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Abstract

Radio-loud active galactic nuclei (RLAGN) play an important role in the evo-
lution of galaxies through the effects on their environment. The two major
morphological RLAGN classes are core-bright (FRI) and edge-bright (FRII)
sources. With the sensitive LOw-Frequency ARray (LOFAR), we can now
compare the evolution of FRI and FRII sources down to lower flux densities
and with larger samples than before. Using sensitive LOFAR data, we ex-
amine in this work the cosmic space density evolution for FRIs and FRIIs
by analyzing their space density evolution between L150 ∼ 1024.5 W Hz−1

and L150 ∼ 1028.5 W Hz−1 and up to z = 2.5. To study the space densities
as a function of radio luminosity and redshift, we construct radio luminosity
functions (RLFs) and simulate how sources appear across a range of red-
shifts, such that we can better correct for selection effects. Our RLFs do
not show any sharp transitions between the space density evolution of FRI
and FRII sources as a function of radio luminosity and redshift. We report
a space density enhancement from low to high redshift for FRI and FRII
sources brighter than L150 ∼ 1027 W Hz−1. This can be explained by the
higher gas availability in an earlier, denser universe. The FRI/FRII space
density ratio does not appear to evolve strongly as a function of radio lu-
minosity and redshift, which suggests that the jet-disruption of FRIs might
be primarily caused by events occurring on scales within the host galaxy,
rather than being driven by changes in the overall large-scale environment.
Furthermore, while we observe a tentative decrease in the space densities of
FRIs with luminosities below L150 ∼ 1026 W Hz−1 and at redshifts beyond
z = 0.8, this may be due to residual selection biases. This highlights the
need to resolve more sources at angular scales below 40′′, thereby strength-
ening the motivation for further developing and automating the calibration
and imaging pipeline of LOFAR data to produce images at sub-arcsecond
resolution.
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3.1. Introduction

It is believed that most (if not all) galaxies host a supermassive black hole (SMBH)
(Magorrian et al., 1998; Kormendy & Ho, 2013), whereby some of them are powered
by an accretion disk around it (Lynden-Bell, 1969; Kauffmann et al., 2003; Martini
et al., 2013). We classify these objects as active galactic nuclei (AGN). They are re-
ferred to as radio-loud AGN (RLAGN) when they also produce powerful collimated
jets emitting at radio frequencies, due to gas falling onto the SMBH and interact-
ing with its magnetic field, thereby generating synchrotron emission (see review by
Hardcastle & Croston, 2020, and references therein). Thus, RLAGN play an impor-
tant role in the evolution of the Universe, as their jets heat their environment and
accelerate high energy cosmic rays. They might, in fact, be responsible for a large
segment of the intergalactic magnetic field (Blandford et al., 2019). In addition,
RLAGN influence the evolution of their host galaxy through feedback processes,
where the energy released by the AGN can prevent cooling or expel gas. This may
regulate or even quench star formation and therefore affect the growth of the host
galaxies (e.g. Croton et al., 2006; Best et al., 2006; McNamara & Nulsen, 2007;
Cattaneo et al., 2009; Fabian, 2012; Morganti, 2017; Hardcastle & Croston, 2020).
Moreover, there also seems to be a link between the radio loudness and the host
morphology, where the most powerful RLAGN are hosted by massive geometrically
round-shaped galaxies (Barišić et al., 2019; Zheng et al., 2020, 2022). All of the
above are reasons to argue for the importance of studying the cosmic evolution of
RLAGN.

The morphologies of RLAGN can be classified based on the distance from the
central galaxy to the brightest point of their jets (Fanaroff & Riley, 1974). The two
main classes are the core-bright FRI morphologies and the edge-bright FRII mor-
phologies. Fanaroff & Riley found in their sample a ‘break luminosity’ at a radio
power of L150 ∼ 1026 W Hz−1, where FRIs dominate below this luminosity value
and FRIIs above. In the study by Ledlow & Owen (1996), it was demonstrated
that the break luminosity increases for increasing host optical luminosity. This ob-
servation suggested a direct link between the morphology of radio jets and their
environmental density. As a result, it was proposed that RLAGN initially exhibit
an FRII morphology, but later transition to an FRI morphology when they are un-
able to traverse the local interstellar medium, which breaks the jet-collimation and
decelerates the jet speed on kpc-scales from their host galaxy (Bicknell, 1995; Kaiser
& Best, 2007). More recent studies, based on samples of radio sources less affected
by selection effects compared to older studies, showed that the break luminosity
does not separate FRI and FRII morphologies as strictly as was initially observed
(Best, 2009; Gendre et al., 2010, 2013; Wing & Blanton, 2011; Capetti et al., 2017b;
Mingo et al., 2019, 2022). The FRI/FRII morphological divide is therefore less
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closely connected to radio luminosities than previously suspected. Nonetheless, the
existence of FRII below the original break luminosity remains consistent with the
jet-disruption model if this population is a mix of restarting FRIIs, (old) fading
FRIIs, or FRIIs hosted by less massive host galaxies in less dense environments
compared to FRIIs above the break luminosity (Croston et al., 2019; Mingo et al.,
2019). Examining the cosmic evolution of FRI and FRII morphologies is therefore
linked to studies of the evolution of the large-scale environments of radio galaxies
(e.g. Croston et al., 2019).

The changing interpretation of the break luminosity demonstrates how selection
biases play an important role in the ability to detect FRI and FRII sources and then
affect our understanding of radio galaxy evolution as a result. Because FRIIs have
hotspots at the edge of the lobes and are more powerful, they will be easier to detect
than FRIs. This selection effect becomes stronger when we look at more distant
RLAGN, where their jets become fainter and are closer to the flux density limit from
the used instrument of the survey. It has been debated how much of the observed
evolution of the FRI and FRII sources is due to selection effects and how much is
due to true evolution of the radio galaxy population (Singal & Rajpurohit, 2014;
Magliocchetti, 2022). The difficulty in detecting FRIs at high redshifts, with very
limited sample sizes, has led to the prediction that powerful FRIs should be signif-
icantly more abundant at z > 1 compared to what we find locally (Snellen & Best,
2001; Jamrozy, 2004; Rigby et al., 2008). A broader study of the FR dichotomy,
with the combined NVSS-FIRST (CoNFIG) catalogue (Gendre & Wall, 2008), has
strengthened this prediction by finding positive space density enhancements from
low to high redshift up to a factor of 10 over the local population for both FRIs and
FRIIs up to z = 2.5 (Gendre et al., 2010, 2013). To understand the role of extended
RLAGN across cosmic time, it is vital to fully characterise the cosmic evolution
of the FRI and FRII sources using much larger samples and down to fainter radio
luminosities than previous studies.

In this paper, we investigate the FRI/FRII space density evolution as a function
of redshift and radio luminosity by constructing radio luminosity functions (RLFs)
up to z = 2.5 with the catalogues from Mingo et al. (2019, 2022). These catalogues
are based on the 150-MHz LOw-Frequency ARray (LOFAR; van Haarlem et al.,
2013) surveys that have a high surface brightness sensitivity and are therefore great
at detecting FRIs with low flux densities. By correcting more precisely for selection
effects through redshift simulations, we derive better estimates of the maximum
volume that a source can still be observed and classified over, before falling below
the detection and selection limits of the sample. These simulations, in combination
with the theoretical angular size distribution, help us to better correct for the in-
completeness of over sample, such that we can recover an improved estimate of the
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‘real’ FRI/FRII RLFs. This comprehensive approach, along with 100 times more
FRI redshifts above z = 0.3 compared to previous works from Gendre et al. (2010),
is also helpful in improving the FRI and FRII RLF comparisons above this red-
shift and to re-examine the findings from Gendre et al. regarding the space density
enhancements of FRIs and FRIIs up to z = 2.5.

In Section 6.5 of this paper, we briefly discuss the selected data and catalogues.
This is followed by an explanation of our redshift simulation in Section 3.3, which is
then applied in Section 3.4 to construct RLFs. We present our results in Section 6.6.
We further discuss our results in Section 3.6 and look at future prospects to improve
this work in the future. Finally, we give our conclusions in Section 3.7. Throughout
this work, we use a ΛCDM cosmology model with H0 = 70 km s−1 Mpc−1, Ωm =
0.3, and ΩΛ = 0.7.

3.2. Data

We utilised FRI/FRII sources classified by Mingo et al. (2019, with their catalogue
hereafter referred to as M19,) combined with a similarly compiled catalogue based
on deeper observations from Mingo et al. (2022, with their catalogue hereafter re-
ferred to as M22). Both catalogues were constructed with data from the LOFAR
Two-metre Sky Survey (LoTSS Shimwell et al., 2017, 2019) at 144 MHz with a res-
olution of 6′′and a sensitivity ranging from ~20 to ~70 µJy beam−1. The sensitive
low-frequency observations used to construct these catalogues excel in identifying
complex extended sources, which benefits the detection of extended diffuse jets from
FRIs. In the following subsections, we discuss their content and our source selection.

3.2.1. Catalogues

Sources from LoTSS DR1 are included in M19, based on radio maps from the HET-
DEX Spring Field, covering 424 deg2 with a median sensitivity of 71 µJy beam−1

(Shimwell et al., 2017, 2019; Williams et al., 2019), while M22 contains sources
from the LoTSS-Deep Fields DR1, which are about three to four times deeper than
LoTSS DR1 and covers 25 deg2 (Tasse et al., 2021; Sabater et al., 2021; Kondapally
et al., 2021; Duncan et al., 2021; Best et al., 2023). The deep fields were selected
with deep wide-area multi-wavelength imaging from ultraviolet to far-infrared (see
Kondapally et al. (2021) for details), consisting of the following three fields: Euro-
pean Large Area Infrared Space Observatory Survey-North 1 (ELAIS-N1) (Oliver
et al., 2000), Lockman Hole (Lockman et al., 1986), and Boötes (Jannuzi & Dey,
1999). The corresponding LoTSS-Deep Fields DR1 radio maps respectively exhibit
a median sensitivity of about 20, 22, and 32 µJy beam−1 for ELAIS-N1, Lockman
Hole, and Boötes (Tasse et al., 2021; Sabater et al., 2021).
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For every source, the M19 and M22 catalogues contain their total 150-MHz flux
density, size, and host galaxy redshift and position on the sky. The sizes and radio
flux densities from sources in M19 and M22 were carefully measured by adopting
a flood-filling procedure and by comparing their sizes and flux densities with what
was found with the PyBDSF Gaussian fitting tool (See for more details Section 2.5
in Mingo et al., 2019).1 These comparisons were followed up by visual inspection.
The sources from the catalogue from LoTSS DR1 to construct M19 are for 73 %
identified with an optical host (Williams et al., 2019) and have 51 % spectroscopic
or photometric redshifts (Duncan et al., 2019). Sources in the deep fields were
over ~97% identified with radio host-galaxies associated with carefully determined
photometric redshifts (or spectroscopic where available) using a hybrid approach of
template fitting and machine learning methods (Duncan et al., 2019, 2021). Mingo
et al. included in M22 only sources from the deep fields up to z = 2.5, as the
spectral energy distribution (SED) fitting of all the detected radio sources in the
deep fields was considered reliable for sources up to this redshift (Best et al., 2023).
The FRI and FRII classifications of these sources were done using the LoMorph
classification code and by additional visual inspection (Mingo et al., 2019).2 They
reported a classification accuracy of 89% for FRIs and 96% for FRIIs. Mingo et al.
excludes sources with projected angular sizes smaller than 27′′ or below 40′′, with
a 20′′or smaller distance between their two peak emissions. This angular size cut
is based on classification difficulties and the resolution limits from LoTSS DR1 and
the LoTSS-Deep Fields DR1. Also, other sources that did not clearly fit in FRI
or FRII sources were filtered out (see Section 2.4 from Mingo et al., 2019). Those
contain double-double sources (restarting FRII) (Schoenmakers et al., 2000) and
hybrid sources (Gopal-Krishna & Wiita, 2000).

3.2.2. Source selection

The sources from M19 with reliable redshifts above z = 0.8 are primarily quasars.
This is mainly due to the scarcity of spectroscopic data for radio galaxies and the
line-of-sight bias (Duncan et al., 2019; Hardcastle et al., 2019b). As a result, we
have excluded sources with redshifts beyond z = 0.8 from M19. We do not need to
make additional redshift cuts for M22, as the radio galaxies from M22 are drawn
from the significantly deeper LoTSS-Deep Fields DR1, in contrast to LoTSS DR1,
which offers precise redshifts up to z = 2.5 (Kondapally et al., 2021; Duncan et al.,
2021; Best et al., 2023). Consequently, all the sources utilised in this paper with
redshifts between z = 0.8 and z = 2.5 originate exclusively from M22 and make up
only ~9% of our full sample. Although the sources collected from the LoTSS-Deep

1https://pybdsf.readthedocs.io/
2https://github.com/bmingo/LoMorph
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Fields DR1 have higher redshift completeness than the sources collected from LoTSS
DR1, we find the ratio of the number of FRI/FRIIs for the overlapping redshifts
below z < 0.8 for M19 and M22 to be similar. Also, the redshift distributions
below z < 0.8 are similar, that is, we find their redshifts to have the same mean
and standard deviation. This demonstrates that combining M19 and M22 does not
introduce additional selection effects as a function of redshift.

Figure 3.1: Angular size as a function of flux density (left panel) and redshift (right panel)
for the 1560 sources considered in this paper. We separated our sources into 1146 FRI and 414
FRII morphologies with separated colours and drawn dashed lines for 40′′ and 400′′. These
lines determine the angular size cuts that we applied in this paper before doing completeness
corrections (see Section 3.4.2).

In Figure 3.1, we plot the angular size versus the radio flux density and redshift
for all our FRIs and FRIIs. From this figure, we see that due to the selection criteria
by Mingo et al., there are very few sources between 27′′ and 40′′in the sources from
M19 and M22. Most of those sources are below z = 0.8. We also find a clear gap of
sources above 400′′, where only 0.3% of our sources are situated. This is the area
where classification of bright giant radio galaxies (GRGs) becomes difficult because
different selection biases for FRIs and FRIIs do play a role in relation to the surface
brightness sensitivity of the used observation. First of all, the most distant parts
of the FRI jets are close to or below the surface brightness limit, which (in some
cases) would make only their unresolved core appear or make the measurements
of their sizes smaller than they actually are. This issue becomes more prominent
at the higher end of our redshift distribution where surface brightness limits play
a more dominant role due to the fact that sources are on average fainter as a
function of redshift. This effect can also be observed in the right panel of Figure
3.1, where FRIs are closer positioned to the 40′′ boundary compared to FRIIs at
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higher redshifts. Secondly, large FRII jets close to the surface brightness limit might
appear to only have two bright disconnected hotspots. This poses challenges in
associating them with each other, particularly when their separation is substantial.
So, it is not unexpected that a significant proportion of large sources are missing
in our catalogues (e.g. Oei et al., 2023). To account for the 40′′ and 400′′ angular
size limits, we excluded sources that fall below and above these threshold values
and subsequently implemented completeness corrections as a function of angular
size and flux density to regain the contribution of sources beyond these boundaries
to our RLFs, as we discuss in more detail in Section 3.4.2.2.

Figure 3.2: Luminosity-redshift diagram for M19 and M22 split in FRIs and FRIIs.

We further limited our analyses to sources with a radio luminosity above L150 ∼
1024.5 W Hz−1, as the number of sources below this radio luminosity is small.
This also ensures that our completeness corrections are not strongly affected by
star-forming galaxies (e.g. Sabater et al., 2019; Cochrane et al., 2023) or compact
sources (e.g. Sadler, 2016; Baldi et al., 2018; O’Dea & Saikia, 2021). Moreover, due
to the LoTSS flux density limits, beyond z = 0.8, we did not find any sources below
L150 ∼ 1024.5 W Hz−1. Thus, this decision improves the reliability of completeness
corrections and, therefore, our resulting RLFs without compromising the goal of
this paper, which is to investigate the evolution of radio galaxies across redshifts
up to z = 2.5. Figure 3.2 shows the final selection of the 1560 sources with their
150 MHz radio luminosities as a function of redshift. From those, 1146 are classified
as FRI sources and 414 as FRII sources.
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3.3. Redshift simulations

Detection limits from radio telescopes restrict our view of the Universe. In order to
incorporate these effects into the derivation of RLFs for FRIs and FRIIs, we have
developed an algorithm that simulates how sources would appear after relocating
them to higher redshifts, so that we can derive up to which maximum distance
a source remains reliably classifiable. These redshift simulations will also help us
to determine the incompleteness of our sample as a function of flux density and
redshift.

3.3.1. Surface brightness and redshift relation

We can relate the total flux density (Sν) of a source to its luminosity (Lν) and its
luminosity distance (dL) as:

Sν = Lν(1 + z)1−α

4πd2
L

, (3.1)

where (1 + z)1−α accounts for the K-correction with spectral index α and where
the radio flux density is Sν ∝ ν−α. The angular size θz of a source is related to its
physical size s and the angular distance (dA) as:

θz = s

dA

= s

dL
· (1 + z)2, (3.2)

where we used the relation dA = dL

(1+z)2 . Combining the above, we derive the surface
brightness evolution over redshift as:

Σ = Sν

θ2
z

= Lν

4πs2 · (1 + z)−3−α. (3.3)

As the luminosity and physical size are physical intrinsic properties of a radio galaxy,
this demonstrates that the surface brightness decreases over redshift by a factor
(1 + z)3+α.
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3.3.2. Redshifting algorithm

If we could relocate a source to a higher redshift, we would see the angular size and
flux density from the source in the image change. The source would diminish in
size according to the adopted cosmology until approximately z ∼ 1.6, after which it
would begin to increase once again. These angular size changes affect the ability to
detect and classify FRIs and FRIIs at the same radio powers differently, due to their
different morphologies. On the one hand, the FRI will be classifiable until the diffuse
jets are not bright enough to be detected or the source cannot be resolved anymore
due to its small angular size. On the other hand, the FRII remains classifiable as
long as the hotspots appear as point sources, the components can be associated
with the host, and we have the adequate resolution to separate them, while they
are still bright enough above the noise. Additionally, there are situations where FR
classifications can change after redshift increments from FRI to FRII and vice versa,
due to the detection limits and the changing number of pixels covering the source.
To simulate and better understand these effects, we developed the redshifting
algorithm to increment their redshift by ∆z.3

The redshifting algorithm takes as input an image of a source at its observed
redshift. After every redshift increment, the algorithm changes the pixel sizes by
multiplying the pixel scale via θz

θz+∆z
, which is equivalent to dividing the pixel scale

by the ratio between dA at z and dA at z+∆z. This information is used to resample
the image pixels with the DeForest (2004) resampling algorithm.4 In this way, the
source appears smaller or larger after redshift increments, depending on the redshift.
Following from Equation 3.3, the algorithm reduces every pixel value by a factor(

1+z
1+z+∆z

)3+α

. Because the image noise is independent of the source’s redshift, we
kept it constant during our procedure of relocating a source to a higher redshift.
This means for our algorithm that we only reduce pixel values that exceed our 3σ

noise threshold.
We adopted a constant spectral index of α = 0.7 for the K-correction. This

spectral index value is the typical average spectral index for RLAGN and is often
used to construct radio luminosity functions if the spectral indices of sources are
unknown (e.g. Condon et al., 2002; Mauch & Sadler, 2007; Padovani, 2016; Prescott
et al., 2016; Hardcastle et al., 2016; Calistro Rivera et al., 2017; Kondapally et al.,
2022). A typical spectral index variation between α = 0.6 or α = 0.8 (e.g. Hardcas-
tle et al., 2016; Calistro Rivera et al., 2017; Murphy et al., 2017) would (compared
to α = 0.7) only adjust the pixel brightness changes from our redshifting algorithm
up to ~ 5% for redshift increments of ∆z = 0.7. This is the mean ∆z from their
original z where we find that sources are still classifiable after applying the redshift-

3https://github.com/jurjen93/redshifting
4https://github.com/astropy/reproject/
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ing algorithm (see the following sections) for the sources considered in this paper.
Hence, it is not expected that the choice for α = 0.7 will strongly bias our results.

We also made sure that the total power remains constant as a function of red-
shift increments. This implies that we do not correct for inverse Compton (IC)
scattering losses from the cosmic microwave background (CMB), which is expected
to add additional selection biases (Krolik & Chen, 1991; Morabito & Harwood,
2018; Sweijen et al., 2022a). We further discuss this aspect in Section 3.6.1 regard-
ing the implications of this choice on the interpretation of our RLFs when we do
not consider this effect.

3.3.3. Source components

The association of radio source components is a difficult task and massive visual
inspection through citizen science projects or neural network architectures are often
used to do this for large amounts of data (Banfield et al., 2015; Williams et al., 2019;
Mostert et al., 2022).5 For all our sources, we already have initial information about
the source components (based on PyBDSF and visual inspection, see Mingo et al.,
2019). So, an additional step for associating source components is not necessary, as
our focus is solely set on determining the components that remain above the noise
threshold at each redshift increment. All unassociated components in the image are
masked out in every source cutout image. This is necessary when multiple radio
sources are close to each other, or when there are remaining islands of emission
contaminating the image for classification. After relocating a source to a new red-
shift with redshifting, we draw polygons around the remaining components with
emission above a particular noise level.

The sources in Figures 3.3 and 3.4 demonstrate the effect of the redshifting
increments on the observed morphology for different FRIs and FRIIs. We see, in
particular, how their brightness is reduced and how their appearance changes. The
first two rows of Figure 3.3 display FRI sources, where their jets partly disappear
below the σ-threshold when they are relocated at higher redshifts. In the last row,
we have a special case where an FRI source appears as an FRII after large redshift
increments. The sources in Figure 3.4 are typical cases of FRIIs with clear hotspots.
These sources show how the FRII hotspots are the main components that remain
visible after relocating them at higher redshifts. We can see from the first and
the last row how the elongated FRII component separates into two components at
higher redshifts.

5See also the LOFAR Galaxy Zoo project: https://www.zooniverse.org/projects/
chrismrp/radio-galaxy-zoo-lofar
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(a) FRI at z = 0.48 (b) FRI at z = 0.93 (c) FRI at z = 1.38

(d) FRI at z = 0.19 (e) FRI at z = 0.39 (f) FRI at z = 0.59

(g) FRI at z = 0.29 (h) FRI at z = 0.69 (i) FRI at z = 1.19

Figure 3.3: Examples of FRI sources after redshift increments by applying the
redshifting algorithm. All unassociated emission is masked out (in this case below 4σ).
Each column displays the source from the same row at different redshifts. The last row is
a wide-angle tail FRI source (Owen & Rudnick, 1976), where after redshift increments, the
source appears to resemble an FRII source. The optical host location is in every image given
by the green cross.

3.3.4. FR classification

Because we use only sources from M19 and M22, we based our FRI/FRII classi-
fication code on the LoMorph code, which were used to classify our sources. This
classification algorithm is based on measuring the distance from the optical host
to the brightest region and the edge of the source by using flood-filling and verify-
ing if a source is resolved or unresolved by applying PyBDSF. For a more detailed
discussion, we refer to Section 2 from Mingo et al. (2019).
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(a) FRII at z = 0.33 (b) FRII at z = 0.83 (c) FRII at z = 1.33

(d) FRII at z = 0.9 (e) FRII at z = 1.5 (f) FRII at z = 2.1

(g) FRII at z = 0.34 (h) FRII at z = 1.34 (i) FRII at z = 1.84

Figure 3.4: Examples of FRII sources after redshift increments by applying the
redshifting algorithm. All unassociated emission is masked out (in this case below 4σ).
Each column displays the source from the same row at different redshifts. The optical host
location is in every image given by the green cross.

The classification of the source on the third row in Figure 3.3 changes both
visually and in our algorithm from an FRI to an FRII morphology after being
incremented to a higher redshift. This classification inconsistency occurs for about
~2% of all our sources when relocating them to higher redshifts. FRIIs could also
become classified as FRIs due to the resampling of pixels, when the hotspots of
an FRII would merge into a bright FRI-type core. We did not find such cases
in our simulations, indicating that before this occurs, the source would no longer
be classifiable. This could also be because double-double and hybrid sources have
already been all filtered out from our sources (see Section 3.2.2 and Mingo et al.
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(2019, 2022)). These classification inconsistencies are rare and thus demonstrate
that our morphological classification is generally effective.

3.4. Constructing radio luminosity functions

RLFs are an important tool in studying the evolution of radio sources as a function
of power and redshift. To construct the RLFs in this paper, we used the standard
method from Schmidt (1968). This means that we calculated the density evolution
as a function of redshift z and radio luminosity L via:

ρ(z, L) = 1
∆ log L

N∑
n=1

1
Vmax,n

, (3.4)

where Vmax,n is the maximum volume that source n can be classified and where
∆ log L is the log value of the radio luminosity bin. In the next subsections, we
further discuss the Vmax and the completeness corrections we applied to constructing
the RLFs.

3.4.1. Vmax method

To determine Vmax, we first need to find an accurate value for the maximum redshift
at which a source can still be classified (zmax). This value can be found by applying
the redshifting algorithm discussed in Section 3.3.2.

3.4.1.1. Determining zmax

We find zmax by spatially relocating each source across the radio image 200 times
and re-evaluating up to which maximum redshift the source is still classifiable at
each spatial location with the redshifting algorithm (z̃max). In this way, we get
a reliable measure for zmax by taking the mean of all the obtained z̃max values and
can find the error on this value by taking the standard deviation of the z̃max values
(σzmax). The value for σzmax embeds information about the effects of the varying
noise in the radio maps.

With the obtained zmax values, we can compare how FRIs and FRIIs are dif-
ferently affected by the redshifting algorithm. For this, we can for example take
a local sample up to z = 0.5 and move those up to z = 2.5. In Figure 3.5 we show
from this example the fraction of the remaining sources that are still detectable and
classifiable in steps of z = 0.1. Only 50% of the FRI sources we start with remain
classifiable up to z ∼ 0.6, while for FRII sources we still classify 50% of the sources
up to z ∼ 1. This is partly explained by the different effects detection limits have on
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Figure 3.5: Fraction of local (z < 0.5) FRI and FRII sources that are still classifiable after
applying redshift increments with the redshifting algorithm as a function of redshift. The
error bars include the errors on zmax and Poisson errors.

the observed morphologies of FRI and FRII sources (see Section 3.3.2). In addition,
FRII sources are on average also brighter as they are locally more abundant above
the break luminosity (Fanaroff & Riley, 1974; Mingo et al., 2019). We demonstrate
this in Figure 3.6 where we show how 150 randomly picked sources move in P − z

space from their original observed z-position to their zmax position. On the higher
luminosity end, we observe, as expected, how FRII sources reach higher zmax values.

3.4.1.2. Final integral for Vmax

The zmax determines the maximum redshift a source can be observed in for each
redshift bin, zbin, over which we evaluate the following integral

Vmax =
∫

zbin

C(Sν)Θ(z)χ(z)V (z)dz, (3.5)

where C(Sν) is the completeness correction as a function of flux density at a partic-
ular redshift (see Section 3.4.2), then V (z)dz is the infinitesimal comoving volume
slice between z and z + dz, Θ(z) is the fractional sky coverage, while χ(z) is the
binary function:

χ(z) =
{

1 if z ≤ zmax,

0 if z > zmax.
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Figure 3.6: Luminosity versus redshift increments with the redshifting algorithm for
150 random sources at different luminosities from all sources from M19 and M22 above
L150 ∼ 1022 W Hz−1. The starting positions are at the original measured redshifts given by
the squared boxes, while the ending positions are the final maximum redshifts a source can
be classified (up to z = 2.5).

The uncertainties on zmax propagate in Vmax by calculating Ṽmax corresponding to
every z̃max with Equation 3.5 and taking the standard deviation of all the obtained
values. The final uncertainties of the space densities also include Poisson errors
following from Gehrels (1986) and the LoMorph classification accuracies from Mingo
et al. (2019) (89% for the FRIs and 96% for the FRIIs).

As Figure 3.5 demonstrates how the FRIs are more strongly affected by selection
effects, it also shows how with our Vmax method the FRI space densities will be more
strongly corrected as a function of z, compared to the space densities from FRII
sources.

3.4.2. Completeness corrections

The Vmax method enables measuring the space densities for sources within our
sample as a function of redshift. We also need to apply a correction that takes into
account the sources that are undetected due to the flux density and resolution limits
from our observations. This is the (in)completeness factor as defined in Equation
3.5 by C(Sν). For this work, this means that we need to estimate how many FRI
and FRII sources we are missing as a function of flux density (S150), such that
we can better estimate the real space density values. Firstly, we calculate the
completeness corrections by generating mock sources based on the sources from our
source sample. Secondly, we determine the completeness correction for the sources
with sizes below 40′′ and above 400′′. Combining both corrections gives our final
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completeness correction.

3.4.2.1. Correction for 40′′ < θ < 400′′

We find the completeness corrections from our sources as a function of flux density
by first generating mock FRI and FRII sources. Those mock sources are created by
multiplying the flux density from a source in our catalogue with a random factor
loguniformly drawn between 0 and 1 and scaling the pixel brightness in our image
with the same factor. We then replace the mock source to the same noise environ-
ments as the noise effects are already embedded in the σzmax values. When we do
this 200 times per source, we have about ~350k mock sources. Using the classifica-
tion part from Section 3.3.4, we decide for each case if it is still recoverable as an
FRI or FRII source. As the M19 and M22 samples have different sensitivities, we do
this for both catalogues separately. With these simulations, we find the flux density
incompleteness for sources corresponding to the angular size distribution from the
objects in our combined M19 and M22 catalogues.

3.4.2.2. Correction for θ < 40′′ and θ > 400′′

As explained in Section 3.2.2, we miss sources smaller than 40′′ and larger than 400′′.
To quantify the angular size incompleteness in our completeness weights, we use the
empirical integral angular size distribution from Windhorst et al. (1990) with the
updated parameters fitted to LoTSS-Deep Fields DR1 by Mandal et al. (2021). This
is a radio source angular size distribution which has been used in multiple studies
and has proven to be a reliable measure (Prandoni et al., 2001; Huynh et al., 2005;
Hales et al., 2014; Mahony et al., 2016; Williams et al., 2016; Retana-Montenegro
et al., 2018; Prandoni et al., 2018; Mandal et al., 2021; Kondapally et al., 2022).
The angular size distribution follows as:

Ψ(> θ) = exp
(

− ln 2
(

θ

θ̃

)0.8
)

, (3.6)

where θ is in arcseconds and where θ̃ is the median angular size which Windhorst
et al. derived to be related to the flux density S1400 in mJy via

θ̃ = 2 · k · (S1400)m
, (3.7)
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where m = 0.3 + 0.2 · exp
(
−S2

1400
)

and

k =
{

7 − 3 · exp
(
−S1400

2
)

if S1400 < 4.5,

4 + 3 · exp
(
−S1400

200
)

if S1400 ≥ 4.5,

where we doubled the value of k compared to Mandal et al. (2021), as Kondapally
et al. (2022) showed for LoTSS-Deep Fields data the angular size distribution to fit
well for AGN with twice the median angular size. By converting Equation 3.7 from
ν = 1.4 GHz to ν = 150 MHz, using a spectral index of α = 0.7, and combining this
with Equation 3.6, we find the angular size distribution as a function of the flux
density S150.

The radio luminosity cut below L150 = 1024.5 W Hz−1 (see Section 3.2.2) en-
sures that the angular size completeness corrections are dominated by extended
radio sources. Nonetheless, we cannot distinguish with the angular size distribution
from Windhorst et al. the distributions of FRIs and FRIIs. Fortunately, consider-
ing the comparison of FRI and FRII physical size distributions by Best (2009), it is
reasonable to infer that both morphologies have comparable size distributions. Best
(2009) used data from FIRST and NVSS to show that above 40 kpc, the size dis-
tributions of FRI and FRII radio galaxies are similar, whereas the smallest source
in our sample is 83 kpc and 95% of our sources are larger than 230 kpc. How-
ever, the measured angular sizes from FRIs are likely to be more underestimated at
higher redshifts, as sources become dimmer as a function of redshift, which affects
the detectibility of the full extend of diffuse FRI jets. As a result, the angular size
completeness corrections for FRIs might become less accurate for higher redshifts,
compared to FRIIs whose sizes are defined by their brightest components. How-
ever, to simplify the construction of the RLFs, we rely only on the measured angular
sizes to determine the angular size completeness corrections and, therefore, we do
not derive a redshift dependency. The effect of this issue on our RLFs is discussed
in Section 3.6.2.

3.4.2.3. Final completeness correction

We present our final full completeness corrections (including all corrections discussed
above) as a function of flux density in Figure 3.7. We identified a 50% completeness
around ~100 mJy. This is also the flux density after which the completeness cor-
rections start to be dominated by the angular size completeness corrections. This
becomes evident in the convergence of the completeness for FRI and FRII sources
at the upper end of the flux densities, stemming from the assumption of compa-
rable size distribution for both FRIs and FRIIs. The flattening at the end of the
completeness curve shows the effects of the 400′′ upper angular size threshold that
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becomes more dominant at higher flux densities. After 10 Jy, the completeness
corrections start to fall off, which matches with the assumption that a notable frac-
tion of bright GRGs are missing due to selection effects (see Section 3.2.2). Below
~ 100 mJy we notice how the better surface brightness sensitivity in LoTSS-Deep
Fields DR1, compared to LoTSS DR1, improves the completeness from M22. For
M19, we also notice how FRII sources at lower flux densities are more complete
compared to FRI sources. This is because the FRI jets tend to be diffuser and more
likely to disappear below the detection limit, while an FRII with the same flux
density will typically remain classifiable as long as their prominent hotspots remain
visible. Because the completeness corrections become extremely large at the lower
radio flux density end, we set, similarly to the work by Kondapally et al. (2022), a
lower boundary for the completeness corrections by a factor of 10. This threshold
ensures that the corrections do not become unreliable large for sources at the lower
flux density end of our catalogues.

In Appendix 3.A, we discuss a few tests to validate the RLF construction method
and test the reliability of our Vmax derivations and completeness corrections with a
local sample. These tests show that both the Vmax and the completeness corrections
are applied well and we recover a good estimate of the space densities of FRIs and
FRIIs.

Figure 3.7: Completeness corrections for FRI and FRII sources from M19 and M22.
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3.5. Results

Gathering all the ingredients from Sections 3.3 and 3.4, we constructed RLFs
to study the FRI and FRII space density evolution between 1024.5 ≲ L150 ≲
1028.5 W Hz−1 out to z = 2.5. In this section, we present our main results, where
we look separately at the local RLF and the RLF up to z = 2.5.

3.5.1. Local radio luminosity function

The local RLF constructed with the M19 and M22 sources below z = 0.3 is shown
in Figure 3.8. In this same figure, we also plot the FRI and FRII RLFs from
Gendre et al. (2013) and the total ‘radio-excess AGN’ RLF from Kondapally et al.
(2022, hereafter referred to as the total RLAGN RLF). We observe how all our local
FRI and FRII space densities are near or below the total RLAGN space densities,
which is constructed on the basis of all RLAGN from the LoTSS-Deep Fields DR1
(Kondapally et al., 2021; Duncan et al., 2021; Tasse et al., 2021; Sabater et al.,
2021). This is an important requirement, as the FRIs and FRIIs are a subset of the
total RLAGN population. The FRI and FRII RLFs from Gendre et al. also agree
well with our RLFs, which is another indication that our completeness corrections
are working well (see also the tests in Appendix 3.A). The FRIs dominate below
the break luminosity (L150 ∼ 1026 W Hz−1), while FRIIs dominate above. This is
consistent with prior research (Fanaroff & Riley, 1974; Parma et al., 1996; Ledlow
& Owen, 1996; Gendre et al., 2010). Similarly to Gendre et al. (2010, 2013), we
find a smooth transition from the FRI to FRII dominance around the original break
luminosity, where the FRI RLF drops off more strongly towards the higher radio
luminosities compared to the FRII RLF. This smooth transition is also consistent
with the FRI and FRII populations observed by FIRST (Capetti et al., 2017a,b).

We can quantify the steepness of the space density drop-off after the break
luminosity by fitting a broken power law. To constrain better the power-law, we
include the FRI and FRII data points from Gendre et al. for the radio luminosities
where our RLFs do not cover (see Figure 3.8). This broken power-law is given by:

ρ(Lν) = ρ0

((
Lν

L̃

)α

+
(

Lν

L̃

)β
)−1

, (3.8)

where α and β are respectively the low and high luminosity exponents, ρ0 is the
characteristic space density, and L̃ is the break luminosity. In Table 3.1, we give
our best-fit parameters for both the local FRI and FRII fit. We see from these
values how the local FRI space densities are declining more strongly towards higher
radio luminosities compared to the FRIIs. We also find different values for L̃,
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Figure 3.8: Local RLF for FRIs and FRIIs from this paper are plotted in blue and red,
respectively. For comparison and to validate that our FRI and FRII space densities do not
extend above the total RLAGN population, we added the total local RLAGN RLF from
Kondapally et al. (2022) beyond L150 ∼ 1024 W Hz−1 (in green). This total RLAGN RLF
is constructed based on sources from the LoTSS-Deep Fields DR1. To demonstrate that our
results agree with previous work, we also added the FRI and FRII RLF from Gendre et al.
(2013) in black and orange, respectively. These points are based on the CoNFIG catalogue
(Gendre & Wall, 2008; Gendre et al., 2010), where we converted the luminosity bins to 150
MHz by using a spectral index of α = 0.7. The 1σ bars from our RLFs include zmax errors,
Poisson errors, completeness corrections errors, and classification errors. All our data points
are given in Table 3.2.

which is usually taken to be equal to the break luminosity and determined by visual
inspection, as done by Gendre et al. (2010). Despite this different choice, the values
for L̃ are still consistent with the break luminosity around ~L150 ∼ 1026 W Hz−1

we find in the literature (e.g. Fanaroff & Riley, 1974; Jackson & Wall, 1999; Willott
et al., 2001; Kaiser & Best, 2007; Mingo et al., 2019).

3.5.2. Radio luminosity function up to z = 2.5

In Figure 3.9, we see both the FRI and FRII space density as well as the total
RLAGN from Kondapally et al. (2022). Similarly to the local RLF in Figure 3.8,
we find in Figure 3.9 that the space densities from the FRI and FRII samples are
below the total RLAGN RLF. We see for the redshift bins below z = 0.8 a break
luminosity, where FRIs dominate below and FRIIs above L150 ∼ 1026 W Hz−1.
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ρ0 α β L̃

FRI -5.5 Mpc−3∆ log L−1 0.59 2.0 25.8 W Hz−1

FRII -6.15 Mpc−3∆ log L−1 0.13 1.7 26.4 W Hz−1

Table 3.1: Best fit parameters for the local FRI and FRII fit from Equation 3.8.

Beyond z = 0.8 the break luminosity becomes less well-defined. In addition to
Figure 3.9, in Figure 3.10 (right panel) we compare the space density evolutions
per morphology class for three redshift bins, where the local RLF is fitted with a
broken power-law as explained in the previous subsection. By subtracting the space
densities from the FRIs and FRIIs in log space and propagating their error bars, we
get the FRI/FRII ratio evolution in the left panel of this same figure. We combined
all sources between z = 0.8 and z = 2.5 in one redshift bin because we have only
112 out of the total 1560 sources in this redshift range.

In Figure 3.10, we see the FRII space densities decrease at a lower rate as
a function of radio luminosity when we make a comparison the highest with the
lowest redshift bin. Above L150 ∼ 1027 W Hz−1, this results in a clear space density
enhancement across redshift by ∼ 0.6 − 1 dex between the local and z > 0.8 RLFs.
Also Gendre et al. (2010) found for FRIIs a similar space density enhancement
above L150 ∼ 1027 W Hz−1, where we converted their luminosities from 1.4 GHz
to 150 MHz with a spectral index of α = 0.7. They also report space density
enhancements for FRIs at those radio luminosities, which also agrees with the mild
enhancements that we detect.

In the right panel of Figure 3.10, we detect a space density decline for FRIs
from the local (z < 0.3) to the highest redshift bin (0.8 < z < 2.5) below L150 ∼
1026 W Hz−1. For FRIIs, we do not find a significant space density decline below
this radio luminosity. The space density decline for FRIs is not reported by Gendre
et al. (2010). Nonetheless, both our results are still in agreement with each other
within the error margin, as Gendre et al. only relied on 7 FRIs with associated
redshifts above z = 0.3, making their uncertainties large. Despite the FRI space
density decline beyond z = 0.8, we find the FRI/FRII space density ratios as a
function of radio luminosity to remain fairly constant within error bars in the left
panel of Figure 3.10.

The different space density evolutions as a function of redshift are also shown in
Figure 3.11, where we inverted the RLFs to space density evolutions as a function
of redshift for radio luminosity bins. Between 1027 ≲ L150 ≲ 1028 W Hz−1 we
find a (mild) space density enhancement for both FRIs and FRIIs, which finds its
maximum around z = 1.6. The space densities for FRIs and FRIIs do not show any
notable redshift evolution between 1026 ≲ L150 ≲ 1027 W Hz−1. For FRIs, we find a
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Figure 3.9: RLF for FRI (blue) and FRII (red) sources split in different redshift bins. For
comparison and to show that our FRI and FRII space densities do not extend above the total
RLAGN population, we added the total RLAGN RLF from Kondapally et al. (2022) beyond
L150 ∼ 1024 W Hz−1 in green. We also added the local RLFs for both FRIs and FRIIs with
dot-dashed lines. We removed radio luminosity bins which only contain a single source. The
1σ bars from our RLFs include zmax errors, Poisson errors, completeness corrections errors,
and classification errors, as explained in Sections 3.4.1.2 and 3.4.2. Data points are given in
Table 3.2.

mild space density decline above z ∼ 0.6 and between 1025 ≲ L150 ≲ 1026 W Hz−1,
while FRIIs do show for these radio luminosities hints of a mild declining trend
above z ∼ 1. However, this declining FRII space density trend is within error bars
less significant than the declining trend of FRIs.
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Figure 3.10: RLF ratio evolution. Left: Ratio evolution over different redshift bins. Right:
Separated FRI (above) and FRII (below) space density evolution plots corresponding to the
ratio evolution plot in the left panel. In both figures, we added the Gendre et al. (2013) data
points for the higher end of the luminosity range, such that we can further constrain the local
RLF, which was fitted with a broken power law from Equation 3.8 and corresponding values
from Table 3.1, where we used a 1σ confidence interval. We removed radio luminosity bins
which only contain a single source. The 1σ bars from our RLFs include zmax errors, Poisson
errors, completeness corrections errors, and classification errors, as explained in Sections
3.4.1.2 and 3.4.2.

3.6. Discussion

With the arrival of larger FRI/FRII catalogues sensitive to lower flux densities
and better redshift measurements, we have in the previous sections been able to
construct RLFs up to z = 2.5 based on the M19 and M22 catalogues. We will in
this section discuss the effects of energy losses on our RLFs, how the total RLAGN
RLF compares to our FRI and FRII RLFs, along with the remaining selection
biases, and how we can interpret the space density evolution that we find for FRIs
and FRIIs.
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Figure 3.11: Space density evolution as a function of redshift (z) for 1 dex luminosity
bins. This is constructed with sources from M19 and M22. The 1σ bars from our RLFs
include zmax errors, Poisson errors, completeness corrections errors, and classification errors,
as explained in Sections 3.4.1.2 and 3.4.2.

3.6.1. Energy losses and the RLF

At higher redshifts, IC losses for each source become more important, as more
electrons will be scattered by CMB photons when the energy density of the CMB
increases. These IC losses are suggested to be one of the primary mechanisms
behind the α − z relation (Klamer et al., 2006; Ghisellini et al., 2014; Morabito &
Harwood, 2018; Sweijen et al., 2022a), which associates steeper redshifts with higher
spectral indices (Tielens et al., 1979; De Breuck et al., 2000; Miley & De Breuck,
2008). Because we are interested in the redshift evolution of FRIs and FRIIs, it is
important to discuss how these energy losses affect the interpretation of our RLFs.
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The impact of the IC losses on the measured surface brightness of a source is
mainly contingent upon the magnetic field strength within the lobes and the equiv-
alent magnetic field associated with the CMB (Harwood et al., 2013). Due to their
different morphologies, we would anticipate the IC losses to affect FRIs and FRIIs
disproportionately, as this effect can alter both the size and detectability of FRIs,
whereas for FRIIs the detectability will likely not change because compact hot spots
at the ends of the jets are relatively unaffected. As a result, we expect that when we
would take IC losses into account, the zmax and the completeness corrections will
change more significantly for FRIs than for FRIIs. Similarly, we could also consider
other losses, such as the effects of synchrotron losses on the measured radio flux
densities of FRIs and FRIIs (Myers & Spangler, 1985; Alexander & Leahy, 1987;
Jamrozy et al., 2008; Harwood et al., 2013; Sweijen et al., 2022a). In addition, a
more distant universe is also denser, which leads to greater confinement of the radio
lobes and lower adiabatic losses of sources at higher redshifts compared to sources in
a local universe (e.g. Barthel & Arnaud, 1996). Nevertheless, incorporating correc-
tions for all the above-mentioned energy losses would violate our initial assumption
that the radio luminosity from a source remains constant as a function of redshift
while calculating Vmax (see Section 3.3.2). Therefore, for the interpretation of the
comparison of FRIs and FRIIs in our RLFs it is important to be aware that these are
measured radio luminosity functions and not energy loss-corrected radio luminosity
functions.

Fortunately, the FRI/FRII ratio RLF is less affected by those losses, as part of
their effect on the zmax and completeness corrections are cancelled out. As a result,
this makes the physical interpretation more comparable to the hypothetical energy-
loss-adjusted RLFs. The left panel of Figure 3.10 supports this comparability, as
the three redshift bins are the same within the uncertainties.

3.6.2. Comparing FRI/FRII RLFs

It is well known that FRIs and FRIIs make up a significant fraction of the total
RLAGN population (Sadler, 2016; Baldi et al., 2018). In this subsection, we will
discuss the comparison of our FRI and FRII RLFs with those from Gendre et al.
(2010, 2013) and Kondapally et al. (2022). For the total RLF we exclusively use
the total RLAGN RLF from Kondapally et al., as they demonstrated consistency
with previous total RLAGN RLFs in the literature.

Figure 3.8 shows how local the FRI space densities closely follow the total
RLAGN space densities up to about L150 ∼ 1026 W Hz−1, after which FRIIs be-
come the dominant morphology population. This similarity between the FRI and
total RLAGN space densities is due to the fact that the fraction of compact sources
increases towards the lower radio luminosities and we only consider sources above
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L150 ∼ 1024.5 W Hz−1 (e.g. Baldi et al., 2015, 2018; Capetti et al., 2020). It is
reassuring to find the local RLF from Gendre et al. (2013) to be similar to ours, as
this indicates that the local RLFs constructed in this paper and by Gendre et al.
are not biased by the data or RLF construction methods. In Figure 3.9, we observe
that the space densities of the FRI and total RLAGN space densities continue to
show consistent similarity up to a similar break luminosity and z = 0.8. Examina-
tion of the FRI evolution above z = 0.3 could not be accurately done by Gendre
et al. (2010), due to the fact they had in their sample only seven FRIs associated
with redshifts above z = 0.3 (see also Figure 6 in Gendre et al., 2010). This is over
100 times fewer FRIs compared to what we have available from the combined M19
and M22 catalogues, comprising 877 FRIs above z = 0.3, with accurate redshifts
(Duncan et al., 2019, 2021).

Beyond z = 0.8, we do not find a well-defined break luminosity above which
FRIIs dominate over FRIs. However, we do find in Figure 3.9 above L150 ∼
1026 W Hz−1 the FRIIs to be a dominant morphology type when we compare
the total RLAGN space densities with the FRII space densities. This demonstrates
that up to z = 2.5, the FRIIs dominate the RLAGN population at the high ra-
dio luminosity end. Below L150 ∼ 1026 W Hz−1 and beyond z = 0.8 we detect a
prominent offset in the order of 1 to 1.5 dex between the total RLAGN and the
FRI and FRII space densities. This is likely related to remaining unaccounted se-
lection effects. Some of this might be a result of energy loss effects that we did not
take into account, which more strongly affect FRI detections (see Section 3.6.1).
Also, the probable underestimation of the completeness corrections for FRIs due to
the difficulty of accurately measuring their sizes in the higher redshift bins could
play a role (see Section 3.4.2.2). Moreover, Kondapally et al. (2022) discusses how
the space densities of star-forming low-excitation radio galaxies (LERGs) increase
over redshift and dominate the LERG space densities after z ∼ 1, while the space
densities of quiescent LERGs decreases over redshift. Given that low-power FRIs
and FRIIs are predominantly associated with LERGs (Mingo et al., 2022), there
is a possible selection bias in our completeness corrections that is unaccounted for
if some of those star-forming LERGs might indeed turn out to be FRIs or FRIIs
with small jets that are difficult to detect at a resolution of 6′′. We also argue
that the difficulty of detecting star-forming radio galaxies with radio jets in our
sample is likely a more significant issue for FRIs, as their smaller weaker jets are
more difficult to detect compared to FRIIs. Other missing morphology types such
as hybrid or double-double sources are expected to be rare (Harwood et al., 2020;
Mingo et al., 2019, 2022) and therefore will not have a significant contribution to
remaining selection effects. Thus, although the redshift simulations help us to cor-
rect for observational biases when deriving zmax values (see Section 3.4.1.1) and
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completeness corrections (see Section 3.4.2.1), it is possible that residual resolution
and surface brightness limits could still reside in selection effects that we are not
yet able to fully correct for.

3.6.3. Space density enhancements

Space density enhancements of the total RLAGN RLF have been well-measured for a
long time (e.g. Dunlop & Peacock, 1990). Multiple studies have found space density
enhancements for bright FRIs and FRIIs (Snellen & Best, 2001; Willott et al., 2001;
Jamrozy, 2004; Rigby et al., 2008; Gendre et al., 2010). Given our increased number
of sources above z = 0.3 compared to previous studies, it is valuable to re-examine
the space density enhancements and declines with our RLFs and look specifically
at how these relate to our understanding of radio galaxy evolution.

The space density enhancement from low to high redshift that we find for FRIs
and FRIIs above L150 ∼ 1027 W Hz−1 could simply be related to the higher gas
availability in the earlier universe, increasing the probability for RLAGN to become
more powerful. Although taking into account energy loss effects in our RLFs is
complex and beyond the scope of this paper (see Section 3.6.1), it is worth mention-
ing that if the net energy loss effects are lower in the earlier denser universe (e.g.
significant lower adiabatic losses) compared to the local universe, we could expect
to measure even more powerful sources at higher redshifts. We are not well-enough
constrained for bright FRIs to find a notable difference between the space density
enhancements of FRIs and FRIIs above L150 ∼ 1027 W Hz−1 (see Figures 3.10 and
3.11). Nevertheless, a recent simulation demonstrated how radio sources were more
likely to live in less rich environments at z = 2 compared to z = 0 (Thomas & Davé,
2022), which is in favour of FRII morphologies (Croston et al., 2019). More data
at the high radio luminosity end would help to better constrain the FRI and FRII
space density enhancements and test if powerful FRIIs have indeed a stronger space
density enhancement than powerful FRIs.

The space density decline of FRIs below L150 ∼ 1026 W Hz−1 is likely related
to unaccounted selection effects, as we discussed in Section 3.6.2 to explain the
observed space density offsets between the local and higher redshift bins. However,
despite the fact that the remaining selection effects have a stronger effect on the
space densities from FRIs than FRIIs, we find the FRI/FRII space density ratio
overall radio luminosities to be remarkably similar when we compare the three
redshift bins in the left panel of Figure 3.10. If this holds for larger and more
comprehensive sample sizes, resulting in reduced Poisson errors, it could suggest
that the jet-disruption of FRIs is not primarily influenced by environmental factors,
as those evolve over redshift. Instead, disruption of the jets from the FRI parent
population would more likely be associated with events happening in close proximity
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to, or within, the parent radio galaxy.

3.6.4. Future prospects

We demonstrate in this paper how detection limits affect selection biases and how
it is possible to partly correct for these if we want to construct reliable RLFs from
RLAGN. In order to enhance the significance of our findings, we need more objects
from more sensitive radio maps along with wider area observations. The 40′′ angular
size cut that we needed to apply, due to the angular size selection from Mingo et al.
(2019), removes a large fraction of the small FRIs and FRIIs. Especially sources at
the lowest radio flux densities are the most affected. The angular size cut is due to
the 6′′ resolution from the LoTSS radio maps that were used to extract the FRI and
FRII sources from. So, to collect a reliable sample below 40′′, we need to improve
the resolution.

Recent efforts have been ongoing to increase the sky coverage with LoTSS DR2
at 6′′ (Shimwell et al., 2022), which will increase the number of objects in M19
by a factor of about 13. This data release is based on radio maps at the same
resolution and a similar sensitivity as LoTSS DR1. This will therefore only help
to reduce the uncertainties at the higher radio luminosity end and up to z = 0.8.
Fortunately, work has also been done to bring LOFAR’s resolution down to 0.3′′ by
including all baselines up to ~2000 km (Varenius et al., 2015, 2016; Harris et al.,
2019; Morabito et al., 2022a; Sweijen et al., 2022c). This resolution will help us to
collect sources that are unresolved at 6′′, such that we can lower the 40′′ angular size
cut. An improved resolution comes with the unavoidable loss of surface brightness
sensitivity. Sweijen et al. (2022c) reported from 6′′to 0.3′′an estimated 60% detection
loss of sources that were unresolved at 6′′. As FRIs are on average less bright and
have by definition diffuser jets than FRIIs, this will surely have a more negative
effect on the detections of FRIs compared to FRIIs. To ensure that enough small
FRIs will be detected, it becomes essential to improve the sensitivity by processing
and calibrating multiple observations of the same fields (de Jong et al. in prep.)
and to complement these high-resolution radio maps with intermediate resolutions
around for example ~1′′(Ye et al., 2024).

3.7. Conclusions

We presented in this paper RLFs of FRI and FRII morphologies up to z = 2.5
and beyond L150 ∼ 1024.5 W Hz−1, by utilizing the M19 and M22 catalogues.
We corrected for redshift effects and the incompleteness of our sample by using the
redshifting algorithm. This algorithm gave us a reliable estimate of the maximum
distance an FRI and FRII source can still be classified. In particular, our RLFs for
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FRIs are an improvement above z = 0.3, as we have over 100 times more available
FRIs with associated redshifts above this redshift, compared to previous studies
(Gendre et al., 2010, 2013). These RLFs also provide us with continuing evidence
of the evolution of FRI and FRII sources.

In our RLFs, we do not detect any sharp transitions between the FRI and FRII
morphologies as a function of radio luminosity or redshift. We find a space density
enhancement from low to high redshift for FRI and FRII sources beyond L150 ∼
1027 W Hz−1, which might be explained by a higher gas availability in the earlier
universe, increasing the likelihood for FRIs and FRIIs to become powerful. Also,
the net energy losses at higher redshifts could potentially increase the measured
radio luminosities at higher redshifts if the adiabatic losses are significantly lower
compared to lower redshifts. However, to test this assertion we need a more detailed
analysis of the different energy loss effects (e.g. IC and synchrotron losses), which
is beyond the scope of this paper. At the low radio luminosity end, we tentatively
identify a declining trend of the FRI space densities with redshift. This is likely
related to remaining selection effects such as from the underestimation of distant
FRI angular sizes at higher redshifts and the difficulty in detecting star-forming FRIs
with small jets, which have been proven to be more prominent at higher redshifts.
Although there are significant uncertainties represented by the large error bars, the
evolution of the FRI/FRII ratio that we derive suggests that the FRI morphology
is primarily a result of the disruption of jets on scales originating within or close to
the host galaxy, rather than jet-disruption due to large-scale environmental factors.

The potential residual selection biases in our results highlight the necessity to
further develop the calibration and imaging pipeline of LOFAR data with baselines
up to 2000 km, such that it will be possible to incorporate radio sources at smaller
angular scales and lower radio luminosities. This will eventually help to more pre-
cisely model the FRI and FRII sources above z = 0.3 towards lower radio lumi-
nosities, which can further enhance our understanding of radio jet evolution from
RLAGN and the link between these jets and their environment and host galaxies.

3.A. Testing the RLF reliability

Relocating sources to higher redshifts reduces their flux densities and apparent sizes,
which makes it more difficult to detect and classify FRI and FRII sources. Figure
3.5 shows how FRIs and FRIIs are affected differently by these effects. To test
whether the Vmax method and our completeness corrections are taking the effect,
due to changes in flux density and resolution, correctly into account, we compare an
FRI and FRII sample below z < 0.4 with the same sample shifted to z = 1.5. This is
done by using the algorithm from Section 3.3.2 and applying the same completeness
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correction process discussed in Section 3.4.2. If our Vmax method and completeness
corrections are well-applied, we expect the derived space densities of the original
z < 0.4 sample and of the same sample shifted to 1.5 < z < 2.5 to agree with
each other, as the simulated sample has larger space density corrections and smaller
Vmax values. The left panel from Figure 3.12 has a sample of 478 FRIs before
relocating them to z = 1.5. After relocating there are only 105 sources that could
be classified. Although the number reduces with a factor 4, we find that the radio
luminosity functions to still agree with each other. In the right panel of this same
figure we also compare the RLF ratios before and after relocating and also find a
strong agreement. We have also experimented with other redshift bins (smaller and
larger) and find similar agreements. This gives us additional confidence that both
the Vmax and the completeness corrections are applied well.

To test the completeness corrections derived with the angular size distribution
(see Section 3.4.2), we applied a larger angular size cut at 80′′ and compared the
space densities with the already present 40′′ cut. The comparison for sources below
z = 0.5 is shown in Figure 3.13 and shows how (even though the number count is
reduced by nearly a factor of 2) the completeness corrections correct remarkably
well for this effect and make both RLFs agree with each other. We also compared
this for other angular size cuts and found similar consistencies. This demonstrates
the reliability of correcting our space densities with the angular size distributions
from Windhorst et al. (1990) with updated fitting parameters from Mandal et al.
(2021) on a local sample.

Figure 3.12: RLF space density evolution difference between the original and simulated
sample. Left: RLF for FRI sample before and after applying the redshifting algorithm
from z < 0.4 to z = 1.5. Right: RLF ratio for a sample of FRI and FRII sources before and
after applying the redshifting algorithm from z < 0.4 to z = 1.5. Error bars from our RLFs
include zmax errors, Poisson errors, completeness corrections errors, and classification errors.
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Figure 3.13: Comparison between a 40′′ and 80′′ source cut below z = 0.5. Both RLFs are
corrected with the completeness corrections from Section 3.4.2. The angular size completeness
correction is applied for respectively the 40′′ and 80′′ angular sizes. This figure contains
all sources in the redshift bin 0 < z < 1.0. The 40′′cut selection has 865 sources, while
the 80′′ cut has 405 sources left. The 1σ error bars contain zmax errors, Poisson errors,
completeness corrections errors, and classification errors.
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Table 3.2: RLF space density values in Mpc−3∆ log L−1 from Figures 3.8 and 3.9. The source
count is given between brackets below each space density value.
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