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ABSTRACT

At redshifts beyond ~z 1, measuring the black hole (BH) galaxy relations proves to be a difficult task. The bright
light of the active galactic nuclei aggravates the deconvolution of BH and galaxy properties. However, high-
redshift data on these relations are vital to understand the ways in which galaxies and BHs co-evolve and the ways
in which they do not. In this work we use BH and stellar mass densities (BHMDs and SMDs) to constrain the
possible co-evolution of BHs with their host galaxies since ~z 5. The BHMDs are calculated from quasar
luminosity functions using the Soltan argument, while we use integrals over stellar mass functions or the star-
formation rate density to obtain values for the SMD. We find that both quantities grow in lock-step below redshifts
of ~z 3 with a non-evolving BHMD to SMD ratio. A fit to the data assuming a power-law relation between the
BHMD and the SMD yields exponents around unity (1.0–1.5). Up to ~z 5 the BHMD to SMD ratio does not
show a strong evolution given the larger uncertainty in the completeness of high-redshift data sets. Our results,
always applying the same analysis technique, seem to be consistent across all adopted data sets.

Key words: black hole physics – cosmology: miscellaneous – galaxies: evolution – galaxies: nuclei – quasars:
general

1. INTRODUCTION

Tight correlations between the masses of super-massive
black holes (SMBHs; > M M10•

6 ) and the properties of the
stellar component of their host galaxies are well established.
These connect stellar bulge properties, such as the velocity
dispersion ssph (e.g., Ferrarese & Merritt 2000; Gebhardt
et al. 2000; Tremaine et al. 2002; Gültekin et al. 2009; Graham
et al. 2011; McConnell & Ma 2013; Shankar et al. 2016), the
luminosity Lsph (e.g., Kormendy & Richstone 1995; McLure &
Dunlop 2001; Gültekin et al. 2009; Schulze & Gebhardt 2011;
Kormendy & Ho 2013; Savorgnan et al. 2016), and the stellar
bulge mass M ,bulge (e.g., Magorrian et al. 1998; McLure &
Dunlop 2002; Marconi & Hunt 2003; Häring & Rix 2004;
Beifiori et al. 2012) with the SMBH mass M•.

The existence of these relations supports the idea of a
coordinated co-evolution of SMBHs and their host galaxies by
a common physical mechanism.

One mechanism proposed to explain this relates black holes
(BHs) and stellar mass growth via feedback processes from
active galactic nuclei (AGNs) through momentum or energy-
driven winds (Silk & Rees 1998; Fabian 1999; King 2003;
Wyithe & Loeb 2003; Di Matteo et al. 2005; Murray et al.
2005; Bower et al. 2006; Croton et al. 2006; Hopkins
et al. 2006; Somerville et al. 2008).

Another avenue to explain these BH–galaxy scaling relations
has been put forward by Anglés-Alcázar et al.
(2013, 2015, 2016), where a common gas supply regulated
by gravitational torques is acting as the primary driver
independent of feedback processes.

On the other hand, Peng (2007) and Jahnke & Macciò (2011)
demonstrated that merger averaging of galaxy stellar and
SMBH mass creates the correlation between both quantities via
a statistical convergence process rather than a physical process.
Assuming that BH masses and stellar masses have initially
uncorrelated distributions, hierarchical merging can create the
scaling relations we see today without invoking any kind of

physical mechanism connecting both quantities. In this frame-
work the need for a physical connection between the bulge and
the SMBH via AGN feedback or other mechanisms does not
seem to be necessary.
Although these correlations have been known for more than

a decade, the dominant process that engineered them is still
under debate (see Kormendy & Ho 2013, for discussion).
The problem is compounded at high redshifts where BH

masses cannot be measured directly, but must be inferred from
emission line widths. Furthermore, the strong emission of the
nucleus at large distances severely limits the ability to measure
host galaxy properties. Measuring the bulge stellar mass in
those systems requires color information, which is mingled
with the spectrum of the bright nucleus. Velocity dispersion
measurements suffer from the presence of AGN emission lines.
Studies of the s-M• relation have been carried out up to
redshifts of ~z 0.6 (e.g., Woo et al. 2008; Canalizo
et al. 2012; Harris et al. 2012; Hiner et al. 2012), while studies
of the -M M• ,bulge relation reached redshifts up to ~z 6 (e.g.,
Walter et al. 2004; Wang et al. 2010; Targett et al. 2012). These
studies at high redshift have very limited sample sizes; many
also used potentially biased tracers (e.g., the most luminous
quasars) for the BH populations. They might not represent the
full galaxy and BH populations at high redshift.
To overcome the systematics that are associated with sample

selection and the difficulties with high-redshift data, we turn
toward a more statistical approach to analyze the prospect of
BH and galaxy co-evolution. In this study we focus on the
global properties of the whole galaxy and BH population by
calculating the evolution of the total stellar mass (stellar mass
density, SMD) and BH mass density (BHMD) over red-
shifts =z 0 5– .
This methodology has been applied to obtain star formation

rates and black hole accretion rates at z < 3 (Merloni et al.
2004) and more recently by Zhang et al. (2012) at z 1.2 to
investigate the connection between SMD and BHMD. Below
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redshifts of z ≈ 1.5 it is possible to estimate not only the total
SMD but the bulge stellar mass density from bulge to total
mass ratios and morphology distributions.

However, at redshifts beyond »z 2 galaxies appear to be
significantly different (van Dokkum et al. 2008) and bulge to
total mass ratios as well as morphology distributions are
unconstrained by observations. Therefore we calculate the total
SMD rather than the bulge mass density.

Läsker et al. (2014) investigated the M L• sph– relation using
deep K-band photometry finding a linearly proportional relation
between SMBH masses and total galaxy luminosity ( -M L• tot)
with comparable scatter to the M L• sph– relation. The authors
suggest that the total instead of the bulge luminosity (mass)
might be the driving factor in the co-evolution of SMBHs and
their hosts.

More recently Reines & Volonteri (2015) investigated the
local -M M• ,host relation in a sample of broad-line AGNs in
the local universe, complementary to Läsker et al. (2014),
finding a clear correlation between BH mass and total stellar
mass. The normalization of this relation is, however, an order
of magnitude lower.

We calculate the SMD in two distinct ways, first by using
stellar mass functions (SMFs) from various studies, and second
by adopting the star-formation rate density (SFRD) of Madau
& Dickinson (2014) and integrating it across cosmic time.

The BHMD is estimated using quasar luminosity functions
(QLFs) as tracers of the accretion history of bright quasar
phases. Soltan (1982) first put forward the argument that the
BHMD from bright quasars phases can be inferred from the
energy density of photons via a mass-to-light energy conver-
sion efficiency (see also Chokshi & Turner 1992; Salucci
et al. 1999).

We devote Section 2 to derive the SMDs including
uncertainties and compare our results with estimates from
other authors. In Section 3 we continue with the calculation of
the BHMD in a similar fashion. We then proceed with the
analysis of the combined data in Section 4 and present the
relation between both quantities derived in the previous
chapters. Section 5 discusses implications of the presented
cosmic evolution of SMD and BHMD and compares our results
to those of the EAGLE and Illustris simulations. We
summarize our findings in Section 6.

For the calculations we adopt the cosmology that the SMFs
and QLFs were determined in, which is mostly a Λ-CDM
cosmology parameterized by = W =Lh 0.7, 0.7, and
W = 0.3M . Only in the case of the QLF of Palanque-
Delabrouille et al. (2013) are the cosmological parameters
slightly different, = W =Lh 0.71, 0.734, and W = 0.267M .
This resulting difference in the BHMD of 5.8% at z = 3 is
much smaller than the s1 uncertainties at this redshift and thus
negligible.

2. THE COSMIC SMD

2.1. Calculating the SMD Using SMFs

An SMF F zSMF ( ) describes the number density of galaxies
ngal per mass interval ( +M M dM,gal gal gal) in a cosmic volume
at a given redshift z.

SMFs are built by estimating the individual masses of
galaxies in large surveys via population synthesis modeling.
Assumptions about the galaxy (e.g., initial mass function
(IMF), star-formation history, stellar metallicity distribution,

age, etc.) and its stellar mass are used to build model spectral
energy distributions (SEDs) that are fitted to the actual galaxy
SED. The best fit yields a stellar mass estimate for each galaxy,
which are then compiled to build an SMF for the full galaxy
sample. Note that the choice of IMF has a strong impact on
the SMF.
SMFs are most commonly described by single or double

Schechter functions (Schechter 1976; Baldry et al. 2008). They
consist of a single/double power law in mass that turns into a
falling exponential above a characteristic mass scale M*.
Most often the stellar mass distributions are divided into

redshift bins for which the best-fit parameters are estimated
assuming one of the above functional forms.
Once the SMF is defined, the SMD r zgal, ( ) between the

stellar mass integration limits, Mgal, and  + DMgal, , can then
be computed by a simple integration,






òr = F
+D

z M M z dM, . 1
M

M

gal, SMF
gal,

gal,

( ) ( ) ( )

2.2. Stellar Mass Functions

We use four recent measurements of the SMF to calculate
the SMD in all available redshift bins. A summary of the most
important characteristics is provided in Table 5. For our
purposes we rescaled all calculated SMD values to a
Salpeter IMF.
For up to intermediate redshifts ( <z 4) we used the SMFs of

Bielby et al. (2012), Ilbert et al. (2013), and Muzzin et al.
(2013). The two latter works use data from the UltraVista/
COSMOS field to determine quiescent and star-forming SMFs
in the redshift range of < <z0.2 4.0. The UltraVista/
COSMOS is the largest galaxy data set to date and therefore
provides the most complete estimates of the SMF. Although
both works base their SMFs on a similar data set, the authors
employ different analysis methods. We deliberately include
both SMFs in our analysis to use the robustness of the
underlying sample to derive the SMDs and furthermore display
the effects that different analysis methods have on the SMDs.
We use the best-fit parameters of Ilbert et al. (2013, their Table
2) and Muzzin et al. (2013, their Table 7).
The SMF of Bielby et al. (2012, their Table 7) is based on

data from the four Canada–France–Hawaii Telescope Legacy
Survey deep fields augmented by new near-infrared data from
the WIRCam Deep Survey. In comparison to most other SMF
estimates, the data from this sample are not encompassed in the
UltraVista/COSMOS fields and are therefore independent of
the SMF of Ilbert et al. (2013) and Muzzin et al. (2013). The
four different fields help to reduce uncertainties due to cosmic
line of sight variations. The SMF is determined over a redshift
range of < <z0.2 2.0.
At higher redshifts ( >z 4) we adopt the SMF of Caputi et al.

(2011, their Table 2) which is determined at redshifts
< <z3 5 using data from the UKIRT Infrared Deep Survey

(UKIDSS) Ultra Deep Survey (UDS). This study’s IRAC
galaxy selection avoids the potential bias of UV selection
against older or dustier galaxies. However, the depth of the
IRAC data limits the direct detections to a higher stellar mass
completeness limit.
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2.3. Integration Limits

For the high mass integration limit in Equation (1) we adopt
a value of M1013 . Due to the exponential decline of the SMF
at high masses the SMDs are complete at the 0.001% level if
this value is adopted. It is also a common value in the literature
(e.g., Caputi et al. 2011; Ilbert et al. 2013; Muzzin et al. 2013)
which again ensures comparability of our calculated SMDs.

The low mass limit of the SMFs faces completeness issues
because of the survey’s limited sensitivity. Below a certain flux
limit galaxies simply cannot be detected anymore. Mass
completeness is not as well defined as luminosity completeness
due to the broad range of mass-to-light ratio values that
galaxies can exhibit. We decided to use a common generic
lower mass limit of M108 to make our results comparable to
other studies (e.g., Caputi et al. 2011; Ilbert et al. 2013; Muzzin
et al. 2013). Unfortunately this mass limit does not represent
the sensitivities of the different SMFs and thus introduces
systematics by extrapolating below the mass completeness
limit. However, since the low-mass slopes of the SMFs are
flatter than of galaxy luminosity functions, the impact of the
lower mass limit on the SMD is not as big as it would be for the
SFRD. To test the robustness we varied the lower integration
boundary between 107– M109 and found that the SMDs of two
of the SMFs (Ilbert et al. 2013; Muzzin et al. 2013) are quite
robust against this variation, while the other (Caputi et al. 2011;
Bielby et al. 2012) do show a non-negligible dependence on the
lower mass integration limit. Hence, adopting the value of

M108 as our lower mass integration limit could bias our
results of the SMD.

2.4. Error Estimation

We estimate our uncertainties on the SMDs by using a
Monte Carlo method. For each parameter of the SMF we build
a Gaussian distribution with the reported mean and s1
uncertainty. Whenever asymmetric uncertainties were quoted,
we use the average of the upper and lower uncertainty as our
symmetric s1 uncertainty for the Gaussian, because the multi-
dimensional distribution functions of all parameters were not
available.

For each realization of the SMF all parameters are randomly
drawn from these distributions. Using Equation (1) we
calculate the SMD from this randomly drawn SMF. After
calculating 10,000 realizations of the SMD per SMF per
redshift bin, we build cumulative distributions of the SMDs and
fit them with a cumulative Gaussian distribution to derive the
mean and the s1 uncertainties.

2.5. SMDs from SMFs

We present all calculated SMDs in Figure 1. Below a »z 1
the cosmic SMD values seem to level off. Above this redshift
all SMDs start to decline toward higher redshifts while the
uncertainties in the SMD increase strongly at redshifts beyond
>z 3 in all adopted SMFs. The error bars along the redshift

axis represent the redshift bins in which the original SMFs were
determined.

In Table 1, we show our results of the SMD and compare
them with the results quoted in Madau & Dickinson (2014).
Our main results have uncertainties obtained in the Monte
Carlo process outlined above. They are shown in the first
column of the table. The second column shows the SMD based
on the best-fit mean parameters of the SMF. The third column

contains the SMD values from Madau & Dickinson (2014) for
comparison.
Our Monte Carlo results match the literature values well at at

all but the highest redshift bins. The values for the SMDs of
Bielby et al. (2012), Ilbert et al. (2013), and Muzzin et al.
(2013) were rescaled to a Salpeter IMF and we believe that the
differences to the values of Madau & Dickinson (2014), which
are on the order of -

M0.2 0.3 Mpc 3– , are due to this process.
The uncertainties on our Monte Carlo SMD values are higher
since the covariances of the best-fit SMF parameters were not
included in the publication. Therefore our Monte Carlo
approach delivers a more conservative estimate of the
uncertainties.

2.6. SMD derived From the Instantaneous SFRD

We also infer the SMD from the best-fit instantaneous SFRD
Y z( ) given by Equation (15) in Madau & Dickinson (2014).
Their best-fit SFRD considers measured star-formation rates in
the rest-frame far-UV, mid-IR, and far-IR (see their Table 1).
We integrate Y z( ) from z = 10 to z = 0 using their Equation (2)
with the return fraction R. The return fraction is a measure of
how much stellar mass is returned to the interstellar medium
during the stellar population life cycle. It is one major
uncertainty from converting the SFRD to the SMD. We show
the range of values for the SMD by using three different values
for the return fraction: R = 0.27 for a Salpeter IMF, R = 0.41
for a Chabrier IMF, and a value of R = 0 assuming no material
is returned to the interstellar medium. The resulting three
curves are shown as the solid, the dashed, and the dashed–
dotted black lines in Figure 1. They illustrate the uncertainty
associated with the SMD calculated from the SFRD. For all
further purposes we use the SMD with the return fraction of
R = 0.27, which reflects a Salpeter IMF. Madau & Dickinson
(2014) state their SMD calculated from their SFRD is
somewhat higher (~0.5 dex) than the SMD data from SMFs
at all redshifts. For a discussion about this discrepancy we refer
the reader to the original study. The SMD calculated from the
SFRD provides an SMD measurement independent of the
SMFs used above.

Figure 1. The colored dots and error bars along the ordinate display the Monte
Carlo mean SMD and the corresponding s1 uncertainties. The error bars along
the abscissa show the redshift bins. The black lines show the SMD based on the
cosmic SFRD of Madau & Dickinson (2014) with various values for the return
fraction R.

3

The Astrophysical Journal, 826:67 (14pp), 2016 July 20 Schindler, Fan, & Duschl



3. THE COSMIC BLACK HOLE MASS DENSITY
INFERRED FROM QSOs

3.1. Calculating the Cosmic BHMD Using the Soltan Argument

Individual BHs can grow via mass accretion or in mergers.
In the latter process, some BH mass can be lost due to the
emission of gravitational waves. The BHMD, assuming that
mass loss during mergers is negligible, can only grow by mass
accretion. Merger processes do not change the total BH mass in
a large enough volume of space.

We can write the total accreted BHMD r z•,acc ( ) between
redshifts z0 and z as a function of the total BH mass growth rate
M•,acc˙ in a volume of space V,

⎛
⎝⎜

⎞
⎠⎟òr º

¢ ¢
¢

¢z
M z

V

dt z

dz
dz . 2

z

z

•,acc
•, acc

0

( )
˙ ( ) ( ) ( )

In order to substitute the BH mass growth rate with an
observational quantity we adopt the Soltan argument

(Soltan 1982) and assume that BHs grow only by mass
accretion during bright AGN phases. The total bolometric
luminosity of all accreting BHs in a volume of space L zbol,tot ( )
can then be directly related to their overall accretion rate
M zacc˙ ( ), introducing an average efficiency factor of energy
conversion  . This factor also relates the overall accretion rate
with the total BH mass growth rate M•,acc˙





= =

-
L z M z c

c
M

1
. 3bol,tot acc

2
2

•,acc( ) ˙ ( ) ˙ ( )

Inserting Equations (3) into (2) and substituting the bolometric
luminosity per cosmic volume with an integral over the QLF
FQLF we can now calculate the BHMD,

⎛
⎝⎜

⎞
⎠⎟



 ò

ò

r =
- ¢

¢

F ¢ ¢
+D

z
c

dt z

dz

L L L z dL dz

1

, . 4

z

z

L

L

•,acc 2

bol QLF

0

( ) ( )

( ) ( ) ( )

The lower and upper luminosity integration limits are denoted
by L and + DL . This expression and the derivation have been
applied many times in previous works (e.g Yu & Tre-
maine 2002; La Franca et al. 2005; Hopkins et al. 2007; Zhang
et al. 2012). We do not include the BH seed masses in our
definition of the BHMD. Their contribution to the BHMD at
redshifts around and below z = 5 is negligible since the
accreted BH mass in bright quasar phases will be larger by
orders of magnitude compared to the BH seed mass.

3.2. Efficiency Factor of Energy Conversion

For a rotating BH the efficiency factor of energy conversion
varies between  ~ 0.06 from a non-rotating BH to  ~ 0.31
for a maximally rotating Kerr BH (Thorne 1974). Only
theoretical arguments currently constrain the distribution
function of BH spins and therefore the distribution of efficiency
factors. Above we assume an average efficiency factor for the
whole BH population allowing us to write  -1( ) in front
of the integral in Equation (4) as a scaling factor. Whenever we
calculate values for the BHMD, we adopt a value of
 - =1 0.1( ) to be comparable with previous works (Yu
& Tremaine 2002; Ueda et al. 2003; Marconi et al. 2004;
Hopkins et al. 2007; Zhang et al. 2012).

3.3. QLFs

The calculated BHMD strongly depends on the adopted
QLFs and their redshift evolution. Most QLF are parameterized
by a double power law,

*
* *

F = =
F
+a b

dn

d L L L L Llog
, 5QLF

QSO

( ) ( )
( )

where *F is the normalization constant and L* is the
characteristic luminosity where the power-law index changes
from α to β. The QLF yields the number density of quasars
nQSO of a certain luminosity range if integrated over it. This
distribution function, an important statistic for AGNs, is
determined from wide surveys with large numbers of objects
at various redshifts.
The QLF is often fitted with a continuous redshift evolution

in all or a subset of its parameters *a b L, , , and *F . If only the

Table 1
The Calculated SMDs Compared to Values from the Literature

Redshift r -
log M Mpcgal,

3[ ]

Based on Based on mean Comparison

Monte Carlo fit
SMF

parameters
Madau & Dick-

inson (2014)

SMF (Caputi et al. 2011)

3.00 3.50– 7.33 ± 0.35 7.32 -
+7.32 0.02

0.04

3.50 4.25– 7.08 ± 0.44 7.05 -
+7.05 0.10

0.11

4.25 5.00– 6.96 ± 0.68 6.38 -
+6.37 0.54

0.14

SMF (Bielby et al. 2012)

0.20 0.40– 8.43 ± 0.07 8.42 -
+8.46 0.12

0.09

0.40 0.60– 8.30 ± 0.04 8.30 -
+8.33 0.03

0.03

0.60 0.80– 8.43 ± 0.05 8.41 -
+8.45 0.10

0.08

0.80 1.00– 8.39 ± 0.03 8.39 -
+8.42 0.06

0.05

1.00 1.20– 8.23 ± 0.06 8.22 -
+8.25 0.04

0.04

1.20 1.50– 8.11 ± 0.03 8.11 -
+8.14 0.06

0.06

1.50 2.00– 8.14 ± 0.04 8.14 -
+8.16 0.03

0.32

SMF (Ilbert et al. 2013)

0.20 0.50– 8.53 ± 0.18 8.52 -
+8.55 0.09

0.08

0.50 0.80– 8.56 ± 0.23 8.44 -
+8.47 0.08

0.07

0.80 1.10– 8.51 ± 0.14 8.47 -
+8.50 0.08

0.08

1.10 1.50– 8.31 ± 0.17 8.30 -
+8.34 0.07

0.10

1.50 2.00– 8.13 ± 0.09 8.12 -
+8.11 0.06

0.05

2.00 2.50– 7.90 ± 0.09 7.90 -
+7.87 0.08

0.08

2.50 3.00– 7.73 ± 0.24 7.70 -
+7.64 0.14

0.15

3.00 4.00– 7.45 ± 0.45 7.33 -
+7.24 0.20

0.18

SMF (Muzzin et al. 2013)

0.20 0.50– 8.59 ± 0.10 8.59 -
+8.61 0.06

0.06

0.50 1.00– 8.44 ± 0.04 8.44 -
+8.46 0.03

0.03

1.00 1.50– 8.20 ± 0.04 8.20 -
+8.22 0.03

0.03

1.50 2.00– 7.97 ± 0.05 7.97 -
+7.99 0.03

0.05

2.00 2.50– 7.62 ± 0.09 7.62 -
+7.63 0.04

0.11

2.50 3.00– 7.52 ± 0.23 7.50 -
+7.52 0.09

0.13

3.00 4.00– 7.05 ± 0.72 6.83 -
+6.84 0.19

0.43

Note. All SMD values are rescaled to a Salpeter IMF, where necessary.
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characteristic luminosity L* is varied as a function of redshift,
the evolution is termed the pure luminosity evolution (PLE)
model. If characteristic luminosity and normalization constant
*F are parameterized in redshift but independent of each other,

one speaks of a luminosity evolution and density evolution
model (LEDE). If the density evolution depends on the
characteristic luminosity, the model is called luminosity
dependent density evolution (LDDE). Some authors also vary
both slopes or introduce a pivot redshift above and below
which the slopes have different values. We calculate six
different BHMD evolutions to compare with the SMDs based
on the following QLFs. A summary of their most important
characteristics is provided in Table 6.

(a) Hopkins et al. (2007) combined a large set of QLF
measurements, from the rest-frame optical, soft and hard X-ray,
and near- and mid-IR bands to determine a bolometric QLF.
Their bolometric QLF spans a redshift range of z = 0–6. The
QLF is best fit by a PLE model with an additional redshift
dependence of the faint and bright end slopes. The best-fit
values are given in Table 3 of Hopkins et al. (2007, the “full”
model). The large set of QLFs folded into the determination of
this bolometric QLF overcomes the bias against obscured
objects in the optical wavelength range that optical single
waveband QLFs suffer from. We further adopted three optical
QLFs in the g and i bands.

(b) Croom et al. (2009) compiled a QLF from 10637 QSOs
of the 2dF-SDSS luminous red galaxy (LRG) and QSO survey
in the redshift range < <z0.4 2.6. Their g-band magnitudes
reach a flux limit of 21.85 and an absolute continuum
magnitude of = < -M z 2 21.5g ( ) .

(c) The QLF of Ross et al. (2013), < <z0.3 3.5, measured
using 22301 quasars in the i band of SDSS:BOSS, serves as a
second optical QLF with a large number of objects over a
wide field.

(d) To extend the g-band data we also included the QLF of
Palanque-Delabrouille et al. (2013) in our analysis. Their QLF,
measured in the rest-frame g band, complementing Croom et al.
ʼs QLF with a wider redshift range, < <z0.68 4.0, but with
the disadvantage of a smaller sample size and narrower area on
the sky.

We use the best-fit modified LEDE model of Croom et al.
(2009, their Table 4), the PLE model with the pivot redshift of
Palanque-Delabrouille et al. (2013, their Table 7) ,and the first
PLE model (redshift range < <z0.3 2.2) in addition to the
second LEDE model (DR9) of Ross et al. (2013, their Table 8).

(e) We further used the combined hard X-ray QLFs of La
Franca et al. (2005) and Fiore et al. (2012). In the low-redshift
regime ( z 3.0) we use the QLF of La Franca et al. (2005)
which was fit using a total of 508 AGNs from the
HELLAS2XMM sample and other published catalogs (see
their Table 1). Fiore et al. (2012) set out to extend the results of
La Franca et al. (2005) and placed constraints on the QLF at
redshifts < <z3 7 using new 4Msec Chandra observations in
the Chandra Deep Field South. Their QLF fit follows the usual
double power law with a combination of luminosity and
density evolution models (termed LADE), fully equivalent to
the LDDE model introduced above. We use the best-fit model
(4) of Fiore et al. (2012, their Table 5) joined to the best-fit
model (LDDE) of La Franca et al. (2005, their Table 2) at a
redshift of z = 3 to determine the BHMD.

(f) Finally, we adopt another estimate of the hard X-ray QLF
by Ueda et al. (2014). The authors of this study have compiled

a very large sample of 4039 AGNs detected between redshifts
z = 0–5 from a multitude of surveys (see their Table 1). They
perform a maximum likelihood method to estimate a
bolometric QLF fit, parameterized using a LDDE. We use
the parameters given in their Table 4 (“Bolometric”) to
calculate the BHMD for this QLF.

3.4. K-correction and Bolometric Correction

QLFs are a direct product of quasar fluxes observed in a
certain waveband. Therefore their luminosities are wavelength
dependent. In order to calculate the BHMD we need to convert
the rest-frame luminosity (or magnitude) to a bolometric
luminosity (see Equation (4)). However, many authors follow
Richards et al. (2006) and apply a continuum K-correction to
their QLFs relative to a redshift of =z 20 . Hence, before we
can convert the waveband dependent luminosity (or magni-
tudes) to the bolometric luminosity we have to apply a
K-correction relative to a redshift of z = 0 to all optical QLFs.
The K-correction is waveband independent for power-law
SEDs. The correction for magnitudes takes the following form
(see Richards et al. 2006):

a= = = + + +nM z M z z z0 2.5 1 log 1 . 60 0( ) ( ) ( ) ( ) ( )

The power-law slope of the SED is denoted by an .
After applying the K-correction we can now use the

luminosity dependent bolometric correction of Hopkins et al.
(2007, Equations (2) and (3)) for the B band and the hard X-ray
band to convert the optical and X-ray QLFs to bolometric
luminosities.
Some of our adopted QLFs are calculated in the g or the i

bands. We use the conversions given in Ross et al. (2013) and
Jester et al. (2005) to formulate them in B-band luminosities to
be able to apply the bolometric corrections correctly.

3.5. Integration Limits

In order to numerically solve Equation (4), one needs to set
the integration limits for the luminosity as well as for the
redshift evolution.
To ensure that all BHMDs are comparable with one another

and correspond well to galaxy masses in the range of
M108 – M1013 , we adopted uniform lower and upper

integration limits for the luminosity. In bolometric luminosities,
these limits are L108 and L1018 . They lie beyond some of
the magnitude/luminosity completeness-limits of the QLFs,
and thus we necessarily extrapolate the QLFs in these cases.
The individual integration limits for all QLFs are given in
Table 2.
All QLFs are necessarily extrapolated to higher redshifts

where no data constrain them. However, the mass in the

Table 2
Integration Limits for the QLF in the BHMD Calculation (Equation (4))

QLF Reference QLF Integration Limits

Hopkins et al. (2007) =L 10bol
8 to L1018

Croom et al. (2009) = = -M z 2 39.00g ( ) to −12.01

Palanque-Delabrouille et al. (2013) = = -M z 2 38.77g ( ) to −11.78

Ross et al. (2013) = = -M z 2 38.84i ( ) to −11.85
La Franca et al. (2005) =-Llog erg s 40.60hX

1[ ] –48.31
Fiore et al. (2012) =-Llog erg s 40.60hX

1[ ] –48.31
Ueda et al. (2014) =-Llog erg s 41.58bol

1[ ] –51.58
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extrapolated regime is small compared to the BH mass growth
below ~z 5. Assuming two different redshifts =z 10, 200 for
the start of the redshift evolution, we examined the changes in
the BHMD for all QLFs at a redshift of z = 5. We found no
changes at a 0.001% level between =z 100 and =z 200 .
Hence, we decide to start our integration at redshift =z 100 .

3.6. Correcting for the Observable Quasar Population

In order to convert an observed QLF to a bolometric QLF
one also has to take in account extinction effects. In their
analysis Hopkins et al. (2007) determined the probability of
observing quasars with an intrinsic luminosity Lbol at some
observed luminosity L. They expressed this probability in an
“observable fraction” f(L) (Hopkins et al. 2007, Equation (4))
with a simple power law for conversion between the intrinsic
population and the observed one,

⎛
⎝⎜

⎞
⎠⎟=

F
F

=
b

-
f L

L

L L
f

L

10 erg s
. 7

bol
46

bol
46 1

( ) ( )
[ ( )]

( )

We adopt this rough approximation for our work to properly
convert the observed QLFs to bolometric QLFs taking in
account the obscured quasar population with the factor f(L). For
our hard X-ray QLFs we use their corresponding values
( b= =f 1.243, 0.06646 ) while we use their values for the B
band ( b= =f 0.26, 0.08246 ) for all optical QLFs.

3.7. Error Estimation

In order to estimate the uncertainties on the BHMD we apply
the same Monte Carlo approach that we used for the SMDs.
We not only draw random values for all QLF parameters but
also for the bolometric correction using the quoted uncertain-
ties in Hopkins et al. (2007). We do not account for
uncertainties in the correction for the observable fraction.
From the ten thousand realizations we calculate the median
value and the 68 percentile regions.

3.8. The Calculated BHMD

Our results for the BHMDs are portrayed in Figures 2(a)–(f).
The solid colored lines show the Monte Carlo mean BHMD at
the redshifts at which the QLF was determined. The dashed
colored lines indicate the redshift regimes to which we
extrapolated to. We only display the redshift evolution up to
z = 5, the maximum redshift for our SMD results. The light
colored areas depict the 68 percentile regions estimated from
the Monte Carlo method.

(a) The BHMD estimated from the bolometric QLF of
Hopkins et al. (2007; Figure 2(a)) shows small uncertainties
over the full redshift range. We compare our result for the local
(z= 0) BHMD with the result in the original publication in
Table 3. The results show excellent agreement. The small
difference in the uncertainties might be a consequence of using
different integration limits.

We caution against over interpreting the high-redshift
evolution ( >z 4) of this BHMD, since only the bright end
of the underlying QLFs was determined at these redshifts. This
introduces large systematic uncertainties, likely underestimat-
ing the BHMD at high redshifts.

(b) The second BHMD is calculated using the QLF of
Croom et al. (2009; Figure 2 (b)). This BHMD falls steeply at

Figure 2. We present the BHMD for the various QLFs adopted. The Monte
Carlo median BHMD is shown as a solid colored line at redshifts where the
QLF was estimated and as a dashed colored line at redshifts to which it was
extrapolated. The colored areas correspond to the 68 percentile regions on the
BHMD as a function of redshift. The dashed black line in panels (b)–(f)
corresponds to the solid line in panel (a) and serves as a reference for the eye.

Table 3
BHMD at z = 0 Calculated from the Adopted QLFs (Upper Section)

and Compared to Previous Investigations (Lower Section)

r =zlog 0•,acc( )( ) QLF
-

M Mpc 3[ ]

(a) -
+5.68 0.09

0.10 Hopkins et al. (2007)
(b) -

+5.68 0.10
0.09 Croom et al. (2009)

(c) -
+5.57 0.05

0.05 Palanque-Delabrouille et al. (2013)
(d) -

+5.49 0.10
0.42 Ross et al. (2013)

(e) -
+5.57 0.32

0.33 La Franca et al. (2005), Fiore et al. (2012)
(f) -

+5.64 0.15
0.15 Ueda et al. (2014)

Reference

5.51 La Franca et al. (2005)
5.68 ± 0.10 Hopkins et al. (2007)

-
+5.46 0.08

0.07 Yu & Tremaine (2002)

-
+5.66 0.16

0.15 Marconi et al. (2004)
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high redshifts in contrast to all other evaluated BHMDs. It is
most likely the effect of extrapolating the best-fit QLF to
redshifts beyond z = 2.6, where it is not constrained by any
data. We should exercise caution with these high-redshift
results. However, the local value of this BHMD fits well into
the range of values estimated by other authors (Table 3).

(c) The results estimated from the optical QLF of Palanque-
Delabrouille et al. (2013) in Figure 2 (c) show increasing
uncertainties to higher redshift, while the local value has the
smallest uncertainties of all six calculated BHMDs (see
Table 3).

(d) The fourth BHMD (Figure 2(d)) calculated from the
near-IR QLF of Ross et al. (2013) shows asymmetric
uncertainties in the low-redshift regime that increase toward
higher redshifts. Extrapolation to large redshifts is needed since
the QLF was determined using data in the redshift range

< <z0.3 3.5. Nonetheless the high-redshift evolution agrees
well with all other BHMDs except the one from Croom et al.
(2009; Figure 2(b)). The z = 0 BHMD is small compared to
other values (Table 3), possibly a result of having to assume the
obscuration correction for the B band instead of a near-IR
correction.

(e) The BHMD determined using the hard X-ray QLF of La
Franca et al. (2005) and Fiore et al. (2012) is not extrapolated
for the redshift range shown. At redshift z = 3 both QLFs are
joined, which is evident from the change in the slope of the
BHMD. This BHMD has high uncertainties at low redshifts,
where the local BHMD value falls well within the range of
determined BHMDs in this and other works.

(f) The sixth BHMD estimated from the QLF of Ueda et al.
(2014) arrives at a local value close to the other estimated
BHMDs above. It is redshift evolution is also similar, while the
uncertainties show medium large values at all redshifts.

Our results for the local BHMD agree well with previous
determinations from other authors (Table 3). The overall
BHMD evolution seems to be roughly consistent throughout all
panels, apart from panel (b) which is based on the adopted QLF
of Croom et al. (2009).

4. THE SMD–BHMD RELATION

4.1. Correlation Between the BHMD and the SMD

In Figures 3(a)–(f), we show all values for the SMDs
mapped onto one BHMD as a function of redshift. The data
points are colored according to their redshift with their error
bars resembling the uncertainties shown in Figures 1 and 2.

Up to intermediate redshifts, »z 3, we identify a linear
relation of the data points in all double logarithmic plots,
corresponding to a power-law relation for the linear quantities.
At low redshifts, <z 1, the BHMD seems to saturate while the
SMD still increases. We further add the SMD values based on
the SFRD of Madau & Dickinson (2014) and map them onto
the different BHMDs. The result is the solid colored line in
each of the panels. According to the general offset to higher
SMDs, the colored line lies beneath the data points by
»0.4 dex. Its shape roughly follows the data points in each
panel, dominated by the different BHMD.

Assuming a simple power law ( r r= bA•,acc ,gal· ), without a
redshift evolution for the normalization A, for the relation
between SMD and BHMD, we fit the data points using the
Markov Chain Monte Carlo (MCMC) algorithm of Kelly
(2007). We include the uncertainties in both quantities as well

as allowing for scatter in the regression relationship. We
assume that the intrinsic distribution of independent variables
can be modeled as a mixture of three Gaussian functions. The
posterior distributions are sampled using the Metropolis–
Hastings algorithm option with at least ten thousand iterations.
From the posterior distributions we calculate the median value
as our best-fit parameter and the 68 percentile regions as our s1
uncertainties. The best-fitting curves using the median para-
meters for slope and intercept (see Table 4) are shown as the
solid black lines in Figure 3. We find that there is little to no
intrinsic scatter in all fits, which is probably a consequence of
the large errors on the data points.
Except in the case of Figure 3 (b), the fit is a good

representation of the data. In this particular case, the data points
drop steeply toward lower SMDs due to the steep BHMD
evolution at high redshifts of the Croom et al. (2009) QLF. We
would like to caution against over interpreting this result at
>z 3 since the underlying QLF was only determined up to

z = 2.6, a lower redshift than any of the other adopted QLFs.
The best-fitting values with uncertainties are displayed in

Table 4. The uncertainties on the slope and the intercept are
correlated with higher uncertainties in the slope resulting in
much higher uncertainties in the intercept.
The relations including the BHMDs based on Hopkins et al.

(2007), Palanque-Delabrouille et al. (2013), and Ross et al.
(2013) show a slope close to unity and an intercept around
~-3.0. The large uncertainties in the BHMD estimated from
the QLF of Ross et al. (2013) give rise to large uncertainties in
the fit parameters, compared to the other BHMDs. The fit of the
relation between the SMDs and the BHMD based on Croom
et al. (2009) has the largest slope of 1.53 and a corresponding
small intercept of −7.15. If we restrict the fitting process to
values with <z 3, where the QLF was actually determined, we
obtain a median slope of 1.10 and intercept around −3.61.
These agree with the fit parameters of the other data sets.
The relations with BHMDs calculated from La Franca et al.

(2005), Fiore et al. (2012), and Ueda et al. (2014) show slopes
around 1.2–1.3 and correspondingly smaller values for the
intercept.
We have learned that the BHMDs and SMDs do follow a

power-law relation at least up to redshifts of »z 3 where the
error bars become too large to confidently constrain the
relation. It is well represented by a power law with a slope
around unity, with its individual value depending strongly on
the data set.

4.2. The Cosmic Evolution of the Ratio of BHMD to SMD

We now turn to analyze the redshift evolution of the
logarithmic ratio of BHMD to SMD. Our results are
summarized in Figures 4(a)–(f). Each panel shows the ratio
of both quantities as a function of redshift.
If the BHMD and the SMD actually follow a simple power-

law relation with a slope of unity but with a redshift dependent
normalization, this figure should show us any evolution of the
normalization of this relation.
The colored data points correspond to the values of all SMDs

in their respective redshift bins divided by one of the six
different estimations of the BHMD. We show the average SMD
(see Table 1) as empty symbols while the MC mean SMD is
over plotted in gray/color. We want to point out that they
disagree at the highest redshifts which could possibly lead to a
different interpretation.
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Figure 3. The data points show the BHMD plotted against SMD, colored as a function of redshift. Each panel shows all SMD data vs. one of the six BHMD
estimations: (a) Hopkins et al. (2007), (b) Croom et al. (2009), (c) Palanque-Delabrouille et al. (2013; PD 2013), (d) Ross et al. (2013), (e) Fiore et al. (2012) and La
Franca et al. (2005), and (f) Ueda et al. (2014)). The error bars show the associated 68 percentile regions/ s1 uncertainties. The colored solid lines show the SMD from
the SFRD (Madau & Dickinson 2014) vs. the specified BHMD. Their color code follows Figure 2 and has no relation to the redshift colored bar. We display the best-
fit MCMC linear relation as the solid black line (Table 4). The dashed line in panel (b) is the MCMC linear fit to the data with <z 3.
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The colored lines refer to the SMD calculated from the
instantaneous SFRD (Madau & Dickinson 2014) divided by the
BHMD, which underlines the influence of the BHMD across
all panels. Whenever the BHMD was estimated by extrapolat-
ing the underlying QLF we have grayed out the data points and
show a dashed instead of a solid colored line.

We restrict panel (b) to redshifts <z 3 since the QLF of
Croom et al. (2009) was only determined up to z = 2.6.

According to the data points there is basically no redshift
evolution of the logarithmic ratio within the s1 error bars
across all panels.

The BHMD to SMD ratio reaches it is maximum value at a
redshift of ∼2.2 across all panels. Although the signature of the
maximum in the generally flat evolution is very faint, it does
coincide with the maximum of merger activity and star
formation.

Beyond redshifts of z = 3 panels (a), (c)–(f) show that the
BHMD–SMD ratio slightly declines. Yet, given the large
uncertainties at these redshifts the redshift evolution can still be
considered consistent with being flat.

However, taking in account the error bars, our data do not
support a rise of the ratio toward higher redshifts as might be
expected if BH growth preceded galaxy stellar mass growth for
the whole population.

5. DISCUSSION

5.1. Interpretation of the Results

In this work, we use the mass densities of stellar matter and
BHs to investigate co-evolution over a wide redshift range.

The SMD is the integrated average stellar mass per Mpc3 and
as such does not provide any information about the underlying
mass distribution. It traces foremost the galaxies which
dominate the galaxy mass distribution, which are predomi-
nantly M ( L ) galaxies. However these correspond to different
kinds of systems at different redshifts.

The BHMD represents the average BH mass in a volume of
one comoving Mpc3. We derived this quantity using the Soltan
argument and therefore assume that the bulk BH mass growth
occurs in quasar phases. Therefore the BHMD is naturally

dominated by the most luminous AGN, which show the highest
BH mass growth.
Although we have lost the information about the underlying

BH and galaxy mass distributions, we have gained the ability to
robustly estimate both quantities over a wide redshift range.
The majority of the panels in Figure 3 show a power-law

correlation between BHMD and SMD below z = 3 with a slope
around unity. The same signature can be seen in Figure 4 where
the logarithmic ratio of both quantities has remarkable little to
no redshift evolution up to z = 3. We interpret this as lock-step
growth of the two quantities from z = 3 to z = 0.
While this result does not allow us to conclude that all

individual BHs and their hosts grow in lock-step in this redshift
range, it does strongly suggest that as a population, the
systems, which dominate the mass growth, do follow this lock-
step growth.
At higher redshifts around < <z3 5 and given the

completeness of the SMFs and QLFs, the BHMD to SMD
ratio does not show a strong evolution. However, at the highest
redshifts the ratio of BHMD to SMD seems to decrease slightly
rather than to increase. While an increase could be interpreted
as generally over massive BHs compared to the local value, a
decrease would imply the opposite.
The evolution of the BH–galaxy scaling relations has been

an active topic of investigation.
While at redshifts below ~z 1 the BH to galaxy bulge mass

relation does no seem to evolve (e.g., Cisternas et al. 2011),
studies at higher redshift (e.g., Peng et al. 2006; Treu
et al. 2007; Jahnke et al. 2009; Bennert et al. 2011) find a
positively evolving relation, suggesting that larger BHs
( > M M10•

8 ) pre-date the formation of their host galaxy
bulges at these redshifts. Most similar to our method, Zhang
et al. (2012) estimate the evolution on the -M M• ,bulge
relation using BHMDs and SMDs. Their results also favor a
positively evolving BH to galaxy bulge mass relation.
However, simulations of merging disc galaxies (Robertson

et al. 2006; Johansson et al. 2009) seem to disfavor the picture
in which SMBHs develop significantly before their parent
bulges.
Regarding the relation between the BH and the total galaxy

stellar mass, Jahnke et al. (2009) find the BH mass to total
stellar mass relation not to be evolving, whereas Decarli et al.
(2010) and Bennert et al. (2011) find a positive evolution.
Kormendy & Ho (2013) illustrate in their Figure 38 that on

average M M• ,bulge increases from its local value (Häring &
Rix 2004) toward higher redshift. However, these high-redshift
data points suffer selection effects that are hard to quantify and
sample bias toward more luminous systems. Also bulge disc
decomposition becomes increasingly difficult in non-local
systems with an AGN. If the total instead of the bulge stellar
mass is used, the evolution of the ratio with z weakens or even
disappears below z = 2 (see Kormendy & Ho 2013, Figure 38
(b), green points).
Schulze & Wisotzki (2014) showed very convincingly that

evolutionary trends in the apparent ratio of the BH to galaxy
bulge mass relations do not carry over to an intrinsic offset
once selection effects (Lauer et al. 2007) are taken in account.
They do not demonstrate this for the studies of Peng et al.
(2006) and Decarli et al. (2010) above, but for a variety of other
works (e.g., Wang et al. 2010)).
In conclusion, the BH to bulge mass relation seems to be

evolving positively with redshift (see also Volonteri & Reines

Table 4
Summary of our MCMC Best-fit Parameters of the BHMD–SMD Relation

Assuming a Linear Function for the Logarithmic Quantities

BHMD inferred from the QLF of Intercept Slope

(a) Hopkins et al. (2007) - -
+3.00 0.80

0.92
-
+1.02 0.11

0.10

(b) Croom et al. (2009) - -
+7.15 1.18

1.53
-
+1.53 0.19

0.14

Croom et al. (2009) <z 3.0 - -
+3.61 1.16

1.23
-
+1.10 0.16

0.13

(c) Palanque-Delabrouille et al. (2013) - -
+3.38 0.89

0.98
-
+1.06 0.11

0.12

(d) Ross et al. (2013) - -
+2.82 3.70

3.36
-
+0.98 0.41

0.45

(e) Fiore et al. (2012),
La Franca et al. (2005) - -

+5.61 1.91
2.04

-
+1.32 0.25

0.23

(f) Ueda et al. (2014) - -
+4.84 1.19

1.43
-1.24 0.18
0.14

Kormendy & Ho (2013) −4.06 ± 0.05 1.16 ± 0.08
Häring & Rix (2004) −4.12 ± 0.10 1.12 ± 0.06

Note. We present the median value of the posterior distribution and the 68th
percentile regions around the median for each of the six BHMDs calculated and
for two redshift restricted samples of the BHMD based on the Croom et al.
(2009) QLF. Our results are contrasted by the local BH mass to bulge mass
relations of Kormendy & Ho (2013) and Häring & Rix (2004).
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Table 5
Summary of the SMFs Adopted in this Work

Reference Best Fit zRange Survey/Field Area NGalaxies IMF

Caputi et al. (2011) Their Table 2 z = 3–5 UKIDSS & UDS 0.6 deg2 1213 Salpeter
Ilbert et al. (2013) Their Table 2 full sample z = 0.2–4.0 UltraVista DR1/Cosmos 1.52 deg2 220000 Chabrier
Muzzin et al. (2013) Their Table 1; sample: all; first redshift bin: third row; all other bins: first row; in reference z = 0.2–4.0 UltraVista DR1/Cosmos 1.62 deg2 95675 Kroupa
Bielby et al. (2012) Their Table 7 z = 0.2–2.0 WIRCam Deep Survey 2.03 deg2 ∼50,000 per band Chabrier

Note. All references use a ΛCDM cosmology with = W = W =Lh 70, 0.3, 0.7m .
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2016), while the studies on BH to total stellar mass ratio are
more ambiguous.

While our work somewhat disagrees with Decarli et al.
(2010), Bennert et al. (2011), it fits well into the line of recent
works (see Jahnke et al. 2009; Kormendy & Ho 2013) finding
only very little evidence for an evolution of the ratio of BH to
total galaxy stellar mass up to z = 3.

On this basis we find that BH mass growth did not precede
total stellar mass growth in any of our data sets. The data of
systems that show over massive BHs compared to their galaxy
properties could well be only a subset of the total distribution
of BH and host galaxy systems.

5.2. Comparison to Hydrodynamical
Cosmological Simulations

We compare our results, which are based on observational
data, with the results of the Illustris (Vogelsberger et al. 2014;
Genel et al. 2014) and the EAGLE (Schaye et al. 2015)
simulations.

The Illustris simulation is a large-scale cosmological
hydrodynamical simulation. It covers a volume of
106.5 Mpc3 with more than 12 billion resolution elements.
State-of-the-art physical models describing the relevant physics
for galaxy formation are included, allowing for the study of the
properties of BHs and their host galaxies.

For our purposes we use the BH accretion rate (BHAR) and
SFRD of the highest resolution Illustris simulation (18203),
published in Sijacki et al. (2015). Both quantities are integrated
across redshift to calculate the BHMD and the SMD. We
rescale the SFRD from a Chabrier to a Salpeter IMF and use a
return fraction of 0.27, according to Salpeter IMF, to calculate
the SMD.

The simulation calibrates the efficiency of the BH feedback
to reproduce the observed cosmic star-formation history and
the z = 0 SMF. Furthermore, the quasar efficiency factor has
been set to match the normalization of the s-MBH relation in
isolated galaxy mergers. While the Illustris simulation slightly
over predicts the absolute values of the total SMD and BHMD,
their evolution follows the data calculated in this work and the
SMD from the SFRD of Madau & Dickinson (2014) closely.
Regarding the SMD this is not surprising, since the BH
feedback was tuned to reproduce the star-formation history.
The evolution of the BHMD, however, is not pre-determined.

The EAGLE simulations (Crain et al. 2015; Schaye et al.
2015) are a suite of hydrodynamical cosmological simulations
run with a version of the GADGET 3 code that includes a new
hydrodynamics solver, new time stepping, and new sub-grid
physics. We adopt the SMD of Furlong et al. (2015) and the
BHMD (Rosas-Guevara et al. 2016) from the large simulation
Ref-L100N1504 with 15043 particles in a box of 100 comoving
Mpc3. While the Illustris simulation is designed to match the
observed star-formation history and therefore the redshift
evolution of the feedback efficiency is calibrated, the EAGLE
simulation only matches ~z 0 observational data and thus
both BHMD and SMD evolution are not pre-determined. The
sub-grid physics concerning stellar and AGN feedback are
calibrated to match the ~z 0 local galaxy SMF as well as the
normalization of the BH–galaxy mass scaling relation, which is
mainly determined by the efficiency parameter of AGN
feedback.
The SMD includes only stellar mass in galaxies excluding

the mass associated with intra-cluster light. The EAGLE
simulation uses a Chabrier IMF and thus we have rescaled the
mass density to a Salpeter IMF. The BHMD only includes the
accreted BH mass and not the original seed masses and is thus
the best comparison to the BHMD we calculated.
The simulations and our data are computed assuming

slightly different cosmological parameters. Yet the maximum
difference in terms of cosmological volumes at a redshift of
z = 3 are below 7% and thus we are confident in comparing
them to one another without recalibrating to one cosmological
parameter set.
We compare the simulation data to our inferred BHMD to

total SMD ratio in Figure 4. The data from the Illustris
simulation are shown as a black solid line, while the data from
the EAGLE simulation are shown as a black dashed line.
The Illustris BHMD to SMD ratio (black solid line) follows

our data points closely and is almost always within the s1 error
bars of the data points.
The data from the EAGLE simulation, the black dashed line

in Figure 4, match our data points as well in panels (c)–(f) and
at z 3 in all panels.
Both simulations agree well with our data and show a nearly

flat redshift evolution of the BHMD to SMD ratio up to
redshifts of >z 4, where it starts to decline slightly.

Table 6
Summary of the QLFs Adopted in this Work

Reference zRange Survey/Field Luminosity Range Area NAGN

Hopkins et al. (2007) z = 0–6 Compilation, see Table 1 in
Hopkins et al. (2007)

 -L41 log erg s 49bol
1( [ ]) L ∼49,000

Croom et al. (2009) z = 0.4–2.6 2dF-SDSS LRG, 2SLAQ = < -M z 2 21.5g ( ) 191.9 deg2 10637

Ross et al. (2013) z = 0.3–3.5 SDSS-III:BOSS = < -M z 2.2 24.5i ( ) 2236 deg2 23201
Palanque-Delabrouille
et al. (2013)

z = 0.68–4.0 SDSS-III:BOSS Str. 82 + MMT = < -M z 2 22.3g ( ) 14.5 deg2 1877

Fiore et al. (2012) z = 3–7 4Ms CDFS < - <-L42.75 log 2 10 keV erg s 44.51( ( ) [ ]) ¢464.5 2 54
La Franca et al. (2005) z = 0–4 HELLAS2XMM, also see Table

1 in La Franca et al. (2005)
 - -L42 log 2 10 keV erg s 461( ( ) [ ]) 3 deg2 + others 508

Ueda et al. (2014) z = 0–5 Compilation, see Table 1 in Ueda
et al. (2014)

 - -L42 log 2 10 keV erg s 461( ( ) [ ]) see Table 1 in
Ueda
et al. (2014)

4039

Note. All references use a ΛCDM cosmology with = W = W =Lh 70, 0.3, 0.7m , except for Palanque-Delabrouille et al. (2013), who use slightly different
cosmological parameters ( = W = W =Lh 71, 0.267, 0.734m ).

11

The Astrophysical Journal, 826:67 (14pp), 2016 July 20 Schindler, Fan, & Duschl



6. CONCLUSION

In this work, we have calculated the BHMD and SMD to
evaluate possible signatures from BH–galaxy co-evolution up

to high redshifts. We calculated the SMD from multiple
measurements of SMFs and the cosmic SFRD of Madau &
Dickinson (2014), while we have used the Soltan argument on
various QLFs to obtain measurements of the BHMD. The

Figure 4. The ratio of BHMD to SMD as a function of redshift. The data points refer to the SMD data calculated from SMFs: triangles, Bielby et al. (2012); squares,
Ilbert et al. (2013); circles, Muzzin et al. (2013); and diamonds Caputi et al. (2011). The panels and colors refer to the different BHMDs as arranged in Figure 3. The
lines (dashed/solid) represent the SMD from the instantaneous SFRD (Madau & Dickinson 2014). Wherever we had to extrapolate the QLFs in redshift to calculate
the BHMD, the data points are grayed out and the line is dashed. The open data points refer to the average SMD values (see Table 1), to point out the differences
between them and the Monte Carlo values, particularly at high redshifts. The black solid line shows the BHMD to SMD ratio of the Illustris simulation with a
resolution of 18203 (Sijacki et al. 2015). The black dashed line shows the BHMD to SMD ratio of the EAGLE simulation (Furlong et al. 2015; Rosas-Guevara
et al. 2016).
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values of our calculated SMDs at various redshifts agree well
with the values in the recent review of Madau & Dickinson
(2014). We also compare our BHMD at z = 0 with previous
studies and find generally good agreement.

Our data show clear lock-step growth of the BHMD with the
SMD in the redshift regime z = 0–3. If the BHMD–SMD
relations, shown in Figure 3, are fitted with power laws, we find
values for the exponent between 1.0 and 1.3. These values are
surprisingly close to unity. While local estimates of the BH
mass to stellar bulge mass relation have very similar slopes, the
SMD–BHMD cannot be easily compared to the local relations.
It is an evolutionary sequence of integrated distributions of BH
mass and stellar mass and not a “snapshot” of their distributions
at z = 0.

We show that the logarithmic ratio of BHMD to SMD seems
to be roughly constant from z = 0 to z = 5 within the s1
uncertainties. Therefore BH mass growth and stellar mass
growth trace very well over long periods of time up to high
redshifts.

Since the considered quantities hold information about the
integrated distribution of BHs and galaxies, information about
the distributions itself cannot be accessed. Therefore we cannot
distinguish between physical processes that connect or regulate
BH and stellar mass growth and scenarios of secular evolution
for both quantities.

However, our data do not support a scenario in which BH
growth preceded total galaxy stellar mass growth. In light of
this result, BHs, which are over massive according to BH–
galaxy scaling relations, are likely to be outliers of the full
distribution.

From the results of the EAGLE and Illustris simulations,
including galaxy and AGN feedback, we also do not expect the
BHMD to SMD ratio to strongly evolve with redshift.

At high redshifts, measurements of BH mass and galaxy
properties become increasingly difficult. On this basis follow-
ing the local BH mass galaxy relations up to high redshifts to
understand their evolution and origins is an involved task. With
this work we try to open up other angles to investigate BH and
galaxy co-evolution based on large data sets.

Our effort is not free of assumptions and the underlying
SMFs and QLFs do suffer completeness issues at the highest
redshifts and the lowest masses/luminosities. But so far, using
the same analysis technique on all data sets, our results are
consistent across all used SMFs and QLFs.

Upcoming large-scale surveys of galaxies and quasars will
extend our knowledge of the SMFs and QLFs to even higher
redshifts and allow us to trace back the possible co-evolution of
BH and their hosts until the cosmic dawn.
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J.T.S. and X.F. thank supports from the NSF grants AST 11-
07682 and 15-15115.

REFERENCES

Anglés-Alcázar, D., Davé, R., Faucher-Giguère, C.-A., Özel, F., &
Hopkins, P. F. 2016, MNRAS, submitted (arXiv:1603.080070)

Anglés-Alcázar, D., Özel, F., & Davé, R. 2013, ApJ, 770, 5

Anglés-Alcázar, D., Özel, F., Davé, R., et al. 2015, ApJ, 800, 127
Baldry, I. K., Glazebrook, K., & Driver, S. P. 2008, MNRAS, 388, 945
Beifiori, A., Courteau, S., Corsini, E. M., & Zhu, Y. 2012, MNRAS, 419, 2497
Bennert, V. N., Auger, M. W., Treu, T., Woo, J.-H., & Malkan, M. A. 2011,

ApJ, 742, 107
Bielby, R., Hudelot, P., McCracken, H. J., et al. 2012, A&A, 545, A23
Bower, R. G., Benson, A. J., Malbon, R., et al. 2006, MNRAS, 370, 645
Canalizo, G., Wold, M., Hiner, K. D., et al. 2012, ApJ, 760, 38
Caputi, K. I., Cirasuolo, M., Dunlop, J. S., et al. 2011, MNRAS, 413, 162
Chokshi, A., & Turner, E. L. 1992, MNRAS, 259, 421
Cisternas, M., Jahnke, K., Bongiorno, A., et al. 2011, ApJL, 741, L11
Crain, R. A., Schaye, J., Bower, R. G., et al. 2015, MNRAS, 450, 1937
Croom, S. M., Richards, G. T., Shanks, T., et al. 2009, MNRAS, 399, 1755
Croton, D. J., Springel, V., White, S. D. M., et al. 2006, MNRAS, 365, 11
Decarli, R., Falomo, R., Treves, A., et al. 2010, MNRAS, 402, 2453
Di Matteo, T., Springel, V., & Hernquist, L. 2005, Natur, 433, 604
Fabian, A. C. 1999, MNRAS, 308, L39
Ferrarese, L., & Merritt, D. 2000, ApJL, 539, L9
Fiore, F., Puccetti, S., Grazian, A., et al. 2012, A&A, 537, A16
Furlong, M., Bower, R. G., Theuns, T., et al. 2015, MNRAS, 450, 4486
Gebhardt, K., Bender, R., Bower, G., et al. 2000, ApJL, 539, L13
Genel, S., Vogelsberger, M., Springel, V., et al. 2014, MNRAS, 445, 175
Graham, A. W., Onken, C. A., Athanassoula, E., & Combes, F. 2011,

MNRAS, 412, 2211
Gültekin, K., Richstone, D. O., Gebhardt, K., et al. 2009, ApJ, 698, 198
Häring, N., & Rix, H.-W. 2004, ApJL, 604, L89
Harris, C. E., Bennert, V. N., Auger, M. W., et al. 2012, ApJS, 201, 29
Hiner, K. D., Canalizo, G., Wold, M., Brotherton, M. S., & Cales, S. L. 2012,

ApJ, 756, 162
Hopkins, P. F., Hernquist, L., Cox, T. J., et al. 2006, ApJS, 163, 1
Hopkins, P. F., Richards, G. T., & Hernquist, L. 2007, ApJ, 654, 731
Ilbert, O., McCracken, H. J., Le Fèvre, O., et al. 2013, A&A, 556, A55
Jahnke, K., Bongiorno, A., Brusa, M., et al. 2009, ApJL, 706, L215
Jahnke, K., & Macciò, A. V. 2011, ApJ, 734, 92
Jester, S., Schneider, D. P., Richards, G. T., et al. 2005, AJ, 130, 873
Johansson, P. H., Burkert, A., & Naab, T. 2009, ApJL, 707, L184
Kelly, B. C. 2007, ApJ, 665, 1489
King, A. 2003, ApJL, 596, L27
Kormendy, J., & Ho, L. C. 2013, ARA&A, 51, 511
Kormendy, J., & Richstone, D. 1995, ARA&A, 33, 581
La Franca, F., Fiore, F., Comastri, A., et al. 2005, ApJ, 635, 864
Läsker, R., Ferrarese, L., van de Ven, G., & Shankar, F. 2014, ApJ, 780, 70
Lauer, T. R., Tremaine, S., Richstone, D., & Faber, S. M. 2007, ApJ, 670,

249
Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415
Magorrian, J., Tremaine, S., Richstone, D., et al. 1998, AJ, 115, 2285
Marconi, A., & Hunt, L. K. 2003, ApJL, 589, L21
Marconi, A., Risaliti, G., Gilli, R., et al. 2004, MNRAS, 351, 169
McConnell, N. J., & Ma, C.-P. 2013, ApJ, 764, 184
McLure, R. J., & Dunlop, J. S. 2001, MNRAS, 327, 199
McLure, R. J., & Dunlop, J. S. 2002, MNRAS, 331, 795
Merloni, R., & Di Matteo, T. 2004, MNRAS, 354, L37
Murray, N., Quataert, E., & Thompson, T. A. 2005, ApJ, 618, 569
Muzzin, A., Marchesini, D., Stefanon, M., et al. 2013, ApJ, 777, 18
Palanque-Delabrouille, N., Magneville, C., Yèche, C., et al. 2013, A&A,

551, A29
Peng, C. Y. 2007, ApJ, 671, 1098
Peng, C. Y., Impey, C. D., Rix, H.-W., et al. 2006, ApJ, 649, 616
Reines, A. E., & Volonteri, M. 2015, ApJ, 813, 82
Richards, G. T., Strauss, M. A., Fan, X., et al. 2006, AJ, 131, 2766
Robertson, B., Hernquist, L., Cox, T. J., et al. 2006, ApJ, 641, 90
Rosas-Guevara, Y., Bower, R. G., Schaye, J., et al. 2016, MNRAS, in press

(arXiv:1604.00020)
Ross, N. P., McGreer, I. D., White, M., et al. 2013, ApJ, 773, 14
Salucci, P., Szuszkiewicz, E., Monaco, P., & Danese, L. 1999, MNRAS,

307, 637
Savorgnan, G. A. D., Graham, A. W., Marconi, A., & Sani, E. 2016, ApJ,

817, 21
Schaye, J., Crain, R. A., Bower, R. G., et al. 2015, MNRAS, 446, 521
Schechter, P. 1976, ApJ, 203, 297
Schulze, A., & Gebhardt, K. 2011, ApJ, 729, 21
Schulze, A., & Wisotzki, L. 2014, MNRAS, 438, 3422
Shankar, F., Bernardi, M., Sheth, R. K., et al. 2016, MNRAS, in press

(arXiv:1603.01276)
Sijacki, D., Vogelsberger, M., Genel, S., et al. 2015, MNRAS, 452, 575
Silk, J., & Rees, M. J. 1998, A&A, 331, L1

13

The Astrophysical Journal, 826:67 (14pp), 2016 July 20 Schindler, Fan, & Duschl

http://arxiv.org/abs/1603.080070
http://dx.doi.org/10.1088/0004-637X/770/1/5
http://adsabs.harvard.edu/abs/2013ApJ...770....5A
http://dx.doi.org/10.1088/0004-637X/800/2/127
http://adsabs.harvard.edu/abs/2015ApJ...800..127A
http://dx.doi.org/10.1111/j.1365-2966.2008.13348.x
http://adsabs.harvard.edu/abs/2008MNRAS.388..945B
http://dx.doi.org/10.1111/j.1365-2966.2011.19903.x
http://adsabs.harvard.edu/abs/2012MNRAS.419.2497B
http://dx.doi.org/10.1088/0004-637X/742/2/107
http://adsabs.harvard.edu/abs/2011ApJ...742..107B
http://dx.doi.org/10.1051/0004-6361/201118547
http://adsabs.harvard.edu/abs/2012A&amp;A...545A..23B
http://dx.doi.org/10.1111/j.1365-2966.2006.10519.x
http://adsabs.harvard.edu/abs/2006MNRAS.370..645B
http://dx.doi.org/10.1088/0004-637X/760/1/38
http://adsabs.harvard.edu/abs/2012ApJ...760...38C
http://dx.doi.org/10.1111/j.1365-2966.2010.18118.x
http://adsabs.harvard.edu/abs/2011MNRAS.413..162C
http://dx.doi.org/10.1093/mnras/259.3.421
http://adsabs.harvard.edu/abs/1992MNRAS.259..421C
http://dx.doi.org/10.1088/2041-8205/741/1/L11
http://adsabs.harvard.edu/abs/2011ApJ...741L..11C
http://dx.doi.org/10.1093/mnras/stv725
http://adsabs.harvard.edu/abs/2015MNRAS.450.1937C
http://dx.doi.org/10.1111/j.1365-2966.2009.15398.x
http://adsabs.harvard.edu/abs/2009MNRAS.399.1755C
http://dx.doi.org/10.1111/j.1365-2966.2005.09675.x
http://adsabs.harvard.edu/abs/2006MNRAS.365...11C
http://dx.doi.org/10.1111/j.1365-2966.2009.16049.x
http://adsabs.harvard.edu/abs/2010MNRAS.402.2453D
http://dx.doi.org/10.1038/nature03335
http://adsabs.harvard.edu/abs/2005Natur.433..604D
http://dx.doi.org/10.1046/j.1365-8711.1999.03017.x
http://adsabs.harvard.edu/abs/1999MNRAS.308L..39F
http://dx.doi.org/10.1086/312838
http://adsabs.harvard.edu/abs/2000ApJ...539L...9F
http://dx.doi.org/10.1051/0004-6361/201117581
http://adsabs.harvard.edu/abs/2012A&amp;A...537A..16F
http://dx.doi.org/10.1093/mnras/stv852
http://adsabs.harvard.edu/abs/2015MNRAS.450.4486F
http://dx.doi.org/10.1086/312840
http://adsabs.harvard.edu/abs/2000ApJ...539L..13G
http://dx.doi.org/10.1093/mnras/stu1654
http://adsabs.harvard.edu/abs/2014MNRAS.445..175G
http://dx.doi.org/10.1111/j.1365-2966.2010.18045.x
http://adsabs.harvard.edu/abs/2011MNRAS.412.2211G
http://dx.doi.org/10.1088/0004-637X/698/1/198
http://adsabs.harvard.edu/abs/2009ApJ...698..198G
http://dx.doi.org/10.1086/383567
http://adsabs.harvard.edu/abs/2004ApJ...604L..89H
http://dx.doi.org/10.1088/0067-0049/201/2/29
http://adsabs.harvard.edu/abs/2012ApJS..201...29H
http://dx.doi.org/10.1088/0004-637X/756/2/162
http://adsabs.harvard.edu/abs/2012ApJ...756..162H
http://dx.doi.org/10.1086/499298
http://adsabs.harvard.edu/abs/2006ApJS..163....1H
http://dx.doi.org/10.1086/509629
http://adsabs.harvard.edu/abs/2007ApJ...654..731H
http://dx.doi.org/10.1051/0004-6361/201321100
http://adsabs.harvard.edu/abs/2013A&amp;A...556A..55I
http://dx.doi.org/10.1088/0004-637X/706/2/L215
http://adsabs.harvard.edu/abs/2009ApJ...706L.215J
http://dx.doi.org/10.1088/0004-637X/734/2/92
http://adsabs.harvard.edu/abs/2011ApJ...734...92J
http://dx.doi.org/10.1086/432466
http://adsabs.harvard.edu/abs/2005AJ....130..873J
http://dx.doi.org/10.1088/0004-637X/707/2/L184
http://adsabs.harvard.edu/abs/2009ApJ...707L.184J
http://dx.doi.org/10.1086/519947
http://adsabs.harvard.edu/abs/2007ApJ...665.1489K
http://dx.doi.org/10.1086/379143
http://adsabs.harvard.edu/abs/2003ApJ...596L..27K
http://dx.doi.org/10.1146/annurev-astro-082708-101811
http://adsabs.harvard.edu/abs/2013ARA&amp;A..51..511K
http://dx.doi.org/10.1146/annurev.aa.33.090195.003053
http://adsabs.harvard.edu/abs/1995ARA&amp;A..33..581K
http://dx.doi.org/10.1086/497586
http://adsabs.harvard.edu/abs/2005ApJ...635..864L
http://dx.doi.org/10.1088/0004-637X/780/1/70
http://adsabs.harvard.edu/abs/2014ApJ...780...70L
http://dx.doi.org/10.1086/522083
http://adsabs.harvard.edu/abs/2007ApJ...670..249L
http://adsabs.harvard.edu/abs/2007ApJ...670..249L
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://adsabs.harvard.edu/abs/2014ARA&amp;A..52..415M
http://dx.doi.org/10.1086/300353
http://adsabs.harvard.edu/abs/1998AJ....115.2285M
http://dx.doi.org/10.1086/375804
http://adsabs.harvard.edu/abs/2003ApJ...589L..21M
http://dx.doi.org/10.1111/j.1365-2966.2004.07765.x
http://adsabs.harvard.edu/abs/2004MNRAS.351..169M
http://dx.doi.org/10.1088/0004-637X/764/2/184
http://adsabs.harvard.edu/abs/2013ApJ...764..184M
http://dx.doi.org/10.1046/j.1365-8711.2001.04709.x
http://adsabs.harvard.edu/abs/2001MNRAS.327..199M
http://dx.doi.org/10.1046/j.1365-8711.2002.05236.x
http://adsabs.harvard.edu/abs/2002MNRAS.331..795M
http://dx.doi.org/10.1111/j.1365-2966.2004.08382.x
http://adsabs.harvard.edu/abs/2004MNRAS.354L..37M
http://dx.doi.org/10.1086/426067
http://adsabs.harvard.edu/abs/2005ApJ...618..569M
http://dx.doi.org/10.1088/0004-637X/777/1/18
http://adsabs.harvard.edu/abs/2013ApJ...777...18M
http://dx.doi.org/10.1051/0004-6361/201220379
http://adsabs.harvard.edu/abs/2013A&amp;A...551A..29P
http://adsabs.harvard.edu/abs/2013A&amp;A...551A..29P
http://dx.doi.org/10.1086/522774
http://adsabs.harvard.edu/abs/2007ApJ...671.1098P
http://dx.doi.org/10.1086/506266
http://adsabs.harvard.edu/abs/2006ApJ...649..616P
http://dx.doi.org/10.1088/0004-637X/813/2/82
http://adsabs.harvard.edu/abs/2015ApJ...813...82R
http://dx.doi.org/10.1086/503559
http://adsabs.harvard.edu/abs/2006AJ....131.2766R
http://dx.doi.org/10.1086/500348
http://adsabs.harvard.edu/abs/2006ApJ...641...90R
http://arxiv.org/abs/1604.00020
http://dx.doi.org/10.1088/0004-637X/773/1/14
http://adsabs.harvard.edu/abs/2013ApJ...773...14R
http://dx.doi.org/10.1046/j.1365-8711.1999.02659.x
http://adsabs.harvard.edu/abs/1999MNRAS.307..637S
http://adsabs.harvard.edu/abs/1999MNRAS.307..637S
http://dx.doi.org/10.3847/0004-637X/817/1/21
http://adsabs.harvard.edu/abs/2016ApJ...817...21S
http://adsabs.harvard.edu/abs/2016ApJ...817...21S
http://dx.doi.org/10.1093/mnras/stu2058
http://adsabs.harvard.edu/abs/2015MNRAS.446..521S
http://dx.doi.org/10.1086/154079
http://adsabs.harvard.edu/abs/1976ApJ...203..297S
http://dx.doi.org/10.1088/0004-637X/729/1/21
http://adsabs.harvard.edu/abs/2011ApJ...729...21S
http://dx.doi.org/10.1093/mnras/stt2457
http://adsabs.harvard.edu/abs/2014MNRAS.438.3422S
http://arxiv.org/abs/1603.01276
http://dx.doi.org/10.1093/mnras/stv1340
http://adsabs.harvard.edu/abs/2015MNRAS.452..575S
http://adsabs.harvard.edu/abs/1998A&amp;A...331L...1S


Soltan, A. 1982, MNRAS, 200, 115
Somerville, R. S., Hopkins, P. F., Cox, T. J., Robertson, B. E., & Hernquist, L.

2008, MNRAS, 391, 481
Targett, T. A., Dunlop, J. S., & McLure, R. J. 2012, MNRAS, 420, 3621
Thorne, K. S. 1974, ApJ, 191, 507
Tremaine, S., Gebhardt, K., Bender, R., et al. 2002, ApJ, 574, 740
Treu, T., Woo, J.-H., Malkan, M. A., & Blandford, R. D. 2007, ApJ, 667, 117
Ueda, Y., Akiyama, M., Hasinger, G., Miyaji, T., & Watson, M. G. 2014, ApJ,

786, 104
Ueda, Y., Akiyama, M., Ohta, K., & Miyaji, T. 2003, ApJ, 598, 886

van Dokkum, P. G., Franx, M., Kriek, M., et al. 2008, ApJL, 677, L5
Vogelsberger, M., Genel, S., Springel, V., et al. 2014, MNRAS, 444, 1518
Volonteri, M., & Reines, A. E. 2016, ApJL, 820, L6
Walter, F., Carilli, C., Bertoldi, F., et al. 2004, ApJL, 615, L17
Wang, R., Carilli, C. L., Neri, R., et al. 2010, ApJ, 714, 699
Woo, J.-H., Treu, T., Malkan, M. A., & Blandford, R. D. 2008, ApJ,

681, 925
Wyithe, J. S. B., & Loeb, A. 2003, ApJ, 595, 614
Yu, Q., & Tremaine, S. 2002, MNRAS, 335, 965
Zhang, X., Lu, Y., & Yu, Q. 2012, ApJ, 761, 5

14

The Astrophysical Journal, 826:67 (14pp), 2016 July 20 Schindler, Fan, & Duschl

http://dx.doi.org/10.1093/mnras/200.1.115
http://adsabs.harvard.edu/abs/1982MNRAS.200..115S
http://dx.doi.org/10.1111/j.1365-2966.2008.13805.x
http://adsabs.harvard.edu/abs/2008MNRAS.391..481S
http://dx.doi.org/10.1111/j.1365-2966.2011.20286.x
http://adsabs.harvard.edu/abs/2012MNRAS.420.3621T
http://dx.doi.org/10.1086/152991
http://adsabs.harvard.edu/abs/1974ApJ...191..507T
http://dx.doi.org/10.1086/341002
http://adsabs.harvard.edu/abs/2002ApJ...574..740T
http://dx.doi.org/10.1086/520633
http://adsabs.harvard.edu/abs/2007ApJ...667..117T
http://dx.doi.org/10.1088/0004-637X/786/2/104
http://adsabs.harvard.edu/abs/2014ApJ...786..104U
http://adsabs.harvard.edu/abs/2014ApJ...786..104U
http://dx.doi.org/10.1086/378940
http://adsabs.harvard.edu/abs/2003ApJ...598..886U
http://dx.doi.org/10.1086/587874
http://adsabs.harvard.edu/abs/2008ApJ...677L...5V
http://dx.doi.org/10.1093/mnras/stu1536
http://adsabs.harvard.edu/abs/2014MNRAS.444.1518V
http://dx.doi.org/10.3847/2041-8205/820/1/L6
http://adsabs.harvard.edu/abs/2016ApJ...820L...6V
http://dx.doi.org/10.1086/426017
http://adsabs.harvard.edu/abs/2004ApJ...615L..17W
http://dx.doi.org/10.1088/0004-637X/714/1/699
http://adsabs.harvard.edu/abs/2010ApJ...714..699W
http://dx.doi.org/10.1086/588804
http://adsabs.harvard.edu/abs/2008ApJ...681..925W
http://adsabs.harvard.edu/abs/2008ApJ...681..925W
http://dx.doi.org/10.1086/377475
http://adsabs.harvard.edu/abs/2003ApJ...595..614W
http://dx.doi.org/10.1046/j.1365-8711.2002.05532.x
http://adsabs.harvard.edu/abs/2002MNRAS.335..965Y
http://dx.doi.org/10.1088/0004-637X/761/1/5
http://adsabs.harvard.edu/abs/2012ApJ...761....5Z

	1. INTRODUCTION
	2. THE COSMIC SMD
	2.1. Calculating the SMD Using SMFs
	2.2. Stellar Mass Functions
	2.3. Integration Limits
	2.4. Error Estimation
	2.5. SMDs from SMFs
	2.6. SMD derived From the Instantaneous SFRD

	3. THE COSMIC BLACK HOLE MASS DENSITY INFERRED FROM QSOs
	3.1. Calculating the Cosmic BHMD Using the Soltan Argument
	3.2. Efficiency Factor of Energy Conversion
	3.3. QLFs
	3.4. K-correction and Bolometric Correction
	3.5. Integration Limits
	3.6. Correcting for the Observable Quasar Population
	3.7. Error Estimation
	3.8. The Calculated BHMD

	4. THE SMD-BHMD RELATION
	4.1. Correlation Between the BHMD and the SMD
	4.2. The Cosmic Evolution of the Ratio of BHMD to SMD

	5. DISCUSSION
	5.1. Interpretation of the Results
	5.2. Comparison to Hydrodynamical Cosmological Simulations

	6. CONCLUSION
	REFERENCES



