CARDIFF

UNIVERSITY
PRIFYSGOL

Online Research @ Cardiff <&

This is an Open Access document downloaded from ORCA, Cardiff University©s institutional
repository: http://orca.cf.ac.uk/100093/

This is the author's version of a work that was submitted to / accepted for publication.
Citation for final published version:

Hardcastle, M. J., G rkan, G., van Weeren, R. J., Williams, W. L., Best, P. N., de Gasperin, F.,
Rafferty, D. A., Read, S. C., Sabater, J., Shimwell, T. W., Smith, D. J. B., Tasse, C., Bourne, N.,
Brienza, M., Br ggen, M., Brunetti, G., Chyzy, K. T., Conway, J., Dunne, Loretta, Eales, Stephen

Anthony, Maddox, Steve, Jarvis, M. J., Mahony, E. K., Morganti, R., Prandoni, I., R ttgering, H. J.
A., Valiante, Elisabetta and White, G. J. 2016. LOFAR/H-ATLAS: a deep low-frequenagysof
the Herschel-ATLAS North Galactic Pole field. Monthly Notices of the Royal Astrondmica
Society 462 (2) , pp. 1910-1936. 10.1093/mnras/stw1763 file

Publishers page: http://dx.doi.org/10.1093/mnras/stw1763
<http://dx.doi.org/10.1093/mnras/stw1763>

Please note:

Changes made as a result of publishing processes such as copy-editing, formatting and page
numbers may not be reflected in this version. For the definitive version of this publication, please
refer to the published source. You are advised to consult the publisher's version if you wish to cite
this paper.

-

ion is being made available in accordance with publisher policies. See
olicies.html for usage policies. Copyright and moral rights for publications
wvailable in ORCA are retained by the copyright holders.

information services
gwasanaethau gwybodaeth



arXiv:1606.09437v1 [astro-ph.GA] 30 Jun 2016

MNRAS 000, 000—-000 (2016) Preprint 1 July 2016 Compiled using MNRASTEX style le v3.0

LOFAR/H-ATLAS: A deep low-frequency survey of the
HerschelATLAS North Galactic Pole eld

M.J. Hardcastl G. Gurkart, R.J. van Weerén W.L. Williams!, P.N. Best,

F. de Gasperih D.A. Rafferty?, S.C. Read|, J. Sabateé; T.W. Shimwelf,

D.J.B. SmitH, C. Tass& N. Bourné, M. Brienzd8, M. Brilggenr, G. Brunett?,
K.T. Chyzy'©, J. Conway?, L. Dunné®!?, S.A. Eale$?, S.J. Maddo%?,

M.J. Jarvi$314 E.K. Mahony>1® R. Morgantl-8, I. Prandor, H.J.A. Rottgerind,
E. Valianté? and G.J. Whité"18

1 Centre for Astrophyics Research, School of Physics, Astronomy and Mathematics, University of Hertfordshire, College Lane, Hat eld AL10 9AB, UK
2 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA

3 SUPA, Institute for Astronomy, Royal Observatory, Blackford Hill, Edinburgh, EH9 3HJ, UK

4 Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, the Netherlands

5 University of Hamburg, Hamburger Sternwarte, Gojenbergsweg 112, 21029 Hamburg, Germany

6 GEPI, Observatoire de Paris, CNRS, Univegsiaris Diderot, 5 place Jules Janssen, 92190 Meudon, France

7 ASTRON, the Netherlands Institute for Radio Astronomy, Postbus 2, 7990 AA, Dwingeloo, The Netherlands
8 Kapteyn Astronomical Institute, University of Groningen, P.O. Box 800, 9700 AV Groningen, The Netherlands
9 INAF-Institute of Radioastronomy, Via P. Gobetti 101, 40129, Bologna, ltaly

10 Astronomical Observatory, Jagiellonian University, ul. Orla 171, 30-244 KvakPoland

11 chalmers University of Technology, Onsala Space Observatory, S-43992, Sweden

12 5chool of Physics and Astronomy, Cardiff University, Queen's Buildings, The Parade, Cardiff CF24 3AA, UK
13 Oxford Astrophysics, Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, UK

14 physics Department, University of the Western Cape, Private Bag X17, Bellville 7535, South Africa

15 sydney Institute for Astronomy, School of Physics A28, The University of Sydney, NSW 2006, Australia

16 ARC Centre of Excellence for All-Sky Astrophysics (CAASTRO)

17 Department of Physical Sciences, The Open University, Milton Keynes MK7 6AA, UK

18 RAL Space, The Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 ONL, UK

1 July 2016

ABSTRACT

We present LOFAR High-Band Array (HBA) observations of tHerschelATLAS North
Galactic Pole survey area. The survey we have carried out, consisting of four pointings cover-
ing around 142 square degrees of sky in the frequency range 126—-173 MHz, does not provide
uniform noise coverage but otherwise is representative of the quality of data to be expected in
the planned LOFAR wide-area surveys, and has been reduced using recently developed “facet
calibration' methods at a resolution approaching the full resolution of the datasét3 ( 6

arcsec) and an rms off-source noise that ranges fronnfl§®eam * in the centre of the best

elds to around 2 mJy beant at the furthest extent of our imaging. We describe the imag-
ing, cataloguing and source identi cation processes, and present some initial science results
based on a §- source catalogue. These include (i) an initial look at the radio/far-infrared
correlation at 150 MHz, showing that maHlgrschelsources are not yet detected by LOFAR,;

(ii) number counts at 150 MHz, including, for the rst time, observational constraints on the
numbers of star-forming galaxies; (iii) the 150-MHz luminosity functions for active and star-
forming galaxies, which agree well with determinations at higher frequencies at low redshift,
and show strong redshift evolution of the star-forming population; and (iv) some discussion
of the implications of our observations for studies of radio galaxy life cycles.

Key words: galaxies: active — radio continuum: galaxies — infrared: galaxies
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1 INTRODUCTION sitive far-infrared observations over a broad bandwidth made it
exquisitely sensitive to this particular tracer of star-formation ac-
Low-frequency continuum radio emission from galaxies originates tivity. The HerschelATLAS survey (H-ATLAS: Eales et al. 2010
in the synchrotron process, with the two sources of energy for the carried out wide-area surveys of several large areas of the sky in
required high-energy electrons and positrons being supernovae anggrthern, equatorial and southern elds using the PABSqitsch
their remnants (in star-forming galaxies) or the activity of radio- gt 5. 2010 and SPIRE Grif n et al. 2010) instruments (at wave-
loud active galactic nuclei, which drive relativistic jets of magne- lengths of 100, 160, 250, 350 and 5@®n), allowing investiga-
tized plasma into the external medium. In principle, both of these tjons of the relationship between star formation and radio emission
processes provide us with information that cannot be accessed in( Jarvis et al. 2010and between star formation and AGN activity
any other way. The inferred cosmic-ray population of star-forming f yarious types$erjeant et al. 203(Hardcastle et al. 201@Bon-
galaxies stores some fraction of the energy deposited by supernovag|q et al. 2011 Hardcastle et al. 201¥alfountzou et al. 2014
and supernova remnant activity, albeit with an integration timescale Gjjrkan et al. 201p However, these studies have been limited by
that depends on radiative losses and transport processes in the hogfe availability of high-quality radio data, as they rely on the 1.4-
galaxy, and thus depends on the time-integrated star-formation rate,gHz VLA surveys Faint Images of the Radio Sky at Twenty-cm
giving rise to the well-known radio/far-infrared correlatiovaf (FIRST,Becker et al. 1996and NRAO VLA Sky Survey (NVSS:
der Kruit 1972 de Jong et al. 1983elou et al. 1985Yun et al. Condon et al. 1998 and, while these surveys have proved ex-
2001 lbar et al. 2008 Murphy 2009 Jarvis et al. 2010lvison tremely valuable, they have inherent weaknesses when it comes to
etal. 2010¢; Lacki et al. 2010 Smith et al. 2013 The luminos- sty dying faint star formation and distant AGN. NVSS is sensitive
ity and other properties (structure, spectrum, and polarization) of t || the radio emission from sources extended on scales of ar-
radio emission from radio-loud AGN offer us the only method, in cminutes, but its resolution and sensitivity are low (resolution of
the absence of deep X-ray observations for every target, of assesszs aresec; rms noise level 0:5 mJy beam?) which means that it
ing the kinetic luminosity produced by the AGN, or jet power, and  ¢an only detect luminous or nearby objects, and has dif culty iden-

the radio luminosity alone is widely used for this purpoéliott tifying them with optical counterparts. FIRST is higher-resolution
etal. 1999 although there are serious uncertainties in applying this (5 arcsec) and more sensitive 0:15 mJy beam?) but its lack
method to individual objects{ardcastle & Krause 20)3in the lo- of short baselines means that it resolves out extended emission on

cal Universe, there is a large population of radio-loud AGN which - arcmin scales, often present in nearby radio-loud AGN. Construct-

exhibit no signatures of conventional thin-disc accretion, gener- ing samples of radio-loud AGN from these surveys with reliable

ally referred to as low-excitation radio galaxies or jet-mode ob- jgentj cations and luminosities involves a painstaking process of

jects Hardcastle et al. 20022009: radio observations represent combining the two VLA surveys (e.@est et al. 2005Virdee et al.

the only way to study the accretion onto the central supermassivezomy and good imaging of the sources is often not possible.

black hole in these objects and by far the most ef cient way (in The Low-Frequency Array (LOFAR:an Haarlem et al. 2033

the absence of sensitive X-ray observations for large samples) togffers the opportunity to make sensitive surveys of large areas of

constrain their effects on the external medium, the so-called feed- the northern sky with high rates of optical counterpart detection

back process thought to be responsible for preventing massive stalyecause of its combination of collecting area, resolution (up to 5

formation from the hot phase of the intergalactic medi@nofon arcsec with the full Dutch array) and eld of view. The LOFAR

et al. 2006. Surveys Key Science Projed®{ttgering et al. 2006aims to con-
Wide-area, sensitive radio surveys, in conjunction with wide- duct a survey (the “Tier 1' High Band Array survey, hereafter re-

area optical photometric and spectroscopic surveys such as theferred to as “Tier 1': Shimwell et al. in prep.) of the northern sky

Sloan Digital Sky Survey (SDSE&isenstein et al. 20} provide us at 5-arcsec resolution to an rms noise at 150 MHz df00 mly

with the ideal way to study both these processes in a statistical waybeam 1, which for a typical extragalactic source with spectral in-

in the local Universe. Sensitive surveys are required to detect thedex! a = 0:7 implies a depth 7 times greater than FIRST's for the

radio emission expected from low-level star formation, which can same angular resolution. Crucially, LOFAR has goeglane cov-

be faint; star-forming objects start to dominate the radio-emitting erage on both long and short baselines, and so is able to image

population at luminosities below aboutZfow Hz ! at 1.4 GHz all but the very largest sources at high resolution without any loss

(Mauch & Sadler 200} corresponding to 4 mJy for a source red- of ux density, limited only by surface brightness sensitivity. Deep

shift of 0.1 and 0.3 mJy at= 0:3. Wide-area surveys are required observations at these low frequencies are rare, and the previous best

in order to nd statistically meaningful samples of powerful AGN large-area survey at frequencies around those of the LOFAR High

that are close enough to be optically identi ed and have their red- Band Array (HBA) is the TIFR GMRT Sky SurvéyTGSS), full

shifts determined using available optical data. A key problem, how- data from which were recently releasédtéma et al. 2016 how-

ever, isdistinguishingbetween radio emission driven by low-level  ever, this has a best resolution around 20 arcsec, which is substan-

star-formation activity and that powered by low-luminosity AGN tially lower than the 5 arcsec that LOFAR can achieve, and, with

(Ibar et al. 2009 In an era where radio survey capabilities are ex- an rms noise of 5 mJy beam?, signi cantly lower sensitivity

pected to become vastly more powerful, it is important to develop than will be achieved for the LOFAR Tier 1 survey.

diagnostics that will help us to understand this problem, or at least AGN selection at the lowest frequencies has long been recog-

to understand its true extent. To do this we need to calibrate the nised to provide the most unbiased AGN samples, because the

radio properties of identi ed radio sources against their instanta- emission is dominated by unbeamed radiation from the large-scale

neous star-formation rates and star-formation histories obtained bylobes, a fact which has ensured the long-term usefulness of low-

other means. This motivates radio observations of wide regions of

the sky with good constraints on star-formation activity.

One widely used diagnostic of star formation is the lumi- 1 Here and throughout the paper spectral index is de ned in the Sanse
nosity and temperature of cool dust, heated by young stars. Thep 2,

ability of the Herschelsatellite Pilbratt et al. 201pto make sen- 2 http://tgss.ncra.tifr.res.in/
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frequency-selected samples of AGN such as 3CRR, selected at 178  After observation, the data were averaged by the observatory
MHz (Laing et al. 1983 or samples derived from the 151-MHz  to 4 channels per sub-band (an HBA sub-band has a bandwidth
6C and 7C surveys (e.§ales 1985Rawlings et al. 2001Willott of 195.3 kHz) and a 5-second integration time. No “demixing' of
et al. 2002 Cruz et al. 2005 These AGN surveys, however, have bright off-axis sources was carried out — this was deemed unneces-
had little or no bearing on star-formation work, since the ux den- sary given the sky positions of bright objects like Cyg A and Cas A
sity limits of the surveys exclude all but a few bright nearby star- —and all further processing was carried out by us using the Univer-
forming objects. The relationship between star formation and radio sity of Hertfordshire high-performance computing facility.
luminosity at low frequencies is essentially unexplored. LOFAR
observations oHerschelATLAS elds therefore offer us the pos-
sibility both to accumulate large, unbiased, well-imaged, samples
of radio-loud AGNandto study the radio/star-formation relation in
both radio-loud and radio-quiet galaxies in the nearby Universe. 3.1 Facet calibration
In this paper we describe an exploratory LOFAR HBA obser-

vation, of the H-ATLAS North Galactic Pole (NGP) eld, a rectan- The Flata were processed using technigues which are.d.escribed in
gular contiguous area of sky in the SDSS sky area coveriag0 detail byvan Weeren et a(2016 (hereafter vW16) andlVilliams

square degrees around RAL35 h and Dec 30 , and therefore €t @l- (2018 (hereafter W16), implemented by us in a way which
well positioned in the sky for LOFAR, with a substantial overlap &S intended to maximise the data processing ef ciency on the
with the position of the Coma cluster at loav Our survey pri- Hertfordshlre_clu_stéc Here we give a brief overview of the pro-
oritizes sky coverage over uniform sensitivity but achieves depth cesses, highlighting steps in which our approach differs from that

comparable to the eventual Tier 1 LOFAR survey. We describe the ©f VW16 and W16.

imaging, cataloguing and source identi cation process and the tests 'n':c'a:l agging using Rl_F'CONSO"Ewas_ done on each sub-
carried out on the resulting catalogues. We then present some rst band of the target and calibrator observation (we used 3C 196 as

results on the radio/far-infrared relation observed in the elds and the Primary calibrator for all four observations) and we then solved

the properties of optically identi ed radio sources, together with for per station for f':tmplitu_de, phase and ‘_rotati_or! angle’ — a term
number counts for star-forming sources at 150 MHz and az#sD that accounts for differential Faraday rotation within a sub-band, as

150-MHz luminosity function. A subsequent papefif&an et al described in section 4.3 of VW16 — on the calibrator observations
in prep.) will explore the 150-MHz radio/star-formation relation USing the "Black Board Self-Calibrationsgs) software pandey

derived from LOFAR and H-ATLAS data and we expect to carry e_t al. 2009’_ making use of a high-resolution model of 3C 196
out further analysis of the bright AGN population. kindly supplied by V.N. Pandey. Because each sub-band was treated

Throughout the paper we assume a cosmology in wHigh ?ndependently, we were al:_ale to ef ciently run many of t_hese steps
70kms 1, Wy, = 0:3 andW{ = 0:7. in parallel. We then combined the complgx gain solutions on the
calibrator for each sub-band, using tools in the LoSoTo package
Bad stations or sub-bands could be identi ed at this point by look-
ing for large rms values or gain outliers: when one or more stations
2 OBSERVATIONS were identi ed as bad, we agged them throughout the observation
and re-ran the calibration.

With all bad data removed from the calibrator observations,
we then tted the phase solutions at all frequencies with a model
intended to solve for the effects of clock offsets (which introduce
a phase offset which is linear in observing frequengyand the
differential total ionospheric electron content, or TEC (which in-
troduces phase offsets which gorast). This so-called clock-TEC
separation can only be run on the calibrator observations, because
of their high signal-to-noise ratio, and must be run over as broad
a bandwidth as possible to maximize the effectiveness of the t-
ting process. The result was a set of per-station clock offset values
which we transferred, along with the gain amplitudes, to the data
for the target eld, again for each sub-band. (The ionospheric TEC
“values are not transferred to the target because the ionosphere to-
ward the target will be different, and in general variable: the clock
offsets, on the other hand, are not expected to vary signi cantly
over the observation.)

The clock-corrected sub-bands on the target eld were now
concatenated into “bands' of ten sub-bands each: such a band has a
bandwidth of just under 2 MHz. This concatenation gives suf cient
signal-to-noise on the target eld for per-band phase calibration.

3 DATA PROCESSING, IMAGING AND CATALOGUING

The NGP eld was observed in four separate pointings, chosen
to maximise sky covered, with the LOFAR HBA (Tablp as

part of the Surveys Key Science project. Observations used the
HBA_DUAL _INNER mode, meaning that the station beams of core
and remote stations roughly matched each other and giving the
widest possible eld of view. The rst observation, which was
made early on in LOFAR operations, was of slightly longer du-
ration (10 h) than the others (8 h). International stations were
included in some of the observations in 2014 but were not used in
any of our analysis, which uses only the Dutch array.

In each case, the observations of the eld were preceded and
followed by short, 10-minute observations of calibrator sources
(3C 196 at the start of the run and 3C 295 at the end). Each obser
vation used the full 72 MHz of bandwidth provided by the HBA on
the target eld, spanning the frequency range 110 to 182 MHz. As
LOFAR is a software telescope, multiple beams can be formed on
the sky, and the total bandwidth that can be processed by the cor-
relator exceeds the total bandwidth available from the HBA: this
allowed us to observe an additional 24 MHz spread throughout this
frequency range on an in- eld calibrator, the bright point source
3C 287, which lies in the SE corner of the NGP eld. The original
intention was to use this calibrator pointing for determination of the
clock offsets between the core and remote stations, but this proveds The facet calibration scripts may be found ttps://github,
unnecessary, as we shall see below. As data with non'Contiguouscom/tammojan/facet-calibration : the code for the implementa-
frequency coverage could not easily be analysed using the facetiion described in this paper is available https:/github.com/
calibration method (see below) at the time of our analysis, we do mhardcastle/surveys-pipeline
not consider the 3C 287 observations further. 4 https://github.com/revoltek/losoto
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Table 1.LOFAR observations of the NGP eld

Fieldname RA Dec Start date/time Duration (h)

Central 13h24m00s  +27d30m00s  2013-04-26 17:42:15 9.7
NW 13h00mM00s  +31d52m00s  2014-04-22 18:30:30 8.0
SW 13h04m00s  +25d40m00s  2014-04-25 18:17:00 8.0
NE 13h34m00s  +32d18m00s  2014-07-1513:28:38 8.0

The next stage was to generate a model to allow us to calibrate therapje 2. Spectral windows, frequencies and LOFAR band/sub-band num-
elds. To do this we phase calibrated band 20 (data at frequencies of pers used

150-152 MHz, around the frequency range where the HBA is most
sensitive) using the observatory-provided global sky model, which
is based on low-resolution observations from other telescopes. We
then imaged this dataset witkwIMAGER (Tasse et al. 20)3at

10-arcsec resolution, derived a list of Gaussians from the im-
age withpyBDSM® (Mohan & Rafferty 2015 and cross-matched
them with the FIRST catalogue to obtain a list of sources in the
eld detected by both LOFAR and FIRST, with their 151-MHz and
1.4-GHz ux densities. This catalogue, while shallow, is virtually
free from artefacts because of the FIRST cross-matching and hasmodel describing the subtraction that has been done, we were in a
excellent positional and structural information from FIRST; this is position to start the facet calibration itself.

Spectral  Frequency range Band  Sub-band
window (MHz)  numbers numbers
126-134 8-11 80-119
134-142 12-15 120-159
142-150 16-19 160-169
150-158 20-23 200-239
158-166 24-27 240-279
166-173 28-31 280-319

o g wWNER

achieved at the price of omitting only a few bright steep-spectrum Our approach to facet calibration is slightly different from
or resolved objects that are not seen in FIRST. that of vW16. We are interested in imaging in several separate fre-
For each band, the data were run throggihcoNsoLEagain quency ranges (which we refer to hereafter as “spectral windows"),

(in order to catch low-level RFI with the improved signal-to-noise  since we would like to be able to measure in-band spectral indices
of the broader bandwidth) and then averaged by a factor 2 in time for detected sources. In addition, facet calibrating in different spec-
and frequency, i.e. down to a 10-s integration time and 20 channelstral windows can be done in parallel, speeding the process up con-
per band. This averaging was selected for computational speed insiderably. Accordingly, we chose to facet calibrate with six spectral
the facet calibration process, though it produces moderate band-windows, each made up of four bands and thus containing about
width and time-averaging smearing, increasing the apparent sizeg MHz of bandwidt (Table2). We intentionally did not include
of sources while preserving their total ux density, beyond 2-3 de- in this spectral range the very lowest frequencies in the data, be-
grees from the pointing centre at the full LOFAR imaging resolu- |ow 126 MHz, as they have signi cantly worse sensitivity than the
tionof 5 arcsec. (In this paper we work at resolutions somewhat higher HBA frequencies, and also discarded frequencies above 173
lower than this full resolution, around 106 arcsec, so that smear-  MHz, which are badly affected by RFI even after agging: thus our
ing effects are less important, but not negligible; we would expect nal images contain about 48 MHz of bandwidth out of a possi-
a drop in peak ux density by a factor 0.8 and a broadening by a ble total 72 MHz, but would probably gain little in sensitivity by
factor 1.2 by 4 degrees from the pointing centre, which is more or including the missing data.
less the largest pointing centre offset considered in this work.) The Facets were de ned using our knowledge of the bright source
cross-matched catalogue was then used (scaling appropriately usdistribution from the “high-resolution' (30 arcsec) images used for
ing the LOFAR/FIRST spectral index) to provide the sky model for - subtraction: we aimed for between 20 and 30 facets per pointing
an initial phase-only calibration for each band usies, dividing in order to sample the ionosphere as well as possible, with the
the thousand or so cross-matched sources in each eld into aboutnumber actually used being determined by the number of bright
100 discrete sky regions or patches to reduce computing time. Assources available. Calibration positions in the facets were de ned,
the objective is only to provide phase calibration good enough to as described by vW16, by selecting square regions (of size less
start the facet calibration process, small defects in the sky modelthan 50 50 arcmin, and normally several times smaller than that)
are not important and in principle should not affect the nal result. containing sources with a total ux density normally greater than
Again, it was possible to apply this process to all bands in parallel. 0.4 (apparent) Jy at 150 MHz. The boundaries between each facet
With the initial phase-only calibration computed, we corrected were set using Voronoi tessellation. Each facet was then calibrated
the data for the effect of the element beam and array factor us- and imaged in the manner described by vW16, runnning in paral-
ing BBS, and all further imaging work until the very end of the el over all six spectral windows. In practice, we always started the
process was then carried out using apparent ux densities (i.e. no run for the data at 150-158 MHz before the other ve, so that prob-
primary beam correction was carried out in the imaging). At this |ems with, for example, the de nition of the facets could be ironed
point we could image each band [we now usestcLEAN (Offringa out using a single dataset; such problems generally showed up as a
et al. 2014 for imaging, since we no longer required the primary failure of phase or amplitude self-calibration, resulting in poor so-
beam correction abilities ofwIMAGER] and subtract the detected |utions and/or increased residuals after subtraction, and were dealt
sources in the two-stage manner (rst using "high-resolution' im-  with by increasing the size of the calibration region to include more
ages with approximately 30 arcsec beam size, then using a lower-sources or changing the phase/amplitude solution intervals. The
resolution 100-arcsec image) described by vW16. Once each

band had had the sources subtracted, and we had a per-band s
P kg When tting over these narrow bandwidths, tting for differential TEC

as described by vW16 becomes, effectively, tting for phase tied together
over all four datasets. However, the key point is the gain in signal to noise
5 http://www.astron.nl/citt/pybdsm/ of a factor 2 derived from the joint t to all four bands.
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whole facet calibration process, for the six spectral windows, took ux densities for NVSS objects down by a factor 0.81. Secondly,
between one and two weeks per eld, depending on the number of WENSS only goes down to a declination of 3@aving us with
facets and the number of problems encountered; typically the self- almost no coverage for the SW eld. We therefore supplemented
calibration, imaging and subtraction step for one facet in one spec- our catalogues with one derived usiprgaDsM from the 350-MHz
tral window took 4-5 hours on a 16-core node with 64 GB RAM WSRT survey of the Coma cluster brown & Rudnick(2011),
and 2.2-GHz clock speed. The run time per facet was shortened byhaving veri ed that these data were on the SH scale by compari-
afactor 2 with respect to earlierimplementations of facet calibra- son to a less sensitive VLA map at 330 MHz reduced by us from
tion by the use ofvscLEAN both for the nal facetimagingand for  the VLA archive. We refer to this survey as WSRT-Coma in what
the “prediction’ of the visibilities to subtract from the un-averaged follows.
data, by blanking of the images givenr@sDsSM for mask gener- Our corrections are based on an initial catalogue of LO-
ation to reduce the area that it searched for sources, and by somd-AR sources which was generated by concatenating the six beam-
alterations tapYBDSM to improve ef ciency, particularly in using corrected spectral window images, convolved to the same reso-
the ef cient FFTW algorithm for the Fourier transforms involved lution usingMIRIAD, into a single data cube and then using the
in cataloguing extended sources. The use/eECLEAN rather than spectral index mode afYBDSM to extract ux densities for each
aBBs subtract meant that care was necessary with the placement of channel' of the cube. We used the stacked broad-band image with-
facets in the nal images to avoid aliasing of sources near the eld out beam correction as the detection image since this should have
edge in the prediction step, resulting in negative “sources' outside roughly uniform noise across the eld. Using the spectral index
the facet after subtraction. A few negative sources generated in thismode, rather than making independent catalogues for each image,
way propagate through into the nal images, but have no signi- ensures that ux densities are measured from matched apertures
cant effect on the nal science results as they are not detected byin each spectral window. The catalogue returned at this point is of
the source nding algorithms. course expected to have incorrect ux calibration, which affects
Once the facet calibration and imaging process was complete, both the total ux densities for each source measured from the
the resulting images for each spectral window were mosaiced into afrequency-averaged images and the individual channel ux densi-
single large image for each eld, masking each facet to ensure that ties.
only the good portion of the image was used. Previous imaging of We then ltered this catalogue to include only bright LOFAR
each band wit,awIMAGER was used to make images of the pri- sources ¥ 0:1 Jy) and cross-matched positionally usiggiLTS
mary beam for each band and we divided through by these imageswith the VLSS, B2, WENSS and WSRT-Coma catalogues, requir-
(regridding them withMONTAGE to the scale of the facet calibra-  ing that all LOFAR sources should be detected in VLSS and at
tion images and averaging appropriately for each spectral window) least one of the three higher-frequency catalogues for further con-
to make maps of true rather than apparent ux density. (To max- sideration. This gave us 50-70 sources per eld with ux densi-
imize the area covered by the survey we image further down the ties spanning the frequency range between 74 and a few hundred
primary beam than was attempted by e.g. W16: primary beam cor- MHz, all, of course, being relatively bright and with high signal
rections at the edge of the largest elds can approach a factor 5.) to noise in the LOFAR data: the lowest ux densities at 74 MHz
were around 0.4 Jy, corresponding to around 0.2 Jy at LOFAR fre-
guencies and 0.1 Jy by 300-400 MHz. Integrated ux densities
were used in all cases. We then used Markov-Chain Monte Carlo
LOFAR ux density calibration is in practice somewhat problem- methods, implemented in tremceePYTHON package foreman-
atic: effectively, the gain normalizations transferred from the cali- Mackey et al. 201p to t for the LOFAR ux correction factors
brator to the source are only valid if the elevation of the source and for each frequency. The likelihood function was calculated from
the calibrator are the same (implying the same effective telescopethe totalc? for a given selection of correction factors for power-
beam on the sky), which can only be guaranteed for a snapshot'&W ts8to all frequencies of the data (i.e. both the unscaled VLSS
observation and is not generally true even then. This error mani- and higher-frequency data and the scaled LOFAR measurements),
fests itself (after facet calibration, which removes time-dependent With the normalization and power-law index for each source being
effects) as a frequency-dependent error in the ux scale. Currently free parameters which are determined with a standard Levenberg-
the only method available to ensure consistency in the ux scale Marquartc? minimization. We used a Jeffreys prior for the scale
and correctness of in-band spectral index is to derive correction factors. In the rst round of this tting we included all sources,
factors as a function of frequency using ux densities from other but in the second round we removed sources that were outliers in
|0W_frequency surveys. Data available for our eld include the theC2 distribution before re- tting, which eliminates any sources
VLSS at 74 MHz, the TGSS, 7C and 6C surveys at 150 MHz, that might be erroneous matches or heavily affected by resolution
the WENSS survey at 327 MHz and the B2 survey at 408 MHz. effects or might have spectra that are intrinsically poorly t by a
Of these, we elected not to use the 150-MHz data, although cata-Power law over the band, e.g. because of spectral curvature or vari-
logues were available, in order to be able to use them as comparisorability; in practice this second round generally eliminated at most
datasets later (see below). The VLSS covers the whole survey arezround 10 per cent of sources and gave results very similar to the
and should be properly calibrated on the scalScéife & Heald rst round. The nal ux calibration factors obtained in this way
(20131 hereafter SH (We use the VLSSr Cata|ogud_ﬂﬁe et al. for each eld are tabulated in Tabl& Nominal MCMC-derived
2014. The B2 survey also covers the whole survey area, and SH
report that it needs no systematic correction to their ux scale; we
assign errors to the ux den5|tles based on the rgmpes given by s We investigated the use of models with spectral curvature, e.g. quadrat-
Colla et al.(1973. WENSS is more problematic. Firstly, the ux ics in jog space, but the parameters of these were poorly constrained be-
density of 3C 286 in WENSS s a factor 1.23 above the SH value. cayse the t can trade off curvature against correction factors to some ex-

SH report an overall scaling factor for WENSS of 0.90, butin order tent; power laws should be adequate for most sources over the less than one
to ensure that 3C 286's ux density is correct we scale all WENSS decade in frequency that we use here.

3.2 Flux calibration

Data kindly provided by Shea Brown.
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Table 3.Correction factors applied per eld and spectral window, and mean
calibrator and target elevations

Field Spectral window number Mean elevation
1 2 3 4 5 6 3C196 Field
Central 1.02 1.08 117 129 142 152 85.3 51.6
NW 097 103 1.07 114 121 130 82.2 586
SwW 093 100 109 117 129 134 824 534
NE 0.72 075 0.79 084 0389 0.92 78.2 589

credible intervals (errors) on these correction factors are smdll,
per cent in all cases; the dominant source of error is of course the
real deviation from a power-law model of the sources selected as
calibrators, which is hard to quantify.

Once this correction had been applied to each spectral win-
dow, it was possible to cross-check the ux scale between elds by
comparing sources in the overlap regions. By this method we estab-
lished that the ux scale for the Central, NW and SW elds was in
good agreement. The NE eld appeared to have a systematic offset
with respect to the others, which we attribute to the fact that the cor-
rection factor ts are strongly affected by 3C 286, which is rather
poorly facet-calibrated in this eld (that is, relatively large arte-
facts remain around the source, so that its ux density is probably
poorly measured). The ux densities inthe NE eld were systemat-
ically high. To correct for this we scaled all correction factors in the
NE eld by a further factor of 0.8, determined by cross-checking
the ux densities with the overlapping elds, which brings the ux
scales in line across the four elds; this factor is included in the
numbers presented in Tal8eWe comment on the effectiveness of
these corrections in allowing us to recover reliable ux densities
and in-band spectral indices in the next section.

These corrections were then applied to the pre-existing im-
ages, and new combined images at an effective frequency of 150
MHz, again convolved to a matching common resolution, were
made by averaging the images from the 6 spectral windows for each
eld. These images, for each eld, are our deepest view of the data,
and attain an rms noise of 10y beam ! in the centre of the best
elds. Their resolution (Tablel) is determined by the Gaussian t
by wscLEANto theuv plane coverage in spectral window 1, which
is slightly different for each eld, and particularly different for the
Central eld, which was observed for a longer time but without all
the long baselines available in later years. As convolving to a com-
mon resolution would reduce the resolution of all the images, we
elected to retain these slightly different resolutions between elds.

We then generated source catalogues for the corrected,
matched-resolution data withyBDSM in its spectral index mode
in the same way as described abor&BDSM's ability to detect
sources on multiple scales and to associate several Gaussian co

the local 5 value. We also make use pfrBDSM's ability to gen-
erate a map of the rms of the four 150-MHz images, referred to as
the rms map in what follows.

3.3 Image quality

In general facet calibration worked well in these elds, succeeding
in its two design aims of allowing greatly improved subtraction of
bright sources and of making high- delity imaging of the data at
close to the full resolution of LOFAR tractable. The resulting im-

m_
ponents as single sources were enabled in this cataloguing step, an@
sources were only catalogued if they are detected with a peak abovet
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Figure 1. Cumulative histogram of the area below a given rms value, cal-
culated from the rms noise map derived fremsbsm for the four elds.

Note that, since the rms values are corrected for the telescope beam, the
shape of this distribution depends on the placement of the facets as well as
the intrinsic noise qualities of the image.

fest themselves as dynamic range limitations around bright sources
(particularly those that wengotin the calibration sub-region of the
facet) and should have only a limited effect on the quality of the
nal catalogue. Where facet calibration fails, it generally does so
by having poor signal to noise on the calibrator, leading to poor
phase and/or amplitude solutions and, generally, no improvement
in self-calibration: if these poor solutions are then applied to the
data we see a facet with much higher rms noise than would be ex-
pected. As discussed above, this problem can sometimes be solved
by increasing the calibration region size or the interval for phase
or amplitude self-calibration, but in extreme cases the facet simply
has to be abandoned: we discarded a few facets at the edges of the
NE and Central elds, typically a¢ 3 degrees and so substantially
down the primary beam, where it was not possible to obtain good
self-calibration solutions (in addition to the fact that the calibrator
sources are generally fainter when they are further down the pri-
mary beam, bandwidth and time-averaging smearing also start to
affect the quality of the results). Other facets with poor solutions
remain in the images and give rise to high-noise regions in the rms
map.
In Table 4 we tabulate the areal coverage, central rms, and
median rms of the four elds for the broad-band 150-MHz images,
long with the nal resolution achieved. The median rms is the rms
elow which the best half of the eld falls: this clearly depends on
he placement of facets in the beam as well as on the image quality.
The area-rms distribution of the elds is illustrated in Fig-These

rms values may be compared to the FIRST and NVSS rms values
converted to 150 MHz for a source with= 0:75, which are 0.8

and 2.4 mJy beant respectively. Thus, purely considering rms
levels, the LOFAR survey is better than NVSS even far down the
beam and always deeper than FIRST in the central 50 per cent of
each eld. The LOFAR data are also signi cantly better, in these
terms, than the GMRT survey of the equatorial H-ATLAS elds
(Mauch et al. 2018 which has a best rms level of 1 mJy beam

at 325 MHz, corresponding to 1.8 mJy beahat 150 MHz. (We

ages are not artefact-free, but this is a consequence of not beingdraw attention to the very different resolutions of these comparison
able to amplitude self-calibrate every bright source: artefacts mani- surveys: FIRST has a resolution of 5 arcsec, NVSS 45 arcsec, and
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Table 4.Basic eld image and catalogue properties for the combined 150-MHz images

Field Area covered centralrms Medianrms  Image resolution  Catalogued
(sq. deg.) (nJy) (mly) (arcsec) sources

Central 44.5 223 782 82 7:.02 2,473

NW 34.7 104 296 101 554 5,335

SW 36.1 111 319 87 549 5,747

NE 40.6 100 382 1D2 4:68 4,172

the GMRT survey between 14 and 24 arcsec. In terms of resolution,
our data are most comparable to FIRST.)

The Central eld, the rst that was observed and the only one
to be taken in Cycle 0 with the original correlator, was by far the
worst of the elds in terms of noise despite its slightly longer ob-
serving duration. In this eld the initial subtraction was simply not
very good, suggesting large amplitude and/or phase errors in the
original calibration, although it was carried out in exactly the same
way as for the other elds. As a consequence, facet calibration did
not perform as well as in the other elds (presumably because the

a catalogue containing purely point sources this could simply be
inferred from the rms map, but neither of these things is true of the
real catalogue. In particular, the distribution of tted deconvolved
major axes in the source catalogue shows a peak around 10 arcsec.
This is probably the result of several factors, including a certain
fraction of genuinely resolved sources, but we suspect that at least
some of the apparent broadening of these sources is imposed by the
limitations of the instrument and reduction and calibration proce-
dure rather than being physical. Part may be due to residual band-
width or time-averaging smearing in the individual facet images,

residuals from poorly subtracted sources acted as additional noisethough our lower angular resolution (relative to the similar work

in the visibilities) and there are more bad facets than in any other
eld, together with a higher rms noise even in the good ones. It
should be noted that this is also the worst eld in terms of position-
ing of bright sources, with 3C 286, 3C 287 and 3C 284 all a couple
of degrees away from the pointing centre: we do not know whether
this, the fact that the observation was carried out early on in the
commissioning phase, poor ionospheric conditions, or a combina-
tion of all of these, are responsible for the poor results. The other
three elds are of approximately equal quality, with rms noise val-
ues of 100mJy beam ! in the centre of the eld and each provid-
ing around 31 square degrees of sky with rms noise below 0.8 mJy
beam ! after primary beam correction. The worst of these three
elds, the NE eld, which has some facets where facet calibration
worked poorly or not at all, was observed partly in daytime due
to errors at the observatory, which we would expect would lead to
poorer ionospheric quality which may contribute to the lower qual-
ity of the data.

A map of the sky coverage of the images and the rms lev-
els, generated by resampling the full-resolution rms maps onto a
grid with 20-arcsec cell size, is shown in Fij.Where two elds
overlap, the best rms value is shown, for reasons explained in the
following section.

3.4 Catalogue generation and completeness

The nal source catalogue is made by combining the four per- eld

catalogues. Ideally we would have combined the images of each
eld and done source nding on a mosaiced image, but this proved
computationally intractable given the very large image cubes that
result from having six spectral windows. We therefore merged the
catalogues by identifying the areas of sky where there is overlap
between the elds and choosing those sources which are measure
from the region with the best rms values. This should ensure that
there are no duplicate sources in the nal catalogue. The nal mas-

of W16) helps to mitigate these effects. We suspect that a signif-
icant fraction of the broadening comes from residual phase errors
in the facet-calibrated images, particularly away from the calibra-
tion regions. This may be compounded in our case by the effects of
combining our multiple spectral windows in the image plane — no
attempt was made to align the images other than the self-calibration
with an identical sky model before facet calibration, and phase off-
sets between the spectral windows will lead to blurring of the -
nal image. Whatever the origin of these effects, the fact that most
sources are not pointlike in the nal catalogues needs to be taken
into account in estimating the true sensitivity of the data.

To assess this we therefore carried out completeness simu-
lations in the standard way in the image plaisee, e.g.Heald
et al.(2015 and W16] by adding in simulated sources to the resid-
ual map for each eld and recovering them witlyBDSM with the
same settings as used for the real cataloguing. In our case, we as-
sumed sources to be uniformly distributed at random across the
whole NGP area, and placed them on the residual maps for the
individual pointings based on the rms map used for cataloguing.
However, rather than placing point sources (i.e. Gaussians with
the parameters of the beam), we broadened the simulated sources
using a Gaussian blur where the broadersngvas itself drawn
from an appropriate Gaussian distribution, chosen so as to approx-
imately reproduce in the extracted (output) catalogues the low end
of the observed distribution in deconvolved major and minor axes.
The use of the residual maps also naturally takes account of arte-
facts around bright sources and other non-Gaussian features in the
images, such as any negative holes dug/S&CLEAN aliasing ef-
fects. We ran a number of simulations for each of a range of input
source ux densities, using between 10,000 and 30,000 simulated
sources per run to improve the statistics. We consider a source to

Je matched if a source in the derived catalogue agrees with one in

the input catalogue to within 7 times the nominal error in RA and

ter catalogue contains 17,132 sources and is derived from images

covering a total of 142.7 square degrees of independently imaged
sky, with widely varying sensitivity as discussed above. Total HBA-
band (150-MHz) ux densities of catalogued sources detected us-
ing pyBDSM and a 5 detection threshold range from a few hun-
dredmly to 20 Jy, with a median of 10 mJy.

For any systematic use of the catalogue it is necessary to in-

9 In principle we should simulate the process all the way from the original
observations, injecting sources in tlreplane, corrupting them with simu-
lated ionospheric and beam effects and repeating the facet calibration and
imaging many times. However, although this would be a valuable exercise,
it is computationally infeasible at present for the purposes of completeness
simulation, and challenging even for a veri cation of the facet calibration
process. Work being carried out along these lines in the Key Science Project

vestigate its completeness. In the case of ideal, Gaussian noise andill be described elsewhere.
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Figure 2. Map showing the sky coverage and rms values of the four elds, constructed as described in the text. Colour levels run frdyntd @mJy

beam 1. The green square shows the approximate boundary dfi¢hechelsurvey. The LOFAR survey is deeper (in rms terms) than FIRST, the previous

most sensitive radio survey of this area, in the blue regions of the image. The many “point sources' in the image are the result of dynamic range limitations
around bright objects, rather than the objects themselves: the pixel size in this image is 20 arcsec, signi cantly larger than the image resolution.

Dec and 20 times the nominal error in ux density. These criteria given ux density can be detected essentially anywhere, only above
are deliberately generous to re ect the fact that the errors on ux a comparatively high ux density of 20 mJy. At lower ux den-
density and position from off-source noise are generally underes- sities, the completeness curve drops more steeply than the rms map
timates. Noise peaks from the residual map are removed from thewould imply. At 1 mJy, for example, the completeness curve im-
catalogue before this comparison is made to avoid false positives.plies a probability of detection (for a source placed at random in
It is also possible to recover false detection rates in this way, but the eld) ten times lower than would be inferred from the rms map.
these are known to be very low (W16) and so we do not discuss The curves intersect again at very low ux densities@5 mJy),
them further here. but we suspect that the detection fraction here is arti cially boosted
by Eddington bias (i.e. simulated sources placed on noise peaks in

The results are shown in Fi@, where, for comparison, the  the residual map are more likely to be recovered). The slight errors
5s detection level for pure point sources based on the rms map iy the completeness curve resulting from this are not problematic
and the assumption of Gaussian noise is also shown. It can be seegjiven that there are so few sources with these ux densities in any
that the various effects we simulate have a strong effect on com- case. Also plotted in FigB is the best- tting 5th-order polynomial
pleteness. The survey is complete, in the sense that a source of a
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believed that they were physically associated, to identify any arte-
facts, and, for real sources, to specify any plausible optical identi-
cation for the radio source. The NVSS images were used only to
con rm the reality of faint extended LOFAR sources, which often
show up well in the low-resolution NVSS data, but the FIRST im-
ages had a more important role, as they turn out often to show the
at-spectrum core of an extended LOFAR source making optical
identi cation far more robust. Identi cations by one author were
cross-checked against those of another to ensure consistency and a
subset (consisting of a few hundred large, bright sources) of the rst
pass of identi cations were re-inspected visually by several authors
and some (a few per cent) corrected or rejected from the nal cat-

Fractional area where source is detectable

— RMSonly alogue. The nal outcomes of this process were (a) an associated,
— Completeness simulatigr artefact-free catalogue of 15,292 sources, all of which we believe to
10 3 : be real physical objects, and (b) a catalogue of 6,227 objects with
103 10 2 101 10 ) : o A .
Flux density (Jy) plausible, single optical identi cations with SDSS sources, repre-

senting an identi cation fraction of just over 40 per cent. (Note that

around 50 sources with more than one equally plausible optical ID
Figure 3. Completeness function for the whole survey compared with the are excluded from this catalogue; further observation would be re-
expectations from the rms map alone. The points are the results of simu- quired to disambiguate these sources.) This identi cation fraction
lations (Poisson errors, though present, are generally smaller_ than symbolss of interest because we can expect to achieve very similar numbers
and are not‘plotted) while the smooth curve shows the best- tting 5th-order in all parts of the Tier 1 LOFAR survey where SDSS provides the
POIynom'aI in log space used to approximate the completeness curve ar'Oloptical catalogue. Forthcoming wide-area optical surveys such as
interpolate to un-simulated ux densities. . .

Pan-STARRS1 and, in the foreseeable future, LSST (for equatorial
elds), will improve on this optical ID rate.

Optical identi cation using shallow optical images can lead,
and historically has led, to misidenti cations, where a plausible
foreground object is identi ed as the host instead of a true un-
seen background source. This is particularly true when the LO-
FAR source is large and no FIRST counterpart is seen. It is dif-
cult to assess the level of such misidenti cations in our catalogue
[likelihood-ratio based methods, such as thoseSatherland &
Saunderg1992), require information about where plausible opti-
cal IDs could lie in a resolved radio source that is hard to put in
guantitative form] but as our resolution is relatively high, so that
most sources are not large in apparent angular size and do not have
more than one plausible optical ID, we expect it to be low. Sen-
3.5 Association, artefact rejection and optical identi cation sitive high-frequency imaging over the eld, and/or deeper optical

The source catalogue was the starting point for our source associ-PServations, would be needed to make progress.

ation and optical identi cation processes, which were carried out In what follows we refer to the raw, combined output from

in parallel. Optical identi cation was carried out using images and PYBDSM as the “source catalogue', the product of the association
catalogues from SDSS Data Release AR et al. 2015, here- process as the "associated catalogue' and the reduced catalogue
after DR12. Initially, we carried out a simple positional crossmatch With SDSS optical IDs as the “identi ed catalogue’. Sources in the
for low-z galaxies, selecting compact (deconvolved siz&0 arc- associated or identi ed catalogues that are composed of more than
sec) LOFAR sources whose position matched that of an optical ©N€ source in the source catalogue are referred to as ‘composite
source from the MPA-JHY catalogue within 8 arcsec (chosen Sources’ (in total 2,938 sources from the original catalogue were
based on the distribution of offsets). This identi ed 1,048 LOFAR @associated to make 1,349 composite sources). The process of asso-
sources, of which we would expect around 30 to be chance co- ciation renders theysDsm-derived peak ux densities meaning-
incidences given the number of MPA-JHU sources in the survey |€SS (they are suspect in any case because of the broadening effects
area. We then visually inspected the LOFAR, SDSS, FIRST and discussed in the previous subsection) and so in what follows un-
NVSS images foall the 16,084 remaining sources, initially with less otherwise stated the ux density of a LOFAR source is its total

a single author (one of GG, MJH or SCR) inspecting each source. Ux density, derived either directly from the source catalogue or by
The person carrying out the visual inspection was asked to asso-SUMming several associated sources.

ciate individually detected LOFAR sources, i.e. to say whether s/he

in log space tted to the results of the simulations (taking account
of the Poisson errors): this function gives an adequate approxima-
tion to and interpolation of the completeness curve, which we will
make use of in later sections.

Itis important to note that much of this incompleteness results
from the sparse sky coverage of the observations for this project,
and the poor quality of the Cycle 0 central eld data. Itis not repre-
sentative of the expectations for the Tier 1 (wide-area) LOFAR sky
survey: see W16 for a more representative completeness curve.

10 The MPA-JHU catalogue is the Max Planck Institute for Astro- 4 QUALITY CHECKS

physics/Johns Hopkins University catalogue of bright SDSS Data Re- . . . .
lease 7 galaxies with spectroscopic redshifts: &e@:/mwwmpa. In this section we describe the tests carried out on the catalogues

mpa-garching.mpg.de/SDSS/DR7/. This catalogue was used because !0 assess their suitability for further scienti ¢ analysis. From here
the MPA-JHU catalogue forms the basis of the work on the radio/star- 0N, except where otherwise stated, we use only the associated and

formation relation to be described byiitkan et al. identi ed catalogues.
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05 . ‘ ‘ ‘ ‘ ‘ large image covering the whole eld. We then appliedBDsSM
v <. NW  --=. Cent to this mosaic with exactly the same settings as were used for the
d.-. NE ... SW LOFAR catalogue; this procedure allows us to measure accurate
0:4¢ ° ) ; total ux densities for extended sources, rather than inferring them
si% oy ~" S from the peak ux densities and Gaussian parametrization provided
] S et oy e in the NVSS catalogue. Filtering oeyBDSM catalogue to match

Q
w

the area coverage of the LOFAR survey, we found 5,989 NVSS
sources. These were then crossmatched to the LOFAR data as for
the 7C data, but adding a Gaussian term to the likelihood cross-
matching to favour sources where the ux densities are consistent
with the expected power law & 0:7 (i.e. a term proportional
to exg (Sorar (1400:151)%7Syyss)2=s 9): this helps to re-
duce the incidence of spurious crossmatches) and also excluding
associations with a separation between NVSS and LOFAR posi-
0 05 10 15 20 25 30 35 40 45 tions of greater than 1 arcmin. We obtained 4,629 matches: that is,
Distance from pointing centre (degree) as expected, the vast majority of the NVSS sources have LOFAR
counterparts, with a mean positional offset o4 0 0:1 arcsec in
RA and Q05 0:1 in Dec. Counterparts are genuinely missing at
Figure 4. NVSS/LOFAR ux ratio as a function of radial distance fromthe  the edges of the LOFAR eld, where the noise is high, but we have
pointing centre of each eld. Points show individual matched sources, solid yerj ed by visual inspection that the comparatively large number
lines show the_ median in radial bins and its error on the approximation of f *unmatched' sources within the eld are the result of disagree-
Gaussian statistics. ments about source position (e.g. arising from structure resolved
by LOFAR but unresolved by NVSS) rather than from genuinely
4.1 Flux scale tests: 7C crossmatch missing sources. Similarly, most bright LOFAR sources have an
NVSS counterpart. We therefore do not regard the match rate of
An initial check of the ux scale was carried out by crossmatching only 77 per cent as problematic: visual inspection of the images
the aSSOCiated Catalogue with the 7C Ca’[aloglﬂide(s et al. 200)7 could probabiy bring it close to 100 per cent.
over the eld. Unfortunately the NGP spans the southern bound- Our expectation is that NVSS should be uniformly calibrated
ary of 7C, so we do not have complete coverage, though there is(vLA ux calibration uncertainties are 2-3 per cent, which should
substantial overlap. The crossmatching uses the same algorithm asot introduce much scatter into this comparison), so the ux ra-
that described bydeald et al.(2019, i.e. we use a simple maxi-  tjos between NVSS and the LOFAR catalogue allow an accurate
mum likelihood crossmatch taking account of the formal positional check of the ux scale, subject only to the possibility that the elds
errors in both catalogues and using the correct (Rayleigh) distri- have genuinely intrinsically different spectral index distributions,
bution of the offsets, but not taking into account any ux density which could happen, for example, if the SW eld were affected by
information. Since 7C sources are very sparse on the sky, any morethe presence of the Coma cluster. For a further check of the ux
complicated procedure is probably unnecessary. Over the intersecscale and also its dependence on radius we computed the median
tion of the 7C and LOFAR/NGP survey areas, there are 735 7C NVSS/LOFAR ux ratio for all matched sources (median rather
sources, 694 of which (94 per cent) are detected in the LOFAR im- than mean to avoid effects from strong outliers which might arise
ages, with a mean positional offsetdpfa = 0:87 0:34 arcsecand  from misidenti cations or extreme intrinsic spectral indices) and
Opec = 0:28 0:32 arcsec. The ux limit of 7C is a few hundred 350 its dependence on distance from the pointing centre for each
mJy, so we would expect all 7C sources to be detected by LOFAR: facet in bins of 0.5 degree in radius. We see (Bjgthat there are
in faCt, the few nomina”y unmatched 7C sources are either at the no Signi cant ux scale (Or’ equivaientiy, Spectral index) offsets be-
edges of one of the LOFAR elds, where the sensitivity is very tween elds. The scatter is large, but much of this is imposed by the
poor, or are actually close to a LOFAR source but with discrepant known dispersion in spectral index (see below, Secti@h
CO'OrdinateS, which could be attributed to the Very different reso- An encouraging result from the radial piot is that there is also
lutions of the surveys — 7C has a resolution of 7040 arcsec at  npg signi cant systematic difference with radius, within the uncer-
this declination. 7C is complete above0:4 Jy at 150 MHz, and  tainties imposed by the scatter in the data. This suggests (a) that
for sources above this ux limit the mean ratio between 7C and LO- the primary beam correction app“ed is adequate, and (b) that band-
FAR 150-MHz total ux densitiesisD0 0:01, ShOWing excellent width and time_averaging Smearing at the edge of the eld, beyond
agreement between the 7C and LOFAR ux scales, though the scat-2-3 degrees, do not seem to be having any detectable effect on the
ter is larger than would be expected from the nominal ux errors. | OFAR total ux densities. The same comparison was also carried
We can conclude that there are no serious global ux scale errors in gyt using the peak ux densities of the LOFAR images and those
the catalogue, at least in the region covered by 7C (essentially theof the cross-matched FIRST sources (see below), which should be
NE and NW elds). more sensitive to smearing effects, again with no discernible radial
dependence of the ratios.

Flux ratio (NVSS total/LOFAR total)
Q
N

Q
[

Q
o=

4.2 Flux scale tests: NVSS crossmatch

. . . . 4.3 Flux scale tests: TGSS crossmatch
The most suitable high-frequency survey for a direct comparison

with the LOFAR results is NVSS, which is sensitive to large-scale For comparison with a deeper survey than 7C at 151 MHz we make
structure, although its resolution is much lower than that of the use of the data from the TGSS survey made with the GMRT with
LOFAR images. To generate a suitable catalogue we extracted thea resolution of 25 25 arcseclftema et al. 2016 As with the
NVSS images from the image server and mosaiced them into aNVSS data, we made a single large mosaic of the images, extracted
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Figure 5. TGSS against LOFAR ux densities, colour-coded by eld. Error  Figure 6. FIRST/LOFAR offsets in the eld. The mean offset for each facet
bars are plotted for all data points, but in many cases are smaller than theis plotted individually. Error bars show the nominal errors on the mean off-
symbols. The central line shows the median ratio between the ux densities sets.

(1.08) and the dispersion that would be implied by 10 per cent calibration

uncertainties on top of this. The per- eld ux scale offsets between LOFAR

and TGSS data can be seen as colour gradients across the plot. ity of being an artefacty 0:05. We restricted the crossmatching to
compact LOFAR sources ( tted size less than 15 arcsec) with well-
determined positions (nominal positional error less than 5 arcsec).
3,319 LOFAR/FIRST matches were obtained by this method, with
a mean offset over the whole eld aflrp = 0:16 0:01 arcsec
anddpgc = 0:01 0:01 arcsec. Using these matches, we can de-
termine the mean LOFAR/FIRST offset within each facet, shown
in Fig. 6. Some facets have relatively few matches, so the results
should be treated with caution, but a couple of points are fairly
clear. Firstly, the typical offsets are small, a couple of arcsec at
most: given that any offsets are likely introduced by the phase self-
calibration in the facet calibration process, we would not expect
them to be much larger than the pixel size of 1.5 arcsec, as is ob-
served. Secondly, elds in which we had worse results with facet
calibration also show larger offsets; by far the largest offsets are
seen in some facets of the Central eld, which, as discussed above,
also has signi cantly higher noise. This is consistent with the idea

ux densities usingpYBDSM, and then cross-matched positionally
with the LOFAR data. There are 2896 TGSS sources in the LOFAR
eld, of which almost all (2449) can be cross-matched with LOFAR
data. Surprisingly, given the good agreement between LOFAR and
NVSS ux scales (Sectiod.2), we see non-negligible per- eld dif-
ferences in the mean LOFAR and TGSS ux densities. There is
no overall ux scale offset (as measured from median ratios of all
matched sources), but the median TGSS/LOFAR ratios for the in-
dividual elds vary between 0.86 and 1.10. GMRT ux calibration

is itself not reliable to better than about 10 per cent, and the over-
all medians will be dominated by the sources close to the centre of
each eld, so itis perfectly possible that much of this scatter comes
from GMRT calibration uncertainties. In addition, the GMRT's ux
scale can be adversely affected by bright sources in the eld, and

this is appa}ren_t, fqr e_xample, n th(.a ux for the calibrator source that the quality of the initial direction-independent phase calibra-
3C 286, which is signi cantly offset in the GMRT catalogue from . L "
tion has a strong effect on the nal facet calibration results: if the

the reference 150-MHz value of SH. We therefore do not attempt . . . o . P
. . . initial phase calibration is poor, we expect offsets in the initial im-
to use the TGSS images to derive further corrections to the per- L
. . ages for the rst (phase-only) facet self-calibration step, and we
eld uxscale, but simply report the TGSS comparison here for the will never be able to recover from these completely without an ex-
bene t of future workers. Plotting the LOFAR (corrected) total ux pletely
- ) o : . ternal reference source.
densities against TGSS ux densities (we restrict the comparison to
sources that should be unresolved to TGSS) shows a good correla-
tion, but, as with 7C, the scatter is larger than would be expected
from the nominal errors (Fid), indicating some residual calibra-
tion errors in either or both of the TGSS and LOFAR datasets. In We tted power laws in frequency to the total ux densities for each
the absence of a detailed study of the TGSS ux calibration, we source in the associated catalogue. The in-band spectral index is a
cannot establish whether one or both of the datasets are responsiblgensitive test of the validity of the correction factors applied to the
for this. ux densities in each eld prior to combination, as even small cali-
bration errors will lead to large biases in in-band spectral index over
the relatively narrow HBA band alone. Many sources have pdor
values (suggesting that the errors in the catalogue are underesti-
The 7C crossmatch shows that there are no gross astrometric errorsnated) or large errors on the spectral index (estimated from the
in the catalogue, but to investigate positional accuracy in more de- tting covariance matrix). The in-band spectral index distribution
tail we need a larger sample with higher resolution. For this purpose for the overall associated catalogue and the four elds is shown in
we cross-matched the source catalogue with the FIRST survey dataFig. 7, where we plot only sources with nomina Bpectral index
inthe eld. There are 9,856 FIRST sources in the survey area, after errors of< 0:2 and exclude the highest values ¢2 > 80). It can
Itering out sources with FIRST sidelobe probability (i.e. probabil- be seen that, although the overall in-band spectral index distribu-

4.5 In-band spectral index

4.4 Positional accuracy tests: FIRST crossmatch
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ourselves to sources where this bias is not signi cant, with LO-
FAR ux densities above 30 mJy, the median spectral index be-
comes @755 0:005 (errors from bootstrap), in good agreement
with other determinations of the spectral index distribution around
these frequencies (e.gauch et al. 2013and references therein).
Deeper 1.4-GHz data with comparahie plane coverage to LO-
FAR's are required to investigate the spectral index distribution of
faint sources.

With both the in-band and LOFAR/NVSS spectral indices in
hand, we can compare the two, and this comparison is shown in
Fig. 10. Here we plot the 2;000 sources that have LOFAR ux
density> 30 mJy and also satisfy the requirement that the nominal
error on the in-band spectral index<s0:1 and the tis accept-
able. A general tendency for the in-band spectral index to be atter
than the LOFAR/NVSS index is observed, unsurprisingly, but many
sources exhibit unrealistically steep (in the NE eld) or at (in the
Central eld) in-band indices, and in general the scatter in the plot
is probably dominated by the known per- eld biases in in-band in-

Figure 7.In-band spectral index determined from LOFAR data. The overall dex. It is possible to identify in this plot some individual sources
histogram is shown together with the histograms for each eld. that plausibly have interestingly steep, inverted or curved spectra,
but the unreliability of the in-band index limits its use.

tion is reasonable and peaked around the expected value (0.6-0.7),

the catalogues for the four elds have rather different distributions. 4.7 The optical identi cations

The central eld, in particular, shows a peak at at spectral index .

values which must be the result of the generally poorer quality of /AS noted above, 6,227, or approximately 40 per cent, of the sources
the data in this eld, while the NE eld has an excess of steep- N the associated catalogue have optical identi cations with either
spectrum sources. By contrast, the normalization of the power-law 92axies or point-like objects (presumably quasars) from the SDSS
ts at 150 MHz is generally in good agreement with the broad-band DRlZ photool_)jtable. Of these, _1_,934 have spectroscopic re_dshlfts
total ux density we measure. We conclude that in-band spectral N the specobjiable and an additional 3,660 have photometric (but
indices cannot be reliably compared between elds in this dataset, N0t Spectroscopic) redshifts, leaving 633 with no redshift informa-
though sources with extreme apparent in-band spectral index re-tion (we discard objects with nominal error<0:3 on the photomet-
main interesting topics for further investigation. Reliable absolute "€ redshift). 263 objects are classed as pointlike in the photometry
in-band spectral index measurements will require the LOFAR gain c&talogue based on th@ob.psf eld, of which 89 have spectro-

transfer problems to be solved by the use of a correctly normalized scopic redshifts; the pointlike objects with spectroscopic redshifts
beam model. are likely almost all quasars and we refer to them as quasars in what

We can in addition comment on the errors on the in-band spec- follows. _ . _
tral index to be expected from HBA data. F&jshows the error on The highest spectroscopic redshift in the sample is for a quasar

in-band spectral index as a function of ux density for the asso- 2= 5:2, but no object that is not a quasar has a redshift much
ciated catalogue, both for the whole catalogue and for the inner 2 9reater than 1, as expected given the magnitude limits of SDSS;
degrees of the three best elds, which should be more representa-th€ sharp cutoff in photometric redshiftsat 1 is presumably a
tive of Tier 1 quality. It can be seen that errors are typically less COnseduence of the absencezof 1 objects from the training sets
than 0:1 only for bright sources, with ux densities 100 mJy, used in SDSS phote-determination Beck et al. 201 but the
even in the centres of the best elds. For almost all sources, there- 10CuS of magnitudes of radio-galaxy hosts with spectroscopic red-
fore, a much cleaner spectral index determination will be obtained SNifts clearly intercepts the SDSband magnitude limit of 22.2
by comparing with NVSS, which will detect all but the steepest- 2t this re_dshlft in any case. Detecting hlgher-redshlft radio galaxies
spectrum LOFAR sources with LOFAR ux densities above a few will require deeper optical _data. The spectroscopic coverage of the
tens of mJy. It will be possible to use in-band spectral index to galaxies that we do de.tec.t is excellent due.to the presence of spectra
select sources which are extremely steep-spectrum (and so unde!Tom the Baryon Oscillation Spectroscopic Survey (BOS&w-
tected in NVSS) but this will only be reliable, even after LOFAR ~ SON €t al. 201Bin DR12, and as a result the number of objects with

gain calibration problems are solved, if they are also bright. spectroscopic redshifts is comparable to that in the FIRST/Galaxy
and Mass Assembly (GAMADriver et al. 20092011)-based sam-

ple of Hardcastle et a(2013, although the distribution of redshifts
4.6 Out-of-band spectral index is rather different. The WEAVE-LOFAR projet (Smith 2015

aims to obtain spectra and redshifts for essentially all of the radio
We use the NVSS/LOFAR crossmatch described above (Sectionsoyrces in the eld.

4.2) to construct a distribution of spectral indices between 150 MHz In Fig. 11 we plot the Petrosian magnitude from SDSS for
and 1.4 GHz (Fig9). The median NVSS/LOFAR spectral index  the optically identi ed sample, showing objects with spectroscopic,
is 0.63, with almost no differences seen between elds. It is im- photome’[ric or no redshift. We see that the Samp|e is Virtua”y spec-

portant to note that the effective ux density limit of 2:5 mJy troscopically complete at< 17:7 mag, and almost all sources have
for point sources in the NVSS data biases the global spectral in-

dex distribution to low ( at) values — only at-spectrum counter-
parts can be found to faint LOFAR sources (F. If we restrict 11 http://star.herts.ac.uk/ ~dsmith/weavelofar.html
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Figure 8. Density plot of errors on the in-band spectral index as a function of total LOFAR ux density. Left: all sources and elds. Right: only the central 2
degrees of the NW, NE and SW elds are plotted.

Figure 9. Left: histogram of LOFAR/NVSS spectral indices for all sources and for the individual elds. Centre: the relationship between spectral index and
ux density: the solid line shows the region to the top left that cannot be populated by point sources given the NVSS sensitivity limit. Right: the histogram of
spectral index for bright$so> 30 mJy) sources only.

a spectroscopic or photometric redshift &t 19 mag. A clear lower

limit in magnitude at a given redshift is seen, expected since radio-
loud AGN tend to be the most massive galaxies at any redshift; the
very few sources with an apparent magnitude too bright for their
redshift are likely to be due to erroneously high photometric red-
shifts, but these are too small in number to signi cantly affect our
analyis. We also note a small population of objects that are very
faint in r, due presumably to SDSS photometric errors inrthe
band — most of these objects have more reasonable magnitudes in
other SDSS bands.

Fig. 12 shows the distribution of spectroscopic and photomet-
ric redshifts in the galaxy sample, and the corresponding radio lu-
minosities (where we use a single spectral indexact 0:7 for
K-correction). We see that the radio luminosities of the optically
identi ed sample span the range fromZow Hz 1 (where we

Figure 10.The in-band and NVSS/LOFAR spectral indices compared. The would expect star formation to be the dominant process) through to
solid line shows equality between the two spectral indices. In general in- well above 18% W Hz 1 (the nominal FRI/FRII break luminosity
creasing spectral steepness with frequency means that we would expectyt 150 MHz) even for the spectroscopic subsample. The wide area
points to lie above this line. and high sensitivity provided by LOFAR coupled with the avail-
ability of spectroscopy for a large number of faint galaxies in SDSS
DR12 drives the wide range in radio luminosity that we observe.
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Figure 11. Left: the distribution of identi ed sources with spectroscopic, photometric, and no redshifts as a funatibard magnitude. The second peak
of spectroscopic redshifts at 20 is due to BOSS selection. Rightband magnitude as a function of redshift. Redshift is plotted on @ teg) scale but
labelled withz values.

Figure 12. Left: redshift and right: radio luminosity distributions for the optically identi ed galaxy catalogue and the subsample with spectroscopic redshifts.
Redshift is plotted on a Idd.+ z) scale but labelled witla values.

5 INITIAL SCIENCE RESULTS suggest that resolution bias, i.e. the fact that resolved sources are
less likely to be detected, affects the counts signi cantly below a
few mJy, where the SNR is low, and this can be seen affecting the
sub-mJy ux counts in the comparison of their results with ours
in Fig. 13; more detailed completeness simulations taking into ac-
Pers. count the intrinsic distribution of source sizes would be necessary
to have con dence in the source counts at the very faint end of
this plot. Elsewhere our results are close to, but generally slightly
above, those of W16, which may be a result of our different ap-
The associated catalogue allows us to construct the standardproach to completeness corrections.

Euclidean-normalized differential source counts plot for the LO-

FAR sample, and this is shown in Fify3. For comparison at the

bright end, we plot the 6C 151-MHz source countdHafles et al.

(1988. There is excellent agreement between the normalization .

and slope of the 6C and LOFAR data where they overlap, given the 5.2 Cross-match with H-ATLAS

Poisson uncertainties on numbers of sources at the bright end inThe H-ATLAS project produces maps and catalogues following the
the LOFAR data. Our source counts are corrected for completenessmethods described yascale et a(2011) (SPIRE mapping)lbar
(Section3.4) and of course take account of physical associations etal.(2010 (PACS mapping) anRigby et al.(2011) (cataloguing).
between objects in the original catalogue, but are not corrected for An up-to-date description of the process for the public data, shortly
any other effects. W16, in their similar but higher-resolution study, to be released, will be provided by Valiante et al. (in prep.) and

In this section we discuss some scienti ¢ conclusions that can eas-
ily be drawn from the various catalogues that we have constructed.
Detailed analyses of all these topics will be presented in later pa-

5.1 Source counts
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the parametetpso = 109,0(S50 mm=S1:4 cH2)  2:0, assuming a
spectral index of 0.7 for these objects.

The LOFAR detection fraction (Fidl4) is low for all Her-
schel ux densities after the brightest ones, but certainly lower for
the fainter objects, as would be expected given the ux- ux rela-
tionship and the fact that the sensitivity of the LOFAR images is
not constant across the sky. It is interesting to ask whether such an
explanatiorquantitativelypredicts the detection fraction, which we
can do if we assume that the ux- ux relationship estimated above
holds good for all H-ATLAS sources. We can then use the LOFAR
completeness curve to estimate which of the H-ATLAS sources
should have been detected in the LOFAR band. In fact (Hpwe
would expect to detect many more sources (the simulations show
this number to be around 12,000) than we actually d& if pmHz
were equal to @5S,50 m, for all Herschelsources. While the ux-
ux correlation we see in the data must be correct for the bright-
est sources (we would be able to detect sources with, for example,
250+mm ux densities at the Jy level and mJy-level LOFAR ux

Figure 13. Euclidean-normalized differential source counts from the LO- densities, but none exist) the true ux- ux relationship for the bulk
FAR associated catalogue after completeness correction. Overplotted aregf Herschelsources needs to be at least a factor 2 below the naive
the 6C counts frontales et al(1988, the LOFAR counts from W16, the  estimate derived from the correlation seen for the brightest sources
counts for the identi ed catalogue, and the counts for objects classed as iy, e to come close to reproducing the actual detection statistics.
star-forming (see Sectidn3) with the corresponding counts for SFGs from This is again consistent with the resultsshith et al (2014, who

the simulations ofVilman et al.(2008. For clarity the very few points on h d that stacki dio lumi ities includi td
the simulated SFG line with total ux density greater than 0.25 Jy are not showe at stacking radio luminosities including sources not de-

plotted. Error bars are suppressed when there is only one count in the cor-técted in t_he radio gave rise.tQ50 values 2:5. The im_plicgtion; .
responding bin. here are important: even without analysing the luminosity distri-

bution, we can see that radio/FIR relations derived from samples

ux-limited in both radio and FIR are likely to be strongly biased

unless non-detections are taken into account, with implications for
descriptions of the NGP maps and catalogues will be provided by the radio emission expected to be seen from star-forming objects

Smith et al. (in prep.) and Maddox et al. (in prep.) respectively. in the distant Universe. Here we do not speculate whether this bias
The currently available H-ATLAS catalogue of the NGP eld  arising from the combined radio-FIR selection is due to true radio
contains 539,757 sources detected at approximatelysigni - de ciency in some star-forming galaxies or to other effects such

cance, of which 443,500 overlap with the LOFAR images. For the as the differing dust temperatures of objects selected an260
purposes of ux comparisons we restrict ourselves to sources with (Smith et al. 201} Later papers (Grkan et al in prep.; Read et al
250+1m signal-to-noise (taking account of confusion noisel:0, in prep.) will discuss the relationship between radio emission and
of which there are 94,008 in the LOFAR eld; this is a similar sig- star formation in more detail.

ni cance level to the cut that will be applied in the forthcoming
NGP data release, and implies a typical 280 ux density limit

of around 30 mJy. Clearly only a small fraction of théserschel
sources are detected with LOFAR. We cross-matched on both LO- We made use of thiderscheldata to separate AGN and star forma-
FAR positions and the positions of optical identi cations, using the tion in the optically identi ed sample. To do this we measukst-

same maximum-likelihood crossmatch as described above for ra-schel ux densities from all ve bands directly from the H-ATLAS

dio catalogue matches, with a maximum permitted offset of 8 arc- maps at the positions of all optical identi cations with redshifts
sec. To do this we take the error éterschelpositions to go as in the manner described hyardcastle et al2013. We then tted
1=SNR normalizing to a positional error of 2.4 arcsec for a SNR modi ed black-body models witt = 1:8 [the best-ftting value de-

of 4.5 based on the results of Bourne et al. (in prep.) on the opti- rived byHardcastle et a(2013 andSmith et al.(2013] to all ob-

cal crossmatching to the Phase 1 H-ATLAS data release. We nd jects with a3 detection in more than ortderscheband, accepting
2,994 matches to LOFAR positions and 1,957 matches to optical ts with good c¢2 and well-constrained temperature, in the manner
positions — the latter being more reliable as the optical positions described byHardcastle et al2013. This process gives us 1,434
are better determined, but representing a smaller number of LOFAR dust temperatures and luminosities, with a mean dust temperature
objects as not all have optical IDs. A ux- ux plot (FidLl4) shows of 24.5 K. For the remaining objects, we estimate the g601R

the expected two branches, one where there is a good correlationuminosity,L,sg, from the 250rm ux density alone, K-correcting
between the radio arlderschel ux densities, and one where there  usingb = 1:8 andT = 25 K; we calculate a luminosity in this way

is none, representing respectively star-forming galaxies and radio-for all objects, including non-detections. The temperature land
loud AGN (some, but not all, of which will be detected in the H- parameters are only used here to provide a K-correction a0
ATLAS images due to their star-formation activity). The ux-ux  rather than to calculate an integrated luminosity, and so the effects
relationship for theletectedstar-forming objects appears approxi- on the data should be very limited at the low redshifts of the ma-

5.3 AGN and star formation in the optically identi ed sample

mately linear and could be represented®yonrm 20Si50 MH2: jority of objects in our sample. The resulting radio-FIR luminosity
as shown on Figl4; such a relationship is consistent with the 0 plot is shown in Figl15. A clear sequence of the radio-FIR corre-
radio/far-infrared (FIR) correlation observed at 1.4 GHz for sources lation can be seen, driven mostly by detected objects, as expected
detected in both bands4drvis et al. 201,0Smith et al. 201%where given the results of the previous subsection; the correlation may be

MNRAS 000, 000—-000 (2016)



16 M.J. Hardcastle et al.

Figure 14.Results of cross-matchirgerschelandLOFARsources. Left: LOFAR/H-ATLAS ux density plot showing positional crossmatches to the LOFAR
positions (red) and positions of optical counterparts (blue). Right: detection histogram, showing the distributiomof 260eensities in the whole area-
matched sample, the simulated nhumber of detectiossif yn, were Q0550 nm for all sources, the distribution of ux densities of sources matched to
LOFAR positions and the distribution for sources matched to SDSS sources. Note the logarithmic&xgs: at1 Jy fewer than ten per cent of thierschel

sources are detected by LOFAR.

Figure 15. 250+mm far-infrared luminosity, estimated as described in the
text, as a function of LOFAR radio luminosity. Objects are colour coded
depending on whether they have temperature measurements, are detected
the X level at 250mm but without a valid temperature measurement, or
are Z upper limits at 250mm. The division into detected and non-detected
sources at this level is for plotting purposes only and plays no part in the
analysis. Solid lines shogfs,= 20 andgds,= 5, wheregds, is as de ned

in the text.

slightly non-linear but at low luminosities/redshifts is broadly con-
sistent with a constant ratio of about a factor 20 between the two
luminosities. [It would not be surprising to see some non-linearity

to a large extent and where there may be some contamination of
the FIR from synchrotron emission.

To make a quantitative separation between the two classes of
object we de ne the quantit;q%So = Logg=L150 — We take the ratio
here rather than its log, as is more conventional, to allow for the
negative values of ;50 which may be assigned tderschelnon-
detections. We use the value lofsg derived from temperature t-
ting where available and from the 250n ux density otherwise.
Then we take a source to be an AGN&O< 5, and a star-forming
object otherwise (the division being indicated by a line on E&).

By this classi cation, 3,900 of the objects with redshifts are AGN
and the remaining 1,667 are star-forming galaxies (SFGs). Con-
sistent with expectation, these two populations have very different
distributions in redshift, galaxy magnitude and 150-MHz luminos-
ity (Fig. 16). The dividing line used here is, of course, arbitrary,
though it is chosen so as to isolate the radio/FIR relation at low
luminosities. We do not expect a clear separation between the two
classes impsg since radio-loud AGN may occur in strongly star-
forming galaxies. However, we checked the classi cation by test-
ing what fraction of sources in the two classes are morphologically
complex, using as a proxy for this multi-component sources with a
maximum component separation®f20 arcsec (to avoid sources
that are only moderately resolved by LOFAR). We nd that of the
275 such sources, all but 4 are in the AGN class, and of the four
extended objects classed as SFGs, 3 are genuinely extended very
nearby galaxies; only one is a clear double which should be clas-
si ed as an AGN, and that turns out to be one of the quasars that
contaminate the high-luminosity end of Fith, 14 of which have
0950 above the SF threshold. These objects are easily excluded from
our SF catalogue and, apart from them, we do not appear to be in-
cluding in the SF class any signi cant number of double AGN, sug-

2

given the dependence of the radio-FIR correlation on dust tempera-9€sting, at least, that the SFG class is not strongly contaminated by

ture discussed bgmith et al.(2014: once again, we defer detailed
discussion of the radio/FIR correlation taifkan et al. (in prep.).]
Radio-loud AGN lie to the right of this correlation, i.e. they have
an excess in radio emission for a given FIR luminosity. The scat-
tering of points at high luminosities comes from the hiptppasar
population, where the K-corrections almost certainly break down

AGN. The fraction of morphologically complex sources increases
immediately belowgds, = 5, consistent with the idea that this is a
useful dividing line.

The source counts of objects classed as SFGs (Bjgshow
good agreement with the SKADS model counts/dfman et al.
(2008 in both normalization at the lowest ux densities and slope
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Figure 16. Distributions of key quantities for the whole sample and after AGN/star-formation separation as described in the text. In each histogram white
shows the distribution of the parent sample, red star-forming objects, and blue AGN, with the overlapping regions of the two coloured histograms appearing
in purple.

(i.e. atwhen Euclidean-normalized): the only difference is thatwe dening usinghnSTROQUERYt0 query the IRSA Dust Extinction Ser-
lack the sky area to nd extremely bright SFGs, and that we nd vice!? and retrieve dust extinction calculated accordingthla y
slightly higher numbers of SFGs at ux densities of 2-4 mJy. This & Finkbeiner(2011). A colour-magnitude diagram constructed for
suggests that we are correctly classifying the vast majority of both ther < 19 objects shows a good separation into red sequence and
SFGs and AGN. Misclassi cation of SFGs would lead to incon- blue cloud largely dominated by AGN and star-forming objects re-
sistencies in normalization; contamination of the SFGs with AGN spectively, as expected.

would lead to inconsistencies in slope. Residual differences may be We then computed the luminosity function in the standard
due to cosmic variance — our sky area is considerably smaller thanway, i.e. by binning £Vmax, whereVnax is the maximum volume

that simulated bywilman et al.(2008. Our results contrast with  out to which a source can be seen given the radio and optical limits.
those ofSimpson et al(2012 andLindsay et al(2014), who both We calculateVinay separately for optical and radio agd adopt the
found a de cit of faint objects at low at 1.4 GHz compared to the  smaller of the two. For the radi®max is calculated as dmaxdA,
SKADS models; it is possible that this is evidence that LOFAR's where we use the completeness function described in Segion
short baselines allow it to pick up a population of low-z SF sources to compute the area over which sources can be seen out to a given

resolved out by high-resolution VLA surveys. We note (Fi6) depth. For the optical, the survey is assumed to be uniform, but we
that we continue to nd objects classed as SF up to the highest red- invert the approximations ahilingarian et al(2010 to derive K-
shifts in our sample, and up to radio luminosities of AW Hz 1; corrections as a function of redshift and intrindidg( M) colour.
these objects must, if correctly classi ed, be strongly star-forming The results for the whole sample are shown in HAig.(left
galaxies with SFR of hundreds of solar masses per year. panel). For AGN, we see overall good agreement with a scaled
We conclude thaerscheldata, where available, offer areli-  (a = 0:7) version of the luminosity functions dflauch & Sadler
able and simple method of carrying out AGN/star-formation sepa- (2007 at 1.4 GHz orPrescott et al(2016 at 325 MHz, implying
ration in LOFAR data at Tier 1 depth. little variation in the spectral index as a function of radio lumi-

nosity. However, the luminosity function for SFG clearly has an

excess with respect to the literature catalogues at higher luminosi-
5.4  Luminosity functions ties. We attribute this to redshift evolution of the SFG population.

This can clearly be seen in the right-hand panel of Eigwhere
We construct the low-redshift 150-MHz luminosity function from e plot the SFG luminosity function only, broken down into red-
sources withr < 19 mag, excluding quasars. Below this limit, 1809  shift bins. A strong positive luminosity function evolution with red-
of our 1917 candidate identi cations (95 per cent) have redshifts shift is evident, and the lowest-redshift luminosity function is now
(1190 spectroscopic) and so we are able to construct a luminosityin excellent agreement with that dauch & Sadler(2007). By
function without much normalization uncertainty. 1017 of the 1809 contrast, we have veri ed that the AGN |uminosity function shows
are classed as SFGs by thy criterion, the rest are AGN. We  no signi cant variation out t@= 0:4, the limit of our magnitude-
drop at this point 2 AGN with photometric redshifts that are clear |imited sample, presumably because the AGN in our sample are
outliers on the-zplot (Fig. 11) leaving a sample of 1017 SFGs and  |argely low-excitation radio galaxies which are expected to show
790 AGN with a maximum redshiftjust overd This Iarge redshift 0n|y weak Cosm0|ogica| evo|uti0rBest et al. 2014Pracy et al.

range means that we may be somewhat affected by cosmologicab01. A future paper (Williams et al. 2016b) will discuss the lumi-
evolution; the median SFG redshift is 0.12 and for AGN itis 0.24. nosity function evolution for radio-loud AGN, both low-excitation

We return to this point below. We expect that there are very few and high-excitation using the deeper optical data in thét@ eld.
unidenti ed radio sources which should in fact be identi ed with The strong radio luminosity function evolution we see for
r < 19 galaxies, setting aside small gaps in the DR12 photometric SFGs is striking. We naturally expect some evolution given the
catalogues around bright stars and the like, so that a luminosity known overall evolution of the star-formation density of the uni-
function with these constraints should be representative of the trueyerse (e.g.Madau et al. 1996Hopkins & Beacom 2006 In wide-

source population. area surveys hints of positive evolution have been seen for some
In order to calculate the luminosity function we must deal with

the effects of K-correction in the optical. We rst of all calculated
absoluteg andr magnitudes for our targets using the methods of 12 http://irsa.ipac.caltech.edu/applications/DUST/inde X.
Chilingarian et al (2010, correcting for an average Galactic red- html
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Figure 17. Left: the 150-MHz luminosity function in the H-ATLAS eld dividing the sources into SFG and AGN as described in the text. Solid lines show
the LOFAR-derived luminosity function: light points with error bars show the 1.4-GHz luminosity functionNtaoth & Sadle(2007) and the 325-MHz

luminosity function ofPrescott et al(2016, scaled assuming a constant 0:7.
plot, but for the SFG only, dividing into three redshift bins.

time (Machalski & Godlowski 2000Condon et al. 2002 How-
ever, most work in this area has focussed on deep elds, and
this has shown that the luminosity function (etdparsma et al.
200Q Smokit et al. 2009McAlpine et al. 2013, the speci ¢ star-
formation rate estimated from the radio (ekarim et al. 2011
Zwart et al. 2013 and the total radio-estimated star-formation rate
density (e.gSeymour et al. 2008all evolve positively in the red-
shift rangez= 0 — 1. What is unusual about our sample, other than

the fact that it is calculated at 150 MHz, is that it has the area to see

this evolution directly at low redshift, coupled with the ability of
the H-ATLAS data to allow AGN/SF separation over such a wide
area. Although the error bars are large, Fig.implies that pure
luminosity evolution has the form (1+ 2)°, which is steeper than
the (1+ 2)%° found in most earlier work on the radio luminosity,

Error bars are Poissonian from number counts in bins only. Right: the same

suggesting either some difference in our selection or a real change

in the redshift dependence at low radio luminosity an@he cor-
responding positive evolution at lowin the far-IR is relatively
well known Dye et al. 2010Magnelli et al. 2013Gruppioni et al.
2013 and seems to imply a similarly strong evolution with redshift
(Dye et al. 201) but, unlike the far-IR where dust mass evolu-
tion may also be implicatedDunne et al. 201}l the radio data —

if contaminating AGN can be removed — provide an unambiguous
tracer of star formation evolution comparable to the ultraviolet or
Ha. More optical identi cations and spectroscopic redshifts for ob-
jects in the NGP eld, and LOFAR observations of the equatorial
H-ATLAS elds, will enable us to investigate this evolution of the
low-frequency luminosity function to higher redshift in future, and
to compare to the results at 1.4 GHz and to the evolution of other
star formation tracers (see, e.glancuso et al. 2095

5.5 The power/linear-size diagram and the incidence of giant
sources

The radio power-linear size plot d*-D diagram for radio-loud
AGN, introduced byBaldwin (1982, is an important diagnostic of
radio galaxy evolution. A new-born radio source will starPat 0,

D = 0 and (barring strong interactions with the external medium) is
expected to havelddt > 0 throughout its active lifetime, as the ex-

Figure 18. The power/linear-size diagram for AGN in our survey and for
3CRR objects. For the LOFAR AGN, we plot separately sources with angu-
lar sizes smaller than 15 arcsec as measure/Bpsm, where the physical
sizes should probably be considered upper limits; sources with larger sizes,
probably at least somewhat meaningfully measuredYgpsm: and com-
posite sources, whose largest component separation is used as a proxy for
their size. 3CRR sizes are all measured from high-resolution radio maps.
Boxes indicate the region where some or all LOFAR sources in the range
z= 0 to z= 0:8 with uniform surface brightness would drop below the
detection threshold for our images. The vertical dashed line indicates our
giant-radio-galaxy selection criterion (see the text for details). The grey
curves represent tracks in the diagram for a source with a jet powef®f 10
W, in various environments, derived from the modellingHzrdcastle &
Krause(2014).

pansion of the source is driven by the ram pressure at the head of the
jets: thus linear size is an important proxy of age, though the rela-
tionship between the two is determined by the source environment.
The radio power is a function of the energy density in electrons and
magnetic eld in the lobes and of their volume, and so has a more
complex relationship with source age, particularly when the effects
of radiative losses are taken into account. Theoretical or numerical
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models of radio galaxy evolution (e.d¢aiser et al. 1997Blundell function over several orders of magnitude in jet power, something
et al. 1999 Manolakou & Kirk 2002 Hardcastle & Krause 2013 we expect to return to in future papers.

Turner & Shabala 20)5oredict tracks in thd>-D diagram for in-
dividual sources, depending on source environment and jet power;

survey observations provide an instantaneous sna_pshot of the PO%annot be detected, given the surface brightness limits at full reso-
sitions of many Sources on th@”? track§. Observatpns of large lution and sensitivity, and on the assumption of uniform source sur-
samples can constrain models directly if they contain sources thatface brightness, considering the redshift range 0-0.8 in which most
are extreme with respect to the predicted tracks, e.g. very large or ¢ | . <0\ -oao ’Iie. We see that we are capable of detecting (and
very poweriul objects; more importantly, we may hope in future to do detect) sources with 100-kpc sizes down to almost the lowest
use obs_,erved (multi_frequency) r_adio power and size in_ large sam- radio luminosities at which we detect AGN, but we expect to be
ples to infer propgrtles such as jet power, age _and enwro_nment Or‘signi cantly biased against low-luminosity large sources because
a per-source basis from the theoretical predictions. Inferring theseof our surface brightness limitations. At high radio luminosities,
properties for the large samples of radio-loud AGN expected to be we would expect to be able to detect all but the most extreme giant

generated _by negt-genergtiqn radi_o SUIVeys, including those with radio galaxies, where we adopt the standard de nition in which the
!‘OFAR’ V\{'” provide cruc.lal Input into our understa_mdmg of the projected linear size of a giantis 1 Mpc. Giant radio galaxies are
feedpack Processes t_)elleved t(.) contrpl the evolution of the most of particular interest because they represent one of the extremes in
massive galaxies, as dlsc_:ussed in Section . P-D space: they must be particularly long-lived sources and their
To construct &>-D diagram clearly estimates of bothand very existence places constraints on models of e.g. the possible ac-

Df ar(;.neces;ary,.s.ei n obfervanlo nal. terms dwe dneh('ef(tj rcveasurementﬁve lifetime of jets. For this reason a number of searches for giant
orradio ux density, largest anguiar size and reashift. We have es- o, cag jn existing low-frequency surveys have been carried out

timates of the angular sizes of our sources from the cataloguing (e.g. Cotter et al. 1996Lara et al. 2001 Machalski et al. 2001
process, byt these peed tq be treated with caution.for Several,rea'Schoenmakers etal. 200Buch searches have generally used large
sons. As discussed in Sectidr, the deconvolved major axes esti- angularsize as a proxy for giant status, and then followed up opti-

mated bypyBDSM for objects tted with a single Gaussian tend to cally and/or with spectroscopy to identify physically large sources,

be overestimates, as small residual phase errors or offsets betweeﬂqus favouring low-redshift giants. For examplera et al (2001
the different spectral windows will make a source thatis really un- 4 o sky density of 1 giant per ' 300 square degreeé with an

re_solved to LOFAR appear marginally resolyed in the images. For initial selection criterion of an angular size exceeding 4 arcmin in
this reason, we consider all deconvolved size&5 arcsec to be

unreliable, where the threshold is chosen based on the distribution

of apparent source sizes and on visual inspection of the images. For

sources whereyBDSM associates more than one component, the Our optically identi ed sample and the fact that we are ca-
size estimates are probably slightly more reliable, but these are aPable of detecting powerful giants allows a direct approach to the
minority. For sources associated by us, we record the largest angu-Problem. As Fig.18 shows, we do detect 7 sources with size$

lar separation between the BDSM positions of any pair of compo- Mpc: in counting these we use a selection at 900 kpc to allow for
nents, but this is only a crude estimate of the true angular size, beingthe fact that the angular size values from component association
most reliable for edge-brightened FRII-type sources. All of these are generally slightly underestimated, since they are the separations
automatically generated sizes would bene t from veri cation by between the centres of the associated components, not their edges.
human inspection. Nevertheless they provide an interesting starting©f these 7, all but one seem likely to be bona de powerful giants
point for consideration of the sample power/linear-size plot. Thisis (5e€ Appendid), implying a density of sucR> 3  10?°°WHz *
shown for the sources classed as AGN in Fi§. We overlay on ~ Sources on the sky of at least 1 per 20 square degrees. These are,
this plot the equivalent values for the 3CRR samplgaing et al. of course, only the optically identi ed giants, and we would ex-
1983, which, with its ux density limit of 10.9 Jy at 178 MHz, pect to be biased against optical IDs of luminous sources, which
represents the most luminous radio AGN in the Universe at any Will tend to be at high redshift, as well as of large sources, which
particular redshift; it can be seen that there is signi cant overlap are inherently dif cult to identify. Our smallest (in angular size)
between the two, unsurprising since a number of 3CRR sources arediant is 140 arcsec in length, and there are a further 10 composite
present in our survey, but that, also as expected, the LOFAR surveySources with sizes 2 arcmin in the associated catalogue, many of
picks up many more low-luminosity AGN. We also overlay, foril- Which may be higfegiants. Although the numbers are small, these
lustrative purposes only, the theoretical tracks for a source with a are substantially higher sky densities than were founddp et al.

jet power of 188 W in various different environments for sizes be-  (2001), and suggest that the Tier 1 surveys will be a fruitful hunting
tween 10 and 600 kpc, taking account of radiative losses, derived ground for giant sources.

from the MHD simulations oHardcastle & Kraus€2014), which,

if accurate, indicate that the most luminous large sources seen in The surface brightness limitations in these full-resolution ob-

the LOFAR survey have jet powers around the value simulated in servations suggest that it would be useful to re-image the facet-
that work; however, some of the luminous, compact sources we seecglibrated data at low resolution (20-30 arcsec) to allow a search
in the LOFAR surveys wittD< 20 kpc,P 10?7 W Hz  may for low-surface brightness sourceSaripalli et al.(2012 have
well be young sources with signi cantly higher jet power that will  found a high detection rate of relatively low-luminosity large
eventually evolve, if their jets remain active, to 3CRR-like lumi-  sources in a small sky area with good surface brightness sensitivity.
nosities of 18% — 107 W Hz 1. Thus we see the potential of the  As noted above, measurements of the numbers of giants as a func-
LOFAR data to allow us to construct a true jet kinetic luminosity tjon of radio luminosity and redshift provide important constraints
on models of radio source evolution, and we plan to revisit the im-
plications of the population of large sources in the LOFAR surveys
13 Data fromhttp://3crr.extragalactic.info/ ) in a future paper.

Also plotted in Fig.18 are the expected regions where sources
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5.6 Remnant AGN region and that there is a good chance of seeing a core at high fre-
quency, (2) well resolved> 40 arcsec), and (3) classed as AGN on

One of the key uncertainties in AGN evolution models is what hap- the radio/FIR relation, for an initial visual search for remnants.

pens when the jets are switched off. At this point, about half the

energy that has ever been transported up the jets remains in the . . _ o
lobes, at least for powerful double objectsadcastle & Krause Of 127 such objects (after removing a few objects where it is
2013 and so the question of whether, and where, that energy is doubtful that they are truly extended), we can see no evidence for a
transferred to the external medium is one of great interest. How- currently active core in the FIRST images in 38, a potential remnant
ever, the detection of sources in the post-switch-off phase, so-calledfraction of 30 per cent. Examples of candidate remnant sources, to-
remnant or relic AGN, has been surprisingly dif cult. There are ~gether with some comparable sources where a FIRST core is seen,
some well-known objects that appear to have no current AGN ac- are shown in Appendi. We do not include in our remnant count
tivity, for example B2 0924+30Cordey 198Y or 3C 319 Hard- any source where FIRST emission is coincident with the optical ID,
castle et al. 1997 showing no at-spectrum arcsec-scale core (the €ven if there is no clear evidence of a point source; so the true rem-
self-absorbed base of a currently active jet) and, where data arenant fraction could be slightly higher than we quote above. Sources
available, no AGN activity at any other waveband. But such ob- Without a core in FIRST are also less likely to be optically identi-
jects are rareGiovannini et al. 1988 making up no more than 7 ed, hence again biasing our estimate low. On the other hand, we
per cent of the low-frequency classical double (FRII) population do not exclude sources on the basis of showing apparent compact
selected from 3CRR at< 1:0, for example iullin et al. 200§, hotspots in the FIRST images. Even if truly compact, something we
though this fraction may be environment-depend&hirgia et al. cannot really assess on the basis of the FIRST images, such features
2011). In fact true remnants, where AGN activity has completely may persist for more than a light-travel time along the lobes after
ceased, seem to be somewhat rarer than double-double or restartin§e jet turns off, and so do not imply that the jet is still active. The
radio galaxies$choenmakers et al. 200®aripalli et al. 201pde- fact that the fraction we measure is higher than for 3CRR sources
spite the fact that double-doubles should be a fairly short-lived phe- is consistent with the idea that remnants might be more detectable
nomenon as the newly active lobes will merge into the pre-existing in more sensitive surveys, although itis clear that remnants do not
plasma Konar et al. 2013Konar & Hardcastle 207)3implying a dominate the LOFAR sky at these ux density levels.

very rapid fading process for remnants (€hiser & Cotter 2002

To date, however, statistical information on the remnant popula- The main limitation on this conclusion is the fact that the

tion has mainly come from studies of bright ux-limited samples FIRST images are not particularly sensitive to cores. If we de ne
like 3CRR, and as radio galaxies are expected to fade signi cantly the core prominence as the ratio of core ux density at 1.4 GHz [the
as they age due to the effects of adiabatic expansion and radiativegyct frequency is unimportant since radio galaxy core spectra are
losses, it is clear that such samples may be biased against remnant up to high frequencies: (e.gdardcastle & Looney 2008V hit-

sources. . tam et al. 201} to total ux density at 150 MHz, then FIRST's
It has long been suggested that remnant or relic AGiould 3s upper limit on core prominence for the faintest objects corre-
have steep spectra (e.Barma et al. 20Q7Murgia et al. 2011 sponds to 81=80= 5 10 3 while we know that thenediancore

and so would be detectable in greater numbers in sensitive Sur-prominence for 3CRR objects with detected cores i8 10 4

veys of the low-frequency sky. LOFAR should be extremely sen- (\uyllin et al. 2009. 3CRR objects are selected to be the brightest
sitive to remnant AGN, which are also expected to be physically |ow.-frequency sources on the sky and would be expected to have
large Brienza et al(20164 set out possible methods for identifying  systematically low prominences, so this is an unfair comparison,
remnant AGN in LOFAR elds, which include spectral selection pyt clearly it is possible that even moderately faint radio cores are
(i.e., looking for steep-spectrum sources), morphological selection escaping detection in our calculation of the remnant fraction above.
(looking for sources with little or no compact structure) and what \ve therefore regard the remnant fraction we have derived above as
might be termed core selection (looking for sources with no iden- g upper limit. Even so, such a limit is interesting, as it requires
ti able radio core). Each of these methods has its advantages andine typical fading timescale for remnants at 150 MHz to be at most
disadvantagesrienza et al(201639 show that morphological se- 30 per cent of the active time. Sensitive radio followup of rem-

lection appears to be more ef cient in the Lockman Hole eld than  nant candidates will be necessary to constrain the remnant fraction
spectral selection, for the criteria they use, and one morphologi- fyrther.

cally selected remnant in another LOFAR eld has been followed
up in detail, con rming its remnant natur@&fienza et al. 2016p

However, it is possible that remnants with recently switched off A powerllinear-size diagram for the 80-mJy, 40-arcsec sub-

AGN would be missed by both the morphological and spectral se- sample (Fig19) shows that the remnant candidates do not occupy
any particularly special position with respect to the cored sources,

lection methods; by contrast, all genuine remnant sources, what- . ) - X
ever their age, would be expected to have no nuclear jet and so no_bUt there is a slight tendency for them to have lower radio luminos-

arcsec-scale, at-spectrum core. As an initial test for the ef ciency "Y for a given size, in the sense that all remnaqt caﬁdidates with
of remnant surveys using this core selection criterion at Tier 1 depth SiZ€S> 300 kpc, and many of those below that size, lie at the very
and resolution, we have selected from the identi ed catalogue all lowest end of the radio luminosity distribution. This would support
sources which are (1) bright (total ux density 80 mJy at 150 the idea that remnants fade rapidly even at low frequencies once the

MH?z), ensuring that the sample is ux-complete across the survey jets swnc_h o_ff. There is no apparent difference between the in-band
spectral indices of the two samples, but as noted above, these are

very unreliable, and some remnants by our de nition would be ex-
14 Relic AGN should not be confused with the radio relics' found in clus- Pected to have at radio spectra anyway. We defer an investigation
ters of galaxies, whose origin is for the most part not directly in AGN ac- Of the LOFAR/NVSS spectral index for the bright identi ed sample

tivity; we use the term “remnant’, as adoptedBxjenza et al(2016H), to to a future paper, as this will require individual measurements from
avoid this confusion. LOFAR and NVSS maps for all sources.
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having correct ux densities. In-band spectral indices, if desired,
could be derived by re-imaging after facet calibration. It is not yet
clear whether the facet-based approach of vW16 is fundamentally
limited in terms of the calibration quality that can be achieved away
from the calibration point, i.e. whether some sort of phase screen
interpolation or an algorithm that can tto much smaller facets will
be required. Nevertheless, the technique represents a signi cant ad-
vance towards the exploitation of LOFAR's capabilities and in this
paper we have demonstrated that applying it to large areas is tech-
nically and computationally feasible.

We have also constructed an optically identi ed catalogue us-
ing SDSS galaxy catalogues and spectroscopy, and have used it to
investigate the science that can be done with a combination of LO-
FAR, SDSS andHerscheldata. Some key points from this analysis
are as follows:

We achieve a roughly 40 per cent optical identi cation rate

for the LOFAR catalogue using SDSS together with FIRST to as-
Figure 19. The power/linear size diagram for the bright, resolved subsam- sist with identi cations (Sectio3.5). This is the result of a labour-
ple discussed in the text. intensive process in which the vast majority of sources were visu-
ally inspected in several bands [a similar approach for thét&o
eld will be described by Williams et al. (2016b)]. Clearly if this
process is to be scaled up to the many hundreds of LOFAR point-
We have presented details of the observations, data reduction andngs already in hand in Tier 1, it will require signi cant automa-
guality assessment for a survey consisting of four LOFAR HBA tion. On the other hand, the catalogues would bene t from further
pointings in the H-ATLAS NGP area. Although this survey does visual inspection, for example to provide quality checks on large
not have uniform noise, it is otherwise expected to be reasonably sources found byyBDsM and to measure ux density and source
representative in data quality of the much larger “Tier 1' survey size more accurately. Generating high-quality catalogues from Tier
currently being carried out by the LOFAR Surveys Key Science 1 data will remain labour-intensive even if some of the optical iden-
project. Key points from the discussion of the data reduction and ti cation process can be streamlined.
quality assessment are as follows: It is important to note that there are many resolved sources

. without optical IDs, and, i in many of th
We have been able to image over 140 square degrees at 150 outoptical IDs, and, as discussed in Secfiol many of these

MHz at a resolution of better than 10 arcsec and with rms noise in may not have radio cores in FIRST. This may represent a chal-
. lenge for spectroscopic follo rojects such as WEAVE-LOFAR
the broad-band 150-MHz maps ranging between iy beam ! 9 P b Wup proj .

. Smith 2019 which rely on urat itions for their targets.
and 2 mJy beam?, thus covering almost all of the NGP eld as ( 9 which rely on accurate positions for their targets

surveyed by H-ATLAS. The fact that this can be done in a total of Comparing with the H-ATLAS images, we recover the well-

. . . known radio/FIR relation in ux/ux and luminosity/luminosity
34 hours' observing illustrates the capabilities of LOFAR for wide- plots using the 250rm Herscheldata (Section.2, 5.3) but see
area, deep surveys.

The LOFAR ux scale remains problematic. The method we ewdence_ _that there is a populatlon of radio-faint SF_Gs with I‘?.le
: ST ux densities well below their expected values on this correlation,
have developed to calibrate ux densities in the eld — by cross-

. i L consistent with earlier empirical worlS(nith et al. 2013 On the
matching a large number of objects to existing low-frequency cat- 4 .
) other hand, we are able to use the fact that sources with larger radio
alogues (Sectio3.2) — works well so long as there are enough

. ; - L A luminosities than would be expected from their FIR emission must
objects in existing catalogues to make a statistical comparison pos- ; . .
. o be radio-loud AGN to perform an ef cient SFG/AGN separation
sible, but this is not the case for the whole sky.

. . . in the optically identi ed catalogue. Radio source count analysis
Even after correcting as well as possible for the ux scale is- P y 9 Y

sues, HBA in-band spectral indices are unreliable because of thenOt only shows consistency with existing 150-MHz determinations

limited frequency range spanned by the data, to the extent that theséNhere available (Sectioh.1) but, for the SFGs, shows good agree-

are unlikely to be useful for all but the brightest sources (Section ment (Sectiorb.3) with the widely used models aiilman et al.

4.5). However, reasonable HBA/NVSS spectral index distributions (2008 . L . .
. We present a 150-MHz radio luminosity function derived from
are obtained for compact sources (Sectids).

- . L 2;000 objects withr < 19 mag, which shows good agreement
Per-facet positional offsets introduced by the self-calibration . . . .
. ST A . . with the expectations from higher frequencies (Seciig Strong
in facet calibration are small but can be signi cant in poor-quality

data. Perhaps more signi cant is the effect that we take to be the luminosity function evolution with redshift is seen for the SFGs.

residual blurring of sources by inadequate phase calibration, Iead-5 Thhe po;/r\:e:/hnear-smﬁlt_jlagrar_r:_fortthe ovelrall sample (Se(t:tllon
ing to a loss of peak ux density and incompleteness at low ux -5) shows that we are still insensitive to very large sources at low

densities (Sectior8.4). This may be exacerbated for us by the radio luminosities, something which may need to be addressed in

image-plane combination of multiple spectral windows. 'I_'|er 1 data processing by an addmona! imaging s_tep at !OW re_solu-
tion. However, we measure a sky density of genuine optically iden-

For data reduction of the Tier 1 surveys it would probably be ti ed powerful giant radio galaxiesl(so> 10?6 W Hz 1, D> 1
preferable to carry out our ux scaling methdukfore facet cal- Mpc) which is high compared to some estimates in the literature,
ibration, which would then allow the facet calibration to be run thanks to our good optical identi cation rate out to relatively high
using all bands simultaneously as described by vW16 while still redshifts.

6 SUMMARY AND CONCLUSIONS
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We carry out an initial search for candidate remnant sources, ticipation Group, Johns Hopkins University, Lawrence Berkeley
where the jets have switched off, in a bright, resolved subsample National Laboratory, Max Planck Institute for Astrophysics, Max
(Section5.6). Up to 30 per cent of the sample sources show no Planck Institute for Extraterrestrial Physics, New Mexico State
FIRST core, which might imply a lifetime in the remnant phase University, New York University, Ohio State University, Pennsyl-
comparable to that in the active phase. However, many of thesevania State University, University of Portsmouth, Princeton Uni-
remnant candidates may have radio cores below the FIRST detec-versity, the Spanish Participation Group, University of Tokyo, Uni-

tion limit: sensitive high-frequency observations will be necessary
to re ne the upper limit on remnants in LOFAR samples.

Subsequent papers will address many of these points in more

detail.
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APPENDIX A: THEY MIGHT BE GIANTS

Fig. A1 shows postage stamps of the 7 objects discussed in Section
5.5 as candidate optically identi ed giants in the eld. Of these,
only one (the one identi ed with SDSS J133744.35+2513359.0)
seems likely to be spurious. This is one of the two non-composite
sources of the seven and its large size is a resutty@sM as-
sociating it with a large region of low-surface-brightness emis-
sion. Further investigation with low-resolution imaging would
be required to say whether the extended emission is really as-
sociated with the LOFAR source. All the remaining 6 objects
are clear double radio sources. Most of the optical identi ca-
tions are unambiguous, and the source identied with SDSS
J132735.32+350636.7, which is less certain, is identied with
the brightest plausible galaxy in a crowded eld and so is un-
likely to be at lower redshift. Three of the optical identi ca-
tions (SDSS J133127.82+250050.0, SDSS J134415.75+331719.1,
SDSS J130451.41+245445.9) are quasars with spectroscopic red-
shifts; they are therefore likely substantially larger in physical size
than they appear. SDSS J131443.83+273741.3 is a radio galaxy
with a spectroscopic redshift; the other redshifts are photometric.

APPENDIX B: REMNANTS AND NON-REMNANTS

Candidate remnant sources (Figfl) show a wide range of mor-
phologies. Many of them have no compact emission in FIRST at all,
though some have hotspots; as noted in the main text, the presence
of hotspots does not in itself indicate that a source is not a recent
remnant. Sources where double lobes cannot be distinguished are
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Figure Al. "Postage stamp' images of the 7 optically identi ed objects at or close to 1 Mpc in physical size in the sample. Colours shovb&RB/ages:

contours are LOFAR (yellow) and FIRST (green) contours starting at the IscedfBie and increasing by steps of a factor 2. An ellipse in the bottom left-hand
corner shows the LOFAR beam and a white cross the location of the optical identi cation. Grid lines are spaced by 1 arcmin in right ascension and declination:
north is up. Top row, from left to right, are: SDSS J133127.82+2500%6-00({8040,D = 0:9 Mpc), J134415.75+331719.2% 0:6863,D = 1:0 Mpc), and
J130451.41+245445.2 € 0:6025,D = 1:0 Mpc). Middle row: J132928.99+333810.4% 0:5404,D = 1:0 Mpc), and J132735.32+350636 7= 0:5003,

D = 1:4 Mpc), J133744.35+251359.9% 0:6816,D = 1:2 Mpc). Bottom: J131443.83+2737418+ 0:4179,D = 1:1 Mpc).

quite common (e.g. SDSS J130532.02+315634.8), as are sourcefobe emission over the optical ID (SDSS J134747.98+325823.8).
like SDSS J134802.70+322940.1 where LOFAR surface bright- Tailed morphology is seen in many of these (e.g. the wide-angle
ness sensitivity at full resolution limits our ability to image the tail SDSS J130856.91+261333.2): we have not seen a convincing
source structure. These may be examples of the “relaxed double'example of a tailed remnant candidate.

class [eahy 1993. There are also a number of objects like SDSS

J125147.03+314047.6 and SDSS J131405.90+243240.3, whose

‘inner hotspots' may indicate a restarting source rather than a rem-

nant radio galaxy. LOFAR provides a good opportunity for the

study of restarting (double-double) sources (gu et al. 2015.

For comparison, and to illustrate the range of source structures
seen, we plot some examples of sources from the 80-mJy subsam-
ple not classed as remnants in BBg. As can be seen, core strength
in these objects ranges from a dominant component in FIRST (e.g.
in the quasar SDSS J133449.73+312824.0) to a weak extension of

MNRAS 000, 000-000 (2016)
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Figure Bl. Postage stamps of example candidate remnant sources. Colours, contours and lines asAih Figm left to right, top to bot-
tom: SDSS J125147.03+314047.6, J125311.62+304017.3, J125930.81+333646.9, J130004.25+263652.7, J130332.47+312949.5, J130532.02+315634.8
J130916.02+305121.9, J131040.03+322047.6, J131405.90+243240.3, J133057.34+351650.2, J133422.21+343634.8, and J134802.70+322940.1.

MNRAS 000, 000-000 (2016)
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Figure B2. Postage stamps of example sources with FIRST cores. Colours, contours and lines as Al.Figom left to right, top to bot-
tom: SDSS J124541.96+332428.5, J125541.50+250744.7, J125715.99+312153.1, J130057.21+325625.5, J130856.91+261333.2, J131246.85+275219.8
J132713.87+285318.1, J133449.73+312824.0, J133738.33+312514.2, J133837.35+311413.8, J134251.68+311052.6, and J134747.98+325823.8.

MNRAS 000, 000-000 (2016)
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