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ABSTRACT

The evolution of the comoving kinetic luminosity densities (Ωkin) of the radio loud high-excitation radio galaxies (RL HERGs)
and the low-excitation radio galaxies (LERGs) in the ultimate XMM extragalactic survey south (XXL-S) field is presented. The
wide area and deep radio and optical data of XXL-S have allowed the construction of the radio luminosity functions (RLFs) of the
RL HERGs and LERGs across a wide range in radio luminosity out to high redshift (z = 1.3). The LERG RLFs display weak evolution:
Φ(z) ∝ (1 + z)0.67±0.17 in the pure density evolution (PDE) case and Φ(z) ∝ (1 + z)0.84±0.31 in the pure luminosity evolution (PLE) case.
The RL HERG RLFs demonstrate stronger evolution than the LERGs: Φ(z) ∝ (1 + z)1.81±0.15 for PDE and Φ(z) ∝ (1 + z)3.19±0.29 for
PLE. Using a scaling relation to convert the 1.4 GHz radio luminosities into kinetic luminosities, the evolution of Ωkin was calculated
for the RL HERGs and LERGs and compared to the predictions from various simulations. The prediction for the evolution of radio
mode feedback in the Semi-Analytic Galaxy Evolution (SAGE) model is consistent with the Ωkin evolution for all XXL-S RL AGN
(all RL HERGs and LERGs), indicating that the kinetic luminosities of RL AGN may be able to balance the radiative cooling of the
hot phase of the IGM. Simulations that predict the Ωkin evolution of LERG equivalent populations show similar slopes to the XXL-S
LERG evolution, suggesting that observations of LERGs are well described by models of SMBHs that slowly accrete hot gas. On
the other hand, models of RL HERG equivalent populations differ in their predictions. While LERGs dominate the kinetic luminosity
output of RL AGN at all redshifts, the evolution of the RL HERGs in XXL-S is weaker compared to what other studies have found.
This implies that radio mode feedback from RL HERGs is more prominent at lower redshifts than was previously thought.

Key words. galaxies: general – galaxies: evolution – galaxies: active – galaxies: luminosity function, mass function –
galaxies: statistics – radio continuum: galaxies

1. Introduction

Understanding how massive galaxies evolve is an important
topic in modern astrophysics. Massive galaxies make up a large
fraction of the total baryonic matter in the universe, and there-
fore their evolution reflects how the universe as a whole has
evolved. It is now commonly understood that nearly all mas-
sive galaxies have supermassive black holes (SMBHs) at their
centres (e.g. Kormendy & Ho 2013). Furthermore, the prop-
erties of SMBHs are related to the properties of their host
galaxies. For example, the masses of SMBHs are correlated
with the stellar velocity dispersions (e.g. Magorrian et al. 1998;

? The catalogue described in Tables 2 and 3 is only avail-
able at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/
qcat?J/A+A/625/A111.

Gebhardt et al. 2000; Graham 2008) and the stellar masses (e.g.
Marconi & Hunt 2003; Häring & Rix 2004) of the bulges of
their host galaxies. In addition, Shankar et al. (2009) discov-
ered that the growth curve of black holes and that of stellar
mass in galaxies have the same shape. These findings indicate
that the evolution of galaxies and SMBHs are closely linked,
and therefore SMBHs play an important role in massive galaxy
evolution. In particular, active SMBHs, commonly referred to
as active galactic nuclei (AGN), have been recognised as hav-
ing a major influence on massive galaxy evolution via a process
called feedback (e.g. Böhringer et al. 1993; Forman et al. 2005;
Fabian 2012). This feedback is the most likely cause of the link
between SMBHs and their host galaxy properties because out-
flows from the AGN can heat the interstellar medium, which
would otherwise collapse to form stars (Böhringer et al. 1993;
Binney & Tabor 1995; Forman et al. 2005; Best et al. 2006;
McNamara & Nulsen 2007; Cattaneo et al. 2009; Fabian 2012).
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Consequently, AGN can affect the stellar and gas content of their
host galaxies, fundamentally altering their properties.

AGN feedback is often thought of as existing in two forms:
“quasar” mode and “radio” mode (Croton et al. 2006). The
quasar mode involves radiatively efficient accretion and feed-
back in the form of radiative winds, whereas the radio mode
involves radiatively inefficient accretion and feedback in the
form of radio jets that carry kinetic energy (Best & Heckman
2012 and references therein). Radio mode feedback has been
identified as the most likely mechanism behind the heating
of the interstellar medium because galaxy formation models
that include this extra AGN component are able to more accu-
rately reproduce many observed galaxy properties for z ≤ 0.2
(particularly at the high-mass end), including the optical lumi-
nosity function, colours, stellar ages, and morphologies (e.g.
Bower et al. 2006; Croton et al. 2006, 2016). Therefore, AGN
feedback, and in particular radio mode feedback, is a crucial
component to galaxy evolution models and fundamental to over-
all galaxy evolution. This is likely due to the fact that most of the
energy from the radio jets is deposited locally in the systems that
generate them, increasing the feedback efficiency compared to
quasar mode feedback (Böhringer et al. 1993; Carilli et al. 1994;
McNamara et al. 2000; Fabian et al. 2006).

Radio mode feedback has been found to manifest in two
different AGN populations – high-excitation radio galax-
ies (HERGs) and low-excitation radio galaxies (LERGs).
HERGs and LERGs are characterised by different host galaxy
properties. HERGs exhibit either strong [O iii] emission
(e.g. Best & Heckman 2012; Hardcastle et al. 2013), high
X-ray luminosity (LX>1042 erg s−1, e.g. Xue et al. 2011;
Juneau et al. 2011), or redder mid-infrared colours (e.g.
Jarrett et al. 2011; Mateos et al. 2012) than normal galaxies.
They also tend to have higher radio luminosities (e.g.
Best & Heckman 2012; Heckman & Best 2014), are hosted by
less massive bluer galaxies (e.g. Tasse et al. 2008; Janssen et al.
2012; Best & Heckman 2012; Hardcastle et al. 2013;
Miraghaei & Best 2017; Ching et al. 2017a), and fit into
the unified AGN model as summarised by Urry & Padovani
(1995). The dominant form of feedback in HERGs is the quasar
mode, but a small fraction of HERGs are radio loud, and there-
fore they exhibit some radio mode feedback. This is manifested
in some HERGs having red colours that are consistent with
passively-evolving galaxies (e.g. Ching et al. 2017a; Butler et al.
2018a; hereafter XXL Paper XXXI). On the other hand, LERGs
show weak or no [O iii] emission (e.g. Hine & Longair 1979;
Laing et al. 1994; Jackson & Rawlings 1997) and little to no
evidence of accretion-related X-ray or MIR emission typical
of a conventional AGN (e.g. Hardcastle et al. 2006, 2009;
Mingo et al. 2014; Gürkan et al. 2014; Ching et al. 2017a), and
therefore do not fit into the unified AGN model. They also
have lower radio luminosities and are hosted by more massive
redder galaxies (e.g. Janssen et al. 2012; Best & Heckman 2012;
Heckman & Best 2014; Miraghaei & Best 2017; Ching et al.
2017a). LERGs are identified as AGN only at radio wavelengths
(Hickox et al. 2009), and thus only exhibit radio mode feedback.
It has been hypothesised that HERG and LERG differences are
driven by a split in their Eddington-scaled accretion rates (e.g.
Best et al. 2005a; Hardcastle 2018a). LERGs tend to accrete the
hot X-ray emitting phase of the intergalactic medium at a rate
less than ∼1–3% of Eddington, while HERGs tend to accrete
the cold phase at higher accretion rates (e.g. Narayan & Yi
1994, 1995a,b; Hardcastle et al. 2007; Trump et al. 2009;
Best & Heckman 2012; Heckman & Best 2014; Mingo et al.
2014). This hypothesis can be used to generally explain their

different host galaxy properties, environments, rates of evolu-
tion, and the agreement between the energy required to heat
cooling flows and the power output of low-luminosity radio
galaxies (Allen et al. 2006; Best et al. 2006; Hardcastle et al.
2006, 2007).

However, the precise origin of HERG and LERG differences
remains unclear. In order to understand the physical driver for
their differences and the role of the radio mode feedback in
galaxy evolution as a function of time, a full understanding of
the HERG and LERG luminosity functions, host galaxies, and
cosmic evolution is needed (Best & Heckman 2012 and refer-
ences therein). It is crucial that the evolution of radio mode feed-
back, and in particular the relative contribution of the LERG and
HERG populations to the total radio power emitted at a given
epoch, is accurately measured. The essential tool for measuring
this quantity is the radio luminosity function (RLF), which is the
most direct and accurate way to measure the cosmic evolution
of radio sources (e.g. Mauch & Sadler 2007). The RLF is, for a
complete sample of radio sources, the volume density as a func-
tion of radio luminosity at a given cosmological epoch (Longair
1966). If RLFs are constructed for different redshift ranges (cos-
mological epochs), the evolution of these RLFs can be modelled.
In turn, the evolution of the RLF directly measures the changes
in volume density in a given population as a function of radio
luminosity and redshift. The contribution of LERGs and HERGs
to radio mode feedback, at a given epoch, can be measured
by converting the RLFs into kinetic luminosity functions. This
can be done via a scaling relation between the monochromatic
radio luminosity and kinetic luminosity (e.g. Willott et al. 1999;
Cavagnolo et al. 2010) or via dynamical models of radio source
evolution (e.g. Raouf et al. 2017; Turner et al. 2018; Hardcastle
2018b; Hardcastle et al. 2019), from which the radio jet powers
can be inferred using the radio luminosities and projected linear
sizes of the sources. In this way, the evolution in the HERG and
LERG RLFs has a direct impact on their contribution to radio
mode feedback throughout cosmic time.

Only a few studies have constructed separate RLFs for
HERGs and LERGs and calculated the corresponding radio
mode feedback evolution. The RLF evolution at 1.4 GHz mea-
sured by Best et al. (2014) and Pracy et al. (2016) using FIRST,
NVSS, and SDSS data indicate that, for z . 1, HERGs evolve
strongly and LERGs exhibit volume densities that are consistent
with weak or no evolution. On the other hand, Williams et al.
(2018) constructed HERG and LERG RLFs using 150 MHz
LOFAR observations of the ∼9.2 deg2 Boötes field, and found
that the HERG RLFs were consistent with no evolution and the
LERG RLFs exhibit negative evolution from z = 0.5 to z = 2.
This demonstrates that separating between LERGs and HERGs
is important not only because the two populations have different
host galaxies, but because they make different contributions to
radio mode feedback at different times and at different observ-
ing frequencies. These different contributions can be linked to
the environments of HERGs and LERGs and the different ori-
gins of their fuelling gas (e.g. Ching et al. 2017b), which in turn
can be used to constrain the AGN jet launching mechanism and
its dependence on accretion mode, which are poorly understood
(e.g. Romero et al. 2017 and references therein).

The radio data in the 1.4 GHz studies probed no deeper
than S 1.4 GHz ∼ 3 mJy (over very large areas of &800 deg2),
and so the RLFs are not well-constrained at the low-luminosity
end (L1.4 GHz . 1024 W Hz−1) for intermediate to high red-
shifts (z > 0.3). In addition, the local HERG and star-forming
galaxy (SFG) RLFs from these papers disagree with each other
for L1.4 GHz . 1024 W Hz−1, indicating that these two popu-
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Table 1. Results of classification of XXL-S radio sources from XXL
Paper XXXI.

Source type Number Fraction of final sample

LERGs 1729 36.3%
RL HERGs 1159 24.4%
RQ HERGs 296 6.2%
SFGs 558 11.7%
Unclassified AGN 910 19.1%
Unclassified sources 106 2.2%

Notes. Unclassified AGN potentially include LERGs and RL HERGs,
while unclassified sources potentially include LERGs, RQ HERGs, and
SFGs.

lations can be difficult to discriminate at low radio luminosi-
ties. More clarity on this discrepancy requires a deep radio
survey over a relatively wide area combined with excellent
multi-wavelength data in order to capture the largest possible
range of radio luminosities out to z ∼ 1. In light of this, the
25 deg2 ultimate XMM extragalactic survey (Pierre et al. 2016;
XXL Paper I) south field (hereafter XXL-S) was observed with
the Australia Telescope Compact Array (ATCA) at 2.1 GHz,
achieving a median rms sensitivity of σ ≈ 41 µJy beam−1

and a resolution of ∼5′′ (Butler et al. 2018b; hereafter XXL
Paper XVIII; Smolčić et al. 2016; hereafter XXL Paper XI).
Due to the size and depth of XXL-S, rare luminous objects
not found in other fields have been captured and a large pop-
ulation of low-luminosity AGN have been detected simul-
taneously. The large area and depth of the radio observa-
tions of XXL-S, combined with the excellent multi-wavelength
coverage, enables the construction of the RL HERG and
LERG RLFs in multiple redshift bins. It also enables the
bright and faint end of the RLF to be probed over a large
redshift range, which has been difficult thus far due to small
sky coverage (e.g. Smolčić et al. 2009, 2017a) or shallow
radio observations of previous surveys (Best & Heckman 2012;
Best et al. 2014; Pracy et al. 2016). This new capability allows
for a new measurement of the cosmic evolution of the radio
mode feedback of RL HERGs and LERGs out to high redshift
(z ∼ 1) that includes a more complete sampling of the radio
luminosity distribution of the two populations.

The purpose of this paper is to measure the evolution of
the kinetic luminosity densities of the RL HERGs and LERGs
in XXL-S and compare the results to the literature, particularly
simulations of radio mode feedback. Section 2 summarises the
data used, while Sect. 3 describes the construction of the RLFs
and the comparison to other RLFs in the literature. The mea-
surement of the evolution of the RL HERG and LERG RLFs is
discussed in Sect. 4. Section 5 details the calculations involved
in measuring the RL HERG and LERG kinetic luminosity den-
sities and compares the results to the literature. Section 6 draws
the conclusions. Throughout this paper, the following cosmol-
ogy is adopted: H0 = 69.32 km s−1 Mpc−1, Ωm = 0.287 and
ΩΛ = 0.713 (Hinshaw et al. 2013). The following notation for
radio spectral index (αR) is used: S ν ∝ ν

αR .

2. Data

2.1. Radio data

The ATCA 2.1 GHz radio observations of XXL-S reached a
median rms of σ ≈ 41 µJy beam−1 and a resolution of ∼4.8′′

over 25 deg2. The number of radio sources extracted above 5σ is
6287. More details of the observations, data reduction and source
statistics can be found in XXL Paper XVIII and XXL Paper XI.

2.2. Cross-matched sample and radio source classifications

Out of the 6287 radio sources in the XXL-S catalogue, 4758
were cross-matched to reliable optical counterparts in the XXL-
S multi-wavelength catalogue (Fotopoulou et al. 2016; XXL
Paper VI) via the likelihood ratio method (Ciliegi et al. 2018;
XXL Paper XXVI). For a discussion of how extended radio
sources (for which maximum likelihood methods tend to fail)
were treated, see Sects. 3.6 and 3.7 in XXL Paper XVIII. XXL
Paper XXXI describes the classification of the 4758 optically-
matched radio sources as LERGs, radio loud (RL) HERGs, radio
quiet (RQ) HERGs, and star-forming galaxies (SFGs), but some
sources (including radio AGN) are unclassified because of a lack
of data available for those sources. In this context, RL HERGs
are defined as high-excitation sources with radio emission orig-
inating from an AGN, and RQ HERGs are defined as high-
excitation sources with radio emission that likely originates from
star formation, although there could be some contribution from
radio AGN in these sources. The definition of “radio galaxy” one
adopts (whether a galaxy with radio emission from an AGN or a
galaxy with detectable radio emission arising from either AGN
or star formation) has no bearing on the results of this paper, as
RQ HERGs were removed from the RL AGN sample (comprised
of RL HERGs and LERGs). Once the HERGs were identified,
the LERGs were separated from the SFGs on the basis of opti-
cal spectra, colours, and radio AGN indicators, particularly their
radio excesses (the ratio of 1.4 GHz radio luminosity to SFR
derived by magphys). See Sect. 3.7 of XXL Paper XXXI for an
overview of the decision tree used to classify the XXL-S radio
sources. Table 1 summarises the number of sources classified
into each source type. Tables 2 and 3 display the list of columns
in the catalogue containing the optically-matched XXL-S radio
sources and the full suite of their radio and associated multi-
wavelength data (see XXL Paper XXXI). The catalogue is
available as a queryable database table XXL_ATCA_16_class
via the XXL Master Catalogue browser1. A copy will also be
deposited at the Centre de Donnés astronomiques de Strasbourg
(CDS).

3. Radio luminosity functions

3.1. Construction

The RLFs were constructed using the 1/Vmax method (Schmidt
1968), which is summarised here. The maximum distance out
to which each source can be detected before it falls below the
detection limit of the ATCA XXL-S radio survey was calculated
according to

dmax = dsrc

√
(S/N)src

(S/N)det
, (1)

where dsrc is the comoving distance of the source at its redshift,
(S/N)src is the source’s S/N at 1.8 GHz (the effective detection
frequency) and (S/N)det = 5 is the 1.8 GHz detection limit.
The corresponding maximum volume Vmax that the source can
occupy was calculated via

Vmax = Ωfrac
4
3
π(d3

max − d3
min) (2)

1 http://cosmosdb.iasf-milano.inaf.it/XXL
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Table 2. Columns 1–38 in the catalogue containing the optically-matched XXL-S radio sources and the full suite of their radio and associated
multi-wavelength data (see XXL Paper XXXI).

Quantity Description Units

IAU name IAU-registered radio source numeric identifier –
ID XXL-S radio source catalogue identification number –
RAdeg Right ascension (J2000) deg
DEdeg Declination (J2000) deg
redshift Final redshift of radio source –
zspec_flag Spectroscopic redshift flag –
classification Final source classification –
agn_radio_L_flag Radio AGN (luminosity) flag –
agn_radio_morph_flag Radio AGN (morphology) flag –
agn_radio_alpha_flag Radio AGN (spectral index) flag –
agn_radio_excess_flag Radio AGN (radio excess) flag –
agn_xray_L_flag X-ray AGN (luminosity) flag –
agn_xray_HR_flag X-ray AGN (hardness ratio) flag –
agn_sed_flag SED AGN flag –
agn_IRAC1_IRAC2_flag MIR AGN (IRAC1+IRAC2) flag –
agn_W1_W2_flag MIR AGN (W1+W2) flag –
agn_W1_W2_W3_flag MIR AGN (W1+W2+W3) flag –
agn_W1_W2_W3_W4_flag MIR AGN (W1+W2+W3+W4) flag –
agn_bpt_flag BPT AGN flag –
agn_OIII_flag [O iii] AGN flag –
agn_spec_temp_flag AGN spectral template flag –
Sp_1400MHz 1.4 GHz peak flux density mJy beam−1

S_1400MHz 1.4 GHz integrated flux density mJy
SNR_1400MHz 1.4 GHz S/N –
alpha_R Radio spectral index –
alpha_R_err Radio spectral index error –
L_R_1800MHz 1.8 GHz radio luminosity W Hz−1

L_R_1400MHz 1.4 GHz radio luminosity W Hz−1

alpha_X X-ray spectral index –
gamma_X X-ray photon index –
Xray_HR X-ray hardness ratio –
L_X_2_10_keV 2–10 keV X-ray luminosity erg s−1

W1WISEmag WISE W1 apparent magnitude mag
W2WISEmag WISE W2 apparent magnitude mag
W3WISEmag WISE W3 apparent magnitude mag
W4WISEmag WISE W4 apparent magnitude mag
IRAC1mag IRAC1 (3.6 µm) apparent magnitude mag
IRAC2mag IRAC2 (4.5 µm) apparent magnitude mag

Notes. The table is available at the CDS (see text for details). The catalogue help file explains each quantity and their possible values.

where Ωfrac ≈ 5.579 × 10−3 is the fraction of the whole sky that
XXL-S covers and dmin is the comoving distance corresponding
to the lower redshift limit of the redshift bin the source is con-
tained in. It is common practice to also account for the limiting
optical magnitude in determining Vmax, but including the opti-
cal Vmax in the calculation resulted in almost no difference to
the RLFs, especially after the Mi < −22 optical cut was made
to measure the evolution of the RL HERGs and LERGs (see
Sect. 4.1). Therefore, only the radio Vmax was considered.

For comparison with the literature, the rest-frame 1.4 GHz
monochromatic luminosity densities (hereafter luminosities) of
each source were calculated. This was done by converting each
1.8 GHz flux density into a 1.4 GHz flux density (S 1.4 GHz) using
the radio spectral index αR for each source (see Sect. 2.4.3 and
Appendix A of XXL Paper XXXI for details). Then the 1.4 GHz
luminosity of each source was computed with the following

equation:

L1.4 GHz = 4πd2
LS 1.4 GHz(1 + z)−(1+αR), (3)

where dL is the luminosity distance in metres and z is the
source’s best redshift (spectroscopic if available, otherwise
photometric).

Each radio source was placed in its corresponding redshift
bin, all four of which are listed in Table 4. An upper limit of
z = 1.3 was chosen for three reasons: (1) the majority of the
positive evolution in RL AGN takes place between 0 < z < 1.3
(e.g. see Smolčić et al. 2017a; Ceraj et al. 2018); (2) it allows
a more direct comparison between the RLFs of Smolčić et al.
(2009) and Smolčić et al. (2017a); (3) almost all (∼93.2%) of
the spectroscopic redshifts available for XXL-S are associated
with sources at z < 1.3.
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Table 3. Columns 39–83 in the catalogue containing the optically-
matched XXL-S radio sources and the full suite of their radio and asso-
ciated multi-wavelength data (see XXL Paper XXXI).

Quantity Description Units

NUVGALEXMag NUV (GALEX) absolute magnitude mag
uSDSSMag u (SDSS) absolute magnitude mag
gBCSMag g (BCS) absolute magnitude mag
gDECamMag g (DECam) absolute magnitude mag
rDECamMag r (DECam) absolute magnitude mag
iBCSMag i (BCS) absolute magnitude mag
iDECamMag i (DECam) absolute magnitude mag
zDECamMag z (DECam) absolute magnitude mag
JVISTAMag J (VISTA) absolute magnitude mag
KVISTAMag K (VISTA) absolute magnitude mag
iDECammag i (DECam) apparent magnitude mag
zDECammag z (DECam) apparent magnitude mag
sfr_magphys_med Median magphys star formation rate M� yr−1

stellar_mass magphys stellar mass M�
zphot Photometric redshift –
opt_spectrum_ID Optical spectrum ID –
zspec Spectroscopic redshift –
zspec_qual_flag Spectroscopic redshift quality flag –
SNR_cont Continuum S/N of optical spectrum –
spectral_template Best fit marz spectral template –
OII_lambda [O ii] line wavelength Å
OII_rel_flux [O ii] line relative flux –
OII_SNR [O ii] line S/N –
OII_EW [O ii] line equivalent width mÅ
OII_EW_err [O ii] line equivalent width error mÅ
Hb_lambda Hβ line wavelength Å
Hb_rel_flux Hβ line relative flux –
Hb_SNR Hβ line S/N –
Hb_EW Hβ line equivalent width mÅ
Hb_EW_err Hβ line equivalent width error mÅ
OIII_lambda [O iii] line wavelength Å
OIII_rel_flux [O iii] line relative flux –
OIII_SNR [O iii] line S/N –
OIII_EW [O iii] line equivalent width mÅ
OIII_EW_err [O iii] line equivalent width error mÅ
Ha_lambda Hα line wavelength Å
Ha_rel_flux Hα line relative flux –
Ha_SNR Hα line S/N –
Ha_EW Hα line equivalent width mÅ
Ha_EW_err Hα line equivalent width error mÅ
NII_lambda [N ii] line wavelength Å
NII_rel_flux [N ii] line relative flux –
NII_SNR [N ii] line S/N –
NII_EW [N ii] line equivalent width mÅ
NII_EW_err [N ii] line equivalent width error mÅ

Notes. The table is available at the CDS (see text for details). The cata-
logue help file explains each quantity and their possible values.

In each redshift bin, every source was placed in its corre-
sponding L1.4 GHz bin, which are 100.4 W Hz−1 (1 mag) wide. The
volume density per L1.4 GHz bin, Φ, is then:

Φ =

N∑
i=1

fi
Vmax,i

, (4)

where the sum is over all N galaxies in the L1.4 GHz bin and fi is
the radio completeness correction factor. If source had a peak
flux density S p < 0.92 mJy (the flux density regime exhibit-
ing less than ∼100% completeness), fi was calculated as the
inverse of the completeness fraction at the source’s flux density,
as shown in Fig. 11 of XXL Paper XVIII. Otherwise, fi = 1. The

Table 4. Redshift bins chosen for the XXL-S RLFs.

Redshift Redshift Median Number
bin number range redshift of sources

1 0.0 < z < 0.3 0.15 833
2 0.3 < z < 0.6 0.45 1021
3 0.6 < z < 0.9 0.75 795
4 0.9 < z < 1.3 1.1 840

Notes. See Sect. 3.1 for justification of the z = 1.3 upper limit.

Fig. 1. 1.4 GHz XXL-S RLFs for all sources (red open circles), RL AGN
(filled black circles), and SFGs (green diamonds) in the local universe
(0 < z < 0.3). For comparison, the AGN (black lines) and SFG (green
lines) RLFs from Pracy16 (long-dashed lines) and Best & Heckman
(2012) (short-dashed lines) are shown.

uncertainty in Φ was calculated according to

dΦ =

√√√ N∑
i=1

(
fi

Vmax,i

)2

· (5)

3.2. XXL-S local (0< z<0.3) 1.4 GHz RLFs

Using the classifications of the radio sources from XXL Paper
XXXI, the RLFs were initially constructed for the following
source types: all radio sources, all RL AGN (LERGs plus RL
HERGs), and SFGs (which includes RQ HERGs because the
dominant source of radio emission is likely to be star formation).

Figure 1 shows the 1.4 GHz RLF for all radio sources, all RL
AGN, and SFGs (including RQ HERGs) in the local universe
(0 < z < 0.3) for XXL-S (the data are displayed in Table 5).
Unclassified sources (potential LERGs, RQ HERGs, and SFGs)
were ignored, as they form an insignificant population of the
optically-matched radio sources in XXL-S (2.2%) and they are
not identifiable as RL AGN, which is the focus of this paper.
Therefore, the XXL-S RL AGN and SFG RLFs plotted in Fig. 1
represent lower limits.

The RL AGN in XXL-S were then separated into RL
HERGs, LERGs, and unclassified RL AGN (potential LERGs
and RL HERGs). The unclassified RL AGN are a result of a
lack of sufficient data that would allow a definite classifica-
tion. Since these unclassified RL AGN comprise a large frac-
tion (∼24%) of the total XXL-S RL AGN population, they
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Fig. 2. 1.4 GHz XXL-S RLFs for RL HERGs (blue shaded region) and
LERGs (red shaded region) in the local universe (0 < z < 0.3). For
comparison, the HERG and LERG RLFs from Pracy16 (long-dashed
lines) and Best & Heckman (2012) (short-dashed lines) are shown.

significantly contribute to the RL AGN RLF. Therefore, these
unclassified RL AGN were added to both the RL HERG and
LERG populations as a way of probing the full possible range
of the RL HERG and LERG RLFs. Figure 2 shows the 1.4 GHz
RLF for XXL-S RL HERGs and LERGs in the local universe
(0 < z < 0.3). The blue and red shaded regions represent the
range of values the RLFs for RL HERGs and LERGs could
possibly have assuming 100% of the unclassified RL AGN are
added to each population. The blue circles represent, at a given
radio luminosity, the median values of Φ between the definite RL
HERG RLF and the RLF that results from combining the definite
RL HERGs with all unclassified RL AGN. The red circles repre-
sent the equivalent for LERGs. The upper error bars represent the
upper extrema of the error bars from the RL HERG and LERG
plus all unclassified RL AGN RLFs, and the lower error bars rep-
resent the lower extrema of the error bars from the definite RL
HERG and LERG RLFs. The blue and red circles, with their cor-
responding error bars, have been chosen as the data points that
represents the final RL HERG and LERG RLFs, respectively.
These data are shown in Table 5.

3.3. XXL-S 1.4 GHz RLFs at higher redshifts (0.3< z<1.3)

Figures 3–5 show the XXL-S 1.4 GHz RLFs in redshift bins
0.3 < z < 0.6, 0.6 < z < 0.9 and 0.9 < z < 1.3 (bins 2, 3,
and 4), respectively, for all RL AGN, RL HERGs and LERGs
(the data are also shown in Tables 6–8). The data points, error
bars, and shaded regions represent the same quantities as those
shown in Fig. 2.

3.4. Comparison of XXL-S RLFs to literature

3.4.1. Local RL AGN and SFG RLFs

The XXL-S RLFs for RL AGN and SFGs are similar to those
of Pracy et al. (2016, hereafter Pracy16) and Best & Heckman
(2012), although the XXL-S volume densities are higher (by
a factor of ∼3–4) at some luminosities (particularly 22.5 <
log[L1.4 GHz (W Hz−1)] < 23.5). This is due to the differences
between the way the HERGs and SFGs were classified and to

the deeper XXL-S radio and optical data (see Sect. 3.4.2 for
an explanation). The RLFs from Pracy16 are consistent with
the RLFs from Mauch & Sadler (2007), which are known to
be in good agreement with previously constructed RLFs (e.g.
Sadler et al. 2002). Therefore, the RLFs for RL AGN and SFGs
in XXL-S broadly agree with previously constructed RLFs for
the local universe, but are different in a way that reflects the
unique XXL-S data and radio source classification scheme.

3.4.2. Local RL HERG and LERG RLFs

The XXL-S LERG RLFs are consistent with (within 1σ of) the
LERG RLFs from Pracy16 and Best & Heckman (2012), but the
HERG RLF from Pracy16 shows lower volume densities than
the XXL-S RL HERG RLF, and the one from Best & Heckman
(2012) is lower still. This is due to two things: the classification
method used to distinguish RL HERGs from RQ HERGs and
SFGs and the optical and radio depths probed by each sample.

The RLFs constructed by Pracy16 use the sample of radio
galaxies in the LARGESS survey classified by Ching et al.
(2017a), who primarily employed optical spectroscopic diag-
nostics to determine the origin of the radio emission in each
source. For example, all radio sources at z < 0.3 that had
L1.4 GHz ≤ 1024 W Hz−1 and that were located in the star-forming
galaxy region of the BPT diagram (below the Kauffmann et al.
2003 line) were classified as SFGs. In addition, all sources in the
AGN region of the BPT diagram (above the Kewley et al. 2001
line) were considered radio-loud AGN, unless their radio lumi-
nosity placed them within 3σ of the one-to-one relation between
the SFR inferred by L1.4 GHz and the SFR inferred by the Hα
line luminosity, as found in Hopkins et al. (2003). In the latter
case, they were considered radio-quiet AGN (i.e. AGN exist-
ing in galaxies in which the origin of the radio emission is pre-
dominantly star formation). All other sources were considered
radio-loud AGN and separated into LERGs and HERGs on the
basis of their EW([OIII]). The XXL-S radio sources were clas-
sified differently: all XXL-S HERGs were identified before any
other sources (no matter where they lied in the BPT diagram),
whereas the SFGs in the LARGESS sample were identified first
and assumed to all lie in the star-forming galaxy region of the
BPT diagram. However, Fig. 15 of XXL Paper XXXI shows that
some XXL-S galaxies in this region have EW([OIII]) > 5 Å
(some of which are radio-loud on the basis of the radio AGN
indicators used for XXL-S), which means that the correspond-
ing sources in the LARGESS survey would be classified as
RL HERGs according to the XXL-S classification scheme, not
SFGs. Another difference is that the XXL-S RL AGN were iden-
tified by three radio-only indicators (luminosity, spectral index,
and morphology) and one radio-optical SFR ratio (radio excess),
while the LARGESS RL AGN were identified by whether or
not they were located in the AGN region of the BPT diagram or
found at z > 0.3. These are two very different ways of classifying
radio sources and evidently lead to different RLFs, especially for
RL HERGs.

The effect that different classification techniques have
on the final classification results is also reflected in the dif-
ferences between the HERG and SFG RLFs from Pracy16
and Best & Heckman (2012). Best & Heckman (2012) were
more strict in identifying HERGs than Pracy16 because the
authors had access to more spectroscopic diagnostics. The
main difference between the two classification methods is
that Best & Heckman (2012) employed a method comparing
the strength of the 4000 Å break (D4000) to the ratio of radio
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Table 5. RLF data for all XXL-S sources, SFGs (including RQ HERGs), all RL AGN, RL HERGs, and LERGs in the local universe (0 < z < 0.3).

All sources SFGs RL AGN RL HERGs (median) LERGs (median)
log(L1.4 GHz) N log(Φ) N log(Φ) N log(Φ) N log(Φ) N log(Φ)

(W Hz−1) (mag−1 Mpc−3) (mag−1 Mpc−3) (mag−1 Mpc−3) (mag−1 Mpc−3) (mag−1 Mpc−3)

21.8 66.0 −3.24+0.07
−0.08 43.0 −3.37+0.08

−0.10 21.0 −3.89+0.11
−0.14 12.0 −4.19+0.24

−0.43 9.0 −4.20+0.26
−0.55

22.2 147.0 −3.36+0.05
−0.05 106.0 −3.45+0.06

−0.06 27.0 −4.26+0.10
−0.13 7.5 −4.71+0.30

−0.96 19.5 −4.45+0.18
−0.26

22.6 261.0 −3.68+0.04
−0.04 146.0 −3.90+0.05

−0.06 91.0 −4.20+0.07
−0.09 41.0 −4.57+0.18

−0.27 50.0 −4.43+0.17
−0.26

23.0 183.0 −4.16+0.05
−0.06 79.0 −4.44+0.08

−0.11 96.0 −4.52+0.05
−0.05 36.5 −4.88+0.13

−0.18 59.5 −4.77+0.10
−0.12

23.4 69.0 −4.70+0.07
−0.08 15.0 −5.43+0.10

−0.13 54.0 −4.79+0.08
−0.09 23.5 −5.14+0.22

−0.27 30.5 −5.04+0.19
−0.22

23.8 22.0 −5.26+0.09
−0.11 2.0 −6.32+0.23

−0.53 20.0 −5.30+0.09
−0.11 6.5 −5.75+0.17

−0.27 13.5 −5.49+0.12
−0.16

24.2 16.0 −5.40+0.10
−0.13 1.0 −6.62+0.30

−∞ 15.0 −5.43+0.10
−0.13 9.0 −5.67+0.17

−0.24 6.0 −5.80+0.20
−0.34

24.6 10.0 −5.62+0.12
−0.17 10.0 −5.62+0.12

−0.17 3.0 −6.15+0.30
−0.71 7.0 −5.78+0.19

−0.29

25.0 9.0 −5.67+0.12
−0.18 9.0 −5.67+0.12

−0.18 3.5 −6.08+0.23
−0.44 5.5 −5.88+0.19

−0.30

25.4 1.0 −6.62+0.30
−∞ 1.0 −6.62+0.30

−∞ 1.0 −6.62+0.30
−∞

Notes. log(L1.4 GHz) represents the median value for each 1.4 GHz radio luminosity bin (which are 0.4 dex, or 1 mag, wide), N is the number of
sources in each log(L1.4 GHz) bin for the given population, and log(Φ) is the median volume density per log(L1.4 GHz) bin for the given population.
N corresponds to the median number of sources between the definite RL HERG and LERG RLFs and the RLFs that include the definite RL
HERGs and LERGs plus all unclassified RL AGN added to each population. For RL HERGs and LERGs, if N is not a whole number in a given
log(L1.4 GHz) bin, it indicates that there is an odd number of unclassified RL AGN in that log(L1.4 GHz) bin.

Fig. 3. 1.4 GHz XXL-S RLFs for RL AGN, RL HERGs and LERGs in
0.3 < z < 0.6. For comparison, the corresponding RLFs for COSMOS
radio AGN from Smolčić et al. (2009, 2017a) are shown.

luminosity to stellar mass (Lrad/M∗). Pracy16 did not employ this
method because, as they point out, Herbert et al. (2010) showed
that a sample of high luminosity HERGs clearly exhibiting radio
emission from an AGN have a range of D4000 values that are
spread among both the AGN and SFG regions of the D4000 vs
Lrad/M∗ plot. In addition, Fig. 9 in Best et al. (2005b) demon-
strates that some sources identified as AGN in the BPT diagram
fall in the SFG region of this technique. Therefore, some of the
sources that Best & Heckman (2012) classified as SFGs Pracy16
would have classified as HERGs, which caused the volume
densities of the Pracy16 HERGs to increase relative to the
Best & Heckman (2012) HERGs. This is evident from Fig. 2.
At the same time, the volume densities of the Best & Heckman
(2012) SFGs are increased relative to the Pracy16 SFG RLF.
This is reflected in Fig. 1, which shows the Best & Heckman
(2012) SFG RLF slightly offset above the Pracy16
SFG RLF.

In addition, XXL-S probed deeper in the optical than either
of these two other samples, and so more optical sources were

Fig. 4. 1.4 GHz XXL-S RLFs for RL AGN, RL HERGs and LERGs in
0.6 < z < 0.9. For comparison, the corresponding RLFs for COSMOS
radio AGN from Smolčić et al. (2009, 2017a) are shown.

available to be cross-matched to the radio sources. The sample of
Pracy16 probed down to i-band2 magnitude mi < 20.5, whereas
XXL-S probed down to mi = 25.6 (XXL Paper VI; Desai et al.
2012, 2015; XXL Paper XXXI). The difference this made can be
seen in the fainter absolute magnitudes present in the XXL-S RL
HERG population. Figure 6 in Pracy16 shows that, in their local
redshift bin, virtually no HERGs with L1.4 GHz > 1022 W Hz−1

are fainter than Mi ≈ −20, but ∼44% (45/102) of the XXL-S
RL HERGs with L1.4 GHz > 1022 W Hz−1 in the local redshift bin
have Mi > −20. Clearly, the deeper optical data available for
XXL-S detected faint RL HERGs at z < 0.3 missed by other sur-
veys, which contributed to an increase in the volume densities of
the RL HERGs compared to the Pracy16 and Best & Heckman
(2012) samples.

Furthermore, Pracy16 applied a radio flux density cut of
S 1.4 GHz > 2.8 mJy, which is the flux density down to which

2 The central wavelength of the i-band (DECam) is 784 nm
(Flaugher et al. 2015).

A111, page 7 of 23

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834581&pdf_id=3
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834581&pdf_id=4


A&A 625, A111 (2019)

Fig. 5. 1.4 GHz XXL-S RLFs for RL AGN, RL HERGs and LERGs in
0.9 < z < 1.3. For comparison, the corresponding RLFs for COSMOS
radio AGN from Smolčić et al. (2009, 2017a) are shown.

the NVSS survey is complete, and an optical cut of mi < 20.5
to their local RLFs. In order to properly compare the XXL-S
sample to the Pracy16 sample, these cuts should be applied to
the XXL-S data. However, applying the S 1.4 GHz > 2.8 mJy cut
would leave too few sources available for the construction of the
XXL-S RLFs. A flux density cut that is high enough to select
a similar radio population but low enough to include enough
sources to generate a local RLF is needed. Since XXL-S is
complete down to S 1.8 GHz ∼ 0.5 mJy, selecting radio sources
brighter than that is sufficient for the sake of this comparison.
Another issue is that the XXL-S L1.4 GHz values were calculated
using the flux densities of the effective frequency (∼1.8 GHz;
see XXL Paper XVIII), not 1.4 GHz, and a wide range of radio
spectral indices. By contrast, the sample of Pracy16 started with
1.4 GHz flux densities and applied the same α = −0.7 spec-
tral index to all sources to calculate the 1.4 GHz luminosities.
Accordingly, applying a 1.4 GHz flux density cut to a 1.8 GHz
sample effectively redistributes the L1.4 GHz values of the sources,
changing the shape of the 1.4 GHz RLF. Therefore, for the pur-
poses of comparing the Pracy16 sample and the XXL-S sample
as fairly as possible, a cut of S 1.8 GHz > 0.5 mJy was applied
to the local XXL-S RL HERG and LERG sources, in addition
to the mi < 20.5 cut. The RLFs were then reconstructed using
the 1.8 GHz luminosities. The resulting 1.8 GHz RL HERG and
LERG RLFs are shown in Fig. 6. This time, the RL HERG
RLF for XXL-S is consistent with that of Pracy16 within 1–
2σ at all luminosities, albeit lower for L1.8 GHz . 1023 W Hz−1.
The remaining differences are probably due to the classification
methods and differences in the L1.4 GHz values. It is likely that
more low luminosity RL HERGs would have been able to be
identified if more XXL-S sources had a spectrum available. The
mi < 20.5 cut simultaneously lowered the XXL-S LERG RLF
for L1.8 GHz . 1023 W Hz−1, but this flattening at low luminosi-
ties is also evident in the LERG RLF from Best & Heckman
(2012), which was constructed using a relatively bright sam-
ple of optical counterparts (with r-band3 magnitudes between
14.5 ≤ mr ≤ 17.77). The differences between XXL-S RL HERG
and LERG RLFs and those from Pracy16 and Best & Heckman
(2012) for the local universe (0 < z < 0.3) can be confidently

3 The central wavelength of the r-band (DECam) is 642 nm
(Flaugher et al. 2015).

attributed to differences in the optical and radio depth probed by
each sample and to the classification criteria used to identify RL
HERGs and LERGs.

3.4.3. High redshift (0.3< z <1.3) RL AGN RLFs

The RLFs for radio AGN in the COSMOS field from
Smolčić et al. (2009, 2017a) are shown in Figs. 3–5 as the
black dashed lines and black dash dot lines, respectively.
The XXL-S and COSMOS RL AGN RLFs are con-
sistent (within 3σ, where σ is the uncertainty in the
COSMOS RLFs) at all radio luminosities plotted in all redshift
bins, except for redshift bin 3 (0.6 < z < 0.9). The XXL-S RL
AGN RLF in this bin has a lower normalisation (at a > 3σ level)
than the Smolčić et al. (2017a) COSMOS RLF for L1.4 GHz <
1024 W Hz−1. However, this is probably due to the fact that the
COSMOS RLF was binned between 0.7 < z < 1.0, so the
median redshift in that bin is higher than for XXL-S. The off-
set is likely due to evolution of the sources, and therefore does
not constitute a major discrepancy.

Overall, the XXL-S RLFs for all RL AGN are in good agree-
ment with (within 3σ of) the COSMOS RLFs (Smolčić et al.
2009, 2017a) for all radio AGN in redshift bins 2–4 (0.3 <
z < 1.3). The similarity between the three RLFs is probably
due to the fact that both fields probed similar limiting magni-
tudes in the i-band (COSMOS probed mi ≤ 26 and XXL-S
probed mi ≤ 25.6). Despite the similarities, the high redshift
(0.9 < z < 1.3) XXL-S results are more significant than the high
redshift results for COSMOS because XXL-S probed a larger
volume. The remaining differences between the COSMOS and
XXL-S RLFs are likely due to cosmic variance in the survey
areas, different median redshifts, and the different radio depths
(the VLA-COSMOS 1.4 GHz Large/Deep Projects reached an
rms noise of ∼10–15/∼7–12 µJy beam−1, respectively, and the
VLA-COSMOS 3 GHz Large Project reached ∼2.3 µJy beam−1).

3.4.4. High redshift (0.3< z <1.3) RL HERG and LERG RLFs

In order to ensure near 100% optical and radio completeness for
the analysis of HERG and LERG evolution, Pracy16 constructed
the RLFs using a sub-sample of sources with Mi < −23 and
S 1.4 GHz > 2.8 mJy at all redshifts. Therefore, only the brightest
of optical galaxies with high radio flux densities were included.
A large fraction of the XXL-S sample is fainter than this in both
the optical and radio. Therefore, in order to properly compare
the XXL-S RLFs to those of Pracy16, a sub-sample of XXL-
S sources with Mi < −23 and S 1.4 GHz > 2.8 mJy was used to
match the two samples as closely as possible. This cut was not
able to be made for the first redshift bin (0 < z < 0.3) for XXL-S
because it left virtually no sources available for the construction
of the local RLFs. However, this cut was able to be made for the
higher redshift bins.

Figure 7 shows the RLFs in XXL-S for redshift bin 2 (0.3 <
z < 0.6) for the sub-sample of RL HERGs and LERGs with
Mi < −23 and S 1.4 GHz > 2.8 mJy, as well as the HERG and
LERG RLFs from Pracy16 for their second redshift bin (0.3 <
z < 0.5). Despite small differences in the redshift ranges of the
samples, the XXL-S RL HERG and LERG RLFs for sources
with Mi < −23 and S 1.4 GHz > 2.8 mJy in 0.3 < z < 0.6 are
consistent with (within 1σ of) the HERG and LERG RLFs from
Pracy16 for 0.3 < z < 0.5.

Figure 8 shows the RLFs in XXL-S for redshift bin 3 (0.6 <
z < 0.9) for the sub-sample of RL HERGs and LERGs with
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Table 6. RLF data for all RL AGN, RL HERGs, and LERGs in XXL-S for 0.3 < z < 0.6.

RL AGN RL HERGs (median) LERGs (median)
log(L1.4 GHz) N log(Φ) N log(Φ) N log(Φ)

(W Hz−1) (mag−1 Mpc−3) (mag−1 Mpc−3) (mag−1 Mpc−3)

23.4 252.0 −4.64+0.03
−0.04 54.0 −5.32+0.13

−0.17 198.0 −4.74+0.06
−0.06

23.8 183.0 −4.99+0.03
−0.04 54.0 −5.50+0.15

−0.20 129.0 −5.15+0.08
−0.10

24.2 83.0 −5.41+0.05
−0.05 22.0 −5.99+0.19

−0.28 61.0 −5.54+0.10
−0.11

24.6 66.0 −5.52+0.05
−0.06 17.5 −6.09+0.18

−0.25 48.5 −5.65+0.09
−0.11

25.0 42.0 −5.73+0.06
−0.07 13.0 −6.24+0.19

−0.28 29.0 −5.89+0.11
−0.14

25.4 15.0 −6.12+0.11
−0.14 4.0 −6.57+0.25

−0.55 11.0 −6.31+0.15
−0.21

25.8 4.0 −6.75+0.18
−0.30 2.0 −7.05+0.23

−0.53 2.0 −7.05+0.23
−0.53

Notes. See the caption for Table 5 for an explanation of the columns.

Table 7. RLF data for all RL AGN, RL HERGs, and LERGs in XXL-S for 0.6 < z < 0.9.

RL AGN RL HERGs (median) LERGs (median)
log(L1.4 GHz) N log(Φ) N log(Φ) N log(Φ)

(W Hz−1) (mag−1 Mpc−3) (mag−1 Mpc−3) (mag−1 Mpc−3)

23.8 197.0 −5.06+0.04
−0.04 55.0 −5.60+0.19

−0.28 142.0 −5.20+0.10
−0.12

24.2 168.0 −5.32+0.04
−0.04 38.0 −5.97+0.19

−0.30 130.0 −5.43+0.08
−0.10

24.6 98.0 −5.64+0.04
−0.05 25.0 −6.23+0.19

−0.29 73.0 −5.77+0.09
−0.11

25.0 68.0 −5.81+0.05
−0.06 23.0 −6.29+0.16

−0.22 45.0 −5.99+0.10
−0.13

25.4 41.0 −6.03+0.06
−0.07 12.5 −6.54+0.15

−0.21 28.5 −6.19+0.10
−0.12

25.8 15.0 −6.47+0.10
−0.13 8.5 −6.72+0.19

−0.29 6.5 −6.83+0.22
−0.37

26.2 16.0 −6.44+0.10
−0.12 8.5 −6.72+0.23

−0.38 7.5 −6.77+0.24
−0.43

26.6 3.0 −7.17+0.20
−0.37 1.5 −7.47+0.36

−∞ 1.5 −7.47+0.36
−∞

Notes. See the caption for Table 5 for an explanation of the columns.

Table 8. RLF data for all RL AGN, RL HERGs, and LERGs in XXL-S for 0.9 < z < 1.3.

RL AGN RL HERGs (median) LERGs (median)
log(L1.4 GHz) N log(Φ) N log(Φ) N log(Φ)

(W Hz−1) (mag−1 Mpc−3) (mag−1 Mpc−3) (mag−1 Mpc−3)

24.2 178.0 −5.44+0.04
−0.04 53.0 −5.94+0.18

−0.26 125.0 −5.60+0.10
−0.12

24.6 210.0 −5.53+0.03
−0.03 83.0 −5.95+0.19

−0.30 127.0 −5.74+0.13
−0.18

25.0 118.0 −5.85+0.04
−0.04 38.0 −6.34+0.23

−0.40 80.0 −6.02+0.13
−0.17

25.4 69.0 −6.10+0.05
−0.06 22.0 −6.59+0.22

−0.37 47.0 −6.26+0.13
−0.17

25.8 34.0 −6.41+0.07
−0.08 11.0 −6.90+0.26

−0.49 23.0 −6.58+0.16
−0.22

26.2 18.0 −6.68+0.09
−0.12 6.5 −7.12+0.31

−0.71 11.5 −6.88+0.22
−0.35

26.6 13.0 −6.82+0.11
−0.14 8.5 −7.01+0.23

−0.38 4.5 −7.28+0.33
−0.89

27.0 3.0 −7.46+0.20
−0.37 2.0 −7.64+0.23

−0.53 1.0 −7.94+0.30
−10.06

Notes. See the caption for Table 5 for an explanation of the columns.

Mi < −23 and S 1.4 GHz > 2.8 mJy. It also shows the HERG and
LERG RLFs from Pracy16 for their third redshift bin (0.5 < z <
0.75) and from Best et al. (2014) for their second redshift bin
(0.5 < z < 1). Best et al. (2014) used eight different samples
to construct their final sample, but given that 90% of their radio
sources have S 1.4 GHz > 2 mJy, the radio flux density and optical
magnitude distribution of their sample is not expected to be sig-
nificantly different to that from Pracy16. Again, even with small
differences in the redshift ranges, the XXL-S RL HERG and
LERG RLFs for sources with Mi < −23 and S 1.4 GHz > 2.8 mJy
in 0.6 < z < 0.9 are consistent with (within ∼1−2σ of) the
HERG and LERG RLFs from Pracy16 for 0.5 < z < 0.75 and
from Best et al. (2014) for 0.5 < z < 1.

The fact that the XXL-S LERG and (particularly) RL HERG
RLFs are consistent with that of Pracy16 and Best et al. (2014)
when the samples are matched in optical magnitude depth and
radio flux density as closely as possible validates the construc-
tion of the RLFs made using the full XXL-S sample. It is also
strong evidence that RL HERGs at all radio luminosities exist
in galaxies with a wide range of optical luminosities, some of
which are missed in shallow surveys. Raising the optical mag-
nitude limit of the XXL-S sources to Mi < −23 and increasing
the radio flux density limit to S 1.4 GHz > 2.8 mJy lowered the
measured volume densities of the XXL-S RL HERG population
across the full range of radio luminosities measured for z > 0.3
(L1.4 GHz > 1023 W Hz−1).
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Fig. 6. RL HERG and LERG RLFs for XXL-S in 0 < z < 0.3 for
the sub-sample that corresponds to the cut that Pracy16 applied to their
local HERG and LERG RLFs (mi < 20.5 and S 1.4 GHz > 2.8 mJy). See
Sect. 3.4.2 for details. The XXL-S RL HERG RLF is now consistent
(within 1–2σ) with the HERG RLF from Pracy16 at all radio luminosi-
ties sampled in XXL-S.

Fig. 7. 1.4 GHz RLFs for XXL-S RL HERGs (blue shaded region)
and LERGs (red shaded region) with Mi < −23 and S 1.4 GHz >
2.8 mJy in redshift bin 2 (0.3 < z < 0.6). There are only four
log(L1.4 GHz) bins for the XXL-S data because of the Mi and S 1.4 GHz
cuts. For comparison, the RLFs for HERGs and LERGs from Pracy16
for 0.3 < z < 0.5 are shown as the blue and red dashed lines,
respectively.

4. Evolution of RL HERGs and LERGs

4.1. Optical selection

It is possible that a number of the radio sources without optical
counterparts exist at z < 1.3 (the maximum redshift out to which
the RLFs in this paper are constructed). If this is the case, the
RLFs would be missing galaxies that should be included, which
would affect the measurement of the evolution of the RL HERGs
and LERGs.

In order to assess the optical counterpart completeness of
the optically-matched radio sources in XXL-S, the z-band4

4 The central wavelength of the z-band (DECam) is λ = 926 nm
(Flaugher et al. 2015).

Fig. 8. 1.4 GHz RLFs for XXL-S RL HERGs (blue shaded region) and
LERGs (red shaded region) with Mi < −23 and S 1.4 GHz > 2.8 mJy in
redshift bin 3 (0.6 < z < 0.9). The RLFs for HERGs and LERGs from
Pracy16 for 0.5 < z < 0.75 are shown as the blue and red long-dashed
lines, respectively. The HERG and LERG RLFs from Best et al. (2014)
for 0.5 < z < 1.0 are shown as the blue and red short-dashed lines,
respectively.

Fig. 9. z-band (AB) source counts from COSMOS and XXL-S for
sources with S 1.8 GHz > 200 µJy and at z < 1.3 in both surveys. The
y-axis is the number of sources per 0.5 mag per square degree and the
x-axis is z-band apparent magnitude (AB) in bins of 0.5 mag. The error
bars for each bin are calculated as σ =

√
Nsrcs 0.5 mag−1 deg−2. The

COSMOS source counts are within 3σ of the XXL-S source counts for
each magnitude bin, but for 20 < mz < 22.5 the COSMOS counts are
systematically higher the XXL-S counts, indicating that XXL-S poten-
tially has less than ∼100% optical completeness for mz > 20.

source counts for these sources was constructed for 0< z< 1.3
and compared to the z-band source counts for the ∼1.77 deg2

COSMOS field (Schinnerer et al. 2007), which has ∼100%
optical counterpart completeness for i+AB < 25 (see Laigle et al.
2016). The COSMOS z-band source counts were constructed by
selecting a sample of optically-matched COSMOS radio sources
with S 1.8 GHz ≥ 200 µJy (S/N ≥ 5 for XXL-S) over the same red-
shift range. Figure 9 shows the z-band source counts, defined as
the number of z-band sources per 0.5 mag bin per square degree,
for XXL-S and COSMOS. The XXL-S source counts are within
3σ of the COSMOS source counts at all mz values, but for mz > 20
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Fig. 10. Mi as a function of redshift for all XXL-S radio sources. At
the high redshift end, the faintest LERG reaches down to Mi ≈ −22, as
shown by the dashed black line. Therefore, only sources with Mi < −22
are included in analysis of the RL HERG and LERG evolution.

Fig. 11. Local (0 < z < 0.3) 1.4 GHz XXL-S RLFs for RL HERGs
(blue shaded region) and LERGs (red shaded region) with Mi < −22.
The best fit function for the RL HERGs is the solid blue line and the
best fit function for the LERGs is the solid red line. The fits exclude the
data points with log[L1.4 GHz (W Hz−1)] < 22.6. See Table 13 for the best
fit parameters. For comparison, the Pracy16 HERG and LERG RLFs
with mi < 20.5 (including all sources) and Mi < −23 are shown.

the COSMOS counts are systematically higher than the XXL-S
counts (excluding the mz > 22.5 bins with large uncertainties).
Since the COSMOS field is missing virtually none of the optical
counterparts for the radio sources corresponding to the XXL-S
field (S 1.8 GHz > 200 µJy), this may indicate that the optical coun-
terpart completeness for XXL-S radio sources with mz > 20 is
less than ∼100%.

In order to mitigate this potential incompleteness, an abso-
lute magnitude cut is applied to the RL HERG and LERG sam-
ples. This ensures that 100% of the galaxies in the sample are
detectable out to z = 1.3. Figure 10 shows Mi as a function of
redshift for XXL-S RL HERGs and LERGs. In the highest red-
shift bin (0.9 < z < 1.3), the faintest LERG has Mi ≈ −22.
Therefore, in order to probe the same optical luminosity dis-
tribution for both the LERGs and RL HERGs and to minimise
Malmquist bias, a cut of Mi < −22 was chosen. A brighter opti-

Fig. 12. 1.4 GHz XXL-S RLFs for RL HERGs (blue shaded region) and
LERGs (red shaded region) with Mi < −22 in 0.3 < z < 0.6.

Fig. 13. 1.4 GHz XXL-S RLFs for RL HERGs (blue shaded region) and
LERGs (red shaded region) with Mi < −22 in 0.6 < z < 0.9.

cal cut would leave too few sources in the local redshift bin to
construct an RLF of sufficient precision.

4.2. RLFs used for measuring RL HERG and LERG evolution

For the remainder of this paper, the sample that is used for anal-
ysis is the subset of XXL-S RL HERGs and LERGs that have
Mi < −22 (unless otherwise specified). Figure 11 shows the
local RLF for RL HERGs and LERGs when the Mi < −22
cut has been applied, and Figs. 12–14 show the RLFs for RL
HERGs and LERGs with Mi < −22 in redshift bins 2, 3, and 4,
respectively. Tables 9–12 show the RLF data for all RL AGN,
RL HERGs and LERGs with Mi < −22 in redshift bins 1–4,
respectively. The RLF data in these tables are used to measure
the evolution of the XXL-S RL HERGs and LERGs and their
kinetic luminosity densities.

4.3. RLF functional form

The RLF of a radio source population can be parametrised
using the following double power law as the functional form
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Fig. 14. 1.4 GHz XXL-S RLFs for RL HERGs (blue shaded region) and
LERGs (red shaded region) with Mi < −22 in 0.9 < z < 1.3.

(Dunlop & Peacock 1990; Mauch & Sadler 2007):

Φ(L) =
Φ∗

(L∗/L)α + (L∗/L)β
, (6)

where Φ∗ is the RLF normalisation, L∗ is the luminosity at
which Φ (L) starts decreasing more rapidly (the “knee” in the
RLF), α is the slope at low luminosities (i.e. luminosities lower
than L∗), and β is the slope at high luminosities (i.e. luminosi-
ties higher than L∗). Other functional forms have been used
in previous work (e.g. Saunders et al. 1990; Sadler et al. 2002;
Smolčić et al. 2009), but many recent authors (e.g. Best et al.
2014; Heckman & Best 2014; Smolčić et al. 2017a; Pracy16)
have used Eq. (6). In order to be able to compare the results
of this work to theirs more directly, Eq. (6) is used to model the
XXL-S RLFs.

4.4. Local RLF fitting for RL HERGs and LERGs

Similar to the HERG RLF in Pracy16, the XXL-S RL HERGs
in the local redshift bin have very few objects at high radio
luminosities (L1.4 GHz > 1025 W Hz−1). This results in a poor
constraint on the slope of the RL HERG RLF beyond these
luminosities, which means that the β parameter can approach
−∞ with minimal impact on the χ2 statistic of the fit. Pracy16
approached this by setting an upper limit on the parameter of
β < 0. However, since the local XXL-S RL HERG RLF does
not probe luminosities as high as that of Pracy16 because of
the smaller area of XXL-S, merely setting an upper limit for β
for the local XXL-S RL HERG RLF resulted in a good fit for
the local RL HERG RLF and, simultaneously, an unrealistically
sharp decrease in the volume density of RL HERGs in redshift
bin 4 (0.9 < z < 1.3) at L1.4 GHz = 1027 W Hz−1. Therefore, in
order to avoid this dramatic cut off at high luminosities while still
minimising χ2 for the local RL HERG RLF, a value of β = −2.0
was chosen. Values of β significantly below this (even orders of
magnitude) do not alter the final results for the comoving kinetic
luminosity densities for RL HERGs (see Sect. 5). In fact, the
best fit values that Pracy16 found for β while modelling the evo-
lution of their HERG RLFs are β = −1.75 for pure density evolu-
tion and β = −2.17 for pure luminosity evolution, which further
justifies the choice of β = −2.0. Ceraj et al. (2018) also chose

β = −2.0 to fit their local HLAGN (HERG equivalent) RLFs in
the COSMOS field.

The Pracy16 local HERG RLF parameters and their uncer-
tainties (log[Φ∗] = −7.87+0.19

−0.70, log[L∗] = 26.47+1.18
−0.23, α =

−0.66+0.05
−0.04) with β = −2.0+0.04

−0.04 were used as constraints in the fit
to the local XXL-S RL HERG RLF (including all optical lumi-
nosities) using the lmfit python module (Newville et al. 2016).
Once the Mi < −22 cut was made, however, the parameters from
Pracy16 no longer provided a good fit to the data because the
normalisation and slope were now different. In addition, there
are fewer sources in the Mi < −22 local RLF, making its best
fit slope (α) more uncertain. The volume densities start turning
over for log[L1.4 GHz (W Hz−1)] = 22.6, so data points below this
luminosity were discarded. Furthermore, only one source exists
in the log[L1.4 GHz (W Hz−1)] = 23.8 bin, which steepens the best
fit value for α to −0.7. This steeper α did not produce a good
fit for the higher redshift RL HERG RLFs. Therefore, in order
to use the local RL HERG RLF to describe the evolution of
the RL HERGs while still minimising χ2, the local RL HERG
RLF with the Mi < −22 cut was refit in the following way. The
values for L∗ and α were determined by fitting the RL HERG
RLFs in all four redshift bins simultaneously (keeping only β
fixed at −2.0) for two scenarios: pure density and pure luminos-
ity evolution (see Sect. 4.5). The average values for log(L∗) and
α between the pure density and pure luminosity fits (26.78 and
−0.52, respectively) were used as the values for the local RL
HERG RLF fit. The best fit normalisation for the local RLF was
then found by repeating the fitting process, allowing Φ∗ to be a
free parameter and keeping α fixed at −0.52, L∗ fixed at log(L∗)
= 26.78, and β fixed at −2.0. The final results for the best fit
parameters for the local RL HERG RLF are shown in Table 13,
and the corresponding best fit function for the Mi < −22 local
RLF is shown as the solid blue line in Fig. 11. The slope of
the fit (α = −0.52) is steeper than the slope of the fit for the
local HERG RLF with Mi < −23 from Pracy16 (α = −0.35),
which is the result expected for a fainter optical cut. However,
the slope is very close to the average between the latter slope
(α = −0.35) and the slope of the local Pracy16 HERG RLF with
the mi < 20.5 cut (α = −0.66; i.e. their HERG RLF includ-
ing all sources), as evidenced in Fig. 11. This indicates that the
method of fitting the local XXL-S RL HERG RLF generates a
sufficiently accurate model for evolution measurement purposes,
given the different classification methods, optical selections, and
survey areas of XXL-S and the Pracy16 sample. However, see
Appendix B for a description of the effect that rebinning has on
the local XXL-S RL HERG RLF.

A similar procedure was needed for the LERGs because the
knee in the local LERG RLF from Pracy16 occurs at a lumi-
nosity (log[L∗] = 25.21) that is too low to accurately model the
XXL-S LERG RLFs at all redshifts (even if all optical luminosi-
ties are included). In other words, the volume density in the local
LERG RLF from Pracy16 decreases too rapidly for log[L∗] >
25.21, preventing the higher redshift XXL-S LERG RLFs from
being accurately modelled. Therefore, the XXL-S LERG RLFs
at all redshifts were considered in order to pinpoint the location
of the knee in the local LERG RLF. The Pracy16 local LERG
RLF parameters and their uncertainties (log[Φ∗] = −6.05+0.07

−0.07,
log[L∗] = 25.21+0.06

−0.07, α = −0.53+0.03
−0.07, β = −2.67+0.42

−0.62) were ini-
tially used as constraints in the fit to the local XXL-S LERG
RLF (for all optical luminosities) using the lmfit python mod-
ule. The best fit parameters found by lmfit were then used
as the initial (free) parameter values to simultaneously fit the
LERG RLFs at all redshifts for pure density and pure luminosity
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Table 9. RLF data for all RL AGN, RL HERGs and LERGs in XXL-S with Mi < −22 for 0 < z < 0.3.

RL AGN RL HERGs (median) LERGs (median)
log(L1.4 GHz) N log(Φ) N log(Φ) N log(Φ)

(W Hz−1) (mag−1 Mpc−3) (mag−1 Mpc−3) (mag−1 Mpc−3)

21.8 1.0 −5.39+0.30
−∞ 0.0 1.0 −5.39+0.30

−∞

22.2 6.0 −5.24+0.15
−0.24 1.0 −6.30+0.30

−∞ 5.0 −5.28+0.16
−0.26

22.6 32.0 −4.93+0.08
−0.09 8.5 −5.55+0.27

−0.45 23.5 −5.05+0.13
−0.18

23.0 40.0 −4.95+0.07
−0.08 7.5 −5.60+0.26

−0.39 32.5 −5.06+0.11
−0.13

23.4 27.0 −5.18+0.08
−0.09 8.5 −5.69+0.15

−0.22 18.5 −5.35+0.10
−0.13

23.8 13.0 −5.51+0.11
−0.14 1.0 −6.62+0.30

−∞ 12.0 −5.54+0.11
−0.15

24.2 10.0 −5.60+0.12
−0.17 5.0 −5.92+0.23

−0.40 5.0 −5.88+0.22
−0.40

24.6 5.0 −5.92+0.16
−0.26 0.0 5.0 −5.92+0.16

−0.26

25.0 7.0 −5.78+0.14
−0.21 2.0 −6.32+0.23

−0.53 5.0 −5.92+0.16
−0.26

25.4 1.0 −6.62+0.30
−∞ 0.0 1.0 −6.62+0.30

−∞

Notes. See the caption for Table 5 for an explanation of the columns.

Table 10. RLF data for all RL AGN, RL HERGs and LERGs in XXL-S with Mi < −22 for 0.3 < z < 0.6.

RL AGN RL HERGs (median) LERGs (median)
log(L1.4 GHz) N log(Φ) N log(Φ) N log(Φ)

(W Hz−1) (mag−1 Mpc−3) (mag−1 Mpc−3) (mag−1 Mpc−3)

23.4 192.0 −4.79+0.04
−0.04 27.0 −5.75+0.15

−0.19 165.0 −4.85+0.05
−0.05

23.8 153.0 −5.09+0.04
−0.04 38.0 −5.67+0.16

−0.21 115.0 −5.22+0.08
−0.09

24.2 74.0 −5.47+0.05
−0.05 18.0 −6.08+0.20

−0.30 56.0 −5.59+0.09
−0.11

24.6 59.0 −5.57+0.05
−0.06 13.0 −6.24+0.16

−0.23 46.0 −5.68+0.08
−0.09

25.0 33.0 −5.83+0.07
−0.08 6.0 −6.57+0.26

−0.48 27.0 −5.92+0.11
−0.13

25.4 14.0 −6.15+0.11
−0.15 3.5 −6.61+0.24

−0.51 10.5 −6.33+0.13
−0.19

25.8 3.0 −6.87+0.20
−0.37 2.0 −7.05+0.23

−0.53 1.0 −7.35+0.30
−10.65

Notes. See the caption for Table 5 for an explanation of the columns.

Table 11. RLF data for all RL AGN, RL HERGs and LERGs in XXL-S with Mi < −22 for 0.6 < z < 0.9.

RL AGN RL HERGs (median) LERGs (median)
log(L1.4 GHz) N log(Φ) N log(Φ) N log(Φ)

(W Hz−1) (mag−1 Mpc−3) (mag−1 Mpc−3) (mag−1 Mpc−3)

23.8 168.0 −5.15+0.04
−0.04 37.5 −5.79+0.17

−0.24 130.5 −5.27+0.08
−0.09

24.2 160.0 −5.35+0.04
−0.04 31.5 −6.07+0.22

−0.36 128.5 −5.44+0.08
−0.10

24.6 91.0 −5.67+0.04
−0.05 20.0 −6.33+0.22

−0.37 71.0 −5.78+0.09
−0.11

25.0 61.0 −5.86+0.05
−0.06 18.0 −6.39+0.17

−0.24 43.0 −6.01+0.10
−0.12

25.4 39.0 −6.05+0.06
−0.08 11.5 −6.58+0.16

−0.23 27.5 −6.21+0.10
−0.12

25.8 12.0 −6.57+0.11
−0.15 6.0 −6.87+0.21

−0.34 6.0 −6.87+0.21
−0.34

26.2 16.0 −6.44+0.10
−0.12 8.5 −6.72+0.23

−0.38 7.5 −6.77+0.24
−0.43

26.6 3.0 −7.17+0.20
−0.37 1.5 −7.47+0.36

−∞ 1.5 −7.47+0.36
−∞

Notes. See the caption for Table 5 for an explanation of the columns.

evolution (see Sect. 4.5). The average value for each parameter
(Φ∗, L∗, α, β) between the pure density and pure luminosity fits
were used as the values for the parameters describing the local
LERG RLF fit (including all optical luminosities). Like the RL
HERG RLFs, the parameters for the LERG RLF from Pracy16
did not provide a good fit to the XXL-S LERG RLF with the
Mi < −22 cut. Therefore, the Mi < −22 local LERG RLF was
refit by allowing Φ∗ and α to be free parameters, keeping L∗
fixed at log(L∗) = 25.91 and β fixed at −1.38 (the same values
used for the local LERG RLF that included all optical lumi-
nosities). For consistency with the RL HERGs, the data points

below log[L1.4 GHz (W Hz−1)] = 22.6 were discarded. The final
results for the best fit parameters for the local LERG RLF are
shown in Table 13, and the corresponding best fit function for
the Mi < −22 local RLF is shown as the solid red line in Fig. 11.
The slope of the fit (α = −0.47), like the RL HERG RLF slope,
is steeper than the slope of the fit for the local Pracy16 LERG
RLF with Mi < −23 (α = −0.28), but is similar to the local
Pracy16 LERG RLF with mi < 20.5 (α = −0.53). This result is
consistent with the fact that the majority of LERGs are optically
bright galaxies: the Mi < −23 cut selects only the brightest of
LERGs and the Mi < −22 selects more, but only a small fraction
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Table 12. RLF data for all RL AGN, RL HERGs and LERGs in XXL-S with Mi < −22 for 0.9 < z < 1.3.

RL AGN RL HERGs (median) LERGs (median)
log(L1.4 GHz) N log(Φ) N log(Φ) N log(Φ)

(W Hz−1) (mag−1 Mpc−3) (mag−1 Mpc−3) (mag−1 Mpc−3)

24.2 175.0 −5.45+0.04
−0.04 50.5 −5.97+0.19

−0.28 124.5 −5.60+0.10
−0.12

24.6 201.0 −5.55+0.03
−0.03 75.5 −5.99+0.20

−0.33 125.5 −5.74+0.13
−0.18

25.0 117.0 −5.86+0.04
−0.04 37.0 −6.36+0.23

−0.41 80.0 −6.02+0.13
−0.17

25.4 67.0 −6.11+0.05
−0.06 20.5 −6.63+0.22

−0.38 46.5 −6.27+0.13
−0.16

25.8 33.0 −6.42+0.07
−0.08 10.5 −6.92+0.25

−0.47 22.5 −6.58+0.16
−0.21

26.2 18.0 −6.68+0.09
−0.12 6.5 −7.12+0.31

−0.71 11.5 −6.88+0.22
−0.35

26.6 12.0 −6.86+0.11
−0.15 7.5 −7.06+0.24

−0.43 4.5 −7.28+0.33
−0.89

27.0 3.0 −7.46+0.20
−0.37 2.0 −7.64+0.23

−0.53 1.0 −7.94+0.30
−10.06

Notes. See the caption for Table 5 for an explanation of the columns.

Table 13. Best-fitting double power law parameters for the local
1.4 GHz XXL-S LERG and RL HERG RLFs.

LERGs RL HERGs LERGs RL HERGs
(all) (all) (Mi < −22) (Mi < −22)

log(Φ∗0) −6.655 −7.902 −6.535 −7.805
log(L∗0) 25.910 27.212 25.910 26.776
α −0.627 −0.683 −0.472 −0.516
β −1.382 −2.040 −1.382 −2.000

in the local redshift bin are missed by the latter cut. Therefore,
this suggests that the fit to the local XXL-S LERG RLF can be
used to accurately model the evolution of the LERGs.

4.5. Evolution of RL HERG and LERG RLFs

The evolution of a radio source population is usually expressed
via changes only in volume density (pure density evolution,
“PDE”) or changes only in luminosity (pure luminosity evolu-
tion, “PLE”). PDE results in a change in the RLF normalisation
(Φ∗) as a function of redshift as

Φ∗(z) = Φ∗0(1 + z)KD , (7)

where Φ∗0 is the local RLF normalisation and KD is a parame-
ter that defines how rapidly the volume density changes. On the
other hand, PLE results in a change in the luminosity knee (L∗)
as a function of redshift as

L∗(z) = L∗0(1 + z)KL , (8)

where L∗0 is the luminosity knee for the local RLF and KL is a
parameter that defines how rapidly the sources evolve in lumi-
nosity. Inserting Eq. (7) into Eq. (6) gives for PDE:

Φ(L, z) =
Φ∗0(1 + z)KD

(L∗0/L)α + (L∗0/L)β
· (9)

Inserting Eq. (8) into Eq. (6) yields for PLE:

Φ(L, z) =
Φ∗0

(L∗0(1 + z)KL/L)α + (L∗0(1 + z)KL/L)β
· (10)

Using Eqs. (9) and (10), and fixing the local RLF parameters for
each population to be the Mi < −22 values listed in Table 13,
the RLFs for RL HERGs and LERGs with Mi < −22 across

Table 14. Best-fitting PDE and PLE parameters (KD and KL, respec-
tively) for the evolution of XXL-S RL HERG and LERG RLFs with
Mi < −22.

XXL-S XXL-S Pracy16 Pracy16
Parameter LERGs RL HERGs LERGs HERGs

KD 0.671 ± 0.165 1.812 ± 0.151 0.06+0.17
−0.18 2.93+0.46

−0.47

KL 0.839 ± 0.308 3.186 ± 0.290 0.46+0.22
−0.24 7.41+0.79

−1.33

Notes. For comparison, the KD and KL parameters for the HERG and
LERG RLFs from Pracy16 are shown.

all redshift bins (Tables 9–12) were fit using the default χ2-
minimisation method of the lmfit python module. For the RL
HERGs, this procedure gave best fit parameters and 1σ uncer-
tainties of KD = 1.812 ± 0.151 and KL = 3.186 ± 0.290. For the
LERGs, it gave KD = 0.671 ± 0.165 and KL = 0.839 ± 0.308.
These parameters are listed in Table 14. Figure 15 shows the best
fit PDE and PLE fits for RL HERGs in all four redshift bins, and
Fig. 16 shows the corresponding fits for LERGs.

4.6. Luminosity densities of RL HERGs and LERGs

The comoving luminosity density (Ω1.4 GHz) of a given radio
source population represents its total radio luminosity per unit
comoving volume as a function of time. At a given redshift
between 0 < z < 1.3, Ω1.4 GHz was calculated for RL HERGs
and LERGs for both PDE (Eq. (9)) and PLE (Eq. (10)) by
evaluating

Ω1.4 GHz(z) =

∫
L1.4 GHz × Φ(L1.4 GHz, z)d(log[L1.4 GHz]) (11)

over the full range of radio luminosities probed at all redshifts
(22.4 < d log[L1.4 GHz (W Hz−1)] < 27.2). Figure 17 shows the
evolution of Ω1.4 GHz for RL HERGs, LERGs, and all RL AGN
in XXL-S. The shaded regions represent the uncertainties in the
KD and KL parameters for PDE and PLE, respectively, for each
population.

The Ω1.4 GHz values for the XXL-S LERGs (red lines in
Fig. 17) are very similar to Ω1.4 GHz for the low luminosity radio
AGN (L1.4 GHz < 5× 1025 W Hz−1) in the COSMOS field studied
by Smolčić et al. (2009), shown as the light green lines. This is
a reflection of the fact that LERGs dominate the RL AGN popu-
lation at low luminosities.
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Fig. 15. 1.4 GHz XXL-S RLF pure density evolution (PDE) and pure
luminosity evolution (PLE) fits for RL HERGs with Mi < −22 for each
redshift bin. See Table 14 for the best fit parameters.

Fig. 16. 1.4 GHz XXL-S RLF pure density evolution (PDE) and pure
luminosity evolution (PLE) fits for LERGs with Mi < −22 for each
redshift bin. See Table 14 for the best fit parameters.

5. Cosmic evolution of RL HERG and LERG kinetic
luminosity densities

5.1. Kinetic luminosities of RL HERGs and LERGs

As SMBHs accrete matter from infalling gas, energy is released
that can be transformed into radiation via an accretion disc or
converted into kinetic form via jets of relativistic particles, which
can reach up to hundreds of kpc beyond the host galaxy and are
detectable in the radio (McNamara & Nulsen 2012). In the lat-
ter scenario (radio mode feedback), the jet structures are able to
do mechanical work on the surrounding environment, which can
heat the ISM or IGM, and therefore prevent cooling flows from
adding stellar mass to the host galaxy (e.g. Fabian 2012).

Some observations of nearby resolved radio galaxies indicate
that they create cavities in the surrounding hot X-ray emitting
ICM via the mechanical work done by their radio lobes (e.g.
Böhringer et al. 1993). These studies have enabled the deriva-
tion of various scaling relations between L1.4 GHz and kinetic
luminosity, Lkin (e.g. Merloni & Heinz 2007; Bîrzan et al. 2008;

Fig. 17. Evolution of the 1.4 GHz comoving luminosity density
(Ω1.4 GHz) for RL HERGs (blue lines), LERGs (red lines), and all RL
AGN (black lines) in XXL-S, integrated from log[L1.4 GHz (W Hz−1)] =
22.4 to 27.2 (the full range of luminosities probed in the RLFs) at each
redshift for best fit PDE (solid lines) and PLE (dashed lines) models.
The red and magenta shaded areas represent the uncertainties for the
LERG PDE and PLE fits, the blue and cyan shaded areas represent the
uncertainties for the RL HERG PDE and PLE fits, and the black and
grey shaded areas represent the uncertainties for the RL AGN PDE and
PLE fits, respectively. The light green lines represent Ω1.4 GHz for the
low luminosity (L1.4 GHz < 5 × 1025 W Hz−1) radio AGN in COSMOS
from Smolčić et al. (2009).

Cavagnolo et al. 2010; O’Sullivan et al. 2011; Daly et al. 2012;
Godfrey & Shabala 2016). However, there are large uncertain-
ties associated with each relation, including the one that is
arguably the most sophisticated (Willott et al. 1999). The very
large (∼2 dex) uncertainty range for this relation originates from
the fact that it includes all sources of uncertainty in the conver-
sion between radio luminosity and Lkin (e.g. deviation from the
conditions of minimum energy, uncertainty in the energy of non-
radiating particles, and the composition of the jet). One parame-
ter, fW , represents all these uncertainties and has a range of 1–20,
with different values corresponding to different RL AGN popu-
lations. A value of fW = 15 produces kinetic luminosities close
to those calculated via observations of X-ray cavities (surface
brightness depressions) in galaxy clusters induced by FRI radio
jets and lobes (e.g. Bîrzan et al. 2004, 2008; Merloni & Heinz
2007; Cavagnolo et al. 2010; O’Sullivan et al. 2011), and fW =
4 produces Lkin values that closely agree with the results of
Daly et al. (2012), who derived a relationship between radio
luminosity and Lkin for some of the most powerful FRII sources
using strong shock physics.

Recent simulations, which focus mostly on FRII sources,
have produced varying results. English et al. (2016) used rela-
tivistic magnetohydrodynamics to model the dynamical evolu-
tion of RL AGN with bipolar supersonic relativistic jets (i.e.
FRII sources) in poor cluster environments and found that the
Willott et al. (1999) relation with fW = 15 closely matches the
results of their simulations of the evolution of L178 MHz as a func-
tion of radio lobe length. On the other hand, Hardcastle (2018b)
modelled the evolution of the shock fronts around the lobes
of FRII RL AGN and found that the Willott et al. (1999) rela-
tion with fW = 5 reproduces the Lkin values for their simulated
galaxies existing at z < 0.5, but for all galaxies in their sam-
ple (which have z < 4), high fW values (10–20) produced a
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better fit. The difference is due to higher inverse Compton losses
at higher redshift rather than intrinsic evolution of the scaling
relation with redshift. These results illustrate the uncertainty
regarding which fW parameter should be used to compare to
observations.

In addition, no observational study has yet developed distinct
scaling relations for low-power (FRI) and high-power (FRII)
sources, despite theoretical expectations to the contrary. One of
the latest studies (Godfrey & Shabala 2016), which incorporates
theoretical considerations such as the composition and age of the
radio lobes, is inconclusive about whether FRI and FRII sources
actually differ in their scaling relations. They found a shallower
slope for the correlation between radio luminosity and Lkin for
FRI sources than other scaling relations have found, but no cor-
relation for FRII sources. However, their sample only extends
out to z ≤ 0.23, and therefore it is not clear how applicable
this new result is to sources at higher redshift, where most of
the XXL-S sources lie. In fact, Smolčić et al. (2017a) demon-
strated that for z & 0.3, the Godfrey & Shabala (2016) rela-
tion results in Lkin values that are over an order of magnitude
higher than those calculated by other scaling relations, which
further demonstrates the uncertainty in how broadly it can be
applied.

In light of this uncertainty regarding which scaling rela-
tion best applies to a given category of RL AGN, the rela-
tion chosen for this paper should be the one that is most
appropriate for the majority of RL AGN in XXL-S (LERGs).
The Cavagnolo et al. (2010) relation is based on FRI galaxies
that exist in gas rich cluster environments, where LERGs are
expected to exist. Although this relation has been shown to suf-
fer from Malmquist bias (Godfrey & Shabala 2016), it is, within
the uncertainties, consistent with the Willott et al. (1999) rela-
tion (for fW = 15), which does not suffer from distance effects.
Furthermore, the studies involving 1.4 GHz radio data that have
separated between LERGs and HERGs (Best & Heckman 2012;
Best et al. 2014; Pracy16) used the Cavagnolo et al. (2010) rela-
tion. Moreover, the simulations to which the XXL-S results are
compared in Sect. 5.4 all exhibit kinetic luminosity densities that
are relatively high (for various reasons, one being the use of the
Merloni & Heinz 2007 scaling relation, which produces higher
Lkin values than Cavagnolo et al. 2010), implying that a posi-
tive scale factor would have to be applied to the XXL-S data
for the comparison to the simulations regardless. Considering all
these factors, the Cavagnolo et al. (2010) relation is used for the
primary results of this paper, although the Willott et al. (1999)
relation is applied where relevant. A comparison between the
results obtained using these and other scaling relations is found
in Appendix A.

The relationship between X-ray cavity power induced by the
radio lobes (Pcav) and 1.4 GHz radio power (P1.4 = νL1.4 GHz)
found by Cavagnolo et al. (2010) is given by their Eq. (1). Con-
verting that relation into units of W and replacing the Pcav sym-
bol with Lkin results in

Lkin(L1.4 GHz) = (1035 W)100.75[log(νL1.4 GHz)]−22.84, (12)

where ν = 1.4× 109 Hz and the corresponding uncertainty range
for a given Lkin is given by:

∆Lkin(L1.4 GHz) = (1035 W)10(0.75±0.14)[log(νL1.4 GHz)−33]+(1.91±0.18). (13)

Figure 18 shows the distribution of Lkin for RL HERGs and
LERGs in XXL-S calculated according to Eq. (12).

Fig. 18. Distribution of Lkin for RL HERGs and LERGs in XXL-S. Lkin
for each source was calculated according to the scaling relation from
Cavagnolo et al. (2010).

5.2. Measurement of XXL-S comoving kinetic luminosity
densities

The comoving kinetic luminosity density (Ωkin) of a given radio
source population represents its total kinetic luminosity per unit
comoving volume throughout cosmic time. Thus, in order to
constrain the evolution of radio mode feedback of the XXL-S RL
HERGs and LERGs, Ωkin was calculated for each population for
both PDE (Eq. (9)) and PLE (Eq. (10)) at a given redshift value
between 0 < z < 1.3 by evaluating

Ωkin(z) =

∫
Lkin(L1.4 GHz) × Φ(L1.4 GHz, z)d(log[L1.4 GHz]) (14)

over the full range of radio luminosities probed at all redshifts
(22.4 < d log[L1.4 GHz (W Hz−1)] < 27.2). Figure 19 shows the
cosmic evolution of Ωkin for RL HERGs and LERGs in XXL-S
calculated according to Eq. (14), where Lkin and its uncertainty
range are calculated using Eqs. (12) and (13), respectively.

The average value of the total Ωkin weakly increases from
log[Ωkin (W Mpc−3)] ≈ 32.6 to ∼33.0 between 0 < z < 1.3.
The average LERG Ωkin also shows weak positive evolution,
ranging from log[Ωkin (W Mpc−3)] ≈ 32.5 to ∼32.7. On the
other hand, the RL HERG Ωkin evolves more strongly, start-
ing at log[Ωkin (W Mpc−3)] ≈ 32.0 at z = 0 and increasing to
32.6 by z = 1.3. In previous studies, higher luminosity radio
sources have been found to evolve even more strongly (e.g.
Dunlop & Peacock 1990; Willott et al. 2001; Best et al. 2014;
Pracy16). The difference between those results and the XXL-S
results for RL HERGs is a reflection of the increased optical and
radio depths probed by XXL-S.

5.3. Comparison of RL HERG and LERG comoving kinetic
luminosity densities to other samples

The evolution of Ωkin for RL HERGs and LERGs in XXL-S
can be compared to the results from other samples. Four of the
main studies that have measured the Ωkin evolution for radio
AGN are Smolčić et al. (2009), Best et al. (2014), Pracy16, and
Smolčić et al. (2017a). The XXL-S Ωkin results are compared to
each of these.

Smolčić et al. (2017a) extended the Smolčić et al. (2009)
sample out to z ∼ 5 by constructing a deeper sample of ∼1800
radio AGN using the source catalogues from the VLA-COSMOS
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Fig. 19. Evolution of the comoving kinetic luminosity density (Ωkin) for
RL HERGs (blue lines), LERGs (red lines), and all RL AGN (black
lines) in XXL-S using the Cavagnolo et al. (2010) scaling relation, inte-
grated from log[L1.4 GHz (W Hz−1)] = 22.4 to 27.2 (the full range of
luminosities probed in the RLFs) at each redshift for best fit PDE mod-
els. The PLE models do not differ significantly from the PDE models on
this scale. The upper and lower lines for each population represent the
range of uncertainties in the Cavagnolo et al. (2010) scaling relation.

3 GHz Large Project (Smolčić et al. 2017b) and the VLA-
COSMOS 1.4 GHz Large and Deep Projects (Schinnerer et al.
2004, 2007, 2010). They did not split between HERGs and
LERGs, so the results from Smolčić et al. (2017a), along with
the results from Smolčić et al. (2009), are compared to the total
XXL-S RL AGN contribution to radio mode feedback in Fig. 20.
Smolčić et al. (2017a) primarily used the Willott et al. (1999)
scaling relation, so in order to properly compare their results to
the XXL-S results, the Cavagnolo et al. (2010) scaling relation
was applied to the Smolčić et al. (2017a) sample (Smolčić et al.
2009 used the scaling relation from Bîrzan et al. 2008, which
is what Cavagnolo et al. 2010 is based on). The XXL-S Ωkin at
z = 0 is log[Ωkin (W Mpc−3)] ≈ 32.6 and rises to ∼33.0 at z = 1.3
for both PDE and PLE. This is below both the Smolčić et al.
(2009) and Smolčić et al. (2017a) samples, but they are still
within the uncertainties of the Cavagnolo et al. (2010) scaling
relation for XXL-S. Therefore, for the same L1.4 GHz−Lkin scal-
ing relation, the Ωkin evolution result for RL AGN in XXL-S is
consistent with the Ωkin evolution result for radio AGN in the
Smolčić et al. (2017a) and Smolčić et al. (2009) samples.

Best et al. (2014) measured Ωkin for jet-mode AGN (LERG
equivalent) from 0.5 < z < 1.0 using a sample of 211 RL AGN,
which they constructed by combining data from eight different
surveys. Their results (see their Fig. 8) are consistent with a
model in which Ωkin rises by a factor of ∼2 (compared to the
z = 0 value) out to z ∼ 0.55 and then falls to ∼0.7 times the local
Ωkin value by z ∼ 0.85. This is not consistent with the LERG Ωkin
evolution seen in XXL-S, which steadily rises monotonically
with redshift. However, the sample in Best et al. (2014) is more
than 20 times smaller than the XXL-S sample, and most of their
sample is much brighter in the radio (90% of their radio sources
have S 1.4 GHz > 2 mJy). Therefore, the Best et al. (2014) sample
is not able to probe the Ωkin evolution as well as the XXL-S sam-
ple, which has allowed a more accurate Ωkin measurement due
to the larger sample size and extension out to higher redshifts.

Pracy16 measured Ωkin for LERGs and HERGs for a sam-
ple of ∼5000 optically-matched radio galaxies with S 1.4 GHz >

Fig. 20. Evolution of the kinetic luminosity density (Ωkin) for all RL
AGN in XXL-S for PDE (solid black line) and PLE (dashed black line)
fits, integrated from log[L1.4 GHz (W Hz−1)] = 22.4 to 27.2 (the full range
of luminosities probed in the RLFs). The black and grey shaded areas
represent the uncertainties for the RL AGN PDE and PLE fits, respec-
tively. For comparison, Ωkin for the RL AGN from Smolčić et al. (2009,
2017a) are displayed as the red shaded region and the blue line, respec-
tively. The uncertainties in the Cavagnolo et al. (2010) scaling relation
for the XXL-S data are shown as the black dash dot lines. The evolution
of the RL AGN in XXL-S is broadly consistent with the evolution of
the RL AGN in the samples from Smolčić et al. (2009, 2017a).

2.8 mJy and Mi < −23 out to z = 0.75. Their LERG Ωkin
stays constant at log[Ωkin (W Mpc−3)] ≈ 32.2 for 0 < z < 1.
This is partially influenced by a redshift dependent e-correction,
which decreases the i-band magnitude of each source in order to
account for the fading of stellar populations with time. Without
the e-correction, the LERGs evolve as KD = 0.81+0.15

−0.16, which is
within 1σ of the XXL-S LERG value (KD = 0.671 ± 0.165).
Therefore, the XXL-S LERG Ωkin evolution is in good agree-
ment with that found by Pracy16 if no e-correction is applied.
However, when the e-correction is applied, the uncertainties
in the Cavagnolo et al. (2010) scaling relation for the LERGs
in Pracy16 range from 32.0 . log[Ωkin (W Mpc−3)] . 32.5.
This is in rough agreement with the lower uncertainty bound of
the XXL-S LERG Ωkin evolution (i.e. there is ∼0.1–0.3 dex of
overlap). The HERG Ωkin evolution measured by Pracy16, how-
ever, is fundamentally different to the XXL-S RL HERG Ωkin
evolution. The HERGs from Pracy16 exhibit strong positive red-
shift evolution, contributing an average log[Ωkin (W Mpc−3)] ≈
31.5 at z = 0 and increasing up to ∼32.5 at z = 1. The XXL-S
RL HERGs, on the other hand, evolve more weakly, exhibiting
average log[Ωkin (W Mpc−3)] values of 32.0 at z = 0 and ∼32.5
at z = 1. The difference is, again, due to the increased optical and
radio depths probed by XXL-S. In other words, the Pracy16 sam-
ple simply measured the evolution allowed by the Mi < −23 and
S 1.4 GHz > 2.8 mJy cuts. Nevertheless, the range of Ωkin evolution
of the Pracy16 HERGs (31.5 . log[Ωkin (W Mpc−3)] . 32.5)
is within the range of uncertainties of the Ωkin evolution of the
XXL-S HERGs.

5.4. Comparison of RL HERG and LERG comoving kinetic
luminosity densities to simulations

The correspondence (or lack thereof) between observations of
galaxies and models of their formation and evolution is a
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powerful indication of how well the underlying physics involved
in the models is understood. A number of authors have made
various predictions for the cosmic evolution of radio mode feed-
back. A selection of these is compared to the Ωkin calculations
of the XXL-S RL HERGs and LERGs.

Croton et al. (2006) predicted that the black hole
mass accretion rate density (ṁBH) associated with AGN
exhibiting radio mode feedback would be relatively flat at
log[ṁBH (M� yr−1 Mpc−3)] ≈ −5.8 out to z ∼ 1.5 and decrease
by an order of magnitude by z ∼ 4 (see their Fig. 3). The ṁBH
values can be translated into Ωkin values via the mass-to-energy
conversion of Lkin = ηṁBHc2, where η = 0.1 is the canonical
efficiency of gravitational accretion (Frank et al. 1992) and c is
the speed of light. The low redshift (z < 1.5)ṁBH value translates
into log[Ωkin (W Mpc−3)] ≈ 33.0. The Ωkin for all RL AGN in
XXL-S weakly increases from log[Ωkin (WMpc−3)] ≈ 32.6 to
∼33.0 between 0 < z < 1.3, as seen in Fig. 20. Therefore, given
the uncertainties in the Cavagnolo et al. (2010) scaling relation,
the XXL-S Ωkin evolution for all RL AGN is in good agreement
with the Croton et al. (2006) prediction for the evolution of
radio mode feedback for 0 < z < 1.3. However, if another
scaling relation is used, the agreement is poorer.

Croton et al. (2016) updated the Croton et al. (2006) predic-
tion with the addition of a “radio mode efficiency” parame-
ter, κR, for which the authors adopted a value of κR = 0.08.
The motivation behind this modification is that the Croton et al.
(2006) model used an upper limit to the cooling rate of infalling
gas by assuming that the cooling and heating are independent.
However, in the real universe, AGN heating would have a last-
ing effect on the gas. Therefore, less AGN heating is required
to offset the cooling flows. The Croton et al. (2016) model,
called the Semi-Analytic Galaxy Evolution (SAGE) model, pre-
dicts that the Ωkin from radio mode feedback for z < 1.5
is log[Ωkin (W Mpc−3)] ≈ 31.8 (approximately ten times less
than the previous prediction). The XXL-S measurement of the
Ωkin evolution of RL AGN, using the scaling relation from
Cavagnolo et al. (2010), is inconsistent with this value, even con-
sidering the uncertainties. However, if the scaling relation from
Willott et al. (1999) with an uncertainty parameter of fW = 4
is used for the XXL-S Ωkin calculation, then the Ωkin for RL
AGN in XXL-S is log[Ωkin (W Mpc−3)] ≈ 31.4 at z = 0 and
reaches ∼31.7 by z = 1.3 for PDE, as shown in Fig. 21. This
result is within ∼0.3 dex of the Croton et al. (2016) prediction,
which is well within the full extent of the uncertainties in the
Willott et al. (1999) relation. The Ωkin evolution for radio AGN
in the Smolčić et al. (2017a) sample is also most consistent
with the prediction from Croton et al. (2016) if the Willott et al.
(1999) scaling relation with fW = 4 is used (especially for z > 1).

More predictions of the evolution of radio mode feedback
have been made by Merloni & Heinz (2008), Körding et al.
(2008) and Mocz et al. (2013), who all separately modelled
the Ωkin for their RL HERG and LERG equivalent popula-
tions. Figure 22 shows these predictions alongside the Ωkin
measurements for RL HERGs and LERGs in XXL-S (using
the Cavagnolo et al. 2010 scaling relation), the full uncertainty
ranges of which are shown as the semi-transparent blue and
red shaded regions, respectively. Merloni & Heinz (2008) called
their LERG equivalent population “low kinetic mode”, or LK,
and their RL HERG equivalent population “radio loud high
kinetic mode”, or HK. Their scenario in which both flat- and
steep-spectrum radio sources are included in the simulations
is considered here. Körding et al. (2008) labelled their LERG
equivalent population “low luminosity AGN”, or LLAGN.
Their RL HERG equivalent population was obtained by com-

Fig. 21. Evolution of Ωkin for all RL AGN in XXL-S (black line) using
the scaling relation from Willott et al. (1999) with fW = 4, integrated
from log[L1.4 GHz (W Hz−1)] = 22.4 to 27.2 (the full range of luminosi-
ties probed in the RLFs). Only the PDE evolution is displayed for clarity
(the PLE results are nearly indistinguishable from the PDE results on
this scale). The prediction from Croton et al. (2016) over this redshift
range (dashed red line) is within the uncertainties of the XXL-S RL
AGN Ωkin calculated using the Willott et al. (1999) relation (defined by
using fW = 1 and fW = 20, shown as the black dash-dot lines).

Fig. 22. Comparison between the evolution of Ωkin for XXL-S LERGs
andRLHERGs(redandblueshadedregions, respectively)and thepredic-
tion for LERG and RL HERG equivalent sources from Merloni & Heinz
(2008), Körding et al. (2008), and Mocz et al. (2013). The hashed blue
line is the scenario for RL HERG equivalent sources from Mocz et al.
(2013) when a varying radio AGN duty cycle ( f ) is utilised. The scaling
relation from Cavagnolo et al. (2010) was used to calculate the XXL-S
Ωkin values, and the RLFs were integrated from log[L1.4 GHz (W Hz−1)] =
22.4 to 27.2 (the full range of luminosities probed in the RLFs). The thick
cyan curve shows the evolution of Ωkin for the HERGs from Pracy16 (the
values for z > 1 have been linearly extrapolated).

bining radio quiet (low radio-to-optical luminosity ratio) and
radio loud quasars (“RQQ” and “RLQ”, respectively). Like
Merloni & Heinz (2008), Mocz et al. (2013) designated their
LERG and RL HERG equivalent populations as LK and HK.
Their HK prediction involves two scenarios: one in which the
radio AGN duty cycle (the fraction of HK sources with radio
jets switched on) is fixed at f = 0.1 and one in which f evolves
with redshift.
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All three simulations mentioned previously make very sim-
ilar predictions for the Ωkin evolution of the LERG equivalent
populations: their slopes are consistent with the observed weak
evolution of the XXL-S LERGs, but their normalisations are sys-
tematically higher. This is due to the simulations using different
L1.4 GHz−Lkin scaling relations, which results in different kinetic
luminosity distributions. For example, Merloni & Heinz (2008)
used the scaling relation from Merloni & Heinz (2007), which
generates Ωkin values that are higher than the Cavagnolo et al.
(2010) scaling relation by ∼0.2–0.3 dex for a given redshift and
log(L1.4 GHz) integration range (see Fig. A.2 in Smolčić et al.
2017a). This is consistent with the offset seen in Fig. 22. Never-
theless, the consistency between the slope of the Ωkin evolution
of the XXL-S LERGs and the predictions from the simulations
for their LERG equivalent populations indicates that the current
understanding of the physics of the evolution of slowly accreting
SMBHs is well-matched to LERG observations.

On the other hand, the Merloni & Heinz (2008) and
Körding et al. (2008) predict that their HK and RQQ+RLQ pop-
ulations evolve strongly. As seen in Fig. 22, these predictions
agree with the evolution of the HERGs from Pracy16 and the
XXL-S RL HERGs for z & 0.5, given the uncertainties in the
Cavagnolo et al. (2010) scaling relation. The disagreement at
lower redshifts reflects the assumption in the simulations that
the HERG population is dominated by high luminosity sources
that evolve strongly. The slope of the HK predictions from
Mocz et al. (2013) are more consistent with the slope of the
XXL-S RL HERG evolution for z . 0.5. Beyond this redshift,
the Ωkin slope for the constant f scenario remains consistent with
the XXL-S RL HERGs, but the Ωkin slope for the varying f
scenario increases, becoming inconsistent with the XXL-S RL
HERGs by z ≈ 0.75. This may suggest that an evolving AGN
duty cycle does not accurately reflect how RL HERGs accrete
through cosmic time. Regardless, the Mocz et al. (2013) predic-
tion for the Ωkin evolution of their HK population with a constant
AGN duty cycle is most closely aligned with the evolution of
the XXL-S RL HERGs out of all three simulations, with only a
slight (∼0.1 dex) normalisation discrepancy across all redshifts.

5.5. Impact of potential HERG misclassifications

It is possible that some RL HERGs were misclassified due
to the lack of far-infrared (FIR) photometric data, which aids
in constraining SED fits and the corresponding derived SFRs
(e.g. Delvecchio et al. 2014). In order to test this, a comparison
between SED fitting results with and without FIR constraints
for optically faint sources was performed. The COSMOS field
has FIR Herschel data available, and therefore a sub-sample of
the 3 GHz COSMOS radio sources with faint optical counter-
parts was constructed. In order to match the XXL-S radio sam-
ple as closely as possible, the following cuts were applied to the
COSMOS source catalogue: mz > 24 and S 1.8 GHz > 200 µJy
(where S 1.8 GHz was converted from the S 3 GHz value by using a
spectral index of α = −0.7). These cuts resulted in a sub-sample
of 411 COSMOS sources, some of which have 3σ Herschel
detections and some of which do not (upper limits to the FIR
flux densities were used for the latter sources). The SED fitting
was performed twice for each source: once with the FIR data and
once without it. For ∼92% of the sources, the SED classification
remained the same (AGN were still classified as AGN and SFGs
were still classified as SFGs after the FIR data was removed).
For the remaining ∼8%, the classifications changed (previously
identified AGN were classified as SFGs and previously iden-
tified SFGs were classified as AGN). Therefore, it is expected

Fig. 23. Stellar mass vs 1.4 GHz radio luminosity for RL HERGs (blue
dots) and LERGs (open red squares) at z < 1.3 with Mi < −22. The
semi-transparent cyan squares and magenta circles show the RL HERGs
and LERGs, respectively, that would have been selected by the cuts that
Pracy16 made (Mi < −23 and S 1.4 GHz > 2.8 mJy). The latter galax-
ies are some of the most massive, most radio luminous in the XXL-S
sample.

that no more than approximately ∼8% of the RL HERGs would
be reclassified as RQ HERGs if FIR data became available for
XXL-S. Even if this percentage of expected potential misclas-
sifications was reached, any change in classification would be
spread out among the different redshift and L1.4 GHz bins. There-
fore, potential misclassifications of the RL HERGs are expected
to have minimal impact on the overall results of their evolution.
In terms of the SFRs, there was a scatter of 0.3 dex between the
SED fits with the FIR data and the fits without the FIR data, but
no significant offset between the two runs was found. Therefore,
the radio excess parameter that identified low radio luminosity
(L1.4 GHz < 1024.5 W Hz−1) RL HERGs would not be strongly
affected by the presence of FIR Herschel data.

In addition, the percentage of optically bright (Mi . −23.8)
and optically faint (Mi & −23.8) XXL-S RL HERGs that are
X-ray AGN, SED AGN, and MIR AGN were compared. The
percentages of optically bright RL HERGs that are X-ray, SED,
and MIR AGN (28.9%, 84.6%, and 19.6%, respectively) are sim-
ilar (within 1σ of the

√
N/N Poissonian uncertainty) to the per-

centages of optically faint RL HERGs that are X-ray, SED, and
MIR AGN (24.1%, 74.1%, and 11.2%, respectively). Very sim-
ilar results were found when comparing the RL HERGs with
high radio luminosity (L1.4 GHz > 1024.7 W Hz−1) and ones with
low radio luminosity (L1.4 GHz < 1024.7 W Hz−1). This demon-
strates that the classification scheme applied to the XXL-S radio
sources is relatively insensitive to signal-to-noise ratio and pho-
tometric data quality.

5.6. Implications of XXL-S radio mode feedback results for
galaxy evolution

The Pracy16 sample selected only the most radio luminous, most
massive galaxies, which is demonstrated in Fig. 23. Clearly,
making this selection excludes a large number of lower mass
(M∗ . 1010.5 M�) and radio faint (L1.4 GHz . 1024.5 W Hz−1)
galaxies, and even misses some sources with higher radio lumi-
nosity in the XXL-S sample. As described in Sect. 5.3, this
results in a different measurement of the evolution of the RL
HERG population. This implies that the evolution measured
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for RL HERGs depends on the range of optical luminosities
included by the sample selection. This has more of an effect at
lower redshift and for higher radio luminosities, since fainter
optical sources are more likely to exist at lower redshift and
the majority of the feedback power (Lkin) in a given redshift
bin comes from sources with luminosities that are close to
the knee in the RLF. For XXL-S RL HERGs with L1.4 GHz >
1024.5 W Hz−1 at z < 0.6, those selected by Pracy16’s Mi < −23
cut account for ∼38% of the total Lkin emitted by all RL HERGs
with Mi < −22 in that volume, whereas those that were added
by the deeper XXL-S optical cut (−23 < Mi < −22) account for
∼49% of the total Lkin from all RL HERGs with Mi < −22 in
that volume (the remaining ∼13% comes from the lower lumi-
nosity RL HERGs). The corresponding percentages for XXL-S
RL HERGs with L1.4 GHz > 1024.5 W Hz−1 at 0.6 < z < 1.3 are
∼93% and ∼4%, respectively. This means that the inclusion of
the XXL-S sources with −23 < Mi < −22 increased the mea-
surement of Ωkin for XXL-S RL HERGs at z < 0.6 by up to a
factor of ∼2, while the Ωkin values for 0.6 < z < 1.3 were vir-
tually unaffected. This is reflected in the different Ωkin slopes
between the XXL-S RL HERGs and those from Pracy16 for
z < 0.6 (see Fig. 22). Overall, this results in lower PDE and
PLE measurements for the evolution of RL HERGs and demon-
strates the impact that deeper optical and radio data can have
on the calculation of radio mode feedback in RL AGN samples.
Furthermore, Fig. 10 shows that a significant number of even
fainter (Mi > −22) RL HERGs exist. If deeper optical samples
can be constructed in future surveys, the evolution of the RL
HERG population may be found to be weaker still. Deeper opti-
cal data would not affect LERGs as much because their hosts
tend to be inherently brighter than RL HERG hosts (only the
most shallow flux limited surveys miss a substantial portion of
the LERG population). All these results suggest that RL HERGs
contribute more to radio mode feedback at low redshifts (z . 0.6)
than previously thought due to the inclusion of optically fainter
(−23 < Mi < −22) RL HERGs.

6. Summary and conclusions

Radio mode feedback is an important element in galaxy evo-
lution because of its influence on a galaxy’s ability to form
stars. Measuring the amount of radio mode feedback through-
out cosmic history puts important constraints on the amount of
power available to prevent star formation, thus allowing an eval-
uation of its role in limiting the stellar mass of galaxies. The
XXL-S field was observed at 2.1 GHz with ATCA for the pur-
pose of measuring the evolution of radio mode feedback of the
RL HERGs and LERGs therein.

The wide area (∼23.3 deg2) and relatively deep radio data
(σ ∼ 41 µJy beam−1) of XXL-S allowed the construction of the
RLFs for both RL HERGs and LERGs across a wide range
in radio luminosity out to z ∼ 1.3, which was not possible
previously due to small sky coverage or shallow radio depths.
Using the RLFs constructed in four redshift bins, the evolution
in the RLFs was measured for all RL HERGs and LERGs with
Mi < −22. The kinetic luminosity density (Ωkin) evolution of all
RL AGN in XXL-S is consistent with other samples of RL AGN
surveyed at similar optical and radio depths (e.g. Smolčić et al.
2009, 2017a) within the uncertainties of the Cavagnolo et al.
(2010) scaling relation. The LERGs contributed the majority
of the total Ωkin at a given redshift and exhibited positive yet
weak evolution (KD = 0.67 ± 0.17 and KL = 0.84 ± 0.31). This
implies that LERGs account for most of the radio mode feed-
back throughout cosmic history and that accretion onto SMBHs

in massive, passively evolving galaxies (which comprise the vast
majority of the LERG population) has been steadily decreasing
since z ∼ 1.3. On the other hand, the RL HERG RLFs displayed
stronger evolution (KD = 1.81 ± 0.15 and KL = 3.19 ± 0.29).
However, the latter result is weaker than the previously mea-
sured strong evolution in the HERG population (e.g. Pracy16).
This implies that radio mode feedback from SMBHs existing
in bluer, star-forming hosts is more prominent in recent cosmic
history than previously thought. In turn, this suggests that radio
mode feedback in RL HERGs, and not just LERGs, is important
for understanding the mechanism behind radio mode feedback
and its ability to limit the mass of galaxies in the universe.

The evolution results for RL HERG and LERGs in XXL-S
were compared to the predictions of simulations of radio mode
feedback. The latest simulation (Croton et al. 2016) predicts an
approximately constant value (log[Ωkin (W Hz−1)] ≈ 31.8) out
to z ∼ 1.3. If the Willott et al. (1999) scaling relation is used,
the total Ωkin from all RL AGN in XXL-S is consistent with the
prediction from Croton et al. (2016) for 0 < z < 1.3. Other simu-
lations (Merloni & Heinz 2008; Körding et al. 2008; Mocz et al.
2013) expressed their predictions for radio mode feedback with
separate contributions from LERG and RL HERG equivalent
populations. All three simulations made similar predictions for
the LERG equivalent populations: they have similar slopes
to but positive normalisation offsets above the XXL-S LERG
measurement. This indicates that models of slowly-accreting
SMBHs undergoing advection-dominated accretion flows cor-
respond closely to observations of LERGs, with the difference
in normalisation being due to the details of the conversion from
radio luminosity to kinetic luminosity. The Ωkin predictions from
Merloni & Heinz (2008) and Körding et al. (2008) for the RL
HERG equivalent populations correspond more closely with the
HERG evolution from Pracy16, which evolved strongly. On the
other hand, the Mocz et al. (2013) prediction for the RL HERG
equivalent population with a constant AGN duty cycle ( f = 0.1)
had a similar slope to the XXL-S RL HERG evolution, but
was slightly offset above it in normalisation (by ∼0.1 dex) for
0 < z < 1.3. This suggests that a constant AGN duty cycle could
be responsible for producing a higher local abundance and rela-
tively weak evolution of SMBHs rapidly accreting cold gas, as
found for the XXL-S RL HERGs. However, the mechanism that
generates the constant duty cycle is unknown.
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Appendix A: Comparison of kinetic luminosity
scaling relations

A number of scaling relations between monochromatic radio
luminosity (e.g. L1.4 GHz) and kinetic luminosity (Lkin) have been
published in the literature (Willott et al. 1999; Merloni & Heinz
2007; Cavagnolo et al. 2010; O’Sullivan et al. 2011; Daly et al.
2012; Godfrey & Shabala 2016). All these log(Lkin) versus
log(L1.4 GHz) relations have similar slopes and intercepts (as
demonstrated by Smolčić et al. 2017a in their Appendix A), but
suffer from very large uncertainties due to the small sample sizes
(tens of galaxies) used to produce the relations. Furthermore,
Shabala & Godfrey (2013) and Godfrey & Shabala (2016) have
pointed out that these relations are distance dependent (i.e. are
affected by Malmquist bias). This dependence arises from the
necessary range in distance required to probe a large range of
radio and X-ray luminosity.

More specifically, Shabala & Godfrey (2013) showed that
any derived relation between radio-luminosity and jet kinetic
power depends sensitively on sample properties – in particu-
lar the size-luminosity correlation inherent in the sample. Their
results indicate that accurate estimates of the integrated kinetic
power output of AGNs can only be obtained if a measure of radio
source ages, such as size or spectral index, is used in addition to
their radio luminosities. The sole use of radio luminosity as a
proxy for jet power underpredicts the jet powers for the largest
sources and overpredicts the jet powers for the smallest sources.
They conclude that adopting a simple scaling relation between
radio luminosity and jet power that does not include a measure
of source size or age results in significant errors in jet power esti-
mates. Consequently, incorrect estimates of AGN jet power will
result in mismodelling of AGN feedback processes. Accurate jet
power measurements are required to test whether the AGN heat-
ing and gas cooling rates are indeed balanced. Accordingly, they
determined a new expression for jet power that accounts for the
source size (see their Equation 8).

In addition, Godfrey & Shabala (2016) found that in a sam-
ple of FRI X-ray cavity systems, after accounting for the mutual
distance dependence, the jet power and radio luminosity are only
weakly correlated, with slope βL ≈ 0.3, which is significantly flat-
ter than the slopes of the other scaling relations (∼0.6–0.8). This
flat regression slope implies that a greater amount of mechani-
cal energy is available from lower luminosity radio galaxies than
previously thought. This tentative result has strong implications
for studies of radio mode feedback because low-luminosity radio
galaxies typically deposit energy at smaller radii, and therefore
they may be more effective at depositing more energy in the
regions where it is most needed to offset cooling. They also found
that in previously used samples of high-power FRII sources, no
evidence for an intrinsic correlation is present when the effect of
distance is accounted for. They conclude that the scaling relations
remain poorly constrained through observations.

Figure A.1 shows the distribution of kinetic luminosities for
all RL AGN in XXL-S using various scaling relations between
radio and kinetic luminosity, and Table A.1 shows the equations
corresponding to each scaling relation (converted into the form
in which a monochromatic radio luminosity is an input vari-
able). It demonstrates that the scaling relation derived from each
sample is highly dependent upon sample properties and how
those properties correlate with distance to each radio source.
The reason that the results from Godfrey & Shabala (2013) and
Cavagnolo et al. (2010) (which is similar to Merloni & Heinz
2007 and O’Sullivan et al. 2011) are so similar is because the
jet-power measurement techniques used for FRI and FRII radio
galaxies in these samples have similar distance dependences.

Fig. A.1. Distribution of kinetic luminosities of all RL AGN in XXL-S
using different scaling relations. The relations from Godfrey & Shabala
(2013) for FRI and FRII sources are similar to the relation from
Cavagnolo et al. (2010) (which is similar to Merloni & Heinz 2007 and
O’Sullivan et al. 2011), but this apparent agreement is due to the simi-
lar distance dependence of jet-power measurement techniques used for
FRI and FRII radio galaxies in these samples.

For simplicity, the Shabala & Godfrey (2013) distribution was
constructed by assuming each ATCA XXL-S radio source is
unresolved, for which an upper limit to each source’s size was
used (i.e. no larger than 5.39′′, the major axis of the ATCA
beam, across). The fact that this distribution not only produces a
peak in the kinetic luminosity distribution that is over an order
of magnitude less than the peak in the Cavagnolo et al. (2010)
and Godfrey & Shabala (2013) distributions, but is broader as
well (i.e. incorporates a wider range in kinetic luminosity), illus-
trates the importance of taking into account the source size when
computing the kinetic luminosity associated with radio jets. The
Willott et al. (1999) relation takes into account distance effects,
and this is reflected in the fact that the peak of that distribution
is very close to the peak in the Shabala & Godfrey (2013) dis-
tribution. Finally, the Godfrey & Shabala (2016) relation clearly
produced kinetic luminosities much higher than the other rela-
tions. This is probably due to the fact that it is based on a sample
that extends to only z ≤ 0.23 and the slope of the relation is
shallow (∼0.3), which causes galaxies of lower radio luminos-
ity to have higher kinetic luminosities than when using the other
relations. Since most of the XXL-S sample is at z > 0.23, the
Godfrey & Shabala (2016) relation may not be applicable to the
full XXL-S sample. Regardless of the relative credibility of each
scaling relation, Fig. A.1 demonstrates that there are very large
differences in the kinetic luminosity distributions.

Expanding on this, Godfrey & Shabala (2016) found that
the uncertainty regarding radio lobe dynamics in FRI and FRII
sources provides some uncertainty in the predicted scaling rela-
tions. Their theoretical modelling showed that βL is expected to
be significantly lower in samples of FRI radio galaxies than it
is for FRIIs, due to the differing dynamics for these two classes
of radio source. For FRI X-ray cavity systems the model pre-
dicts βL & 0.5, in contrast to the βL & 0.8 slope for FRII
radio galaxies. These theoretical results are more consistent with
the parameters of the other scaling relations than their own
empirical results, and thus considerable uncertainty in the
relationship between radio luminosity and kinetic luminosity
remains. Future radio and X-ray observations will be able to
construct larger samples of FRI and FRII sources and of LERGs
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Table A.1. Equations of the scaling relations discussed in Appendix A.

Reference Equation

Willott et al. (1999) log(Lkin) = 0.86 · log(L1.4 GHz) + 14.08 + 1.5 log( fW )
Cavagnolo et al. (2010) Lkin = (1035 W) × 100.75[log(νL1.4 GHz)]−22.84

Shabala & Godfrey (2013) Lkin = (1036 W) · 1.5
(

L151 MHz
1027 W Hz−1

)0.8
· (1 + z) ·

(
D

kpc

)0.58

Godfrey & Shabala (2013) (FRI) Lkin = (5 × 1037 W)
(

L151 MHz
1025 W Hz−1

)0.64

Godfrey & Shabala (2013) (FRII) Lkin = g (1.5 × 1037 W)
(

L151 MHz
1025 W Hz−1

)0.67

Godfrey & Shabala (2016) log(Lkin) = 36.56 + 0.27 log
(

L1.4 GHz
1024 W Hz−1

)
+ 1.4 log

(
dL

100 Mpc

)
+ 0.33

Notes. All have been converted into the form in which a monochromatic radio luminosity is an input variable. In all cases, Lkin has units of W and
the monochromatic radio luminosities (L1.4 GHz, L151 MHz) have units of W Hz−1. For the Willott et al. (1999) relation (see Heckman & Best 2014), a
value of fW = 4 was chosen. For the Cavagnolo et al. (2010) relation, ν = 1.4× 109 Hz. For the Shabala & Godfrey (2013) and Godfrey & Shabala
(2013) relations, L151 MHz was obtained by converting the S 1.8 GHz values (the XXL-S flux densities measured at the effective frequency) into S 151 MHz
assuming the spectral index assigned to each XXL-S radio source (see Appendix A in XXL Paper XXXI), g = 2 is the normalisation factor, and D
is the source size in kpc. For the Godfrey & Shabala (2016) relation, dL is the luminosity distance in Mpc.

and HERGs, which will determine the driving factors that set up
the relationship between radio luminosity and kinetic luminosity.

Appendix B: Effect of rebinning the local RL HERG
RLF

Rebinning the luminosity bins of the local RL HERG RLF pre-
sented in Sect. 4.2 was investigated as a means of improving
the model fit. This was done by shifting each luminosity bin
by 0.2 dex (half of the bin width). The result was a smoother
RLF with no gaps (i.e. no bins with 0 sources) in the range
22.6 < log[L1.4 GHz (W Hz−1)] < 25.0, but it also had a higher
normalisation. Figure B.1 shows the rebinned local RL HERG
RLF and its model fit (with all the same parameters except
log[Φ∗0] = −7.552), and Table B.1 displays the RLF data.

The evolution measured with the new local fit was KD =
0.838 ± 0.098 and KL = 1.482 ± 0.160. These KD and KL values
are very different to the original KD = 1.812 and KL = 3.186
values shown in Table 14, but the latter values are still used in
this paper for the following reasons:
1. The KD = 0.838 and KL = 1.482 values ultimately result in

little difference to the evolution of Ωkin for the RL HERGs.
The lower KD value caused the uncertainty extrema of the RL
HERG Ωkin curve derived using the Cavagnolo et al. (2010)
scaling relation (Eq. 13) to increase by ∼0.2–0.3 dex (a factor
of ∼1.6–2.0) at z = 0 and ∼0.1 dex (a factor of ∼1.25) at z =
1.3 (see Fig. 22). This increase is within the large uncertainty
limits of the Cavagnolo et al. (2010) scaling relation (∼0.35–
0.4 dex).

2. Using the original local RL HERG RLF fit (in Table 13)
allows a more direct comparison to other samples of HERGs
selected at GHz frequencies (e.g. Pracy16 and Ceraj et al.
2018) due to a similar local RLF.

3. It is not entirely clear that the RL HERG population is
free from contamination, and there is no way to discover
if the classification method or the deeper radio and optical
data are primarily responsible for the difference between the
XXL-S RL HERG RLF and other HERG RLFs until spec-
tra are taken of the remaining XXL-S radio sources without
spectra.

4. Future radio surveys, such as EMU (Norris et al. 2011), will
be able to better constrain the local HERG RLF with much
wider areas, deeper radio data, and more extensive multi-
wavelength data.

Given all of the above, the parameters given in Table 13 are used
for the final local RL HERG RLF fit, and its corresponding evo-

Fig. B.1. Rebinned local XXL-S RL HERG RLF with Mi < −22 (blue
shaded region) and the corresponding fit (solid blue line). The origi-
nal local RL HERG RLF with Mi < −22 is shown as the cyan circles
and its fit is the dashed blue line. The rebinning caused an increase
in the normalisation of the fit (log[Φ∗0] = −7.552). However, this did
not significantly affect the measurement of the evolution of Ωkin for RL
HERGs given the large uncertainties in the Cavagnolo et al. (2010) scal-
ing relation. For comparison, the Pracy16 HERG RLFs with mi < 20.5
(including all sources) and Mi < −23 are shown.

Table B.1. Data for the rebinned local XXL-S RL HERG RLF with
Mi < −22, shown in Fig. B.1.

log(L1.4 GHz) N log(Φ)
(W Hz−1) (mag−1 Mpc−3)

22.4 4.5 −5.72+0.31
−0.64

22.8 9.0 −5.53+0.25
−0.38

23.2 7.5 −5.72+0.16
−0.24

23.6 4.5 −5.97+0.21
−0.35

24.0 4.5 −5.97+0.21
−0.35

24.4 1.5 −6.45+0.36
−∞

24.8 2.0 −6.32+0.23
−0.53

Notes. See the caption for Table 5 for an explanation of the columns.

lution (Table 14) can be considered a measurement of the upper
limit to the evolution of RL HERGs in XXL-S.
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