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Schedule
• Welcome and Introduction (10’)


• Catherine Hale (20’ + 5’) 
Improved mock catalogues for LoTSS and initial investigations into the Conditional Luminosity Function 
in the deep fields 


• Thilo Siewert (20’ + 5’) 
The counts-in-cell distribution and angular two-point correlation function in LoTSS-DR1


• David Alonso (20’ + 5’) 
Cross-correlation with CMB lensing convergence, redshift distribution and bias of LoTSS-DR1 sources


• Cristy Garcia (20’ + 5’) 
Investigations of clustering in LoTSS Deep Fields


• General discussion (10’)
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Fig. 1: This figure shows the e↵ective noise in the LoTSS-Deep
continuum maps as compared to other existing and future sur-
veys. A spectral index of ↵ = �0.7 has been used to convert flux
densities to the 1.4 GHz reference frequency.

(see Padovani 2016, and references therein). The LoTSS-Deep
Fields target noise levels of ultimately . 10 µJy.beam�1, thereby
entering a new fainter, higher redshift regime where star forming
galaxies and radio quiet AGN will outnumber the population of
radio loud AGN, and thereby probing the evolution of those pop-
ulations over cosmic time. Fig. 1 is inspired by that of Smolvcić
et al. (2017a) and shows a sensitivity and surveyed area compar-
ison between various existing and future surveys. These include
TGSS (Intema et al. 2017), FIRST (Becker et al. 1995), NVSS
(Condon et al. 1998), VLA-COSMOS (Schinnerer et al. 2004;
Smolvcić et al. 2017b), VLASS (Lacy et al. 2020), EMU (Norris
2010), VLA-SWIRE (Owen & Morrison 2008), SSA13 (Foma-
lont et al. 2006), Stripe-82 (Heywood et al. 2016), XXL (Butler
et al. 2018, and references therein), DEEP2 (Mauch et al. 2020),
LOTSS-DR1 (Shimwell et al. 2017b), HDF-N (Richards 2000),
WENSS (Rengelink et al. 1997), GLEAM (Wayth et al. 2015),
and SKA (Prandoni & Seymour 2015a).

The depth of the LoTSS-Deep Fields is unlikely to be rou-
tinely surpassed at these low frequencies even into the era of the
first phase of the Square Kilometer Array (SKA, Dewdney et al.
2009) because, although the SKA will have the raw sensitivity
to easily reach such depths, the confusion noise of the SKA-low
will likely increase the image rms to values exceeding the tar-
get depth of the LoTSS-deep images (see e.g. Zwart et al. 2015;
Prandoni & Seymour 2015b). In order to construct the LoTSS-
Deep Fields, we have selected the Boötes, Lockman Hole, and
ELAIS-N1 fields, together with the North Ecliptic Pole (NEP).
Each of them is covered by a wealth of multiwavelength data,
necessary to derive photometric redshifts and low frequency ra-
dio luminosities, thereby providing an e�cient way to estimate
Star Formation Rate (SFR hereafter) in galaxies for example. To-
gether, these four multiwavelength fields allow us to probe a total
sky area of & 30 deg2, in order to probe all galaxy environments
at z > 1.

It is, however, quite challenging to make thermal noise lim-
ited images at low frequencies because of the presence of Di-
rection Dependent E↵ects (dde), such as the ionospheric distor-
tions, and the complex primary beam shapes of phased arrays.
We have shown (Shimwell et al. 2019) that using a novel set of

calibration and imaging algorithms developed by Tasse (2014a),
Smirnov & Tasse (2015) and Tasse et al. (2018) we were able
to estimate and compensate for the dde, and thus use LOFAR to
produce thermal noise limited maps from 8-hour LOFAR obser-
vations in a systematic and automated way, while keeping the
computational e�ciency high enough to be able to deal with the
high LOFAR data rates.

In this first paper of a series we present an improved strategy
to reach thermal noise limited images after hundreds of hours of
integration on the Boötes and Lockman Hole extragalactic fields,
reaching ⇠ 30 µJy.beam�1 noise levels, while being more robust
against absorbing faint unmodeled extended emission and dy-
namic range issues. In Sec. 2 we introduce the dd calibration and
imaging problem, together with the existing software that we use
to tackle it. We describe our dde calibration and imaging strategy
(ddf-pipeline-v2) in Sec. 3 (for completion in appendix A we de-
scribe ddf-pipeline-v1 that was presented in detail in Shimwell
et al. 2019). In Sec. 4 we use ddf-pipeline-v2 to synthesize deep
images over the Boötes and Lockman Hole extragalactic fields
and present these deep low frequency images. The subsequent
papers in this series will present the deeper ELAIS-N1 data prod-
ucts (Sabater et al. 2020, in prep.), the multiwavelength cross
matching (Kondapally et al. 2020, in prep.) and the photomet-
ric redshifts and galaxy characterisation (Duncan et al. 2020, in
prep.).

2. LoTSS and the third generation calibration and

imaging problem

Calibration and imaging techniques have greatly evolved
since the first radio interferometers have become operational.
First generation calibration is commonly refered as direction-
independent (di) calibration, where calibration solutions are
transferred to the target from an amplitude and/or phase calibra-
tor field. Second generation calibration is the innovation, begin-
ning in the mid-1970s, of using the target field to calibrate itself
(self-calibration: Pearson & Readhead 1984). Third generation
calibration and imaging consists in estimating and compensat-
ing for direction-dependent e↵ects (dde).

As mentioned above, it is challenging to synthesize high res-
olution thermal noise limited images with LOFAR (van Haarlem
et al. 2013). Specifically, LOFAR (i) operates at very low fre-
quency (⌫ < 250 MHz), (ii) has very large fields of view (fwhm
of 2 – 10 degrees), and (iii) combines short (⇠ 100 m) and long
(⇠ 2000 km) baselines to provide sensitivity to both the compact
and extended emission. Because of the presence of the iono-
sphere and the usage of phased array beams, the combination
of (i) and (ii) make the calibration problem direction-dependent
by nature. In Sec. 2.1 we introduce the mathematical formalism
used throughout this paper, while in Sec. 2.2 and 2.3 we describe
the algorithms and software used for di and dd calibration and
imaging.

2.1. Measurement equation formalism

The Radio Interferometry Measurement Equation (rime, see
Hamaker et al. 1996) describes how the underlying electric
field coherence (the sky model), and the the various direction-
independent and direction-dependent Jones matrices (denoted G
and J respectively), map to the measured visibilities. In the fol-
lowing, we consider the electric field in linear notation (along
the x and y axes), at frequency ⌫ in direction s = [l,m, n =p

1 � l2 � m2 ]T (where T is the matrix transpose) and write
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S ∝ να, α = − 0.7, − 1.0, − 1,5



Status of cosmology 
• Statistically isotropic and homogeneous Universe


• Gaussian matter and curvature fluctuations


• Scale-free power spectrum 


• Structure grows via gravitational instability, described by general relativity


• Dark matter and cosmological constant


• OPEN ISSUES: H0 and S8 problems, measure relativistic effects, 
anomalously large dipole in NVSS, WENSS, SUMSS, TGSS catalogues 
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Consequences for radio sky 
• In cosmological standard model, all information on the very early Universe is 

contained in the one- and two-point (auto- and cross-) distributions 

• Radio sources are test particles to probe the large-scale structure at large and 
ultra-large scales and over a wide redshift range (distribution and evolution)


• Provide multiple tracers of the large-scale structure (e.g. SFGs and AGNs) to  
reduce limitations from cosmic variance, especially on ultra-large scales


• Studies of the large-scale structure are limited by shot noise and cosmic variance, 
which require large number of sources and wide sky coverage 


• Cosmological studies require good systematic understanding of the value added 
LoTSS catalogues, including photo-z’s, classification of sources, etc. 
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Published LoTSS Cosmology
• T.M. Siewert et al.,  

One- and Two-point Source Statistics from the LOFAR Two-metre Sky Survey 
First Data Release,  
A&A 643 (2020) A100, arXiv:1908.10309


• D. Alonso et al.,  
Cross-correlating radio continuum surveys and CMB lensing: constraining 
redshift distributions, galaxy bias and cosmology,  
MNRAS accepted, arXiv:2009.01817


• M.J. Hardcastle et al.,  
The contribution of discrete sources to the sky temperature at 144 MHz,  
A&A accepted (part of LoTSS Deep Fields Special Volume), arXiv:2011.08294



Plans for LoTSS Cosmology
• LoTSS Deep Fields DR1: Learn more on clustering, photo-z distribution, and bias 

(ongoing)


• LoTSS-DR2 (5700 square degrees, 4.5 million radio sources, improved flux density 
calibration), will gain an order of magnitude in sky coverage and statistics, will allow 
us to constrain cosmological models —  
plan for a series of 6 papers, including cross correlations to Planck and eBOSS 
Teams have been formed, work started


• LoLSS: Corresponding survey at 42 — 66 MHz, will cover 25 - 30% of sky,  
cross-matching exercise is under way


• LOFAR-WEAVE will provide spectroscopic follow up of 1 million LoTSS selected 
radio sources, no detailed plans yet, but will be very useful
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