
Andrea Merloni (MPE) 
 

Merloni, IPMU, Tokyo, 11/2018 

Understanding AGN evolution with 
large X-ray surveys: 

current constraints and prospects for 
eROSITA

1 



Outline

•  Active Galactic Nuclei and the history of 
accretion 

•  AGN vs. galaxies: feedback and accretion 
modes 

•  The future: eROSITA and its all-sky survey 
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Accreting black holes
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Chandra Deep Field South:  
The deepest X-ray image of the sky ever taken (Xue et al. 2011) 

Every dot is a (supermassive) black hole! 

Accreting black holes
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Merloni, IPMU, Tokyo, 11/2018 
Hickox & Alexander (2018) 

BH census, matter of contamination
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AGN selection basics: contrasts

Merloni, IPMU, Tokyo, 11/2018 

Cri$cal	  Eddington	  rate	  
[M*=	  3*1010	  Msun]	   “visible	  

frac$on	  

z=0	   z=1	  

X-‐ray	   ≈	  2*10-‐5	   ≈	  2*10-‐4	   ~	  80%	  	  

Radio	  (ηj=ε)	   ≈	  3*10-‐5	   ≈	  2*10-‐4	   ALL?	  10%?	  

MIR	   ≈	  0.015	   ≈	  0.13	   ALL	  

Opt/UV	   ≈	  0.025	   ≈	  0.2	   <50%	  
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Eddington Rate = Ratio of AGN bolometric to Eddington luminosities 
Approx. Scales with ratio of AGN light to galaxy stellar mass 
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Optical/NIR mixing diagram

Hao et al. 2012;  
Bongiorno, AM et al. 2012 
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Galaxy dominates 

AGN dominates 
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X-ray luminosity function

Merloni, IPMU, Tokyo, 11/2018 

Aird et al. 2015 
 
See also Ueda et al. 
2014; Buchner et al. 
2015; Myiaji et al. 
2015 

-  Explore a wide 
range in Luminosity 
AND redshift 

-  Understand 
selection function 
and absorbing 
column distribution 

-  Combine different 
surveys 
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Looking ahead:  
X-rays for galaxy evolution
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Expected 
flux of Star-
forming 
galaxies on 
the “main 
sequence”. 
Aird+ 2016 



SMBH growth broadly traces 
evolution of Star Formation Rate in 

galaxies 

Aird et al 2015; Ueda+ 2003; Marconi+ 2004; Merloni & Heinz 2008; Ueda+ 2014; 
Delvecchio+ 2014; Buchner+ 2015; Myiaji+ 2015, Merloni 2016, etc. 
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Most SMBH growth in radiatively 
efficient flows (Soltan argument) 
and behind a veil of obscuration 

BH accretion history



Integral constraint: the Soltan 
argument

Soltan (1982) first proposed that the mass in black holes 
today is simply related to the AGN population integrated 
over luminosity and redshift 

Fabian and Iwasawa (1999) ε~0.1; Elvis, Risaliti and Zamorani (2002) ε >0.15;  
Yu and Tremaine (2002) ε>0.1; Marconi et al. (2004) 0.16> ε >0.04; 

 Merloni, Rudnick, Di Matteo (2004) 0.12> ε >0.04; Shankar et al. (2007) ε ~0.07 
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Most (~3/4) of SMBH growth is 
“obscured”

Buchner	  et	  al.	  2015;	  Merloni	  2015	  

εrad=0.1	  

24%	  
41%	  
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Relationship with host galaxies?

Merloni, IPMU, Tokyo, 11/2018 

•  Statistically robust assessment of AGN demographics: 

•  Which galaxies host (which) AGN?  

•  AGN triggering: under which conditions do SMBH grow 

•  Relationship between AGN and Star Formatio, 
morphology, mergers, LSS (clustering) 

•  Does AGN activity affect galaxies’ properties (at the 
population level) 

•  Location of AGN in color-magnitude plots, etc. 

•  Smoking guns of AGN feedback?  

Coil, Juneau, Trakhtenbrot, Hickox, Netzer, Duras, Goulding 
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XMM-COSMOS AGN

Bongiorno et al. 2012;	  	  
Brusa+ 2010; Salvato+ 2009; Lusso+ 2011, 2012; Merloni+ 2014 

Merloni,	  IPMU,	  Tokyo,	  11/2018	  

• 	  1555	  X-‐ray	  selected	  AGN	  (XMM;	  flim~	  5×10-‐16[0.5-‐2];	  3×10-‐15[2-‐10])	  
• 	  100%	  redshift	  complete	  (54%	  specz;	  46%	  photoz)	  
• 	  602	  Unobscured	  (71%	  specz);	  953	  Obscured	  (42%	  specz)	  
• 	  Parent	  sample	  ~200k	  IRAC	  galaxies	  (photoz,	  M*;	  Ilbert	  et	  al.	  2010)	  

• 	  Uniquely	  rich	  multi-‐
wavelength	  photometry	  
used	  to	  decompose	  AGN	  
and	  host	  galaxy	  light	  in	  
SED	  fitting	  
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Specific accretion rate distributions

Merloni, IPMU, Tokyo, 11/2018 

AGN fraction at fixed LX/M* ~independent on galaxy 
mass! Normalization increases as ~(1+z)4 [cfr. sSFR 
density]. Break consistent with ~Eddington limit? 

SLOPES ~ -1 

“Specific Accretion rate” (Aird et al. 2012) 
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Eddington rate functions

Georgakakis et al. 2017; Aird et al. 2017, see also Bongiorno et al. 2016 

Merloni, IPMU, Tokyo, 11/2018 

12 Georgakakis et al.

Figure 6. Specific accretion-rate distribution, P (�, z) of AGN across the full stellar mass range considered in the paper, logM/M� =
8 � 13. Each panel corresponds to a di↵erent redshift interval, z = 0.0 � 0.5, 0.5 � 1.0, 1.0 � 1.5, 1.5 � 2.0, 2.0 � 3.0, 3.0 � 4.0. The
mean redshift of each bin is labelled on each panel. The blue hatched regions are the non-parametric observational constraints on P (�, z)
from the analysis presented in this paper. The extent of the blue hatched regions correspond to the 5th and 95th percentiles of the
P (�, z) probability distribution function. The parametric specific accretion-rate distribution estimated by Aird et al. (2012) is also shown
with the red line. This relation applies to z <⇠ 1 and therefore we choose not not extrapolate beyond z > 1.5. The black line shows the
power-law fits of Bongiorno et al. (2012) to their AGN samples in the redshift intervals 0.3� 0.8, 0.8� 1.5 and 1.5� 2.5.

Figure 7. Same format as Figure 6. The red hatched histogram in each panel is the specific accretion-rate distribution of the lowest
redshift bin, z = 0.0� 0.5. This relation is shifted upwards by the logarithmic o↵set marked in each panel under the redshift label. The
o↵set is not estimated by a fitting process, instead it is empirically visually determined to demonstrate that a simple re-normalisation of
the P (�, z = 0.0� 0.5) approximates in a rough manner the redshift evolution of the specific accretion-rate distribution of AGN.

at higher redshifts. In each panel of this figure an arbitrary
vertical shift has been applied to the P (�, z = 0.0 � 0.5)
distribution to facilitate the comparison. The amplitude of
this shift is indicated in each panel of Figure 7. We empha-
sise that these shifts are empirically visually estimated to
demonstrate that the observed redshift evolution of the spe-
cific accretion-rate distribution of AGN can be represented

in a rough manner by a change of the normalisation of the
P (�, z = 0.0� 0.5).

An implication of the evolutionary scheme in which the
fundamental shape of the P (�, z) distributions are roughly
redshift independent is that the typical specific-accretion
rate of the AGN population does not evolve strongly with
redshift. One way to show that point is using the the quan-
tity �P (�, z), in which the linear power-law slope of the

MNRAS 000, 1–27 (2016)
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AGN mocks in LSS

Georgakakis et al. 2018, submitted 

Merloni, IPMU, Tokyo, 11/2018 

The AGN halo occupation 3

Figure 1. Graphical representation of the semi-empirical AGN model construction. The top set of panels are slices of a cosmological
simulation box from the MultiDark project (Klypin et al. 2016; Comparat et al. 2017) at a snapshot redshift z = 0.75. It shows the
positions of particles (e.g. left-top panel: dark matter halos; middle-top panel: galaxies; top-right panel: AGN) within the simulation box.
Each particle in the simulation is represented by a dot (top-left panel: dark matter halos are shown with black; top-middle panel: galaxies
are plotted in blue; top-right panel: AGN are shown in red). Darker regions mark a high density of particles, i.e. rich environments in the
simulation. The construction of the AGN semi-empirical model proceeds from left to right in this graphical representation: dark-matter
halos (black dots in the top-left panel) in the simulation box are populated with galaxies (blue dots in the top-middle panel) using
empirical relations between dark-matter halo mass and stellar mass (e.g. Behroozi et al. 2013b). Accretion events are then distributed
in these galaxies using observationally determined probabilities that a galaxy with a given stellar mass hosts an AGN with a given
accretion luminosity (e.g. Georgakakis et al. 2017b; Aird et al. 2018). The feature of this approach is that it starts from the simulated
mass function of dark-matter halos in the Universe (red-dashed curve in bottom-left panel) and reproduces by construction the observed
stellar mass function of galaxies (middle-bottom panel: blue circles are observations from Moustakas et al. 2013, red-dashed curve is the
model), and the luminosity function of AGN (right-bottom panel: blue points are observations from Georgakakis et al. 2017b, red-dashed
is the simulation).

specific star-formation rates, cosmic star-formation history)
match the plethora of observational data currently avail-
able (Moster et al. 2010; Behroozi et al. 2010, 2013b; Moster
et al. 2017). Statistical and systematic e↵ects may also be
accounted for, e.g. uncertainties in the determination of stel-
lar masses from observations, or the scatter between stel-
lar mass and halo mass (e.g. Moster et al. 2010; Behroozi
et al. 2010). The mock galaxy catalogues produced via the
abundance-matching methods above reproduce by construc-
tion the observed galaxy stellar-mass function evolution.

Large extragalactic survey programmes (e.g. Brandt
& Hasinger 2005) that combine information from di↵erent
parts of the electromagnetic spectrum have made possible
the identification of large samples of AGN and the deter-
mination of key properties of their host galaxies, such as
the stellar mass and the star-formation rate (e.g. Brandt &
Alexander 2015). This data have recently been used to esti-
mate the specific accretion-rate distribution of AGN, which
measures the probability of a galaxy hosting an active nu-
cleus with specific accretion-rate � (e.g Bongiorno et al.
2012, 2016; Aird et al. 2012, 2018; Georgakakis et al. 2017b).
The latter quantity is defined as the ratio between the in-

stantaneous AGN accretion-luminosity and the stellar mass
of its host galaxy. Under certain assumptions, the specific
accretion rate can be viewed as a proxy of the Eddington
ratio of the active black hole. The specific accretion-rate
distribution of AGN provides an empirical tool to populate
galaxies within a cosmological volume with specific accretion
rates and hence, accretion luminosities. A feature of this ap-
proach is that the AGN luminosity function in the resulting
mock catalogs matches the observed one.

In this work we use the abundance-matching approach
to populate the dark matter halos of cosmological N-body
simulations with galaxies. These are then assigned accretion
luminosities using observed specific-accretion rate distribu-
tions from the literature. The key assumption of the method
is that there is no direct physical connection between the
incidence of AGN and their position on the cosmic-web,
apart from any indirect and possibly weak correlations im-
posed by the stellar-mass dependence of the adopted specific
accretion-rate distributions (see Section 2.2).

We acknowledge concerns on the ability of abun-
dance matching methods to reconstruct accurately the ob-
served correlation function of stellar-mass selected galaxy

MNRAS 000, 1–19 (2018)

17 



AGN mocks and LSS

Georgakakis et al. 2018, 
submitted 

Merloni, IPMU, Tokyo, 11/2018 
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Figure 3. The projected cross-correlation function, wp, of RASS
AGN and LRGs is plotted as a function of scale, rp. The data-
points are the observational results of Miyaji et al. (2011) for
their full sample of RASS AGN with logLX(0.1 � 2.4 keV) >
43.7 (units erg s�1). The red curve corresponds to the projected
cross-correlation functions for the mock RASS AGN and LRGs
in the MDPL2 simulation box (see Appendix A). The width of
the shaded regions correspond to the 1� uncertainties determined
using jackknife resampling.

Figure 4. The projected cross-correlation function of the RASS
AGN and the SDSS Main galaxy sample selected in the red-
shift interval 0.06 < z < 0.16 and absolute magnitude range
�20.0 < Mr < 21.0mag. The data-points are the observational
results of Krumpe et al. (2012). The red curve corresponds to
the simulated data described in the Appendix C. The width of
the shaded regions correspond to the 1� uncertainties determined
using jackknife resampling.

Figure 5. The projected cross-correlation function of the SDSS
Main galaxy sample and the AGN selected in the 0.5-10 keV band
of the XMM/SDSS survey (Georgakakis & Nandra 2011). The
redshift interval of the two samples is 0.02 < z < 0.2. The data-
points are the observational results presented by Mountrichas &
Georgakakis (2012). The red curve is the cross-correlation func-
tion of the simulated XMM/SDSS AGN and SDSS Main galaxy
sample described in Appendix C. The width of the shaded regions
correspond to the 1� uncertainties determined using jackknife re-
sampling.

Figure 6. The projected cross-correlation function, wp, of the
XMM-XXL AGN and the VIPERS galaxies is plotted as a func-
tion of scale, rp. The data-points are the observational results of
Mountrichas et al. (2016). The red curve corresponds to the mock
XMM-XXL AGN and VIPERS galaxies in the MDPL2 simulation
box (see Appenix B). The width of the shaded regions correspond
to the 1� uncertainties determined using jackknife resampling.

MNRAS 000, 1–19 (2018)
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Figure 7. The projected cross-correlation function, wp, of the
SDSS-DR7 QSOs and BOSS/CMASS galaxies is plotted as a
function of scale, rp. The data-points are the observational results
of Shen (2013) for their full QSO sample. The red shaded region
corresponds to the mock QSO/CMASS-galaxy cross-correlation
function (see Appendix D for details). The width of the shaded
regions correspond to the 1� uncertainties determined using jack-
knife resampling. At small scales (rp <⇠ 0.5h�1 Mpc) there are
not enough pairs in the mock catalogue to estimate the cross-
correlation function. This is related to the fact that the mock
light-cone is smaller in area (706 deg2) compared to the real ob-
servations of Shen (2013, 6248 deg2). The reader is referred to the
Appendix D for details.

times. Also, the selection function of X-ray surveys is rela-
tively easy to quantify and reproduce in simulations to con-
trol against potential sample-selection biases. The statistic
we use as diagnostic of the AGN clustering is the 2-point
correlation function that has been extensively used in the
observational literature.

Many observational studies choose to infer the clus-
tering properties of AGN by estimating the 2-point cross-
correlation function with a tracer population of galaxies (e.g.
Coil et al. 2009; Krumpe et al. 2012; Mountrichas et al.
2013). The motivation for this choice is practical. Random
and cosmic-variance errors are minimised when estimating
the cross-correlation of a typically sparse and small X-ray
AGN sample with a larger tracer-sample of galaxies (e.g.
Coil et al. 2007). The calculation of the AGN/galaxy cross-
correlation function in simulations requires knowledge on the
halo distribution of both the AGN and the galaxies. For the
latter population this is possible if there is observational con-
straints on its Halo Occupation Distribution (HOD), which
can then be applied to the dark matter halos in the simu-
lated box to create tracer galaxy mocks.

In this section we compare the simulation results with
observational studies on the AGN/galaxy cross-correlation
function, for which information on the HOD of the galaxy
tracer-population is available. Miyaji et al. (2011) estimate
the cross-correlation function between the AGN in the RASS
(ROSAT All Sky Survey Voges et al. 1999) and the SDSS

Luminous Red Galaxies (LRGs Eisenstein et al. 2001) with
g-band absolute magnitude Mg < �21.2mag in the red-
shift interval z = 0.16 � 0.36. Krumpe et al. (2012) built
on the work of Miyaji et al. (2011) to estimate the cross-
correlation function between RASS AGN and galaxies in
the redshift interval 0.06 < z < 0.5. Here we focus on the
Krumpe et al. (2012) results that use the Main Galaxy Sam-
ple of the Sloan survey (Strauss et al. 2002) at redshifts
0.06 < z < 0.16. Mountrichas & Georgakakis (2012) also use
the Main Galaxy Sample of the SDSS to study the clustering
of low and moderate luminosity AGN (LX ⇡ 1042 erg s�1) in
the serendipitous XMM/SDSS survey (Georgakakis & Nan-
dra 2011). Mountrichas et al. (2016) cross-correlated AGN
selected in the equatorial field of the shallow XMM-XXL sur-
vey (Pierre et al. 2016; Liu et al. 2016) with galaxies from
the VIPERS (Vimos Public Extragalactic Survey, Guzzo
et al. 2014) sample in the redshift interval z = 0.5 � 1.2.
In addition to the X-ray AGN samples above we also com-
pare the mocks with the observed clustering properties of
the UV-bright QSO sample presented by Shen (2013). They
measured the cross-correlation function between SDSS-DR7
QSOs (Schneider et al. 2010) and the SDSS-DR10 CMASS
galaxies (i.e. ”constant mass”, Dawson et al. 2013) in the
redshift interval z = 0.3� 0.9.

The reproduction in the simulations of the selection
function of the AGN and galaxy samples above requires red-
shift information for individual mock sources, i.e. distances
from a fiducial observer. For that purpose the simulation
boxes need to be projected to the sky to produce light-cones
(e.g. Fosalba et al. 2008), which can then be treated as mock
observations of the Universe. Appendices A to D describe the
construction of the light cones from the simulation boxes
for the AGN and galaxy samples described above, RASS-
AGN and SDSS-LRGs or SDSS Main Galaxies, XMM-XXL
AGN and VIPERS galaxies, XMM/SDSS AGN and SDSS
Main Galaxies, SDSS-DR7 QSOs and CMASS galaxies. The
light-cones are used to estimate the projected AGN/galaxy
cross-correlation functions in redshift-space. The uncertain-
ties are calculated using the jackknife resampling technique.
The simulated light-cone is first split into NJK equal-area
subregions (typically 30-100). The correlation function is
then estimated NJK times from the NJK � 1 subregions,
i.e. by excluding one subregion at a time. The NJK correla-
tion functions are then used to determine the corresponding
co-variance matrix (e.g. Krumpe et al. 2010). The uncertain-
ties of the projected correlation function at a given scale are
the diagonal elements of this matrix.

Figures 3, 4, 5, 6 and 7 compare the projected correla-
tion function estimated from the light-cones with the corre-
sponding observational results. The agreement is remarkable
and shows that the mock catalogues of Section 2 are con-
sistent with at least a subset of the current observational
constraints on the large-scale distribution of X-ray selected
AGN and UV-bright QSOs at z < 1. Therefore the scheme of
populating dark-matter halos with galaxies and then assign-
ing them accretion luminosities based on empirical relations
generates AGN populations with realistic clustering prop-
erties, as measured by the two-point correlation-function
statistic. Next we use the semi-empirical model to explore
the halo occupation properties of mock-AGN and make in-
ferences about the real Universe.

MNRAS 000, 1–19 (2018)
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Figure 8. Mass distribution of the dark-matter halos that host AGN as a function of X-ray luminosity. The top set of panels is for the
MDPL2 simulations boxes (1h�1 Mpc) and the lower set of panels corresponds to the smaller (0.4h�1 Mpc box size) SMDPL simulation.
The panels in each row correspond to the redshifts of the simulation boxes used in this work, z = 0.25, 0.75 and 1.25. The contour levels
are chosen to enclose 68, 95 and 99% of the total number of mock AGN in the simulation box. The red solid line is the median of the
distribution at fixed X-ray luminosity. The dotted lines mark the 1 sigma scatter (16th and 84th percentiles) around the median.

Figure 9. The mass distribution of the dark-matter halos in the MDPL2 simulation that host AGN with X-ray luminosities LX(2 �
10 keV) > 1042 erg s�1 (red-dashed line) and > 1044 erg s�1 (blue-soled line). Each panel corresponds to the redshift of the simulation
boxes used in this work, z = 0.25, 0.75 and 1.25. For clarity we only show results for the MDPL2 simulation box using the Georgakakis
et al. (2017b) specific accretion-rate distributions. Using the smaller SMDPL-simulation box or the Aird et al. (2018) specific accretion-
rate distributions to populate halos with AGN does not change the shape of the plotted histograms.

MNRAS 000, 1–19 (2018)
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High-power AGN and their 
relevance for feedback

•  Feedback from powerful QSOs (‘radiative’ mode) is needed to: 

–  Maintain the observed close connection between the growth of 
SMBH and the growth of galaxies 

–  Ensure a tight relation between black hole mass and galaxy mass/
velocity dispersion  

–  Help establishing the color-bimodality of galaxies 

•  Massive outflows are expected/observed from luminous QSOs, and their 
effect on the Narrow Line Regions can be studied in detail 

•  Sample selection is critical to move from sporadic events to an 
assessment of the population 

•  Present here a study of X-ray selected AGN in XMM-XXL, with uniform 
optical (SDSS/BOSS) spectroscopic follow- up (~3000 SDSS/BOSS 
spectra of X-ray selected AGN in ~20 deg2); [Menzel+’16,’19, Liu+’17] 

Merloni, IPMU, Tokyo, 11/2018 19 



X-ray AGN: optical spectra

Merloni, IPMU, Tokyo, 11/2018 

Menzel et al.m2016; Liu et al. 2018 
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Figure 2. The blue lines in the top panel and
the red lines in the middle panel show the galactic-
extinction-corrected, rest-frame spectrum of each
source for the blue (α′ < 0) and red (α′ > 0) BLAGN,
respectively. All the spectra are normalized to the
median composite spectrum of the blue BLAGN,
which is plotted as the blue line in the middle
panel, and the median composite spectrum of the red
BLAGN is plotted as the red line in the top panel,
see § 4.2 for details. We plot the best-fit models from
the SDSS pipeline instead of the real data in order
to have a clear look even in the low S/N cases. The
“line-free” windows used in the power-law fitting are
shown with orange lines in the top panel. Exam-
ples of the wavelength spans of the power-law-fitting
bands are shown in the middle panel for a redshift of
2 and 0.5. The bottom panel shows the α–z scatter
plot of the BLAGN1 (orange) and BLAGN2 (green).
The black line (α = −0.33z) corresponds to α′ = 0.

get an E(B − V ) = 0.27. It corresponds to
AV = RV ×E(B− V ) = 1.4, if we consider the pos-
sibility that AGN might have larger dust grain
size (e.g., Laor & Draine 1993; Maiolino et al.
2001; Imanishi 2001) and hence adopt RV = 5.3
(Gaskell et al. 2004) as opposed to the galactic
value of 3.1 (but see also Weingartner & Murray
2002; Willott 2005). Note that this value only
corresponds to a fraction of low-z sources at
z ! 0.7. Such low-z sources have significant
stellar contamination (see § 4.4), which could
flatten the spectra at " 4000Å. Meanwhile, as
discussed above, high-z sources show lower ex-
tinction because of sample selection effects (see
also Willott 2005). Therefore, for the whole red
AGN sample, this AV value is more of a mod-
erate upper limit than a typical value of the
optical extinction. Adopting an empirical corre-
lation NH = 2.2 × 1021AV (Güver & Özel 2009),
it corresponds to an NH of 3 × 1021 cm−2 – ap-
proximately the lower limit of the X-ray NH of
the BLAGN2. Nevertheless, red AGN only con-
stitute a small fraction of the BLAGN2. Most
of the BLAGN2 which are blue (below the black
line in the bottom panel of Fig. 2), there is rarely
any optical dust extinction. Therefore, we con-
clude that, the dust accountable for the optical
dust extinction is insufficient to fully explain the
X-ray obscuration in the BLAGN2.

3. THE X-RAY OBSCURATION

3.1. The Effective Eddington Limit

The effective Eddington limit is much lower for dusty
gas than for ionized dust-free gas (Laor & Draine 1993;
Scoville & Norman 1995; Murray et al. 2005). Such a
limit defines a blow-out region (forbidden region) in the
NH–λEdd plane for AGN, in which the living time of an
AGN is expected to be short. In Fig. 3, we plot our
sources in the NH–λEdd diagram to see if they obey the
effective Eddington limit. The λEdd is calculated from
LX assuming a constant bolometric correction factor of
20, as done in Ricci et al. (2017). We show the effec-
tive Eddington limits calculated by Fabian et al. (2009)
for dusty gas located close to the black hole, where the
black hole dominates the mass locally, with dust grain
abundances of 1, 0.3, and 0.1. As done in Ricci et al.
(2017), we plot a lower boundary of NH= 1022 cm−2,
below which the obscuration might be due to galaxy-
scale dust lanes.
Compared with the BLAGN1 at the same λEdd, a lack

of BLAGN2 can be seen in the dust blow-out region at
λEdd" 10−1, similar as found by Ricci et al. (2017). Us-

~1500 BLAGN (0<z<4) 
~150 X-ray obscured BLAGN (0<z<3) 
[Also split in Red and Blue QSOs] 
 
~550 NLAGN2 (0<z<1) 
~80 ‘elusive’ AGN in SFG (0<z<0.8) 
~90 ‘elusive’ AGN in ALG (0<z<0.8) 
  

Blue	  QSOs	  

Red	  QSOs	  

Wavelength (AA) 

20 



NLR Kinematics: AGN impact

Merloni, IPMU, Tokyo, 11/2018 

Menzel et al. 2018, submitt.; PhD thesis 

Type1
Type2
ELG

High SFR (>1 M!/yr)	  

Low SFR (<1 M!/yr)	  
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Ionized outflow are AGN driven

Merloni, IPMU, Tokyo, 11/2018 

Menzel et al. 2018, submitt.; PhD thesis 
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Fig. 9. Correlation of [OIII] parameters with optical/UV continuum luminosity and hard X-ray from stacked AGN. The markers indicated BLAGN1
stacked in L5100 (red triangles), BLAGN1 stacked in L2�10 keV (red circles), NLAGN2 stacked in L2�10 keV (yellow circels) and elusive AGN (green
circles, only available in one X-ray luminosity bin). In the top right panel, black symbols show the results of Perna et al. 2017a.

4.8. Correlation of [OIII] outflows with AGN accretion properties

Excitation mechanism of [OIII] outflows

In order to study the excitation mechanism of [OIII] outflows, we stack BLAGN1 in AGN
accretion-related luminosity bins (L5100Å and L2�10 keV), as shown in Fig. 4.20, and deter-
mine the detailed [OIII] line properties. This allows to study which luminosity correlates
better with the [OIII] profile in AGN.

Figure 4.20.: Spectral stack of BLAGN1 in bins of hard X-ray luminosity and optical/UV
continuum luminosity. The y-axis is normalized to the maximum luminosity
of each spectral stack.

As presented in Fig. 4.21 (and Tab. 4.6), we find that the core and wing luminosity of
BLAGN1 are correlated with both L5100Å and L2�10 keV, which agrees with the Spearman
rank correlation analysis from Sec. 4.8.1. The slopes of the core and wing luminosities as
a function of L5100Å and L2�10 keV are comparable (for the core: � � 0.6, for the wing:
� � 1.1). The velocities of the [OIII] component and W80 are more strongly correlated to
L5100 than to L2�10 keV. Furthermore, the velocity of the wing component has a steeper
slope (� = 483 ± 68 for L5100) than the core component (� = 164 ± 48 for L5100). For �v,
we cannot find a correlation in the binned spectral stacks.

In agreement with the previous section, we can conclude that average ionized [OIII] out-
flows are excited by the optical/UV continuum of the AGN. Additionally, we find that the
FWHMcore is less correlated to the AGN-related luminosity than FWHMwing. Thus, we
assume that the velocity dispersion of the narrow core component is dominated by the
gravitational potential of the stellar bulge, and the wing component is largely tracing the
velocity of the outflow launched by the AGN.

Impact of optical obscuration on [OIII] outflows

We are interested to test whether the optical obscuration of the central AGN has an impact
on the [OIII] properties, and focus now on the spectral stacks of BLAGN1 and NLAGN2
performed in hard X-ray luminosity bins as presented in Fig. 4.22. For low luminosity
bins, the stack of NLAGN2 shows a strong contribution of the host galaxy which clearly
contaminates the AGN features. Our continuum model is not optimized to fit dedicated
galaxy features and therefore, we cannot derive reliable wing features for low luminosity

111

Fig. 10. Spectral stack of BLAGN1 in bins of optical/UV continuum lu-
minosity. The y-axis is normalized to the maximum luminosity of each
spectral stack. The di↵erence in shape of the [OIII] is evident, with
broader lines associated to more luminous AGN

Perna et al. (2017a) and Perna et al. (2017b), who have anal-
ysed SDSS high quality (median S/N > 10) optical spectra of
624 X-ray selected AGN at z < 0.8, from various catalogs, in-
cluding deeper surveys extending to lower luminosity levels. Our
large sample (837 AGN) exceeds the size of these previous sur-
veys, and has the key advantage of a uniform, well understood
selection function (from the XMM-XXL survey), whch we ex-
ploit to generalize our results to the ’typical’ AGN population.

We discuss in the following the main findings of our work, the
associated uncertainties, and possible implications.

8.1. How often do [OIII] outflows occur in AGN?

Among X-ray selected AGN above the flux limit of the XMM-
XXL survey observed by BOSS, we find that 35 per cent of
the objects have indications for [OIII] outflows. This should be
considered as a lower limit, because signal-to-noise ratio and,
to a lesser extent, light dilution by the host galaxy strongly af-
fect our ability to detect significant [OIII] outflows. In order to
compare the [OIII] outflow incidence with recent literature val-
ues, we need to carefully consider biases due to di↵erent selec-
tion criteria and S/N ratios of the optical spectra. Mullaney et
al. (2013) finds 17% of outflows for optically selected Type 1
and Type 2 AGN (SDSS DR7), whereas Harrison et al. (2014)
find � 70 per cent in a representative sample of X-ray selected
Type 2 with LOIII > 7 · 1040 erg s�1 and z < 0.2. In his sample
of serendipitous X-ray selected AGN from the 3XMM catalog,
with good quality optical spectra, Perna et al. 2017a found an
outflow incidence of ⇠40% for AGN of similar bolometric lumi-
nosity as those studied here, consistently with our results from
our highly complete sample.

The large majority (84%) of our [OIII] profiles shows
blueshifted [OIII] wing features which is consistent with the
widely used model of biconical outflows, where the redshifted
emission is associated to the receding part of the outflow. Works
related to this model (e.g. Crenshaw et al. 2010) assume an out-
flow cone pointing away from the observer su↵ers extinction
from the stellar disk and/or nuclear torus; however, a detailed ex-
planation of origin of redshifted [OIII] wings requires a complete
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Ionized outflows energetics

Merloni, IPMU, Tokyo, 11/2018 

Menzel et al. 2018, submitt.; PhD thesis 
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High Power AGN: “QSO mode”
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SMBH growth: weighting modes

Heinz, Merloni and Schwaab (2007); 
Körding, Jester and Fender (2007); 

Merloni & Heinz (2008); Cattaneo and 
Best (2009) 

Log Lkin= 44.6 x 0.7 Log (P1.4 /1025) 
(Cavagnolo 2010, “cavity power”) 

Log Lkin= 45.2 x 0.8 Log(Pcore /1025) 
(Merloni & Heinz 2007) 

Merloni, IPMU, Tokyo, 11/2018

Kinetic to radiative  
energy density ratio 
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Summary of Part I: 
History of Accretion

•  X-ray surveys provide the least biased view of AGN (against 
obscuration/extinction and galaxy dilution) 

•  We have probed most of the accretion history in the Universe (at 
least in mass-averaged terms). Most of SMBH mass accumulated 
in radiatively efficient phases of accretion 

•  Accretion rate distributions are key diagnostics of AGN 
evolution and connection to triggering 

•  Little evidence of ‘typical’ AGN being different that overall 
galaxy population 

•  A stochastic phenomenon; some particular condition may 
enhance this probability: mergers, central vs. satellite, etc., but 
evidence is tantalizing 

Merloni, IPMU, Tokyo, 11/2018 26 



Summary of Part I: 
The need for larger samples

•  Existing X-ray surveys are limited by the sample size 
(~a few 103), mainly because of the limited field of 
view of sensitive, focusing, X-ray telescopes. 

•  Larger samples are mandatory to accurately study 
DISTRIBUTIONS of AGN vs. L, z, λ, NH, SFR, M* 
(stochasticity of AGN phenomenon) 

•  The next step forward will be to bring the study of 
AGN evolution to the level of statistical significance 
that galaxy evolution studies enjoyed since the 
advent of SDSS (-> 106) 

Merloni, IPMU, Tokyo, 11/2018 27 
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Mapping the Universe

Merloni, IPMU, Tokyo, 11/2018 

“Constrained”  
Hydro simulations 
e.g. J. Sorce+2016                                                            Courtesy of K. Dolag (LMU) 
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Rosati, Norman, Borgani 2002 
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Simulation of an eROSITA field

Diffuse	  X-‐ray	  
emitting	  gas	  traces	  
the	  massive	  knots	  of	  
the	  cosmic	  web	  
(Clusters)	  

Point	  sources	  
(Quasars)	  signpost	  the	  
growth	  of	  black	  holes	  	  Im
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Mapping the Universe
In X-rays

•  A signature of clusters is the detection 
of hot (~107 K)  ICM 

•  Clusters are exponentially sensitive 
tracers of growth of structures 

•  Cosmological constraints with (well 
calibrated) ROSAT samples ~100 obj. 

29 



PI: Peter Predehl; PS: A. Merloni (MPE)
Core Institutes (DLR funding):
MPE, Garching/D 
Universität Erlangen-Nürnberg/D 
IAAT (Universät Tübingen)/D 
SB (Universität Hamburg)/D 
Astrophysikalisches Institut Potsdam/D 
	  
Associated	  Institutes:	  
MPA, Garching/D 
IKI, Moscow/Ru 
USM (Universität München)/D 
AIA (Universität Bonn)/D 

Industry:	  
Media Lario/I      Mirrors, Mandrels 
Kayser-Threde/D     Mirror Structures 
Carl Zeiss/D       ABRIXAS-Mandrels 
Invent/D      Telescope Structure 
pnSensor/D       CCDs 
IberEspacio/E       Heatpipes 
RUAG/A      Mechanisms 
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+ many small companies 

eROSITA: the Project

MPE: Scientific Lead Institute, Project Managment 	  
Instrument Design, Manufacturing, Integration & Test 

Data Handling & Processing, Archive etc. 

Merloni, IPMU, Tokyo, 11/2018 

COSTS:	  ~90 M€ (eROSITA) 
     ~250-300 M€ (SRG) 
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SRG: Mission Profile

-  Launch: From Baykonour, Proton–Block-DM 
-  3 Months: flight to L2, PV and calibration phase 
-  4 years: 8 all sky surveys (eRASS:1-8; scanning mode: 6 rotations/day) 

-  Re-visit LMC & SMC every ~month  (to L0.5-2 keV ~1034 erg/s) 
-  2.5 years: pointed observations, including ~20% GTO. 1 AO per year 
-  Ground Segment: 2 x 70m antennas (Bear Lakes and Ussirisk), daily 
contact (up to ~4 hours); telemetry transfer directly to MPE via Moscow 
NPOL/IKI Control Center 

eROSITA 
MPE 

ART-XC 
IKI  

Navigator 
NPO Lavochkin 

Merloni, IPMU, Tokyo, 11/2018 31 



7 Mirrors + pnCCDs

-  Focal length: 1.6 m, Field of view: 1 degree (diameter) 
-  Half-Energy width (HEW) ~18” (on-axis); 27” (FoV avg.)
-  Source location accuracy ~3-10” 
-  X-ray baffle (10μm precision alignment): 92% stray light reduction 
•  Spectral resolution at all measured energies within specs (R~20 @1.5keV) 
•  Extremely good uniformity, no chip gaps 

Merloni, IPMU, Tokyo, 11/2018 32 



Effective Area and Grasp

-  Effective area at 1keV comparable with XMM-Newton 
-  Factor ~7-8 larger surveying speed (and 4 years dedicated to all 

sky survey) 
-  Survey FoM≈Aeff*FoV/(θ*Bkgn) (courtesy of Wik & Horsheimer) 

Merloni, IPMU, Tokyo, 11/2018 

Effective Area: ~1700 cm2 (FoV avg. @1keV) 
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eROSITA surveys in context

All sky:  10-14 (0.5-2 keV) 
 2×10-13 (2-10 keV) [erg/cm2/s] 

All sky:  3.4 x 10-14 (0.5-2 keV) 
Merloni et al. 2012 

Merloni, IPMU, Tokyo, 11/2018 

Point sources sensitivity Extended sources sensitivity 
eRASS:1=aYer	  6	  months	  
eRASS:8=aYer	  4	  years	  
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X-ray Large Scale Structure

Merloni, IPMU, Tokyo, 11/2018 35 

Simulation of 30x4 deg2 field, 0.3<z<0.7 
folded through eRASS:8 response 

Red circles: Clusters and Groups 
Blue crosses: AGN 



ALL Massive Clusters

Merloni, IPMU, Tokyo, 11/2018 36 

SPT-‐SZ	  

SPT-‐3G	  

-  eROSITA will detect ~110k 
clusters with more than 50 net 
counts; 2k with more than 
1000 counts

-  ~20k clusters with good 
redshift determination, up to 
z~0.45

-  ~2k clusters with precise 
Temperature (to <10%)

-  eROSITA PSF is good enough 
to resolve ∼0.3R500 regions at  
z=1 for 1014M⊙ clusters

-  For cosmology, Mgas and core-
excised LX are excellent mass 
proxies with very low scatter 
(∼10%)
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3 Million AGN: physics and 
cosmology

-  The most luminous AGN, 
tracers of large scale 
structure: the “quasar” 
mode of AGN feedback 

-  (Obscured and Un-
obscured) accretion history 

-  High-z AGN 
-  Huge effective volume, 

BAO with biased tracers 
-  SED vs. L, L/LEDD 
-  Soft spectral response 
-  Uninterrupted view! 
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3 Million AGN: physics and 
cosmology

-  The most luminous AGN, 
tracers of large scale 
structure: the “quasar” 
mode of AGN feedback 

-  (Obscured and Un-
obscured) accretion history 

-  High-z AGN 
-  Huge effective volume, 

BAO with biased tracers 
-  SED vs. L, L/LEDD 
-  Soft spectral response 
-  Uninterrupted view! 

 

<z>=1

<LX>=1044 
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AGN Follow-up requirements
ID 
fraction 

rAB limit 
[5σ] 

iAB limit 
[5σ] 

KAB limit 
[5σ] 

0.9 22.8 22.5 20.4 
0.95 23.5 23.2 20.7 
0.99 24.5 24.2 21.3 

NOTE: WISE has detected ~65% of all 
AGN that eROSITA will see 

-  Type 1 (un-obscured, Broad line) ~66%
-  Type 2 (obscured, Narrow line) ~20%
-  “Elusive” AGN ~6%
-  Stars ~8%

SDSS: rAB<22.2; 13,000 deg2 

PS1: rAB<22; 32,000 deg2 

VST/ATLAS: rAB<22.5; 4,500 deg2 

DES: rAB<24.3; 5,000 deg2 

HSC WIDE: rAB<25.2; 1,500 deg2 
DECaLS: rAB<23.2; 6,000 deg2 

DeROSITAS/BLISS: rAB<23.2; ~3,000 deg2 
LSST: rAB<25.8; 18,000 deg2 
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–  TAIPAN (2019-2023) taipan-survey.org

•  1.2m UK Schmidt Telescope at Siding Spring Observatory, 2.5π 
•  Limited to i<17: 0.6-1 AGN/deg2 mostly RASS sources, 20k redshifts 

–  SDSS-V (2020-2024) www.sdss.org/future/
•  SDSS + LCO full-sky coverage complete follow-up of eRASS:2 over 

~10,000 deg2 (250k AGN spectra to i~21.5, 80k galaxies in 10k 
clusters) 

–  VISTA/4MOST (2023-2027) www.4most.eu
•  Complete, systematic follow-up of both Clusters and AGN from  

eROSITA:8 reach >90% completeness for eRASS:8 (down to r~23) 
•  ~700k AGN spectra 0<z<6 
•  ~1M galaxies in ~50k X-ray selected clusters (Clusters clustering, RSD, 

velocity dispersion, gravitational redshift) 

Merloni, IPMU, Tokyo, 11/2018 

Spectroscopic follow-up
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eROSITA Cadence Map

Merloni, IPMU, Tokyo, 11/2018 

8 10 20 60
#	  of	  daily	  eROSITA	  visits	  over	  4yrs	  

1 daily visit " F0.5-2~4×10-14 erg/s/cm2 " 
LX>1043 at D<1.5 Gpc (z~0.3); LX>1044 at D<4.5 Gpc (z~0.7) 
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“Legacy science”
•  Provide a detailed view of the compact objects (NS, BH) 
population of the Milky Way 

•  Survey of 600k active (young, magnetic) stars  

•  Map the diffuse X-ray emission and the hot ISM in the Milky 
Way and in the Solar neighborhood  

•  Study nearby star-forming galaxies and galaxy groups 

•  Provide a dynamical view of the X-ray sky and identify 
transients and variable sources, including 1000’s TDEs 

•  Serendipity… 

 

[eROSITA Science Book: Merloni et al. 2012, arXiv:1209.3114] 
Merloni, IPMU, Tokyo, 11/2018 42 



Working with eROSITA
•  eROSITA is a PI instrument
•  Scientific exploitation of data shared between the partners: 

50% MPE and 50% IKI, West/East (gal. coord.) 
•  German data public after 2 yrs, 3 releases (‘20, ‘22, ‘24; TBC) 
•  Proprietary access via eROSITA_DE (/RU) consortium 
•  Projects/papers regulated by working groups 

•  Working Groups: 
•  Science: Clusters/Cosmology, AGN, Normal galaxies, 

Compact objects, Diffuse emission/SNR, Stars, Solar System, 
Time Domain Astrophysics 

•  Infrastructure: Data analysis and catalogues, Multiwavelength 
follow-up, Calibration, Background 

•  Collaboration policy (German Consortium):
•  Individual External Collaborations (proposal to WGs) 
•  Group External Collaborations (team-to-team MoUs) 

Merloni, IPMU, Tokyo, 11/2018 43 



Conclusions
•  X-ray (and radio) surveys provide the least biased 

view of the AGN evolution 
•  Current samples reveal AGN as stochastic 

phenomena occurring in all kind of galaxies 
•  Sample size are still small to unambiguously reveal 

trends with galaxy properties and large scales 
•  Not clear the overall global impact of AGN 

feedback at high Edd. Ratio (winds and outflows) 
•  eROSITA is ready for launch in 2019! 
•  Future of AGN studies with eROSITA and 

multiwavelength large surveys (WISE, LOFAR, 
ASKAP, DESI, 4MOST, HSC) is bright: larger sample 
will allow new phenomena to be discovered  

Merloni, IPMU, Tokyo, 11/2018 44 



Image	  courtesy	  of	  K.	  Dolag	   Merloni, IPMU, Tokyo, 11/2018 

Thank	  you	  
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