commonly the thereby-established
scaling relation to the continuum luminosity (Kaspi et al. 2000;
Bentz et al. 2009, 2013) is used.

We (re-)computed BH masses consistently for all three samples
using the formula from Shen et al. (2011):

Looo 062/ FWHM \?
M, =107 [ ——2— ——— | Mp. 1
10 ergs| 1000kms ') © M
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Figure 2. Average host galaxy contamination correction for the continuum
luminosity at 3000 A, derived from the SED decomposition of COSMOS
type-1 AGN. The black squares show the average correction for the sample
in four bins of total L3ggp, and the dashed line represents the interpolation
for the average correction. We applied this correction to L3 for the VVDS
and zCOSMOS samples.

The Mgu broad line widths and the continuum luminosities at
3000 A have been measured for the SDSS sample by Shen et al.
(2011). For the VVDS sample, they are provided by Gavignaud
et al. (2008), but only for AGN with secure redshift. For the redshift
degenerate AGN in the VVDS sample, we measured the Mg u1 full
width at half-maximum (FWHM) and Ly using exactly the same
procedure as for the rest of the VVDS sample, assuming the broad
line in the spectrum is indeed Mg 11.

For the zCOSMOS sample, we used the VIMOS spectra to fit
the broad lines. A few of the objects also have SDSS spectra and
we find consistent results for these. The fitting procedure is similar
to Gavignaud et al. (2008) and outlined in Schramm & Silverman
(2013).

For both, the VVDS and the zCOSMOS sample, the Mg line
region is modelled by a pseudo-continuum, consisting of a power
law and the broadened Fen template from Vestergaard & Wilkes
(2001) and one or two Gaussian components for the broad line
(always two Gaussians for the VVDS AGN). The Mg broad line
FWHM was measured from the best-fitting line profile and the
monochromatic continuum luminosity at 3000 A Liggo is taken
from the power-law fit. Details on the BH mass measurement for
COSMOS AGN will be given in Schramm et al. (in preparation; see
also Merloni et al. 2010).

For the SDSS AGN sample, the host galaxy contamination to
Lsp0o is negligible at these redshifts (Shen et al. 2011). However,
this is not the case for the deeper VVDS and zCOSMOS samples,
thus Lsooo needs to be corrected for this contamination. For these
samples, we applied an average host galaxy correction to L3gg.
We used the spectral energy distribution (SED) decomposition of
428 type-1 AGN in the COSMOS field (Bongiorno et al. 2012) to
compute the average host correction in several bins of total L3y
and interpolated between the bins. The resulting average host cor-
rection as a function of Lsyy is shown in Fig. 2 and was applied
to the continuum luminosity at 3000 A for the VVDS and zCOS-
MOS AGN sample. While we may over- or underestimate the host
contribution for individual objects, this will statistically account for
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the systematic effect of the host contribution. While the zZCOSMOS
AGN in our sample also have individual correction values, these
are consistent with this average host correction and we decided to
use the latter also for zZCOSMOS, to ensure consistency between
the two samples.

3.2 Bolometric luminosities

For the SDSS sample, we compute the bolometric luminosity from
the i-band magnitude, following Shen & Kelly (2012). Since the
SDSS selection function is defined by its i-band flux limit, this
enables a direct mapping of the selection function from magnitude
and redshift dependence to M, , A and z dependence. This largely
simplifies the determination of the BHMF and ERDF. Alternatively,
either a distribution of Ly, at a given magnitude and redshift has
to be assumed to determine 2.(Lyo, 7), or an individual selection
function for every object has to be defined.

We apply the K-correction from Richards et al. (2006a) to com-
pute the absolute i-band magnitude normalized at z = 2 from the
i-band flux and translate this to the continuum luminosity at 2500
A following Richards et al. (2006a). We compute the bolometric
luminosity from this L,so estimate, assuming a constant correction
factor fBC(ZSOOA ) =5 (Richards et al. 2006b; Shen & Kelly 2012).
The bolometric luminosity computed this way is on average fully
consistent with the bolometric luminosity obtained directly from
Lso00, by applying a constant bolometric correction factor of 5.15 to
L300 (Richards et al. 2006b; Runnoe, Brotherton & Shang 2012).

For the VVDS and the zCOSMOS sample, we follow the same
strategy of using the apparent magnitude to compute Ljsoo, and
derive the bolometric luminosity via Ly, = 5Lys00. This ensures
consistency between the samples and minimizes possible systemat-
ics between the samples when combining the data sets. To compute
L5090, we adopt the K-correction from Richards et al. (2006a) to
compute M;(z = 2), but transformed this K-correction to the CFHT
(Canada—France-Hawaii Telescope)/CFH12K I-band (VVDS) and
the HST/ACS F814W filter (zCOSMOS), respectively, using the
QSO template from Vanden Berk et al. (2001). For these two filters,
this transformation is small over our redshift range. We statistically
correct L5 for host galaxy contribution, using the average host cor-
rection presented above (see Fig. 2). Alternatively, we also compute
Ly, from the Lo, as measured from the spectral fitting, applying a
constant bolometric correction factor f (3000 A)=5.15 (Richards
et al. 2006b). We show in the upper-right panel of Fig. 3 that both
estimates of Ly, give consistent results.

In both cases, we assume a constant bolometric correction factor.
It has been suggested that the bolometric correction might depend
on luminosity (Marconi et al. 2004; Hopkins, Richards & Hern-
quist 2007; Trakhtenbrot & Netzer 2012). While the bolometric
correction in X-rays shows a clear dependence on luminosity or
Eddington ratio (e.g. Marconi et al. 2004; Vasudevan & Fabian
2007; Jin, Ward & Done 2012; Lusso et al. 2012), this dependence
is weaker for the optical bolometric correction (e.g. Marconi et al.
2004; Lusso et al. 2012; Runnoe et al. 2012), with large uncertain-
ties in the low-luminosity regime. Therefore, a constant bolometric
correction is a good approximation over the luminosity regime we
are probing.

A large fraction of our zZCOSMOS sample is included in the X-
ray-selected XMM—-COSMOS catalogue (Brusa et al. 2010). Lusso
etal. (2012) measured the bolometric luminosity directly for XMM—
COSMOS AGN by integration of the rest-frame SED from X-rays
to 1pum. In the left-hand panel of Fig. 3, we compare our bolometric
luminosities, using both the I, and Lsgg prior to the host galaxy
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Figure 3. Comparison of bolometric luminosity estimates. The left-hand
panels compare bolometric luminosity computed from /5 (upper panel)
and from L3poo (lower panel) to the bolometric luminosity computed from
the rest-frame SED for the 107 AGN common to our zZCOSMOS sample and
the XMM—-COSMOS sample studied by Lusso et al. (2012). The right-hand
panel compares the bolometric luminosities obtained from /ag and from
L3p0p with each other. In this panel, we show in addition to the zCOSMOS
sample (blue squares) the VVDS sample (orange circles). The solid line
shows the one-to-one relation.

correction, with their results for the 107 AGN in common. We find
good agreement of these Ly, estimates to the direct integration
results, which still include host galaxy light, presented in Lusso
et al. (2012).

3.3 The mass—luminosity plane

In Fig. 4, we first show the bivariate distribution of the three AGN
samples in the L;ooo—FWHM plane. This gives the distribution of
the underlying observables for M, , A and Ly, . We are using the term
‘distribution’, to refer to the observed location of the sample prop-
erties in these kind of diagrams, while we use the term ‘distribution
function’ to explicitly refer to the underlying demographic quan-
tity, i.e. accounting for the selection effects that affect the observed
distributions.

We here and in most other figures use the following colour and
symbol convention: (1) the VVDS sample is shown by orange cir-
cles. Filled circles are objects with secure redshift and open circles
indicate degenerate redshift objects. (2) The zCOSMOS sample is
shown by blue squares. (3) The SDSS sample is represented by red
contours.

We see the distinct luminosity regimes occupied by the bright
SDSS sample and the deep VVDS and zCOSMOS samples. For the
VVDS sample, there is little overlap in luminosity with the SDSS
sample, while the zCOSMOS sample extends a bit more into the
high-luminosity regime. This is also illustrated in the bolometric
luminosity histogram, shown in the right-hand panel of Fig. 5. It
demonstrates the need to combine deep and bright surveys for a wide
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Figure 4. Distribution of the observable quantities 3000 A continuum lu-
minosity and Mg FWHM for the three samples. The orange circles show
the VVDS sample, where filled circles are secure redshift objects and open
circles are redshift degenerate objects. The blue squares represent the zCOS-
MOS sample and the red contours show the SDSS sample.

luminosity coverage. On the other hand, the FWHM distributions
for the three samples are largely consistent.!

In Fig. 5, we compare the histograms of M, , A and Ly, for the
VVDS, zCOSMOS and SDSS samples. The VVDS and zCOSMOS
samples have almost consistent BH mass distributions, covering the
range 107 < M, < 10°* and Eddington ratio distributions. Both
samples extend about 1 dex lower in M, , compared to the SDSS
sample, which approximately covers the range 108 < M, < 100
and also probe lower Eddington ratios than the SDSS sample, down
to 0.01 of the Eddington rate. Compared to the SDSS sample, they
show a wider dispersion in their observed mass, luminosity and Ed-
dington ratio distributions, consistent with previous studies on deep
AGN samples (Gavignaud et al. 2008; Trump et al. 2009; Merloni
et al. 2010). We emphasize that these observed distributions do not
constitute the underlying distribution functions, but are affected by
the specific survey selection criteria.

This aids the interpretation of the observed mass—luminosity and
mass—Eddington ratio bivariate distribution, shown in Fig. 6. The
red contours show the apparent bivariate distribution in M, —Ly
or M, —A of the SDSS sample. For the studied redshift range, the
SDSS flux limit corresponds to an absolute luminosity limit of
~46.3 ergs™!,i.e. SDSS is not sensitive to AGN below this luminos-
ity. This becomes evident when adding the VVDS and zCOSMOS
samples, which smoothly fill in the lower luminosity parameter
range missed by the SDSS. At the lowest masses and Eddington
ratios, the flux limits of VVDS and zCOSMOS also lead to an
apparent absence of objects even in these deep samples.

On the other hand, the lack of AGN at the highest masses and
highest Eddington ratios even in the SDSS (upper-right corner in

! The zCOSMOS sample tends to show a slightly higher mean FWHM
compared to SDSS and VVDS (with (log FWHM) = 3.70 versus 3.61).
We will investigate if this offset is intrinsic or caused by systematics in the
spectral analysis in future work.
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the right-hand panel) is physical and a direct consequence of the
decrease of the space density both in the BHMF and the ERDF in
this regime, as further shown below. The same holds for VVDS and
zCOSMOS, while their much smaller volumes already lack moder-
ately high M, and high A AGN, which necessitates the addition of
the SDSS data. Combined with the flux limit, this causes the appar-
ent anticorrelation between M, and A in the individual surveys, i.e.
they cannot detect low mass, low Eddington ratio AGN below the
flux limit, while high mass, high Eddington ratio AGN do not exist
in these volumes.

For the combined sample, the observed distribution is approxi-
mately confined within the Eddington limit and A = 0.01, consistent
with previous results on type-1 AGN (e.g. Kollmeier et al. 2006;
Trump et al. 2009; Schulze & Wisotzki 2010; Shen et al. 2011). The
Eddington limit serves as an upper boundary for the accretion rate
of a BH. The low observed number of A < 0.01 broad line AGN
could be a physical effect, caused by the change in the accretion
mode to a radiatively inefficient accretion flow, which leads to the
disappearance of the BLR (e.g. Nicastro 2000; Yuan 2007; Trump
et al. 2011). This change in accretion mode is thought to happen
around 1072-1073. Alternatively, the apparent limit could be driven
by observational limitations to detect the corresponding very broad
and low-luminosity lines beneath the spectral noise and the broad
Fe 11 emission.

The study of the active BHMEF, requires a clear definition of an
active BH. In general, AGN show a broad range of levels of activity
(e.g. Heckman et al. 2004; Hickox et al. 2009; Aird et al. 2012;
Bongiorno et al. 2012), down to accretion rates well below 0.01
(e.g. Soria et al. 2006; Ho 2008; Gallo et al. 2010; Miller et al.
2012). A different definition of an active BH will naturally result in
a different active BHMF (Goulding et al. 2010).

In this study, we define an active BH as a type-1 AGN with an
Eddington ratio A > 0.01, analogous to Schulze & Wisotzki (2010).
The lower Eddington ratio limit is mainly a practical choice, corre-
sponding to our observed range. While we observe AGN below this
limit in our sample, their low number and restricted BH mass range
does not allow us to put strong constraints on the ERDF below
A = 0.01. This differs somewhat from the more standard defini-
tion via an AGN luminosity limit but we think is more physically
motivated, in particular when studying the bivariate distribution of
M, and A. As shown in the right-hand panel of Fig. 6, for this
definition of an active BH the SDSS sample suffers from severe in-
completeness, while the deeper VVDS and zCOSMOS samples are
much less affected. However, even these deep surveys become in-
creasingly incomplete towards the lowest M, and lowest Eddington
ratios.

Therefore, we restrict the three samples to M, > 107 Mg and
A > 0.01 for the determination of the BHMF and ERDF, leaving
147, 137 and 27 238 AGN in the samples from the VVDS, zCOS-
MOS and SDSS, respectively.

We further note that besides low-accretion AGN our census does
not include obscured (type 2) AGN. This is simply due to the fact
that the virial method to estimate M, for large statistical samples is
limited to unobscured (broad line) AGN. In Section 5, we will make
an attempt to account for the obscured population in the analysis.

4 THE ACTIVE BHMF AND ERDF

Early studies on the active BHMF focused on the 1/Vy,,, method,
directly applying the volume weights from the AGN LF (Greene &
Ho 2007; Vestergaard et al. 2008; Vestergaard & Osmer 2009).
However, given our definition of an active BH, this approach
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Figure 5. Histograms of BH masses (left-hand panel), Eddington ratios (middle panel) and bolometric luminosities (right-hand panel) for the VVDS (orange
dashed line), zCOSMOS (blue solid line) and SDSS (red dash—dotted line). The VVDS sample includes redshift regenerate objects with their respective weight.
The SDSS sample is scaled down by a factor of 200.

Figure 6. Observed bivariate distribution for the three samples in the BH mass—luminosity plane (left-hand panel) and BH mass—Eddington ratio plane
(right-hand panel). The red contours show the apparent distribution for the SDSS sample, the blue squares are for the ZCOSMOS sample and the orange circles
show the VVDS sample. For the latter, open circles indicate redshift degenerate objects. The black solid, dashed and dotted lines indicate Eddington ratios of

1, 0.1 and 0.01, respectively.

introduces unaccounted sample incompleteness at the low-mass
end of the BHMEF, since in this mass range not the full Eddington
ratio range is sampled, due to the flux limit of the survey and the
missing objects are not statistically accounted for (Kelly et al. 2009;
Schulze & Wisotzki 2010; Shen & Kelly 2012). Furthermore, this
approach does not correct for the uncertainty in the virial BH mass
estimates (Kelly et al. 2009; Shen & Kelly 2012). These limita-
tions can be resolved by employing e.g. the maximum likelihood
approach described in the next section.

On the other hand, if interpreted with the necessary caution,
the determination of the binned BHMF and ERDF via the 1/V ,«
method can serve as a useful tool, to guide the more refined para-
metric analysis presented in the following. We present and discuss
our results for the BHMF and ERDF as well as for the AGN LF,
using the 1/Vy,x method, in Appendix B.

4.1 The maximum likelihood method

A proper determination of the intrinsic BHMF and the ERDF re-
quires a joint modelling of these two distribution functions to take
the selection function fully into account. In Schulze & Wisotzki
(2010), we developed a maximum likelihood approach to estimate
the intrinsic BHMF and ERDF simultaneously. We here present a
modified framework, based on our previous work, but generalized
to more flexible models for the bivariate distribution function, more
diverse selection functions and adapted to the combination of sev-
eral different surveys. A further improvement, compared to Schulze
& Wisotzki (2010) is the inclusion of a correction for virial BH mass
uncertainties.

We aim at estimating the bivariate distribution function of
BH mass end Eddington ratio W(M,, A, z), ie. W(M,, A,
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z)dlog M, dlog A gives the space density of active BH with BH
mass between log M, and log M, + dlog M, and Eddington ratio
between log A and logA + dlogA at the redshift z. The BHME,
ERDF and AGN LF are all different projections of this bivariate
distribution function.

The bivariate distribution function can be also expressed as a
function of M, and Ly,, Y (M, , Ly, z). Marginalizing this over
M, gives the bolometric AGN LF, i.e.

D(Lyol, 2) = / W (M, , Lyoi, z) dlog M,. (2)

The survey selection modifies the intrinsic distribution function
W (M, , A, ) to an observed distribution

Wo(Me, A, 2) = QMg , A, )V (M, , A, 2), 3)

where Q(M, , X, z) is the selection function of the survey.

The maximum likelihood technique aims at minimizing the like-
lihood function § = —21In £, where £ = H,N:1 p; is the product of
the individual likelihoods for the observed objects (Marshall et al.
1983). This multivariate probability distribution p(M, , X, z), i.e.
the probability to observe an AGN with BH mass M, , Eddington
ratio A and redshift z, is given by the normalized observed bivariate
distribution:

1 dv
pilMe, A, 2) = —Qi(Mq, A, 2) V(Mo A, 2) —, 4)
N; dz

i

where Q;(M,, A, z) is the selection function for the ith object and

d
N, =///SZ,-(M.,A,z)\D(M.,A,z)d—vdlogM.dlogkdz S)
Z

is the normalization for the ith object. If the selection function is
the same for all objects, also N; will be the same for them and
corresponds to the expected number of objects from the model.
However, the method is also applicable for a selection function
which varies from object to object. In this case, N; corresponds to
the total number of objects, assuming all objects would have the
selection function 2;(M,, A, z).

Using the probability distribution given by equation (4), we min-

imize the function:
N
S=-23 [InW(M, ;. %i.z)—InN], (6)
i=1
where N is the number of objects in the respective survey. This max-
imum likelihood method represents a forward modelling approach.
We have to assume a specific parametric model for the bivariate dis-
tribution function and we fit the probability distribution predicted
by this model in the M,—X plane to the observations.

A drawback in this approach is that the normalization W, of the
bivariate distribution function cannot be determined directly in the
fit. We therefore determined it in a second step by integrating over
the best-fitting model and scaling the predicted number of objects
to the observed number,

v, = Do (7)
Nmod

We will first determine the bivariate distribution function for
each survey individually, but our main analysis is based on the
combined data set from the three surveys. We combine multiple
surveys with their respective effective area and survey depth using
the approach proposed by Avni & Bahcall (1980). The overlap
in area and luminosity between SDSS, zCOSMOS and VVDS is
marginal and there are no objects in common to several samples.
Therefore, these three surveys can be treated as being independent.
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The combined selection function follows as Qc(M, , Luol, 2) =
Zj\ll QJ(M, , Lyol, 2), where N; is the number of combined surveys
and is adopted for the combined data set. Thus, it is assumed that
each object with its given luminosity, redshift and BH mass could
potentially have been detected in each of the surveys, if it otherwise
satisfies the respective selection function of that survey.

Since the selection function, specifically the spectroscopic suc-
cess rate (see Appendix A), is initially defined as a function of
magnitude m and redshift z, we need to map Q(m, z) - QM,,
X, 2) = QM,, Ly, 7). We here follow the approach by Shen &
Kelly (2012) and Kelly & Shen (2013), by computing Ly, from the
optical magnitude, as discussed in Section 3.2. This ensures a direct
and consistent mapping from magnitude to bolometric luminosity
and therefore from Q(m, z) to QM, , Ly, 2).

For the determination of the underlying distribution function, it
has to be noted that virial BH masses are thought to have an error
of ~0.2 — 0.4 dex (Vestergaard & Peterson 2006; Park et al. 2012),
as derived from the scatter around reverberation mapping masses.
We here account for this uncertainty, an improvement compared to
Schulze & Wisotzki (2010),> by convolving W (M,, A, z) with the
measurement uncertainty before comparing the model distribution
to the data:

"Ije(Mc,ev Aes Z) = /g(Mo.es)Le | M.,)\)

xW(M,, A,z)dlogM,dlogh. ®)

We assume a log-normal scatter distribution in M, and Ly,

1
gMeeshe | Mg, ) = ———
' 27OYMObol
(e —p)* (L —1)?
X exp {— 5 — 5 R )
2oyy 20

where i = log M, is the BH mass and / = log Ly, is the bolometric
luminosity. For the uncertainty in the bolometric correction oy, we
assumed a scatter of 0.05 dex (Marconi et al. 2004), and for the un-
certainty in the virial mass o vy = 0.2 dex, consistent with previous
work (Kelly et al. 2010; Kelly & Shen 2013). The commonly as-
sumed measurement uncertainty associated with an individual viral
mass estimate is ~0.3-0.4 dex. However, for our purposes we are
only interested in the effect of uncertainties on the apparent distri-
bution of M, and A of our statistical sample, i.e. by which amount
these distributions are actually broadened by using viral masses in-
stead of true masses. Several studies suggest this value is actually
smaller, ~0.2 dex (Kollmeier et al. 2006; Fine et al. 2008; Kelly
et al. 2010; Steinhardt & Elvis 2010). For a detailed discussion of
this difference, its possible origin and consequences see e.g. Shen
(2013). Adopting a large value for oyy