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I. Observations
12 Hasinger et al.: Luminosity-dependent evolution of soft X-ray AGN

Fig. 5. (a) The space density of AGNs as a function of redshift in different luminosity classes and the sum over all
luminosities with log Lx ≥ 42. Densities from the PLE and LDDE models (Sect. 4.4) are overplotted with solid lines.
(b) The same as (a), except that the soft X–ray emissivities are plotted instead of number densities. The uppermost
curve (black) shows the sum of emissivities in all luminosity classes plotted.

density shifts from z ∼ 0.7 at log Lx ∼ 42.5 to z > 2
at high luminosities. Based on a similar observation of
a hard X–ray–selected sample, Ueda et al. 2003 used an
expression where zc is a simple function of Lx:

ed(z, Lx) =

{

(1 + z)p1 (z ≤ zc)
ed(zc)[(1 + z)/(1 + zc)]p2 (z > zc)

. (9)

along with

zc(Lx) =

{

zc,0(Lx/Lx,c)α (Lx ≤ Lx,c)
zc,0 (Lx > Lx,c)

. (10)

The results of the analysis in the previous section
shown in Table 4 suggest that considering the dependence
of p1 and p2 on luminosity would still improve the fit. Thus
we have also included the following for our full LDDE ex-
pression:

p1(Lx) = p144 + β1 (log Lx − 44) (11)

p2(Lx) = p244 + β2 (log Lx − 44) (12)

The best–fit parameters and the results of the K–S
tests for the PLE and LDDE models are summarized in
Table 5. The best–fit PLE and LDDE models are over-
plotted on Figs. 4 and 5 with dotted and dashed lines
respectively. A detailed discussion of the comparison of
model and data is given in Sect. 6.

5. An alternate approach using the Vmax method

As described in the Introduction, the luminosity function
derived from survey data binned in luminosity and red-
shift does not necessarily apply to the centers of the (Lx, z)
bins. This binning bias tends to be especially a problem
if data are scarce (often at higher redshifts) and gradi-
ents across bins are large. The previous section describes
a procedure that corrects the binned space densities to
first order.

In this section, we avoid deriving densities from binned
survey data. Instead, we use the Vmax values of individual
RBS sources to derive the zero redshift luminosity func-
tion. We then derive by iteration an analytical density
template at various Lx values that, together with the zero
redshift luminosity function, accounts for the observed
counts and redshifts of the deeper surveys. The end re-
sult of the procedure is a set of observed values of the lu-
minosity function that apply to the centers of the (Lx, z)
bins, and that is quite insensitive to the precise template
employed. A further advantage of employing Vmax of in-
dividual sources is that it can be derived for two or more
selection variables. This allows us to account for the effect
of a spectroscopic magnitude limit in some of the deeper
surveys beyond which the redshift is unknown for most of
the sources. In the first use of Vmax, this feature was used
to derive the luminosity function of radio quasars from a

AGNs from soft X-ray, Hasinger et al. (2005)
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Which are the underlying physical 
processes causing the anti-hierarchical 

growth of black holes?

 How can we reproduce this behaviour 
with a semi-analytic model (SAM)?

Aim of our study?

Anti-hierarchical growth of black holes
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•Bolometric correction 

•Dust correction factor, 
observable ‘fraction’ is 
approximated using 

Hopkins et al., 2006

I. Observations

Anti-hierarchical growth of black holes
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II. Semi-analytic model
Somerville et al., 2008

Radiative gas 
cooling 

Photo-ionization: 
Suppression of gas 
collapsing into small 

mass halos

Quiescent star 
formation based on 

the empirical 
Schmidt-Kennicutt-

law

Star formation 
during a burst 
(triggered by 

mergers)

Supernova 
feedback modeled 
as energy-driven 

winds

Metal enrichment

Black hole growth: 
Radio and Quasar 

mode

Merging history
of the Millennium 

simulation
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II. Semi-analytic model

• Triggered by galaxy-galaxy major mergers (mass ratio 
> 0.1)

• Assumption: black holes in the two progenitor 
galaxies merge rapidly and form a new black hole 
(mass conservation)

• Accretion onto the BH: Self-regulated, based on 
numerical simulations (Springel et al. 2005, Robertson et 
al. 2006, Cox et al. 2006, Hopkins et al. 2007)

Growth of black holes in the quasar mode

Anti-hierarchical growth of black holes
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•Calculation of the final black hole mass (Hopkins et al., 
2007): 

•                          

•Regime I: below MBH,crit black hole is allowed to 
accrete at the Eddington rate (till MBH,peak)

•Regime II: blow-out phase, power-law decline in the 
accretion rate (set to light curves from Hopkins et al., 
2006)

Growth of black holes in the quasar mode

II. Semi-analytic model

Anti-hierarchical growth of black holes
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MBH,crit = fBH,crit 1.07

�
MBH,final

109M⊙

�1.1

MBH,final = fBH,final 0.158

�
Msph

102M⊙

�1.12

ΓBH(z)
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Original code

L =
�r

1− �r
· dM•

dt
· c2Observations

SAM output

III. Results from SAMs

Anti-hierarchical growth of black holes
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III. Results from SAMs

Anti-hierarchical growth of black holes

Which additional physical mechanisms do 
we need in order to achieve a better 

agreement with observations?
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Observations:  Netzer et al. (2007) (also: Hickox et al., 2009; 
Shen et al., 2008; Kollmeier et al.,2006; Padovani et al.,1989)

Type-1 AGN for z < 0.75

107:5Y107:8 M! (red; 1207 sources) and 108:5Y108:8 M! (blue;
1422 sources).

McLure & Jarvis (2004) used a sample of about 6000 SDSS
QSOs to investigate the mass of the central BHs as a function of
radio properties. They found thatRLQSOs host, on average,more
massive BHs for a given optical continuum luminosity. The mean
M(BH) difference between RL AGNs and RQ AGNs found by
those authors is 0.16 dex. This was attributed to the larger mean
FWHM(H! ) in RL sources. We checked these findings by com-
paring the luminosity, BH mass, and L/LEdd for the two popula-
tions in our z " 0:75 sample. Using the medians of all properties,
we find a difference of 0.11 dex in L5100, a factor of 1.06 in
FWHM(H! ), and a difference of 0.15 dex inM(BH) (the differ-
ences in the mean are somewhat larger). The difference inM(BH)
is, of course, the result of the differences in luminosity and line
width between the two populations (see eq. [1]).

Figure 1 also shows L /LEdd versus M(BH) for the RQ AGN
sample, as well as for the two mass groups. The low accretion
rate limit is determined mostly by the flux limit of the sample.
Thus, we expect that more objects with small L /LEdd are missing
at higher redshifts. The highest accretion rate sources in each
mass group are not affected by this limit. Based on these sources,
we confirm that the lowest mass BHs are the fastest accretors, a
result that was already noted by McLure & Dunlop (2004).

3. RESULTS

3.1. Accretion Rate versus Redshift

The correlation of L/LEdd with redshift for the entire sample, as
well as for the twomass groups, is shown in Figure 2. The diagram
also shows two computed lower limits for each of the two groups
corresponding to the flux limits of the two mass boundaries. The
visual impression is somewhat misleading, since much of the
apparent correlation is due to the lower limit on L/LEdd, resulting
from the flux limits on the various mass groups. The presence of
such flux limits considerably complicates the analysis; we have
searched for rigorous ways to derive the intrinsic z-L/LEdd de-
pendence. Below we detail the two methods that were used, the
peak of the L/LEdd distribution, and the Efron & Petrosian (1992)
truncated permutation test.

3.1.1. The Peak Distribution Method

Wefirst study the distribution of L/LEdd in several redshift bins
that are just wide enough to include a reasonable number of

sources. These histograms (see Fig. 3) are used to define the peak
and the envelope of the L/LEdd versus redshift relationship. The
bins are defined such that !z/z ¼ 0:1, and include from 50 to
230 sources,with an average number of about 120 sources per bin.

Such a procedure is only meaningful if the peak of the distri-
bution is clearly defined, i.e., if the value of L/LEdd correspond-
ing to themaximumnumber of sources is larger than the accretion
rate imposed by the flux limits of the sample. There are four such
limits for each bin: two corresponding to the redshift boundaries
and two to the mass boundaries. The largest of those four (i.e., the
most conservative limits) are shown in Figure 3 for each of the two
mass groups and several redshift bins. As is evident from the
diagram, the peaks of the L/LEdd distribution in the lower mass
group (bottom part of the diagram) are only meaningful for
z " 0:3. Beyond this redshift the method is not applicable, since
the SDSS survey is not deep enough to properly sample many
sources, and the limiting L/LEdd is larger than the value at the
peak. The larger mass group (top panel ) is less problematic and
the histograms show that the peaks are well defined for 0:3 "
z " 0:75. The z ¼ 0:2 histogram (not shown here) can also be
used to define the peak.

As an independent check on the slope of the correlation in
those redshift intervals in which the peak distribution can be
identified, we also used the upper envelope of the distribution,
which we define by the fifth-largest L/LEdd (the number of sources
with larger L/LEdd is so small in some groups that we suspect in-
complete sampling). Obviously, the upper envelope is not affected
by the flux limit of the sample. However, the redshift bins must

Fig. 2.—L/LEdd vs. redshift for our SDSS sample of type 1 RQ AGNs. The
solid lines represent the limiting accretion rates obtained from the flux limits for
the two mass groups (see text). Symbols are the same as in Fig. 1.

Fig. 3.—L/LEdd histograms for various redshift bands, as marked, for the low
(bottom) and high (top) mass groups. The redshift bins are defined in the text. The
vertical lines at the top of each panel mark the conservative lower limit on L/LEdd
obtained from the flux limit of the same color histogram (see text for more
details).

MASS ACCRETION RATE AND METALLICITY IN AGNs 757No. 2, 2007

log(MBH) = 7.5-7.8

log(MBH) = 8.5-8.8

L/Ledd ∝ zγ(M)
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Assuming a redshift & mass dependent Edd-ratio 

M• < 3× 108M⊙ :
z > 1 : fedd =

L

Ledd
= 1

z < 1 : fedd =
L

Ledd
= 0.99 · z + 0.01

z > 1.5 : fedd =
L

Ledd
= 1

M• > 3× 108M⊙ :

z < 1.5 : fedd =
L

Ledd
≈ 0.39 · z2.3
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Steeper slope for more luminous objects at low z

Assuming a redshift & mass dependent Edd-ratio 
III. Results from SAMs
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Additional accretion onto the black hole due 
to disk instabilities

Mdisk,crit =
v2max Rdisk

G �

Stability criterion for disks:

Efstathiou et al., 1982

Stability parameter
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Additional accretion onto the black hole due 
to disk instabilities

Mdisk,crit =
v2max Rdisk

G �

Stability criterion for disks:

Efstathiou et al., 1982

∆M• = fBH,disk · (Mdisk −Mdisk,crit)

If Mdisk > Mdisk,crit:
Difference (Mdisk - Mdisk,crit) goes into the bulge component

Certain fraction is accreted onto the black hole:

Stability parameter

III. Results from SAMs
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Consider disk instabilities and 
redshift & mass dependent Eddington-ratio

Anti-hierarchical growth of black holes
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III. Results from SAMs: Best fit model

Anti-hierarchical growth of black holes
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original 
model

best-fit 
model

Consider disk instabilities and 
redshift & mass dependent Eddington-ratio
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• Additional physical processes to achieve better 
agreement with observations:

IV. Summary
Anti-hierarchical growth of black holes
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• Additional physical processes to achieve better 
agreement with observations:

IV. Summary

1. Assume 
decreasing Edd.-ratio 

with z & MBH  
→ 

Decrease of number 
densities for high 

luminous objects at 
low z
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• Additional physical processes to achieve better 
agreement with observations:

IV. Summary

1. Assume 
decreasing Edd.-ratio 

with z & MBH  
→ 

Decrease of number 
densities for high 

luminous objects at 
low z

2. Additional 
accretion channel due 

to disk instabilities 
→ 

Increase of number 
densities for low-

luminous objects at 
low z

Anti-hierarchical growth of black holes
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...Thanks for your 
attention...
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Marulli et al., 2008

Marulli et al.: Modelling BH properties and the AGN luminosity function 3

Fig. 3. The model BH mass function (red line)
compared with the one observationally derived
by Shankar et al. (2004) (dark grey area), and
with the new one obtained by Shankar (pri-
vate communication) (light grey area) using
the MBH − σ relation by Tundo et al. (2007).

Fig. 4. The model AGN bolometric luminosity
functions (red lines) comparedwith several ob-
served ones (grey dots). The bolometric correc-
tions adopted and the datasets considered are
the ones discussed in Hopkins et al. (2006)

plane relation are basically unaffected when
using different prescriptions for the AGN
lightcurves of individual quasar events.

(vi) The model underestimates the number
density of luminous AGN at high redshifts, in-
dependently of the lightcurve model adopted.
We were not able to eliminate this mismatch by
simply modifying the accretion efficiency, the
Eddington factor or the BH seed mass (when
considered in physically plausible ranges). A
simple, ad hoc increase of the mass fraction ac-
creted during the quasar mode at high redshifts
can indeed remedy the problem. However, this
solution is not unique as several high-redshift
modifications to the original model, like new
mechanisms that trigger BH activity in addi-
tion to galaxy merging or more efficient gas
cooling resulting in a larger reservoir of cold
gas, can be advocated to bring the predictions
in line with observations. However, it remains
to be seen whether any of these alternatives is
physically plausible.
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II. What has been done so far?

The clustering of quasars in semi-analytic models 5

Figure 3. Bolometric luminosity function assuming Eddington-limited accretion (Mod I, blue-dashed curve), or Eddington-limited accretion followed by a
quiescent phase of low luminosity (Mod II, green-solid curve), with errors calculated using Poisson statistics. The luminosity functions are compared with the
compilation of Hopkins et al. (2007) (grey points with best fit given by the grey band).

Figure 4. Probability distribution of fEdd , as a function of BH mass and
redshift. The limits in the BH mass bins are shown in the first panel in units
of M!. At high redshift, most of the BHs accrete at the Eddington limit.
Today, only the smallest BHs are experiencing efficient accretion.

where tef(t) = !
1−!

tEdd
fEdd(t)

is the e-folding time (tef ≡ tSalpeter if
fEdd = 1).

For simplicity, we assumed a constant radiative efficiency
!= 0.1 (average value for a thin accretion disk, Shakura & Sunyaev
1973) , and we explored different models for the time-evolution of
fEdd. In this work we choose not to explore all the four models dis-
cussed in Paper I. Instead, we will focus on two of them, which we
regard as representative cases. The first one illustrates the simple

case of an AGN that shines at the Eddington luminosity. It repre-
sents a very simple model commonly used in the literature, that we
regard as a reference case, despite the fact that, as shown in Paper
I, fails to reproduce the AGN luminosity function at low and high
redshifts. The second model is very close to the model called ’best’
in Paper I and illustrates the impact of adopting a non trivial AGN
light-curve, motivated by numerical experiments. As discussed in
Paper I this second model provides a better fit to the AGN luminos-
ity function. In what follows, we present a more detailed descrip-
tion of the two models:

• Model I: fEdd(t) = const = 1. This is the simplest case, in
which we assume that, when active, BHs accrete and radiate at the
Eddington limit.
• Model II: Here we assume that BHs undergo an Eddington-

limited phase that leads to a peak luminosity Lpeak, which is then
followed by a long quiescent phase at progressively lower Edding-
ton ratios. Following the work of Hopkins et al. (2005), we assume
that in this long quiescent phase the average time that an AGN
spends in a logarithmic luminosity interval can be approximated
by:

dt
dlnLbol

= |"|t9
(

Lbol(t)
109L!

)"

, (7)

where t9 ≡ tQ(L′ > 109L!) and tQ(L′ > L) is the total AGN life-
time above a given luminosity L. Hopkins et al. (2005) found from
merger simulations that t9 ∼ 109 yr over the range 109L! < Lbol <
Lpeak; here, we assume always t9 = 109yr. In the range 1010L! !

Lpeak ! 1014L!, Hopkins et al. (2005) also found that " is a func-
tion of only the AGN luminosity at the peak of its activity, Lpeak,
given by " = −0.95+ 0.32log(Lpeak/1012L!), with " = −0.2 as
an upper limit.
In this scenario, the peak luminosity Lpeak reached at the end of

the first accretion phase is LEdd(MBH,peak), where

MBH,peak =MBH(tin)+F ·#MBH,Q · (1− !). (8)

Here MBH(tin) is the BH mass at the beginning of the accretion,

c© 0000 RAS, MNRAS 000, 000–000

Bonoli et al., 2009

Anti-hierarchical growth of black holes

17

Monday, September 27, 2010



Marulli et al., 2008

Marulli et al.: Modelling BH properties and the AGN luminosity function 3

Fig. 3. The model BH mass function (red line)
compared with the one observationally derived
by Shankar et al. (2004) (dark grey area), and
with the new one obtained by Shankar (pri-
vate communication) (light grey area) using
the MBH − σ relation by Tundo et al. (2007).

Fig. 4. The model AGN bolometric luminosity
functions (red lines) comparedwith several ob-
served ones (grey dots). The bolometric correc-
tions adopted and the datasets considered are
the ones discussed in Hopkins et al. (2006)

plane relation are basically unaffected when
using different prescriptions for the AGN
lightcurves of individual quasar events.

(vi) The model underestimates the number
density of luminous AGN at high redshifts, in-
dependently of the lightcurve model adopted.
We were not able to eliminate this mismatch by
simply modifying the accretion efficiency, the
Eddington factor or the BH seed mass (when
considered in physically plausible ranges). A
simple, ad hoc increase of the mass fraction ac-
creted during the quasar mode at high redshifts
can indeed remedy the problem. However, this
solution is not unique as several high-redshift
modifications to the original model, like new
mechanisms that trigger BH activity in addi-
tion to galaxy merging or more efficient gas
cooling resulting in a larger reservoir of cold
gas, can be advocated to bring the predictions
in line with observations. However, it remains
to be seen whether any of these alternatives is
physically plausible.
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Figure 3. Bolometric luminosity function assuming Eddington-limited accretion (Mod I, blue-dashed curve), or Eddington-limited accretion followed by a
quiescent phase of low luminosity (Mod II, green-solid curve), with errors calculated using Poisson statistics. The luminosity functions are compared with the
compilation of Hopkins et al. (2007) (grey points with best fit given by the grey band).

Figure 4. Probability distribution of fEdd , as a function of BH mass and
redshift. The limits in the BH mass bins are shown in the first panel in units
of M!. At high redshift, most of the BHs accrete at the Eddington limit.
Today, only the smallest BHs are experiencing efficient accretion.

where tef(t) = !
1−!

tEdd
fEdd(t)

is the e-folding time (tef ≡ tSalpeter if
fEdd = 1).

For simplicity, we assumed a constant radiative efficiency
!= 0.1 (average value for a thin accretion disk, Shakura & Sunyaev
1973) , and we explored different models for the time-evolution of
fEdd. In this work we choose not to explore all the four models dis-
cussed in Paper I. Instead, we will focus on two of them, which we
regard as representative cases. The first one illustrates the simple

case of an AGN that shines at the Eddington luminosity. It repre-
sents a very simple model commonly used in the literature, that we
regard as a reference case, despite the fact that, as shown in Paper
I, fails to reproduce the AGN luminosity function at low and high
redshifts. The second model is very close to the model called ’best’
in Paper I and illustrates the impact of adopting a non trivial AGN
light-curve, motivated by numerical experiments. As discussed in
Paper I this second model provides a better fit to the AGN luminos-
ity function. In what follows, we present a more detailed descrip-
tion of the two models:

• Model I: fEdd(t) = const = 1. This is the simplest case, in
which we assume that, when active, BHs accrete and radiate at the
Eddington limit.
• Model II: Here we assume that BHs undergo an Eddington-

limited phase that leads to a peak luminosity Lpeak, which is then
followed by a long quiescent phase at progressively lower Edding-
ton ratios. Following the work of Hopkins et al. (2005), we assume
that in this long quiescent phase the average time that an AGN
spends in a logarithmic luminosity interval can be approximated
by:

dt
dlnLbol

= |"|t9
(

Lbol(t)
109L!

)"

, (7)

where t9 ≡ tQ(L′ > 109L!) and tQ(L′ > L) is the total AGN life-
time above a given luminosity L. Hopkins et al. (2005) found from
merger simulations that t9 ∼ 109 yr over the range 109L! < Lbol <
Lpeak; here, we assume always t9 = 109yr. In the range 1010L! !

Lpeak ! 1014L!, Hopkins et al. (2005) also found that " is a func-
tion of only the AGN luminosity at the peak of its activity, Lpeak,
given by " = −0.95+ 0.32log(Lpeak/1012L!), with " = −0.2 as
an upper limit.
In this scenario, the peak luminosity Lpeak reached at the end of

the first accretion phase is LEdd(MBH,peak), where

MBH,peak =MBH(tin)+F ·#MBH,Q · (1− !). (8)

Here MBH(tin) is the BH mass at the beginning of the accretion,
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III. Results from SAMs: Best fit model
Can we still reproduce obs. constraints??
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III. Results from SAMs: Best fit model
Schematic picture of galaxy evolution
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