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A B S T R A C T 

We present and discuss two catalogues of ultraviolet (UV)-selected (near-UV (NUV) < 22 . 8 mag) galaxies that lie within a 
200 deg 

2 area of sky covered by the ASKAP First Large Absorption Surv e y in H I (FLASH) and have an impact parameter 
of less than 20 arcsec to a FLASH radio continuum source. These catalogues are designed to enable a future search for 21 cm 

H I absorption in and around star-forming galaxies at redshift 0 . 4 < z < 1. We outline the production of this UV-bright data set, 
which has optical spectroscopy from the WiggleZ and Sloan Digital Sky Survey (SDSS) surveys and a median redshift of ∼0 . 6. 
Analysis of the optical spectra, using multiple diagnostic diagrams, shows that galaxies with an impact parameter of less than 

5 arcsec are likely to be physically associated with the radio source and are five times more likely to be an active galactic nucleus 
than objects without a radio match. Conversely, objects with impact factors between 5 and 20 arcsec are largely ( > 80 per cent) 
star-forming and resemble the o v erall WiggleZ population. The ( g − i) colour evolution with redshift is consistent with a 
history of active star formation, but the radio-associated objects are typically redder and have colours similar to high-excitation 

radio galaxies. The redshift distribution of the two catalogues matches the o v erall distribution for WiggleZ galaxies, despite 
their otherwise rare radio properties. These catalogues can be expanded in future as new radio data become available, and a 
forthcoming paper will present the H I absorption results. 

Key words: catalogues – galaxies: evolution – galaxies: nuclei – radio continuum: galaxies – radio lines: galaxies – ultraviolet: 
galaxies. 
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 I N T RO D U C T I O N  

here is a well-observed decline in the global star formation rate 
SFR) by almost a factor of ∼10 between ‘cosmic noon’ – where 
lobal SFR hit its peak at z∼ 2 . 0 – and present day, referred to 
s ‘cosmic do wnsizing’ (Co wie et al. 1996 ; Madau et al. 1996 ;
adau & Dickinson 2014 ; Cochrane et al. 2023 ). The reasons for

his phenomenon are not well understood, but it may be connected to
he evolution of the cosmic neutral hydrogen abundance o v er time. 

Neutral hydrogen is a primary constituent of the reservoirs of 
ool matter surrounding galaxies (Kaufmann et al. 2006 ; Emonts, 
organti & Oosterloo 2007 ), which fuel stellar formation (Sancisi 

t al. 2008 ; Stroe et al. 2015 ) and active galactic nucleus (AGN)
volution (Ger ́eb, Morganti & Oosterloo 2014 ; Stroe et al. 2015 ). If
 I can be probed via 21 cm absorption detected in galaxies across a

arge range of redshifts, it offers the opportunity to study the rates
f H I detection o v er cosmic time. If we can specifically limit our
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ample to star-forming galaxies, we can also investigate the role of
 I in star formation, or alternatively the impact of star formation on
 I . 
Though we expect that H I reservoirs should be detected around

tar-forming galaxies, due to the ultraviolet (UV) luminosity pro- 
uced by massive stars, there is also a possibility that even after
unning spectral stacking experiments, detections will not occur at 
ll, or only for galaxies where the production of ionizing UV radiation 
and likely the SFR – is low enough (Curran & Duchesne 2019 ).
his would offer the opportunity to analyse the feedback between 
 I and star formation specifically, while excluding contamination 

rom AGN emission. 
H I is pre v alent throughout the Uni v erse (Wolfe, Ga wiser &

rochaska 2005 ; Cortese, Catinella & Janowiecki 2017 ; Hu et al.
020 ), and produces an emission line at 21 cm (1.42 GHz). This
yperfine transition is very faint, limiting associated detection of the 
1 cm emission to galaxies with redshift z < 0.4 (Fern ́andez et al.
016 ), e xcept in e xceptional cases such as the Chakraborty & Roy
 2023 ) observation at z ∼ 1 . 3 , which was enabled by gravitational
ensing of the source. 
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h permits unrestricted reuse, distribution, and reproduction in any medium, 
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The study of H I emission using the 21 cm line is generally
estricted to the local Universe and low-redshift regions. Stacked
 I emission signals may be detected at higher redshift, but this is
ifficult, requiring many H I targets to increase signal-to-noise ratio
SNR), and long integration times (Rhee et al. 2018 ; Chowdhury et al.
021 ). Damped Ly α (DLA) absorption lines can be ef fecti ve tracers
f distant H I (e.g. Wolfe et al. 2005 ; Noterdaeme et al. 2012 ; Zafar
t al. 2013 ), but it is only detectable from the ground for z > 1.7. At
ower redshift, this line lies in the UV and can only be observed from
pace. Because of this, the current samples of lower redshift quasar
LAs are small and may suffer from a range of selection effects

Neeleman et al. 2016 ; Rao et al. 2017 ). 
Thus, for the redshift range 0.4 < z < 1.7, there is currently an

ncomplete understanding of the evolution of neutral hydrogen
hrough time. Surv e ys for 21 cm H I absorption against background
adio sources provide an alternative probe (Grasha et al. 2020 ; Gupta
t al. 2021 ), and a new generation of wide-band SKA precursor
elescopes on radio-quiet sites has opened a new parameter space for
uch studies (Allison et al. 2022 ). 

As star formation and AGN activity are expected to be linked
o the quantity of neutral gas in and around a galaxy, searches for
1 cm H I absorption on sightlines near galaxies with a high SFR
r hosting AGN can provide new insights into the properties of
 I in distant galaxies. These galaxies would be UV-bright (Smith &
eckman 1989 ; Tadhunter et al. 2002 ), and so can be identified from

arge-area imaging surv e ys such as the Galaxy Evolution Explorer
GALEX) (Martin et al. 2005 ). 

We aim to produce a catalogue of UV-bright galaxies suitable for
 large-area H I search with the ASKAP radio telescope (Hotan et al.
021 ). We use objects from the WiggleZ surv e y (Drinkwater et al.
010 , 2018 ), due to its selection of objects with NUV < 22.8 mag,
0 per cent of which lie in the redshift range 0.2 < z < 1.0, and
0 per cent of which are star-forming, across a total area of 1000 deg 2 

f sky. A substantial fraction of the WiggleZ surv e y area also
as existing H I absorption data from the ASKAP-FLASH survey
Allison et al. 2022 ), co v ering the redshift range 0.4 < z < 1.0. 

In this paper, we describe the process of producing catalogues
f optical objects in the redshift range 0.4 < z < 1.0, which host –
r alternatively are in the foreground of – radio sources detected by
SKAP-FLASH. As part of this work, we extend the initial catalogue
f optical objects by producing an additional field of ‘WiggleZ-type’
bjects, which match the WiggleZ selection criteria, and show that
he resulting objects match the properties of WiggleZ objects well. 

We investigate the properties of our two radio cross-matched
ubsamples of objects, and their similarity to the WiggleZ surv e y
s a whole by investigating their optical emission-line properties,
edshift distributions, and ( g − i) colour evolutions. This allows us
o e v aluate the suitability of our data for this future H I absorption
 ork, which w ould be some of the first done at these redshifts.
he catalogue presented here will later be used to search FLASH
pectra for 21 cm absorption signals, both via associated detections
nd through absorption-line stacking experiments to statistically test
or the presence of H I even when column densities would otherwise
e too low for a direct detection to be made. We are also interested
n the possibility of investigating ionization of neutral gas due to the
onizing emission of massive stars in star-forming galaxies, which
ould impact potential H I existing around these galaxies. 

Section 2 discusses the surv e ys of interest for this work: Wig-
leZ optical data, FLASH radio data, and the production of our
xtended sample data in accordance with WiggleZ selection criteria
Drinkwater et al. 2010 ). In Section 3 , we co v er our optical–radio
ross-matching approach, and the two separate populations of interest
NRAS 536, 387–407 (2025) 
e produce via this process. We analyse the optical spectra of our
 v erall catalogue of objects, and our two cross-matched samples,
y producing the Baldwin, Phillips & Terlevich (BPT, Baldwin et
l. 1981 ) and W H α versus [N II ]/H α (WHAN, Cid Fernandes et al.
011 ) spectral line diagnostic diagrams in Section 4 .In Section 5 , we
o further studies of our objects, looking at colour evolution o v er
edshift, redshift distribution, and mass-excitation (MEx) data, while
omparing against existing literature, before concluding our findings
n Section 6 . Sample entries of the data produced in this work are
resented in Appendix, as well as example spectra. Throughout this
ork, we assume a concordance cosmology model, where �� 

= 0.7,
m 

= 0.3, and H 0 = 70 km s −1 Mpc −1 . 

 SURV EY  A R E A  

.1 The WiggleZ spectroscopic sur v ey 

.1.1 Background 

he WiggleZ surv e y (Drinkw ater et al. 2010 , 2018 ) w as originally
esigned to enable a cosmological study of baryon acoustic oscilla-
ions (BAOs) by providing a catalogue of o v er 240 000 emission-line
edshifts for distant, star-forming galaxies. The main redshift range
o v ered is 0.2 < z < 1.0, so WiggleZ reaches to significantly higher
edshifts than other large-area spectroscopic surv e ys such as SDSS
nd the Galaxy and Mass Assembly (GAMA) surv e y. 

The galaxies included in the WiggleZ surv e y were selected to have
 UV luminosity typical of galaxies with a high SFR (Drinkwater
t al. 2018 ). GALEX Medium Imaging Surv e y (MIS) UV photometry
as used to select candidate objects with NUV < 22.8 mag. The
ALEX objects were then cross-matched with the SDSS and Second
ed-sequence Cluster Surv e y (RCS2) optical catalogues to pro vide
ore accurate positions for spectroscopic observation (Drinkwater

t al. 2010 ). 

.1.2 Sky area 

he ∼1000 deg 2 area of sky covered by WiggleZ is split into seven
eparate fields (see table 1 of Drinkwater et al. 2018 , for details). They
nclude the three equatorial GAMA fields (Driver et al. 2011 ; Liske
t al. 2015 ) for which SDSS photometry is available, along with four
dditional fields with optical photometry from the Canada–France–
awaii Telescope RCS2 (Gilbank et al. 2011 ). 
The main focus of this paper is on the WiggleZ SDSS regions,

hich o v erlap with radio data from the ASKAP-FLASH Pilot Surv e y
elds (Yoon et al., in preparation). We began with the overlapping
art of WiggleZ 15h field, before extending out into the additional
rea co v ered by the W iggleZ 9h field. Our two W iggleZ regions of
nterest are displayed on Fig. 1 as solid purple regions occupying
maller areas within their respective WiggleZ fields outlined in red.
s the o v erlap re gions of these fields used in our work are smaller

han the original WiggleZ fields, they will be referred to as W09 and
15 in this paper. 
As discussed below in Section 2.3 , we extend our WiggleZ-

LASH sample to co v er additional UV-bright galaxies in equatorial
elds co v ered by the WiggleZ 22h, 0h, and 1h and areas in, using the
iggleZ surv e y design and selection criteria outlined in Drinkwater

t al. ( 2010 ). 
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Figure 1. Footprint plot of DES (grey), DESI LS DR9 (yellow), and GALEX MIS (light blue) data. WiggleZ (red outline) and FLASH fields (green) o v erlaid. 
W09, W15, and resulting extended sample fields are shown in purple. It can be seen that the W09 and W15 samples used in this paper do not occupy the entire 
WiggleZ 9h and 15h fields. The total co v erage of the sky in this work is 215 deg 2 . See Table 3 for detail on field limits. 

Table 1. The class designations of WiggleZ objects within the subsections of 
the WiggleZ 9h and 15h fields used in this paper, and quantity of each class. 
It can be seen that for these portions of the W09 and W15 WiggleZ fields, the 
vast majority of objects are classified as WIG SDSS, which are SDSS galaxies 
that meet all final criteria of the WiggleZ surv e y. WIG SDSS EXT are SDSS 
objects that were observed early in the WiggleZ run, but did not satisfy final 
criteria. SP ARE RADIO and SP ARE GALEX are examples of object classes 
that were studied if spare fibres were available during an observing run. 

Source class N 9h N 15h N � 

WIG SDSS 5813 18 388 24 201 
WIG SDSS EXT 1050 2687 3737 
SPARE RADIO 184 374 558 
SPARE GALEX 14 12 26 
Total 7061 21 461 28 522 
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.1.3 WiggleZ spectra 

he WiggleZ objects have designated classes, examples of which 
an be seen in Table 1 . This table only includes classes for objects
n the W09 and W15 fields. The main set of objects that we are
nterested in are the WIG SDSS objects, which comprise the majority 
f the WiggleZ 15h field, and roughly a quarter of WiggleZ 9h field,
ecoming the W15 and W09 fields, respectively. 
The SPARE RADIO class consists of objects that Ching et al. 

 2017 ) identified as part of their Large Area Radio Galaxy Evolution
pectroscopic Surv e y (LARGESS). Their optical spectra were ob- 
erved by WiggleZ in their effort to observe for companion projects 
f they were unable to use all fibres on high-priority WiggleZ targets.
hese are radio galaxies with an optical component; ho we ver, these
alaxies are not necessarily UV-bright, and have a different selection 
riterion from WiggleZ objects. For this reason, objects with the 
PARE RADIO class were not considered for this work. 
The optical spectra of WiggleZ galaxies are publicly available, and 

ome examples are shown in Figs A1–A3 . Each spectrum observed
n the WiggleZ surv e y has an associated `quality operator’ (QOP)
alue assigned, which indicates the quality of the listed spectroscopic 
edshift. This QOP value relies on specific lines seen in spectra,
nd the fitting of templates of typical types of galaxies, in order
o judge whether the redshift is accurate. In this paper, we only
onsider WiggleZ galaxies with QOP values between 3 and 5, where
 indicates a reasonably reliable redshift, and 5 an ideal spectrum that
ould itself be used as a template. This ensures that we only select
alaxies with a high likelihood of possessing a reliable spectroscopic 
edshift. 

Spectroscopically, the WiggleZ galaxies are almost entirely star- 
orming systems rather than AGN [from table 8 of Drinkwater et al.
 2018 ), fewer than 10 per cent show a spectroscopic AGN signature].
t therefore seems likely that most of these galaxies possess a
eservoir of neutral hydrogen and are likely to contain H I discs (de
lok & Walter 2003 ; Bigiel et al. 2010 ; Yıldız et al. 2017 ). 

.1.4 Photometry and additional data 

he WiggleZ catalogue also includes GALEX MIS UV photometry 
nd optical photometry in the g , r , and i bands. These are especially
seful for analysis complementary to the diagnostic analyses their 
pectra allow, and will be explored later in Sections 4 and 5 . The
atalogue also provides stellar mass estimates for most WiggleZ 
MNRAS 536, 387–407 (2025) 
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Table 2. List of FLASH fields providing coverage for each field of objects 
satisfying selection criteria in this paper and displayed on Fig. 1 . 

Field FLASH Pilot Surv e y fields 

W09 546, 547 
W15 559, 560, 561 
Extended sample 525, 526, 527, 528, 529, 530, 531, 576, 577, 578, 

579, 580, 581, 582 

a  

w  

c  

(  

6  

e  

d

2

A  

c  

H  

h  

d  

t  

a  

p  

a
 

E  

(  

2  

D  

s  

t  

b  

d
 

r  

d  

o  

1  

l  

l
 

r  

f  

fi  

m  

(  

 

W  

p  

u  

T  

i  

W  

a
 

w  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/1/387/7901348 by U
niversity of H

ull user on 09 D
ecem

ber 2024
alaxies. To produce these data, WiggleZ optical and UV photometry
ere used with the KG04 spectral fitting code (Glazebrook et al.
004 ), PEGASE.2 stellar models (Fioc & Rocca-Volmerange 1997 ,
999 ), and a Baldry & Glazebrook ( 2003 ) initial mass function to
roduce mass estimates for 82 per cent of the galaxies in the WiggleZ
atalogue (see Drinkwater et al. 2018 for further detail). 

These estimates will be useful for further detailed analysis of
bjects where available in our extended catalogue that are WiggleZ
alaxies – i.e. that either originated in the WiggleZ catalogue and are
ound in W09 and W15, or that lie in the extended field and contain

iggleZ spectroscopic redshift as found in Data Release 9 (DR9)
and will be useful for analysis in future work. Ho we ver, in this
ork, we do use stellar masses for an MEx diagnostic diagram in
ection 5.7 . 

.2 FLASH 

.2.1 Background and Pilot Survey area 

he FLASH surv e y (Allison et al. 2022 ) is using the ASKAP
elescope to search for 21 cm absorption in the redshift range
.42 < z < 1.0. While the surv e y will ev entually co v er the whole
outhern sky, the focus of this paper is the ∼3200 deg 2 area already
bserved in the FLASH Pilot Survey (Yoon et al., in preparation), as
hown in Fig. 1 . 

ASKAP data products are produced via the automated ASKAPSOFT

ipeline (Whiting 2020 ; Yoon et al., in preparation), which allows
xtraction of useful data from observations, without storing raw data,
hich are prohibitively large. Source finding algorithms are used

o produce both component catalogues and island catalogues (by
alculating the likelihoods of association between components in the
D sk y, and flagging whatev er source appears to be at the group’s
entre), using SELAVY (Whiting & Humphreys 2012 ). 

Spectra are then extracted at the positions of several hundred bright
adio sources in each field, and the FLASHFINDER line-finding tool
Allison, Sadler & Whiting 2012 ) is used to search for H I absorption
ines. 

FLASH has already demonstrated its ability to detect ‘intervening
bsorbers’ – H I objects illuminated by continuum radio sources
ehind them by line of sight to the observer (Allison et al. 2020 ;
adler et al. 2020 ) – which is what this work seeks to do with the
pecific population of WiggleZ galaxies. 

.2.2 The FLASH continuum data 

he radio continuum catalogues produced by the FLASH surv e y
ave a central frequency of 856 MHz and are both deeper (rms
oise ∼0 . 1 mJy beam 

−1 ), and have a higher spatial resolution (12−
5 arcsec beam) than the large-area NRAO VLA Sky Survey (NVSS),
ydne y Univ ersity Molonglo Sk y Surv e y (SUMSS), and Rapid
SKAP Continuum Surv e y (RACS) surv e ys, making them ideal

or identifying radio continuum sources within and near WiggleZ
alaxies. 

The FLASH pathfinder fields co v er a large portion of the celestial
quator, and so o v erlap the W09 and W15 WiggleZ fields, as well as
he extended sample (see Section 2.3 for details), allowing positional
ross-matching between the WiggleZ-type UV-bright objects and
adio continuum sources. Table 2 contains a list of all FLASH fields
ele v ant to this paper, and these fields are displayed on Fig. 1 to show
heir sky coverage. 

In order to mitigate the impact of noise at the edges of FLASH
elds where co v erage is worst and noise is highest, FLASH fields
NRAS 536, 387–407 (2025) 
re tiled, with the edges of the fields o v erlapping where co v erage is
orst and noise is highest. For this reason, before FLASH data were

ross-matched the catalogues of FLASH fields used in this work
see Fig. 2 ) were trimmed down to leave only the central 6.4 ◦ by
.4 ◦ region at the centre of each field, where noise is lowest, and
ssentially remains uniform. This also means that there should be no
uplication of sources between one field and another. 

.3 An extended WiggleZ-like catalogue 

longside the objects in the W09 and W15 fields, we desired a larger
atalogue of WiggleZ-like objects, with one of the goals of our future
 I work being spectral stacking experiments, where larger data sets
elp increase the likelihood of detection of 21 cm signals by driving
own noise in the stacked spectrum. In order to extend this work
o a larger sample, we added additional catalogue data within the
rea co v ered by the FLASH Pilot Surv e y. A visualization of the
roduction of this extended data sample and its relation to the W09
nd W15 fields is included in Fig. 2 . 

The additional catalogue data were produced using the Dark
nergy Spectroscopic Instrument (DESI) Le gac y Surv e y (LS) DR9

Dey et al. 2019 ), Dark Energy Surv e y (DES) DR2 (Abbott et al.
021 ), and GALEX MIS UV surv e y (Martin et al. 2005 ). DESI LS
R9 (hereon LS9) is an optical surv e y containing spectroscopic red-

hift data, allowing a sample of objects with redshifts of 0.4 < z < 1.0
o be produced. As LS9 does not contain all three gri photometric
ands, DES data were folded in to provide additional photometry for
irect comparison with WiggleZ objects. 
We used GALEX MIS photometry to put in place the UV cut-offs

equired, and we excluded objects that did not show a far-UV (FUV)
ropout (see table 4 of Drinkwater et al. 2010 for a full breakdown
f the WiggleZ selection criteria). As GALEX MIS is limited to
000 de g 2 of the sk y, the possible area that an y resulting WiggleZ-
ike catalogue can co v er that is not already co v ered by WiggleZ is
imited. 

LS9 lists the surv e ys that acted as sources for the spectroscopic
edshifts of each object included in it. These redshifts are obtained
rom e xternal surv e ys, and 85 per cent of LS9 objects in the extended
eld possess a spectroscopic redshift from WiggleZ with the re-
ainder being from the Baryonic Oscillation Spectroscopic Surv e y

BOSS) and the Extended Baryonic Spectroscopic Surv e y (eBOSS).
This is due to the external field covering parts of the 0h, 1h, and 22h
iggleZ fields. These galaxies are WiggleZ galaxies that used RCS2

hotometry instead of SDSS photometry, and so were excluded by
s when we first limited our objects to WIG SDSS class objects.
he only data for these objects retained from the WiggleZ surv e y

n this work are their spectroscopic redshift (as found in LS9), their
iggleZ spectra, and stellar mass values, which are used in later

nalyses. 
To produce a catalogue from these three disparate data sets,

e carried out positional cross-matching using ALADIN SKY ATLAS

Bonnarel et al. 2000 ), and followed the WiggleZ selection criteria
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Figure 2. Visualization of catalogue production, split into stages of initial approach by vertical grey dashed lines: extending the catalogue, and lastly obtaining 
the finalized catalogue. The specific steps of production of the Ext field objects are outlined within the pale grey bubble. 

Table 3. Position on sky, areas of field regions, and total objects fulfilling 
WiggleZ selection criteria contained within them, pre-positional cross- 
matching. Note that the extended sample field wraps around 0h. The total 
sky area covered is 215 deg 2 . 

Field 
RA min 

(deg) 
RA max 

(deg) 
Dec min 

(deg) 
Dec max 

(deg) 
Area 

(deg 2 ) N �(field) 

W09 133.7 150.0 −0 . 9 + 3 . 0 23.2 5813 
W15 211.0 223.5 −2 . 7 + 3 . 7 69.5 18 388 
Ext 316.5 43.5 −3 . 1 + 3 . 1 122.3 7462 

f  

a  

U
t  

o  

c
o

 

a  

T  

a  

t

t
t  

g
b  

p
t  

a

2

2

A  

a  

o  

W  

b  

o  

b
o

 

e  

a
i  

o  

d  

a
 

r  

t  

h  

L  

W  

z  

o
 

s
t
t  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/1/387/7901348 by U
niversity of H

ull user on 09 D
ecem

ber 2024
rom Drinkwater et al. ( 2010 ). First, we cross-matched GALEX MIS
nd LS9 data out to a radius of 2.5 arcsec in order to produce a set of
V–optical objects with spectroscopic redshift. Next, we matched 

he LS9 optical component to DES optical data, out to a radius
f 0.15 arcsec, to include the gri photometry we require. Once a
atalogue of UV–optical objects was produced, the photometric cuts 
f the WiggleZ selection criteria were imposed. 
As can be seen in Fig. 1 , the extended sample data were limited to

reas of the sky where LS9, DES, and GALEX co v erage o v erlapped.
hus, it was restricted to an equatorial strip from 3h to 21h, wrapping
round 0h. Table 3 outlines the extent and total area covered for the
hree fields analysed in this work. 

Additionally, redshift quality flags were necessary for all data in 
he extended sample. All objects with spectroscopic redshifts from 

he BOSS/eBOSS surv e ys use a ‘zwarning’ category of 0 to flag
ood quality, reliable spectroscopic data. Further detail is given 
y SDSS-III ( 2013 ). As all BOSS/eBOSS objects are flagged as
ossessing reliable spectroscopic redshifts, our confidence in using 
hese redshifts is high. From this point onwards, we refer to this
dditional field as either the ̀ extended field’, or ̀ ext’. 
.4 UV–optical catalogue properties 

.4.1 Redshift distribution 

s the UV–optical objects in this work are from WiggleZ data (W09
nd W15 fields), and extra object data produced from a combination
f other surv e ys with photometric selection criteria that match the
iggleZ surv e y applied (e xtended field), it is e xpected that the

ehaviour of all three samples should be very similar. The structure
f the WiggleZ surv e y prioritizes not only UV-bright objects,
ut UV-bright objects at higher redshifts, resulting in a median 
f z ∼ 0 . 6 . 
Fig. 3 shows the redshift distribution of the W09, W15, and

xtended sample data once photometric cuts are in place. The W09
nd W15 data show extremely similar distributions, with data peaking 
n the 0.4 < z < 0.6 bin and a noticeable tail of a small number of
bjects at z < 1.0. On the other hand, the extended sample is slightly
ifferent, peaking in the 0.6 < z < 0.8 bin, and possessing no data
bo v e z = 1.0. 

The lack of data abo v e z = 1.0 is due to the spectroscopic LS9
edshifts being limited to 0 < z < 1.0. Ho we v er, the e xact reason for
he peak of the extended sample’s redshift distribution being at a
igher redshift is not known, though it may be due to the o v erall
S9 surv e y having a higher target median redshift than the o v erall
iggleZ surv e y. The median redshift for all three populations is

∼ 0 . 6 (dotted red line on Fig. 3 ), which as noted abo v e is the median
f the full release WiggleZ surv e y. 
Later in this work, we show that the extended sample otherwise

hows very similar behaviour to the WiggleZ objects, which makes 
he difference in redshift distribution interesting. Howev er, giv en 
he closely matching median redshifts we see here, along with the
bjects of most interest to us having redshifts of 0.4 < z < 1.0, we do
MNRAS 536, 387–407 (2025) 
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Figure 3. Redshift distribution of WiggleZ-type UV–optical cross-matched 
sources for the W09, W15, and extended sample fields with UV and optical 
photometric cuts enacted. Median redshift is marked with a red dotted line 
on each histogram. Despite the different redshift distribution of the extended 
sample, its median redshift is very close to that of the W09 and W15 fields, 
and that of the target median redshift of the WiggleZ surv e y ( z ∼ 0 . 6 ). Median 
redshifts for W09, W15, and extended sample are 0.566, 0.584, and 0.588, 
respectively. Note that the extended sample was limited to spectroscopic 
redshift < 1.0; therefore, its data cut off abo v e this point. Its WiggleZ object 
component has a median redshift of 0.558, while its component produced 
from all other spectroscopic surv e ys has a median redshift of 0.721. 
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Figure 4. Statistical analysis of separation of single-source and multisource 
FLASH sources versus WiggleZ galaxies in the W15 field, with separation 
in arcseconds along the x -axis, and the log of N – the number of matches 
– along the y -axis. Note that single-source and multisource data are plotted 
separately, and that multisource data contain one-tenth of the amount of 
data. The real data consist of WIG SDSS and WIG SDSS EXT class data 
positionally cross-matched against FLASH objects in the W15 field, and 
are represented in both plots by the solid green line. The mean number 
of cross-matches of 10 data sets of positionally randomized data, shown 
with the broken blue line, is also plotted. Standard deviation for each set 
is included with lower opacity lines of respective style. We take 5 arcsec 
to be the maximum limit of separation radius for genuine matches for both 
single-source and multisource objects. 
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ot expect the difference in redshift distribution between samples to
ave a large impact on this work. 

 CROSS- M ATC HING  WITH  FLASH  R A D I O  

O U R C E S  

.1 Cross-matching strategy 

n order to distinguish between genuine matches and chance
lignments on the sky (offset sources), the maximum distance
etween a FLASH radio source and its optical host galaxy must
e found. Previous works such as Best et al. ( 2005a ), Mauch &
adler ( 2007 ), and Ching et al. ( 2017 ) primarily work with the
VSS (Condon et al. 1998 ) and Faint Images of the Radio Sky

t Twenty Centimeters (FIRST) (Becker, White & Helfand 1995 )
adio surv e ys, producing catalogues of cross-matched radio sources
nd optical spectroscopic objects, which then allow analysis of the
nvironments these radio objects are in, and how the y evolv e through
ime. 

These prior works used radio component catalogues, which
equired the authors to associate separate components into extended
orphology radio objects. In the case of FLASH, this is not required

f the user, as island catalogues of associated components are also
vailable. 

In order to probe the maximum radius for genuine associated
atches between radio sources and host galaxies, a Monte Carlo test
as done, and the result can be seen in Fig. 4 . This test was carried
ut on data in the W15 field, as it is the largest field containing
he most uniform distribution of objects. It involved cross-matches
etween the 21 461 WIG SDSS and WIG SDSS EXT class data in
his field area with FLASH island objects, and comparing this against
he averaged results of cross-matching 10 identically sized data sets
f positionally randomized data. This was done separately both for
NRAS 536, 387–407 (2025) 
LASH islands consisting of a single component (simple sources),
nd for those determined to consist of more than one component
complex sources). 

Out to ∼5 arcsec, the numbers of real matches for single-source
bjects o v erwhelm an y coincidental randomized data matches.
his is taken to be the radius out to which cross-matches of

adio sources and optical objects are genuine associated matches
f optical galaxies and associated radio sources – for example,
 galaxy with its synchrotron jet. Beyond 20 arcsec, the data
onverge, and thus this is taken as an upper bound for object
ross-matches that are ‘offset’ – the radio source is not di-
ectly associated with the host galaxy, but is close enough to
lluminate an H I disc or circumg alactic medium (CGM) g as if
resent. 
For multisource objects on the other hand, the situation is
ore complex. Multicomponent (complex) sources represent only

0 per cent of FLASH radio matches, so the data show a larger
egree of fluctuation due to the smaller number of matches. There
s still enough difference between real data and randomized data
o expect cross-matches out to 5 arcsec for multisource data to be
enuine matches, ho we ver. We thus use the same associated and
ffset matching criteria for all radio source cross-matches, regardless
f them being single-source or multisource objects. 
We assume that in the cases of WiggleZ-type optical objects,

hich do not host a bright FLASH source, but are proximate to a
LASH source, that the FLASH source lies in the optical object’s
ackground, at a higher redshift than the optical object. This is based
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for associated (green) and offset (red) cross-matched FLASH–WiggleZ type 
objects. Note that the y -axis for each is logged. Few objects in both data sets 
possess very bright radio sources exceeding 100 mJy. 
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n the fact that bright FLASH sources (AGN) would usually lie at
igher redshifts than galaxies not containing AGN – an example of 
his can be seen later in Section 5.4 of this paper when comparing
he average redshift of star-forming (SF) versus AGN host galaxies 
n Fig. 13 .This is also supported by previous investigations of radio
ource redshifts (Condon et al. 1998 ; de Zotti et al. 2010 ), as well as
he results of other surv e ys of intervening absorbers (Darling et al.
011 ). Indeed, while using ASKAP Sadler et al. ( 2020 ) successfully
etected intervening absorption for 0.4 < z < 1.0, and background 
ources were found to be either ‘in-band’ (0.4 < z < 1.0 but at a
edshift abo v e that of the optical galaxy) or ‘background’ ( z > 1.0). 

.2 Optical–FLASH cross-matching 

he FLASH continuum images have a typical rms noise of ∼0.1 mJy
Yoon et al., in preparation), but the catalogues produced by the 
utomated pipeline contain some sources with flux densities as low 

s 0.2–0.3 mJy beam 

−1 . Before cross-matching, a flux density cut-off
f 0.5 mJy beam 

−1 was applied to ensure that only robustly detected
adio sources were matched. 

In total, the number of optical objects available for cross-matching 
gainst FLASH is 31 663. These objects were cross-matched against 
he FLASH radio island catalogue to search for matches with an 
ffset smaller than 20 arcsec. 
The resulting matches were split into two classes based on the re-

ults of the Monte Carlo simulation presented in Fig. 4 . ‘Associated’
adio sources were defined to be those with a radio–optical offset
maller than 5 arcsec, and ‘offset’ sources those with a separation 
etween 5 and 20 arcsec. 

We can e v aluate the completeness and reliability of our sample
ased off this figure. For single-source matches, out to 5 arcsec 
e see a clear separation between the population of real matches 

nd random matches. If we integrate beneath both of these curves, 
e get 401 matches for the real data, and 28.7 for the randomized
ata. Doing the same with the complex matches, we get 54 and
.7, respectively. If we take the difference between genuine and 
andom single-source matches, and divide by the difference between 
otal single and complex genuine and random source matches, we 
an calculate the completeness: (401 − 28.7) / (455 − 32.4), which 
esults in 88 per cent. In terms of reliability, as we have found there
o be 401 genuine matches and 28.7 randomized matches, we get a
esulting 93 per cent. 

The cross-matching process yielded 279 associated and 740 offset 
ources in total, corresponding to 3.2 per cent of the input optical
ample (see Table 4 ). This is enough to perform analyses of the
haracteristics of both associated and offset cross-matches, involving 
omparison against the o v erall WiggleZ-like data set comprising the 
09, W15, and extended sample data. 
For the production of the finalized catalogues, the cross-match 

rocess was repeated using the FLASH component catalogue, rather 
han the island catalogue for which this work used, in preparation for
he next paper in this series. 

Fig. 5 is a histogram of integrated flux density (mJy) for the
ssociated and offset cross-matched objects. It is apparent for both 
opulations that few radio sources that have been cross-matched 
xceed 100 mJy in brightness. Indeed, 92 per cent of the associated
bjects and 95 per cent of the offset objects have integrated flux
ensities of 30 mJy or less, which we treat as the threshold for a
right radio source. 
Associated objects having a higher percentage of bright sources 

s unsurprising, since this kind of cross-match is representative of a 
alaxy containing a radio-loud AGN. 
 AG N  A N D  STAR-FORMI NG  DI AG NOSTICS  

.1 Diagnostic diagrams 

omparison of degrees of ionization of gases in galaxies allows for
he classification of galaxy type. Various diagnostic plots have been 
eveloped, but one of the most widely used and recognized is the BPT 

Baldwin, Phillips & Terlevich 1981 ). This uses line flux (LF) ratios
f close pairs of emission lines in order to minimize the impact of
eddening. For BPT diagrams, [O III ] ( λ4861) and H β ( λ5007), and
 α ( λ6563) and [N II ] ( λ6583) are used, plotted as log 10 ([O III ]/H β)

gainst log 10 ([N II ]/H α). An SNR of at least 3 is required for lines to
e included. Galaxies are then separated into three main classes: SF
ominated, AGN dominated, and composite. This is only possible 
or objects with z � 0 . 48 , as abo v e this the [N II ] and H α line pair is
edshifted into a spectral region with strong terrestrial airglow lines. 

WHAN diagrams are a second variety of diagnostic diagram, and 
ere defined by Cid Fernandes et al. ( 2010 , 2011 ). This plot was
eveloped in order to reduce the number of spectral lines required in
iagnostic diagrams, and uses only two [N II ] and H α, in the form
f the equi v alent width (EW) of H α against the log 10 ([N II ]/H α)
ine ratio. These also tend to be two of the brightest spectral lines
etectable in galactic spectra. This allows WHAN diagrams to 
otentially include a larger number of objects than BPT diagrams, 
hile still allowing classification between galaxies containing star 

ormation and AGN (Salzer et al. 2005 ). Ho we ver, the [N II ] and H α

ines are redshifted beyond detection for WiggleZ at z � 0 . 48 . 
By comparing the BPT and WHAN diagrams for associated and 

ffset object data, as well as taking an o v erall look at the behaviour
emonstrated by all WiggleZ-type objects with z � 0 . 48 , we can
nalyse the classifications of optical objects for each data set, and
hether this fits our expectations for the data. 

.2 Approach 

he method used in this work is to fit approximate single Gaussian
urves using amplitude of peak and standard deviation, at the specific
avelengths of the spectral lines we are interested in. We do this to the
ptical spectra of all galaxies in our sample, which have been adjusted
o their rest frame at redshift z = 0, using each object’s observed
MNRAS 536, 387–407 (2025) 
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Figure 6. BPT diagnostic diagram of W09, W15, and extended sample 
field WiggleZ data pre-radio source cross-matching along with extended 
sample data produced for this work, with redshift z < 0.48. 3391 systems are 
featured. Inclusion of K e wley et al. ( 2001 ) (black dashed line) and Kauffmann 
et al. ( 2003 ) (blue dotted line) means that classification of objects as AGN 

(abo v e K e wley), star-forming (belo w Kauf fmann), or composite (between) is 
possible. The diagonal solid purple line (Cid Fernandes et al. 2010 ) divides 
the AGN population between Seyfert and LINER, with the former abo v e and 
the latter below. 

Figure 7. WHAN diagram of W09, W15, and extended sample field data 
with redshift z < 0.48. The 3766 systems of Fig. 6 have been featured. The 
EW of the H α line is plotted against the logged EW ratio of N II and H α, as 
is standard for WHAN diagrams as laid out in Cid Fernandes et al. ( 2010 ). 
Horizontal and vertical diagnostic lines are from Cid Fernandes et al. ( 2011 ), 
separating star-forming galaxies, sAGNs, wAGNs, and ‘passive galaxies’ 
(none are included in this sample). Within the passive galaxies section, Cid 
Fernandes et al. ( 2011 ) also include ‘retired galaxies’ or ‘f ak e AGNs’, which 
have [N II ] or H α < 0.5 Å, on the right-hand side of the plot beneath the 
wAGN section. 
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pectroscopic redshift, and had its continuum either subtracted or
ormalized for LF estimates or EW estimates, respectively. The LF
r EW of the line is then derived from the fitted Gaussian. 
Upon visual inspection of the Gaussians produced, an estimated
 5 per cent are poor-quality fits, either being skewed from the

pectral line position or not well fitted by a Gaussian. These
ntroduce scatter into the diagnostic plots, as would be expected in
n automated pipeline (Drinkwater et al. 2018 ; Feuillet et al. 2024 ).
hese would need to be excluded by hand, but even for rudimentary
ingle Gaussian fitting, the vast majority were good matches. It is
nlikely that their exclusion would have a great deal of impact on the
ppearance of resulting BPT and WHAN plots, other than reducing
he scatter of the points plotted. Ho we ver, the feasibility of checking

ultiple spectral lines for fit quality on thousands of points is not
igh. We note that after exclusion of detections below SNR of 3,
nd along with the additional rejection criteria of the pipeline (see
ig. A2 ), the typical SNRs of [O III ], H β, H α, and [N II ] LFs for

his sample are 15.4, 14.3, 33.9, and 18.5, respectively, and for the
W of H α was 18.6. These are still significantly higher than the

hreshold cut-off for detections. The pipeline identifies and measures
mission lines that are not buried with noise, and is not likely to pick
p spurious detections. 
Synchrotron radiation can also contribute excess light in the

ontinuum, which could be a concern in objects hosting a synchrotron
ource (e.g. AGN). For this work, it is unlikely that this effect will
e important, as the diagnostic category will not impact on whether
ffset objects are tested for intervening 21 cm absorption signatures.
When working with LFs, corrections for dust extinction and stellar

bsorption are sometimes put into place. While this allows for more
ccurate results, it is not strictly necessary to do so. We note for the
eader that these corrections have not been made to the LF data. 

.3 Diagnostic diagrams for the WiggleZ and FLASH-matched 

bjects 

.3.1 The WiggleZ optical sample 

igs 6 and 7 show all the WiggleZ-type objects from W09, W15, and
he extended field that pass the criteria outlined in Sections 4.1 and
.2 . From the BPT, it is apparent that WiggleZ-type objects as a whole
xhibit predominantly star -forming beha viour, with the b ulk lying
eneath the star formation line as developed by Kauffmann et al.
 2003 ). This is what we would e xpect, giv en that o v er 90 per cent
f WiggleZ galaxies are star-forming (Drinkwater et al. 2018 ). A
maller number of objects lie between the Kauffmann line and the
GN line, described by K e wley et al. ( 2001 ). 
We also see a very similar result from the WHAN, where the bulk

f these objects fall into the SF region, and far fewer are in either
GN category. 
How well do the BPT and WHAN results agree? We find that

2.8 per cent of WiggleZ-type objects classified as star-forming or
GN using the BPT are also found to be their respective classification
y the WHAN. The remaining 7.2 per cent have a disagreement be-
ween categories. As we exclude composite objects when considering
his, the objects where there is disagreement are likely to be objects
n the BPT diagram that fall abo v e the K e wley et al. ( 2001 ) line
n the left-hand side of the plot, where they are classified as AGNs
ere, and are likely then to fall into star-forming on the WHAN.
s this number is reasonably low, and likely due to the difficulty in
lacing discrete boundaries on real-world phenomena, an amount of
uzziness in classification is not a serious concern. 
NRAS 536, 387–407 (2025) 
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Figure 8. BPT diagnostic diagram of associated FLASH–WiggleZ/extended 
surv e y data with redshift z < 0.48. 33 systems are featured in total, including 
two SF galaxies, which closely o v erlap. Diagnostic lines are as before in 
Fig. 6 , and the mean error of the objects is displayed. The contour is object 
density for all WiggleZ-type galaxies from Fig. 7 , with a threshold excluding 
the 10 per cent of objects least densely clustered in the population. Each 
contour contains a third of the WiggleZ-type galaxies abo v e this threshold. 
The most common object classification is AGN, with 25.0 per cent of objects 
receiving this label, ∼ 5 times the rate of offset and unmatched WiggleZ-type 
objects. 

Figure 9. BPT diagnostic diagram of offset FLASH–WiggleZ/extended 
surv e y data with redshift z < 0.48. 107 systems are featured in total. 
Diagnostic lines, errors, and contours are as in Fig. 8 . The most common 
object classification is star-forming, with 76 per cent of objects receiving this 
label. 
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Figure 10. WHAN diagram of associated FLASH–WiggleZ/extended sam- 
ple data with redshift z < 0.48. 24 systems are featured in total. The EW 

of the H α line is plotted against the logged EW ratio of N II and H α, as 
is standard for WHAN diagrams as laid out in Cid Fernandes et al. ( 2010 ). 
Diagnostic lines are as before in Fig. 7 . It should again be noted that in 
this cross-matched sample, there are few wAGNs, and no retired or passive 
galaxies. 37.5 per cent of objects receive the AGN designation, around twice 
the rate of the offset and unmatched WiggleZ-type objects. 

Figure 11. WHAN diagram of offset FLASH–WiggleZ/extended sample 
data with redshift z < 0.48. 107 systems are featured in total. Diagnostic lines 
are as before. It should be noted that in this cross-matched sample, there 
are no passive galaxies, and few wAGNs or retired galaxies. 83.3 per cent of 
objects receive the star-forming designation. 
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.3.2 The FLASH–optical matched sample 

e can now look at the BPT and WHAN diagrams of the small
ubset of WiggleZ-type objects that have been cross-matched with 
he FLASH catalogue, and the results for the much smaller sample 
f FLASH cross-matched objects are shown in Figs 8–11 . 
Unlike Fig. 6 , the BPT diagram for ‘associated’ radio matches
hown in Fig. 8 has proportionally more objects in the AGN region
f the plot. This is consistent with our expectation that many of
he close radio matches are high-excitation radio AGNs. There is 
 similar number of objects lying within the SF and composite
ections, and these objects may correspond to galaxies in which a
ow-e xcitation AGN coe xists with rapid ongoing star formation. The
MNRAS 536, 387–407 (2025) 



396 S. L. Eden et al. 

M

Table 4. Table of field, cross-match type, and number of objects cross- 
matched against FLASH, as well as total number of optical objects in field 
pre-positional cross-matching. The small size of the fraction of objects in 
each field that can be positionally cross-matched can be seen. 

Field N associated N offset N �(field) 

W09 29 158 5813 
W15 133 379 18 388 
Extended sample 117 203 7462 
Total 279 740 31 663 
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Table 5. Breakdown of object classifications for associated and offset 
objects, as well as all WiggleZ-type objects (pre-cross-matching), as de- 
termined by BPT and WHAN diagnostics. The number of objects assigned 
a classification, as well as the percentage this represents, is provided. There 
are 32, 107, and 3391 total associated, offset, and unmatched WiggleZ-type 
objects featured in the BPT, and 33, 78, and 3766 total associated, offset, and 
unmatched WiggleZ-type objects featured in the WHAN, respectively. It can 
be seen that the offset data classification more similarly matches that of all 
WiggleZ-type objects compared to the associated. 

BPT SF AGN Comp 
N per cent N per cent N per cent 

Associated 14 43.7 8 25.0 10 31.2 
Offset 76 71.0 5 4.7 26 24.2 
WiggleZ-type 2591 76.4 181 5.3 619 18.3 

WHAN SF AGN Retired 
N per cent N per cent N per cent 

Associated 15 62.5 9 37.5 0 0.0 
Offset 65 83.3 13 16.7 0 0.0 
WiggleZ-type 3028 80.4 729 19.6 9 0.2 
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HAN diagram for associated data (Fig. 10 ) shows a similar effect,
ith a greater number of AGNs being detected for the associated
bjects compared to unmatched WiggleZ-type objects. 
On the other hand, the offset cross-matched data (Figs 9 and 11 )

how quite different distributions from that of the associated data.
n the BPT, most objects fall below the Kauffmann curve, being
lassified as star-forming g alaxies. Ag ain, this behaviour is echoed
n the WHAN diagram, and objects in the strong A GN (sA GN)
ection lie on the edge of the section closest to SF, rather than being
cattered throughout that section. 

In all three WHAN diagrams, very few objects fall into the wAGN
ection, which Cid Fernandes et al. ( 2011 ) describe as ‘weak AGN’,
uch as Low-Ionization Nuclear Emission-Line Region galaxies
LINERs), which generally have low levels of UV activity (Tadhunter
t al. 2002 ) and so would be excluded from the WiggleZ optical
ample. 

The results from the BPT and WHAN diagrams in this section are
ummarized numerically in Table 5 . Here, we can directly compare
he breakdown of classifications for each of the associated, offset,
nd WiggleZ-type object data sets, beyond visual inspection of the
lots. The similarity in classification rate of the offset and o v erall data
et of WiggleZ objects is consistent between the BPT and WHAN,
howing that most of the offset objects do not contain AGN, and are
ikely to be UV-bright star-forming galaxies that happen to be close
n the sky to a bright radio source. 
On the other hand, the associated objects clearly exhibit a different

ind of behaviour and are two to five times as likely as the offset or
iggleZ-type objects to contain an AGN. 

 DISCUSSION  

.1 The radio detection rate for WiggleZ galaxies 

he WiggleZ galaxies are selected for UV brightness, but there is
o direct bias for or against radio loudness with these objects. From
 cross-match of the WiggleZ/extended sample with the FLASH
adio catalogue, we found that fewer than 1 per cent of the WiggleZ
alaxies (279/31 663) are ‘radio-loud’ (i.e. associated with a radio
ource brighter than 0.5 mJy beam 

−1 ). 
A further 2.3 per cent of WiggleZ galaxies lie between 5 and

0 arcsec on the sky from a FLASH radio source. These galaxies
re unlikely to be physically associated with the radio source, but if
he radio source lies at higher redshift then it can be used as a probe
o search for H I absorption at the redshift of the WiggleZ galaxy. 

The two catalogues presented in Appendix provide the tools
eeded for the H I absorption that will be the focus of the second
aper in this series. At the median WiggleZ redshift of z = 0.6, the
ngular scale on the sky is 6.76 kpc arcsec −1 . A 5–20 arcsec offset
herefore corresponds to an impact parameter of around 30–120 kpc
NRAS 536, 387–407 (2025) 
nd typically probes the CGM, while an offset smaller than 5 arcsec
robes gas within the galaxies themselves. 

.2 Interpretation of the diagnostic diagrams 

he BPT and WHAN diagnostic plots allow us to analyse the
ehaviour of WiggleZ-type galaxies, with the BPTs showing them to
all into star-forming, AGN, or composite categories, and the WHAN
iagrams showing that galaxies possessing AGNs o v erwhelmingly
ie in the ‘sAGN’ category [an analogue for Seyferts proposed in
id Fernandes et al. ( 2011 ), where WHAN diagrams were first being
eveloped]. This is not surprising, considering the well-observed link
etween the UV brightness of objects and their star-forming and/or
GN behaviour (Tadhunter et al. 2002 ). 
Using the extreme star formation diagnostic developed in K e wley

t al. ( 2001 ), Drinkwater et al. ( 2010 ), who combine both SF
nd composite categories, find that 90 per cent of WiggleZ galaxies
lotted on a BPT diagram are star-forming. This shows that their
election criteria have succeeded in selecting for UV-bright star-
orming galaxies while managing to largely exclude AGNs. We
imilarly have found that 94.7 per cent of our extended WiggleZ-type
atalogues are classed as star-forming when using the same extreme
tar formation envelope. The WHAN diagram also demonstrates that
he large majority of objects in the extended WiggleZ-type catalogue
re star-forming, ho we ver, at a lo wer rate (80.4 per cent). This is
ikely due to the difference in the two diagnostic plots, where WHAN
akes into account less lines, and the positioning of the different
iagnostic regions. 
Considering the link between AGN, star formation, and the abun-

ance of H I found in galaxies displaying these types of behaviour
Maccagni et al. 2014 ; Ger ́eb et al. 2015 ; Rhee et al. 2023 ) implies
hat UV brightness and H I content should be connected. Pairing the
LASH surv e y with WiggleZ-type galaxies therefore provides an
xcellent opportunity to search for 21 cm absorption in a poorly
tudied redshift range (Dutta et al. 2022 ), without relying on radio
election bias, which is a common hurdle in 21 cm studies, where
1 cm signals tend to be found more commonly at lower redshifts
 z < 0.4), which is thought to be caused by more extreme UV
uminosities of AGN, or the powerful radio emissions of bright
adio sources associated with AGN, which tend to be more common
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Figure 12. The ( g − i) colour versus redshift for all objects meeting the 
required selection criteria in the W09, W15, and extended sample fields. 
The median ( g − i) magnitudes for each redshift bin (cyan diamonds) are 
o v erlaid o v er the scatter, positioned at the centre of each bin (i.e. at z = 0.05 
for 0 < z < 0.1). The greater the ( g − i) value, the redder the object. The 
distribution is fairly symmetric, with its peak in reddest population around z ∼
0 . 55 . LRG passi ve e volution tracks from Wake et al. ( 2006 ) and Ching et al. 
( 2017 ) (red dashed and black dot–dashed lines) and a QSO track (Schneider 
et al. 2005 ; Croom et al. 2009 ) (purple dotted line) are included. 90 per cent 
of WiggleZ-type objects are star-forming galaxies (Drinkwater et al. 2010 ) 
and, as we expect, this population does not follow the evolutionary track of 
either LRGs or QSOs. 
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t higher redshifts (Minchin et al. 2003 ; Aditya et al. 2024 ). Our
election of UV-bright star-forming objects also allows us to test how 

he UV luminosity of non-AGN radio-source host galaxies affects 
he detection rate in associated 21 cm absorption searches (Curran & 

hiting 2012 ). 

.3 Differences in BPT distribution between associated and 

ffset cross-matched galaxies 

n Section 4.3 , BPT diagrams for the associated and offset cross-
atches with FLASH were produced. With regard to the BPT 

iagrams, it is interesting to compare the difference in apparent 
ehaviour obtained for associated data (Fig. 8 ) versus those obtained 
or offset data (Fig. 9 ), as well as the numerical values as presented
n Table 5 . In the case of associated data, though the sample size is
imited, it appears that an associated object is five times more likely
o be classified as an AGN host. 

Ho we ver, in the case of offset galaxies, the distribution is quite
ifferent. In this case, there are many more galaxies classed as
tar-forming, far exceeding the combined AGN and composite 
lassifications. It seems to suggest that when searching around a 
adio source at an extended distance for non-associated UV-bright 
bjects, you are more likely to detect purely star-forming objects 
han any other category, and this result is consistent regardless of
ooking specifically at W09, W15, or the extended sample data. 

Considering the observed connection between H I reservoirs and 
tar formation, as well as the offset category of FLASH–WiggleZ 

ross-matched objects being the ideal targets for intervening 21 cm 

bsorption probing, this is a positive result for our work. 

.4 Optical colours and redshift 

n galaxy colour–magnitude diagrams, a bluer colour corresponds 
o actively star-forming galaxies, red to ‘dead’, inactive galaxies, 
nd there is a third population of transitional ‘green valley’ galaxies 
etween them, where galaxies that have been stripped of gas through 
nternal processes, or mergers lie (Fabian 1999 ; Martin et al. 2007 ;

yder et al. 2007 ). Figs 12 and 13 show the relationship between
 g − i) colour magnitude, and redshift for the whole WiggleZ-type 
opulation, and for our two FLASH cross-matched catalogues. The 
arger the value of ( g − i), the redder the object. We can then study
ow this changes with redshift, for our different populations of 
bjects. 
Fig. 12 shows the entire WiggleZ-type data sample in the same 

ormat as fig. 14 of Ching et al. ( 2017 ). The evolutionary tracks
ncluded in Fig. 12 are also the same, including two ‘luminous red
alaxy’ (LRG) models using data from Wake et al. ( 2006 ) (dashed
ed line and dash–dotted black line) to trace out ‘low-excitation 
adio galaxy’ evolution, and a single ‘quasi-stellar object’ (QSO) 
rack (dotted purple) (Schneider et al. 2005 ; Croom et al. 2009 ). 

The WiggleZ-type galaxies lie between the regions of LRGs that 
 xhibit passiv e evolution and QSOs, which maintain a consistent 
luer colour. As the WiggleZ surv e y contains 90 per cent star-forming
alaxies (Drinkwater et al. 2010 ), this region on the ( g − i) versus
 plot contains star-forming galaxies. The median ( g − i) colour 
hanges with redshift, reaching a maximum at z ≈ 0 . 55 , before 
urning o v er and returning to a similar value at z = 1.0 as at z = 0. 

In Fig. 13 , the median redshift for associated objects is z = 0.65,
hereas for offset objects it is z = 0.57. This difference in median

edshift for the two radio cross-match samples may be due to the
igher AGN fraction in the associated sample, since radio-loud AGNs 
re more common at higher redshift (e.g. Pracy et al. 2016 ). On the
ther hand, we have shown that the offset objects are not generally
osts of AGN, and they have a much more even redshift spread than
he associated objects. 

The contours in Fig. 13 show the star-forming population of 
iggleZ-type galaxies from Fig. 12 , and are useful for comparing the

ssociated and offset objects. The SF contours are based on density,
nd have a threshold cut-off applied, so the least clustered 15 per cent
f SF objects from Fig. 12 are excluded. This reduces the extent of
he contour plot and excludes any objects that are not SF galaxies.
he contours are also split into three levels based on object density,
ach containing a third of the population. 

The associated objects do not fit the SF distribution well. They
end to have redder colours and higher redshift, which is expected, 
s BPT and WHAN both classified the associated objects as very
ikely to contain an AGN. Contrastingly, the offset population fits this
istribution well, not only in terms of the shape of its distribution, but
lso its position and area of highest density. This is again confirmation
hat the offset objects are star-forming, like the o v erall population of

iggleZ-type objects. 
We also conclude from this that the offset objects are otherwise

ypical SF WiggleZ-type objects that happen to be close to bright
LASH sources, and that it is probable that any H I characteristics

hat these offset objects have would be similar to those of the o v erall
iggleZ-type data set. 

.5 Single- and multiple-component radio sources 

t is important to be aware that radio sources can possess different
tructures. Although the majority of radio sources are simple compact 
ources, it is still possible that larger, extended, and/or multicompo- 
ent radio sources can be either associated with galaxies, or occur
n their background. If this is the case for a radio source, ASKAP
MNRAS 536, 387–407 (2025) 
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M

Figure 13. ( g − i) colour versus redshift diagrams for associated and offset data, including evolutionary tracks from Fig. 12 . Left contains all associated 
FLASH–WiggleZ type object cross-matches with the different fields indicated by different object markers (W09 – green circles, W15 – teal triangles, and 
extended sample – purple squares), while right contains all offset cross-matches with identical convention for marker types. The included contour is SF object 
density from Fig. 12 with a threshold excluding the 15 per cent of objects least densely clustered in the population, and each contour containing a third of the 
SF population abo v e this threshold. The increased redness and redshift of associated objects compared to star-forming WiggleZ-type objects, as well as offset 
objects, can be seen. 

Table 6. Number and percentage of multicomponent FLASH radio objects 
that each field contains, as well as total radio cross-matches for each field, 
with associated and offset cross-matches displayed separately. 

Field N complex N total 

Per cent multisource 
cross-matches 

Associated W09 3 29 10.3 
W15 14 133 10.5 

Ext. sample 14 117 12.0 

Offset W09 18 158 11.4 
W15 65 379 17.2 

Ext. sample 19 203 9.3 
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urv e ys flag this in data releases. Therefore, the data used in this
ork also have a flag indicating the number of components that the

adio source is comprised of. The SELAVY algorithm (Whiting &
umphreys 2012 ) is responsible for ASKAP’s ability to compare

ources in 3D space, and e v aluates the likelihood of their apparent
D relationships being true in 3D space. 
From the two FLASH cross-matched populations (associated and

ffset), it appears that neither type of cross-match is significantly
ore likely to occur with a multicomponent source, occurring at a

ate of ∼10 per cent (see Table 6 ). This also matches with Fig. 4 ,
here complex sources account for roughly 10 per cent of total radio

ource matches. 
Only offset matches with the W15 field exceed this ∼10 per cent

ate, with 65 out of 379 objects being complex source matches. Given
he number of objects in W15 being the greatest for all fields, this is
uite interesting. Considering that the other two offset cross-matches
o not exhibit this increased rate, it would be interesting to understand
hether this is purely a random spike in complex radio sources in

his field for offset objects, or whether there is an underlying process.
hen checked against older observations of FLASH fields in this

egion, the ele v ated rate of detections remains. 
It is shown in fig. 18 of Drinkwater et al. ( 2010 ) that a high

roportion of WiggleZ galaxies are in some way interacting with
thers, and they also discuss that there is a degree of clustering
NRAS 536, 387–407 (2025) 
etween the UV-bright WiggleZ galaxies, though much lower than
hat would be observed in LRGs. This would be expected to be seen

hroughout the WiggleZ selection, and is likely not the cause of the
pparent increase in complex radio sources in the W15 field. 

As shown in Fig. 3 , all three fields involved in this work (W09,
15, and Ext) probe to similar redshifts, and have similar distri-

utions of galaxies across redshift – particularly, the two WiggleZ
elds, W09 and W15 – so it would be expected that a fluctuation to

his degree of offset cross-matches would be seen in W09 as well as
15, especially considering the lower number of galaxies contained
ithin the W09 field. 
As part of the WiggleZ surv e y design is to probe o v erdensities

n space caused by BAO, there is a possibility that it could be
 real physical effect due to more o v erdense re gions of cosmic
tructure coinciding with the W15 field than with other fields. This
s difficult to tell from comparing to figs 14 and 16 of the GAMA
R1 paper (Driver et al. 2011 ), which carried out spectroscopic

edshift experiments and charted cosmic structure in many of the
elds co v ered by the full WiggleZ surv e y, in particular the 9h and 15h
egions which our W09 and W15 fields cover parts of. A complete
nvestigation of potential causes is outside the scope of this work,
ut would be of interest in our second paper in this series. 

.6 Distribution of galaxies with redshift 

s can be seen from Fig. 14 , the complete set of WiggleZ-type
alaxies (grey hatched bins) possesses a distribution where the two
ost populated bins occur at 0.4 < z < 0.6, and 0.6 < z < 0.8, and

educe steeply to either side. This is not unexpected, as the median
iggleZ redshift is z = 0.6 (Drinkwater et al. 2018 ). For the specific

egions used in this paper, median redshifts are z = 0.57, z = 0.58,
nd z = 0.59 for W09, W15, and the e xtended sample, respectiv ely.
he o v erall median for all objects considered in this work is z = 0.58.
The second histogram of Fig. 14 contains stacked bins for
iggleZ-type objects that are associated with a FLASH source,

nd for objects that are offset from a FLASH source. As these
re separate populations, there is no duplication of a WiggleZ-type
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Figure 14. Distribution of redshifts for objects in total WiggleZ surv e y with 
WIG SDSS class (top) and the two data sets of cross-matched objects stacked 
on top of one another (bottom). Associated data are green, and offset data are 
red. Note the shared x -axis and different scales on the y -axes, as the number 
of cross-matched objects cumulatively is far smaller than the entire WiggleZ- 
type data set. Due to small number statistics, any conclusions from z > 1.2 
should be discounted. 
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Figure 15. Plot of [O III ]/H β line ratio against stellar mass for WiggleZ 

objects with z≥ 0.3 (green dots). Stellar mass cut-off of (log M ∗/M �) < 10 
is included as in fig. 5 of Drinkwater et al. ( 2018 ). Demarcation lines from 

Juneau et al. ( 2014 ) separating likelihoods for AGN are included for low- 
redshift galaxies (dotted blue lines), as well as the shifted demarcation line 
produced specifically for the line luminosity detection limit of WiggleZ 

galaxies from Drinkwater et al. ( 2018 ) (solid purple lines). Associated 
and offset galaxies that contain WiggleZ stellar mass information as well 
as [O III ]/H β information are plotted as teal triangles and red squares, 
respectively. 
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bject in this process. The resulting stacked histogram allows us to 
ully understand the redshift distribution of cross-matched objects, 
nd understand the contribution from the different cross-matches 
isually. 
From the similarity in distribution in terms of the median peak, 

nd the sharp decline to either side of this peak, it is reasonable
o conclude that the WiggleZ-type objects we have studied in 

09, W15, and the extended sample are representative of the 
hole WiggleZ population, possessing similar redshift distributions, 
edian redshifts, and colour magnitude against redshift distributions. 

.7 Mass-excitation diagnostic 

he WiggleZ surv e y additionally contains stellar masses for galaxies 
ith z > 0.3 (see Drinkwater et al. 2018 for detailed method). Galax-

es in all three of our fields may contain stellar mass information,
s all three fields do contain WiggleZ galaxies. Medians for all 
alaxies containing stellar mass estimates in the extended sample, for 
ssociated galaxies containing stellar mass, and for offset galaxies 
ontaining stellar mass are 9.94 log(M ∗/M �), log(M ∗/M �), and
0.34 log( M ∗/M �), respectively. Presence of a radio-loud AGN is
nown to correlate with a higher stellar mass, so it is unsurprising
hat our associated sample would have the highest median mass 
ompared to offset galaxies or our o v erall e xtended catalogue (Best
t al. 2005b ; Wang & Kauffmann 2008 ). 

Stellar mass can be used against the [O III ]/H β line ratio to produce
n MEx plot (Juneau et al. 2014 ). This plot allows for the separation
f SF galaxies from those containing AGN, which is useful for
he WiggleZ sample, where the [N II ] and H α lines are no longer
etectable for z > 0.48. 
Fig. 15 is an MEx plot for all objects in this work that contain
pectroscopic redshift data from the WiggleZ surv e y (W09, W15, and 
ome Ext objects with WiggleZ spectra), which also are classified 
s ‘high stellar mass’ galaxies [10 < log( M ∗/M �) < 12], before any
ross-matching has been undergone, and had z ≥ 0.3, allowing them 

o be plotted in the same manner as in fig. 5 of Drinkwater et al.
 2018 ). Associated and offset galaxies that have WiggleZ stellar mass
nd [O III ]/H β information are plotted on top of this as teal triangles
nd red squares, respectively. The demarcation lines from Juneau 
t al. ( 2014 ) (dotted blue lines) allow the sorting of low-redshift
bjects by probability of containing AGN, with objects between 
he two lines having P AGN ∼ 0 . 4 , and abo v e the upper line having
 AGN ∼ 0 . 7 . Ho we ver , for W iggleZ galaxies, this criterion does not
s ef fecti vely sort galaxies into these classes. 

As in Drinkwater et al. ( 2018 ), we have included an adjusted
ersion of the demarcation lines from Juneau et al. ( 2014 ), which
ere shifted to take into account the luminosity of the WiggleZ
bjects. These are indicated with the solid purple lines. From this,
e see again that the majority of WiggleZ objects are very likely to

xhibit SF behaviour, rather than AGN. We also see that while offset
bjects are most likely to be classed as star-forming, and least as
GN, 7 out of 13 associated objects are likely to be AGNs, just o v er
0 per cent. 
We have applied a stellar mass cut where objects with 

og( M ∗/M �) < 10 are excluded from the plot. This is explained in
rinkwater et al. ( 2018 ), as higher mass WiggleZ galaxies were

ound to have significantly lower metallicities than regular emission- 
ine galaxies of similar mass. This does not hold for lower mass

iggleZ galaxies, where their metallicity is on par with regular 
mission-line galaxies of similar mass, so these objects are excluded 
rom the plot. 
MNRAS 536, 387–407 (2025) 
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As can be seen in Fig. 15 , when comparing the WiggleZ objects
gainst the shifted demarcation line from Drinkwater et al. ( 2018 ), the
ast majority of both WiggleZ-type and offset objects are predicted to
e star-forming, as most lie beneath the lowermost solid purple line.
his agrees strongly with the conclusions we hav e dra wn from BPT,
HAN, and ( g − i) colour evolution plots for the o v erall sample of
iggleZ-type galaxies – the UV brightness of most of these galaxies

s driven by extremely high rates of star formation. 

 C O N C L U S I O N  

e have produced two catalogues of optically unbiased, UV-bright
alaxies designed to probe associated and intervening H I absorption
t intermediate redshifts (0.4 < z < 1.0). Our ‘associated’ catalogue
ontains 279 objects and is designed for a search for associated
 I absorption. Our ‘offset’ catalogue contains 740 objects, and
as been designed for intervening H I absorption studies involving
pectral stacking. We have investigated the properties of these
atalogues in various ways and present a summary of our findings
elow: 

(i) Two subsamples of radio cross-matched UV-bright star-
orming galaxies have been produced – the ‘associated’ catalogue
or the investigation of associated H I absorption and the ‘offset’
atalogue for H I absorption stacking for intermediate redshifts.
hese galaxies are also poised for investigation of the effect of high

ates of star formation on neutral gas. 
(ii) BPT, diagnostic diagrams classify WiggleZ-type objects pre-

ross-matching as being majority (76.4 per cent) star-forming. For
he radio-matched subsamples, only 43.7 per cent of the associated
bjects are classified as SF, while 71.0 per cent of offset objects are
lassified as SF galaxies. In comparison, WiggleZ-type objects pre-
ross-matching and offset objects are found to be 5.3 and 4.7 per cent
GN, while associated objects are 25.0 per cent, five times higher.
his is as we expect – the cross-matching criterion of the associated
bjects searches for galaxies hosting bright radio sources, such as
GN. On the other hand, the offset objects are WiggleZ-type objects

elected to be in the vicinity of bright radio objects, but not hosting
hem. While there is some fluctuation between rates of galaxies
lassified as SF/AGN between BPT, WHAN, and MEx diagrams,
here is a good degree of agreement for classification trends for
ssociated, offset, and unmatched WiggleZ-type objects. 

(iii) When we look at the evolution of ( g − i) colour o v er redshift
or all WiggleZ-type objects, we see that they lie between the passive
volutionary tracks of LRGs, and the flat QSO track. We identify this
egion as being the typical space occupied by SF galaxies. When we
hen compare the locations occupied by associated and offset objects,
e see that while the offset objects lie mainly in the SF region, the

ssociated objects are both redder, and lie at higher redshifts. We
xpect these findings for both populations – associated objects host
GN, while offset objects are SF galaxies. 
(iv) The combined redshift distribution of associated and offset

bjects when compared to one another is very similar, and we
ssume from this, along with our findings from the BPT and WHAN
iagnostic diagrams, and ( g − i) colour versus z distribution, that
hen considered together, the population of associated and offset
bjects are representative of the WiggleZ-type object catalogue in
eneral. It may be possible to draw conclusions on the H I content of
nmatched WiggleZ-type galaxies o v erall. 
(v) The fraction of multicomponent FLASH cross-matches is

imilar for associated and offset objects in the three different fields,
t ∼10 per cent, which also matches the rate of complex radio
NRAS 536, 387–407 (2025) 
ources in the FLASH catalogue o v erall. Only the offset W15 field
as a significantly higher fraction of multicomponent sources, at
17 per cent. As the W15 field is the field containing the most

bjects, this is particularly interesting. It is not known whether
his is a random fluctuation in the matches, or whether there is
n underlying physical cause. From initial checks against previous
LASH observations of fields in this region, the effect seems real,
nd will be investigated in the second paper in this series. 

Detections of the presence of H I for 0.4 < z < 1.0 and be yond hav e
ntil now required emission-line spectral stacking, averaging over a
umber of rest-frame spectra to produce a median spectrum, in order
o reveal a signal that may exist otherwise buried in noise (Khandai
t al. 2011 ; Chowdhury et al. 2021 ), or the production of intensity
aps (Masui et al. 2013 ) indicating the difficulty of detection of

his signal beyond the local Universe. This has left attempts to
ccurately understand the interplay between AGN feedback, star
ormation, H I , and galactic evolution incomplete (Lewis et al. 2024 ).
ecently, FLASH has demonstrated its capabilities with the detection
f an extremely strong associated absorber towards a bright compact
adio galaxy lying at z = 0.851 (Aditya et al. 2024 ), as well as the
isco v ery of two associated absorbers at lower redshifts ( z = 0.522
nd z = 0.563) in massive ( M > 10 11 M �) GAMA galaxies, both of
hich also have very strong H I absorption signals (Su et al. 2022 ),

o it may be increasingly possible to make associated H I absorption
bservations at intermediate redshifts in the Square Kilometre Array
ra. 

In the second paper in this series, we will be looking in depth at the
LASH radio spectra of the associated and offset objects found in this
ork, including seeking out evidence of associated 21 cm absorption

round the objects with the brightest radio continua. It should still be
oted that due to the intrinsic faintness of 21 cm absorption, stacking
ill likely be required to confirm the presence of H I absorption

ignals from spectra of objects found in this work, especially for
bjects not considered ‘bright’ in this context ( < 30 mJy). Ho we ver,
he study of 21 cm absorption in this redshift range, and potential
isco v ery of other bright absorbers, will contribute to an impro v ed
icture of the distribution of H I throughout the Universe at this
ascinating period in its history. 
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9 
est P. N. , Kauffmann G., Heckman T. M., Brinchmann J., Charlot S., Ivezi ́c
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PPEN D IX  A :  DATA  

his work produced data via cross-matching of WiggleZ data, and 
dditional data assembled to match the WiggleZ surv e y’s construc- 
ion, with FLASH radio data. An associated and an offset data set are
roduced, by cross-matching within two different radii; associated 
ata with a radius of 5 arcsec or less, and offset data with a radius
alling between 5 and 20 arcsec. After this process, the data are then
un through an automated pipeline built for this work, which then 
ttempts to isolate the H α, H β, [O III ], and [N II ] spectral lines from
n object’s spectrum, and extract a value for EW for all lines. 

Table A1 consists of many columns and entries, and is a sample
f five objects found in the associated data set, demonstrating how
ifferent entries can look depending on their field, the spectroscopic 
urv e y the y are from, and whether spectral line data were possible to
btain. The write-up on the associated table below is relevant to the
ffset data also, as the kind of contents in each column is identical. 
Further information on WiggleZ data can be found in Drinkwater 

t al. ( 2018 ). F or ASKAP surv e y data in general, refer to Hotan et al.
 2021 ). 

1 Cross-matched data 

hese are the data that are fed into the pipeline to obtain spectroscopic 
ata from the Flexible Image Transport System (FITS) files. These 
ontain a restricted sample where H α, H β, [O III ], or [N II ] lines are
etected. A spectrum does not need all four lines to be present for
ts data to be extracted; ho we ver, depending on which lines are not
resent, it may result in an object not being plotted in one or both of
he BPT and WHAN diagrams. 

Column 1: Object name. Name of the WiggleZ-type object as it
ppears in the catalogue that the object is sourced from. If no name
as available in the source catalogue, then name was generated. 
Columns 2 and 3: Right ascension and declination of WiggleZ- 

ype object. The RA and Dec. of the object in degrees in J2000
oordinates. 

Column 4: Redshift of object. The spectroscopic redshift of 
he WiggleZ-type object was obtained from source catalogue (see 
olumn 23: ‘ z surv e y’). 

Column 5: W iggleZ r edshift quality. The quality of redshift
ssigned to each WiggleZ object. This is obtained when the redshift
hat RUNZ assigns is manually checked. The possible QOP values that
an be assigned range from 1 to 5, with 5 being very high certainty
edshift, and 1 indicating that it was not possible to assign a redshift.
s other spectroscopic redshifts assign QOP values differently, those 
ave been retained in column 26 for BOSS/eBOSS. 
Columns 6, 7, 8, 9, and 10: FUV, NUV, g , r , and i band photome-

ry (mag). Photometry for W09 and W15 objects is from the WiggleZ 

urv e y, while optical photometry for data in the extended sample is
aken from DES, and NUV and FUV photometry from GALEX . 

Column 11: WiggleZ object class . Class of WiggleZ object. 
Column 12: Absolute FUV magnitude. Only WiggleZ objects 

ossess these data. For further detail, see Drinkwater et al. ( 2018 ). 
Column 13: Stellar mass. Calculated stellar mass of galaxy, from 

iggleZ surv e y. 
Column 14: SpecFile. Name of specific FITS spectrum file 

ssociated with each object, taken from WiggleZ, BOSS, eBoss-ELG 

emission line galaxy), and eBOSS-LRG surv e ys. 
Column 15: Comment. Any comment made on the object in 

uestion, from WiggleZ or BOSS/eBOSS. This can be about object 
ype, or spectral feature. 

Column 16: FLASH island ID. ID of radio object from FLASH
urv e y. It contains seven-digit ASKAP SBID and four-digit ASKAP
atalogue ID. 

Column 17: FLASH island name. Name of radio object from 

LASH surv e y. This is produced automatically during the ASKAP
ata processing pipeline from the sexagesimal RA and Dec. 
Column 18: Number of components. Number of radio com- 

onents the SELAVY algorithm associates together in 3D space to 
roduce the FLASH island. 
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M

Figure A1. Top: Example spectrum of star-forming WiggleZ galaxy S15J143453974 + 00215187 as classified using BPT, after continuum normalization. Its 
redshift is z = 0.12. Cut-out areas are indicated with coloured boxes matching the rele v ant cut-out. Bottom left: Cut-out of star-forming spectrum showing H β

and [O III ] lines. Bottom right: Cut-out showing H α and [N II ] lines. Note the different flux and wavelength scales for the two cut-outs. Examples of ‘bad pixels’ 
are displayed at ∼5575 and ∼5800 Å. They are separate enough from the peaks that they do not pose an issue for this spectrum. 
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Columns 19 and 20: Right ascension and declination (of radio
ource). The J2000 coordinates RA and Dec. of the cross-matched
adio source in decimal degrees. 

Column 21: Integrated flux density (mJy). The integrated flux
ensity of the cross-matched FLASH radio source. 
Column 22: Peak flux density (mJy beam 

−1 ). The peak flux
ensity of the cross-matched FLASH radio source. 
Column 24: Field. The surv e y area that the optical object is

n. ‘W09’ and ‘W15’ refer to the WiggleZ data that lie within the
iggleZ 9h and 15h fields. ‘Ext’ refers to objects in the synthesized
iggleZ-type catalogue that lie in an equatorial strip between 21h

nd 3h. 
Column 25: Field. Separation in arcseconds between the optical

bject and the FLASH radio object it has been cross-matched with.
ll associated objects will have values of 5 or less. Offset objects
ill have values between 5 and 20. 
Column 26: DESI DR9 LS ID. The ID of the optical object taken

rom the ninth data release of the DESI spectroscopic redshift LS.
nly extended sample objects possess this. 
Column 27: zwar ning . Quality flag for BOSS/eBOSS spectra. 0

orresponds to a good quality spectrum that a redshift can be obtained
or with high confidence. Other flags can be found on SDSS-III
 2013 ); ho we ver, all BOSS/eBOSS objects in this work have the 0
ag. 
NRAS 536, 387–407 (2025) 
Columns 28 and 29: Right ascension and declination (of FIRST
bject radio source). The J2000 coordinates RA and Dec. of the
ross-matched FIRST radio source in decimal degrees. This is done
ith the intention of obtaining more precise radio positions on the

ky. Ho we ver, not e very object in this catalogue that has been cross-
atched against a FLASH radio source will have been observed by

he FIRST surv e y. 
Columns 30 and 31: H α, EW and associated error ( Å).

hese are obtained for this work by passing spectra through an
utomated pipeline, and are only produced if the SNR exceeds
. Not all objects will possess all or even some of the data, due
o redshift, spectra quality, or lines simply not existing in the
pectra. Error of EW values are obtained via this work’s automated
ipeline. 

Columns 32, 33, 34, and 35: H α, H β, [O III ], and [N II ] LFs
 e −16 erg Å cm 

−2 s −1 ) . Inte grated flux es of H α, H β, [O III ], and
N II ]. These are obtained for this work by passing spectra through
n automated pipeline, and are only produced if the SNR exceeds
. Not all objects will possess all or even some of the data, due to
edshift, spectra quality, or lines simply not existing in the spectra. 

Columns 36, 37, 38, and 39: H α, H β, [O III ], and [N II ] LF
rrors ( Å). Error of LF values obtained via this work’s automated
ipeline. 



H I absorption in star-forming galaxies – I. 405 

Figure A2. Top: Example spectrum of Seyfert WiggleZ galaxy R01J003801791 −01424127 as classified using BPT, after continuum normalization, with a 
redshift of z = 0.46. Cut-out areas are indicated with coloured boxes matching the rele v ant cut-out. Bottom left: Cut-out of Seyfert spectrum showing H β and 
[O III ] lines. Bottom right: Cut-out showing H α and [N II ] lines. 
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2 Spectral data 

he specific FITS file designation for each object is found in 
he SpecFile column of both the associated and offset tables (see 
able A1 ). 
Example spectra for objects found in this paper are included as

igs A1–A3 . Note that some spectra in the source surv e ys are subject
o ‘bad pixels’ and the effects of cosmic rays. These should not have
n effect on the data passed through the pipeline for spectral lines,
s only specific parts of the spectra are of interest, and mechanisms
re in place to deal with anomalous results from the spectral lines.
tandard cut-offs such as rejection of lines that do not exceed SNR
f 3 are used. Detections assigned EWs with an SNR greater than 3,
ut that would imply detections of peaks that are very broad but with
eak amplitudes less than 0.1 e −16 erg Å cm 

−2 s −1 , i.e. comparative 
o noise in the spectrum, or with very large changes in amplitude
ut with widths of less than 5 pixels, i.e. bad pixels/cosmic rays, are
ejected. 
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Figure A3. Top: Example spectrum of composite WiggleZ galaxy S15J144244122 −02251684 as classified using BPT, after continuum normalization, with a 
redshift of z = 0.35. Cut-out areas are indicated with coloured boxes matching the rele v ant cut-out. Bottom left: Cut-out of composite spectrum showing H β

and [O III ] lines. Bottom right: Cut-out showing H α and [N II ] lines. It is important to note that the level of noise is not higher in this spectrum, but the line 
intensities are smaller. 
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Table A1. Sample of five rows of associated ( < 5 arcsec separation between optical object and FLASH object) cross-matched data, arranged by ascending RA. 
Column order is identical for offset objects. Full tables are available online. 

Name RAJ2000 DEJ2000 z QOP FUV NUV g r i Class MFUV 

1 2 3 4 5 6 7 8 9 10 11 12 

R01J005151101 −01402649 12.962941 −1.67408 0.131 4 22.34 20.8 20.25 19.97 WIG RCS2 −16.78 
R01J005358363 −01333111 13.493243 −1.558635 0.404 4 23.58 22.52 21.66 20.83 20.69 WIG RCS2 −19.13 
S09J085802335 + 02462617 134.509729 2.773936 0.246 3 25.43 22.06 20.72 20.89 20.38 WIG SDSS −18.08 
S15J142503516 + 01372061 216.264651 1.622392 0.446 4 23.64 21.51 23.09 21.39 20.94 WIG SDSS −20.03 
S15J142555504 −00512709 216.481266 −0.857524 1.025 3 22.5 22.12 22.02 21.71 WIG SDSS −21.07 

Mass SpecFile Comment FLASH island ID Island name 
No. of 

components FLASH RA 

FLASH 

Dec. 
13 14 15 16 17 18 19 20 

wig011695.fits SB42300 island 5406 J005151 −014030 1 12.963026 −1.675037 
9.54 wig012834.fits SB42300 island 5528 J005358 −013335 1 13.492535 −1.559955 

wig047052.fits SB34559 island 10767 J085802 + 024625 1 134.509299 2.773653 
10.61 wig130560.fits SB41085 island 1906 J142503 + 013720 1 216.263762 1.622482 
8.99 wig131355.fits SB41085 island 382 J142555 −005126 3 216.481823 −0.857372 

Int. flux Peak flux z surv e y Field Separation DESI LS ID zwarning FIRST RA FIRST Dec. 
21 22 23 24 25 26 27 28 29 

0.931 1.319 WiggleZ Ext 3.3136 ‘9906620760004906’ 
0.962 1.279 WiggleZ Ext 4.7386 ‘9906620854509938’ 
0.406 0.56 WiggleZ W09 2.3352 
4.714 4.855 WiggleZ W15 3.2983 216.263887 1.622367 
31.878 30.013 WiggleZ W15 1.8053 216.481839 −0.857261 

H α EW 	 H α EW H α LF H β LF [O III ] LF [N II ] LF 	 H α LF 	 H β LF 	 [O III ] LF 	 [N II ] LF 
30 31 32 33 34 35 36 37 38 39 

−28 1.28 587.3 122.8 249.9 109.5 26.37 23.64 25.58 7.63 
−87.3 4.36 1098.1 207.7 273.4 259.2 47.39 10.51 7.69 10.17 
−4.8 0.22 104.2 19.2 35.5 −45.7 4.03 11.8 12.76 5.81 
−34 1.17 412.4 94.3 327.4 114.1 28.64 3.46 6.71 9 
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