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Today I am going to talk about: 
 

1.  Modelling Star Formation (SF) and AGN in the 
GALFORM semi-analytical model. 

2.  Predictions for SF vs. AGN.  
3.  Predictions for Radio Galaxies. 
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Motivation for introducing feedback in galaxy formation 
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Main GALFORM results 
described in: 

Cole et al. (2000); Benson et al. 
(2003); Baugh et al. (2005); Bower 
et al. (2006); Bower et al. (2008); 

Font et al. (2008); Benson & 
Bower (2010, 2011); Fanidakis et 

al. (2011,2012); Lacey et al. 
(2008,2010,2011), Lagos et al. 

(2011a, 2011b, 2012); Bower et al. 
(2012); Gonzalez-Perez et al. 

(2011,2013,2014), Cowley et al. 
(2014), Mitchell et al. (2014) 

Semi-analytics allow to quickly 
probe different physical 

prescriptions with a cosmologically 
significant sample of  galaxies. 
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Star Formation in GALFORM 
Lagos et al (2011a) Star Formation law implementation: 

Blitz – Rosolowski (2006):  
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a floor value τ ∗burst,min, with τ bulge being the bulge dynamical time.
Bau05 adopted f dyn = 50 and τ ∗burst,min = 0.2 Gyr, while Bow06
used f dyn = 2 and τ ∗burst,min = 0.005 Gyr.

The need for two free parameters in equations (2) and (3) reflects
a lack of understanding of the physics of SF. New, high-resolution,
spatially resolved data reveal that an SF law of the form of equa-
tion (1) with τ ⋆ independent of the gas density results in a poor
fit to the observations (Leroy et al. 2008). It is necessary to revisit
the SF law used in GALFORM and to study more consistent ways to
characterize the SF in galaxies.

2.3 The new star formation laws

Here we summarize the three new forms of SF law that we imple-
ment for quiescent SF in GALFORM. These are the empirical relations
of (i) K98 and (ii) BR06, and (iii) the theoretical model of Krumholz
et al. (2009b). The observational situation for SBs is less clear than
it is for discs, so we retain the original GALFORM prescription for the
SF time-scale in SB (see above).

2.3.1 The Kennicutt–Schmidt law

Following the pioneering work of Schmidt (1959), observational
studies have found that the surface density of SF (#SFR) correlates
with the projected gas density (#gas). K98 fitted the relation

#SFR = A #N
gas, (4)

where N = 1.4 ± 0.15 and A = 0.1471 when #gas and #SFR are mea-
sured in M⊙ pc−2 and M⊙ pc−2 Gyr−1, respectively. This relation
holds over five orders of magnitude in SFR and gas surface density,
but shows a break to a steeper relation in the outer regions of spirals
and in dwarf galaxies (K89; K98; Bigiel et al. 2008; Leroy et al.
2008).

The Kennicutt–Schmidt SF law combines the power-law depen-
dence of the SFR on #gas at high gas densities with a cut-off in SF
below a critical gas surface density, #crit, as observed at low gas
surface densities by K89 and Martin & Kennicutt (2001). The #crit

threshold is motivated by the Toomre (1964) stability criterion. In
the case of a thin isothermal gas disc with a flat rotation curve, the
critical surface density for gravitational instability of axisymmetric
perturbations is given by

#crit =
√

2
Qcrit πG

σg
V

R
, (5)

where Qcrit is a dimensionless constant ∼1 and σ g is the velocity
dispersion of the gas (see Appendix B1 for a derivation of equa-
tion 5). We adopt σg = 10 km s−1 consistent with the observations
of Leroy et al. (2008). K98 found Qcrit ≈ 2.5 (after scaling by our
choice of σ g, which is larger than the original value adopted by
K98). By adopting these values, we calculate #crit, and suppress SF
at radii in which #gas < #crit.

We will consider two forms of the Kennicutt–Schmidt law, with
and without SF suppression below #crit (equation 5). We denote

1 We have rescaled the value of A to account for the difference between the
Salpeter IMF assumed by K98 and the Kennicutt IMF used in our model for
quiescent SF. The SFRs used in K98 were inferred from Hα luminosities,
and for a fixed Hα luminosity, the SFR on assuming a Kennicutt IMF is 0.91
times that inferred on adopting a Salpeter IMF. Note also that we always use
gas surface densities including helium, assuming a hydrogen mass fraction
of 74 per cent.

these SF laws as KS.thresh (with suppression) and KS (without
suppression).

2.3.2 The Blitz & Rosolowsky model: molecular gas fraction
determined by pressure

BR06 based their SF law on two observationally motivated consid-
erations.

(i) Observations in the IR and at millimetre wavelengths sug-
gest that stars form in dense gas environments, namely GMCs (see
Solomon & Vanden Bout 2005, for a review). BR06 assume that
the SFR is set by the surface density of molecular gas2 #mol, with a
proportionality factor (given as an inverse time-scale) νSF:

#SFR = νSF #mol. (6)

(ii) BR06 propose that the ratio of molecular to atomic hydrogen
gas, Rmol, is given by a power law in the internal hydrostatic pressure
in a galactic disc, Pext:

Rmol ≡ #(H2)
#(H I)

=
(

Pext

P0

)α

. (7)

BR06 found that the observed molecular-to-atomic ratios
in their galaxy sample were well fitted using values of
log (P0/kB [cm−3 K]) = 4.54 ± 0.07 and α = 0.92 ± 0.07. Leroy
et al. (2008) found similar values using a somewhat larger sample.
The hydrostatic pressure in disc galaxies at the mid-plane is calcu-
lated following Elmegreen (1993; see Appendix B2 for details).

The original SF law of equation (6) can hence be rewritten in
terms of the total gas surface density and the molecular-to-total
hydrogen ratio, f mol = #mol/#gas = Rmol/(Rmol + 1), as

#SFR = νSFfmol #gas. (8)

We consider two cases for νSF: (i) a constant value νSF = ν0
SF =

0.525 ± 0.25 Gyr−1 (Leroy et al. 2008),3 which gives a linear de-
pendence of #SFR on #gas at high surface densities, and (ii) a surface
density dependent νSF given by

νSF = ν0
SF

[
1 +

(
#gas

#0

)q]
, (9)

where #0 = 200 M⊙ pc−2 and q = 0.4 are chosen to recover the
K98 law at high gas surface densities, and the steepening seen in
the #SFR–#gas relation when SBs are included (Bigiel et al. 2008).
The surface density #0 is similar to the typical surface densities of
individual GMCs in spiral galaxies, so the transition to the steeper
dependence could be interpreted as happening when these clouds
start to overlap. We refer to the SF law with a constant νSF as BR
and to the second form, where νSF = νSF(#gas), as BR.nonlin.

2.3.3 The Krumholz, McKee & Tumlinson model:
turbulence-regulated star formation activity

Krumholz, McKee & Tumlinson (2009b, hereafter KMT09) cal-
culate νSF and f mol of equation (8) for a spherical cloud with SF
regulated by supersonic turbulence.

2 Note that we include the associated helium in the molecular gas mass, in
the same way as for the total gas mass.
3 Leroy et al. (2008) derived their SFRs from a calibration using far-UV
luminosities, assuming a Kroupa (2001) IMF. For the Kennicutt IMF, we
infer SFRs 1.02 times larger. For simplicity, we do not apply this correction
factor, since it is so close to 1.
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Figure 7. Top panel: observed distribution of galaxies in the SFR versus
stellar mass plane for the SDSS DR7 spectroscopic sample of galaxies,
updating the analysis by Brinchmann et al. (2004). The distributions are
volume-weighted and normalized in bins of stellar mass as in Fig. 5, and
the shading shows the regions within which different fractions of galaxies
lie at each stellar mass. The black line shows the effective SFR sensitivity,
which depends on stellar mass (Brinchmann, private communication). Bot-
tom panel: the same as the top panel for model galaxies at z = 0.1 after
applying the cuts used by Brinchmann et al. (2004) in the SDSS DR7 sam-
ple, for different models as labelled in each panel. For reference, the dotted
lines show the sensitivity limit of the SFR estimates in the SDSS DR7. The
shading is as in the top panel. The KS and BR.nonlin models are not shown
due to their similarity with the KS.thresh and BR models, respectively.

Survey Data Release 7 (SDSS DR7),4 which corresponds to an
update of the Brinchmann et al. (2004) analysis. Stellar masses
are determined from spectra and broad-band magnitudes following
Kauffmann et al. (2003), while SFRs are derived primarily from

4 Data were downloaded from the public webpage http://www.mpa-
garching.mpg.de/SDSS/DR7/.

Figure 8. Distribution of galaxies in the SFR versus stellar mass plane
at z = 1 (left column), z = 3 (middle column) and z = 6 (right column)
for the Bau05 (top panel), the Bau05.BR (second panel), the Bow06 (third
panel) and the Bow06.BR models (bottom panel). The shading shows the
distribution of galaxies in this plane, normalized in bins of stellar mass.
The thick dashed straight lines show the observations of the ‘SF sequences’
reported by Elbaz et al. (2007) at z ∼ 1 and Stark et al. (2009) at z ∼ 6, and
are plotted over the mass ranges probed by the observations. We also show
regions in which SB and satellite galaxies make up more than 50 per cent of
the population using dotted and solid black contours, respectively.

the Hα emission line following Brinchmann et al. (2004). We refer
the reader to these papers for further details. We have constructed
contours of the distribution for the subsample of galaxies in the
spectroscopic catalogue which have estimated SFRs, after volume-
weighting and normalizing in bins of stellar mass. As in Fig. 5, the
colour shading indicates the regions within which different frac-
tions of galaxies lie for a given stellar mass. The solid black line
shows the approximate SFR sensitivity limit in the SDSS analysis
(Brinchmann, private communication). The minimum measurable
SFR depends on stellar mass both because it depends on detecting
spectral features above the stellar continuum, and because galaxies
of higher M⋆ in the SDSS sample tend to lie at larger distances.
Since the SDSS estimates are based on a Chabrier (2003) IMF for
the stellar masses, and a Kroupa (2001) IMF for the SFRs, we
rescale the stellar masses in the SDSS sample by a factor of 0.89
and the SFRs by a factor of 1.1 (Bell et al. 2003) to correspond to
the use of a Kennicutt (1983) IMF for quiescent SF in the models.
(In the Bau05 model SBs form stars with a top-heavy IMF, but this
only affects a small fraction of the galaxies in the SFR–M⋆ plots. SB
galaxies are typically located above the colour contours at higher
SFRs, see dotted lines in Figs 5 and 8.)

To make the comparison with the SDSS data simpler and fairer,
we plot the model predictions in the SFR–M⋆ plane again in the
bottom panel of Fig 7, but this time imposing some additional
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a floor value τ ∗burst,min, with τ bulge being the bulge dynamical time.
Bau05 adopted f dyn = 50 and τ ∗burst,min = 0.2 Gyr, while Bow06
used f dyn = 2 and τ ∗burst,min = 0.005 Gyr.

The need for two free parameters in equations (2) and (3) reflects
a lack of understanding of the physics of SF. New, high-resolution,
spatially resolved data reveal that an SF law of the form of equa-
tion (1) with τ ⋆ independent of the gas density results in a poor
fit to the observations (Leroy et al. 2008). It is necessary to revisit
the SF law used in GALFORM and to study more consistent ways to
characterize the SF in galaxies.

2.3 The new star formation laws

Here we summarize the three new forms of SF law that we imple-
ment for quiescent SF in GALFORM. These are the empirical relations
of (i) K98 and (ii) BR06, and (iii) the theoretical model of Krumholz
et al. (2009b). The observational situation for SBs is less clear than
it is for discs, so we retain the original GALFORM prescription for the
SF time-scale in SB (see above).

2.3.1 The Kennicutt–Schmidt law

Following the pioneering work of Schmidt (1959), observational
studies have found that the surface density of SF (#SFR) correlates
with the projected gas density (#gas). K98 fitted the relation

#SFR = A #N
gas, (4)

where N = 1.4 ± 0.15 and A = 0.1471 when #gas and #SFR are mea-
sured in M⊙ pc−2 and M⊙ pc−2 Gyr−1, respectively. This relation
holds over five orders of magnitude in SFR and gas surface density,
but shows a break to a steeper relation in the outer regions of spirals
and in dwarf galaxies (K89; K98; Bigiel et al. 2008; Leroy et al.
2008).

The Kennicutt–Schmidt SF law combines the power-law depen-
dence of the SFR on #gas at high gas densities with a cut-off in SF
below a critical gas surface density, #crit, as observed at low gas
surface densities by K89 and Martin & Kennicutt (2001). The #crit

threshold is motivated by the Toomre (1964) stability criterion. In
the case of a thin isothermal gas disc with a flat rotation curve, the
critical surface density for gravitational instability of axisymmetric
perturbations is given by

#crit =
√

2
Qcrit πG

σg
V

R
, (5)

where Qcrit is a dimensionless constant ∼1 and σ g is the velocity
dispersion of the gas (see Appendix B1 for a derivation of equa-
tion 5). We adopt σg = 10 km s−1 consistent with the observations
of Leroy et al. (2008). K98 found Qcrit ≈ 2.5 (after scaling by our
choice of σ g, which is larger than the original value adopted by
K98). By adopting these values, we calculate #crit, and suppress SF
at radii in which #gas < #crit.

We will consider two forms of the Kennicutt–Schmidt law, with
and without SF suppression below #crit (equation 5). We denote

1 We have rescaled the value of A to account for the difference between the
Salpeter IMF assumed by K98 and the Kennicutt IMF used in our model for
quiescent SF. The SFRs used in K98 were inferred from Hα luminosities,
and for a fixed Hα luminosity, the SFR on assuming a Kennicutt IMF is 0.91
times that inferred on adopting a Salpeter IMF. Note also that we always use
gas surface densities including helium, assuming a hydrogen mass fraction
of 74 per cent.

these SF laws as KS.thresh (with suppression) and KS (without
suppression).

2.3.2 The Blitz & Rosolowsky model: molecular gas fraction
determined by pressure

BR06 based their SF law on two observationally motivated consid-
erations.

(i) Observations in the IR and at millimetre wavelengths sug-
gest that stars form in dense gas environments, namely GMCs (see
Solomon & Vanden Bout 2005, for a review). BR06 assume that
the SFR is set by the surface density of molecular gas2 #mol, with a
proportionality factor (given as an inverse time-scale) νSF:

#SFR = νSF #mol. (6)

(ii) BR06 propose that the ratio of molecular to atomic hydrogen
gas, Rmol, is given by a power law in the internal hydrostatic pressure
in a galactic disc, Pext:

Rmol ≡ #(H2)
#(H I)

=
(

Pext

P0

)α

. (7)

BR06 found that the observed molecular-to-atomic ratios
in their galaxy sample were well fitted using values of
log (P0/kB [cm−3 K]) = 4.54 ± 0.07 and α = 0.92 ± 0.07. Leroy
et al. (2008) found similar values using a somewhat larger sample.
The hydrostatic pressure in disc galaxies at the mid-plane is calcu-
lated following Elmegreen (1993; see Appendix B2 for details).

The original SF law of equation (6) can hence be rewritten in
terms of the total gas surface density and the molecular-to-total
hydrogen ratio, f mol = #mol/#gas = Rmol/(Rmol + 1), as

#SFR = νSFfmol #gas. (8)

We consider two cases for νSF: (i) a constant value νSF = ν0
SF =

0.525 ± 0.25 Gyr−1 (Leroy et al. 2008),3 which gives a linear de-
pendence of #SFR on #gas at high surface densities, and (ii) a surface
density dependent νSF given by

νSF = ν0
SF

[
1 +

(
#gas

#0

)q]
, (9)

where #0 = 200 M⊙ pc−2 and q = 0.4 are chosen to recover the
K98 law at high gas surface densities, and the steepening seen in
the #SFR–#gas relation when SBs are included (Bigiel et al. 2008).
The surface density #0 is similar to the typical surface densities of
individual GMCs in spiral galaxies, so the transition to the steeper
dependence could be interpreted as happening when these clouds
start to overlap. We refer to the SF law with a constant νSF as BR
and to the second form, where νSF = νSF(#gas), as BR.nonlin.

2.3.3 The Krumholz, McKee & Tumlinson model:
turbulence-regulated star formation activity

Krumholz, McKee & Tumlinson (2009b, hereafter KMT09) cal-
culate νSF and f mol of equation (8) for a spherical cloud with SF
regulated by supersonic turbulence.

2 Note that we include the associated helium in the molecular gas mass, in
the same way as for the total gas mass.
3 Leroy et al. (2008) derived their SFRs from a calibration using far-UV
luminosities, assuming a Kroupa (2001) IMF. For the Kennicutt IMF, we
infer SFRs 1.02 times larger. For simplicity, we do not apply this correction
factor, since it is so close to 1.
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SFR ∞ H2	

  H2/H depends on ISM pressure	


Elmegreen (1993)	
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Black Hole (BH) growth in GALFORM 
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Eddington ratios and growth efficiency 

NF+(2013a) 

AGN fuelling modes and clustering 5

Figure 1. (a) The distribution function of λEdd at z = 0 − 0.1 in four different BH mass bins, as indicated by the key. The shaded area indicates the
super-Eddington regime. (b) The density of accreting BHs (in Mpc−3d log M−1

⊙
) in the log10 λEdd − log10 MBH plane at z = 0 − 0.1. The histograms

on top of the panel show the λEdd distribution function for AGN in the hot-halo (red) and starburst (blue) modes. (c) The two-dimensional volume-weighted
histogram showing the evolution of the log10 λEdd distribution as a function of z. The different colour shading corresponds to the density of objects in a given
λEdd bin, as indicated by the colour bar on the right.

GALFORM predicts that the bulk of BHs accrete in the ADAF
regime (log10 λEdd ! −2). There is only a small fraction of BHs
experiencing radiatively efficient accretion, which is represented by
the branch around log10 λEdd ≃ −1 extending vertically up along
theMBH axis. Integrating along theMBH axis and distinguishing
between accretion in the starburst and hot-halo modes gives the his-
togram depicted at the top of the λEdd−MBH plane. Evidently, the
nature of the two modes now becomes clear. The low-λEdd peak is
due to the hot-halo mode, while the high log-normal λEdd peak
corresponds to the starburst mode. Both modes have a roughly log-
normal distribution in λEdd, although the starburst mode is also
characterised by a long tail extending to very low λEdd values. The
convolution between the two modes gives for BH masses below
109 M⊙ a bimodal distribution with a strong dip at log10 λEdd,
where the two modes intersect.

The relative contribution of each accretion mode to the
λEdd distribution function changes with redshift as shown in
Fig. 1c. AGN in the starburst mode become progressively more
abundant with increasing redshift, whereas AGN in the hot-halo

mode follow the opposite trend and decrease in abundance. The
strong evolution with redshift of the starburst mode AGN is a re-
sult of the abundant cold gas supplies present in galaxies at higher
redshifts. In contrast, the abundance of haloes in quasi-hydrostatic
equilibrium, and thus susceptible to AGN feedback, which can po-
tentially produce AGN via hot-gas accretion, increases as redshift
decreases.

3.3 The AGN environment

The distinct nature of each accretion mode in GALFORM gives rise
to different environmental properties for the starburst and hot-halo
AGN population. Because of the link of AGN feedback to the
quasi-hydrostatic regime we expect hot-halo AGN to be associated
with haloes more massive thanMHalo ∼ 1012.5 M⊙. On the other
hand, starburst AGN are characterised by intense accretion involv-
ing large amounts of gas. AGN in this mode are found primarily
in gas-rich environments (MHalo ! 1011.5 − 1012.5 M⊙), where
gas can cool efficiently onto the galactic disk. The brightest AGN

c⃝ 0000 RAS, MNRAS 000, 000–000
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experiencing radiatively efficient accretion, which is represented by
the branch around log10 λEdd ≃ −1 extending vertically up along
theMBH axis. Integrating along theMBH axis and distinguishing
between accretion in the starburst and hot-halo modes gives the his-
togram depicted at the top of the λEdd−MBH plane. Evidently, the
nature of the two modes now becomes clear. The low-λEdd peak is
due to the hot-halo mode, while the high log-normal λEdd peak
corresponds to the starburst mode. Both modes have a roughly log-
normal distribution in λEdd, although the starburst mode is also
characterised by a long tail extending to very low λEdd values. The
convolution between the two modes gives for BH masses below
109 M⊙ a bimodal distribution with a strong dip at log10 λEdd,
where the two modes intersect.

The relative contribution of each accretion mode to the
λEdd distribution function changes with redshift as shown in
Fig. 1c. AGN in the starburst mode become progressively more
abundant with increasing redshift, whereas AGN in the hot-halo

mode follow the opposite trend and decrease in abundance. The
strong evolution with redshift of the starburst mode AGN is a re-
sult of the abundant cold gas supplies present in galaxies at higher
redshifts. In contrast, the abundance of haloes in quasi-hydrostatic
equilibrium, and thus susceptible to AGN feedback, which can po-
tentially produce AGN via hot-gas accretion, increases as redshift
decreases.

3.3 The AGN environment

The distinct nature of each accretion mode in GALFORM gives rise
to different environmental properties for the starburst and hot-halo
AGN population. Because of the link of AGN feedback to the
quasi-hydrostatic regime we expect hot-halo AGN to be associated
with haloes more massive thanMHalo ∼ 1012.5 M⊙. On the other
hand, starburst AGN are characterised by intense accretion involv-
ing large amounts of gas. AGN in this mode are found primarily
in gas-rich environments (MHalo ! 1011.5 − 1012.5 M⊙), where
gas can cool efficiently onto the galactic disk. The brightest AGN
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The early growth of black holes 15

Figure 13. High-z AGN luminosity functions. Top: UV-optical luminosity function at 3.5 > z > 6.5. Middle row: Hard-X-ray luminosity functions at

3 > z > 5.8. Bottom row: Bolometric luminosity function at 4.5 > z > 6.
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LFs 
§  Good agreement 

with 0<z<6 LFs in 
optical, soft and 
hard X-ray.  

§  Model also 
reproduces BH 
(active & relic) mass 
function, and 
clustering properties 
of  AGN. 
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SFR vs Bolometric AGN luminosity 
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SFR vs. AGN 
§  Two BH accretion 

modes create two 
distinct loci on the 
SFR-AGN plane. 

§  Starburst AGN –> 
positive slope.                 

     Hot-Halo AGN –>           
     negative slope. 
 

Gutcke et al. (in prep.)!
SFR -> IR Luminosity 



Comparing to data 
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Figure 3. Average linear IR emission at 60 µm as a function of

AGN bolometric luminosity for all galaxies in our model. Di↵er-
ent lines indicate di↵erent redshifts as indicated by the key. Points

with error bars show the observed ⌫L
60µm � L

bol

correlation in

Rosario et al. (2012). The solid-dashed line represents the corre-
lation line connecting various AGN datasets on the SFR � L

bol

plane in Netzer (2009).

there is a negative correlation between SF and L
AGN

, while
the trend is reversed (e.g. positive correlation) for higher lu-
minosities. These di↵erent trends are due to the two di↵erent
modes in which a BH accretes gas. Large AGN luminosities
are due to accretion of cold gas and happen in haloes with
masses around ⇠ 5⇥ 1012 M�, as shown in Fanidakis et al.
(2013b). In this case, the triggering mechanism (galaxy-
galaxy merger or disk instability) of cold-gas flows that feed
the central BH is also responsible for a burst of SF in the
host galaxy, hence the positive correlation. Low luminosity
AGN mainly live in high mass haloes (& 1013 M�), where
the gas fuelling the BH is accreted directly from the hot halo
around the host galaxy (see section 2). Accretion activity in
this mode is tightly linked to the AGN feedback mechanism
and, thus, is responsible for the suppression of gas cooling
and SF. The quenching nature of this mode gives rise to a
negative correlation. Conclusively, the intrinsic ⌫L

60µm over
L

AGN

correlation predicted by GALFORM is entirely shaped
by the physics of each of the accretion modes that are re-
sponsible for growing the central BH.

The trend for high luminosity AGN follows the slope
of the correlation line by Netzer, although it flattens dra-
matically at L

AGN

& 1045 � 1046 erg s�1. The observational
data from Rosario et al. seem to follow a somewhat similar
trend to the predictions of GALFORM, yet the normalisation
of the observed ⌫L

60µm average completely overshoots
the model predictions (except perhaps at z = 2.1). On
the other hand, the negative trend at low luminosities is
not at all visible in the data from Rosario et al. (2012),
which are practically flat at all luminosities and redshifts.
This observed flat correlation was used in previous studies
(Rosario et al. 2012, Mullaney et al. (2012)) as a hint of a
possible disjoint evolution of BHs and their host galaxies,
contrary to what is commonly assumed in many models of
galaxy formation, including GALFORM.

3.2 Creating mock data samples

In order to make a fair comparison between the observations
and the model predictions, a selection method similar to the
data needs to be applied to the model. The data in Rosario et
al. consists of sources from three individual fields (GOODS-
North & South and COSMOS), all with di↵erent detection
limits. To reproduce this sample of data we need to follow
the exact process through which the measurements in Fig. 3
are reduced. To begin with, we note that the observational
samples in Rosario et al. comprise of X-ray AGN selected in
the nominal PACS bands, i.e., at 100µm and 160µm (also at
70µm in the GOODS-SOUTH). ⌫L

60µm is really estimated
by interpolating between (observed-frame) fluxes of the two
PACS bands that bracket (rest-frame) 60µm. Thus, as a
first step we need to calculate observed-frame 100µm and
160µm luminosities for each galaxy. We then calculate the
PACS flux limits as a function of redshift considering that
3� fluxes in the GOODS-S field reach 1.2mJy (100µm) and
2.4mJy (160µm), in GOODS-N 5.0mJy and 10.2mJy and in
COSMOS 3.0mJy and 5.7mJy. These flux limits are used to
split our sources into detections and non detections (stacks)
in a way similar to Rosario et al. .

Our first sample of galaxies accounts for the pure de-
tections in each field and we construct it by considering all
galaxies that have observed-frame 100µm and 160µm lumi-
nosities higher than the nominal PACS flux limits. We then
create a sample of “stacked” sources by taking all galaxies
with both 100µm and 160µm luminosities being lower than
the PACS flux limit. The rest-frame ⌫L

60µm luminosity of
the galaxies in these two samples is then used to calculate
the mean ⌫L

60µm

in a given luminosity and redshift bin.
To mimic the non-detections in Rosario et al. in detail, we
also include in the sample of stacks sources that are par-
tially detected (i.e., sources that satisfy the flux criterium
in one band but not in the other). We then calculate the
mean ⌫L

60µm luminosity in each of the three samples (the
samples with sources detected only at 100µm or 160µm and
the sample with sources not detected at any band) and av-
erage them to compute the mean ⌫L

60µm of the total stacks,
weighting the mean of each sample by the number of sources
in it. This average ⌫L

60µm can be directly compared with
the stacked mean ⌫L

60µm

in Rosario et al. To compute the
final ⌫L

60µm for each field, we combine the average values
for detections and stacks weighting them by the number of
sources in each sample.

At this point we note that due to the very shallow flux
limits of the PACS instrument in the COSMOS and GOODS
field, the number of detected and stacked sources in our
samples are excessively disproportional. For example, in the
COSMOS field the number of detected sources in a given lu-
minosity and redshift bin is typically 1, 000� 10, 000, while
the sample stacks usually exceeds 106 sources. However, in
the actual sample in Rosario et al. we find that stacks and
detections are of the same order of magnitude. To this end,
and to account for the fact that in the PACS data the num-
ber of stacked sources is not representative of the number of
sources below the instruments flux limits, we weight the av-
erage ⌫L

60µm of detections and stacks in our samples by the
fractional number of detections and stacks in the Rosario
et al. data sample. This then ensures that the two sam-
ples contribute to the final ⌫L

60µm with a weight similar

c� — RAS, MNRAS 000, 1–8

Data: Rosario et al. (2012)!

§  Strong tension at ~1043-1044 erg/sec. 
§  Disagreement may indicate the need for AGN variability and/or 

AGN-SF delay. 
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Figure 4. Same as in Fig. 3, with solid lines now showing the

average IR emission as a function of AGN bolometric luminosity
for a sample of galaxies mimicking the selection properties of the

data in Rosario et al. (2012).

to the observational sample. After we weight detection and
stacked means, similarly to Rosario et al. we average the
mean ⌫L

60µm in each luminosity and redshift over the COS-
MOS, GOODS-South and GOODS-North fields, weighting
by the inverse variance (1/err2) of each sample.

When we plot in Fig. 4 ⌫L
60µm �L

AGN

for the samples
that take into account the selection e↵ects into Rosario et
al. dataset, we find that the model predictions change dra-
matically. The negative/positive trend now practically van-
ishes and turns into a distribution, that agrees very well with
the observational data in both normalisation and shape. The
flat correlation can be explained by the fact that the sam-
ples of stacks and detections have now similar weights (as
determined by the observations). In Fig. 3 the trend in the
⌫L

60µm�L
AGN

is driven by intermediate ⌫L
60µm sources be-

cause these are the sources dominating in number the total
sample of galaxies. Since the two samples are now selected
based on luminosity (which makes the detections having al-
ways higher mean ⌫L

60µm that the stacks) and their weights
are similar, the trend in ⌫L

60µm �L
AGN

is no driven by the
brightest ⌫L

60µm sources.

3.3 Inverting the correlation

Finally we also compare our data with a model proposed by
Hickox et al. (2013), in which the variablity of AGN lumi-
nosity is taken into account by assuming an average AGN
luminosity (motivated by observations) and varying this de-
pendent on a distribution function that allows 7 magnitude-
wide luminosity range on short timescales. Their model is
in good agreement with the data from Rosario et al. 2012,
but they also show the data binned with reversed axes.

We show our results in Figure 5. The model is in quite
good agreement with several observational results (Ra↵erty
et al. (2011), Symeonidis et al. (2011) and Chen et al. (2013))
as well as with the model proposed by Hickox et al. , even
though the SFR and AGN activity are fully and directly
coupled in GALFORM .

Figure 5. Average AGN bolometric luminosity as a function

of IR emission at 60 µm. vs. ⌫L
60µmbin. Di↵erent redshifts are

shown by di↵erent colours, as indicated by the key. Points with

error bars show the observational data by Ra↵erty et al. (2011),

Chen et al. (2013), and Symeonidis et al. (2011). The dot-dashed
line represents the predictions of the theoretical model presented

in Hickox et al. (2013).

4 DISCUSSION - CONCLUSIONS

Scaling relations are a useful tool for understanding the
physics of galaxy formation and constraining theoretical
models. While some relations have a somehow clear physical
origin, as for example the Tully-Fisher relation, some other
are “empirical” and their interpretation must be done with
extreme care. For example, as shown by Jahnke & Macciò
2010, not always there is a correlation-causation link for the
relation between the bulge mass of a galaxy and the mass
of its central black hole.

In this paper we addressed the other side of the
causation-correlation issue and we asked ourselves whether
a clear physical relation (causation) between galaxy prop-
erties in a given galaxy formation scenario always produces
a correlation in the derived observable quantities. We have
concentrated our study on the relation between SF and AGN
luminosity, but we expect that other quantities could present
a similar behaviour.

In the current model of galaxy formation the trigger-
ing mechanisms of AGN activity often are responsible for
initiating intense SF in the host galaxy. At the same time,
it is widely accepted, yet unproven, that AGN activity is
the main driver of the quenching of SF in massive galaxies
(Di Matteo et al. 2005, Monaco & Fontanot 2005). In both
cases, a correlation between observable proxies for SF and
AGN activity is somehow expected. However, several recent
studies have shown that there is little (Rosario et al. 2012)
or practically no correlation (Mullaney et al. 2012) between
IR luminosity and the AGN luminosity. These results have
been seen as a challenge for the current galaxy formation
model.

In this study we have used GALFORM, a semi-analytical
model of galaxy formation, to show that it is possible to
reproduce the weak dependence of the observed IR lumi-
nosity on AGN luminosity with a model in which there is a

c� — RAS, MNRAS 000, 1–8
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The abundance of  Radio Galaxies 

We couple the spin, mass 
and accretion rate to the 
Blandford – Znajek jet 

mechanism. 

NF +(2011) 

z = 0.1 

€ 

L jet ∝ (H /R)2 Bφ
2MBH ˙ m a2
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Molecular gas in Radio Galaxies 

Radio Galaxies 
§  Radio Galaxies appear to 

have non-negligible 
molecular gas reservoirs 

§  Two regimes:                  
gas depletion & major 
mergers regime. 

§  ~60% of  luminous Radio 
Galaxy hosts receive their 
cold gas via mergers.  
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AGN feedback 
gas depletion Mergers 



SF in Radio Galaxies 

Radio Galaxies 
§  Radio Galaxy hosts are not 

dead! 
§  sSFR’s  though are still 

relatively low. 
 

SFR!

sSFR!
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Radio galaxies!

Quasars!

Dust emission in Radio Galaxies 

Radio Galaxies 
§  Dust emission is also 

considerably high. 
§  Still below typical dust 

emission of  quasar hosts. 
 

Nikos Fanidakis – ITP Zurich 4.3.2014 Nikos Fanidakis – SFR vs. AGN conference 28.08 - 01.09 2014 

NF+(in prep.)!



z = 0.5	



NF (PhD thesis) 

The clustering of  Radio Galaxies 

z = 0.5	



Radio Galaxies still 
remain more 

clustered than 
Quasars! 
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Conclusions 

A galaxy formation model with AGN feedback predicts: 
 
1.  Two regimes of  BH growth – similar to stellar mass growth. 

2.  Bulk of  AGN activity driven by secular processes. 

3.  Two modes of  accretion define the AGN-SFR plane (two slopes).  

4.  Predictions for the mean IR luminosity of  AGN show strong tension at 
moderate luminosities (need for variability?) 

5.  Radio Galaxies show strong signs of  SF and IR emission.  

6.  Most of  the luminous Radio Galaxy hosts receive their cold gas via 
mergers.  
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