Optical identifications in LOTSS DR2: from citizens to science
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ABSTRACT

The second data release of the LOFAR Two-Metre Sky Survey (LoTSS) covers 27% of the northern sky, with a total area of ~5700 deg?.
The high angular resolution of LOFAR with Dutch baselines (6 arcsec) allows us to carry out optical identifications of a large fraction
of the detected radio sources without further radio followup; however, the process is made more challenging by the many extended
radio sources found in LOFAR images as a result of its excellent sensitivity to extended structure. In this paper we present source
associations and identifications for sources in the second data release based on optical and near-infrared data, using a combination
of a likelihood-ratio cross-match method developed for our first data release, our citizen science project Radio Galaxy Zoo: LOFAR,
and new approaches to algorithmic optical identification, together with extensive visual inspection by astronomers. We also present
spectroscopic or photometric redshifts for a large fraction of the optical identifications. In total 4 116 934 radio sources lie in the area
with good optical data, of which 85% have an optical or infrared identification and 58% have a good redshift estimate. We demonstrate
the quality of the dataset by comparing it with earlier optically identified radio surveys. This is by far the largest ever optically identified
radio catalogue, and will permit robust statistical studies of star-forming and radio-loud active galaxies.

Key words. catalogs — radio continuum: galaxies
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Optical ids for DR2

‘Nothing so useless as a radio source’ .

To understand & model the radio source
population we need to find the optical
sources corresponding to each radio object

Radio structures can be physically much
larger than host galaxy in the case of radio
AGN - can'’t just use positional
crossmatching

Start from DESI Legacy Survey and
WISE...
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DESI Legacy Survey coverage

= LoTSS DR2
Legacy north

Legacy south
MW
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‘Decision tree’ for optical IDs
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Citizen science for DR2

* Following on from successful
Radio Galaxy Zoo project
using FIRST and WISE
images

TASK TUTORIAL

Selecting components
Select all the dashed ellipses that you belisve

belong to the same structure as the solid ellipse.

You can do this by clicking inside the ellipses.

* Volunteers simultaneously
‘associate’ radio sources — say
which ones go together — and
‘identify’ them — what is the
optical counterpart to a given
possibly composite radio
source

You do not need to click inside the solid ellipse.

-E:} Component selector 1 drawn

NEED SOME HELP WITH THIS TASK?

Next — &

* 189,375 sources sent to
classification by citizen
scientists (at 5 views each)

e 957,374 classifications

e 13,711 distinct volunteers

 About 3 years to run!!! >y T e00 e«
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Citizen science outputs

* Association usually fairly good

e Optical identification could be
poor even on ‘obvious’ sources...

 Examples to the right — crosses
show positions of citizen science
ID clicks. Top two successfully
IDed, bottom two failed even
though host is clear
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Volunteer population stats
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Fig. 5. Statistics of the Zooniverse volunteer population. Left: histogram showing the numbers of Zooniverse volunteers who made a certain number
of classifications. On a log scale the rough power-law distribution of classification numbers is apparent, with a slope ~ —1. Right: histogram of the
distribution of optical ID consensus scores for volunteers with more than 100 classifications.
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Consensus vs classification count

* Most optical IDs are majority
decisions so hard to achieve i
a high consensus score
even if you are right all the
time — unless you refuse to
classify anything remotely
doubtful

0.8 +

* ‘Experts’ do not have clearly
higher consensus scores
than citizens

&

0.6

 Some enthusiastic
participants were not seeing
the same things as

everyone else... B
0.2 1

Consensus score

0.4 1

* Final ID voting was weighted
by a user’s consensus score

0.0 1

102 103 104 10°%
Mumber of classifications
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Expert inspection and ridge line code

* Inspect sources that:

- Have duplicate optical IDs

- Have ‘too zoomed in’ or blend flags in
RGZ or pre-filter

- Are larger than 1 arcmin

e Around 150,000 inspections by a small team
of ‘experts’

* Several different interactive workflows to
allow the editing of the PyBDSF source
decomposition and optical IDs

* Ridge line code of Barkus+22 then applied to
search for optical counterparts missed in
visual inspection for sources > 15 arcsec and
brighter than 10 mJy

Fig. 7. Example user interface for the ‘Second deblend’ workflow. In
an interactive Matplotlib window the expert classifier has separated the
emission from two extended sources that had been combined in PYBDSF,
seen in green and cyan, and has selected optical IDs for both. An unre-
lated source marked in white has been left unchanged. The new source
is a mixture of pYBDSF components (solid lines) and Gaussians (dashed
lines).
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DR2 optical ID fraction
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Lessons learned from the citizen science project

e Task is hard!

[ ] Cltlzens have Very Varylng degrees of 5 \LT]104756A3+TI73201.5 ILTJ105105.00+464802.6 ILT)111226.33+532117.8 3 ILT)111059.24+532346.1
(a) engagement and (b) correctness. S s : : '
These two may not correlate... ¥ 1IN ] L g \

* Slow to complete because of TEIREE I e : ) T TN
(relatively) small engaged volunteer B S B R IR

ILTJ111557.83+520641.1 ILTJ121408.20+494113.8 ILT)125958.21+542206.9 ILTJ105340.96+471644.4

pool and large number of sources i - T

14 - 1
o 3

* Optical IDs a particular challenge — e ‘ o] 21 R g
choice of Legacy rather than WISE as e e |7 e CLEER T ] T - ‘f
optical image didn’t help gy “ it -3

° For DR3 need to vastly reduce 5 \LT]Z[I;’:B!}!S;B‘-e—S.lelSB:?V o ILTJ125152.22f4E§3E25.5X & |L;Tj?2§/§§s.03+555§479 " : II:TJ1'14531.761:+5]415§.07V

number of images sent to visual 1 A N : o G I N DR
inspection .~ Rhy , o E e T

« Can machine learning save us? Maybe "Eisd | LR R FE
— see Mostert+22, Mostert, Oei+24 IR N R = NI N
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Output DR2 catalogue

4,116,934 sources in DR2/Legacy overlap
85% optical/WISE ID fraction

58% good redshift fraction (84% of sources
with IDs in Legacy catalogue)

305,000 spec-z from SDSS and DESI —
lots more to come from future DESI
releases (2025+) and WEAVE-LOFAR
(same??).

1,856,041 good mass estimates

By far the largest optically identified
catalogue ever (order of magnitude
iImprovement on DR1)

Right, some > 2 Jy FRIIs from DR2
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DR2 z and luminosity distribution

All
[ Spectroscopic
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Emission-line classifications (1)

 Drake+ (in prep: D24) are using BPT-
type emission-line diagnostics to

All sources (554817)

classify 150k DR2 sources with SDSS . D24 SFG (28815)
spectra as radio-excess (radio ol +  D24RXG (10938)
luminosity exceeds expectation from 1 e Liso > 10% WHz ! (20285)
Halpha) and HERG/LERG. - DRI6Q (22366)

— SFregion boundary

* Classification is consistent with
expectations from WISE colour-colour
plots

* Bright AGN and HERGs lie in the same
location as SFG

—
W

W1—-W2 (Vega)
5

* Not safe to select AGN as in
Hardcastle+19 with cuts in WISE colour

©
5

spacel!
* But W2/W3 vs radio luminosity is more ool
interesting...
0 1 Z 3 4 5
W2 —W3 (Vega)
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Emission-line classifications (2)
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AGN selection

29
. e Start from flux-complete sample with S > 1.1
N mJy, good z > 0.01 (963,764 objects)
10-°¢
 Wa3-radio diagram allows us to select different
10271 classes of objects (although note that many

objects are undetected in W3)

* Quasars and HERGs lie to the right of this plot
(W3 luminosity from the torus — cf Gurkan et al
2014)

% | * SDSS DR16 quasars populate the far right

1024} including a clear ‘RQQ’ branch

 Not clear whether these should or should not

All sources

144-MHz radio luminosity (W Hz™!)

—_

[e)
T
w

DR16Q (26566) | be excluded! But we can remove them for
D24 LERG (15396) consistency with Hardcastle+19
---------- RQQ exclusion * Netresultis a plot with two cuts in this space.
. : —— SF exclusion _ ) ) )
0= ‘Blob’ ' « Can decide whether a W3 detection is required
T [ o e e T TV R—— Y or use limits — overall around 600,000 AGN.

Absolute W3 magnitude
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Masses: AGN host galaxy mass relation to luminosity and size
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Figure 8. Host galaxy stellar mass estimates as a function of radio luminosity (left) and source linear size (right). Only sources with flag_mass==True are
plotted in both figures, and a redshift cut z < 1.2 is imposed. Both figures show binned median masses together with their 10 bootstrap uncertainty (line and
error bars) together with the 5-95 percentile range of the mass estimates to give a sense of the breadth of the distribution (shaded area). In the right-hand figure
only sources with Li44 > 10> W Hz ! are shown. Note the different scales on the y-axes of the two plots.
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Cores: match with VLASS

* Can start to look at the radio core properties of
extended AGN

 Some interesting results here with samples of

tens of thousands of resolved AGN s |
 Care needed as heavily biased to steep-
spectrum cores 250 -
 Can use VLASS to investigate variability of 7
central AGN in extended sources S
"g 150 +
E
& 100 +
50 .

=1.5 =1.0 0.5 0.0 0.5 1.0 1.5
Core spectral index
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Restarting radio galaxies

« If jets switch on and off again then we will see pairs of inner and outer lobes (‘double-double’ radio
sources)

* No evidence that sources that
do this are different from the
general population
(Mahatma+19)

* Implies that brief (few Myr)
interruptions to jet energy
supply with return to
a similar level are normal

* Important selection effects

* Fraction is low (few %)
because double-double
phase can only be seen
for a short time.

Right: candidate restarting sources from Horton+ in prep.
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Summary

DR2 optical ID catalogue exists: see
Hardcastle+23 and https://lofar-surveys.org/

Probably reasonably complete for bright radio
AGN below z=1 and massive SFG with z<0.3

We plan to keep updating the DR2 catalogue
through and past the DR3 LOTSS release

Improved method of AGN selection currently
using WISE data — WEAVE will enable much
more by providing emission lines

~ 600,000 sources should be enough for a lot
of robust statistical analysis!

Work to follow on:

- Morphology and relation to emission-line
class

Jet power inference as a function of
environment
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