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ABSTRACT

We present a study of the low-frequency radio properties of broad absorption line quasars (BALQSOs) from the LOFAR
Two-metre Sky-Survey Data Release 1 (LDR1). The value-added LDR1 catalogue contains Pan-STARRS counterparts,
which we match with the Sloan Digital Sky Survey (SDSS) DR7 and DR12 quasar catalogues. We find that BALQSOs
are twice as likely to be detected at 144 MHz than their non-BAL counterparts, and BALQSOs with low-ionisation
species present in their spectra are three times more likely to be detected than those with only high-ionisation species.
The BALQSO fraction at 144 MHz is constant with increasing radio luminosity, which is inconsistent with previous
results at 1.4 GHz, indicating that observations at the different frequencies may be tracing different sources of radio
emission. We cross-match radio sources between the Faint Images of the Radio Sky at Twenty Centimeters (FIRST)
survey and LDR1, which provides a bridge via the LDR1 Pan-STARRS counterparts to identify BALQSOs in SDSS.
Consequently we expand the sample of BALQSOs detected in FIRST by a factor of three. The LDR1-detected BALQSOs
in our sample are almost exclusively radio-quiet (log(Ri44 Muz) < 2), with radio sizes at 144 MHz typically less than
200 kpc; these radio sizes tend to be larger than those at 1.4 GHz, suggesting more extended radio emission at low
frequencies. We find that although the radio detection fraction increases with increasing balnicity index (BI), there
is no correlation between BI and either low-frequency radio power or radio-loudness. This suggests that both radio
emission and BI may be linked to the same underlying process, but are spatially distinct phenomena.
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radiation mechanisms: non-thermal

1. Introduction

Quasars and active galactic nuclei (AGN) often produce
powerful outflows as they accrete material from their host
galaxies. These outflows can take the form of collimated ra-
dio jets or wider-angle winds emanating from the accretion
disc. Some of the most striking evidence for winds comes
from broad absorption line quasars (BALQSOs; Foltz et al.
1987; Weymann et al. 1991). BALQSOs are a subset of
quasars which exhibit broad, blue-shifted absorption lines

* Catalog is available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr /cgi-bin/qcat?J /A+A/

** E-mail: leah.morabito@physics.ox.ac.uk

in their ultraviolet (UV) spectra, providing clear evidence
of outflowing material intersecting the line of sight. The
outflowing winds are a natural means for the AGN to pro-
vide feedback (e.g., King 2003) impacting its host galaxy’s
evolutionary path.

In addition to deep, blue-shifted absorption troughs,
BALQSOs are often highly reddened by dust absorption
(Sprayberry & Foltz 1992; Reichard et al. 2003) which can
obscure the optical continuum. The fraction of BALQSOs
in optical quasar samples is typically found to be about 10
percent (e.g., Weymann et al. 1991; Trump et al. 2006; Gib-
son et al. 2009), but there is growing evidence from other
wavebands that the intrinsic fraction is higher. Studies over
the last couple decades have found intrinsic fractions closer
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to 20 percent (or higher) from the infrared (e.g., Dai et al.
2008; Ganguly & Brotherton 2008; Maddox et al. 2008),
radio (e.g., Becker et al. 2000), or re-analysis of optical
wavebands (e.g., Allen et al. 2011; Knigge et al. 2008; Dai
et al. 2012). They are intrinsically X-ray weak (Sabra &
Hamann 2001; Clavel et al. 2006; Grupe et al. 2008; Mora-
bito et al. 2014) as well as obscured, with typical intrinsic
absorbing column densities of Ny ~ 10?2724 cm~2. X-ray
observations also suggest that the X-ray absorbing material
may be located along a different line of sight than the UV
absorbing winds (Morabito et al. 2011).

BALQSOs can be classified according to the absorp-
tion lines present in their spectra. Systems which show only
absorption in high ionization species like Civ and NV are
known as HiBALs and are more common, while a small
subset (~ 10%) also show absorption in low ionization lines
like Mg1r 2800A and Almr 1857A (LoBALs) or even Fell
and Ferll lines (FeLoBALSs). LoBALs tend to be found in
systems with particularly broad, deep absorption troughs in
Crv (Weymann et al. 1991; Voit et al. 1993; Reichard et al.
2003; Filiz Ak et al. 2014). LoBALs and especially FeLoB-
ALs have been posited to be at a particular evolutionary
stage of BALQSOs (e.g., Farrah et al. 2007; lip 2009; Hall
et al. 2011), but can also be explained by geometric mod-
els where their lines of sight intersect cooler material (Elvis
2000; Dai et al. 2012; Matthews et al. 2016), and are a
particularly interesting sub-sample of BALQSOs.

Unifying BALQSOs with non-BAL quasars is normally
done via geometric models, in which BALQSOs are quasars
viewed along a particular line of sight that intersects with
outflowing material (e.g., Weymann et al. 1991; Elvis 2000;
Ghosh & Punsly 2007); or evolutionary models, in which
BALQSOs represent an early stage in the evolution of a
quasar (e.g., Hazard et al. 1984; Surdej & Hutsemekers
1987; lip 2009). In the former, the BAL phenomenon is of-
ten incorporated into a model with an equatorial disc wind
that can also produce broad emission lines (Murray et al.
1995; de Kool & Begelman 1995; Elvis 2000). Overall, how-
ever, BALQSOs and their winds must be subject to both
evolutionary and viewing angle effects; quasars evolve and
quasars have an orientation. This presents a major obstacle
to understanding the BAL phenomenon. One simple exam-
ple is the overall line opacity in the BAL trough: an increase
in opacity could be indicative of a higher mass loss rate
(favouring evolution), or a sight-line that cuts through more
optically thick material. This is seen in radiative transfer
simulations (Borguet & Hutsemékers 2010; Higginbottom
et al. 2013; Matthews et al. 2016). The similarity in emission
line properties between BALQSOs and non-BAL quasars
(Weymann et al. 1991; DiPompeo et al. 2012; Matthews
et al. 2017; Yong et al. 2018) hints at a problem with sim-
ple orientation models, but this is tempered by the lack
of a reliable orientation indicator in quasars generally (e.g.
Marin 2016). The picture is confused further by polarisa-
tion measurements implying equatorial winds (Goodrich &
Miller 1995; Cohen et al. 1995; Ogle et al. 1999), the discov-
ery of polar winds in BALQSOs (Zhou et al. 2006; Ghosh
& Punsly 2007) and some inferred BAL outflow distances
of > 100pc (Chamberlain & Arav 2015; Chamberlain et al.
2015).

The need for a clear indication of orientation has led
previous studies to explore the radio properties of BALQ-
SOs. The radio loudness parameter describes the ratio of
radio to optical luminosity (e.g., Kellermann et al. 1989),
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R = Lyadio/ Loptical, and sources with higher or lower values
of R are referred to as radio-loud or radio-quiet, respec-
tively. Initially BALQSOs were found in only radio-quiet
sources (Stocke et al. 1992), but subsequent radio obser-
vations showed that BALQSOs could indeed be radio-loud
(Brotherton et al. 1998; Becker et al. 2000; Gregg et al.
2000). Spectroscopic follow-up of the Faint Images of the
Radio Sky at Twenty Centimeters (FIRST; Becker et al.
1995) showed a higher incidence of BALQSOs than seen in
optical surveys, and established that while most BALQSOs
are radio-quiet to radio-moderate, a significant number are
radio loud (Becker et al. 2000). In radio-loud quasars, with
extended jets that can be easily resolved, observations of
the jets themselves give a clear indication of the orienta-
tion (e.g., Barthel 1989; Morabito et al. 2017).

For radio-loud quasars, unification of quasars and
BALQSOs via geometry would imply changes in the ra-
dio spectrum. This arises from the relativistic beaming of
radio emission from a jet close to the line of sight (e.g., Orr
& Browne 1982), which produces flat-spectrum radio emis-
sion in core-dominated sources, and steep-spectrum emis-
sion otherwise. This radio component of unification by ori-
entation models is only useful if the radio emission does
in fact arise from synchrotron-emitting jets/lobes. The ra-
dio emission mechanisms in radio-quiet AGN and quasars
are still under debate, and may arise from accretion-related
processes such as small-scale jets (e.g., White et al. 2015) or
disc-winds (Blundell & Kuncic 2007); alternatively, it could
be due to star formation (Padovani et al. 2011). Recent ra-
dio studies using very long baseline interferometry (VLBI)
have shown that ‘radio-loud” BALQSOs tend to have small-
scale jets with typical sizes of tens of kiloparsecs (Jiang
& Wang 2003; Liu et al. 2008; Bruni et al. 2013; Kunert-
Bajraszewska et al. 2015; Ceglowski et al. 2015). There is
no general consensus amongst these studies whether orien-
tation or evolution is the dominant factor in the unification
of BALQSOs and non-BAL quasars.

Several studies of BALQSOs suggest that they have sim-
ilar radio properties to compact steep spectrum (CSS) or
gigahertz-peaked spectrum (GPS) sources, which are gen-
erally thought to be young (Fanti et al. 1990), or frus-
trated jets in dense environments (van Breugel et al. 1984).
BALQSOs certainly have small linear sizes which are con-
sistent with CSS/GPS sources. Montenegro-Montes et al.
(2008) found that for a sample of 15 BALQSOs, all sources
had convex spectra, most with peak frequencies between 1
and 5 GHz, typical for CSS/GPS sources. More recently,
Bruni et al. (2012) found that the incidence of GPS sources
amongst BALQSOs was the same as that for non-BAL
quasars, inconsistent with BALQSOs as a complete class
of younger objects.

The advent of the new LOFAR Two-metre Sky Sur-
vey (LoTSS; Shimwell et al. 2017) is an excellent oppor-
tunity to study an all-sky sample of thousands of BALQ-
SOs with unprecedented sensitivity in the radio regime, and
add information about the low-frequency radio properties.
LoTSS Data Release 1 (LDR1; Shimwell 2018) covers just
over 400 square degrees and contains about 320,000 dis-
crete radio sources. LoTSS has similar resolution to FIRST,
but is about an order of magnitude deeper for sources
with typical synchrotron spectra. Radio emission in extra-
galactic sources is generally ascribed to two processes: syn-
chrotron and Bremsstrahlung (also called free-free). Syn-
chrotron emission yields a power law with a spectral index
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such that S o« v~<; the flux density S will be brighter
and dominate at low frequencies. Free-free emission has a
fairly flat spectral index and a low frequency cutoff around
1 GHz. Synchrotron processes will therefore dominate at
radio frequencies below 1GHz, while radio observations
above this frequency, like those from FIRST, can exhibit a
combination of emission from both synchrotron and free-
free emission. The low observing frequency of LoTSS —
144 MHz — ensures that radio spectra are dominated by
synchrotron emission. Combining FIRST and LoTSS de-
tections of BALQSOs is also useful to help determine the
overall radio properties of BALQSOs.

In this paper we use LDRI to study, for the first time,
the low-frequency radio properties of BALQSOs. We exam-
ine the observed low-frequency radio properties, and also
how they correlate with the balnicity index (BI; a property
which describes the BAL outflows, see Sect. 2.1). We also
exploit the sophisticated cross-matching of radio sources to
Pan-STARRS1 (Chambers et al. 2016) in LDR1 as a bridge
between FIRST and SDSS to yield a significantly higher
number of BALQSO/FIRST associations than previously
found. This provides a more complete picture of the radio
properties of BALQSOs than in previous studies.

The paper is organised as follows. The observational
data and BALQSO identification are described in Sect. 2,
followed by the results in Sect. 3. Sections 3.1-3.6 cover
general radio properties, while Sect. 3.7 covers absorption
line properties. A discussion of these results can be found in
Sect. 4. The summary and conclusions are given in Sect. 5.

Throughout this paper, we have assumed a cosmol-
ogy in accordance with Planck Collaboration et al. (2016):
Hy =678, Q,, = 0.308, and Q5 = 0.692. To handle small
numbers when counting sources, counting errors are always
estimated using Monte-Carlo simulations drawn from Pois-
sonian distributions; in the large number limit this con-
verges to the Gaussian distribution. Flux density S is re-
lated to the spectral index a by S o< v©.

2. Observational data
2.1. LoTSS Data Release 1: value-added catalogue

LDRI1 (Shimwell 2018) contains almost 320,000 unique ra-
dio sources and covers over 400 square degrees with 58 in-
dividual pointings of 8 hours each. These were mosaicked
into a mostly continuous area between right ascension 161
to 231 degrees and declination 45.5 to 57 degrees. The av-
erage sensitivity of the survey is 70 uJy beam ™!, although
this varies throughout the region due to data quality, cal-
ibration accuracy, and dynamic range limitations. The as-
trometry of LDR1 is tied to Pan-STARRS1 (PS1; Cham-
bers et al. 2016; Magnier et al. 2016). The mean offset from
both FIRST and WISE is less than 0.05 arcsec, with stan-
dard deviations from this value of 0.8 arcsec (WISE) and 1.2
arcsec (FIRST). The flux scale was bootstrapped from Very
Large Array Low-frequency Sky Survey Redux (VLSSr;
Lane et al. 2014) and Westerbork Northern Sky Survey
(WENSS; Rengelink et al. 1997), following the method de-
scribed in Hardcastle et al. (2016). Remaining uncertain-
ties were estimated by comparing the flux densities in each
pointing with TGSS (Intema et al. 2017), and are generally
no more than 20 percent.

The LDRI catalogue (version 1.2) includes value-added
information from PS1 and the AIWISE Source catalogue

(Cutri 2012). The LDR1 radio sources were morphologi-
cally classified and then cross-matched to the optical and
infrared (IR) data via a combination of likelihood ratio
matching (e.g., McAlpine et al. 2012; Smith et al. 2011) and
visual identification through the use of a LOFAR Galaxy
Zoo project. For details of the morphological classification
and all cross-matching, see Williams (2018). Overall 73 per-
cent of LDRI1 radio sources have matches to the optical /IR
data. The value-added catalogue includes fluxes from PS1
bands g,r,1,2,y, and WISE bands 1,2, 3,4. Photometric
redshifts exist in the value-added catalogue (Duncan 2018)
but are not used in this paper as we use spectroscopic red-
shifts from the Sloan Digital Sky Survey, as discussed in
the next sub-section.

2.2. Optical data and derived quantities

We used the quasar catalogues from the Sloan Digitial Sky
Survey (SDSS) Data Release 12 (DR12; Paris et al. 2017)
and Data Release 7 (DR7; Shen et al. 2011). During the
time of writing, DR14 became available but would have
only increased the total sample size by 4 percent within
the redshift range considered here. Weighing this small in-
crease against the fact that BALQSOs in DR14 were identi-
fied via automated methods only, which can be inaccurate,
we chose not to use DR14. The DR7 and DR12 catalogues
contain SDSS sources which have been visually identified
from their spectra as quasars. Within the area covered by
LDRI1, which we defined by generating a Multi-Order Cov-
erage map (MOC)! from the LDRI1 catalogue, all quasars
are in both the DR12 and DR7 quasar catalogues. We took
the DR12 catalogue as the basis for our sample, and supple-
mented this with additional data columns from DR7 where
they did not exist in DR12. We added bolometric luminosi-
ties and Eddington ratios where they exist in the catalogue
from Shen et al. (2011), and filled in values from Koztowski
(2017) where they do not exist in the Shen et al. (2011) cat-
alogue. For the relevant redshift range in this study, bolo-
metric luminosities are available for over 99.8 percent of the
sample. Eddington ratios are available for over 75 percent of
LoBALs, over 83 percent of all BALQSOs, and 94 percent
of non-BAL quasars. Considering all sources (i.e., whether
or not they are LDR1 detected) increases these percentages
slightly, but only by 1-3 percent.

Within the LDR1 sky coverage, there are 21 812 quasars.
This sample is 100 percent spectroscopically complete with
the visually inspected redshifts of DR12. We classify BALQ-
SOs using the balnicity index (BI), which was proposed by
Weymann et al. (1991) and is widely used to classify BALQ-
SOs. The BI of a quasar is defined as

BI = —/23000 {1 - F(”)] Cpdv, (1)

5000 0.9

where v is velocity with respect to line centre in km s~!

and F(v) is the continuum-normalised flux. The constant
Cp is set to 1 once F(v) has been less than 0.9 for at least
2000 km s~ !, otherwise Cz = 0. An object is then classified
as a BALQSO if BI > 0. An alternative metric for classify-
ing BALQSOs is the absorption index (AI), originally de-
scribed by Hall et al. (2002) and adapted by Trump et al.

! The MOC was created using Aladin (Bonnarel et al. 2000).
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(2006). The Al is given by

0
Al=— L 1 — F(v)] Cadv, (2)

9000

where the constant C4 is set to 1 in all troughs that sat-
isfy F(v) < 0.9 over an interval wider than 1000 km s~!.
A number of differences exist between Al and BI selected
samples (see e.g. Knigge et al. 2008), such that it is possible
to measure BI = 0 for AT > 0. Given these differences, and
the bimodality in AT distributions (Knigge et al. 2008), we
choose only ‘bona-fide’ BALQSOs by requiring BI > 0 and
marked in the DR12 catalogue as BAL via visual identifi-
cation. Selecting objects with BI > 0 yields a total of 1045
BALQSOs.

To identify low-ionisation BALQSOs (LoBALs), which
exhibit broad absorption lines from Mgir 2800A and /or
Al 1857A, we first calculated the AT in Mg 11 2800A and
Al111 1857A using the DR12 pipeline model fits to normalise
to the continuum. We then constructed a LoBAL shortlist
from our BALQSO catalogue, requiring that objects have
either Al > 0 or an absorption equivalent width in the DR12
pipeline model fit. This shortlist was then visually examined
to confirm the presence of LoBAL absorption. Our criteria
for LoBAL identification is thus that the object was already
identified as a BALQSO in the SDSS DR12, and shows ad-
ditional broad absorption in one or both of the Mg11 2800A
and Al 1857A lines, though we do not require that the
LoBALSs meet the more stringent BI criterion in these lines
(only in C1v). Such a definition is appropriate given the dif-
ficulties in accurately determining BI in low ionization lines
(see e.g. Weymann 2002; Hall et al. 2002; Hewett & Foltz
2003; Dai et al. 2012). Classifying LoBALSs in this way also
means that our LoBAL selection is roughly equivalent to
the ‘AI-LoBAL’ sample of Dai et al. (2012). The remaining
BALQSOs we treat as HIBALs. As we use the Mg11 2800A
and Al 1857A to identify LoBALs, this necessarily lim-
its our redshift range to where either line can be identified
within the SDSS coverage. This is described in the next
sub-section.

2.3. Quasars and BALQRSOs in LDRI1

We cross-matched > 50 sources from LDR1 and the com-
bined DR12/DR7 catalogue using the optical positions in
each catalogue and a 1” search radius. The final sample
is limited in redshift, as BALQSOs can only reliably clas-
sified via their C1v troughs when they fall within the ob-
served wavelength coverage of SDSS. We inspected the red-
shift distributions and fraction of BALQSOs as a function
of redshift, see Figure 1, to determine a redshift range of
1.7 < z < 4.3 for the final sample. Below z = 1.7, the frac-
tion of BALQSOs drops (artificially) to virtually zero due
to the wavelength coverage at that redshift. Above z = 4.3,
the fraction of BALQSOs increases slightly, but the rapidly
decreasing number of total sources means that comparing
BALQSOs to quasars becomes increasingly less meaning-
ful. An upper redshift limit of 4.3 also ensures that the
wavelength range always includes Al 1857A for LoBAL
identification.

The quasar sample is summarised in Tab. 1. Although
we list the total number of quasars and BALQSOs within
the LDR1 MOC, the fractions of BALQSOs are not repre-
sentative since they cannot be identified outside of 1.7 <
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Table 1. Quasar sample selection.

All redshifts

Number Fraction

All quasars 21812 1
All quasars, LDR1 detected 3079 0.14
BALQSOs 1045  0.048
BALQSOs, LDR1 detected 249 0.011

1.7<z<43
All quasars 12667 1
All quasars, LDR1 detected 1615 0.13
BALQSOs 976  0.077
BALQSOs, LDR1 detected 226 0.018
LoBALs 121 0.0096
LoBALs, LDR1 detected 48 0.0038

Notes. The numbers reflect only the quasars which are cross-
matched between Pan-STARRS and DR7/DR12, which are over
99 percent of the sources within the LDR1 Multi-Order Coverage
map (MOC).

z < 4.3. The bottom half of Tab. 1 is the final sample that
is used in the rest of this study. Eight percent of quasars
are identified as BALQSOs, and 12 percent of BALQSOs
are LoBALs (one percent of quasars are LoBALs).

2.4. Revisiting 1.4 GHz radio detections

The FIRST survey also covers the LDRI1 area, to a depth of
~ 0.15mJy at 1400 MHz. Cross-matches with DR7 quasar
catalogue are reported in Shen et al. (2011). The radio de-
tection fraction for the BALQSOs in DR7 has been well
studied (e.g., Stocke et al. 1992; Becker et al. 2000; Shankar
et al. 2008; Dai et al. 2012) and is generally about 20 per-
cent. Within the LDR1 area and 1.7 < z < 4.3 there are 119
FIRST matches in DR7, 16 of which are BALQSOs. These
matches were found by previous authors using a simple two-
step automated radius cross-matching of FIRST sources to
the SDSS quasar positions, using either a 30" radius to find
extended radio counterparts, or a <5” radius to find core-
dominated radio counterparts.

LoTSS has distinct advantages over this type of radius
cross-matching. One major gain is in sensitivity; for a radio
source with a typical synchrotron spectral index o =~ —0.7,
LoTSS is almost an order of magnitude times more sensitive
than FIRST. This increased sensitivity not only increases
the astrometric accuracy, but also makes it easier to identify
the host galaxies of extended radio sources, as the diffuse
extended radio emission is often offset from its host galaxy,
making an association difficult. Another major gain is the
more sophisticated cross-matching of LoTSS sources to PS1
optical counterparts; see Sect. 2.1 and Williams (2018) for
more details.

LoTSS and FIRST have comparable resolutions (~ 6”),
and we cross-matched the two radio catalogues with a near-
est neighbour algorithm with a radius search of 3/ using
only FIRST sources which are not likely to be the sidelobe
of a nearby bright source (p_S<0.5). From this radio-radio
association, which should not suffer from physical offsets,
we used the LDRI optical counterparts to perform a posi-
tional cross-match between Pan-STARRS and SDSS with
a search radius of 1’/ providing a secure way to associate
the FIRST radio sources with SDSS. Doing so yields 381



L.K. Morabito et al.: BALQSOs in LoTSS DR1

0 Al

[J All-LDR1

B BALQSO

[ BALQSO-LDR1

1000

100
(RN

Frequency

10

1
|

Redshift

0.20
!

0.10
!

Fraction of BALQSOs

0.05
!

_._._._._...“_“.';'."_".'u..m._._._._._._._._._._._._._.

0.00
!

Redshift

Fig. 1. Left: Redshift distributions of the different samples. The vertical dot-dashed lines show the redshift limits for the main
sample, where the wavelength coverage is appropriate to measure BI for C 1v troughs. Right: Fraction of quasars which are identified
as BALQSOs as a function of redshift. The dot-dashed lines are the same as in the left panel.

sources within our sample that are detected in FIRST, 31
of which are BALQSOs. The total number of sources with
FIRST detections is thus increased by a factor of 3.2, while
the number of BALQSOs doubles. We checked that the val-
ues present in DR7 match those of the LOFAR/FIRST
matches from this study, and found that all 119 FIRST
sources have been identified with the same DR7 quasar.

3. Results
3.1. LDRI detection fraction and selection effects

The low-frequency radio detection fraction in our redshift-
limited sample can be calculated directly from the val-
ues in Tab. 1. Twelve percent of all quasars have LoTSS
DR1 counterparts. About 23 percent of BALQSOs have
LoTSS DRI counterparts, while 40 percent of LoBALSs have
LoTSS DR1 counterparts. The low-frequency radio detec-
tion fraction of BALQSOs is therefore about twice that of
all quasars (including BALQSOs), and the low-frequency
radio detection fraction of LoBALs is even higher.

We first explore how the LDR1 detection fraction de-
pends on other parameters. Figure 2 shows the LDR1 de-
tection fraction as a function of redshift, for the total sam-
ple, the subset which are HiBALs, and the subset which
are LoBALs. Within the redshift range 1.7 < z < 4.3 the
mean LDRI1 detection fraction for non-BAL quasars is 0.13,
while for the BALQSO sub-population, the mean LDR1 de-
tection fraction for BALQSOs is 0.23. The detection rate
for BALQSOs is therefore almost twice as high as that for
non-BAL quasars.

Dividing the BALQSOs into LoBALs and HiBALs, and
not considering any non-BAL quasars when calculating the
detection fractions, we found that the radio detection frac-
tion is 0.40 for LoBALSs, and 0.21 for HiBALs. To determine
if this is a result simply of the fact that LoBALs tend to

have higher BI values, we divide the HiBALs into low and
high BI bins, such that the cut-off between the BI bins
yields a high-BI bin for HIBALSs where the median BI value
matches the median BI value of LoBALs. For z < 3, the
HiBALs with high BI values tend to have higher radio de-
tection fractions, although both low and high BI samples
agree within the uncertainties. The radio detection fractions
above z =~ 3 have much larger uncertainties, and although
it appears there is a reversal of the trend, this is not secure.
Although it is tentative because of the large uncertainties, it
does not appear that large values of BI alone are enough to
cause the large radio detection fraction of LoBALs. Larger
LoTSS samples in the future will allow us to draw stronger
conclusions.

There is clear evidence that the intrinsic fraction of
BALQSOs is higher than the observed fraction in optical
surveys(e.g., Knigge et al. 2008; Dai et al. 2008, 2012), im-
plying that samples of optically-selected BALQSOs are bi-
ased. We therefore investigate whether there are significant
selection effects that would bias the radio detection frac-
tions.

There are two main factors that could cause biases in the
observed fraction of BALQSOs. First, if the BAL troughs
are extreme, the overall flux in a particular optical band
used for sample selection can reduce the signal-to-noise ra-
tio and cause BALQSOs to be excluded from a sample.
Second, BALQSOs tend to be highly reddened, which can
make them more optically faint and less likely to have the
high signal-to-noise ratio spectra needed for identification.
LoBALs in particular are more reddened than HiBALs, per-
haps due to larger quantities of dust near the central AGN
(Sprayberry & Foltz 1992).

Article number, page 5 of 19



A&A proofs: manuscript no. ms

1.0

1« BALQSO o LoBAL HIiBALSs only
© non-BAL __ | e HIBAL o Bl >1820
o o BI <1820
Z S
[a)]
-
£ .
8 ° ®
§ [0) ° ° 4
g ] e °
= . | o o s T
g |e A 11 e b S 1.4
[ e 1T e h T i b i 1 8 -
AR AL TR, SELE = R B Sl S Rt GIEIE NPT -
2‘0 2‘5 310 315 4‘0 2‘0 2‘5 . 3.‘5 4.‘0 2‘.0 2‘.5 3‘.0 3‘.5 4‘.0
Redshift Redshift Redshift

Fig. 2. Fraction of sources detected in LoTSS DR1 as a function of redshift. The horizontal dot-dashed grey line is the mean

LDRI1 detection fraction for non-BAL quasars.

We first examine the distributions of bolometric? and
radio luminosities, to assess whether there is a selection ef-
fect due to the flux limits of SDSS and LDRI1. Figure 3
shows the radio luminosity at 144 MHz plotted against the
bolometric luminosity, as well as the associated distribu-
tions of these parameters for BALQSOs and quasars. The
spread in low-frequency radio luminosity remains roughly
constant across the entire range of bolometric luminosities,
implying that there is no bias towards certain radio lumi-
nosities with bolometric luminosity in this sample. A 2D
Kolmogorov-Smirnov test cannot rule out the null hypoth-
esis that the underlying distributions of the two popula-
tions are the same (p = 0.21 for non-BAL vs. BALQSO,
p = 0.37 for LoBAL vs. HiBAL). It is worth noting that
selecting only LoBALs from the BALQSO sample does not
significantly shift the bolometric luminosity distribution to
the right, indicating that we are not missing a significant
fraction of fainter LoBALs.

We address radio-loudness in a later sub-section, but
for now we note that there is no strong correlation between
low-frequency radio luminosity and optical bolometric lu-
minosity; i.e., the spread in radio luminosity remains similar
from the low to high bolometric luminosity end of Figure 3.
The lack of a strong correlation between radio luminosity
and bolometric luminosity suggests that the radio proper-
ties of optically bright and faint BALQSOs are similar. This
is in agreement with Morabito et al. (2014), who compared
optically faint and optically bright BALQSOs and showed
that there is no strong evidence for difference in absorption
line properties. As radio emission is unaffected by dust, the
presence or absence of dust will not impact whether we de-
tect radio emission if it is present in reddened BALQSOs.

A small fraction of quasars were selected for inclusion
in the SDSS sample from their compact morphology in
FIRST. As we are interested in the radio detection frac-
tion, this could potentially bias our results. We removed
these objects using the targeting flags in DR12 and veri-
fied that this does not change our results. We did find that
LoBALs were slightly preferentially selected by FIRST de-

2 Bolometric luminosities are from Shen et al. (2011) and are
calculated from monochromatic luminosities using the bolomet-
ric corrections from Richards et al. (2006). Different monochro-
matic luminosities are used for different redshift ranges; see Shen
et al. (2011) for details.
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The line colours are the same as in the scatter plot.

tections (at the ~10 percent level), perhaps because the
BAL features affect the optical colours, moving some LoB-
ALS out of the SDSS colour-selection space, but again our
results do not change within the uncertainties reported in
this paper.

To further test if selection effects are important, we plot
in Figure 4 the ratio of the radio detection fractions of
BALQSOs and LoBALs to non-BAL quasars as a function
of bolometric luminosity. The ratio of LoTSS detections de-
creases rather than increases with increasing luminosity, in-
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Fig. 4. Ratio between the LDR1 detection fraction of BALQ-
SOs to quasars, as a function of bolometric luminosity.

dicating the increased radio detection fraction in BALQSOs
and LoBALs cannot be explained by a selection effect which
favours non-BAL quasars over BALQSOs at low bolomet-
ric luminosities. Due to the smaller number of LoBALSs in
the sample, the uncertainties are larger than for all BALQ-
SOs, but the trend is similar. An even steeper trend might
be possible, with a higher LoBAL to non-BAL radio detec-
tion fraction at lower bolometric luminosities, but a larger
sample is needed to confirm this.

3.2. Fraction of BALQSOs as a function of radio luminosity

For the subset of quasars that are detected in LDRI,
we consider the BALQSO fraction as a function of low-
frequency radio luminosity (assuming o = —0.7), see Fig-
ure 5. Within the error bars, there is no increase of the
fraction of quasars which are BALQSOs in all except the
highest radio luminosity bin. The final bin is inconsistent
with the rest of the data; this may be due to the fact that
LDR1 is limited in sky coverage and there are only three
BALQSOs in this bin, although the uncertainties on the
fraction remain small since the number of non-BAL quasars
does not decline as rapidly with increasing radio luminosity.
As LoTSS observes more of the sky, it will be interesting
to revisit these results.

The trend at 144 MHz for the BALQSO fraction of
radio-detected quasars to remain constant with radio lumi-
nosity is inconsistent with what has been seen with FIRST
detections (e.g., Shankar et al. 2008). To check this, we
made the same plot as Fig 5 but using FIRST detections
rather than LDR1 detections. This is shown in the left panel
of Figure 6. Even using our expanded sample of FIRST
detections rather than the DR7-FIRST associations, there
are only 381 FIRST sources rather than the 1582 LDR1
sources. We find, consistent with previous results, that the
BALQSO fraction decreases with increasing radio luminos-
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Fig. 5. Fraction of BALQSOs and LoBALs in the overall quasar
sample as a function of radio luminosity at 144 MHz. The ab-
scissa are luminosity bin midpoints. As discussed at the begin-
ning of Sect. 3.2, the highest luminosity bin may be heavily
biased by the small number of sources and the limited sky cov-
erage; these points have been shaded out.

ity. Our values are consistent within the uncertainties with
Shankar et al. (2008), although our bin sizes and uncer-
tainties are larger. To check that the constant BALQSO
fraction with low-frequency radio luminosity for LoTSS-
detected sources is not driven by the much larger sam-
ple size, we repeated Figure 5 for LoTSS-detected sources
but only used sources which had FIRST detections. This
is shown in the right panel of Figure 6, and although the
uncertainties are large, we find again that the BALQSO
fraction is constant within the uncertainties, again with the
exception of the highest luminosity bin, which is likely to
be limited by the relatively small sky coverage of LDR1.

The BALQSO/LoBAL/HiBAL fractions of radio-
detected quasars decrease with increasing radio luminos-
ity at 1.4 GHz and are constant with increasing radio lu-
minosity at 144 MHz, even when using only the LoTSS-
detected sources which have FIRST counterparts. This im-
plies that the two observing frequencies may be tracing dif-
ferent sources of radio emission. However, we do note that
small-number statistics may still be dominant, as the first
power bin of 10?4725 WHz~! only has a single (LoBAL)
BALQSO in it.

3.3. Radio Loudness

Radio loudness is generally defined by the ratio of ra-
dio to optical luminosity (e.g., Kellermann et al. 1989),
R = Liadio/ Loptical- Typically this is done using the ra-
dio luminosity at 5 GHz and the optical luminosity at B
band (~ 450nm). Ratios of R > 10 are generally consid-
ered to be radio loud. Here we use Li44 muy, for the radio
luminosity and the luminosity derived from the PS1 g-band
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Fig. 6. Left: Fraction of BALQSOs, LoBALs, and HiBALs in the overall quasar sample as a function of radio luminosity at 1.4
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as a function of radio luminosity at 144 MHz, but for only the sources with FIRST counterparts. As discussed at the beginning
of Sect. 3.2, the highest luminosity bin may be heavily biased by the small number of sources and the limited sky coverage; these

points have been shaded out.

(Aet = 481nm), L, for the optical luminosity. We do not
convert the radio luminosity to 5 GHz because we do not
have enough information on the radio spectral index values
(spectral index values are discussed in Sect. 3.5) to know
that this can be done correctly. Using a typical spectral in-
dex of & = —0.7 to extrapolate the radio-loud cut-off from
5GHz to 144 MHz, we define log(R144 Mmz) > 2 as radio-
loud.

The distributions of log(Ri44 mu,) are shown in Fig-
ure 7. It is clear that the distribution of radio loud-
ness for non-BAL quasars extends to higher values of
log(R144 Muz), while BALQSOs and LoBALs all have val-
ues of log(R144 Muz) < 2.5. In the non-BAL quasar distri-
bution, there is slight evidence for two peaks, one at ~ 1
and one at ~ 3.5. This could be evidence for two different
populations of non-BAL quasars: one which has radio to
optical luminosity ratios similar to BALQSOs, and one in
which the radio luminosity is stronger. Using the definition
of log(R144 Mmz) > 2 we find that 7 LoBALs and 11 HiBALSs
are radio-loud, for a total of 18 radio-loud BALQSOs. The
majority of BALQSOs would be classified as radio-quiet, al-
though the distribution of log(Rj44 Mm,) smoothly extends
across the border of radio-quiet/radio-loud and is not a
clear dichotomy.

We find, similar to Becker et al. (2001), that there is
a smooth distribution across the historically-defined di-
vision between radio-quiet and radio loud, with a sharp
drop in the BALQSO distribution above a certain radio-
loudness value. Becker et al. (2001) found this to be
at log(Rs grz)> 2, while we see the a drop in BALQ-
SOs around log(R144 Muz)~ 2.5 and LoBALSs just above
log(R144 muz)~ 2. This drop is not seen in the non-BAL
quasars. Qualitatively, our results agree with Becker et al.
(2001). It is not clear whether this drop off is physically
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Fig. 7. Distributions of radio loudness of non-BAL quasars,
BALQSOs, and LoBALs.

meaningful, or due to the fact that both the population of
BALQSOs and the population of extremely powerful radio
sources (which are more likely to be radio-loud) individually
have low number density; the combination of these popu-
lations will have an even lower number density. The sharp
drop in radio loudness could therefore be due to the lim-
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ited sky coverage of LDR1 — which will only become clear
as LoTSS covers larger areas of the sky.

3.4. Radio sizes

The LDRI1 catalogue provides the sizes of radio sources.
We use either the LOFAR Galaxy Zoo size, if it exists, or
2 times the full width at half maximum (FWHM) of the
deconvolved major axis (for more details on why the fac-
tor of 2 is appropriate see Sect. 2.1 of Hardcastle et al.,
submitted) to determine the projected largest linear size
(LLS). FIRST also provides the FWHM of the deconvolved
Gaussian fit to the radio source, which we multiply by 2.
Figure 8 shows the distributions of the logarithm of the
largest linear sizes for both LDR1 and FIRST, as well as the
LDR1/FIRST LLS ratio. This was divided into non-BAL
quasars and BALQSOs for comparison of the two popu-
lations, and further divided into resolved and unresolved
for LDRI. It is clear that for both populations, the me-
dian LLS is larger for LDR1. The BALQSO radio sizes also
tend to be smaller than the non-BAL quasar radio sizes.
The size ratios for both populations are similar, with the
exception of a long tail towards higher size ratios for the
non-BAL quasars. A Kolmogorov-Smirnov test cannot rule
out the null hypothesis that the underlying distributions of
size ratios are the same (p-value= 0.15).

The majority of sources are unresolved in LDR1, and
only seven BALQSOs, one of which is a LoBAL, are re-
solved, although still single-component radio sources. We
show the resolved BALQSOs as well as a selection of re-
solved non-BAL quasars, and unresolved BALQSOs and
non-BAL quasars in Appendix A. The fact that all but
seven BALQSOs are unresolved at 6" is consistent with
previous results (e.g., Becker et al. 2000; DiPompeo et al.
2011) which find that the radio emission from BALQSOs is
compact. While we cannot determine the morphology of the
radio emission at the resolutions in LDR1 and/or FIRST,
the fact that the LDR1 radio sizes are on average larger
than the FIRST radio sizes is suggestive of the radio emis-
sion being due to synchrotron-dominated jets with an AGN
core (e.g., Ceglowski et al. 2015; Bruni et al. 2013; Liu et al.
2008). LOFAR is capable of sub-arcsecond resolution (e.g.,
Varenius et al. 2015; Morabito et al. 2016), and follow-up
studies to resolve the morphology of the low-frequency ra-
dio emission will be informative.

The observed characteristics of radio jets can be linked
to either evolution or orientation, although orientation ef-
fects will always be present. Radio jets have historically
been used as a proxy for orientation (e.g., Barthel 1989;
Morabito et al. 2017), as their projected linear sizes will
depend on the jet angle to the line of sight. If a class of
objects has jets of approximately the same size (or size dis-
tribution), those oriented with the jets in the plane of the
sky will have larger projected LLS size ratios, and those
with jets oriented along the line of sight will have smaller
projected LLS size ratios. If balnicity is also a proxy for
orientation, there should be a correlation between BI and
the LLS size ratios. We plot this in Figure 9 for HiBALs
and LoBALs. While both the LoBAL and HiBAL samples
show a suggestion of an anticorrelation between BI and
LDR1/FIRST LLS size ratio (stronger for LoBALs than
HiBALs), there is not enough data for this to be signifi-
cant. As LoTSS expands to cover more of the sky so will
our sample size, and this will be an interesting question to

Table 2. Weighted median spectral index values and boot-
strapped uncertainties, for sources detected at both frequencies.

Sample Weighted median+bootstrap uncertainty
All quasars —0.65 £+ 0.087
non-BAL quasars —0.65 £ 0.091
BALQSOs —0.094 +0.25
LoBALs —0.26 £ 0.14
HiBALSs —0.094 +0.32

revisit. In particular, if we find that a full range of jet orien-
tations is possible in BALQSOs, this might mean that the
BAL winds have a covering fraction of close to 1, implying
that they are at a special quasar evolutionary stage. Alter-
natively, BAL winds could emerge at a range of angles as
suggested by, e.g., Yong et al. (2018).

3.5. Spectral properties

We next examined the spectral properties, using both
LDRI1 and FIRST flux density measurements. We caution
the reader that LDR1 is approximately 10 times deeper
than FIRST, and therefore will be biased towards sources
with flatter spectral indices. We tried cross-matching the
sample with WENSS to provide an intermediate frequency,
but the only matches were for non-BAL quasars. Figure 10
shows the LDR1 vs. FIRST measured radio luminosities,
and Tab. 2 shows the weighted median of the spectral index
values (calculated only for sources detected in both LDR1
and FIRST) for different sub-samples, with bootstrapped
errors. In Figure 10 we have drawn two lines of constant
spectral index, at « = —0.5 and @ = +0.5. The majority of
sources detected in both surveys lie within these two lines,
although there are more sources clustered around a« = —0.5
than around o« = +0.5. Upper limits for sources detected in
LDRI1 but not FIRST are shown as arrows® in Figure 10,
and do not exclude a large portion of the expected pa-
rameter space. The median values, listed in Tab. 2 show
a tendency for BALQSOs to have flatter spectral indices
than non-BAL quasars, with HiBALs having spectral in-
dices consistent with flat spectra. Without an intermediate
frequency measurement, it is difficult to know whether the
flat spectral index values are caused by truly flat spectra, or
spectra that peak at intermediate frequencies as BALQSOs
are known to do. Follow up observations with, for example,
the Giant Metre-wave Radio Telescope at 610 MHz will help
determine the intrinsic shape of the radio spectra.

3.6. LoBAL fractions

Finally, we investigated the fraction of BALQSOs which
are LoBALs as a function of radio luminosity. LoBALSs are
thought to be either normal BALQSOs viewed along a par-
ticular line of sight or the progenitors of HIBALs/non-BAL
quasars. We plot the fraction of LoBALs as a function of
radio luminosity in Figure 11 for both LDR1 and FIRST ra-
dio luminosities. To aid the comparison, we have shifted the
LDRI1 radio luminosity abscissa by an amount equivalent to
the median spectral index of the sample, although we stress
that low- and high-frequency radio luminosities may be re-

3 The upper limits were calculated by finding the limiting spec-
tral index assuming the FIRST detection threshold of 1 mJy.

Article number, page 9 of 19



Frequency
150 200

100

50

A&A proofs: manuscript no. ms

non-BAL quasars O LDR1-res BALQSOs O LDR1-res
% @ LDR1-unres O non-BAL quasar @ LDR1-unres
O FIRST B BALQSO 7] O FIRsT
7 0.4 7
| 0.3
7 0.2 7
% %j_h—_ )
% II-II [ o O o R | zz2 r—l—%\ %
T T T T T T T T T T T T T T T
05 15 2.0 25 3.0 5 10 15 20 0.5 1.0 15 2.0 25 3.0
log(LLS [kpc]) LDR1/FIRST LLS ratio log(LLS [kpc])

40

30

20

10

Frequency

Fig. 8. Left: Distribution of largest linear sizes in LDR1 (pink) and FIRST (orange) for non-BAL quasars. The pink hatched
area represents unresolved sources in LDR1, and the solid pink area represents resolved sources in LDR1 Centre: Normalised
distributions of LDR1/FIRST LLS ratios for non-BAL quasars (grey) and BALQSOs (purple). There are five sources with extreme
ratios (25 <LLS< 70) which are not pictured here. Right: Distribution of largest linear sizes of BALQSOs in LDR1 (pink) and
FIRST (orange). The hatched and solid areas are for unresolved and resolved sources in LDR1, respectively.

1= e HiBAL
T e O =
g i o LOBAL
- 1%
o
==
™ ) -
=
-
HQ =
| ==
1]
€ = i
=, N - ==
— r
m
E E S
o
- -
o
T T T T T T
0 2 4 6 8 10

LDR1/FIRST LLS ratio

Fig. 9. Balnicity index (BI) vs. LDR1/FIRST LLS ratios for
HiBALs (blue) and LoBALSs (green).

lated to different radio emission processes, and we should
look at general trends only when comparing the fraction of
LoBALs. Although the number of FIRST-detected LoBALS
in DR7 is small, we wish to compare our results with pre-
vious studies. We therefore show the fraction of LoBALSs in
the FIRST sample adjusted by the ratio of LDR1/FIRST
cross-matched detections to the historic DR7 FIRST detec-
tions. We find that our fractions of LoBALSs for the FIRST-
adjusted values in Figure 11 agree well with Figure 7 in Dai
et al. (2012).

The LoBAL fraction in the FIRST sample remains con-
stant with radio luminosity, although the uncertainties are
large. The median values (and bootstrapped uncertainties)

Article number, page 10 of 19

& - © non-BAL quasar .’
o BALQSO a=-05 ,
LoBAL %
o .
N
N
T N 1
Ee
=
3
- O _]
:l/ N
D
o
0 _|
N
<
N ,

27
log(L1.4 gz [W HZ™))

28 29

Fig. 10. Radio luminosity from LDR1 vs. FIRST measure-
ments. Lines of constant spectral index are drawn on the plot,
with the appropriate labels. Upper limits for sources are detected
in LDR1 but not FIRST are shown as left-pointing arrows. The
median uncertainties for detections (i.e., not upper limits) are
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are 0.20 & 0.01 for LDR1, 0.33 £ 0.08 for FIRST, and
0.11 £ 0.03 for FIRST-DR7 samples. The two main re-
sults from this are: the fraction of LoBALs is lower amongst
LoTSS-detected sources than FIRST-detected sources, and
that there is a significant number of LoBALs which were
missed in previous FIRST samples of BALQSOs.
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Fig. 11. Fraction of BALQSOs which are LoBALs, as a function
of radio luminosity. We have included fractions as a function of
both LoTSS and FIRST powers. To aid the comparison, we have
shifted the LoTSS radio luminosity abscissa by an amount equiv-
alent to the median spectral index between the LoTSS/FIRST
samples. Both observed and adjusted FIRST values are plotted,
where the adjusted values have been reduced by the fraction of
DR7 FIRST detections to LoTSS/FIRST cross-matched detec-
tions.

3.7. Absorption line properties

BALQSOs are identified by their BI, which is defined in
terms of the strength of the broad absorption lines. If the
radio emission in BALQSOs is related to the same processes
that drive the broad absorption lines, we would expect to
find correlations between radio properties and BI. In Fig-
ure 12 we plot the balnicity index (BI) as a function of radio
loudness, and the radio luminosity at both 144 MHz and
1.4 GHz. In a sample of 29 BALQSOs, Becker et al. (2000)
found an anti-correlation of BI and Li4 gn, for HiBALs
(a Spearman rank coefficient of -0.85 and probability of
6x107?), and no correlation for LoBALSs. We tested for cor-
relations by calculating Spearman’s correlation coefficient
and p-values. All of the results had low significance, indi-
cating that their BI is not correlated with log(R144 MHz)s
L144 Mz, or L4 guz; see Tab. 3 for the results. This sug-
gests that the anti-correlation reported by Becker et al.
(2000) was likely due to a combination of the small sample
size of the FIRST-detected BALQSOs and the inclusion of
objects with BI = 0 in the BALQSO sample. However, we
caution that even with the expanded FIRST sample in this
paper, which is more than a factor of three larger than the
DR7 FIRST sample, the number of BALQSOs with mea-
sured BI and radio detections at 1.4 GHz is still only 31
sources; this compares to 22 sources with BI > 0 in the
Becker et al. (2000) sample. As LoTSS expands to covers
larger areas, revisiting the relationship between BI and ra-
dio properties will be instructive.

Table 3. Spearman’s rank correlation coefficients between Hi-
BAL and LoBAL radio properties and BI.

HiBAL LoBAL
IOg(R144) -0.022, p = 0.76 —0.23, p= 0.11
Liwa mns  -0.076, p=0.32  -0.076, p = 0.61
Li.4 GHz 0.17, p = 0.49 0.22, p=0.5

Finally, we investigate the dependence of the radio de-
tection fraction of BALQSOs on BI, for both LDR1 and
FIRST sources. This is shown in Figure 13. For LDRI,

the radio detection fraction increases from 0.18770 513 to

1.00070 ;. For FIRST, the radio detection fraction in-

creases from 0.02470 506 t0 0.08715-057. Although the uncer-
tainties are large for the FIRST points, and for the higher
bins of the LDRI1 points, the lowest and highest bins are
inconsistent with each other, for both samples, indicating a
positive correlation of radio detection fraction with BI. The
radio detection fraction is higher for LDR1 than FIRST,
but the radio detection fractions increase in a similar way.
To show this, we plot the ratio of the radio detection frac-
tions in the bottom panel of Figure 13. This ratio is con-
stant within the uncertainties for the entire range of BI for
which there is data in both surveys. We remind the reader
that we checked that these results are robust when remov-
ing FIRST-selected quasars/BALQSOs, which could bias
the radio detection fraction. The correlation between ra-
dio detection fraction and BI is evidence for a physical link
between the two phenomena. However, the lack of any cor-
relation between BI and radio luminosity or radio loudness,
coupled with this correlation between radio detection frac-
tion and BI, indicates that although the radio and broad
absorption lines are related to the same underlying physi-
cal process(es), they are spatially unrelated. This is incon-
sistent with models where the radio emission is generated
directly from disc winds.

4. Discussion

The low frequency radio properties of BALQSOs stud-
ied here have implications for the origin of the BAL phe-
nomenon, the origin of the radio emission in BALQSOs
and RQQs and the general connection between accretion
and outflow in quasars.

4.1. Where does BALQSO radio emission come from?

Overall, our results can be explained by a scenario in which
the low-frequency radio emission in BALQSOs comes from
jets/lobes while the higher frequency radio emission comes
from an AGN core. This is supported by the larger sizes
of the radio emission at low radio frequencies when com-
pared with high frequencies. The radio luminosities at low
and high frequencies are correlated with each other, which
is consistent with both processes being driven by the same
AGN. One possibility is that these AGN could be under-
going rapid bursts of activity, and the low-frequency ob-
servations trace the steep-spectrum remnants of previous
outbursts, while the high frequency observations trace the
current AGN activity, as suggested by Bruni et al. (2015)
and Kunert-Bajraszewska et al. (2015).

We favour the AGN scenario over radio emission from
star formation or a BAL outflow itself for the following rea-
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Fig. 13. Top panel: Radio detection fractions of BALQSOs as
a function of balnicity index (BI), for LoTSS and FIRST (blue
and orange points, respectively). A value of unity is plotted as
a dashed gray line to guide the eye. Bottom panel: Ratio of
the radio detection fractions (LoTSS/FIRST), with the median
value plotted as a dashed gray line.

sons. Star formation produces both free-free emission from
H 11 regions as well as synchrotron radiation from supernova
remnants. Observations at low-frequency will measure the
synchrotron emission, while 1.4 GHz will measure a mix-
ture of synchrotron and free-free emission. The resolution
element of FIRST is 2 5”which is much larger than the typ-
ical size of galaxies at the redshifts of our sample (z > 1.7),
so we do not expect star formation to be resolved out if it is
above the flux limit. For the higher frequency radio emission
to be consistently coming from a smaller region than the
low-frequency radio emission would require supernova rem-
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nants to be spread throughout a galaxy, and strong free-free
emission from a central region. This could be explained by
a central starburst following relatively recent wide-spread
star formation, but this would be required in a majority
of BALQSOs and is not supported by any other evidence
(e.g., Gilirkan et al. 2018). In particular, the low-frequency
radio luminosities of the BALQSO sample here are above
104 W Hz ! which Giirkan et al. (2018) find to be too lu-
minous for star-forming galaxies drawn from LDRI1.

Although there is an at least an indirect connection be-
tween BAL outflows and their 144 MHz radio emission, as
evidenced by the increased LDR1 detection fraction at high
BI, the lack of correlation between BI and radio power im-
plies that BAL winds themselves do not produce the ra-
dio emission. This supports a scenario where synchrotron-
emitting regions are physically distinct phenomena from
BAL winds (the geometry of collimated jets make this
likely). However, positing that the BAL winds do not pro-
duce the radio emission relies on BI roughly tracing the ex-
pected radio luminosity of a disc wind through its depen-
dence on mass-loss rate. BI can also be expected to vary
with the ionizing spectrum and viewing angle (Richards
et al. 2011; Higginbottom et al. 2013). BAL trough variabil-
ity (e.g. Capellupo et al. 2011; McGraw et al. 2018), due
to, e.g., breaking of azimuthal symmetry (Dyda & Proga
2018), could lead to substantial scatter in BI for a con-
stant wind kinetic power. If the radio emission originates
from a larger-scale blast wave shock driven by intermit-
tent episodes of wind activity it is plausible that BI would
not correlate with radio emission, but such a model has
too many uncertainties and degrees of freedom to be tested
reliably. The distinction between ‘wind’ and ‘jet’ is also
less well-defined in this case. It has been suggested that
BAL outflows can lie at large distances from the central
BH (Arav et al. 2018; Xu et al. 2018). This can be ex-
plained by a model in which the absorption troughs are
formed in shocks when a quasar blast wave collides with
a dense interstellar clump (Faucher-Giguére et al. 2012).
Sources with BAL trough variability would prove particu-
larly interesting to study at low frequencies and may permit
tests of wind feedback models (e.g. Silk & Rees 1998; King
2003; Faucher-Giguére & Quataert 2012; Costa et al. 2014).
Overall, a scenario where the low-frequency radio emission
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is due to jets is more likely than wind-driven blast waves,
although these cannot be ruled out at this point.

Our interpretation of the low-frequency radio emission
stemming from jets is also supported by VLBI observations
of radio-loud BALQSOs at higher frequencies, which find
evidence for small-scale jets. Regardless of the morphology
revealed by VLBI, BALQSOs generally have compact radio
sizes (Doi et al. 2013; Kunert-Bajraszewska et al. 2015), and
are preferentially radio-quiet (Stocke et al. 1992; Becker
et al. 2000, this work). If small-scale jets are ubiquitous in
BALQSOs, why do they not grow to the same sizes as radio-
loud Fanaroff-Riley (Fanaroff & Riley 1974) type sources?
It is tempting to draw the comparison to CSS and GPS
sources, which are thought to be either young sources where
the jets have not yet had time to grow, or sources with
dense galactic environments which frustrate the jets and
keep them contained on sub-galaxy scales.

4.2. Implications for the BAL phenomenon: orientation
versus evolution

Drawing conclusions about the impact on the orientation-
and evolution-based models for the BAL phenomenon is
difficult. What we can say is that the physical picture
we think is most likely from our results is that the ra-
dio emission arises from jets which are physically distinct
from BAL winds. The tentative anti-correlation of BI with
LDR1/FIRST LLS ratio suggests that the larger this ratio
is (and thus more in the plane of the sky) the weaker the
BAL winds are. In an orientation-only model, this would
imply that the BAL winds are co-oriented with the direc-
tion of the radio jets, which we do not think is likely (al-
though polar winds have been seen in a handful of BALQ-
SOs, see e.g., Ghosh & Punsly 2007; Zhou et al. 2006). This
is suggestive that BALQSOs could be at a particular evo-
lutionary stage. In the evolutionary picture, the tentative
anti-correlation of LDR1/FIRST LLS ratio with BI could
imply larger jets/lobes (and therefore perhaps older) are as-
sociated with weaker BALs. This is consistent with an evo-
lutionary picture where the central quasar produces radio
jets, which begin to drive the outflows we see in BALQSOs
— as the jets increase in age and clear out more material,
the covering fraction of absorbing material, and thus the
BI, will decrease.

While radio spectral information can provide a proxy
for orientation, the spectral indices presented here are cal-
culated point-to-point from 144 MHz to 1.4 GHz and we
cannot distinguish if objects have truly flat spectra or are
peaked in between these two frequencies. Consequently we
do not draw any conclusions from the current spectral in-
formation.

Although our results do not clearly favour orientation
or evolution dependent models, we have learned something
about the geometry of the individual components of BALQ-
SOs: the BAL winds and source of radio emission appear
to be spatially distinct phenomena. As LoTSS continues to
survey the Northern sky the data collected will help read-
dress this question with more concrete evidence.

4.3. Accretion properties

Accretion is likely to be the ultimate energy source for jets
and winds across the mass scale, and there is an intimate

connection between the accretion onto the object and the
outflows from it; in X-ray binaries, winds and jets tend
to appear in specific accretion states (Fender et al. 2004;
Ponti et al. 2012), a phenomenon which is also observed
in accreting white dwarfs (Kording et al. 2011). The latter
are particularly relevant systems to quasars, as their discs
peak in the UV (Warner 1995), they have UV-absorbing
disc winds (Cordova & Mason 1982) and also emit signif-
icantly at radio wavelengths (Coppejans et al. 2015). In
AGN and quasars, the connection between discs and jets
is less well understood, but the principles from XRBs have
been extended to both radio-loud and radio-quiet systems
(Maccarone et al. 2003; Kording et al. 2006).

A useful way to parameterise the accretion state of a
disc is through the Eddington ratio, defined as

or Lol

(3)

fEdd = 47erpc MBH

where o7 is the Thomson cross-section, m,, is the proton
mass, G is the gravitational constant and c is the speed
of light. Quasar winds should care about this ratio. The
discovery of line-locking signatures (Arav et al. 1995; Arav
1996; North et al. 2006; Bowler et al. 2014) suggests that
BALQSO winds are at least partially driven by radiation
pressure on spectral lines (‘line-driving’; Castor et al. 1975;
Proga et al. 2000; Proga & Kallman 2004). If so, winds
should be produced at relatively high Eddington ratios,
when the disc is radiatively efficient and there is plenty
of UV radiation to impart momentum to the flow. Given
the expected connection between winds, jets, and the ac-
cretion state, it is useful to investigate the Eddington ratio
distributions of our sources.

In Figure 14 we show the normalised distributions of Ed-
dington ratios for non-BAL quasars, BALQSOs, and LoB-
ALs with and without LDR1 detections. The Eddington
ratio can be affected by large systematic uncertainties in
estimates of Ly, (Richards et al. 2006; Runnoe et al. 2012)
and Mgy (Jarvis & McLure 2006; Lamastra et al. 2006;
Marziani & Sulentic 2012; Denney 2012; Coatman et al.
2016), but it nonetheless gives us a convenient, approximate
way of quantifying the accretion rate normalised to the BH
mass. We find that our radio-detected sources lie almost ex-
clusively in the range 0.01 < ngaq < 1, roughly as expected
for an optically thick, radiatively efficient accretion disc
(e.g. Shakura & Sunyaev 1973; Maccarone 2003; Qiao & Liu
2009). This distribution is largely a result of the underly-
ing distribution in the quasar catalogue. The Kolmogorov-
Smirnov test shows no statistically significant differences
between any of the different sub-samples of BALQSOs. The
BALQSOs and LoBALs show a similar distribution of Ed-
dington ratios to non-BAL quasars, confirming that the sit-
uation in quasars is less clear-cut than in X-ray binaries, in
agreement with, e.g., Sikora et al. (2007).

5. Summary and conclusions

In this paper, we have investigated the low-frequency radio
properties of BALQSOs in LDR1. We examined the ra-
dio detection fractions of BALQSOs, which we also divided
into LoBALs and HiBALs. We investigated the properties
of radio-loudness, radio sizes, and radio spectra. We also
studied the fractions of BALQSOs/non-BAL quasars and
LoBALs/BALQSOs, as a function of radio power. We were
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All sources — Right: LDR1 detected sources only.

able to expand on previous studies at 1.4 GHz with im-
proved cross-matching between FIRST and SDSS via LO-
FAR/PS1 cross-matching.

Our main results are as follows:

— BALQSOs are twice as likely to be detected than non-
BAL quasars in LDR1 at 144 MHz, with LoBALs hav-
ing a radio detection fraction 1.6 times that of than
HiBALs. This trend persists even for a sub-sample of
HiBALSs with the same median BI of the LoBALs.

— Within the subset of LDRI1-detected quasars, the
LoBAL, HiBAL, and overall BALQSO fractions are con-
stant with increasing radio luminosity at 144 MHz. This
trend holds even when selecting only sources with ra-
dio counterparts detected in FIRST. This is inconsis-
tent with what has previously been reported at 1.4 GHz,
which implies that the low and high frequencies may be
tracing different sources of radio emission.

— The majority of BALQSOs would be classified as ‘radio-
quiet’ based on the classical definition. We do not find
clear evidence of any bi-modality of ‘radio-quiet’ and
‘radio-loud” BALQSOs, although a slight bi-modality
does appear in the distribution of log( R144 Mp,) for non-
BAL quasars.

— The radio sizes of BALQSOs at 144 MHz are gener-
ally less than about 200 kiloparsecs. When comparing
to FIRST radio sizes, we find that BALQSOs tend to
be larger at 144 MHz than at 1.4 GHz, consistent with
systems dominated by jets/lobes at low frequencies and
AGN cores at high frequencies.

— The radio spectral indices of BALQSOs, in particular
LoBALs, between 144 MHz and 1.4 GHz tend to be flat-
ter than those of non-BAL quasars, although whether
this is due to intrinsically flat radio spectra or radio
spectra peaking in between these two frequencies is un-
clear.
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— The fraction of BALQSOs which are LoBALs remains
constant within the uncertainties with increasing radio

luminosity at 144 MHz.
— We find no correlation between BI and log(R144 M),

L144 MHz, OF L1.4 gHz. We do find that the radio detec-
tion fraction in both LDR1 and FIRST increases with
increasing BI, and that this happens in the same way

for both surveys.
— The fact that the radio detection fraction is correlated

with BI, but not radio properties such as luminosity or
radio-loudness, indicates that the radio emission and BI
are initiated by the same process, but are physically
separated from each other. That is, the radio emission
cannot be generated by the same disc winds that drive
the BI.

In the future, LoTSS will cover the entire Northern sky,
providing tens of thousands of radio-detected BALQSOs.
Such a large sample will enable us to improve on the work
presented here by reducing the uncertainties and allowing
us to refine bins in radio power and BI to further investi-
gate the dependence of radio-detected BALQSOs on these
properties. In the meantime, follow up studies of this sam-
ple at intermediate frequencies (e.g, the Giant Metre-wave
Radio Telescope at 610 MHz) will help determine the shape
of the radio spectra of BALQSOs, which we were not able
to do here. Future data releases from LoTSS will include
in-band spectral indices, which will provide further infor-
mation. Finally, by using the international stations of LO-
FAR we can achieve sub-arcsecond resolution to observe
the spatially resolved low-frequency morphology of LoTSS-
detected BALQSOs.
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Appendix A: A selection of images

All image cutouts are 100" per side, and the insets are 10”
per side. White contours show LoTSS emission while red
contours show FIRST emission. The first two contours are
always at 3 and 5 times the median absolute deviation
(MAD) of pixel values in the cutout images, and three more
contours are evenly spaced between 5 times the MAD and
0.8 xmaximum value in the image. The background images
are RGB made from SDSS g, r, i bands. The LDR1 beam is
shown in the bottom right hand corner. The beam param-
eters are BMAJ=6", BMIN=6", and BPA=90 degrees. The
FIRST beam (not pictured) has similar parameters, with
BMAJ=BMIN=5.4"and BPA=0 degrees.
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