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ABSTRACT

Context. We study the flux density dependence of the redshift distribution of low-frequency radio sources observed in the LOFAR
Two-metre Sky Survey (LoTSS) deep fields and apply it to estimate the clustering length of the large-scale structure of the Universe,
examining flux density limited samples (1 mJy, 2mJy, 4 mJy and 8 mJy) of LoTSS wide field radio sources.

Methods. We utilise and combine the posterior probability distributions of photometric redshift determinations for LoTSS deep field
observations from three different fields (Bootes, Lockman hole and ELAIS-N1, together about 26 square degrees of sky), which are
available for between 91% to 96% of all sources above the studied flux density thresholds and observed in the area covered by multi-
frequency data. We estimate uncertainties by a bootstrap method. We apply the inferred redshift distribution on the LoTSS wide area
radio sources from the HETDEX field (LoTSS-DR1; about 424 square degrees) and make use of the Limber approximation and a
power-law model of three dimensional clustering to measure the clustering length, ry, for various models of the evolution of clustering.
Results. We find that the redshift distributions from all three LoTSS deep fields agree within expected uncertainties. We show that the
radio source population probed by LoTSS at flux densities above 1 mJy has a median redshift of at least 0.9. At 2mlJy, we measure
the clustering length of LoTSS radio sources to be ry = (10.1 + 2.6) A~! Mpc in the context of the comoving clustering model.
Conclusions. Our findings are in agreement with measurements at higher flux density thresholds at the same frequency and with
measurements at higher frequencies in the context of the comoving clustering model. Based on the inferred flux density limited
redshift distribution of LoTSS deep field radio sources, the full wide area LoTSS will eventually cover an effective (source weighted)

comoving volume of about 10 4~3 Gpc?.

Key words. galaxies: clusters: general — galaxies: statistics — cosmology: observations — cosmology: theory —

large-scale structure of Universe

1. Introduction

The excellent multi-frequency coverage of the LOFAR Two-
metre Sky Survey (LoTSS) deep fields provides an opportu-
nity to learn about the redshift distribution of low-frequency
radio sources (120-168 MHz). In turn the redshift distribu-
tion of radio sources is an essential ingredient in the study
of the spatial clustering of radio sources and their evolution.
The LoTSS deep fields first data release (LoTSS-DF-DRI;
Tasse et al. 2021; Sabater et al. 2021) offers information such

* Corresponding author; nitesh.b®804@gmail . com

as the type of sources (Best et al. 2023), cross-matching with
multi-frequency observations (Kondapally et al. 2021), and an
improved approach on estimating the probability distribution
functions (pdfs) of photometric redshifts (photo-z) of radio
sources (Duncan et al. 2021), resulting in a high level of photo-z
completeness. Photo-z information derived from the full poste-
rior pdf and spectroscopic redshift information if available have
been included in released catalogues'; the full posterior redshift
distributions for the individual sources are not publicly available.

! http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/648/A4
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Continuum radio surveys enable us to study the angu-
lar distribution of the large-scale structure of the Universe,
see Longair (1978), Becker et al. (1995), Condon et al. (1998),
Miley & De Breuck (2008) for early works. Obtaining redshift
information is essential for the study of the corresponding spa-
tial large-scale distribution and to extract cosmological param-
eters (Camera et al. 2012), especially as radio galaxies exist
over a wide range in redshift (Drinkwater & Schmidt 1996;
Smolcié et al. 2017; Best et al. 2023). Thus, one needs to con-
sider large radio surveys and complement them with redshift
measurements for — if possible — all radio sources. This is a chal-
lenging task and one is limited by the number of sources in such
surveys which have an estimate of their photometric or spectro-
scopic redshift. Usually, redshift estimates cannot be obtained
for each source in wide area surveys, but are available for smaller
deep fields with good multi-frequency or good spectroscopic
coverage (see e.g. Smolci¢ et al. 2017; Kondapally et al. 2021).
While flux density-limited continuum radio surveys can provide
angular positions for a wide area of sky, the full three dimen-
sional analysis of the cosmic structure requires to measure at
least the statistical distribution of radio sources as a function of
redshift or distance above a given flux density, expressed by a
pdf, p(z), i.e.

dn = ap(r)dr = Aip(z)dz, (D

where 71 denotes the average surface density of a flux density
limited survey, r denotes the comoving radial distance and z
the cosmological redshift. The functions p(r) and p(z) denote
the sample pdfs in comoving radial distance and redshift space,
respectively. With an estimate of p(z) in hand, we can then infer
statistical properties of the three dimensional large scale struc-
ture from the projected two dimensional information contained
in a wide area continuum radio survey.

Previous studies of the clustering properties and redshift
distribution of radio sources were done primarily for radio
continuum surveys at frequencies around 1GHz. The angu-
lar clustering properties of the VLA Faint Images of the
Radio Sky at Twenty centimeters survey (FIRST; Becker et al.
1995) and the NRAO VLA Sky Survey (NVSS; Condon et al.
1998) have been studied extensively (see e.g. Cress et al. 1996;
Blake & Wall 2002; Overzier et al. 2003; Nusser & Tiwari 2015;
Chen & Schwarz 2016). However, those studies have been lim-
ited by quite restricted knowledge of the redshift distribution of
radio selected samples, as e.g. the Combined EIS-NVSS Survey
of Radio Sources (CENSORS; Brookes et al. 2008) provided
spectroscopic follow up of just 143 NVSS radio sources. Thus,
extensive use has been made of optical galaxy redshift surveys,
such as the 6 degree Field Galaxy Survey (6dFGS; Jones et al.
2004) in Mauch & Sadler (2007), covering the redshift range
0.003 < z < 0.3. Cross-matching of NVSS, FIRST and other
radio surveys with catalogues from the Sloan Digital Sky Sur-
vey (SDSS; Eisenstein et al. 2001) produced matches for about
a third of all radio objects, still for redshifts below one, see e.g.
Kimball & Ivezi¢ (2008), Donoso et al. (2009). A better under-
standing of the redshift distribution of also high redshift radio
sources required deep fields with good multi-wavelength cover-
age, like the COSMOS field (Scoville et al. 2007; Smolcic et al.
2017). At frequencies well below 1 GHz and similar to the
LoTSS frequency range, the TIFR GMRT Sky Survey alterna-
tive data release 1 (TGSS; Intema et al. 2017) provided the first
opportunity for a wide survey area to estimate the redshift distri-
bution of radio sources via a cross matching with SDSS quasars
(Paris et al. 2018) and to study the angular clustering properties
at low radio frequencies (Dolfi et al. 2019). The p(z) obtained in
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these studies are different from our measurements in the sense
that we make use of photometric measurements for about 95%
of all observed radio sources.

In this work, we study the distribution of low-frequency
radio sources as a function of redshift and flux density by com-
bining observations from three deep survey regions. We infer the
redshift distribution of the radio source sample by combining
their individual posterior pdfs, which were derived from multi-
wavelength observations of the three deep fields in Duncan et al.
(2021)%. We then make use of this flux density limited redshift
distribution and the corresponding angular two-point correlation
measurements (Siewert et al. 2020) from the wide field LoTSS
data release 1 radio sources in the HETDEX field (LoTSS-DR1;
Shimwell et al. 2019) to infer clustering properties such as the
correlation length of these radio sources. We make use of the
value added source catalogue of LoTSS-DR1, in which artefacts
and multiple components of radio sources have been identified
(Williams et al. 2019). Note that we use deep and wide field data
for which artifacts of bright sources have largely been removed
by a major effort of visual inspection by experts, in contrast to
the more recent second data release of LoTSS (Shimwell et al.
2022). The LoTSS-DR1 value added source catalogue contains
photometric redshifts for about 48% of all sources. Mainly the
limited depth of the multi-wavelength data used in the LoTSS
analysis in the HETDEX field (Duncan et al. 2019) gives rise to
selection effects that prevent us from the direct application of the
resulting redshift distribution on all radio sources.

The clustering measurements from LoTSS-DRI are pre-
sented in Siewert et al. (2020). After carefully accounting for
survey masks, systematic issues, and artefacts arising from
multiple components of radio sources, they achieve clustering
measures for radio sources that reasonably align with stan-
dard ACDM cosmology. A complementary clustering study
that is based on the wider LoTSS-DR2 radio source catalogue
(Shimwell et al. 2022) is presented in Hale et al. (2024). In
Nakoneczny et al. (2024) the cross-correlation of LoTSS-DR2
radio sources with the cosmic microwave background is stud-
ied. The analysis of Hale et al. (2024) and Nakoneczny et al.
(2024) fixes the flux density threshold to 1.5 mJy and is based
on the method to infer the overall redshift distribution of LoTSS
deep field sources presented and discussed in detail in this work,
but also differs in order to make use of both spectroscopic (for
26% of all deep field sources) and photometric redshifts. In this
work, we do not to make use of any spectroscopic information.
The selection function for the available spectroscopic data of
cross-matched radio sources in the three deep fields is unknown.
Ideally they would be drawn from a random sample of radio
sources. In order to avoid such biases, we stick to the photo-
metric data, which are sampled homogeneously in each of the
three fields. We assume that the remaining systematic uncertain-
ties of the photometry are captured by the differences in multi-
wavelength coverage and data quality between the three fields,
which we account for by bootstrap sampling as described below.

Throughout, we assume the spatially flat Lambda cold
dark matter (LCDM) model to convert the redshift of an
object to a spatial distance (and vice versa) and use Qy =
0.317, in agreement with the Planck best-fit parameters
(Planck Collaboration VI 2020). This work is structured as fol-
lows. In the next section we describe the LoTSS-DF-DRI1 data
and obtain the redshift distribution for flux density limited sam-
ples from the measured posteriors of photometric redshifts, as
presented in Duncan et al. (2021). We describe our technique

2 To be made available on Vizier after publication of this work.
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of weighted stacking of redshift pdfs of sources from the three
aforementioned fields. In Sect. 3 we summarise and extend
some of the results on the angular two-point correlation func-
tion from Siewert et al. (2020) with the wide field LoTSS-DR1
(Shimwell et al. 2019). We estimate the clustering length in
Sect. 4. Finally, in Sect. 5 we present our conclusions.

2. Redshift distribution from LoTSS Deep Fields

We consider the task of obtaining a redshift distribution func-
tion from the LoTSS-DF-DR1 (Tasse et al. 2021; Sabater et al.
2021). Located in some of the best-studied northern extra-
galactic survey fields — Bootes, European Large Area Infrared
Survey field North 1 (ELAIS-N1 or EN1), and the Lockman
Hole (LH) — the LoTSS Deep Fields data reach a rms sensitiv-
ity of ~32, 20, 22 pJy/beam at a central frequency of 144 MHz
for Bootes and LH, and at 146 MHz for ENI1, respectively
(Tasse et al. 2021; Sabater et al. 2021).

For the three deep fields multi-wavelength observations are
available for different fractions of field of view. They cover the
infrared, optical and X-ray and together allow us to identify and
match 96% of the radio sources within about 26 square degrees
of sky (Kondapally et al. 2021). In all three fields, the multi-
wavelength matched aperture photometry used for source identi-
fication and photometric redshift analysis spans from the UV to
mid-infrared, however the exact set of filters and their associated
sensitivity varies from field to field (Kondapally et al. 2021, see
also Fig. 1 of Duncan et al. 2021).

The photometric redshifts were obtained using a hybrid
method that combines both template fitting and machine-
learning estimates to produce a consensus redshift estimates and
associated calibrated uncertainties. The full methodology is pre-
sented in Duncan et al. (2021), here we briefly summarise the
implementation. Three different template based estimations are
calculated using the EAZY software (Brammer et al. 2008) with
three different template sets chosen to represent a range of dif-
ferent spectral energy distributions expected in the radio popu-
lation, including both stellar only emission and combined stel-
lar and active galactic nuclei (AGN) emission (Duncan et al.
2018a). The individual template fitting results are separately
optimised using zero-point offsets calculated from the spectro-
scopic redshift sample in each field and the posterior redshift
predictions calibrated such that they accurately represent the
uncertainties in the estimates. Next, additional machine-learning
estimates are produced using the Gaussian process redshift code,
GPz (Almosallam et al. 2016a,b), with training and prediction
performed separately for each field using the respective photom-
etry and spectroscopic training samples.

Finally, the individual template and machine-learning esti-
mates are then combined following the hierarchical Bayesian
combination method presented in Dahlen et al. (2013), incor-
porating the additional improvements outlined in Duncan et al.
(2018a,b). The consensus photometric redshift posteriors for an
individual galaxy, p;(z), are evaluated onto a grid based on the
initial redshift steps used for template fitting, spanning from
0 < z < 7. A sample of photometric redshift pdfs for nine ran-
domly selected sources, three from each of the three deep fields,
is shown in Fig. 1. As the figure demonstrates, the posterior pdf
of many sources has a well defined peak, e.g. the sources indi-
cated by the green full line, the red line with dots, or the pur-
ple dashed line, while other posterior pdfs are multi modal, e.g.
the sources shown by the blue and orange full lines. For other
sources, like the ones indicated by the pink dashed line and the

—— Bootes

Example sources Boodtes

5 —— Boodtes
LH
--- LH
4 === LH
EN1
—— EN1
~ EN1
X3
=%

Fig. 1. Example photo-z redshift posterior distributions of some sources
from each of the three LoTSS Deep Fields (coded by colour and line-
style).

grey line with dots, it is clear that they are at z > 1, with a broad
redshift distribution.

Table 1 shows the number of radio sources for various flux
density thresholds per deep field and the fraction of sources
with photometric and spectroscopic redshifts (not used in this
work, but included in Hale et al. 2024; Nakoneczny et al. 2024).
Note that these numbers do not include any quality assess-
ments, besides the mere existence of the posterior photo-z esti-
mate. The degree of completeness of the photometric redshifts
decreases with increasing flux density from 96% below 0.5 mJy
to 91% at 8 mJy. The brighter sources are almost exclusively
AGN (Best et al. 2023), a population that extends to high red-
shifts where multi-wavelength data become incomplete. Intro-
ducing a flux density threshold of at least 0.5 mJy, the fraction
of spectroscopic redshifts lies between 10% and 41%, depend-
ing on the field and its flux density threshold. Note that while
in the EN1 field the overall fraction of spectroscopic redshifts
is as low as 5% without a flux density threshold (besides the
source detection criterion of a signal to noise ratio of 5), for a
flux density limit of 8 mJy spectroscopic redshifts are available
for 41% of all radio sources. For the Lockman Hole we observe a
similar trend, but reach only a completeness of 20% at the high-
est flux density threshold. In contrast, also less complete at the
highest flux densities, in the case of the Bootes field, the fraction
of radio sources with spectroscopic redshifts varies just between
21% and 30%. Obviously, spectra have not been sampled in a
homogeneous manner over the three deep fields. In contrast to
the spectroscopic redshifts, the completeness level of photomet-
ric redshifts is not only significantly higher, but also shows less
fluctuation between the three fields (the fluctuations are at most
4% at any given flux density threshold and at most 7% between
all different flux density cuts in the same deep field).

The photometric redshift estimates for radio sources come
with varying uncertainties in measurements (Benitez 2000;
Brodwin et al. 2006; Duncan et al. 2021). As outlined above, the
estimates are from a probability distribution function. For the
purposes of reducing the full redshift posterior into a single pho-
tometric redshift for catalogues, Duncan et al. (2021) define the
single photometric redshift value, z1_median, as the median
of the primary peak in the p;(z) above the 80% highest prob-
ability density credible interval (HPD CI; Wittman et al. 2016,
see also Duncan et al. 2019 for a more detailed discussion). In
the LoTSS-DF-DRI1 release, the ‘best’ redshift, z_best, is then
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Table 1. Number of sources and fractions of photometric and spectroscopic redshifts in three LoTSS deep fields.

Smin Bootes Bootes Bootes LH LH LH EN1 EN1 ENI
mJ y N f photo fipec N fi;)hoto f;pec N f photo fqpec
0.0 19179 0.95 0.21 31162 097 0.05 31610 096 0.05
0.5 7991 0.95 0.28 9356 096 0.10 5591 096 0.16
1.0 2939 0.93 0.31 3464 094 0.17 2091 0.94 0.26
1.5 1848 0.92 0.31 2169 093 0.18 1287 094 0.31
2.0 1379 0.91 0.31 1617 092 0.19 968 093 034
4.0 791 0.92 0.30 948 091 0.19 555 093 0.36
8.0 491 0.92 0.29 615 0.89 0.20 370 093 041

Notes. S in denotes the flux density threshold, N the number of sources, and f the fraction of sources having photometric redshift pdfs and

spectroscopic redshift measurements, respectively.

1.2

—— Weighted sum

[J EN1, 1981

[ LH, 3257
Boodtes, 2734

Fig. 2. Weighted sum, p(z), using z_best value from the LoTSS Deep
Fields for a flux threshold of 1 mJy. The numbers in the figures legend
indicate the number of sources in each field used in the measurement.

defined as the spectroscopic redshift if available, or z1_median
otherwise. One could then compute the probabilistic distribution
of all the sources as a function of redshift, p(z), using these ‘best’
estimate values for redshift, see Fig. 2. From this figure, the vari-
ation from field to field is evident, as well as likely nonphysical
features or biases arising from the sensitivity limitations within
the multi-wavelength dataset (e.g. the peak in redshift distribu-
tion at z ~ 1.8).

However, Fig. 2 does not take into account the inherent
uncertainties in the redshift measurement. In this work we there-
fore consider the full posterior pdf from photo-z estimates.
Since the photometric redshift estimates are posterior pdfs that
do incorporate all the available information about the redshift
uncertainties, here we use a stacking approach to combine them.
The advantage of such an approach is its simplicity, but it cer-
tainly makes strong implicit assumptions. The most important
one that there is no correlation between the individual poste-
rior pdfs, which is certainly not true as they all depend on
the same systematic issues of a given set of multi-wavelength
observations (see Malz & Hogg 2022 for a detailed discussion).
Using estimates from three different fields with different multi-
wavelength observations alleviates this problem, but does not
solve it entirely.

In the following, we consider the redshift distribution as
a function of the flux density threshold. Here we provide
more details on the procedure already presented and applied in
Hale et al. (2024) and Nakoneczny et al. (2024). Our procedure
ensures that the stacked and weighted pdfs are properly nor-
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malised. The posterior pdfs of each source are stored at N, = 701
redshifts z; that are equally spaced between zo = 0 and z79; = 7.
They are normalised to unity using a trapezoidal integration rule.
Our estimate of the redshift distribution in each field f is then

Ny
1
PO =5 Z] Ps(2). @)

Here, p,(2) is the posterior pdf for source s in field f, Ny denotes
the total number of sources with posterior pdf in field f. We
obtain posterior pdfs for flux density limited samples for each
field and a weighted sum is taken by combining each of these

Py ie.

3 3
p@ =Y wps@, Y wp=1. 3)
f=1 f=1

Here, the weight wy represents the fraction of sources in a field f.

The errors on the weighted sum p(z) are computed using the
standard bootstrap resampling method. We make N, = 50 ran-
dom samples for different flux density thresholds for each field;
this is done by applying the method of selection with repetition,
i.e., a sample of Ny sources is formed from the original catalogue
by selecting sources randomly from the original catalogues for
each field with repetitions allowed. The weighted sum is com-
puted from each of these, resulting in a set of bootstrap samples,
{p»(2)}, which are then used to compute uncertainties based on
the empirical variance,

Ny _ 5 2
Ap(e) = \/szl[zxizi ror,

“

Here, p(z) is the weighted sum obtained from the means of the
bootstrap samples of the three fields.

Figure 3 presents the resulting ps(z) and p(z) with an esti-
mate of uncertainties for flux density thresholds of 1, 2, 4 and
8 mly, respectively. We find reasonable agreement between all
three fields and at all flux density thresholds. Some notable vari-
ations are seen at z < 0.5, which are likely due to real differ-
ences in the large scale structure at low redshifts (the effect of
cosmic variance), but might also be influenced by differences
in multi-wavelengths coverage or effects of aperture photome-
try for nearby sources. Another notable variation is observed in
the redshift range between 1 and 2. These differences at truly
cosmological distance are most likely due to the different multi-
wavelength coverage of the three deep fields. By employing
errors based on the bootstrap resampling method, we capture



Bhardwaj, N., et al.:

Bootes, 2732
LH, 3256

EN1, 1981
Weighted sum

1mly

Bootes, 728
LH, 859

EN1, 518
Weighted sum

4 m)y

A&A, 692, A2 (2024)

Bootes, 1261
LH, 1490
EN1, 906
Weighted sum
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Bootes, 451
LH, 548

EN1, 343
Weighted sum
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Fig. 3. Redshift distribution for individual LoTSS Deep Fields, p(z), and their weighted sum, p(z), using photo-z pdfs from LoTSS Deep Fields
DRI for flux density thresholds of 1, 2, 4 and 8 mJy, respectively (top left to bottom right panels). Uncertainties are estimated by bootstrap

resampling.

1.0

—— LoTSS, 7969
[ TRECS, 8532
[ COsMoOs, 778

1 mly
0.8

0.6

p(z)

0.4

0.2

0.0,

Fig. 4. Comparison of p(z) from T-RECS medium deep field and COS-
MOS 3 GHz survey (scaled to 144 MHz) with LoTSS Deep Fields DR1
weighted sum p(z) for a flux density threshold of 1 mJy.

both the systematic differences of photo-z measurements and
cosmic variance. A comparison with Fig. 2 shows that the pro-
nounced peak in the redshift range 1-2 turns into an increased
uncertainty on the pdfs in that range when the pdfs of individual
sources are stacked.

In Fig. 4, we also compare our results to estimates of the
redshift distribution for radio galaxies from COSMOS field

(Smolcic¢ et al. 2017) — after scaling the flux density S o v
with an assumed spectral index of « —0.8 and applying
equivalent flux density thresholds, and the T-RECS simulation
(Bonaldi et al. 2023). We find only reasonable agreement of our
weighted sum p(z) with the p(z) estimated from these two ref-
erences. The T-RECS simulation shows an excess of sources at
1 < z < 2 and a deficit at small redshifts compared to our results.
The p(z) estimated from the COSMOS field is in agreement with
our weighted sum p(z) except at around redshift values of 1. Note
that the LoTSS Deep Field sample contains about an order of
magnitude more sources than the COSMOS field at correspond-
ing flux density thresholds and should therefore be less affected
by cosmic variance.

3. Angular two-point correlation from LoTSS-DR1

The angular two-point correlation function, w(6), quantifies the
angular clustering of extra-galactic sources (Peebles 1980). It
measures the excess probability of finding a source in the vicin-
ity of another source, separated by an angle 6. In case of Pois-
son distributed point sources this function would be zero. In this
work we parameterise w(6) by a simple power law,

o\
ldeg)

This ansatz is motivated by a corresponding power-law ansatz
for the three dimensional spatial correlation function, see the
next section for more details.

w(6) = A ( 5)
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10!

I 2my
$ 4my
8 mjy

10{8-0_8 1008

6 [deq]

Fig. 5. Absolute value of two-point angular correlation function for dif-
ferent fluxes and their corresponding fit lines (solid lines show the best-
fit power-law and dashed lines show the fits after including the effect of
the integral constraint) over the fit-range 0.2 deg < 6 <2 deg with same
colour codes. Open symbols for data points indicate negative values of
w(6). Data and fits for 8 mJy are new, for 2 and 4 mJy we take them from
Siewert et al. (2020).

Siewert et al. (2020) measured the angular two-point cor-
relation function and fitted the amplitude of angular cluster-
ing A and the index y for radio sources above different flux
density thresholds LoTSS-DRI radio sources from the HET-
DEX spring field (Shimwell et al. 2019). The basis for the angu-
lar clustering measurements is the LoTSS-DR1 value added
source catalogue (Williams etal. 2019) containing 318 520
radio sources observed over 424 square degrees. The measure-
ments of w(f) make use of the optimal estimator originally
defined by Landy & Szalay (1993). Measurements of w(6) from
Siewert et al. (2020) are reproduced in Fig. 5, where we also add
a new measurement at S i, = 8 mJy. The estimated angular cor-
relation, W(6), is biased due to the integral constraint which arises
due to the finite geometry of the survey. Therefore, we also report
the estimated bias wq, that we obtain from an iterative fit, i.e.
W(0) = A(6/1deg)'™” — wq (see Appendix of Siewert et al. 2020
for details). The fit range was chosen in Siewert et al. (2020)
as 0.2deg <6< 2deg, avoiding the effects of non-linear struc-
tures at the small scales and systematic flux density uncertainties
between different pointing on the larger scales (the typical dis-
tance between two pointing is 1.7 deg). We consider the ‘mask
1’ measurement for flux density thresholds of 1, 2 and 4 mJy
and the additional flux density threshold of 8 mJy, for which we
follow the same analysis pipeline, but use only half the num-
ber of bins for the angular separation 6 to retain a similar num-
ber of source pairs per bin. Fig. 5 presents the results for the
2,4, 8 mJy flux density thresholds. We summarise the measure-
ments from Siewert et al. (2020) and our new results in Table 2.
We also quote the goodness of fit and number of radio sources
after masking the survey area and flux density cut. We obtain the
best goodness-of-fit for the 8 mJy sample, A = 7.69 + 0.33 and
v —1 =10.89 £ 0.49. However, the rather small sample size leads
to rather large uncertainties. The smallest uncertainties with a
still acceptable goodness-of-fit are found for the 2 mJy sample,
A = 511+£0.60 and y — 1 = 0.74 = 0.16, as discussed in
Siewert et al. (2020).

These measurements of A (reported at 1deg) are higher to
measurements in the literature: For NVSS, A = (1.45 + 0.15) x
1073, y —1 = 1.05 £ 0.10 has been obtained by Blake et al.
(2004) for S 46H, > 10mJy and A = (1.0 + 0.2) x 1073 for
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v — 1 = 0.8 by Overzier et al. (2003) for similar flux density
thresholds. In a more recent study Rana & Bagla (2019a,b) have
measured A = (8.4 +0.5) x 103 and y — 1 = 0.77 + 0.15 for
TGSS at S 1s4my; > 100 mJy, which is in better agreement with
our measurements, especially at our highest flux density thresh-
old of 8 mJy. Note that Siewert et al. (2020) concluded that only
LoTSS-DR1 results at and above 2 mJy should be used for cos-
mological analysis, as sources at lower flux densities still suf-
fer from systematic issues that have not been understood well
enough in LoTSS-DRI1. Discussions of these potential system-
atic issues are commented on in Hale et al. (2024). The newly
added data point for flux densities above 8 mJy is in agreement
with the results at 2 and 4 mJy, however the significantly reduced
number of radio sources at flux densities above 8§ mJy reduces the
statistical significance of the measurement. In Hale et al. (2024)
the LoTSS-DR2 angular two-point correlation has been mea-
sured for a flux density threshold of 1.5 mly, where for a fixed
value of ¥ — 1 = 0.8, an amplitude of A = (2.887%97) x 10~3 was

20,06
found.?

4. Clustering scale

Ignoring relativistic effects (Yoo 2010; Challinor & Lewis 2011;
Bonvin & Durrer 2011), the relation between the typical comov-
ing length scale of clustering, ry, and the angular two-point cor-
relation w(6) is given by Limber’s equation (Limber 1954). One
has to assume the statistical isotropy and homogeneity of the
large-scale structure and a functional form for the spatial two-
point correlation function, £(r), where r denotes the comoving
distance. Often, a power law is assumed, &(r) = (r/ry)”7, with
v > 0, see e.g. Peebles (1980). Increasing the clustering length
ro, implies an increasing correlation of any pair of objects at
fixed distance r. This ansatz ignores the evolution of large scale
structure. To take the evolution of galaxy clustering into account,
a dependence on redshift must be introduced. A simple ansatz is
to model this evolution as a power of 1 + z,

r s
&(rz) = (—) (1427,

1o

(©)

where e parameterises the type of the galaxy clustering model
(Groth & Peebles 1977; Overzier et al. 2003). € = 0 describes
the ‘stable clustering model’, which assumes that cosmic struc-
tures are gravitationally bound at small scales and do not evolve
over the observed range in redshift. In this model, galaxy clusters
neither expand nor contract with the Universe and have a corre-
lation function which decreases with redshift; e = y — 3 param-
eterises the ‘comoving clustering model’, in which the large
scale structures expand with the Universe and hence their cor-
relation function remains fixed in comoving coordinates. In that
model, cosmic large-scale structures would not (yet) be gravita-
tionally bound. Finally, € = y—1 parameterises the ‘linear growth
model’, in which the clustering is described as per the linear per-
turbation theory (before the cosmological constant starts to dom-
inate). However, the evolution of clustering properties is degen-
erate with the evolution of the galaxy clustering bias (the effect
that the radio source density does not necessarily trace mass den-
sity).

We first state the result of Limber’s approximation, which
holds for small angular scales and a Universe dominated by non-
relativistic matter (see Simon 2007 for a detailed discussion of

> For the reader’s convenience we convert log,yA = -2.54*30!
obtained for the fit-range 0.03 deg 6 < 1 deg by Hale et al. (2024).
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Table 2. Best-fit values of the parameterised angular two-point correlation, the clustering length, and medium sample redshift.

S min A y-1 wo  x*/dodf. role=y=3) r(e=0) ro(e=y—-1) Zmedian
[mly]  (x107%) (x107%) [h'Mpe]l  [h'Mpe]l  [h'Mpc]

1 7201042 0.6870% 1.9 578 40599  10.9+28 14225 158%29 092
2 5.11%0% 074016 12 270 19719 10.1+26 133x21 151%25 096
4 7451095 0461920 3.0 234 11269  95+28  160+3.1 183%39 099
8 7691033 0.891049 14 1.86 3430  133£52 17661 208+74  0.99

Notes. The angular two-point correlation is parameterised as w(f) =

A(6/1deg)'~". We report A and y, as well as the integral constraint (wq) for

the LoTSS-DRI1 value-added source catalogue after appropriate masking (mask 1) in the fit range 0.2deg < 8 < 2deg and for four flux density

thresholds. The corresponding clustering length r; is shown fore =y —3,e =0 and € =

vy — 1. The best-fit values for A and y for 1, 2 and 4 mJy

were already reported in Siewert et al. (2020). All reported uncertainties are 68% confidence intervals. We also report the median of the weighted
posterior redshift distribution at the corresponding flux threshold, respectively.

the range of validity of the approximation)

- /21,

o) = N

f drp*(OF 7 1+ 2P (D)
which we can write as w(f) = A(r) (6/1deg)' ™. Above, I'[x]
denotes the Gamma function. Based on a measurement of A
and v, this relation can be used to compute ry when a model
for the evolution of galaxy clustering is assumed. In Eq. (7) 7 is
the mean comoving radial distance of two sources separated by
comoving distance r. The mean comoving distance corresponds
to a redshift of z = z(7) and p(7) is the window function or pdf in
comoving distance space for, in our case, the radio sources in the
LoTSS deep fields. From observations one generally measures
the window functions as a function of redshift p(z). Equation (7)
needs to be modified accordingly. For this we need a relation
between the comoving radial distance 7 and redshift z, for which
one has to assume a cosmological model.

We consider the case where distances are given by a spatially
isotropic, homogeneous metric and assume a flat LCDM model.
The radial line-of-sight comoving distance for a flat Universe is
then given by,

c *d7
0=1 [ £ ®)
where
E@) = VOm(l +23 + 1 — Qu, 9)

with Qy denoting the dimensionless matter density of the
present Universe and today’s Hubble rate Hy = 100 2 km/s/Mpc.

From the normalisation condition for the redshift distribu-
tion, fow p(z)dz = 1, we find

HyE(2)

pr@) = —— ). (10)

One can then re-write the integral term in relation (7) in terms of
redshift z as,

Ho\™ [
16,00 = () f GFFREF(1 + 27
0

00 2 y—3—€ - dZ’ o
= fo dzE(@)p"(2)(1 +2) (fo E(z’))

From this expression, given the values for the density param-
eters, an evolution model of galaxy clustering, and an observed

an

redshift distribution of galaxies, one can easily compute the clus-
tering length ry. Its unit follows from the unit of the Hubble dis-
tance ¢/Hy, which is 3000 4~! Mpc. We obtain

A= \/_1"[(7—/12)]/2] VOHO)V(%)I’ ’

when we measure the angular separation in units of degrees.
Thus the measured strength of the angular correlation depends
on the cosmological model (Hy, Qy), the correlations length ry,
the exponent 7y, as well as the evolution of clustering, described
by € of the given probe. Obviously, the cosmological model as
well as the clustering properties of dark and baryonic matter
should not depend on the flux density of the chosen sample.
However, the specifics of the chosen probe might depend on the
flux density cut and differ in clustering evolution.

For different flux thresholds and value of € we compute the
clustering length. The expectation and uncertainty of ry are cal-
culated from the corresponding redshift distribution and the val-
ues of A and y from the wide field LoTSS-DR1 as mentioned
in Table 2. We construct a multivariate normal distribution using
these values and the associated covariance matrix, to randomly
select (A,y) pairs from such a distribution. We then randomly
select 100 distributions py(z), as inferred from LoTSS-DF-DR1
(see Sect. 2), and draw 1000 (A,y) pairs for each of those py(z).
Thus we sample 100 000 ry values for each case. Then, similar to
the bootstrap error computation as described in Eq. (4) we com-
pute expectation (mean) and uncertainty of ry. The results are
shown in Fig. 6 and in Table 2. We also show the median red-
shift of the four flux density limited redshift distributions from
LoTSS-DF-DR1, which are between 0.9 and 1.

As shown in Table 2, the most precise measurement of
ro is obtained for 2mly with (10.1 + 2.6) A~ Mpec, (13.3 +
2.1) ht Mpc, and (15.1£2.5) ! Mpc fore = y—-3,0,and y—1,
respectively. The clustering length increases with the value of €.
We also find good agreement between the different flux thresh-
olds for all three models of clustering evolution. For the comov-
ing clustering model (¢ = y — 3) we find (9.5 + 2.8) h~! Mpc
and (13.3 + 5.2) b~ Mpc, for 4mly and 8 mJy, respectively. In
principle an inconsistent clustering model could be identified by
wildly inconsistent clustering lengths for different flux density
cuts, but that is apparently not the case here. However, we should
not expect them to be identical, as the different flux density sam-
ples contain a different mix of AGNs and star forming galax-
ies (SFGs) (see Best et al. 2023), with almost all radio sources
above 8 mJy being AGNs and an increasing (but small) fraction
of SFGs as we lower the flux threshold. This is in line with the

(7. € QM)( (12)
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30F A 2mly (This work)

O 4 mJy (This work)

8 mJy (This work)

0.3 mJyszs, AGNs (Mazumder et al. 2022)
1 mJyj400 (Lindsay et al. 2014)

1.5 mJy (Hale et al. 2024)

20 z < 0.1 (Peacock & Nicholson 1991)

bt

L]'.Z.()

Fig. 6. Comoving correlation length for different flux density thresh-
olds at the central LoTSS frequency of 144 MHz and clustering param-
eter €. For comparison a selection of measurements from the literature
are shown. The result of Peacock & Nicholson (1991) uses bright radio
galaxies at z < 0.1 and does therefore not depend on the clustering
evolution (ignoring any factors of 1 + z, they implicitly use the comov-
ing clustering model), thus applies to any value of €. The analysis of
Mazumder et al. (2022) uses observations at 325 MHz and distinguishes
AGNSs and SFGs. We show their results for AGNs. The radio sources
from Lindsay et al. (2014) (FIRST at 1.4 GHz) and Hale et al. (2024)
(LoTSS-DR2 at 144 MHz) are mostly AGNs.

slight decrease of medium redshift with decreasing flux density
threshold, as the first SFGs that are detected tend to be at smaller
redshifts.

Several studies have measured the comoving cluster-
ing length for galaxies, including radio galaxies (see, e.g.
Magliocchetti 2022). The vast literature on that subject suggests
that ry varies depending on galaxy properties and environment.
Especially luminous and old galaxies give rise to larger clus-
tering length, in contrast to less luminous or blue galaxies. For
nearby radio galaxies (z < 0.1) Peacock & Nicholson (1991)
reported a clustering length of ry = (11.0 + 1.2) A~! Mpc (as this
measurement summarises the amount of clustering today, it can
serve as a reference point for all three evolution models). Later
Overzier et al. (2003) reported a value of 7y = (14 + 3) h~! Mpc
for an analysis of Faranoff-Riley type II (FRII) radio galaxies,
which contribute dominantly to the correlation length at high
flux densities (S14gH, > 200mly) in NVSS and FIRST. At
lower flux densities and for the mix of all radio sources, they
find smaller clustering length of ry = (4—10)h~! Mpc, depend-
ing on the flux density threshold. Based on a simulated redshift
distribution of FIRST sources at S| 4, > 1 mJy, Lindsay et al.
(2014) find ro = 8.20*) A~ Mpc (scaling with a spectral index
of @ = —0.8 or —0.7 to the central LoTSS frequency we should
compare to S > 6.2mly or 4.9 mly, respectively). These num-
bers correspond to the analysis for the comoving clustering
model (¢ = y — 3). Those findings have been confirmed by more
recent studies (see, e.g. Magliocchetti 2022).

Inspecting our results for the comoving clustering model
(see Fig. 6 and Table 2), we find that they are in good agree-
ment among each other for all considered flux density thresholds
and with the values that have been measured for radio galax-
ies at 1.4 GHz (see above). Our results are consistent with the
trend observed at 1.4 GHz that increasing flux density thresh-
olds seem to go along with stronger clustering. Combining
our findings with results based on TGSS (Dolfietal. 2019;
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Rana & Bagla 2019a,b), we see the same trend. In Hale et al.
(2024) the analysis of LoTSS-DR2 reveals for y — 1 = 0.8 a
value of ry = (7.32”_’8:_2?) h™' Mpc at 1.5m]y (note the differ-
ent fit range: 0.03deg < 6 < 1deg), also consistent with this
trend. At 325 MHz, Mazumder et al. (2022) measured the clus-
tering length from a deep observation of the LH for AGNs (with
Zmedian = 1.02, very similar to our analysis) and SFGs separately
at a flux density above 0.3 mly, corresponding to about 0.6 mJy
at the LoTSS frequencies. They find rgGN = 8.30:’81(9)? h~' Mpc,
when assuming ¥ — 1 = 0.8. Our result is close to their
finding.

Let us also investigate the stable clustering (¢ = 0) and linear
growth model (€ = y— 1), with results for both of them presented
in Fig. 6 and Table 2. We measure values for ry that are close to
those measured for galaxy clusters (e.g. (24 + 9) A~ Mpc from
Bahcall & Soneira 1983; Postman et al. 1992). They show the
same trends of more clustering for brighter objects, but provide
clustering lengths that exceed the local reference measurement
from Peacock & Nicholson (1991), which makes them less plau-
sible, as our values probe the strength of clustering at a median
redshift close to unity, and thus both models would suggest that
the clustering of radio galaxies actually decreased since redshift
of unity. While in principle this is expected for a LCDM model in
the future (all not gravitationally bound structures will be diluted
in the de Sitter future of the universe), the onset of acceleration
is not far enough in the past to make those models plausible. It
is interesting to note that the for models with larger € the trend
of more clustering for higher flux density threshold is more pro-
nounced than for the comoving model.

Looking at our findings and measurements from the litera-
ture, the comoving clustering model can easily match the data
for the local and radio loud AGNs, which implies that in fact
there is no redshift dependence in &(r). This would mean that the
galaxy clustering bias must be a function of redshift inversely
proportional to the growth of the large scale structure. Indeed
Hale et al. (2024) and Nakoneczny et al. (2024) find that such a
bias model provides a better description of the LoTSS-DR?2 data,
compared to a redshift independent galaxy clustering bias.

Finally, we investigate the effect that using the improved
posterior redshift distribution in Eq. (2), and shown in Fig. 3,
has over obtaining the redshift distribution based on catalogued
Zbest Values, for which an example is shown in Fig. 2. For the
flux density threshold with the best statistics but still above
the systematic limitations of LoTSS-DR1, namely S > 2mly,
we find ro = (9.9 + 2.4)h~! Mpc, (12.9 + 1.9) A~ Mpc, and
(14.3 + 2.3) h~' Mpc for € = y — 3,0, and y — 1, respectively.
Those are less than 10~ smaller than the correlation lengths mea-
sured by means of the full posterior distribution p(z) and shown
in Fig. 6 and Table 2. For these estimates only the uncertainties
in (A,7y) are taken into account. The correlation lengths based
on Zhey values tend to underestimates the high-z tail of the dis-
tribution, as AGNs are sometimes mistaken for SFGs at lower
redshift, but the opposite happens less likely, as was shown by
Duncan et al. (2021). Our method accounts for those systematic
and thus results in a slightly larger value of the clustering length
as moving objects at fixed angular distance to larger redshift
increases their physical distance. Our findings seem to indicate
that the measurement of the correlation length is not strongly
depending on the assumptions made here and for a rather lim-
ited survey area of LoTSS-DR1 with its large uncertainties on A
and y. However, already with the significantly reduced statistical
uncertainties of LoTSS-DR2, see Hale et al. (2024) who report
uncertainties of Ary ~ 0.6 4~! Mpc, this is no longer the case.
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5. Conclusions

In this work we obtained estimates of the redshift distribution
p(z) of LoTSS Deep Field radio sources for various flux den-
sity limits and quantified their uncertainties Ap(z) by means
of bootstrap resampling. We based our estimates on stacking
the posterior pdfs for individual radio sources as described and
determined in Duncan et al. (2021), which had made use of
the good multi-wavelength coverage (Kondapally et al. 2021) of
radio sources from three LoTSS Deep Fields (Tasse et al. 2021;
Sabater et al. 2021). These had allowed Duncan et al. (2021) to
obtain posterior pdfs for the photometric redshift of 96% of all
radio sources in the survey region with good multi-wavelength
information. After applying a flux density threshold, the photo-
metric redshift completeness drops to 91%. We have implicitly
assumed that the remaining 4-9% of radio sources follow the
same distribution, which might result in an underestimation of
the number of radio sources at redshifts above unity. By averag-
ing over three different deep fields and over a total area of about
26 square degrees, we reduce cosmic variance and estimate the
effects of systematic issues by bootstrap resampling of the data.
We conclude that LoTSS radio sources above a flux density of
1 mJy have a median redshift of about unity.

We also used the inferred redshift distribution of the LoTSS
deep fields and applied it on the wide field clustering data from
LoTSS-DR1 for three different flux density thresholds, 2, 4 and
8mly (the results for 1 mJy are shown for completeness, but
should not be trusted as they still suffer from systematic issues;
see also the discussions in Siewert et al. 2020 and Hale et al.
2024). We find good consistency for the comoving clustering
model in which the clustering structures have formed well before
they are observed and probed by the survey, which indicates that
halos hosting radio galaxies (which are rare compared to normal
optical or infrared galaxies) are in most cases not gravitationally
bound to each other and therefore expand with the Hubble flow.
Our most precise result is that for 2 mJy, with a clustering length
of ry = (10.1 + 2.6) A~ Mpc. Our bootstrap analysis shows that
the precision in this analysis is largely limited by the precision
of the measured angular two-point correlation function rather
than the redshift distribution of sources. This will change with
larger LoTSS samples and significantly improved measurements
for A and v, as already clear from the LoTSS-DR2 analysis in
Hale et al. (2024).

Our study of the redshift distribution of radio sources also
allows us to estimate the size of the sampled comoving volume
of the wide area LoTSS. As an estimate we weight the comoving
volume of the Universe by the redshift distribution of LoTSS
radio sources,

2
Viotss = f dQ f dz—p(Iz;(rZ)(z).

Thus, LoTSS-DR2 (Shimwell et al. 2022), which covers about
1/8 of the full sky, probes ~3.3 73 Gpc>. After LOFAR observ-
ing cycle 20 (which finishes in summer 2024) the coverage
of LoTSS will allow us to increase this volume to about
~10/h3 Gpc3. This demonstrates the unique potential to mea-
sure the largest cosmic structure of combining wide area radio
continuum surveys with multi-wavelength information. The
WEAVE-LOFAR survey (Smith et al. 2016) aims at obtaining
spectroscopic redshifts for all LoTSS sources above a flux den-
sity of 8 mJy. The clustering study of this work thus serves as a
first reference point for much more detailed studies of the three
dimensional large scale clustering based on radio selected spec-
troscopic redshifts, which, compared to optically and infrared
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selected samples, will provide an independent and complemen-
tary probe of the Universe at the largest scales.
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