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BH/Galaxy Scaling relations discovered in 2000 (HST) 

No direct causal connection: hint of a past co-evolution 

A shift of paradigm

Gebhardt et al. 2000; Ferrarese et al. 2000; Greene et al. 2005 

Kormendy and Ho 2013 
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The theoretical necessity of AGN 
feedback: a history of failures

1.  Maintain the observed close connection 
between the growth of SMBH and the 
growth of galaxies 

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

3.  Help establishing the color-bimodality of 
galaxies 

4.  Prevent too massive galaxies from forming 
5.  Solve the cooling flow problem in clusters 

of galaxies  



Part II

Exploiting multi-wavelength surveys to 
unveil the history of accretion onto 

supermassive black holes 
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Setti&Woltjer,	
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  2011	
  

3.	
  

SMBH census is a matter of 
contamination

●  AGN dominate XRB, but contribute only to ~10% of IRB 

●  XRB itself is dominated by obscured (and heavily obscured) AGN 
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AGN selection basics: contrasts

Assume: (1) MBH/M*=A0  ; (2) logSFR = α(z)(logM∗ −10.5)+β(z) 

Merloni	
  (2016)	
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AGN selection basics: contrasts
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Cri)cal	
  Eddington	
  rate	
  
[M*=105	
  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%	
  



X-ray luminosity function

Aird et al 2015; Buchner et al. 2015; Ueda et al. 2014; Miyaji et al. 2015 
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BH accretion vs. Star Formation

Ueda+	
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  Marconi+	
  2004;	
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  Heinz	
  2008;	
  Ueda+	
  2014;	
  Delvecchio+	
  
2014;	
  Buchner+	
  2015;	
  Myiaji+	
  2015	
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  2015	
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Part III

Radio surveys and the global history of 
AGN (kinetic) feedback 
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The sub-mJy population 

Smolcic	
  et	
  al.	
  (2017)	
   Merloni, EWASS 2018, SS11, 4/2018 

A&A 602, A2 (2017)

Fig. 13. VLA-COSMOS 3 GHz Large Project radio source counts, separated into various (not overlapping) populations (symbols, as indicated in
the panels). The lines in the left panels connect the VLA-COSMOS 3 GHz Large project symbols. Lines and colored areas in the right hand-side
panels show various source counts from the literature, as indicated in each panel.

expected from the star formation in their host galaxies increases
with decreasing flux density from about 10% at S 1.4 GHz ⇠ 700–
1000 µJy to ⇠85% at S 1.4 GHz ⇠ 50 µJy, while it correspondingly
decreases (from ⇠90% to ⇠15%) for sources showing significant
(>3�) radio excess. The switch between the domination of the
two such selected populations occurs at S 1.4 GHz ⇠ 200 µJy.

In conclusion, the data used here probe the flux range of
the faint radio population where a switch between the domi-
nant AGN- or star formation-related contributions occurs. This
is studied further in the context of radio source counts in the next
section.

8.2. Euclidean-normalized radio source counts

In Fig. 13, we show the 1.4 GHz source counts, normalized to
Euclidean space, for all radio sources with counterparts in COS-
MOS2015 or i band catalogs and for each source class sepa-
rately. The counts, tabulated in Table 2, have been corrected for
completeness as described in Smolčić et al. (2017a), assuming
all populations are equally complete at the same 3 GHz flux.
From the left-hand panels in Fig. 13, showing the counts sepa-
rated into clean SFG, MLAGN, and HLAGN in the top panel and
radio excess and no radio excess samples in the bottom panel, it
is obvious that galaxies with star formation activity start domi-
nating the counts below S 1.4 GHz ⇠ 100–150 µJy, while at higher

fluxes the dominating population is related to AGN activity (see
also top right panel for the combined MLAGN and HLAGN con-
tribution to the counts).

8.2.1. Comparison with radio source counts
in the E-CDFS survey

In the right-hand panels of Fig. 13 we compare our Euclidean-
normalized source counts to those from Padovani et al. (2015).
These authors calculated the counts from 1.4 GHz VLA obser-
vations of the E-CDFS, and in the figure the color-shaded areas
correspond to their counts within the reported errors (Table 1
in Padovani et al. 2015). Their sample reaches a flux density
limit of 32 µJy and covers an area of approximately 0.3 deg2.
Bonzini et al. (2013) separated the ⇠800 (z  4) radio sources
within the E-CDFS into radio-loud (RL), radio-quiet (RQ) AGN,
and SFGs using the observed 24 µm-to-1.4 GHz flux ratio
(q24,obs). These authors identified RL AGN if, at a given redshift,
they lay below the 2� deviation from the average q24,obs, while
they selected RQ AGN if they were above the 2� deviation
and, at the same time, fulfilled either X-ray or MIR diagnos-
tics (similar to those used here)22. The remainder of the sample

22 Note that the q24,obs ratio is defined in an inverse manner compared
to the log (L1.4 GHz/SFRIR) ratio used here.
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Disentangling the contribution of weak “jetted” AGN vs. 
Star-formation in RQ AGN is critical!



Low-power AGN: jet-disc connection

Churazov,	
  Fabian,	
  Forman	
  	
  Merloni, EWASS 2018, SS11, 4/2018 



PdV work vs. cooling luminosity

Rafferty+06	
  

-  Relatively tight 
balance between 
heating and cooling 
-  High “efficiency” of 
AGN heating might 
require (for extreme 
objects) spin 
powering of Jets  
(McNamara et al. 2011) 
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What is the right proxy for Jet 
power?

•  Measuring PdV work done by the jets in carving 
the bubbles in the Intra-Cluster Medium is very 
hard (need lots of X-ray photons) 

•  It would be nice to have a cheaper way to 
estimate kinetic jet powers: can radio 
luminosity help? 

Merloni, EWASS 2018, SS11, 4/2018 



Extended Radio/LKin relation
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G. Kokotanekov et al.: The Scaling Relation between AGN Cavity Power and Radio Luminosity at Low Radio Frequencies

Fig. 1. Cavity (jet) power vs. the total radio luminosity for the TF-23 sample at 327 MHz (left) and 148 MHz (right). The dashed line shows the
best-fit power law. It is log Pcav = (1.6 ± 0.2) + (0.50 ± 0.14) log L327 with intrinsic scatter of 0.86 dex at 327 MHz and log Pcav = (1.4 ± 0.3) +
(0.51 ± 0.14) log L148 with intrinsic scatter of 0.85 dex at 148 MHz.

Table 3. Results of fitting Equation 3 for the TF-23 sample.

⌫a Pb
0 �c �d

327 101.6±0.2 0.50 ± 0.14 0.86
148 101.4±0.3 0.51 ± 0.14 0.85
a Frequency in MHz.
b Normalization.
c Luminosity slope.
d Intrinsic scatter in dex.

correlation. The � reported by Bîrzan et al. (2008) at 327 MHz is
0.51 ± 0.07 with a scatter (standard deviation) of 0.81 dex, while
for the TF-23 sample we get 0.50 ± 0.14 with a scatter of 0.86
dex. We get the same slope but higher uncertainty and slightly
higher scatter. This small di↵erence is a cumulative e↵ect from
several factors; most importantly, omitting Cygnus A and us-
ing di↵erent spectral indices when computing the L⌫. Other con-
tributors are the di↵erent luminosity errors we compute, which
change the weighting of points during the fit, and the lower flux
of Zw3146 we measure from the map at 327 MHz of Bîrzan et al.
(2008) (see Table 2).

We show that the Pcav – L⌫ scaling relation holds at low radio
frequencies. As can be seen from Table 3, there is no di↵erence
between the correlation at 327 MHz and 148 MHz. They have
virtually identical slope and scatter. The comparison between the
results at 148 MHz and 327 MHz shows that merely moving to
⇠150 MHz does not provide us with a better understanding of
the correlation between cavity power and monochromatic radio
luminosity. This is not surprising since the shift by a factor of
⇡ 2 in frequency corresponds to only a factor of ⇡ 1.4 in terms
of electron energy.

In only 2 of the 12 resolved sources in TGSS (Perseus
and M87) we detect significantly more extended low-frequency
emission than observed at 327 MHz. For the remainder of the
sample, the observed low-frequency emission is well correlated
spatially with higher frequency emission seen at 327 MHz.
Therefore, we conclude that for ⇠90% of the systems in TF-
23 sample, TGSS retrieves the flux density at 148 MHz asso-
ciated with the same episode(s) of AGN activity seen at higher
frequency by Bîrzan et al. (2008) and in the X-rays by Ra↵erty
et al. (2006). Only Perseus and Hydra A include cavity power
measurements for more than one pair of cavities, and thus more
than one episode of activity. Therefore, our analysis at 148 MHz,
as well as the analysis of Bîrzan et al. (2008) at higher frequen-
cies, is e↵ectively restricted to a fairly limited range of outburst
ages.

In the reprocessed MSSS images of Perseus and
2A0335+096 (presented in Section 4) we clearly detect
di↵use emission extending well beyond the regions associated
with the X-ray cavities studied by Ra↵erty et al. (2006).
The X-ray morphology of these objects on this large scale is
complex and not well correlated spatially with the observed
low-frequency emission. Associating these more extended
structures in the radio and X-rays with single, well-defined
episodes of AGN activity is not trivial. This complication is
most evident in the case of Perseus where even in the radio
map, it is di�cult to separate emission associated with relic
AGN outbursts from the surrounding mini-halo. In the absence
of well-defined spatial correlation, including the flux from
this more extended radio emission without measurements of
corresponding X-ray structures would artificially result in a
correlation with flatter slope and large scatter. This situation
indicates that in order to study the correlation over multiple
episodes of activity, we would need a sample with deeper X-ray
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Merloni and Heinz (2007) 

Observed LR (beaming) 
Derived from FP relation 

Monte Carlo simulation: 
Statistical estimates of 
mean Lorentz Factor	
  Γ~7	
    

Log	
  Lkin=0.81	
  Log	
  L5GHz	
  +11.9	
  

Core Radio/LKin relation
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Jet-disc connection
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Jet-disc connection

Merloni, EWASS 2018, SS11, 4/2018 

A “fundamental plane” of active BHs [Merloni+ 2003; Falcke+ 2004] 



Low-Power AGN are jet dominated

Merloni et al.  2003 
Merloni & Heinz 2007 Log 
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 From observations to a 

theoretical accretion diagram: 

Clues on the physics of 
“adiabatic”, radiative 

inefficient accretion modes 

Lkin/Ledd=0.16*(Lbol/Ledd)0.49 
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Accretion diagram for LMXB & AGN
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Direct AGN light

   Jet mode Radiative mode
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Edd Edd
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* Weak (or absent) narrow, low

* Old stellar population; little SF

* FR1 or FR2 radio morphology 
* Moderate radio luminosity 

* Very massive early−type galaxy
* Very massive black hole

* Massive early−type galaxy
* Massive black hole
* Old stellar population with some

on−going star formation
* High radio luminosity
* Mostly FR2 morphology
* Strong high−ionisation narrow lines

excitation radio source, but with
addition of: 

* Direct AGN light
* Broad permitted emission lines

Host galaxy properties like Type−2

* Direct AGN light
* Broad permitted emission lines
* Bias towards  face−on orientation

* Sometimes, beamed radio emission

AGN LINER

* Old stellar population; little SF
* Weak, small−scale radio jets

* Massive early−type galaxy
* Massive black hole

* Moderate strength, low−ionisation
narrow emission lines

* Moderate mass black hole

* Weak or no radio jets
* Strong high−ionisation narrow lines

galaxy with pseudo−bulge

ionisation emission lines

Host galaxy properties like high−

* Significant central star−formation

L/L      < 0.01~ ~

 Radio−loud QSO

  Radio Quiet QSO / Seyfert 1 Type 2 QSO / Seyfert 2

* QSOs more luminous than Seyferts 

QSO and Seyfert 2, respectively, but
with addition of: 

* Moderately massive early−type disk 

Fig. 4.— The categorisation of the local AGN population adopted throughout this review. The blue text
describes typical properties of each AGN class. These, together with the spread of properties for each class,
will be justified throughout the review.

2.2. Finding AGN

This review is focused on insights into the co-evolution of SMBHs and galaxies that have been derived
from large surveys of the local universe. For such investigations of the radiative-mode AGN it is the obscured
(Type 2) AGN that are far and away the more valuable. In these objects the blinding glare of the UV and
optical continuum emission from the central accretion disk has been blocked by the natural coronagraph
created by the dusty obscuring structure. The remaining UV and optical continuum is generally dominated
by the galaxy’s stellar component (Kauffmann et al. 2003a) which can then be readily characterized. In
the sections to follow we will therefore restrict our discussion of radiative-mode AGN to techniques that
can recognize Type 2 AGN. For the jet-mode AGN the intrinsic UV and optical emission from the AGN
is generally weak or absent unless the observer is looking directly down the jet axis (e.g. Urry & Padovani
1995). Thus, the host galaxy properties can be easily studied without contamination.

Merloni, EWASS 2018, SS11, 4/2018

Heckman & Best 2014 



SMBH growth:  
weighting modes

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

Merloni & Heinz (2008); Cattaneo and 
Best (2009); Smolcic et al. 2017 

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, EWASS 2018, SS11, 4/2018
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IV: The key role of VLBI
•  Deep VLBI -> Jet physics (acceleration, 

collimation, energetics, Lorentz factors 
distribution) 

•  Wide VLBI-> unambiguous identification 
of jetted AGN in sub-mJy population 

Merloni, EWASS 2018, SS11, 4/2018 
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The microJy Regime of Compact Radio Sources 
Radcliffe et al. 2016, A&A, 587, A85 

� VLBI detects AGN 
obscured at other 
wavelengths.  

� Significantly obscured 
sources are likely hybrid 
systems: both AGN and 
star formation present.  

� 1 observation of HDF-N, 
699 separate fields: 

Multi-source self-cal 
combines the response of 
many sources across FoV to 
greatly improve the 
dynamic range of target 
sources.  
 

Wide Field VLBI

Radcliffe et al. 2016  
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N. Herrera Ruiz et al.: The faint radio sky: VLBA observations of the COSMOS field

Fig. 3: Left panel: Sensitivity map of the VLBA-COSMOS project. The colour bar represents the rms noise values in µJy/beam.
The white crosses show the target positions. White contours are drawn at 10, 12, 15, 20, 25, 30, 34, and 40 µJy/beam to match
the contours in the VLA image. Right panel: Figure 4 from Schinnerer et al. (2010), representing the sensitivity map of the VLA-
COSMOS Deep project. The contours correspond to rms levels of 10, 12, 15, 20, 25, 30, 34, and 40 µJy/beam. We can see that the
rms distribution of the two images is in excellent agreement.

2.5.3. Decision tree

To decide if the detections were real, we passed each detection
through a decision tree (See Fig. 5). The decision tree was cre-
ated to minimise human interaction with the data and the prob-
ability of having false detections. The steps of the decision tree
are as follows:

1. The first step for a detected source to be passed through the
decision tree was that it must present a peak flux density ex-
ceeding 5.5 times the local rms (see Sect. 2.5.1). A total of
710 sources satisfied this criterion.

2. If the S/N was greater than 7, we considered the detection
as real, since this S/N is high enough to neglect the false
detection rate (0.03%). A total of 366 sources satisfied this
criterion.

3. If the S/N was lower than 7, we analysed the compactness of
the detection. We considered a source compact when it was
classified as unresolved and single-component source in the
VLA catalogue of Schinnerer et al. (2010). By plotting the
number of detections with S/N > 7 versus the VLA-VLBA
position separation, we considered that a compact source
must be located at a separation < 000.4 (See Fig. 6), to con-
sider it a real detection. A total of 83 sources satisfied this
criterion.

4. If the source was considered not compact, then we checked
it by eye (see Fig. 4). If the detection was coincident with
the optical counterpart we considered it a real detection. If
no optical counterpart was present, and the detection was lo-
cated in the central part of the VLA contours, we considered
the detection real. A total of 19 sources satisfied this crite-
rion.

After passing our 3293 initial targets through the decision
tree, we ended up with 468 detections. Considering the false de-
tection rate when S/N>7 (0.03%) and when 5.5<S/N<7 with the

VLA-VLBA position separation being smaller than 000.4 (0.2%),
we estimate an overall number of false positives in the final cat-
alogue of <1.

2.6. VLBA flux density and position

We ran BLOBCAT8 on the uniformly-weighted images to mea-
sure the flux density and position of the VLBA detected sources,
since, as mentioned in Section 2.3, the angular resolution of
the uniformly-weighted images is better and the plateau of the
naturally-weighted images can overestimate the flux density of
the source. BLOBCAT catalogues the flood filled islands of pix-
els (blobs) above a S/N cuto↵ within a sea of noise, consider-
ing each island as a component of a single or multi-component
source (Hales et al. 2012, 2014).

We define four parameters before running BLOBCAT: i)
- -pasbe=0.1, since we consider the surface brightness (SB)
error resulting from calibration to be 10%; ii) - -ppe=0.01, we
assume a SB pixellation error of 1% due to the well-sampled
radio images; iii) - -cpeRA=6.8e-4; iv) - -cpeDec=1.98e-3.
These two last parameters define the phase calibrator RA and
Dec position errors9 (in arcsec), respectively. Then, we run
BLOBCAT to compute the position (RA, Dec), its uncertainty
(�RA, �Dec), the rms, the peak flux density (Sp,VLBA), its un-
certainty (�Sp,VLBA), the integrated flux density (Si,VLBA) and its
uncertainty (�Si,VLBA) for each VLBA detected source. Each out-
put was added to the catalogue derived from this work (Table 2),
after being checked visually in order to remove the artefacts. We
found a median of �RA and �Dec of 0.8 mas and 2.2 mas, re-
spectively.

For multi-component sources a lower case letter was added
to the ID of the source for each component. In these cases, a new

8 http://blobcat.sourceforge.net
9 https://www.lbo.us/vlba/astro/calib/
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Herrera et al. 2017; See also Garrett et al. 2001; Chi et al. 2007; Lenc et al. 2006; 
Middleberg et al. 2011 [CDFS]; Middelberg et al. 2013 [Lockman Hole]; Cao et al. 
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Wide Field VLBIA&A 551, A97 (2013)

are currently unknown, because they would have required pro-
hibitive amounts of observing time using conventional methods.
The work presented here yielded the detection of only 65 sources
in total (a number frequently found in a single bin in other source
count studies), yet this is, to our knowledge, the first attempt
to produce radio source counts of VLBI-detected sources in the
mJy and sub-mJy regime.

It is worth noting that in this paper we do not construct ra-
dio source counts using VLBI flux densities, since such mea-
surements would be plagued by tremendous resolution e↵ects
that would render the source counts useless. Instead, we use
the VLBI observations to select a sub-sample of radio sources
with very compact cores from the parent sample of known ra-
dio sources detected with the VLA, and then use the VLA flux
densities of this sub-sample to construct the source counts.

When constructing source counts, two e↵ects need to be
taken into account. The first is a weighting factor arising from
the varying sensitivity of the observations, i.e., for each source
flux density one needs to determine over which area this source
would have been detected. Since observations typically have
significantly smaller areas with very high sensitivity than with
lower sensitivity, this correction can have a large e↵ect on the
source counts if not carried out correctly. The second e↵ect is
resolution bias. Extended sources can remain undetected when
they are close to the detection limit of the survey, and so the
counts at low flux density levels will underestimate the true
source counts. This e↵ect depends on the resolution of the ob-
servations, and in our case is much smaller than the correction
for e↵ective area, of order below 10% (Ibar et al. 2009). Hence
the number of sources in each bin needs to be corrected by 1+ c,
where c is of order 0 to 0.1.

As a consistency check, we initially constructed the source
counts from the VLA data published by Ibar et al. (2009). From
their catalogue we have eliminated all entries marked as compo-
nents (non-zero “m_Name” column). Corrections for e↵ective
area and resolution were extracted from their Figs. 6 and 7, from
which we constructed look-up tables using Dexter7. Using the
same bins as Ibar et al. (2009) we determined

s =
X

N

S/Ae↵ (8)

for the N sources in each bin, where Ae↵ was determined from
a look-up table. This procedure ensures proper weighting of all
sources in a bin. Each bin was then corrected for resolution bias
by multiplying its value by 1 + c, where c is a value extracted
from the other look-up table. The bin values were then divided
by the bin widths, and subsequently by the geometric mean of
the bin edges raised to the power of �2.5. Count errors of the
area-weighted counts in Eq. (8) were estimated as

p
N/N ⇥ s

and then propagated through the same steps as the counts them-
selves. This procedure resulted in identical counts as published
by Ibar et al. (2009), with the exception of the two lowest bins,
where we found agreement with previously published counts
(Fig. 16). The reason for this discrepancy can in principle arise
from the way the e↵ective area is dealt with. If one uses, e.g., the
lower edge of a bin to calculate the e↵ective area for the entire
bin, then one underestimates the area over which a source would
be detected, resulting in an over-estimate of the source counts.

We proceeded to calculate the source counts for the VLBA-
detected sources only, using the same methods as for the VLA
source counts. However, the determination of the e↵ective area
was di↵erent. Two corrections are needed to properly account
7 http://dexter.sourceforge.net

Fig. 16. Source counts in the Lockman Hole/XMM field. Shown are
the Euclidean-normalised source counts of the VLBA-detected sources,
using their VLA flux densities (red line). Shown with black lines are
source counts that would have been measured had the sensitivity of our
observations been lower by factors of 1.1, 1.5, and 2.0. For comparison,
we have plotted the source counts constructed from the Ibar et al. (2009)
data using the same methods (blue line), the source counts as published
by Ibar et al. (2009) (green line), and the data compilation from Hopkins
et al. (2003) (light grey squares) along with their 6th order polynomial
fit.

for the e↵ective area – one to determine over which area each
source would in principle be detectable with the VLBA, another
to determine the area over which this source would in principle
be detectable with the VLA. The first correction was carried out
as follows. For each source the area over which it could have
been detected with the VLBA was determined using the sensi-
tivity map shown in Fig. 9. The number of pixels with values
smaller than 6 times the VLA source flux density was counted
and multiplied with the pixel area. The second correction would
have required knowledge of the rms distribution of the VLA ob-
servations, which was not available (the catalogue of Ibar et al.
2009 only lists peak-to-noise ratio, but neither peak nor noise is
given). However, Fig. 6 in Ibar et al. (2009) indicates that for
our weakest source greater than the lowest bin edge at 120 µJy,
at S = 127 µJy, the area over which it was detectable is 94%
of the entire observed area, and for stronger sources this per-
centage comes even closer to 100%. We therefore neglected this
correction.

The source count bins were defined to begin at a total inte-
grated flux density of 120 µJy and to increase by factors of two
to 3.84 mJy. This resulted in a reasonably even distribution of
the number of sources per bin. The source counts of all sources,
the VLBA-detected sources, and the source counts by Hopkins
et al. (2003) are shown in Fig. 16.

At the bright end of the distribution the source counts of
VLBA-detected sources appear to be an extrapolation of the
general radio source counts, indicating that this population is
dominated by AGN. Between 1 mJy and 2 mJy there is a sharp
drop, which is also visible in the percentage of detected sources
in Fig. 13 (left panel). However, the counts of VLBA-detected
sources exhibit a shoulder between 0.1 mJy and 1 mJy, and this
shoulder is a lower limit on the number of radio-emitting AGN
at sub-mJy flux density levels.
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Conclusions
I.  Deep radio surveys provide a key complement 

to X-ray (and optical/IR) surveys to probe the 
history of SMBH growth 

II.  High resolution (~mas) radio images are 
probably the least confused AGN tracer, down 
to extremely small Eddington rates 

III.  Too many uncertainties in jet physics/
acceleration prevent a robust assessment of 
overall energetics 

IV.  High-sensitivity, wide field VLBI shall become a 
key component of AGN surveys, as we probe 
deep into the high redshift populations and we 
seek clues to understand AGN-galaxy 
coevolution 

Merloni, EWASS 2018, SS11, 4/2018 


