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ABSTRACT

‘We present the third data release of the LOFAR Two-metre Sky Survey (LoTSS-DR3). The survey images cover 88% of the northern sky and
were crealed from 12950 of data (18.6 PB) accumu]aled over 10.5 years. Producing the images took 20 million core hours of processing through
and direct pipelines that correct for instrumental effects as well as spatially and temporally varying
|on0>phenc distortions. In our 120-168 MHz continuum mosaic images with an angular resolution of 6” (9" below declination 10°) we catalogue
13667 877 sources, formed from 16943 656 Gaussian components. The scatter in the astrometric precision approximately follows the expected
noise-like behaviour but with an additional systematic component of at least 0.24” that is likely due to calibration imperfections. The random
flux density scale error is 6%, while the symmanc offset was previously shown to be within 2%. The median sensitivity of our mosaics is
92y beam”", improving o 68 jy beam ! at high observing elevations, but degrading to 183 y beam" at the celestial equator due (0 station
area projection effects. Completeness simulations, accounting for realistic source models, time- and s g effects, and
errors, indicate that we detect more than 95% of compact sources with integrated flux densities exceeding 9 times the local root mean square (RMS)
noise. However, the recovered source counts in a particular integrated flux density bin do not match the injected counts until flux densities exceed
45 times the local RMS noise. The Euclidean-normalised diﬁercnunl source counts derived from the survey constrain the radio source population
over five orders of magnitude and are in good agreement with previous deep and wide-area surveys. All data products are publicly available,
including catalogues, individual-field Stokes , @, U, and V images, mosaicked Stokes / images, and v data with associated direction-dependent
calibration solutions.

Key words. instrumentation: interferometers — catalogs — surveys — radio continuum: general

1. Introduction resolution images with a higher surface brightness (e.g. Oei et al.

2022); Stokes Q and U image cubes at several resolutions

The LOw Frequency ARray (LOFAR; van Haarlem et al. 2013)
Two-metre Sky Survey (LoTSS: Shimwell etal. 2017) is a
120-168 MHz imaging survey of the entire northern sky. The
primary observational aim of the survey is to produce total
intensity images with a root mean square (RMS) noise of
~100pJybeam™" at an angular resolution of 6” under opti-
mal observing elevations. However, olher \usm.e ready dala
products are also being

* Corresponding author: shimwell@astron.nl

(e.g. Ercegetal. 2022 and O’Sullivan et al. 2023); Stokes V
images (e.g. Callingham et al. 2023); and dynamic spectra of
selected variable sources (e.g. Tasse et al. 2025). In addition
to these products, we provide radio source catalogues and uv
data together with the associated calibration solutions. The uv
data can be easily post-processed and tailored to a particu-
lar science case by, for example, tuning calibration and imag-
ing parameters to study faint diffuse emission (van Weeren et al.
2021) or creating source-subtracted data and snapshot images
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LoTSS wide-area

« Original aim was to survey all of the
northern sky to a sensitivity around 0.1
mJy/beam at 6 arcsec resolution

« DR1:400 sq. deg:

0.30

r0.25
« DR2:5,700 sg. deg: 4.4 million sources
* DR3:19,000 sq. deg: 13.7 million sources

« 2551/3168 of the original pointings
observed and processed in the LOFAR1.0
era. Most of the missing coverage is in the
Galactic plane or associated with A-team
sources (Virgo, Cygnus, Cas, Taurus,
Hercules).
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Overview
TN N LI

18.6PB of data split between ~3 million files and
stored at 3 LOFAR archive locations. 0.6 PB
transported to processing
locations over internet

12,950 hrs of telescope time utilising 100 proposals from 2013 to
mid 2024 S

= oldest
bubbles

590TB of final data products (images, cubes, dynamic
spectra, visibilities, calibration solutions, etc) covering 88%

of northern sky

2,551 final science quality images. Created using 20 million
core hours, averaging 400cpu in continuous use for 6 years.

4

08/06/26 Martin Hardcastle



How we did it

Prefactor/Prefactor 3/ LINC on LTA sites DDF-pipeline on remote sites

/* On 60 LOFAR HBA subbands */
I“s f - /* DI initial deconv and clustering */
LATA > Flagg”jg L X, I(ve,Jo. =1,Bq);
Averaging | 12 Q, « C(X);

/* DI calibration and imaging */
13 X, « I (v6,Bo,);
14 V¢ « K (v6, X, Bo, [full, 6to, 6v0, Q);
15 X, I(vg, Bgﬁ);

/* Bootstrapping the flux density scale */

T [ —

- 16 Ve 8B (v‘)
g Basping hased | - o)
calibrator model aTA " — —{S0IVE: /* Phase only DD calibration and imaging */

J Diagonal + 0 3 F) B 12— goF o K (Vi %, Bo,lscalar, 1min, 2MHz, Q,);
\_t MODEL DATA —HMOH .

; e Ceehon nd s y 0.6 PB final
—— Average, LTt T .6 PB fina

Bopy: S . o £ 0T roducts
1 8 6 P B - Pol Align  a—{omm s Solve: compress /* DI calibration and imaging *y
- - Baam —# CORRECTED DATA[ g:mn.:h:u —=Diagonal + 11 v — 7((v,5, JBg,, x;|full, Stg, 5vg, Q(,);
S PPy 4,_Rntatlfn i x:<—I(vg,JB“,);
Faraday Rot. /* On 240 _LOFA}( HBA subbands */
" ——y /* DD calibration */
[Apply: MS . 113 T « F o K (vy4, B, , Ky/scalar, 1 min, 2MHz, Q,);
- Paol. Align [+ pama Solve: /* DI calibiation */
- Baam —# CORRECTED DATA —E“S:L":T::q Diagonal 114 V5, — W(VQA“]B()”,;(:lfull, 619, 6vo, Qo);
- Faraday Rot. MODEL DATA ] /* DD imaging */
+ 115 X, I(vgd,JBQH);
Bandpass /* DD calibration */
A]ﬁply: MS 116 J — & 0 K (v5,, Bo,, Kolscalar, Imin, 2MHz, ©,);
l-Pol Align —1 s Sol L* Slow DDfalibration */
g Sasaing hased ve: 11 J, % (v5,, IBa,, G lscalar, 43min, 2MHz, 2, );
4 — comREcTED DATA— 5 . < 24> 450, 1 ’ > 235 )
— - Bandpass Smoothing Diagonal /* Final imaging steps */
- £ I — — e
FBaaadam o MODEL DATA \ ‘ 118 X, — I(V§4,J;JBs1,);
oL ¥ o I hi 1.19 Facet-based astrometric correction (see Shimwell et al.
il il 2019, for details);

Original strategy by van Weeren+18; key Current strategy by Tasse+21, key tools
tools DP3, Dysco, AOFlagger DDFacet, kMS
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Computational costs

* Bulk processing began in 2017/18

* LINC processing used 150-4,300 core hours
per field depending on demixing and
selfcalibration options. In total 4.2 million core
hours

 LINC executed on compute local to data (i.e.
JUWELS, Spider, Grid)

* DDF-pipeline processing took 6,200 core
hours per field on average over ~6 years.
Typical fields on a modern node about 4,500
core hours. In total 16 million core hours.

* DDF-pipeline executed on LOFAR-UK (Herts),
SURF Spider (NWO grant) and Leiden. Data
transported from and to SURF,

* Reprocessing (see later) another ~ 3 million
core hours...

Stokes V 1st imaging

= 1st calibration
Bootstrap
>, 2nd imaging

Stokes QU

6~ 2nd calibration
\  3rd imaging

Final imaging

3rd calibration

Final calibration 4th imaging

Breakdown of timing of 75hrs on 60 CPU DDF-
pipeline run of 8hr observation with 48MHz
bandwidth.
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LoTSS basic and derived data products

* Field products (2,551 pointings):

08/06/26

6-arcsec Stokes | image
20-arcsec Stokes | image
6-arcsec Stokes V image*
20-arcsec dirty Stokes QU cube
60-arcsec dirty Stokes QU cube
Dynamical spectra per field*

Calibrated visibilities and DD
solutions per field

17546

17157F

167 68

1638

Mosaic products (1,580 mosaics
covering Healpix NSIDE=16 pixels;
beam and rms weighted)

- b6-arcsec Stokes | mosaic
- 20-arcsec Stokes | mosaic
- Source and Gaussian catalogues

Combined source and Gaussian
catalogues

HIPS images usable through Aladin
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DR3 flux density scale

* Flux density scale of each e
LOTSS pointing is set from NG
NVSS (NVSS/5.912). Assuming R 1. :
average NVSS to LoTSS flux . . s
density ratio of several hundred S T oo
sources. Tal v, Sl Y

* We now also attempt to account L %
for variations across the field of ST Rl
view. GRS

* Each individual pointing
catalogue is cross-matched with — neotomoos)
neighbouring pointings. T =

* Aplane is fitted to the measured o | — 500t
flux density ratios R (e

* lteratively derive corrections I I
which are applied in mosaicing

Zdi | il = ! Nhp==SS1E
025 0.000 0.025 0.050 0.075 0.100
Median log;o flux density ratio of overlapping pointings
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DR3 flux density scale

* Checks derived from

1.20

- Comparison with NVSS - standard
deviation of flux ratio 6% //I/ 115

— Source counts per healpix mosaic ; .

— standard deviation of correction ' : ~ 10
factor 4% ‘
* Reasonable to assume a 6% flux scale _r. g -
accuracy overall — adjacent sources will < .
be better... E 0°, 10° 20° 30° 40° 50° 60° (70°/"80°PN90° L1.00 2
o . &
0.14 @ v
—— Noise, offset and plane with residuals —e— After correction e |
—— Noise, offset and plane Before correction . 1 f
0.121 ___ Noise and offset \ | 0.95
Noise = e \ -
0.10 " S
0.08 . - 0.90

aa(0)
=
N

0.85
™
- e ~ 0.80
220° 200° 180° 160° 140°

RA (deg)
6 (degrees)
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DR3 astrometry

* Astrometric refinement
through cross-match with
Pan-STARRS DR2 optical
catalogue (Flewelling+
2020).

* Applied in mosaicing per
facet where a good
astrometric solution can
be derived

* Improves offsets between
LoTSS and FIRST.

08/06/26

DEC (uncorrected)
u=0.03+0.55 J_\_
DEC (corrected)
u=0.06+0.19
55 DEC (mosaics)
- ' ©=0.07+0.12
@
2.0
82
oy
8 15-
L0
a
o
1.0
0.5 1
0.0 . T . ; ;
-1.0 -0.5 0.0 0.5 1.0

Mean Separation (arcseconds)
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DR3 imaging (6 arcsec resolution)

128 deg’2 of high-dec sky

'08/06/264 D . | / } 'Martin Hardcastle ' | R 11
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LOTSS reprocessing

Started May 2025 once main processing
complete

* New data products:

Stokes | 60-arcsec images (with and

. " 75° LoTSS reprocessing status (VLow_image) at 2026-06-05 10:43:58
without source subtraction) S L2800 s
- Fully subtracted residual visibility S R >,
v & & 33;*2‘&3&*."&35‘?%""*" - e
datasets =i 4 T
: L S S .
- Fast imaging time cubes s IR L )
3 00 il 3, $8580908005¢1c0dse B 8t O
* Improved data products: |\

- b6-arcsec Stokes V for all fields

- Dynamical spectra for all fields

MW 123°
e  Complete (2534)
Running (1)
In progress (14)
e  Failed (2)
e Not started (0)

-60°

-75° RA.
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DR3 VLow source-subtracted imaging (1 arcmin resolution)




DR3 VLow source-subtracted with Haslam 408-MHz short spacings

/06/26 Martin Hardcastle 17



DR3 source counts

10*
---------------------------------- I L 115 .
-%- ELAIS-N1 et 1106 |0 With deep
- DR3deepmbsaics, [/ T~ Se : fields to
-+- DR3 all mosaics 1 :104 provide the
. :10° T deepest
A 2 counts.
5) | S110% 2
n 107 &1 5 Completeness
& =l 2 corrections
& 102 it spl0’2  derived from
? o | simulation
Raw counts I 21
== Slgres [ = - 101
.. A B ALLLE T-RECS ?100 i
161 — = Hale et al., (2022) scaled | _
——: Intema et al., (2017) - | 100
. : : : : : E_o—l 5
107 10~ 10-3 1072 1071 10° 10
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Where next?

Make use of the international baselines through ILoTSS LOFAR2.0 large programme

1.25 deg
LoTSS - 6 arcsec resolution

Standard Intermediate

' >
*

08/06/26

Martin Hardcastle

1.25 deg
ILoTSS - 0.3 arcsec resolution

Intermediate

30 arcsec

19



* Denser grid over high-dec, high-|b| areas

 Combine with 1000 existing LOTSS
pointings with suitable
data

« 30 PB of data and
~ 100 million CPU
hours for processing R e D e

-----
-------------------------------------------
........................

* Ideally also complete
the 6-arcsec survey...

* Open project,
please join us:

https://forms.gle/mx3Em26Y6Q4alLUAe6

mjy/beam
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https://forms.gle/mx3Em26Y6Q4aLUAe6

* LoTSS-DR3 is finished and covers 89% of northern sky.

* 13,664,379 sources

* Median sensitivity of 92uJy/beam at 6” resolution

* 6% random flux density error

* Noise limited astrometric uncertainty plus ~ 0.24” systematic error

* 95% of sources detected at a level of 9XRMS

* Euclidean-normalized differential source counts derived over 5 orders of magnitude

* All data is publicly released - I, Q, U, V maps at several resolutions and uv-data plus
calibration solutions.

* Large reprocessing effort to extract more science from the data (transients, faint
diffuse structures, targets of interest) nearly complete.

* Science output from collaboration can be seen at
https://lofar-surveys.org/publications.html
LoTSS has directly led to over 400 publications and been cited over 1,600 times.

* For optical ID plans see Bonny’s talk!
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