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ABSTRACT

We present results from a search of cold neutral gas associated with radio-loud active galactic nuclei (AGNs) at z < 0.5 — corresponding
to a lookback time of ~36% of the age of the Universe — using H1 21-cm absorption line measurements from the MeerKAT Absorption
Line Survey (MALS). Crossmatching the MALS 1006 MHz catalog with the SDSS DRI18 spectroscopic catalog yields 1908 radio
sources at z < 0.5. Of these, 613 are classified as AGNs using Baldwin-Phillips-Terlevich (BPT) diagnostics and radio luminosity
criteria. We further classify 426 AGNs into 327 low-excitation radio galaxies (LERGs) and 99 high-excitation radio galaxies (HERGs)
using a framework combining multiple optical emission-line diagnostics. We find a significant (>30) difference in k-corrected g — r
color, consistent with LERGs residing in older galaxies with quenched star formation. We search a radio-bright subsample of 79 LERGs
and 20 HERGsS (S 14 gu, > 4 mly) for associated HT 21-cm absorption using MALS L-band spectra. This subsample spans nearly six
decades in radio luminosity (log L4 gu, (WHz ') ~21.1-27.0), reaching luminosities an order of magnitude fainter than previous
targeted H1 surveys. We report five new detections (four LERGs, one HERG) at 0.29 < z < 0.47, yielding an overall detection rate
of 3’:;% at a 30 integrated optical depth sensitivity threshold of 10.0kms~'. This rate is consistent with sensitivity-matched low-z
(<0.2) samples, suggesting no significant redshift evolution out to z ~ 0.5 or dependence on radio luminosity. We quantify absorption-
line properties using velocity offset, asymmetry, and width. In three systems, absorption is entirely redshifted relative to the systemic
velocity; in the remaining two, it is predominantly blueshifted, indicating complex gas kinematics. H I profiles associated with LERGs

show a wide range of asymmetries and velocity offsets exceeding 350 km s~

by lobe expansion or jet activity.

!, indicative of disturbed cold-gas kinematics likely driven
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1. Introduction

The population of radio-loud active galactic nuclei (AGNs)
exhibits two distinct classes based on the nature of accretion and
the accreting gas (see Heckman & Best 2014, for a review): (i)
low-excitation radio galaxies (LERGs), where the central super-
massive black hole (SMBH) is believed to be fueled by accretion
of hot halo gas at rates <1% of the Eddington rate through a geo-
metrically thick but optically thin accretion disk; and (ii) high-
excitation radio galaxies (HERGs), where the SMBH is known
to accrete cold gas at higher rates, >1% of the Eddington rate,
through a geometrically thin but optically thick accretion disk.
Observationally, they are distinguished based on the strength
of high-excitation emission lines (e.g., [O1II]) in their optical
spectra relative to low-excitation lines, such as [NT1I], [S1I],

* Corresponding author: partha.deka@uct.ac.za

and [O1], as the radiatively efficient central AGNs in HERGs
lead to stronger emission lines of higher ionization compared to
LERGs. The corresponding host galaxies also exhibit fundamen-
tal differences, with LERGs primarily hosted by galaxies having
higher stellar and black hole masses and older stellar popula-
tions compared to HERGs. In the nearby Universe (z < 0.3),
LERGs display both Fanaroff and Riley I and II (FRI/II; Fanaroff
& Riley 1974) morphologies, while HERGs are predominantly
FRII. Additionally, the luminosity function of LERGs indicates
little to no redshift evolution, or even negative evolution, whereas
HERGs exhibit strong and positive evolution in their comoving
space density across all radio powers (Buttiglione et al. 2010;
Best & Heckman 2012; Best et al. 2014).

The two classes also display fundamentally distinct feed-
back mechanisms (see Best & Heckman 2012; Pracy et al.
2016; Singha et al. 2021, and the references therein). In HERGs,
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radiatively efficient accretion onto the SMBH produces powerful
radiative or quasar-mode feedback, often manifesting as high-
velocity winds and broad ionized outflows driven by energy or
radiation pressure (Mullaney et al. 2013; Harrison et al. 2014).
These can couple strongly to the host galaxy’s ISM, heating,
ionizing, and/or relocating large amounts of gas, thereby regulat-
ing star formation on galactic scales. In contrast, LERGs accrete
via radiatively inefficient flows, leading to feedback dominated
by kinetic or radio-mode processes. This typically involves colli-
mated relativistic jets that interact with the surrounding medium,
inflating cavities in the hot halo gas, suppressing cooling flows in
clusters and groups, and driving multiphase gas outflows (Best &
Heckman 2012; Gitti et al. 2012; Chandola et al. 2020; Morganti
2017). Such jet—ISM interactions can introduce strong kinematic
disturbances into the cold gas, leaving it unsettled and turbu-
lent, thereby inhibiting its ability to collapse and form stars (see
Ishibashi et al. 2014; Morganti 2017; Harrison et al. 2018). The
differing nature of feedback processes governing these two popu-
lations may be responsible for their different evolutionary tracks.
However, observational evidence is mixed, and it remains chal-
lenging to distinctly identify the relative importance of different
feedback modes operating on various scales.

The classification of AGNs into HERGs and LERGs requires
the measurement of flux densities for various optical emission
lines. The most sophisticated criterion is based on the excitation
index (EI),

EI = log([O111] /HB) — %[log([N 1I] /Ha)
+ log([S1] /He) + log([O1] /Ha)],

ey

utilizing four emission-line ratios (Buttiglione et al. 2010). As
demonstrated by Buttiglione et al. (2010) for a sample of 113
local (z < 0.3) radio galaxies from the Third Cambridge Cat-
alog of Radio Sources (3CR), an EI threshold of 0.95 divides
radio galaxies into distinct populations of HERGs and LERGs.
Naturally, obtaining reliable detections of all six emission lines
needed for calculating the EI is often challenging. Therefore, a
variety of classification mechanisms based on fewer lines have
been devised, resulting in several large HERG and LERG cat-
alogs in the literature. Among the most notable of these, with
further details presented later in the paper, are the classifications
of 18286 and 6720 radio galaxies by Best & Heckman (2012)
and Pracy et al. (2016), respectively.

Observations of H1 21-cm absorption lines can reveal the
kinematics and distribution of cold atomic gas associated with
HERGs and LERGs, providing an insight into the distinguish-
ing features of these two populations. Chandola et al. (2020)
found that HI 21-cm absorption detection rates among HERGs
and LERGs depend crucially on the extent of the radio emission
and the mid-infrared (MIR) colors measured by the Wide-field
Infrared Survey Explorer (WISE; Wright et al. 2010; Cutri et al.
2021). Using a sample of 191 LERGs and 27 HERGs at z < 0.25,
they found comparable H1 21-cm absorption detection rates
between the two types when matched in radio size and WISE
color (60.6*1$8% for LERGs and 50.0*2$2% for HERGs). This
suggests that at least a fraction of LERGs contain significant
amounts of gas and dust. It is likely that in LERGs, this gas
is more susceptible to feedback effects, hindering its transport
to the vicinity of the central black hole. However, the evidence
remains sparse due to considerable statistical uncertainties, and
the existing samples have been limited to lower redshifts (z <
0.25; Maccagni et al. 2017).
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In this paper, we use radio continuum images and spec-
tra from the MeerKAT Absorption Line Survey (MALS; Gupta
et al. 2018) to extend HT 21-cm line studies of radio galaxies
to higher redshifts and lower radio luminosities. While previous
surveys of HT absorption in LERGs and HERGs were limited
to z < 0.2 (e.g., Chandola et al. 2020; Maccagni et al. 2017),
the present work extends this redshift range to z ~ 0.5, thereby
providing the highest-z sample of such galaxies studied to date.
Section 2 presents the MALS data products and crossmatch-
ing with the Sloan Digital Sky Survey (SDSS) data release 18
(DR18) used to classify 1908 radio sources into HERGs and
LERGsS, employing a framework that combines multiple optical-
emission line diagnostics. Section 3 presents the results of our
HT1 21-cm search in the sample of HERGs and LERGsS, along
with descriptions of new detections and their statistical proper-
ties. We also discuss the kinematics of the absorbing gas and
its implications for inflow and AGN feedback. The results are
summarized in Section 4. Throughout this paper, we adopt a
A cold dark matter cosmology with Q,,=0.315, Q,=0.685, and
Hy=67.4kms~! Mpc~' (Planck Collaboration VI 2020). Unless
otherwise stated, all logarithms (log) are base 10.

2. Sample: HERGs and LERGs

This section details the crossmatching of MALS data release 1
(DR1) with SDSS DR 18, and the HERG and LERG classification
procedure using emission lines detected in the SDSS spectra.

2.1. MALS observations and data products

MALS observed 391 pointings in the L band (900-1670 MHz)
during the first phase of the survey from 2020, April, 01 to
2021, January, 18. Gupta et al. (2022) present the details of
a large spectroscopic campaign to define the survey footprint
(see also Krogager et al. 2018). The MeerKAT data were pro-
cessed using the Automated Radio Telescope Imaging Pipeline
(ARTIP; Gupta et al. 2021), which is based on the NRAO Com-
mon Astronomy Software Applications (CASA) package (Team
et al. 2022) to produce continuum images and spectral line
cubes for 15 spectral windows (SPWs) covering the L band.
The details of continuum images and the associated catalog of
715760 unique radio sources detected at a signal-to-noise ratio
(S/N)>5 are presented in the MALS DR1 paper (Deka et al.
2024b). Briefly, the median root mean square (rms) noise away
from the pointing center is ~20 wy beam™!, and the spatial res-
olution across the band is 8”—12”. The DRI catalog includes
spectral indices, a, where S, oc v, based on the flux densities
measured at 1006 MHz and 1381 MHz. The L-band spectra in
the heliocentric frame used here to search for HI 21-cm absorp-
tion were extracted toward pixels corresponding to the peak flux
density of the radio source. The absorption was searched within
+2000 km s~! of the redshifted H 1 21-cm line frequency follow-
ing the methodology adopted for the MALS Galactic spectral
line search (Gupta et al. 2025). Further details on the radio
sources and their associated spectra are provided in subsequent
sections.

2.2. Crossmatching with SDSS

We crossmatched the MALS DRI catalog at 1006 MHz with the
SDSS DR18 spectroscopic catalog using a search radius of 5" to
identify 1965 radio sources at z < 0.5, the redshift range suitable
to search for HI 21-cm absorption using MeerKAT’s L band.
A matching radius of 2" should be optimal for crossmatching
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Fig. 1. Distribution of z (first panel), S, 4cn, (second), L; 46, (third), and S/N of [O 111]25007 (fourth) for the initial sample of 1908 radio sources
(yellow histograms). Of these, 681 are classified as AGNs (blue; see Sections 2.3 and 2.4 for details). Finally, 99 LERGs and HERGs from this
subsample were searched for associated H1 21-cm absorption (hatched green; details in Section 3). The low-z deficit in the green histogram reflects
the paucity of sources exceeding the 4 mJy flux density cut applied for the 21-cm absorption search.

with SDSS (Lu et al. 2007; Gupta et al. 2022). However, a 5”
radius was used to compensate for the large synthesized beam
(12”") at 1006 MHz. This ensures that AGNs with extended radio
morphologies, such as FRI and FRII sources, are not excluded.
For 152 sources, the flux-weighted mean radio positions dif-
fered by more than 2”, even though the peak radio positions
remained consistent within that threshold. To ensure a reliable
crossmatched sample, we visually inspected all matches obtained
from the Panoramic Survey Telescope and Rapid Response Sys-
tem (PanSTARRS; Chambers et al. 2016). Notably, the 152
sources with separations between 2” and 5” predominantly
exhibited extended morphologies. However, in all but 57 cases,
the optical source coincided with the position of the radio core,
i.e., the radio component likely coincident with the AGN. After
excluding these 57 spurious matches, our sample comprises 1908
sources. The first three panels of Fig. 1 show the distributions
of redshift (z), 1.4 GHz flux density (S;4cn,) and luminosity at
1.4 GHz (L; 4 gnz) for the sample. We note that 53/1908 sources
were not detected at 1380 MHz. For these 1006 MHz flux den-
sities were scaled to 1.4 GHz using a typical spectral index of
a=-0.7.

2.3. Spectroscopic fitting using GELATO

The classification into LERGs and HERGs was carried out in two
steps. In Section 2.4, we first use the Baldwin—Phillips—Terlevich
(BPT) emission line diagnostic method (Baldwin et al. 1981)
based on the location of the source in the [O 1T]/HB—[N 11]/Ha
plane, to distinguish radio sources as either AGN or star-forming
(SF) galaxies. We also use Ha- line luminosity (Ly,) and L 4gH,
for this purpose. Both these luminosities serve as independent
measures of the star formation rate for SF galaxies. Conversely,
for radio-loud AGNSs, an excess of radio emission over that esti-
mated from the Ha luminosity is expected. In the second step
(Section 2.5), AGNs are classified into HERGs and LERGs.
Notably, across 0 < z < 0.5, the [O 111]A5007 line remains within
the wavelength coverage of the SDSS spectra. Consequently, the
classification of objects into LERGs and HERGs is feasible using
one of the several criteria defined by Best & Heckman (2012),
even though at the highest redshifts, the majority of other lines,
including [N 11]A6583, [S 11]116716, 6731, [0 1]16300, and He,
are beyond the SDSS coverage.

We used the Galaxy/AGN Emission-Line Analysis TOol'
(GELATOV2.5.2; Hviding et al. 2022) to measure the emission

! https://github.com/TheSkyentist/GELATO

Table 1. GELATO Emission Line Dictionary used in this work.

Species  Line Ay (A) Ratio
Narrow Group
6716.44 -
(S 6730.82 -
6583.45 1
[N11] 654805  0.34
6300.30 1
[O1] 636378 0333
Hel 5875.62 -
5006.84 1
[O11] 4958.91 0.35
4363.21 -
[Ne 111] 3868.76 -
3726.03 -
(O] 3728.82 -
[Ne V] 3425.88 -
Balmer Group
Hi 6562.79 -
Hi 4861.28 -
Hi1 4340.47 -

Notes. Emission lines are grouped into species, and species into
groups. Lines belonging to a given species (e.g., [S11]16716.44 and
[S 11]16730.82]) must share common kinematics; namely, redshift and
velocity dispersion. Additional components, Outflow for [O Iil]and
Broad for Balmer lines, and the constraints imposed on their kinemati-
cal properties are discussed in Section 2.3.

line fluxes, the equivalent widths, and the associated uncertain-
ties. For a given spectrum with an initial redshift estimate (zo)
accurate to at least 0.5%, GELATO fits a user-specified list of
spectral lines to the input spectrum. The emission lines used
in our analysis are summarized in Table 1. These are classi-
fied into two groups: narrow and Balmer. Emission-line species
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Fig. 2. S/N distribution of various lines used for AGN and SF classification, and the location of sources in the L;,gn,—z plane based on the
classification method (details in Section 2.4). Sources with line S/N< 1 are not shown. The dashed vertical and horizontal lines denote an S/N = 3,
except in the bottom right panel where the dashed horizontal line (L, 4Gy, = 10** W Hz™!) marks the boundary segregating SF and AGN-dominated

sources according to Pracy et al. (2016).

within their respective groups can optionally have their redshifts
and velocity dispersions (o) tied together. Following Hviding
et al. (2022), both z and o of species in the “Balmer” group are
tied. Flux ratio constraints based on atomic physics are naturally
enforced for all emission lines within a given species. For [O 111]
and Balmer lines, we also included the possibility of additional
components designated as “outflow” and “broad”, respectively.
Such components, often associated with AGNs, do not share the
zand o values of their narrow counterparts. To avoid fitting phys-
ically unrealistic components, the line centroids (vy) based on the
redshifts (zp) and dispersions (o) of the Gaussian components
were constrained to GELATO’s predefined ranges®. These con-
straints are based on the emission line properties of large samples
of quasars and galaxies from Mullaney et al. (2013), Shen et al.
(2011), and Hao et al. (2005).

To model the underlying continuum emission, GELATO
uses a trust region reflective (TRF; Branch et al. 1999) algo-
rithm with a least-squares loss function to iteratively estimate
the best-fitting parameters from an initial estimate of the model.
After masking out a 10000 kms~! region around each spec-
ified spectral line, the continuum is modeled using simple
stellar populations (SSPs) spanning a range of ages and metal-
licities from the Extended MILES stellar library (E-MILES;

2 TFor the narrow components, the limits are 60 kms™'< o <
500 km s~ and v, within +300 kms™! from z,. For the broad and out-
flow components, these restrictions are 1200 kms~! < o~ < 6500 km s
with vy within +600 kms™!, and 100 kms™' < o < 750 kms™! and v,
within [-750, +150] km s~!, respectively.
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Vazdekis et al. 2016). To characterize the power-law emission
originating from an unobscured AGN accretion disk, GELATO
assesses whether the inclusion of a power-law component to the
model leads to a substantial improvement in the fit. This valida-
tion is performed using an F test, affirming significance if the
improvement is >30 (a confidence level of ~99.87%).

The GELATO fits revealed that an additional broad compo-
nent to model the Ha emission is required for 643/1908 systems.
In 123 of these cases, the dispersion of the broad component
is close to the upper fitting bound (i.e., o ~ 6500 kms™') and
characterized by low S/N (<5 for 117/123). Typically, a S/N>5
is used to identify robust broad components (Escott et al. 2025).
Adopting this threshold, we rejected broad components in these
117 sources and refit them using only narrow components. The
distribution of the S/N of [O1I1]A5007 from the final fits is
shown in the last panel of Fig. 1. Since detection of this line is
paramount for classifying sources into LERGs and HERGs (e.g.,
Tadhunter et al. 1998; Buttiglione et al. 2010; Best & Heckman
2012; Pracy et al. 2016), we discarded 375/1908 sources where
the S/N([O111])< 1. Further details on the fit line parameters
and examples of fits for the remaining 1533 radio sources are
provided in the following sections.

2.4. Separating AGN and SF galaxies

We classified radio sources with the [O 111]15007 line detected
at S/N > 1 into either AGN or SF galaxies, predominantly utiliz-
ing the BPT diagnostic (Baldwin et al. 1981). Fig. 2 presents the
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Fig. 3. BPT1 classified AGN, SF, and Composite (COMP) galaxies
color-coded according to their 1.4 GHz radio luminosity (L} 4Gnz)-

S/N distributions of various emission lines relevant for the clas-
sification. Based on the emission-line ratios alone (see Table 2
for a summary), 730 sources were classified into AGN (196),
SF (426), or composite (108) galaxies. Except for three cases,
the remaining are based on BPT1: [O II]/HB versus [N I11]/Ha
(see Fig. 3). BPT2 and BPT3 refer to the diagnostic diagrams
of [O111]/HB versus [S 1I]/Ha and [O 1]/He, respectively. These
diagnostics classified one and two sources into SF and AGN
categories, respectively.

In the remaining cases, not all four emission lines required
for the BPT classification were reliably detected (S/N > 3) or
covered within the wavelength range of the SDSS spectra. To
classify these sources, we employed the Ly, versus L 4gp, diag-
nostic plane. Both He and 1.4 GHz radio continuum luminosities
serve as independent measures of the star formation rate in
SF galaxies, creating a well-defined correlation (Hopkins et al.
2003; Best & Heckman 2012; Duncan et al. 2020). Conversely,
for radio-loud AGNSs, a significant excess of radio emission over
that estimated from the He luminosity is expected. To formally
separate these populations, Best & Heckman (2012) utilized
a conservative division line defined by log(Ly,/Ls) = 1.12 X
(logL; 46, (W Hz ') - 17.9). Fig. 4 depicts our BPT-classified
AGN and SF galaxies on this plane. Interestingly, a significant
fraction of BPT classified AGNs lie in the SF region in this
diagram, implying that in these sources the radio emission is pre-
dominantly due to star formation rather than AGN activity. This,
however, does not apply to broad-lined objects, where the Ha
luminosity mainly originates from the AGN broad line region
(BLR) rather than star formation. Consequently, we restricted
this planar analysis to systems with only narrow Balmer lines
(Fig. 4). The distribution of SF galaxies, shown as contours in
Fig. 4, suggests that an alternative division line (dotted), defined
by log(Ly./Leo) = 1.12 X (10gL1A4GHZ(WHZ’1) — 16.5), encap-
sulates the SF population more realistically. Using this modified
division line, we first excluded 68 narrow-lined radio-quiet opti-
cal AGNs from the sample. Applying this same criterion to the
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Fig. 4. BPT classified AGN and SF galaxies with only narrow Balmer
lines in the Ly,—L;4cu, plane. The dashed line (black) marks the
conservative division between AGN and SF galaxies from Best & Heck-
man (2012), and the contours correspond to SF galaxies. The dotted
line represents the criteria used to exclude radio-quiet optical AGNs
(RQAGNS). The vertical line marks the SF versus AGN division, where
sources with L; 4, > 10** W Hz ™! are classified as AGNs.

Table 2. Summary of classification of 1300 out of 1533 sources with
[O111] detected at S/N>1 into AGN, SF, or composite galaxies (233
sources remain unclassified).

Classification method SF  AGN Composite
BPT1 425 194 108
BPT2 1 0 0
BPT3 0 2 0

L1 4GHz versus Ly, 85 261 —
LiscHz > 1024 WHz ! 224 —

Notes. Table B.1 presents the full sample. (¥ Includes 68 radio-quiet
AGNs with only narrow Balmer lines.

aforementioned sources lacking full BPT coverage, we classified
346 sources into 261 AGNs and 85 SF galaxies.

Of the remaining 457/1533 that could not be classified using
any of the above methods, we classified 224 with luminosities
exceeding L;4gu, > 102* WHz™! as AGNSs, since such high
luminosities would require unrealistically large star formation
rates to be powered by star formation alone (e.g., Pracy et al.
2016; Murphy et al. 2011). The bottom right panel of Fig. 2 shows
the location of sources in the L; 4gu,~z plane based on the clas-
sification method. Evidently, most sources at higher redshifts are
classified using the L 4 gy, criterion. Finally, 233 sources remain
unclassified. We excluded these from further analysis. In sum-
mary, 1300 out of 1533 sources were classified into one of the
following categories: AGN (681), SF (511), or composite (108)
galaxies (Table 2). The full MALS-SDSS catalog is provided in
Table B.1.
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2.5. AGN classification into LERGs and HERGs

Here we classify the 613 radio-loud AGNs, obtained after exclud-
ing 68 radio-quiet sources from the 681 AGNs identified in the
previous section, into LERGs and HERGs using the following

set of diagnostics from Best & Heckman (2012).

1. A source is a HERG (LERG) if all six emission lines, [O I11],
[N1], [S11], [O1], He, and Hp, are detected, and EI > 0.95
(EI < 0.95) by at least 1o-. Typical HERG and LERG spectra
classified using this method (Diagnostic 1) are shown in
Fig. A.2.

2. If only four out of six above-mentioned lines are detected,
classification is determined at >1o significance using the
diagnostics (Diagnostic 2) of Kewley et al. (2006)° (see
Fig. A.3 for representative spectra).

3. Classification is based on the rest equivalent width (REW)
of [O111] > 5A (HERG) or < 5A (LERG) at 1o significance
(Diagnostic 3; see Fig. A.4 for representative spectra).

4. (1) — (3) are repeated, but without applying the 1o criterion
(Diagnostic 4).

5. For weak line galaxies with [O111], [N1I] and He detec-
tions at >1o, we apply the diagnostics of Cid Fernandes
et al. (2010)* based on [O11]/Ha and [N1I]/He ratios
(Diagnostic 5;see Fig. A.5 for representative spectra).

Usually, these five diagnostics are applied in a preferential order
to classify narrow-line AGNs (e.g., Buttiglione et al. 2010; Best

& Heckman 2012). Rather than applying the five diagnostics

sequentially, as in Best & Heckman (2012), we applied all

diagnostics simultaneously and combined their output using a
weighted framework to obtain a more robust classification. To
achieve this, we introduced a confidence measure (C) and a relia-
bility factor (R) to quantify data quality and the intrinsic strength
of each diagnostic. The final significance (S') of a source’s classi-
fication is then the weighted average of all available diagnostics,

5 N o . . .
S = %. Note that we assign a negative sign for LERGs and
i=1 N

a positive sign for HERGs. This framework assigns a continuous,
interpretable significance score, where |S| € [0, 1].

The details of calculations of C and R are provided in
Appendix A. We evaluated various weighting schemes to cal-
culate S, ultimately adopting Ry = 1, R, = R3 = 0.9, Ry = 0.8,
and Rs = 0.5 for AGNss fit using only narrow components. For
the 82 AGNs requiring an additional broad Ho component with
integrated S/N > 5, the criterion of EI =0.95 (Diagnostic 1)is
inapplicable. For these we set R; = 0. From the narrow-only and
narrow+broad subsets, we identified 58 HERGs and 318 LERGs,
and 41 HERGs and 9 LERGs, respectively. The prevalence of
HERGSs (82%) among AGNs with broad Balmer components
is consistent with the findings of Buttiglione et al. (2010). In
summary, starting with 613 AGNs with 531 (narrow-only) + 82
(narrow-+broad) AGNs, we classified a total of 426 AGNs into 99
HERGS and 327 LERGs. The remaining 187 sources could not be
classified due to a lack of emission lines satisfying the S/N cri-
teria. Note that the initial subset of 613 AGNs still included 82
sources with a broad Ha component. For these the AGN activ-
ity cannot be unambiguously confirmed but the contamination is
too small to affect the statistical results presented here.

3 In the [O1I/HB vs [S11]/Ha diagnostic, the classification follows
log([O111]/HB) = 1.891og([S 11]/Ha) + 0.76 for LERGs and HERGsS,
respectively. For the [O111]/HB vs [O1]/Ha diagnostic, the respective
classification is log([O 111]/HB) s 1.18log([O 1]/He) + 1.30.

4 The classification follows log([O111]/Ha) s 1.20log([N 11]/Ha) —
0.15 for LERGs and HERGs, respectively.
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Table 3. Statistical comparison between LERG (327) and HERG (99)
samples.

Parameter Median LERG Median HERG KS test p value

ol 062029  —0.77+020 0.002
lOg LiscH. (W HZil) 24.04 +£0.51 24.01 +0.81 0.04
z 0.27 £0.10 0.24 £0.15 0.007
g — r (k-corrected) 0.85+0.04 0.76 £ 0.09 33x1075

Notes. The reported uncertainties are the median absolute deviations
(MADs).

For a consistency check, we crossmatched our MALS-SDSS
sample of 426 HERGs and LERGs with Best & Heckman
(2012) and found 43 common sources. Due to the choice of
weights, R;, we find an excellent agreement, as only one source
shows classification mismatch: J144017.88+055630.1, which is
a LERG in Best & Heckman (2012), but a HERG (S = 0.42)
in our weighting-based classification scheme. Additionally, 41
sources are common with Pracy et al. (2016). There are three
mismatches: J094319.09-000423.7, J145322.99+045802.6, and
JO15517.11+002741.4. In our scheme, J094319.09—000423.7 is
a borderline LERG (EI = 0.85+0.04; S ~ —0.33). However, its
spectrum shows a strong [O I11] 45007 line (REW = 89.9+2.3 A)
and a weak 4000 A break, indicating HERG-like features. Sim-
ilarly, J145322.99+045802.6 is also a borderline LERG (EI =
0.89+0.05; S ~ —0.01) with a strong [O 111] 15007 line (REW =
54.0+3.9 A) and a weak 4000 A break. JO15517.11+002741.4 is
a HERG in our classification scheme with EI = 1.11+0.07 and
S = 0.59, while it is a LERG in Pracy et al. (2016). We do not
reclassify these marginal mismatches.

2.6. Properties of HERGs and LERGs

Fig. 5 compares HERGs and LERGs in terms of spectral
indices (o] 3), radio luminosity (L1 4gH), flux density at 1.0 GHz

(S1.0GHz), redshift, and k—corrected® optical color (g — r). The
statistics and KS-test p values in Table 3 show that LERGs and
HERGs differ by 230 in a%:g and optical colors, with no signifi-
cant difference in S | o gy, Notably, while LERGs show a slightly
higher median log L 4gu,, HERGs span the full luminosity range
(Fig. 5, second panel). The two populations also differ at >2¢0 in
redshift, with LERGs distributed at higher median z. These dif-
ferences in L 4gu, and z are primarily driven by the selection
effects discussed in Section 2.4. The only astrophysically mean-
ingful differences are observed in spectral index and optical g —
color. The slightly steeper median a/}:g for HERGs likely reflects
their association with FRII-type, lobe-dominated radio galaxies,
whereas LERGs comprise both FRI and FRII types (Buttiglione
et al. 2010; Best & Heckman 2012; Heckman & Best 2014). A
more pronounced difference (>30) is seen in k—corrected optical
g — r color. The LERGs are significantly redder, reflecting older,
more massive, and less star-forming host galaxies. This confirms
the finding of Best & Heckman (2012) that LERGs have redder
optical colors than HERGs of the same radio luminosity, here
extended to a broader luminosity range (log L 4G, (W Hz™!) ~
21.1-27.0) and higher redshifts (z < 0.5).

In Fig. 6, we show the distribution of redshift, 1.4 GHz
radio luminosity, and k-corrected g — r color for L; 4gu,-matched
MALS and Best & Heckman (2012) samples. The k-corrected

5 Following the methodology of Chilingarian et al. (2010).
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Fig. 5. Distribution of (x{:g (first), L; 4gn, (second), Sy ogu, (third), z (fourth), and k-corrected g — r (fifth) for the LERG and HERG samples. The
dashed red and black lines mark the median values for LERGs and HERGs, respectively.
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Fig. 6. Histograms comparing the distributions of z, L 4gu,, and k-corrected (g — r) for LERGs (top panel) and HERGs (bottom panel), using the

MALS and Best & Heckman (2012) samples matched in L; 4 gp,-

g — r colors are consistent for the LERGs at p = 0.05 level,
while the marginal <30 (p = 0.003) discrepancy for HERGs is
likely an artifact of small-number statistics in the MALS subset
(N = 32). To compare the LERG fractions between the MALS
and Best & Heckman (2012) samples objectively, we matched
the datasets in both redshift and L, 4 gy,. The samples were par-
titioned at the median redshift of the MALS sample, and the low-
and high-z bins were analyzed independently. From Fig. 7, in
the low-z bin, the The LERG fractions are 92.03%% for MALS
and 97.9 + 0.3% for BH12 (binomial uncertainties), represent-
ing only a ~1o difference. In the high-z bin, the fractions are
95.2*37 % (MALS) and 97.4 + 0.6% (BH12), which are again
statistically consistent. To conclude, we find no statistically sig-
nificant evidence for a redshift dependence in the LERG fraction
between the two matched samples.

3. H1 21-cm absorption search

We selected 99 radio sources (Si4 gy, > 4mly) with usable
spectra from the 426 MALS-SDSS sample of LERGs and
HERGs at z,,, < 0.5 for an H1 21-cm absorption line search. This
subset comprises 79 LERGs and 20 HERGs. Of these, 22 were

classified as AGNs using BPT1, 36 using the Ly,—L; 4gp crite-
ria, and 41 based on L 4G, > 10** WHz™!. The sample spans
nearly six decades in radio luminosity and reaches flux densities
an order of magnitude fainter than any prior targeted HT sur-
vey. Following the absorption line search methodology of Gupta
et al. (2025), we detected five absorbers. The resulting absorp-
tion profiles presented in Fig. 8 exhibit widths spanning ~100 to
~1000km s~!(see Table 4 for details). Notably, three absorbers
are entirely redshifted with respect to zen, likely tracing infalling
gas (van Gorkom et al. 1989), which can be triggered by merger
activity (see the discussion of J0943-0004 in Section 3.1.2).
Below, we first discuss the properties of detections in detail and
then the statistical properties of the overall sample, including H 1
absorption nondetections.

3.1. Properties of detections
3.1.1. Kinematics of the absorbing gas
To characterize the gas kinematics, we used the velocity shift of

the absorption peak (Vpeax) relative to z.,, the full width between
nulls (FWBN) indicated by the shaded velocity range in Fig. 8,

and the velocity-integrated optical depth ( f 7 dv). Asymmetries
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Table 4. Details of H1 21-cm absorption detections.

MALS ID Zem(OPY)  Zaps Av T rms FWBN  Sim  [Tdv N(H1) Class
(kms™') (mJybeam™!) (kms~') (mJy) (kms!) (cm™2)

¢5) 2 3) @ 5 6) @) ) (&) (10)

J022836.49-010720.8 0.47115 0.46977 8.1 0.8 880 2314  12.0+0.3 (22.2+0.3)x10*° HERG
J094319.09-000423.7 0.46435 0.46650 8.1 1.9 122 734.5 0.27+0.07 (49+9)x10'3 LERG
J101024.28+153929.9 0.28620 0.28781 71 09 214 14.1 21+2 (37+£3)x10% LERG
J111736.77-023544.0  0.47290 0.47096 8.1 1.2 324 7573 0.62+0.08 (11.2+0.8)x10" LERG
J145556.40+044150.0 0.34714 0.34988 74 0.8 220 17.2 13+1 (24+2)x10%° LERG

Notes. Column 1: MALS-SPW2 source ID. Column 2: optical spectroscopic redshift from SDSS. Column 3: Redshift corresponding to absorption
peak. Column 4: velocity resolution at the redshifted 21-cm line frequency. Column 5: unsmoothed spectral rms. Column 6: full width between
nulls (FWBN) of the absorption profile. Column 7: flux density used to normalize the spectrum. Column 8: Velocity integrated optical depth.
Column 9: column density estimated assuming 7; = 100 K and f, = 1. Column 10: optical spectroscopic classification.
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Fig. 7. Comparison of LERG fractions between the BH12 (Best &
Heckman 2012) and MALS samples, evaluated within two redshift
bins. Horizontal error bars denote the width of each redshift bin, while
vertical error bars represent the binomial uncertainties on the derived
fractions.

in the absorption profiles were quantified using the parameter

| T s = ([ 7 dv)re
A, =
([ Tdv)rora

; 2

where ( f T7dv)ge and ( f Tdv)geq represent the velocity-
integrated optical depths of the profile blueward and redward of
Vpeak» respectively. Normalization by the total integrated optical
depth, ( f T dv)Toral, allows a uniform comparison across profiles
with varying strengths. This formulation is mathematically anal-
ogous to the 1D profile asymmetry metrics commonly employed
in HI emission studies to quantify spectral lopsidedness (e.g.,
Hank et al. 2025; Perron-Cormier et al. 2025). The first three
panels of Fig. 9 present the distributions of FWBN, |Vea| and
A, as a function of L 4gn, over 10*2 W Hz~'. Kendall-tau
correlation tests show no significant trends among these param-
eters. This is consistent with an earlier finding of Deka et al.
(2024a) in a sample of 19 H1 21-cm absorbers associated with
radio galaxies (Lj4gn, > 10°° WHz™!"). Similarly, no signifi-
cant correlation is observed between Ve, and A, (Fig. 9, last
panel). Among LERGs, we find a wide range in A, (0.07-0.65)
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and significant velocity offsets from ze,, (>350 kms™'), indica-
tive of kinematically disturbed absorbing gas, possibly driven by
jet-ISM interaction. This is consistent with studies of more pow-
erful (L; 4gu, ~ 102-10%° WHz™ 1) and lower-redshift (z < 0.2)
HERG and LERG samples (e.g. Glowacki et al. 2017; Chan-
dola et al. 2020). Due to the single HERG detection in our
sample, a robust kinematic comparison between the two classes
is currently not feasible. Additionally, none of our five direct
HT detections required broad optical emission-line components
indicative of ionized outflows, preventing a direct multiphase
comparison between unsettled ionized gas and HI properties.

3.1.2. Radio morphology

Radio morphology may provide a further insight into the ori-
gin of the observed H1 kinematics. Two notable examples are
the LERGs J0943—-0004 and J1455+0441. In both cases, the
radio emission is extended and the absorbing gas appears to
be “infalling” relative to the systemic redshift. The MALS
image of J0943-0004 displays a dominant “core” and dif-
fuse lobes spanning ~47 kpc, with the absorption against the
radio core. The optical spectrum of this source exhibits double-
peaked [O 111] 4144959, 5007 emission lines symmetrically dis-
placed around the systemic redshift, which is a strong indicator
of ongoing merger activity or a dual AGN (Dutta et al. 2019).
Furthermore, Pan-STARRS images (Fig. C.1) reveal a nearby
companion galaxy at a projected separation of ~5” (~30 kpc).
Therefore, the observed infalling gas in J0943-0004 is likely
merger-driven, with the interaction funneling gas toward the cen-
ter (e.g., Barnes & Hernquist 1991, 1996; Hopkins et al. 2006). In
contrast, the absorption toward J1455+0441 is detected against a
hotspot located asymmetrically near the AGN. This potentially
represents gas associated with a faint companion galaxy.

For the remaining three cases, the radio emission is unre-
solved at the MALS angular resolution. However, at VLBI
scales, J0228—-0107 reveals two components at 4.4 GHz, but
it is unclear whether these represent a core-jet structure or a
pair of lobes. J1010—1539 exhibits a core-jet morphology at
4.8 GHz, while J1117-0235 shows a complex morphology with
multiple components possessing steep spectral indices based on
images at 4.8 and 2.3 GHz. Both J0228—-0107 and J1117-0235
show well-detached, blueshifted absorption components. In fact,
the bulk of absorption in the five sources is completely blue
or redshifted. Future VLBI spectroscopy and high-resolution
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Fig. 8. The radio continuum images (left) and normalized absorption profiles (right) for the five sources listed in Table 4. The zero velocity
corresponds to the optical redshift (z.,,). Cyan contour levels at nx [-1, 1, 2, 4, 8, 16, ...]) represent the background continuum near the redshifted
21-cm line frequency. The corresponding n values and the image frequency are provided within the respective panels. Red contours denote the
highest-resolution MALS L-band images (1643.0 MHz), with n values of 0.5, 5, 1.5, 4, and 0.3 mJy beam™!, respectively. Filled cyan and red
ellipses (bottom left) indicate the restoring beams for the background and high-resolution images, respectively. Spectra were smoothed with a
3-pixel Boxcar and decimated by a factor of two. Shaded velocity ranges correspond to the integrated optical depth ( | 7 dv) values listed in Table 4.
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measures the asymmetry of the line profile, and |V .| represents the shift of the absorption peak from z,,,. The median uncertainty in logL; 46,

is 0.003 dex, and is not visible at the scale of the figure.

Table 5. Detection rates for the MALS and Maccagni et al. (2017) samples.

Optical depth ~ Number of* Number of**  Percentage ~ Number of* Number of**  Percentage ~ Number of* Number of**  Percentage
cutoff (kms™')  sight lines Detections sight lines Detections sight lines Detections
MALS sample: 79 LERGs, 20 HERGs

HERGs LERGs \ combined
0.1 2 1(1) 50730 (50+30 2 2(0) 10079 (0%92) 4 3(1) 7523 (25438
0.2 2 1(1) 50*50 (5030) 3 2(0) 67m (0*61) 5 3(1) 60*40 (20+4
0.3 3 1(1) 3""7 (33*H 4 1(0) 51’;21‘ (Oj“") 7 2(1) 9"38 (14433
0.5 4 1(1) 25*58 (25438 4 1(0) 25438 (Ojgﬁ) 8 2(1) 25?2 (13t29)
1.0 5 1(1) 20*46 (2074 7 0(0) 0+26 (0720) 12 1) 810 (8*19)
5.0 14 1(1) 7+‘° (7+“'>) 50 2(2) 4+i (4+5) 64 33) 5+5 (54
10.0 18 1(1) 6“3 (6”3 68 2(2) 3*4 3 86 303) 3*3 (33)

Maccagni et al. (2017) sample: 170 LERGs, 15 HERGs

0.1 2 1(1) 50730 (50730 7 3(3) 4342 (43122 9 4 (4) 443 (4443
0.2 3 1(1) 3*67 (33%9] 14 7 (6) 0*27 43+39) 17 8 (7) 7*22 “1%22
0.3 4 2(2) 50*52 (5039 21 7 (6) 33“_’}2 (29jﬂ) 25 9(8) 36%15 (32719
0.5 8 4(4) 5040 (50140 54 13 (10) 24*9 (19*%) 62 17 (14) 278 (23+% )
1.0 12 44) 33*26 (33+2° 117 25 (22) 2143 (19%) 129 29 (26) 23*5 20%)
5.0 15 3(3) 0+2° (20%20) 168 25 (21) 15%5 (13%3) 183 28 (24) ij‘ (13’:3)
10.0 15 22) 13t18 (13t18) 170 13 (12) 8*3 (7*3) 185 15 (14) 8*3 (83)

Notes. The bracketed values represent absorbers with an integrated optical depth S/N > 8 (details in Gupta et al. 2025). The Poisson uncertainties in

the detection rates were estimated following Gehrels (1986). Both samples are scaled to a common velocity resolution of 20 kms™!
optical depth sensitivities were calculated assuming a Gaussian line with FWHM =20 kms™!. *

depth sensitivity better than optical depth cutoff; **

molecular line observations will be essential to reveal the origin
of the absorbing gas (see Combes & Gupta 2024).

3.2. Statistical properties

The search within +2000kms~! of the redshifted H1 21-cm line
frequency yielded five detections from the sample of 99 radio
loud AGNs (79 LERGs and 20 HERGs). This corresponds to a
detection rate of ~5%, uncorrected for completeness or the vary-
ing optical depth sensitivity across the spectra. The associated
absorbers generally exhibit broad line widths of ~100kms™!,
though their widths span a wide range where narrow lines
(FWHM~20km ") are also occasionally observed (e.g., Gupta
et al. 2006; Maccagni et al. 2017; Aditya & Kanekar 2018b).
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and integrated
number of sight lines with a 3¢~ integrated optical

number of detections with f 7 dv > optical depth cutoff.

Based on the completeness analysis in Gupta et al. (2025, their
Fig. 7), the completeness fraction for injected absorbers with o
= 8kms™! (FWHM ~ 18.9kms™') at peak S/N > 6 (integrated
S/N > 8) is near-unity. Notably, four of the five detections
reported here have an integrated S/N > 8; the exception is
J0943-0004 (integrated S/N = 4). Adopting 20km s~ as line
width for nondetections, we estimate detection rates for a range
of 3¢ integrated optical depth cutoff limits over 0.1-10kms™!
(see Table 5). Throughout this section, the uncertainties on
the detection rates represent Poisson errors calculated follow-
ing Gehrels (1986). Clearly, the detection rates for HERGs and
LERGS agree within uncertainties.

Fig. 10 (top row) shows optical depth measurements ver-
sus 1.4 GHz luminosity and redshift for the MALS sample.



Deka, P. P, et al.: A&A, 713, A319 (2026)

] poof12 ] h F12
- 1 F - I r |
Enl ! i [ 1 y S
. i 3 i L~
] | -8 ! r8 o
g 41 R 4- o
g by : 1 J:{ A 32
N et } 9
L% R $-p-rdtd- h -4 B i—*l- ----------------- rd X
R ¥ *ﬂ Lof ' g0 v: T
of * 4 i wio o vo¥y v v g 2
0.1 02 03 04 05 21 22 23 24 25 26 27
1 i 512 1 Non detection LER(IS :'12 ~
67 : : 61 v Detection LERG : '
7 i 1 1 Non detection HERG g
v i r 8 1 v Detection HERG 3 8 ;T
4 I F . 1 F [
4. Y i g
s A A L
824 W r 2 - i N
~ v J,:VVJ' v& v L 1 v ﬁy& [ =
— il ﬁ ; vy - Z
I 3 SRR v v /o N [ J i 7o BVE 2 Y A [
0 Qﬁ\v_ﬁz i L0 0 AL AN o
01 02 03 04 05 ‘21 22 23 24 25 26 27

z

log Ly a6H, (W Hz™1)

Fig. 10. Top row: MALS sources. Bottom row: 185 (170 LERGs, 15 HERGs) sources from Maccagni et al. (2017). The legends are the same across
all panels. Vertical and horizontal dashed lines are median values. For better visibility 22 MALS sources (19 LERGs, 4 HERGs) are excluded from

the panels with fT30. dv>7kms™".

Splitting the sample at the median, the detection rates for
the cutoff f T3,dv < 10 kms™' in the low and high bins

are: Lyscn, — 2.3773% (1/43) and 9.3*]3% (4/43); redshift —

4.6*$1% (2/43) and 7.07$3% (3/43). While consistent within
uncertainties, notably there is a skew in detections toward high
L;.4cuz. The high-L; 4y, bin is significantly (>30) more sensi-
tive (median f T, dv = 2.1 kms~! versus 4.2 kms™! in the low
bin), and accounts for 4/5 detections.

The bottom row of Fig. 10 shows measurements from the
survey by Maccagni et al. (2017) using the Westerbork Synthe-
sis Radio Telescope (WSRT). These measurements have been
scaled uniformly for a velocity resolution of 20kms~!. Before
the comparison, we note that the WSRT survey comprised
pointed observations of preselected bright sources (>30 mly) at
0.02 < z < 0.25, typically reaching a 30 optical depth sensi-
tivity of 1% per channel width (16kms™'). They reported an
overall detection rate of 27 + 6%. MALS, as an untargeted sur-
vey, provides a representative sample down to much fainter flux
densities (4 mJy) but at a lower overall sensitivity. To enable a
comparison between these two surveys with different sensitivi-
ties, detection rates for a range of optical depth sensitivities are
provided in the bottom half of Table 5 (see also Fig. 11). Our
3-5% detection rate for a high-t population ( f 7dv > 5kms')
is consistent with the detection rate of Maccagni et al. (2017).
This implies no significant redshift evolution in the properties of
cold gas as probed by HI 21-cm absorption. Notably, when the
two samples are matched in 1.4 GHz luminosity and f T3¢ dv,
the overall detection rates are 8.3fé?9'2% (1/12) in MALS sample

and 20.82‘:;%(30/ 144) in Maccagni et al. (2017) sample, which
are again consistent within the uncertainties.

Murthy et al. (2021) detected H1 absorption in 19% of
26 radio loud AGNs at 0.25 < z < 04 with the JVLA.
Their sample was drawn exclusively from the bright, high-
power end of the radio luminosity function (400-800 mJy; >
25.7 W Hz™"). To ensure consistency with their reported sensitiv-
ities, we smoothed the MALS spectra to a velocity resolution of
50kms~!. Although the MALS and VLA samples have similar
redshift distributions (KS test, p value = 0.12), they differ signif-
icantly in radio luminosity (p value = 4.2 x 107!%). The VLA
sample, as expected, is significantly more luminous (median
logL;4 gu, (W Hz™ ') = 26.02) compared to the MALS sample
(median log L, 4 gu, (W Hz™!) = 24.64). Nevertheless, the detec-
tion rates are consistent within uncertainties across all optical
depth thresholds over the luminosity range log L1 4 gu, (W Hz ™)
~21.1-27.0. For instance, at f‘rg(, dv < 5kms~!, the detection

rates are 6.47$2% and 15.39*122% for MALS and VLA sam-
ples, respectively. This further reinforces our finding that H1
21-cm detection rates show no significant dependence on either
1.4-GHz radio luminosity or redshift. Notably, Murthy et al.
(2021) found no evidence of fast H1 outflows (>1000kms™").
Our two blueshifted detections show moderate velocity offsets
rather than extreme broad-wing outflow signatures. This uni-
form absence of fast atomic gas across both power regimes leaves
open the fundamental question of why neutral outflow velocities
do not scale with jet power. Future multifrequency data includ-
ing high-resolution VLBI spectroscopy are needed to investigate
how different factors including both intrinsic (such as jet ener-
getics, the balance between kinetic and radiative feedback, the
relative distribution of the gas with respect to the jet, source
size, evolutionary stage, etc.) and extrinsic (e.g., sensitivity
issues, orientation relative to the observer’s line of sight) factors
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Fig. 11. L, 4 gu, versus z at z < 0.5 for MALS HERGs and LERGs,
Gupta et al. (2006), WSRT (Maccagni et al. 2017), and JVLA (Murthy
et al. 2021) samples. Filled and open symbols represent H1 detections
and nondetections, respectively. Other literature sources shown for con-
text include Glowacki et al. (2017); Chandola & Saikia (2017); Allison
et al. (2012); Aditya & Kanekar (2018a,b); Chandola et al. (2020);
Murthy et al. (2022). The shaded region denotes the MALS L-band
search space, where the lower boundary corresponds to the 4 mJy flux
density limit and the upper boundary represents a 2 Jy arbitrary flux
density limit.

collectively govern the launch and detection of high-velocity
neutral outflows (see Morganti 2017).

In comparison with the higher-redshift (0.4 < z < 1.0)
First Large Absorption Survey in H1 (FLASH; Allison et al.
2022; Aditya et al. 2024; Yoon et al. 2025), applying the exact
observational cuts of Aditya et al. (2024) ( f T3, dv <

9.08 kms™') yields a MALS detection fraction of 3/56
(5.4*33%), which is consistent with their reported 1.8*19%.
However, this direct comparison is limited by sample dispari-
ties, as the current sample probes lower redshifts and lower radio
luminosities with a strict focus on LERGs and HERGs, whereas
Aditya et al. (2024) targets higher-luminosity AGNs in general.

4. Summary

We presented results from a search for cold neutral gas associ-
ated with radio-loud AGNs at z < 0.5, which spans ~36% of
cosmic history, using HT 21-cm absorption line measurements
from MALS. We crossmatched the MALS DRI radio continuum
catalog at 1006 MHz with the SDSS DR 18 spectroscopic catalog
to identify 1908 radio sources, of which 681 were classified as
AGNSs using BPT diagnostics and the Ha versus 1.4 GHz radio
luminosity criterion. Optical emission-line fluxes were measured
using the GELATOV2.5.2 software, and multiple line-ratio diag-
nostics combined with REWs of [O 111]A5007 were used to
classify 426 of these AGNs into 327 LERGs and 99 HERGs. The
LERGs showed significantly redder (>30) k-corrected g — r opti-
cal colors, consistent with being hosted by older, more massive
galaxies with suppressed star formation. The HERGs exhibited
slightly steeper median radio spectral indices, reflecting a higher
prevalence of FRII-type, lobe-dominated morphologies. When

A319, page 12 of 19

matched with the Best & Heckman (2012) catalog in 1.4 GHz
luminosity bins, no statistically significant redshift dependence
in the overall LERG fraction was found.

We searched for H1 21-cm absorption in a radio-bright sub-
sample of 99 AGNs (79 LERGs, 20 HERGs) with peak flux
densities S|46u, > 4 mly, and reported five new detections
(four LERGs and one HERG). The sample spanning nearly six
decades in radio luminosity (logL; 4GH, (W Hz™!) ~ 21.1-27.0),
reaching luminosities an order of magnitude fainter than previ-
ous targeted H 1 absorption surveys. After accounting for varying
optical depth sensitivities and the survey completeness, the over-
all detection rate was 33% at a 30 integrated optical depth

sensitivity threshold of 10.0 kms~!'. Comparison with the lower-
redshift (z < 0.25) survey by Maccagni et al. (2017), matched in
radio luminosity and integrated optical depth sensitivity, yielded
consistent detection rates, suggesting little to no redshift evo-
lution in the incidence of cold atomic gas out to z ~ 0.5. A
comparison with the VLA survey of Murthy et al. (2021), which
targeted significantly more luminous radio sources (Lj4cy, ~
1027 — 10%5 WHz™!) over a similar redshift range, yielded
consistent detection rates across all optical depth thresholds,
implying no significant dependence of the HI 21-cm detection
rate on 1.4 GHz radio luminosity across log L 46, (WHz™")
~21.1-27.0.

The five absorbers exhibited complex and disturbed gas
kinematics. In three systems the absorption was entirely red-
shifted relative to the systemic velocity, indicative of inflow-
ing gas. In J0943-0004, the merger-driven origin of infalling
gas is supported by the evidence of a nearby companion
galaxy and double-peaked [O 111]214959,5007 emission line. In
J1455+0441, the absorption occurs asymmetrically against a lobe
hotspot, potentially tracing gas from a faint companion galaxy at
a projected distance of ~150 kpc from the core. In two systems,
J0228-0107 and J1117-0235, the absorption is fully or predom-
inantly blueshifted, indicating potential gas outflows that cannot
be unambiguously attributed to specific jet-driven phenomena
due to complex radio morphologies compounded by the limited
availability of multifrequency VLBI data. H1 profiles associ-
ated with LERGs display a wide range of asymmetries (A, =
0.07-0.65) and velocity offsets exceeding 350km ™!, indicative
of cold gas disturbed by jet-ISM interactions or lobe expansion,
consistent with findings from lower-z samples (e.g. Glowacki
et al. 2017; Chandola et al. 2020). The single HERG detec-
tion precludes a rigorous kinematic comparison between the two
accretion modes. This limitation underscores the need for a sub-
stantially larger population of detections across both classes to
statistically link HT kinematics with the underlying accretion
states. Future work will extend this study to the full MALS AGN
sample and to SF galaxies by combining MALS with upcoming
spectroscopic releases from DESI (DESI Collaboration 2026)
and 4MOST surveys (e.g., de Jong et al. 2019; Krogager et al.
2023).

Data availability

The full Table B.1 is available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/713/A319.
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Appendix A: Representative optical spectra and
Diagnostic framework

In this section, we present representative fits to the optical
spectra performed with GELATO and describe the diagnostic
framework used to classify AGNs.

An AGN may be classified as LERG or HERG based on the
set of five diagnostics listed in Section 2.5. For each diagnostic,
we define a confidence measure C depending on following three
factors, f;, with |f;| € [0, 1]:

1. Line Quantity Factor (f}): This reflects the number of emis-
sion lines used in the classification,
_ ]v]ines - N, min
=
N max — N min
where Npax = 6 and Ny, = 1.

2. S/N Factor (f>): This accounts for the minimum S/N used
among the lines,

f !

" T+ expl—k1(S/Npin — S/No)I”

with S/N, = 3 as a reference threshold and we assume k; =
2, that controls the steepness of the function.

3. Distance from Boundary (f3): This measures distance of
the source in the units of uncertainty from the diagnostic-
specific segregation boundary,

1

f

" T+expl—k(A- D]’
where A = |x — xq4;y|/0 and steepness parameter k, = 2.

The confidence measure, C, for a diagnostic is the weighted aver-
age of f;’s with weights w; as C =, w; f;, where i = 1,2 and 3. We
assume equal weights, w; = w, = w3 = 3,10 assign equal impor-
tance to all three factors. We assign a negative sign for LERGs
and a positive sign for HERGs. Each diagnostic is also assigned
a reliability factor R € [0, 1]. The final significance (S) for the
classification of a source is then calculated as,

S = o ki G (A.D)
LR '

The El-based diagnostic (Diagnostic 1) is inapplicable
to AGNs with broad Balmer components (Buttiglione et al.
2010). Therefore, to identify optimal weights, we used 433
narrow-line AGNs (Table 1). A sequential application of these
diagnostics identifies: 11 HERGs and 21 LERGs (Diagnostic
1), 10 HERGs and 22 LERGs (Diagnostic 2), 27 HERGs
and 107 LERGs (Diagnostic 3), 10 HERGs and 8 LERGs
(Diagnostic 4),and 13 HERGs and 147 LERGs (Diagnostic
5). Clearly, more objects are classified as subsequent less strin-
gent diagnostics are used. In total, 376 out of 531 AGNs get
classified using at least one diagnostic method in to 70 HERGs
and 306 LERGs.

In comparison to the above, adopting uniform weights (R; =
1), implying no preference for any diagnostic, we get 60 HERGs
and 236 LERGs. However, to better align with sequential classi-
fication used in the literature, we adopted R} = 1, R, = R3 = 0.9,
R4 = 0.8 and Rs = 0.5. The distribution of significances are
shown in Fig. A.l. This yields 68 HERGs and 308 LERGs,
with a few notable exceptions highlighting the objectivity of
our approach. For example, J091103.75+191752.0 — was initially
classified as a HERG based solely on [O 111] REW 0f 9.5 +0.8 A,
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Fig. A.1. Distribution of significance scores (S) for LERG and HERG
classification. The cyan-filled histogram represents equal weights (R; =
1), while the red-hatched histogram shows the distribution using the
diagnostic-specific weights— Ry = 1, R, = R3 = 0.9,R, = 0.8, and Rs =
0.5.

but our final significance score (S ~ —0.21) correctly identifies
it as a LERG (see also last paragraph of Section 2.5).

It is particularly intriguing to test the classifications of
160 AGNs initially categorized using only weak-line diag-
nostics of Cid Fernandes et al. (2010) (Diagnostic 5).
To facilitate this, we lowered the line flux S/N threshold
to 1 to incorporate additional diagnostics where possi-
ble. For 10 sources — J101133.55+1558129 (S ~ -0.20),
JO012858.28+141337.7 (S ~ -0.25), J001450.80+082545.0
S ~ -=0.20), J002205.85+060317.1 (S ~ -0.14),
JO010531.54+045309.9 (S ~ -0.23), J130746.13+080108.1
S ~ =0.17), J083821.14+034405.7 (S ~ -0.19),
J230225.22+055418.2 (S ~ —0.39), J092728.26+020438.6
(§ ~ —0.37), and J225804.30-102143.7 (S ~ —-0.43) — the
resulting significance scores indicated a different classification
than before.
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Fig. A.2. Representative spectra classified
sub-panel shows the SDSS spectrum (gray)
shows the residuals, normalized by error.
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via the EI (Diagnostic 1), showing a HERG (Top) and LERG (bottom). In each panel, the upper
, the GELATO fit (red), and the positions of emission-line components (Table 1). The lower sub-panel
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Fig. A.3. Representative spectra classified using the diagnostic diagrams from Kewley et al. (2006) (Diagnostic 2). J083550.68+033455.8 is a
HERG (top), while J162132.50+000036.8 is a LERG (bottom) — both classified using the [O 111]/HB versus [S 11]/Ha diagnostic given in the text.
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Fig. A.4. Representative spectra of a HERG (top) and a LERG (bottom), classified based on the [O111] 45007 rest-frame equivalent width
(Diagnostic 3).
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Fig. A.5. Representative spectra classified using the diagnostic diagram from Cid Fernandes et al. (2010) (Diagnostic 5). A HERG spectrum
(top), while a LERG spectrum (bottom) — both classified using the [O 111]/He versus [N 11]/Ha diagnostic given in the text.
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Appendix B: MALS-SDSS sample

Table B.1 presents the first 10 rows of the MALS-SDSS sample of 1300 sources. Of these, 426 are classified into LERGs (327) and
HERGS (99), with the full list available at the CDS.

Table B.1. MALS-SDSS sample classified into SF galaxies, composite galaxies, and AGNs (LERGs and HERGs).

Source MALS RA MALS DEC z Siacnz logLiscu,  Class S Spectroscopic Class
(deg) (deg) (mly) (WHz™)
(D @) 3 ) 5 (6) @) (®) (&)
J000002.61+200307.3 0.01091 20.05205 0.279 0.7 23.33 COMP — -
J000334.74—-050307.4 0.89476 -5.05208 0.499 1.8 24.22 AGN - -
J000337.42—-053401.6 0.90595 -5.56711 0.396 3.1 24.21 AGN - -
J000432.52—-045650.9 1.13554 —4.94748 0.243 13.7 24.37 AGN - -
J000449.86+174303.4 1.20777 17.71763 0.446 1.7 24.07 AGN -0.17 LERG
J000519.61-050810.3 1.33174 -5.13622 0.241 3.1 23.71 AGN - -
J000747.87+165900.9 1.94949 16.98359 0.403 6.3 24.57 AGN - -
J000756.44+175635.5 1.98517 17.94320 0.453 3.8 24 .44 AGN 0.84 HERG
J001218.32+084415.2 3.07634 8.73757 0.261 1.5 23.29 AGN - -
J001237.48+084353.7 3.15620 8.73159 0.165 22.4 24.23 AGN - -

Notes. Column 1: MALS-SPW?2 source ID. Column 2 — 3: MALS right ascension and declination, both in degrees. Column 4: SDSS spectroscopic
redshift. Column5: flux density at 1.4 GHz in mJy. Column 6: log radio luminosity at 1.4 GHz. Column 7: classification into AGN, SF, and
composite (COMP) systems, Column 8: Significance score as defined in equation A.1. Column 9: Optical spectroscopic classification.

Appendix C: Optical images of AGN with 21-cm absorption detections

Fig. C.1 shows optical color composite (g, r, i) images from Pan-STARRSI for the five sources displaying associated H1 21-cm
absorption (Table 4).

Dec (ICRS)
Dec (ICRS)
Dec (ICRS)
Dec (ICRS)

2028m38 37 36° 35° 9743%21° 20° 19° 18°

o~
10710726 3 205 s 118170380 37 36° 35°
RA (ICRS) RA (ICRS) RA (ICRS) RA (ICRS) RA (ICRS)

14"55m58° 57 56°

Fig. C.1. From left to right: J022836.49-010720.8, J094319.09-000423.7, J101024.28+153929.9, J111736.77-023544.0, and J145556.40+044150.0.
The radio contours match the cyan contours shown in Fig. 8, while the ‘+’ marks the mean radio source position.
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