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ABSTRACT

We present 150 MHz, 1.4 GHz, and 3 GHz radio imaging (LoTSS, FIRST and VLASS) and spatially resolved
ionized gas characteristics (SDSS IV-MaNGA) for 140 local (z < 0.1) early-type “red geyser” galaxies. These
galaxies have low star formation activity (SFR ~ 0.01 M yr™!), but show unique extended patterns in spatially-
resolved emission line maps that have been interpreted as large-scale ionized winds driven by active galactic nu-
clei (AGN). In this work we confirm that red geysers host low-luminosity radio sources (L 4gu, ~ 1022WHz ™).
Out of 42 radio-detected red geysers, 32 are spatially resolved in LoTSS and FIRST, with radio sizes varying
between ~ 5—25 kpc. Three sources have radio sizes exceeding 40 kpc. A majority display a compact radio
morphology and are consistent with either low-power compact radio sources (“FR0O” galaxies) or “radio-quiet
quasars”. They may be powered by small-scale AGN-driven jets which remain unresolved at the current 5”
resolution of radio data. The extended radio sources, not belonging to the “compact’ morphological class,
exhibit steeper spectra with a median spectral index of —0.67 indicating the dominance of lobed components.
The red geysers hosting extended radio sources also have the lowest specific star formation rates, suggesting
they either have a greater impact on the surrounding interstellar medium or are found in more massive halos
on average. The degree of alignment of the ionized wind cone and the extended radio features are either 0° or

90°, indicating possible interaction between the interstellar medium and the central radio AGN.

Keywords: Radio-quiet active galactic nuclei — galactic outflows — radio jets

1. INTRODUCTION

Active galactic nucleus (AGN) feedback has been proposed
to be one of the most efficient ways to quench star forma-
tion and help maintain quiescence in massive galaxies and
evoked to explain the enormous increase in the number of red
galaxies since z ~ 2. AGN feedback is often described as oc-
curring in two different modes: “quasar” or “radiative” mode
and “maintenance” or “radio” mode (Fabian 2012; Morganti
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2017; Harrison et al. 2018). The “quasar” mode feedback,
ushering in a rapid quenching phase during the early stage
of a galaxy’s lifetime, is associated with radiatively efficient
luminous AGN or massive quasars. They release enormous
amounts of energy to their surroundings via radiation from
the accretion disk and drive powerful gas outflows that may
remove gas altogether from the galactic potential well (Cat-
taneo et al. 2009; Fabian 2012). On the other hand, the “ra-
dio” mode feedback, predominant during the late stages of
evolution, is thought to be powered by low to moderate lu-
minosity AGN which are radiatively inefficient and accreting
at a low rate. They deposit most of their energy to the sur-
rounding medium via radio jets or winds, heating the gas and
suppressing star formation (Binney & Tabor 1995; Ciotti &
Ostriker 2001; Croton et al. 2006; Bower et al. 2006; Ciotti &
Ostriker 2007; Ciotti et al. 2010; McNamara & Nulsen 2007;
Cattaneo et al. 2009; Fabian 2012; Heckman & Best 2014).
The radio mode feedback process has been directly observed
in galaxy groups and clusters (McNamara & Nulsen 2012).
Evidence for maintenance mode feedback in typical passive
quenched galaxies (halo mass < 10'*> M) have been rare.
A few large-scale statistical studies of the local radio AGN
population (Hardcastle et al. 2019) and studies of individual
galaxies showing radio AGN-driven outflows (Morganti et al.
2005; Nesvadba et al. 2008) seem to suggest that the jet me-
chanical energy derived from the radio luminosity is enough
to counterbalance the radiative loss of the hot gas and prevent
cooling.

Low redshift integral field spectroscopy from the Sloan
Digital Sky Survey-IV (SDSS-IV) Mapping Nearby Galax-
ies at Apache Point Observatory (MaNGA) survey (Bundy
et al. 2015) has recently revealed an interesting population
of moderate mass (log M,/ Mg ~ 10.5), red and quenched
(NUV — r > 5) galaxies that may be useful in this regard.
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Known as “red geysers”, these passive early-type galaxies
possess unique optical emission and kinematic properties sig-
nalling galactic scale centrally-driven outflows (Cheung et al.
2016; Roy et al. 2021a). The large scale winds of ionized
gas, evident from the spatially resolved gas kinematics (Roy
et al. 2021a), aligns with a distinctive bi-symmetric enhance-
ment in the spatial distribution of ionized gas, i.e. in Ha,
[OII] and [NII]. The observed ionized gas, traced by emis-
sion lines, is possibly ionized by post asymptotic giant branch
(AGB) stars with some contribution from shocks, as evident
from a combination of low ionization nuclear emission line
regions (LINER) and Seyfert-like line ratios in spatially re-
solved BPT (Baldwin, Phillips & Terlevich, Baldwin et al.
1981) diagrams (Cheung et al. 2016; Roy et al. 2021a). Us-
ing the Keck Echelette Spectrograph and Imager (ESI) instru-
ment, we obtained high spectral resolution observations (R ~
8000 compared to 2000 in MaNGA) in two representative red
geysers and found a systematic variation in the asymmetry of
the emission line profiles. Roy et al. (2021a) showed that the
observed nature and the magnitude of asymmetry along with
increased gas velocity dispersion are consistent with line-of-
sight projections through a broad conical outflow. In addition,
Cheung et al. (2016) performed detailed dynamical model-
ing of gas and stellar kinematics and concluded that the ob-
served ionized gas velocities are too high to be in gravitation-
ally bound orbits and can only be explained by an outflow-
ing wind. These galaxies show very low star formation activ-
ity with average log SFR (Mg, /yr) ~ —2 using simultaneous
SED fitting of GALEX+SDSS+WISE (Salim et al. 2016) and
present no visible signatures of dust lanes from ground based
imaging.

For a prototypical red geyser, Cheung et al. (2016) showed
that the host galaxy has a radiatively-inefficient supermas-
sive black hole which was detected as a central radio point
source. Roy et al. (2018) extended that analysis and used
the Very large Array (VLA) Faint Images of the Radio Sky
at Twenty-Centimeters (FIRST, Becker et al. 1995) survey
to measure stacked 1.4 GHz radio continuum flux from the
entire red geyser sample. The study revealed that red gey-
sers have significantly higher (> 5¢) radio continuum flux (in
the stacked sample) and a three times higher radio-detection
rate compared to the control samples. Roy et al. (2018) con-
cluded that the red geysers host low-luminosity radio AGNs
(L aguz ~ 1022102 W /Hz) which are energetically capable
of driving sub-relativistic winds consistent with the MaNGA
observations. Additionally Roy et al. (2021b), discovered
a significant amount of cool gas (average Moo ~ 108 Mg)
traced by sodium doublet absorption (NaD) in the red geyser
sample, especially in those which are radio-detected accord-
ing to FIRST. The spatial distribution of the cool gas lies spa-
tially offset from the warm ionized gas component, as traced
by Ha. The absorption line kinematics are observed to be
redshifted on average (~ 40—50 km s™') in about 86% of
the radio red geysers, implying that the detected cool gas is
inflowing into the galaxy and is possibly associated with fu-
elling the central radio AGN. The lack of any detectable star
formation, the association with low luminosity radio-mode
active galactic nuclei (Roy et al. 2018), signatures of large
scale (~ 10 kpc) ionized wind (Roy et al. 2021a) and their
relatively high occurrence rate on the red sequence (5-10 %,
Cheung et al. 2016), make the red geysers a promising candi-
date for “maintenance” or “radio-mode” feedback in typical
quiescent galaxies.

While feedback from high luminosity radio-loud AGN, ra-
dio galaxies and radio Mpc-scaled jets have been extensively
discussed and studied, feedback from low-luminosity radio
AGN is less well understood. However recently, there have
been a growing number of studies of the radio properties and
morphology of “radio-quiet” sources and their relation with
radio-mode AGNSs hosting small scale jets that do not extend
beyond the host galaxy. For example, Jarvis et al. (2019) pre-
sented 1-7 GHz high resolution radio imaging (VLA and e-
MERLIN) for ten z<0.2 type-2 quasars which host ionized
outflows based on broad [OIIl] emission-line components.
These “radio-quiet quasars” (RQQ) have low-to-moderate ra-
dio luminosities (log[L 46u,/W Hz '] < 24.5), exhibit ex-
tended radio structures in the scale of 1—25 kpc, and are con-
sistent with being low power compact radio galaxies. The
small-scale radio jets seem to be associated with ionized gas
outflowing regions, indicating jet-interstellar medium (ISM)
interaction on galactic scales (similar to Venturi et al. 2021).

Capetti et al. (2019), on the other hand, explored the low-
frequency (150 MHz) radio properties of similar compact
low-luminosity (log[L;somu./ W Hz '] < 22.5) radio AGN
sources, known as Fanaroff-Riley class 0 (FRO), associated
with nearby (z < 0.05) massive early-type galaxies. FRO
sources are typically unresolved with sizes < 3—6 kpc and
a few outliers showing a jetted morphology extending beyond
20 kpc. This class of sources represents the low end in size
and radio power of small-scale AGN-jet population. Another
set of “galaxy-scale jets” (GSJ) from 195 radio galaxies has
been discovered by Webster et al. (2021) using LOFAR Two
Metre Sky Survey (LoTSS, Shimwell et al. 2019). The ra-
dio emission from the GSJs extends to no larger than 80 kpc
and are small enough to be directly influencing the evolu-
tion of the host galaxies. Baldi et al. (2018b, 2021) studied
high resolution (< 0.2”) 1.5 GHz radio images for local ac-
tive (LINERs and Seyferts) and inactive (HII and Absorption
line galaxies) galaxies using e-MERLIN array. Investigating
their radio morphology, they observed mostly radio cores with
about one third of the detected sample featuring ~ 1 kpc-scale
radio jets. They concluded that the galaxies with LINER nu-
clei harbor radio sources which are scaled-down version of
the FRI radio galaxies. Finally Panessa et al. (2019) has ex-
plored a wide range of possible mechanisms to understand the
driver of the radio-quiet sources, starting from star formation,
AGN driven winds to free-free emission from photo-ionized
gas and the innermost accretion disc coronal activity.

Red geysers emerge as an interesting class of ETGs to
study in the context of AGN-jet ISM interaction because they
host low luminosity radio sources, exhibit suppressed star for-
mation and show signatures of centrally driven outflows in
ionized gas signatures. In this work we present the multi-
frequency radio observations of 42 radio detected red geyser
galaxies with 3 GHz using Very Large Array Sky Survey
(VLASS, Myers & VLASS Survey Team 2018), 1.4 GHz
using FIRST and 150 MHz using LoTSS survey. Using a
combination of radio and optical observations, we confirm
that the observed radio emission is associated with radio mode
AGN rather than star formation. We also investigate the spa-
tial extent, morphology and spectral index of the radio emis-
sion from red geysers and explore the radio — ionized outflow
connection. In §2, we report the red geyser sample and its
unique identifying features. In §3 we describe the radio and
optical surveys used in this analyses. In §4, 5 and 6 we present
our results, which we then discuss in §7. We summarise our
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conclusions in §8.

Throughout this paper, we assume a flat cosmological
model with Hy =70 km s~ Mpc™!, ©,, =0.30, and 25 =0.70,
and all magnitudes are given in the AB magnitude system.

2. SAMPLE SELECTION: RED GEYSERS

This study of red geyser galaxies builds upon a series of pa-
pers in which we presented observations from radio (FIRST)
and spatially resolved optical spectroscopic data (from SDSS-
IV MaNGA survey and Keck ESI instrument) for a smaller
sample of 84 red geysers. Cheung et al. (2016); Roy et
al. (2018, 2021a) and Roy et al. (2021b) have shown that
the red geysers are passive ETGs lying in the red sequence
(NUV =r > 5) with ample amount of ionized and neutral gas
present and they exhibit signatures of kpc-scale ionized winds
driven out by a centrally located low-luminosity AGN. These
galaxies show the widespread presence of ionized gas, traced
by elevated flux of strong emission lines (e.g., Ha, [NII] and
[OIII]) compared to other passive quenched galaxies, but with
little ongoing star formation activity (~ 0.01 My yr™"). In
this work we expand on Roy et al. (2018) by investigating the
radio-detection of our updated sample of 140 red geysers and
focus on the radio properties on three different radio bands —
3 GHz, 1.4 GHz and 150 MHz.

The red geyser sample is visually selected from the SDSS
IV-MaNGA survey (description of the survey in §3.1) and has
the following characteristic features (see Cheung et al. 2016;
Roy et al. 2018, 2021a,b, for details):

* Spheroidal galaxies (sersic index > 3) with no visible
disk component or dust lanes as observed by SDSS, red
optical color NUV —r > 5) and low star formation rate
(average SFR ~ 1072 M, yr™'). Edge-on galaxies with
axis ratio b/a < 0.3 are discarded.

* Bi-symmetric/bi-conical feature in spatially resolved
EW map of Hay, [NII] and [OIII] emission lines.

Rough alignment (within £10°) of the bi-symmetric
feature with the ionized gas kinematic axis, but strong
misalignment with stellar kinematic axis with the con-
straint that misalignment angle is not 90°, 0° or 180°.

High spatially resolved gas velocity values, typically
reaching a maximum of + 300 km s7!, which are
greater than the stellar velocity values by at least a fac-
tor of 4-5.

* High gas velocity dispersion values, reaching about ~
220-250 km s! in distinct parts of the galaxy.

» Showing LINER or Seyfert type line ratios in the inte-
grated BPT diagrams.

An example red geyser is shown in Fig. 1. The optical im-
age (panel a) from SDSS shows spheroidal morphologies typ-
ical of these galaxies. The upper middle panel (b) shows the
characteristic bi-symmetric feature in the Hoe EW map. The
upper right panel (c) shows the Ha flux distribution which
is extended in nature and shows enhanced values surpassing
5 x 10716 erg cm™ s7!, a value quite high compared to typ-
ical passive galaxies. The regions of elevated Ha flux coin-
cides with the bi-symmetric EW pattern. This observed fea-
ture, which aligns with the gas velocity field, is believed to
be tracing the putative wind cone. Panel d shows the spatially

resolved [SII] BPT diagram for this red geyser in which only
spaxels with signal to noise > 3 are plotted. The lower middle
panel (e) shows the spatial position of the spaxels in the spa-
tially resolved BPT diagram, colored by their classification
based on both the [NII] and [SII] BPT diagram (Kewley et al.
2006). Almost all spaxels fall into the LINER/shock category
(magenta color) while some spaxels are classified as “com-
posite” from the [NII] BPT diagram (grey color). The lower
right panel (f) show the gas velocity dispersion map, traced by
Ha, which is clumpy with values going up to ~ 250 km s~'.

The sample of red geysers used in this work is derived
from MaNGA Product Launch 9 (MPL-9) and consists of 140
galaxies, which account for =~ 6 —8% of the local quiescent
galaxy population observed by MaNGA.

3. DATA ACQUISITION
3.1. MaNGA survey

We use optical data primarily from the recently completed
SDSS-IV MaNGA survey (Blanton et al. 2017; Bundy et al.
2015; Drory et al. 2015; Law et al. 2015; Yan et al. 2016;
Albareti et al. 2016). MaNGA is an integral field spectro-
scopic survey that provides spatially resolved spectroscopy
for nearby galaxies (z ~ 0.03) with an effective spatial res-
olution of 2.5" (full width at half-maximum; FWHM). The
MaNGA survey uses the SDSS 2.5 meter telescope in spec-
troscopic mode (Gunn et al. 2006) and the two dual-channel
BOSS spectrographs (Smee et al. 2013) that provide con-
tinuous wavelength coverage from the near-UV to the near-
IR: 3,600 - 10,000 A. The spectral resolution varies from
R ~ 1400 at 4000 A to R ~ 2600 at 9000 A. An r-band
signal-to-noise (S/N) of 4—8 A~! is achieved in the outskirts
(i.e., 1 =2 R.) of target galaxies with an integration time of
approximately 3-hr. MaNGA has observed more than 10,000
galaxies with log (M, /M) > 8 across ~ 2700 deg? over its
6 yr duration. In order to balance radial coverge versus spatial
resolution, MaNGA observes two thirds of its galaxy sample
to ~ 1.5 R, and one third to 2.5 R,. The MaNGA target se-
lection is described in detail in Wake et al. (2017).

The raw data are processed with the MaNGA Data Re-
duction Pipeline (DRP, Law et al. 2016). In this work, we
use the MaNGA sample and data products drawn from the
MaNGA Product Launch-9 (MPL-9) and Data Release 16
(DR16, Ahumada et al. 2020). We use spectral measure-
ments and other analyses carried out by MaNGA Data Anal-
ysis Pipeline (DAP), specifically version 2.3.0. The data we
use in this work are based on DAP analysis of each spaxel in
the MaNGA datacubes. The DAP first fits the stellar contin-
uum of each spaxel to determine the stellar kinematics us-
ing the Penalised Pixel-fitting algorithm pPXF (Cappellari
& Emsellem 2004; Cappellari 2017) and templates based on
the MILES stellar library (Falcén-Barroso et al. 2011). The
templates are a hierarchically clustered distillation of the full
MILES stellar library into 49 templates. This small set of tem-
plates provide statistically equivalent fits to those that use the
full library of 985 spectra in the MILES stellar library. The
emission-line regions are masked during this fit. The DAP
then subtracts the result of the stellar continuum modeling to
provide a (nearly) continuum-free spectrum that is used to fit
the nebular emission lines. This version of the DAP treated
each line independently, fitting each for its flux, Doppler shift,
and width, assuming a Gaussian profile shape. The final out-
put from the DAP are gas and stellar kinematics, emission
line properties and stellar absorption indices. All the spatially
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Figure 1. The spatially resolved emission and kinematic properties of an example red geyser (MaNGAID: 1-595166) as observed from SDSSIV-MaNGA. The
upper left panel (a) shows the optical image of the galaxy from SDSS with the MaNGA IFU overlaid on top in magenta. In the other panels, we show the spatial
distribution of Ha equivalent width (b) and Ho flux (c). The lower left panel (d) shows the spatially resolved [SII] BPT diagram showing spaxels with signal
to noise > 3. The spaxels are color-coded by the classification based on both the [NII] and [SII] BPT diagram. Almost all spaxels fall into the LINER/shock
category (magenta color) while some spaxels are classified as “composite” from the [NII] BPT diagram (grey color). The lower middle panel (e) shows the
spatial position of the BPT classified spaxels, with Hoe EW contours in black. The lower right panel (f) shows the gas velocity dispersion. The characteristic

bi-symmetric pattern in Ha-EW map is particularly apparent.

resolved 2D maps shown in the paper are outputs from the
DAP with hybrid binning scheme. An overview of the DAP
used for DR15 and its products is described by Westfall et al.
(2019), and assessments of its emission-line fitting approach
is described by Belfiore et al. (2019). All the integrated quan-
tities reported in this paper are signal-to-noise weighted aver-
age taken over one effective radius.

We use ancillary data drawn from the NASA-Sloan Atlas!”
(NSA) catalog which reanalyzes images and derives morpho-
logical parameters for local galaxies observed in Sloan Digi-
tal Sky Survey imaging. It compiles spectroscopic redshifts,
UV photometry (from GALEX, Martin et al. 2005), stellar
masses, and structural parameters. We have specifically used
spectroscopic redshifts and stellar masses from the NSA cat-
alog. The star formation rates are derived from Salim et al.
(2016), which utilizes GALEX-SDSS and WISE to perform
UV-optical-IR spectral energy distribution (SED) fitting.

3.2. LoTSS

Thttp://www.nsatlas.org

The LOFAR Two-metre Sky Survey (LoTSS, Shimwell
et al. 2017, 2019) is an ongoing sensitive, high-resolution
survey which will cover the whole northern sky with 3168
pointings in the frequency range between 120 and 168 MHz.
The LoTSS first data release (DR1, Shimwell et al. 2019)
covers 424 square degrees centred in the Hobby Eberly
Telescope Dark Energy Experiment (HETDEX; Hill et al.
2008) Spring Field region (right ascension 10h45m00s to
15h30m00s and declination 45°00'00” to 57°00'00”) and
contains over 300,000 sources with SNR > 5. The median
sensitivity is ~ 71 pJy/beam and 95% of the area in the DR1
release has an rms noise level below 150 pJy/beam. The an-
gular resolution is 6” and the positional accuracy is within
0.2 for high signal-to-noise sources; the positional accuracy
increases to ~ 0.5” for the faintest sources with a flux den-
sity of less than 0.6 mJy. The source density is a factor of
~10 higher than the most sensitive existing very wide-area
radio-continuum surveys such as the NRAO VLA Sky Sur-
vey (NVSS, Condon et al. 1998), Faint Images of the Radio
Sky at Twenty-Centimeters (FIRST, Becker et al. 1995), Syd-
ney University Molonglo Sky Survey (SUMSS, Bock et al.
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1999; Mauch et al. 2003), and WEsterbork Northern Sky Sur-
vey (WENSS, Rengelink et al. 1997).

The second LoTSS data release (DR2), to be released pub-
licly in 2021, consists of two contiguous fields at high Galac-
tic latitude centered around Oh and 13h and covering approxi-
mately 5,700 square degrees (Shimwell et al. in preparation).
DR2 provides fully calibrated mosaics at the same 6" resolu-
tion as DR1, and images can also be obtained from individual
LoTSS pointings, outside the DR2 area. For the red geysers
in the existing LoTSS coverage, including fields not part of
the DR2 release, we obtain the fluxes and sizes from either
(a) the internally released catalog (Shimwell et al. in prep)
or (b) similarly generated catalogues for small areas of indi-
vidual pointings around our target objects. In both cases, the
flux scale correction described by Hardcastle et al. (2021) and
Shimwell et al. (in prep) is applied to the data so that flux den-
sities are as close as possible to the flux scale of Roger et al.
(1973). The residual flux scale uncertainty lies between 5 and
10% for the DR2 area (Hardcastle et al. 2021) and is likely to
be ~ 10% for individual fields.

The total number of red geysers with currently available
LoTSS data is 103 which is about 74% of the parent 140 red
geyser sample. The list of LOFAR detected red geysers is
presented in Table 1.

3.3. FIRST survey

The Very Large Array (VLA) Faint Images of the Radio
Sky at Twenty Centimeters (FIRST, Becker et al. 1995) sur-
vey is a systematic survey over 10,000 square degrees of the
North and South Galactic Caps at frequency channels cen-
tered at 1.36 GHz and 1.4 GHz. FIRST uses the VLA in B-
configuration and achieves an angular resolution of 5" and the
survey is insensitive to structures larger than ~ 60" as it is car-
ried out in the VLA’s B configuration. The source detection
threshold is ~ 1 mJy corresponding to a source density of ~
90 sources deg. The astrometric accuracy of each source is
0.5 - 1” at the source detection threshold. Since FIRST sur-
vey area was designed to overlap with the Sloan Digital Sky
Survey (SDSS, York et al. 2000; Abazajian et al. 2009), most
MaNGA targets have FIRST data coverage. However, the
1 mJy threshold results in non-detections for most MaNGA
galaxies. For each pointing center, there are twelve adjacent
single field pointings that are co-added to produce the final
FIRST image. Sources are extracted from co-added reduced
images and fit by two dimensional Gaussians to derive peak
flux, integrated flux densities, and size information (Becker
et al. 1995). The current FIRST catalog is accessible from
the FIRST search page. The full images are available from
ftp://archive.stsci.edu/pub/vla_first/data.

3.4. VLASS

The Very Large Array Sky Survey (VLASS, Lacy et al.
2016; Myers & VLASS Survey Team 2018) is a community-
driven initiative to carry out a synoptic radio sky survey us-
ing the Karl G. Jansky Very Large Array (VLA). VLASS will
eventually use ~ 5500 hours to cover the whole sky visible
at the VLA (6 > —40 deg) observing a total of 33,885 deg?
at angular resolution of ~ 2.5”. The data will be acquired in
three epochs and will cover the frequency range 2—4 GHz in
2 MHz channels, with calibrated polarimetry in Stokes I, Q
and U, providing wideband spectral and polarimetric data for
amyriad of targets and source types. The angular resolution is
~ 2.5 arcsec and the survey is insensitive to structures larger

than ~ 30" as it is carried out in the VLA’s B configuration.
The 1 o sensitivity goal for a single pass is 120 pJy while it is
69 pJy when all three epochs are combined. Thus the VLASS
is an all-sky radio sky survey with a unique combination of
high angular resolution, high sensitivity, full linear Stokes po-
larimetry, time domain coverage, and wide bandwidth. Ob-
serving began in September 2017 and the survey will finish
observing in 2024.

4. RADIO DETECTION AND CHARACTERIZATION
4.1. Percentage of radio detection

LoTSS DR2 footprint contains 93 of the parent sample of
140 red geyser galaxies. Additionally, ten more sources are
contained within individual LoTSS pointings outside the DR2
area. Thus the total number of red geysers with currently
available LOFAR data is 103, which is about 75% of the com-
plete red geyser sample. 34 + 6 out of those 103 sources
(33% =+ 5.5%) are found to be radio-detected at the frequen-
cies observed by LOFAR (~ 150 MHz), where quoted errors
are obtained from standard Poisson statistics.

We cross-matched the FIRST catalog with our red geyser
sample with a cross-matching radius of 10”. For visibly ex-
tended radio sources in the FIRST image, we extend the cross-
matching radius up to a maximum of 1, but restricting the
central component of the detected source to lie within < 10”
of the galaxy center. We find that 29 + 5 out of 140 red
geyser galaxies are detected at 1.4 GHz frequency with a de-
tection fraction of 21% = 3.5%. This FIRST detection rate
is roughly in agreement with our previous work (Roy et al.
2018) which noted a 15% radio detection rate from the FIRST
survey. However Roy et al. (2018) used a preliminary red
geyser sample of 84 sources drawn from an earlier MaNGA
data release — MPL-5. The current updated red geyser sample
from MPL-9 has increased the total number of red geysers by
56 sources which results in an additional 17 FIRST detections
for this work.

Lastly, we cross-matched the parent red geyser sample with
VLASS (3 GHz) survey using the same cross-matching radius
as the FIRST survey and found 29 radio detections, which is
a similar detection rate to FIRST. There are 13 red geysers
which are detected in LOFAR but not in VLASS and FIRST.
On the other hand, there are eight sources which are detected
in FIRST and VLASS but are not within the LoTSS field of
view. 21 £ 4 out of 140 red geysers (~ 15% =+ 4%) have
simultaneous radio detections from all three surveys, which
are used for calculation of spectral indices (discussed in §5.3).
42 + 6 red geysers (30% =+ 4%) are detected in at least one
of LoTSS, FIRST or VLASS surveys, and these are listed in
Table 1.

In order to understand how, if at all, the radio-detected red
geyser galaxies intrinsically differ from those which are non-
detected, we compare the host galaxy properties of the re-
spective samples of interest. Fig. 2 shows the histograms
of SDSS I-band magnitude (upper left), Ha luminosity (up-
per right), stellar mass (lower left) and star formation rate
(lower right) of non-radio detected red geysers (in blue) and
42 radio-detected red geysers (in salmon) — detected in at least
one of the LoTSS, FIRST or VLASS surveys. The SFR es-
timates are obtained from Salim et al. (2016) catalog, while
the magnitude and the stellar mass reported here are acquired
from the NSA catalog. We notice that the distributions of
I-band magnitude, Ha luminosity and stellar mass are quite
different between the radio-detected and non detected sam-
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Figure 2. Comparison of global properties of radio-detected red geysers in salmon (detected in any of LOFAR, FIRST or VLASS survey) with non-radio
detected red geysers (in blue). Histograms are shown for SDSS I-band magnitude, integrated Hoe luminosity, stellar mass and star formation rate. We see similar
distributions of star formation rate but a substantial difference in the rest of the properties.

ple. This is statistically confirmed by a Kolmogorov-Smirnov
(KS) test which rejects the null hypothesis that the radio-
detected and non-detected samples show similar distributions.
This is shown by extremely small p values of 1.48 x 1070,
1.84 x 107, and 1.05 x 107 for I-band magnitude, Ho lumi-
nosity and stellar mass distributions respectively. However,
for the SFR distributions, we cannot reject the null hypothe-
sis at a level < 1% (p = 0.06), signifying similar distributions
of radio and non-radio detected galaxies. The radio detected
sources are in general brighter in the SDSS I-band (mean
M; = —22.5) and more massive (mean log;p M, ~ 11 M)
than the non-radio detected galaxies (mean M; = —21 and
logip M, ~ 10.5 Mg). The Ha luminosity in the radio-
detected sample also tend to be higher on average (mean
logio Lo =40.5 erg s7') than the non-radio detected sample
(logio Lo =40 erg s7!), possibly implying that the galaxies
with higher amount of ionized gas and thus a more prominent
Ha bi-symmetric pattern are more likely to have enhanced ra-
dio emission. The SFR distribution, however, is unchanged
irrespective of radio-detection indicating no underlying cor-
relation between them.

4.2. Radio loudness

Fig. 3 shows the radio luminosities at 1.4 GHz vs. the ob-
served total [OIII] luminosities extracted from the central 3"
as observed by the SDSS fiber, of the 42 radio-detected red
geysers (in black). Since LOFAR is most sensitive to fainter
and extended radio emissions, it provides a more accurate es-
timate of the total flux density than FIRST. Hence we convert
flux densities (S) measured at 144 MHz from LoTSS to 1.4
GHz for the LOFAR detected sources in order to compare to
existing literature, assuming a spectral index («) of -0.7 using
S, ~ v (Condon et al. 2002). We use FIRST measured flux
densities for the eight sources outside the LoTSS footprint.
The radio luminosities thus obtained are compared to the Mul-
laney et al. (2013) z < 0.2 AGN population, plotted as green
circles. The blue line marks the division between “radio-loud”
and “radio-quiet” sources from Xu et al. (1999). A majority
of our radio red geyser sample are classified as “radio-quiet”
according to this definition with only three galaxies lying in

the “radio-loud” regime. If we assume L; gy, ~ Lﬁ)nu sim-
ilar to Xu et al. (1999), g range from 0.53 to 0.60 in the red



RADIO MORPHOLOGY OF RED GEYSERS 7

geyser sample with a mean value of 0.56. This is consistent
with 5 ~ 0.5 as reported in Xu et al. (1999).
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Figure 3. Radio luminosity measured at 1.4 GHz frequency vs. integrated
[OIII] luminosity within central 3" of red geyser galaxies (in black) and z <
0.2 AGN sample of Mullaney et al. (2013) (in green). The blue line divides
the sample into ‘radio-loud’ and ‘radio-quiet’ according to Xu et al. (1999).
A large fraction of the red geysers are radio-quiet sources by this definition.

In addition to using the criterion of Xu et al. (1999), we
compute the commonly used radio-loudness parameter R, the
ratio of radio to optical brightness (Kellermann et al. 1989), to
differentiate between “radio-loud” and “radio-quiet” sources
in our sample. Similar to Ivezi¢ et al. (2002) and Jarvis et al.
(2021), we calculate R using the radio flux density at 1.4 GHz
calculated in a similar way as mentioned above, and the SDSS
i-band apparent magnitude using the following equation:

R=0.4(m;—1) (1

Here m; is the Petrosian i-band apparent magnitude from
SDSS DR16 (Ahumada et al. 2020). The Petrosian magni-
tudes used here recover essentially all of the flux of an ex-
ponential galaxy profile and about 80% of the flux for a de
Vaucouleurs profile. Here, t is the “AB radio magnitude” de-
fined as

S
t=-2.51log (3 ég?}‘;) 2)

where S 46H; is the radio flux density (in Jy) measured at 1.4
GHz. We find that according to the R parameter criterion,
four out of 42 radio-detected red geysers would be classified
as “radio-loud” with R > 1. This includes the three galax-
ies which were identified as radio-loud according to Xu et al.
(1999) and a fourth galaxy which was a borderline case — ly-
ing just below the division line separating “radio-loud” and
“radio-quiet” population (see Fig. 3). Although the R param-
eter criterion is generally implemented in quasars with typical
R values for radio-loud sources going up to 2.8 (Ivezi¢ et al.
2002), the R values reported here simply quantifies the rel-
ative contribution of the radio luminosity over optical light.
93% of the radio-detected red geysers are radio-quiet accord-
ing to both criteria. This is consistent with Roy et al. (2018)
which stated that the radio detected red geysers occupy the

38 39 40 a1 12 43

low-luminosity end (L 4gu, < 10> W Hz™") of the radio pop-
ulation in the MaNGA quiescent galaxy sample.

The next section is dedicated to understanding the domi-
nant mechanism responsible for the observed radio emission
in these sources via physically motivated tests.

4.3. Source of the radio flux: radio AGN or SF?

In Fig. 3 we see that 39 out of 42 radio-detected red gey-
sers in our sample would be classified as “radio-quiet” by
the Xu et al. (1999) criterion. An important and signifi-
cantly challenging follow-up question to address is whether
the observed radio emission is associated with the central ra-
dio AGN or star formation. Although, we have predicted in
Roy et al. (2018) that the radio continuum emission in red
geysers is generally associated with central low-luminosity,
radiatively inefficient radio-mode AGN, it is important to ver-
ify that interpretation in the light of other observations and in
our increased sample of 42 radio detected red geysers. Star-
forming galaxies (SFGs) emit at radio wavelengths primar-
ily due to synchrotron emission from shocks associated with
supernovae (Klein et al. 2018), and hence their radio lumi-
nosity is expected to correlate broadly with the SFR. They
generally display a diffuse clumpy radio emission not extend-
ing beyond the host galaxy with a steep spectral slope (Web-
ster et al. 2021; Jarvis et al. 2019). On the other hand, radio
emissions in the radio AGNs are primarily dominated by a jet
originating from the central supermassive black hole. Unlike
Mpc-scale radio jets in the centers of massive clusters and gi-
ant radio galaxies, the jets in low-luminosity AGN hosts are
small scaled and confined near the very central region of the
host galaxy (Jarvis et al. 2019; Venturi et al. 2021; Capetti et
al. 2020; Webster et al. 2021) which often remains unresolved
due to the low spatial resolution of various radio observations.
This gives rise to compact or slightly extended radio sources
with no visible lobes/ jets which are hard to distinguish from
star forming galaxies.

In order to consider the possibility of star formation giving
rise to the detected radio emission (~ 10*> W Hz™!, Fig. 3),
we need to detect a significant amount of star formation (~ 1—
5 Mg, Brown et al. 2017) in the red geyser galaxies. If similar
level of SF is not detected, we can rule out SF and attribute the
observed radio emission to be from the central radio AGN. We
consider three diagnostic plots to classify the radio-detected
sources as either starforming or non-starforming galaxies:

* Identification based on WISE colors, particularly in
W3-W2 (Yan et al. 2013). Star forming galaxies pos-
sess W3-W2 > 0.3.

Using emission line diagnostics, in particular the ratio
of [OIII] 5007 and HJ line fluxes, and that of [NII]
6584 and Ha (Baldwin et al. 1981), referred to as the
‘BPT’ method. Galaxies with log([OII]/HPB) < 0.5
and log([NII]/Ha) < —0.3 lying under the Kauffmann
et al. (2003) curve are star forming galaxies.

Using the relationship between the 4000 A break
strength and radio luminosity per stellar mass (Best
et al. 2005), hereafter referred to as the ‘D4000 vs
Laa/M’ method. Galaxies with D4000< 1.6 are domi-
nated by young stellar populations and hence constitute
star forming galaxies.

Specific WISE mid-infrared colors can be used to sepa-
rate galaxies with and without star formation. Thus, star-
forming galaxies separate from the typical hosts of radio AGN
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Figure 4. Location of the radio-detected red geyser sources on the different diagnostic plots used to separate the radio AGN from those galaxies where the
radio emission is powered by SF. [Panel a] WISE W2-W1 vs W3-W?2 colour-colour diagnostic diagram. The radio detected red geysers are shown in black
diamonds, while the orange contours are the wise-detected MaNGA galaxies. [Panel b] The [OIII]/HS versus [NII]/Ha emission line ratio diagnostic diagram
from Baldwin et al. (1981), known as the 'BPT-diagram’, for the radio-detected red geysers (in red) and MaNGA galaxies from data release 16 (in black). [Panel
c] The ‘D4000 versus Lsompz/m, ” method, developed by Best et al. (2005), for the radio-detected red geysers (in black). They are compared to the SF (blue) and
AGN population (red) from the LoTSS (DR1) detected SDSS (DR7) galaxies by Sabater et al. (2019). [Panel d] Radio luminosities vs. star formation rate for
the LoTSS-detected red geysers (magenta) compared to the Giirkan et al. (2018) measured low frequency radio luminosity - star formation relation (red). All the
red geysers lie above the said line, indicating that the radio emission observed in the red geysers are too high to be explained from the amount of star formation
detected in these galaxies.
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in their WISE colours, particularly in W2-W3 (4.6 to 12 mi-
cron color, Yan et al. 2013). Fig. 4 upper left (panel a) shows
a plot of W1-W2 versus W2-W3 mid-infrared WISE col-
ors for 42 red geysers which are radio-detected in at least
one of the LoTSS, VLASS or FIRST surveys (in black).
The background orange contours represents the WISE col-
ors for all galaxies in SDSS-MaNGA DR16 sample. The
contour clearly indicates a bimodal distribution in the color
space representing the star forming and quenched galaxy pop-
ulation. Star forming galaxies mostly occupy regions with
0.3 < W3-W2 < 0.9, while the quenched population has
—0.6 < W3-W2 < 0.0. The radio-detected red geysers lie in
the quenched part of the diagram which confirms the passive
nature of these galaxies.

Since our red geyser targets possess strong emission lines,
a common and useful method to separate SFG from AGN-
hosts is through the ionization of the gas via Baldwin-Phillips-
Terlevich diagram (BPT, Baldwin et al. 1981). By observing
the relative strengths of four emission lines, namely [OIII]/HS3
and [NII]/Ha, we can separate SFG and AGN-host galaxies
based on the hardness of their ionizing spectrum, that in turn,
drives the relative fluxes of different emission lines. This
leads to the AGN-host galaxies to occupy a separate region
in the diagram from the SF galaxies with the Kewley et al.
(2006) and Kauffmann et al. (2003) demarcation lines in be-
tween. Fig. 4 upper right (panel b) shows the BPT diagram of
all galaxies from MaNGA Data Release 16 in black. The red
diamonds indicate the radio detected red geysers (detected in
at least one radio band). The red geysers land in either the
LINER or AGN regions of the BPT diagram and show no in-
dication of SF activity. The absence of SF through the BPT
diagram provides an useful diagnostic, as this confirms and
re-iterates the quiescent “red and dead” nature of the galaxies
and indicates that the possible source of the radio emission is
an AGN.

The ‘D4000 vs L;,¢/M’ method for identifying radio AGN
was developed by Best et al. (2005). The parameter D4000 is
the strength of the 4000 A break in the galaxy spectrum, and
L;.a/M, is the ratio of radio luminosity (measured in a spe-
cific radio band) to stellar mass. This identification process
is constructed on the basis that SFGs with a wide range of
star formation histories occupy the same region in this plane
since both L;,q/M and D4000 depend broadly on the specific
star formation rate of the galaxy. On the other hand, radio-
loud AGN have enhanced values of L4 and are thus separable
on this plane. Among the low-luminosity radio sources, low
D4000 value would distinguish galaxies with active star for-
mation which would possibly be the dominant cause behind
the observed radio emission in those sources. This identifica-
tion method, later implemented with slight modifications by
Kauffmann et al. (2008); Sabater et al. (2019), has been gen-
erally successful with few cases of mis-classification.

In Fig. 4 lower left panel (c), we plot D4000 vs. Ljso/M,
for the radio-detected red geysers in black. We use only the
34 LOFAR-detected sources in this analyses utilizing the flux
measurements from the 150 MHz band, which are then com-
pared with existing sources from the literature. We over-
plot the radio sources from SDSS DR7 from Sabater et al.
(2019) in the background. The data points are color-coded
in blue circles and red arrows which represents SFG and ra-
dio AGN respectively, classified using a combination of di-
agnostics (see Sabater et al. 2019). In general, sources with
average D4000 value exceeding ~ 1.7 do not exhibit enough

active star formation to show substantial radio emission due
to supernovae/ stellar activity. Hence radio sources with
Liso/M, > 11 W Hz™! M and D4000 > 1.7 are predomi-
nantly radio AGN. All the red geysers in our sample land in
the radio AGN portion of the diagram, as they have a rela-
tively old stellar population with D4000 exceeding 2.0.

In addition to these three diagnostic plots, we also show
the relation between radio luminosity (from LOFAR at ~150
MHz) and SFR (panel d) for the LOFAR-detected red gey-
sers sample (in magenta). As mentioned previously, star for-
mation rate is expected to correlate with radio luminosity in
star forming galaxies, due to synchrotron emission from su-
pernovae shocks. Giirkan et al. (2018) studied low frequency
radio luminosity - SFR relation on a large sample of SDSS
galaxies and found the best fit (single power law) relation to
be:

logio(Liso) = 1.07 £0.01 x log;o(SFR)+22.07£0.01  (3)

The above relation is shown as a red line in Fig. 4. Any
galaxy lying above this relation posses an excess amount of
radio emission, too high to be produced from the correspond-
ing level of SE. We find that all the red geysers lie above the
Giirkan et al. (2018) relation, which indicates that the radio
emission is consistent with galaxies hosting radio AGNss.

5. RADIO MORPHOLOGY
5.1. Classification based on morphology

We primarily use data from the LoTSS survey to analyze
the radio morphology of the red geysers for the following
reasons. First, the LoTSS data is most sensitive to extended
fainter radio emissions amongst the interferometers used in
this work as it has shorter interferometric baselines than the
VLA surveys. Second, the low frequency (~ 150 MHz) radio
continuum emission reflects the oldest and the lowest energy
emission from the plasma which helps in characterizing the
full extent of the structure and enables a robust classification.
As mentioned in §4.1, 34 out of 103 red geysers with LOFAR
observations are detected at 150 MHz. Six of them are un-
resolved with deconvolved major axis < 5 (i.e. < 3 kpc at
median z = 0.03) and are thus physically contained within the
central region of the galaxy. There are 28 LOFAR-detected
red geysers which are resolved compared to the beam size.
We visually classify the morphology of these 28 sources into
five types based on the LOFAR images, roughly following
Baldi et al. (2018); Kimball et al. (2011); Jarvis et al. (2021):

1. Compact (C): if the source shows no visibly spatially-
resolved features (i.e. has the appearance of a single
two-dimensional Gaussian) and is constrained within
the host galaxy. These sources have sizes larger than
the beam size and may be elongated intrinsically but
higher resolution is needed to confirm this.

2. Extended Jet (E): if the source is visibly spatially ex-
tended in one direction but composed of one contiguous
feature, i.e., one distinct peak in the radio emission.

3. Double (D): if the source shows two distinct peaks in
the radio emission.

4. Triple (T) : if the source shows three distinct peaks in
the resolved radio image, typically consisting of two
jets and one core.
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MaNGA ID: 1-256446 [C] MaNGA ID: 1-24104 [E] MaNGA ID: 1-23958 [D] MaNGA ID: 1-378770 [T] MaNGA ID: 1-188530 [I]
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Figure 5. The LoTSS images of five example red geysers, classified in different radio morphology classes as mentioned in square brackets. Galaxy with
MaNGAID: 1-256446 is classified as “compact” source, 1-24104 as “extended”, 1-23958 as “double”, 1-378770 as “triple” and 1-188530 as “irregular” source.
The black horizontal scale bar in each panel indicates 20 kpc length scale.

LoTSS FIRST VLASS
ID: 1-188530

ID: 1-378770

Figure 6. The LOFAR (left column), FIRST (middle column) and VLASS radio contours (right column) on top of optical images from SDSS for two red geysers
with MaNGAID: 1-188530 (first row), 1-378770 (second row). The magenta hexagon signifies the MaNGA field of view.
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Table 1

11

Summary of the radio properties for the red geyser sample. 1) MaNGA ID: identification of the galaxies. 2) z: SDSS measured redshift. 3) Lsomp;: radio
luminosity measured from LoTSS survey. 4) L 4gp;: radio luminosity measured from FIRST survey, 5) Radio size: The largest of the linear sizes (see §5.2 for
details) measured from LoTSS and FIRST surveys. For sources with no available LOFAR data, the FIRST measured sizes are reported as lower limits. 6) a:
Spectral index measured from radio flux from LoTSS, FIRST and VLASS surveys at frequencies of 144 MHz, 1.4 GHz and 3 GHz. 7) Morphology: The
different radio morphology class from LoTSS images, as stated in §5.1. C, D, E, I, T indicates compact, double, extended, irregular and triple class respectively.
For sources with no available LOFAR data, the morphology from FIRST images are indicated in square brackets.

MaNGA ID z Lisomuz [LOTSS] Ly 4gu, [FIRST] Radio Size a Morphology
[102 W Hz ] [1022 W Hz ] [kpc]

1-575668 0.060 1.714£0.17 - 6.24+0.70 - C
1-273933 0.044 13.3640.12 2.67+0.06 2.74+0.02 -0.712  Unresolved
1-217324 0.024 1.7540.02 - 10.50+1.2 - D
1-48084 0.031 0.2340.04 - 6.96+0.88 - E
1-279073 0.032 0.4940.04 0.5940.03 3.92+0.76 -0.019 C
1-198182 0.036 3.3540.06 1.4140.04 2.45+0.06 -0.494  Unresolved
1-44418 0.031 0.3340.05 - 4.1640.72 - C
1-198180 0.037 3.5340.20 - 21.414+02.3 - D
1-217022 0.024 0.9240.03 0.1740.02 2.99+0.09 -0.616 C
1-256446 0.058 13.2440.29 2.5840.01 5.05+0.06 -0.748 C
1-245451 0.078 42.154+0.53 6.2540.24 8.86+£0.06 -0.870 C
1-256234 0.075 4.344+0.94 - 23.9644.43 - E
1-352569 0.079 11.0741.58 9.5140.23 7.8140.246 -0.163 C
1-322336 0.135 20.9940.70 6.0940.69 8.51£0.35 -0.496 C
1-374549 0.086 2.9840.61 - 9.7+£2.08 - E
1-321221 0.036 1.3140.08 0.2740.04 3.84+0.25 -0.132 C
1-268789 0.059 16.534+0.29 7.04+0.12 4.13+0.05 -0.416  Unresolved
1-595166 0.044 58.9240.65 5.4140.07 44.094+2.7 -1.06 T
1-575742 0.061 3.154+0.19 - 6.78+0.67 C
1-209772 0.041 96.9240.16 25.784+0.07 20.3142.1 -0.628 I
1-627331 0.027 4.514+0.14 0.1140.02 2.52+0.06 -0.741 C
1-188530 0.055 21.2440.23 9.0640.11 25.5943.33 -0.283 I
1-605515 0.096 5.37+0.54 - 1.240.09 - Unresolved
1-150792 0.066 0.71£0.16 - 8.41£2.04 - C
1-218116 0.047 4.861+0.12 2.2340.08 10.35+2.87 -0.312 E
1-634825 0.030 4.844+0.20 1.36+£0.03 5.36£0.06 -0.306 C
1-378770 0.13 2984.26+10.57 615.10+7.2 233.07+7.2 -0.847 T
1-94168 0.03 2.79+0.03 0.98+0.03 20.96+1.87 -0.746 D
1-567948 0.13 15.084+1.00 - 11.4042.56 - C
1-289864 0.049 695.26+15.26 8.38+0.09 157.184+3.04  -0.900 T
1-23958 0.029 1.2740.03 0.3440.03 16.15+1.8 -0.621 D
1-218764 0.068 3.0840.12 - 2.15£1.8 - Unresolved
1-584723 0.015 0.35+0.06 - 1.59+0.1 - Unresolved
1-24104 0.029 1.5640.07 0.3940.03 6.55+1.2 -0.612 E
1-113668 0.129 - 6.3940.06 >0.33+0.02 - [Unresolved]
1-550578 0.076 - 8.4440.22 >1.684+0.62 - [C]
1-37036 0.0283 - 0.13+0.02 > 0.58+0.7 - [Unresolved]
1-43718 0.041 - 1.2440.06 > 0.854+0.52 - [Unresolved]
1-209926 0.095 - 3.63+0.03 > 13.04+3.5 - [E]
1-210863 0.03 - 1.0240.06 > 10.17+0.03 - [E]
1-96290 0.130 - 6.72+0.66 > 11.64+3.98 - [C]
1-37440 0.0136 - 0.66+0.06 > (0.7840.34 - [Unresolved]
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5. Trregular (I): sources generally with one distinct peak in
the radio emission but with unique spatially extended
(irregular) radio morphologies that do not fit within the
above categories.

The most common morphology is the “compact” class,
found in 14 out of 28 sources. The object with MaNGAID
1-256446 in Fig. 5 belongs to this class of sources. In
five sources, we see a comparatively extended morphology
stretching in one direction, which we define as “extended jet”.
It is to be noted that this term is used to describe the mor-
phology only and might not be physically associated with an
AGN-jet. Four sources show a double-peaked radio emission
(classified under “double”). They generally consist of a radio
core and a one-sided bubble/tail which may or may not be di-
rectly attached to the central component. MaNGAID 1-23958
(Fig. 5) is one such example. In three sources, we see three
or more distinct peaks in radio emission. Two of them show
a central core emission with large scale double-sided lobes on
either side, extending > 40 kpc. The third source shows an
extended morphology which consist of several distinct radio
peaks with > 500. These belong to the “triple” category. The
galaxy with MaNGAID 1-378770 in Fig. 5 is an example with
double-sided jets. Finally, MaNGAID 1-188530 represents
the irregular morphological class; in this case the LOFAR im-
age looks quite peculiar, resembling a jelly-fish, with a bright
central core superimposed on a large scale structure of diffuse
radio emission.

Although we perform our morphological classification pri-
marily using LOFAR images there are eight FIRST-detected
red geysers which are not covered by the LOFAR observa-
tions. We similarly categorize these sources using FIRST
data into the five classes described above. Out of those eight
sources, four are unresolved with a deconvolved major axis
< 2.5”. The rest belong to either the compact or extended jet
classes.

Table 1 shows the classification type of each LOFAR-
detected red geyser along with the additional eight FIRST-
detected sources which do not have corresponding LOFAR
images (indicated by square brackets).

Fig. 6 shows the morphological comparison of the LoTSS
images (left panel) with images from the FIRST (middle
panel) and VLASS surveys (right panel) of two example red
geysers out of the five sources from Fig. 5. The radio-detected
red geysers, depending on the morphological class, exhibit
spatially diffuse extended features which are often only vis-
ible with LOFAR data. In most cases, the corresponding
VLASS and FIRST images look rather compact.

5.2. Radio size

The actual physical sizes of the radio sources are indepen-
dent of the frequency of observations. However, the apparent
linear size, as measured from different radio bands - i.e., using
FIRST, VLASS and LoTSS data, can be different (as evident
from Fig. 6) for several reasons. First, the FIRST/VLASS
data are at higher frequencies and hence less sensitive than
LOFAR to structures of typical spectral index which can lead
to a smaller estimated size. Second, FIRST and VLASS lack
short interferometric baselines which makes observations of
extended structures above a certain size difficult in these sur-
veys. Surface brightness sensitivity, on the other hand, can
limit LOFAR sizes as well. Hence, we estimate sizes from
both LoTSS and FIRST surveys, and report the larger of the
two as our best estimate of the physical size of the radio

source. In almost all cases, the size estimate obtained from
LOFAR is greater than that from FIRST by at least a few fac-
tors. So in cases where only FIRST data is available, we re-
port the FIRST-measured size as a lower limit. Our method
of determination of size depends on the nature of the radio
morphology.

For the sources under the label double’ and ’triple’, which
show two and three distinct radio features in LOFAR images
respectively, the linear size in the 150 MHz is calculated as
the distance between the peak emission of the two farthest
morphological features detected within 10 o contours. For
sources having contiguous, extended (E) and irregular mor-
phology (I) with closely blended components, we measure the
end-to-end linear size of the radio structure detected within
> 10 o. For the cases where the source is featureless and has
only one primary morphological feature (classified as com-
pact C’), we use the major axis size, de-convolved from the
beam, as listed in the LOFAR catalogue.

Depending on the specific structure of the FIRST image,
the linear size in 1.4 GHz is also calculated in a similar way.
The FIRST catalogue also provides major axis measurements
(FWHM in arcsec) from the elliptical Gaussian model for the
source which are then deconvolved to remove blurring by
the elliptical Gaussian point-spread function. As mentioned
above, we consider the larger of the measured sizes from LO-
FAR and FIRST to be the “largest linear size” or simply the
radio size. Table 1 lists the measured sizes of the radio sources
along with 1o uncertainty. For the compact and unresolved
sources, the errors are derived from the respective catalogue
which reports 1o uncertainty in the de-convolved major axes,
derived from the Gaussian models of the sources. For re-
solved objects showing spatially extended morphologies, we
assume the uncertainty to be the linear size (in kpc) corre-
sponding to half the beam-width, i.e. 3” for LOFAR. The
uncertainty in size from the FIRST band is obtained from the
relation: osj,e = 10” % (1/SNR+1/75) '8, where SNR is the
signal-to-noise, given by: SNR = (Fpcak —0.25)/RMS. Fpeax
and RMS signifies the peak flux and the root mean square de-
viation measured from the catalogue respectively.

Table 1 shows the radio sizes along with radio luminosi-
ties of the radio detected red geysers in both the LOFAR and
FIRST radio bands. Fig. 7 shows the radio-luminosity (at 1.4
GHz) vs. linear size of the radio-detected red geysers, de-
tected in at least one of the radio bands (in black stars), over-
plotted along with different classes of radio sources from the
literature in different colored contours. For the red geysers
with available LoTSS counterpart, we convert measured 144
MHz flux from LOFAR to 1.4 GHz, assuming a spectral in-
dex of -0.7 in order to calculate the desired luminosity (Con-
don et al. 2002). This is preferred over using FIRST flux that
misses extended emission. However for those without LO-
FAR data, corresponding FIRST luminosities are used. The
different colored contours in the figure, as indicated, represent
compact symmetric objects (CSO), gigahertz peaked spec-
trum (GPS), compact steep spectrum sources (CSS), Fanaroff-
Riley class 1 (FRI), Fanaroff-Riley class 2 (FRII), radio-quiet
quasars (RQQ) and Seyferts. The data for these radio-detected
AGNs have been compiled by Jarvis et al. (2019) from a va-
riety of studies of radio AGN population, namely An & Baan
(2012); Gallimore et al. (2006); Kukula et al. (1998); Baldi
et al. (2018); Mingo et al. (2019). Most of the radio-detected
red geyser sources, marked as black stars, overlap with the

18 http://sundog.stsci.edu/first/catalogs/readme.html
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LINER/Seyfert type classification and with the tail of the dis-
tribution of radio-quiet quasars. There are two sources which
lie on the FRI part of the diagram, both of which are catego-
rized as “triple” according to morphology classification. Our
sources are in general consistent with having similar small
scale low-luminosity jetted morphologies as observed in the
radio-quiet quasars in Jarvis et al. (2019) or with FRO sources
which remain classified as “compact” unless higher resolution
observations are available to resolve the sources, as in Baldi
et al. (2015); Capetti et al. (2019); Hardcastle et al. (2019).

5.3. Spectral Index

In this section, we study the spectral indices for our sample
of 21 red geysers which have simultaneous radio detection
from LOFAR, FIRST and VLASS data (See §4.1 for more
details). The radio-continuum spectrum is generally domi-
nated by non-thermal synchrotron emission with the charac-
teristic power-law, S, « v®, where « is the spectral index,
v is the frequency of radio emission and S, is the flux den-
sity measured at frequency v. In star-forming galaxies there
may also be some additional contribution from the thermal
bremsstrahlung (free-free) emission (Duric et al. 1998; Gioia
et al. 1982), but that is irrelevant here.

The spectral index of a radio galaxy can provide infor-
mation about the relative contributions of the core and the
extended lobed structure in the total radio emission. Core-
dominated emission and any compact source typically have
flat (v > —0.5) spectrum due to the effects of synchrotron
self absorption and free-free absorption (e.g., O’Dea & Saikia
2021). The extended lobes, on the other hand, tend to have
steep spectra (o < —0.5) because the predominant emission
mechanism is optically-thin synchrotron. Thus, radio sources
which are more core-dominated therefore tend to have flatter
spectra than those dominated by extended emission. This is
confirmed from the observation of a high-core dominance in
FROs, owing to their compact nature, based on high resolution
images (Baldi et al. 2019).

As can be seen in Fig. 5 and Table 1, our sources exhibit a
range of radio morphologies from LOFAR data. We use the
integrated flux densities and uncertainties from the LoTSS,
FIRST and VLASS catalogs for our analyses (See Table 1
for the flux densities and uncertainties for each source). For
sources having more than one component/ region, we visually
identify all the individual components detected at a signifi-
cance of > 50 which are associated with the source and add
the flux densities from these components together. We define
the radio spectral index, o, using S, o< v and measure o by
fitting the flux densities measured at three different frequen-
cies (1.4 GHz, 3 GHz and 150 MHz) with the said function
for each source. The errors are obtained from the uncertain-
ties in flux densities via simple error propagation. Table 1 lists
the spectral indices with 1o uncertainty of the 21 red geyser
galaxies.

The red geysers show a large spread in spectral indices,
ranging from —1.0 to 0.0 with a median value of —0.62 (see
Table. 1 and Fig. 8). The extended radio sources, which do not
belong to the “compact” morphological class, exhibit steeper
spectra on average with a mean spectral index oo =—0.67. The
fraction of sources with a steep spectrum (o < —0.5) is ~ 57%
indicating the presence of extended emission or dominance
of lobed components in those radio sources. This automati-
cally implies that 43% of our sample of 21 red geysers (i.e.,
eight sources) have a flatter spectrum, with core-dominated
compact structures. This agrees well with our morphological

classifications, in that a fairly large fraction of red geysers
have compact radio morphologies confined within the host
galaxy. The bright nuclear radio component with a moder-
ately flat spectral index (i.e.,a > —0.5) may indicate a contri-
bution from radio emission associated directly with an AGN
‘core’ / unresolved base of the jet (Padovani 2016).

Fig. 8 shows the variation of the spectral index with 1.4
GHz flux density as measured from FIRST. Galaxies are
color-coded by the morphological class, as given in Table 1.
Note, for this figure, the unresolved sources are also color-
coded as the “compact” class. All three galaxies classified
as “triple” have steep spectral indices indicating that those
sources have more extended lobes with predominantly opti-
cally thin synchrotron emission. With an exception of two
galaxies, almost all the red geysers which are not-compact
(any color except red) have a steep spectrum and lie below
the dashed line. The two sources showing flat spectrum might
be due to the result of a combination of underlying biases in
the measured fluxes and puzzling morphology leading to an
incorrect classification. On the other hand, half of the sources
labelled “compact” show flat spectrum while the other half
exhibit a steep spectral index. We do not see any significant
correlation of spectral indices with radio flux density. The
implications of these results are discussed in §7.

6. RADIO JET AND CONNECTION WITH GALACTIC OUTFLOWS

Here we explore the connection between the radio emis-
sion, its morphology, and the ionized gas properties in our
sample.

6.1. Integrated properties

Traditionally, for compact radio-loud sources (CSS/GPS), a
weak positive trend has been observed between the luminos-
ity of strong emission lines and radio size (O’Dea & Saikia
2021). Larger radio sources are found to be more commonly
associated with higher [OII] luminosities (O’Dea 1998).
A similar correlation has also been observed in radio-quiet
sources using SDSS-measured [OIII] luminosities (Jarvis et
al. 2021). Here we investigate whether similar correlation ex-
ists in red geyser galaxies. Here we use Ha as a tracer of ion-
ized gas instead of the traditional [OIII] line, since the charac-
teristic bi-symmetric pattern identifying a red geyser is most
prominently observed in the spatial distribution of Hav.

Fig. 9 shows the the Ha luminosity, integrated over one
effective radius as observed by MaNGA, vs. the linear size
of the radio emission of the 42 radio detected red geysers.
The data are color-coded by the radio luminosity at 1.4 GHz.
The radio luminosities are derived by converting Lsomp; to
L} 46H, assuming a spectral index of -0.7, as before. Our data
show a positive correlation that is consistent with what has
been observed in radio-loud compact sources and in some re-
cently studied radio-quiet sources. Liao & Gu (2020) showed
that for the radio-loud population, the [OIII] bright sources
(with L[OIII] > 10** erg s7!) have radio sizes > 0.75 kpc.
This is consistent with our result since the red geysers show
radio sizes > 10 kpc for similar Ly,. The existence of this
positive correlation in the red geysers is strongly supported
by a Spearman rank correlation coefficient of 0.6. Fig. 9
also shows that the radio luminosity generally shows a higher
value (~ 10** W Hz™!) for larger radio size and higher Ho
luminosities (i.e. towards the upper right portion of the fig-
ure). On the other hand, as L; 4Gy, drops to 10! W Hz™! for
Liomm < 10%0 erg s~! the radio size decreases to < Skpc. This
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Figure 7. Radio luminosity versus linear size for our red geyser sample (black stars) compared to a sample of radio AGN population compiled from the literature
by Jarvis et al. (2019) and Hardcastle & Croston (2020). Points show individual objects and the colored contours represent source density. Seyfert and LINER
galaxies are from Gallimore et al. (2006) and Baldi et al. (2018), while the radio-quiet quasars (RQQ) are from Jarvis et al. (2019) and Kukula et al. (1998). The
rest of the objects, consisting of compact steep spectrum (CSS) sources, gigahertz peaked spectrum (GPS), compact symmetric objects (CSO) and Fanaroft-Riley

class 1 and 2 are categorized by An & Baan (2012); Mingo et al. (2019).

is expected because of the first order dependence of the mor-
phology of the radio sources with radio power. Large scale
radio structures are found to be generally more abundant in
radio-loud sources, although this correlation is not so appar-
ent in radio quiet sources (Morganti 2021). In the case of red
geysers, this possibly implies that larger radio sources with
greater radio luminosity hosts greater amount of ionized gas.

In previous studies, similar relations between the strength
of an ionized gas outflow tracer and the size of the radio
source has been explained by considering the interaction be-
tween an embedded, AGN-driven radio jet and the ISM. Re-
gardless of size and structure of the radio jet—which is un-
likely to be resolved owing to spatial resolution in this case—
the important parameter to quantify the impact on the sur-
rounding ISM is jet energy. Although there have been sev-
eral methods to estimate the jet power, the method presented
by Willott et al. (1999) based on the synchrotron properties
of the radio sources has been shown to be particularly effec-
tive. They proposed the following conversion between the jet
mechanical energy and the radio luminosity:

L1 4cH,

0.68
105 W Hz—1> W @

This expression is used in this work, although there are limi-
tations of this approach, as discussed in Hardcastle & Krause
(2013); Croston et al. (2018). We find that red geysers show
a large range in Eech, spanning three orders of magnitude,
within 10*!> —10* erg s7!. In order to re-affirm the hypoth-
esis that the source of this estimated energy is the central radio
AGN, we also calculate the corresponding supermassive black
hole mass (SMBH) of our sources. The SMBH mass and the
jet mechanical energy are typically connected in an AGN. A
radio AGN tends to be more radio loud and is associated with
more energy as the black hole becomes more massive (Best et
al. 2005). However, these two quantities are not expected to
show any correlation for radio sources associated with other
astrophysical phenomenon. We estimate the black hole mass,
Mgy, using the following relation (McConnell & Ma 2013;
Cheung et al. 2016):

logio Mgy /M) = 8.32+5.64 log[o, /(200 kms™)]  (5)

Emeeh = 2.8 x 10%7 (
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Figure 8. The spectral index vs. radio flux density at 1.4 GHz frequency for
the 21 red geysers which are simultaneously detected in LOFAR, FIRST and
VLASS. The galaxies are color-coded by radio morphology classification, as
defined in §5.1. Note, for this figure, the unresolved galaxies are also marked
as “compact” along with the actual compact class.
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Figure 9. Ha luminosity integrated over one effective radius aperture vs. ra-
dio size (as given in Table 1) for 42 radio detected red geysers, color coded by
radio luminosity at 1.4 GHz. For the 34 LOFAR detected sources, Ljsomuz
has been converted to L 4gp, assuming a spectral index of -0.7. For the
remaining eight galaxies outside LOFAR footprint, FIRST measured lumi-
nosities have been used. A moderate positive correlation between Ho lumi-
nosities and radio size is detected.

where o, is the velocity dispersion of the stars, extracted from
the central 2 radius aperture. Fig. 10 shows the the jet me-
chanical energy vs. SMBH mass in the radio detected red
geysers, color coded by their respective morphological class.
We find that they are moderately correlated. We fit the data
points with a linear function using least square optimization
technique and find a relation in the form: logiyp (Emecn) =
[logio (Mg)]1%3° +38.925, with a Spearman’s correlation co-
efficient (r-value) of 0.4. This positive trend implies that the
central AGN, with possibly unresolved small-scale radio jets,
is driving the radio emission seen in these galaxies.

In order to estimate the possible contribution of this jet en-

log10 Mpn (Mo)

Figure 10. Jet mechanical energy, estimated from radio luminosity vs. su-
permassive black hole mass for 42 radio detected red geysers color coded
by morphological class. A clear positive trend is seen, implying that the ob-
served radio emission is linked to the nuclear SMBH.The black solid line
shows the best fit relation obtained by least square optimization.
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Figure 11. Radio luminosity (Lisomnz) vs. specific star formation rate for
the radio detected red geysers, color coded by morphological class. Galaxies
which are not classified as “compact” and possess extended radio structures
show low SFR for their stellar mass. This implies large radio sources are
more efficient in quenching red geyser galaxies.
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ergy to the quenching of star formation, Fig. 11 shows the
radio luminosity at 150 MHz vs specific star formation rate
(sSFR) for the LOFAR detected sources, color coded by their
morphological classification. Similar to Fig. 8, the unresolved
sources are also indicated as “compact”. We find that the
radio sources which are non-compact and belongs to either
one of extended, irregular, double or triple class, have much
lower sSFR with average log;o sSFR = -13 yr~!, compared to
the compact sources with average log;g sSFR = -11.75 yr™'.
This implies that the radio sources showing more extended
radio morphology are either more effective in quenching or
reside in a larger halo with greater stellar mass, bringing the
total sSSFR down by several factors. A weak negative corre-
lation is also visible between radio luminosity and sSFR, al-
though this apparent trend can be due to the low sample size
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Figure 12. SDSS optical image (left column), MaNGA Ha EW map (middle column) and He velocity dispersion (right column) shown for three red geyser
galaxies with LOFAR radio contours overplotted in green. Each row represent a red geyser galaxy. Galaxy with ID: 1-188530 (top row) belongs to the irregular
morphology class, 1-23958 (middle row) has a double morphology and 1-245451 (bottom row) shows compact radio structure.

and driven predominantly by a few large and extended radio
sources which are generally more radio-loud on average. This
seems to be the case here since the three sources under the
“triple” category and one “irregular’ source, which are solely
responsible for driving the negative trend, have radio lumi-
nosity (L;somu,) at least an order of magnitude more than the
average luminosity of the rest of the sources.

6.2. Spatially resolved properties

In addition to the integrated properties discussed above, we
now compare the spatially resolved ionized gas flux and kine-
matic maps with radio image morphology.

While every galaxy in the red geyser sample shows signa-
tures of ionized gas outflows via extended bi-symmetric pat-
tern in equivalent width map, there is a distinct lack of ex-
tended visible radio lobes on a similar scale in these galax-

ies as observed from a combination of LoTSS, FIRST and
VLASS survey. As reported in §5.1, 14 out of 28 (~ 50%)
sources showing resolved radio emission in LOFAR observa-
tions display a compact radio morphology. Although simi-
lar radio-quiet compact sources hosting radio AGN have been
observed to host small-scale (~ 1 kpc) radio jets in higher
spatial resolution (< 1) radio observations in previous stud-
ies (Jarvis et al. 2019, 2021; Venturi et al. 2021; Panessa et al.
2019; Baldi et al. 2018; Webster et al. 2021), the presence of
resolved radio jets in the red geyser sample is observed to be
quite rare with the current 5" resolution.

For the red geysers belonging to the “compact” or “ex-
tended” class, the spatial correlation between ionized wind
cone and the radio jets is difficult to infer. However, the
sources belonging to the “double” or “triple” category provide
the most insight. In two out of three red geysers belonging to
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Figure 13. SDSS optical image (left column), MaNGA Ha EW map (middle column) and Ha velocity dispersion (right column) shown for two red geyser
galaxies with LOFAR radio contours overplotted in green. Each row represent a red geyser galaxy. Both galaxies belong to the “triple” morphology class showing

large scale radio lobes.

the “triple” class (MaNGAID: 1-378770 and 1-595166), the
radio lobes align perpendicular to the direction of the ionized
wind cone. On the other hand, for the rest of the sources
which are resolved but not “compact” (four “double”, one
“triple” and two “irregular”), the elongation axis in the radio
images roughly aligns with the direction of the ionized wind
cone.

We choose five prototypical galaxies representing the com-
pact, irregular, double and triple morphological class to ex-
plore the detailed ionized gas-radio interaction using spatially
resolved maps.

MaNGAID: 1-245451 in Fig. 12 shows an example of a ra-
dio detected red geyser belonging to the “compact” radio mor-
phology class. The three columns in the figure correspond to
SDSS optical image (first row), Ha-EW (second row) and ve-
locity dispersion (third row) extracted from the Ha emission
line. The LOFAR radio contours (in green) are over-plotted
on top of each map. The on-sky diameter of the MaNGA
fiber bundles (overplotted in magenta hexagon in the optical
image) generally ranges between 17" - 32", corresponding to
a physical size of 10—30 kpc at median redshift of MaNGA
observations (z ~ 0.03). The bi-symmetric pattern in the Ha
EW map traces the ionized wind cone. The absence of struc-
tures in the radio image makes it hard to associate the radio
properties with any specific ionized features. However, we
note very high gas dispersion within the inner radio contours

detected with > 200, indicating extreme ionized outflow kine-
matics there.

For the red geyser with MaNGA ID — 1-188530 (belonging
to the “irregular” morphology class), the LOFAR image has
an unusual extended morphology spanning a distance of ~ 30
kpc, with a central radio core and a plateau of diffuse emis-
sion. Interestingly, the radio structure is spatially extended in
the direction of the Ha enhancement in the EW map, similar
to the other sources in the "irregular” class. Additionally, we
note that the galaxy shows an elongated region of enhanced
line width (> 200 km s~!), spanning about >7 kpc.

In red geyser with MaNGA ID: 1-23958, the radio image
show a one-sided low surface brightness bubble, detached
from the central bright core. Similar to the previous exam-
ple, the direction of the radio bubble roughly aligns with the
bi-symmetric pattern in the Ha emission line map. This is the
case for all sources classified as "double".

Finally, as already mentioned, double-lobes and distinct jets
are observed to be quite rare in the red geyser sample using
the current ~ 5” resolution of the radio images. Out of the
three sources classified in the “triple” morphological category,
two of them (Fig 12, MaNGA ID: 1-378770 and 1-595166)
have radio jets lying perpendicular to the ionized gas traced
by the Hoe EW map (Fig. 13). This is unlike what is observed
in the above cases. The gas velocity dispersion is enhanced
perpendicular to the Ha bi-symmetric feature in 1-378770,



18 ROY ET AL.

but is aligned in 1-595166. The implications of these findings
are discussed in more detail in §7.

7. DISCUSSION

We have presented 150 MHz, 1.4 GHz and 3 GHz radio
imaging from the LoTSS, FIRST and VLASS surveys, to-
gether with spatially resolved optical spectroscopy from the
SDSS IV- MaNGA survey, for 42 radio detected red geyser
sub-sample out of the total 140 z < 0.1 red geyser galaxies.
103 out of those 140 galaxies have available LOFAR imag-
ing data with 34 of them (~ 33%) being radio-detected. 29
out of 140 (~ 21%) galaxies are detected in FIRST and 29
are detected in VLASS. There are 21 sources (~ 15%) which
have simultaneous radio detection from all three surveys and
42 sources which are detected in at least one of them. The
radio properties are summarized in table 1.

The FIRST detection rate is roughly in agreement with our
previous work (Roy et al. 2018) which established that the
red geysers, that show signatures of kpc-scale winds in warm
ionized gas tracers, have a higher incidence of radio contin-
uum emission than typical early type galaxies without such
signatures. Thus, Ha, one of the primary tracers of putative
ionized winds in the red geysers, was seen to be associated
with increased radio emission. Indeed, even within the red
geyser sample, we have shown in Fig. 2 (upper right) that a
radio-detection indicates a greater amount of ionized gas. The
mean of the distribution of luminosity of Ha (Ly,) in radio
detected red geyser sample is 10** erg s™!, about four-five
times higher than the non-radio detected sample.

39 out of 42 radio-detected galaxies in our sample are clas-
sified as being ‘radio-quiet’ based on standard criteria of Xu
et al. (1999) (Fig. 3), while 38 out of 42 sources are radio-
quiet from R parameter value (Ivezi¢ et al. 2002). R values
in the three radio loud cases are fairly moderate, with R<1.5,
compared to the typical R value of 2.8 for radio-loud sources
from Ivezi¢ et al. (2002). Thus, the red geyser galaxies are
largely low-luminosity sources and belongs to the “radio-
quiet” group of objects (see Kellermann et al. 1989; Morganti
2021, for detailed discussions).

7.1. Origin of the detected radio emission

Although the radio emission in “radio-quiet” sources is of-
ten attributed to being dominated by star formation processes,
red geyser targets have very little star formation activity (log
SFR < 102Mg, yr~! Roy et al. 2021b, and Fig. 2). §4 shows
the quiescent nature of these galaxies via WISE infra red col-
ors, confirms complete lack of star formation and presence
of old stellar population through the ’D4000 vs. L;4/M,’
method and show the lack of ionization from young stars via
the BPT diagram. Indeed, in Cheung et al. (2016), the central
radio continuum emission in the prototypical red geyser was
from a low-luminosity radio AGN (L 4gu, ~ 10! W Hz!)
with low Eddington ratio (A ~ 107#). Roy et al. (2018)
showed that the expected SFR (~ 1 M, yr™') derived from
the average radio luminosity from the red geysers sample
exceeds the observed SFR, derived from ultra-violet to in-
frared SED fitting, by two to three orders of magnitude. If
we perform a similar calculation on our current sample of
29 FIRST-detected sources, we obtain an average radio lu-
minosity L 4gg, ~ 5 X 10?2 W Hz! (Fig. 7). From the best-
fit relation between 1.4 GHz radio continuum luminosity and
the Balmer decrement corrected Ha: (Brown et al. 2017), we
obtain a corresponding Ho luminosity ~ 2.5 x10%? erg s71.

Using the known relation between SFR and Ha luminosity
(Kennicutt et al. 2009; Brown et al. 2017) assuming a Kroupa
initial mass function (IMF) (Kroupa & Weidner 2003), we ob-
tain an expected star formation rate exceeding 5—10 M, yr!,
which is not observed in our galaxy sample. This is further
confirmed by Fig. 4 (panel d) which shows that our objects lie
above the low frequency radio luminosity - star formation rate
relation from Giirkan et al. (2018). This implies that the ob-
served radio luminosity can not be explained by the detected
very low amount of star formation and is consistent with radio
emission from central radio AGN.
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Figure 14. The distribution of Eddington ratios for the 42 radio detected red
geysers. The Eddington scaled accretion rate () values are < 107 for the

majority of the sources, implying that the red geysers are in general radia-
tively inefficient.

Another widely discussed source of the radio emission in
radio-quiet sources is radiatively-driven accretion disc winds
which result in synchrotron emitting shocks through the inter-
stellar medium (Zakamska & Greene 2014; Nims et al. 2015;
Zakamska et al. 2016). However, these are generally as-
sociated with quasars with bolometric luminosity Lagn ~
10 erg s™' where outflow velocities of ~ 1000 km s~! in-
teract with the ISM and can produce radio luminosities sim-
ilar to our sources (L;gn, ~ 10> =10 W Hz™'). How-
ever, the red geysers show typical gas velocities ~ 300 km s~!
(Fig. 1) with no signature of quasar-like broad emission lines.
A rough estimation of bolometric radiative luminosity from
the [OIII] A 5007 A emission line flux (within the central 2"
radius aperture), using the relation L;,g = 3500Lony; (Heck-
man et al. 2004), yields Ly,q ~ 103 erg s™!. We calculate the
classical eddington limit with Lggg = 3.3 X 10* Mgy, where
Mgy has been calculated in §6.1 (Eq. 5). Inserting the jet me-
chanical energy Eech(Eq. 4), radiative luminosity L,q and
eddington luminosity Lggg, we calculate the eddington radio
A = (Emech + Lrad) /LEdg- Fig. 14 shows the distribution of Ed-
dington ratios for the radio red geysers, which spans primarily
between ~ 107*—107. These fairly low eddington ratios im-
plies that these are radiatively inefficient sources that cannot
be formed due to radiative accretion disk winds.

Low-luminosity jets from radio-quiet AGN are the most
plausible explanation for the observed low power radio emis-
sion in our red geyser targets. Sufficiently deep and high res-
olution radio observations have been able to identify small-
scale radio jets in several “radio-quiet” quasars and Seyfert
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galaxies (Gallimore et al. 2006; Baldi et al. 2018; Jarvis et al.
2019, 2021; Venturi et al. 2021). Our sample of radio-quiet
red geysers have many properties in common with jetted com-
pact radio galaxies similar to those in Kimball et al. (2011);
Baldi et al. (2018); Jarvis et al. (2019).

7.2. Radio red geysers in the context of other radio-quiet
sources in the literature

At the frequencies of interest in this work, the radio contin-
uum emission is dominated by non-thermal synchrotron emis-
sion. In the absence of a constant energy injection source, the
replenishment of fresh electrons ceases and the radio spec-
trum is dominated by radiative loss. Since the energy loss
rate is directly proportional to the frequency, the energy loss
rate at lower frequencies (< 1.4GHz) is lower which enables
the original injection index of the electrons to be retained for
much longer. Thus, the lower frequency emission generally
is more extended, characterizing emission from older plasma
where injection took place longer ago. Additionally, LOFAR
is more sensitive to extended emission than the FIRST and
VLASS surveys. This is consistent with our findings (Fig. 6)
which shows that the LOFAR measured sizes are roughly
two-three times more spatially extended than the FIRST and
VLASS images, sometimes revealing intriguing structures not
visible in higher frequency images.

We observe a range of radio morphologies from LOFAR
observations in our red geyser targets. From Table 1, we see
that 16 out of 42 radio-detected sources exhibit resolved but
compact morphology, with the spatial extent ranging between
3—7 kpc in 150 MHz frequency band. They can be represented
by a two dimensional gaussian with no particular feature in
their radio images. On the other hand, 16 other sources show
extended features (> 9 kpc), with contiguous one-sided mor-
phology, bubbles and double-lobes (belonging to "extended",
"irregular”, "double" and "triple" morphology class). The re-
maining ten sources are unresolved in the typical resolution
of LOFAR and FIRST. Thus, ~ 38% of the radio-detected
sources show spatially extended features extending to scales
of more than ten kpc. This is consistent with the results of
Pierce et al. (2020), who have studied similar moderate lumi-
nosity radio AGN population, although with a greater radio
luminosity range (22.5 < L; 46n, < 25.) than the red geysers.
However, among those 38%, the seven galaxies classified as
“extended” also do not show any resolved radio jets although
they show elongation in a specific direction, indicating some
underlying radio structures remaining unresolved at the cur-
rent spatial resolution.

To quantitatively compare the radio morphologies of our
sample to the traditional radio AGN population, we inves-
tigate the radio size versus radio luminosity plane for the
red geysers compared to the literature compilation of radio
selected AGN from An & Baan (2012); Gallimore et al.
(2006); Kukula et al. (1998); Mingo et al. (2019); Jarvis et
al. (2019) in Fig. 7. In terms of linear size, most of the
red geyser sources are similar to the compact steep spec-
trum sources (spanning ~ 1—25 kpc in 1.4 GHz radio im-
age) with a few showing even more compact structures with
no structures resolvable beyond the nuclear component, sim-
ilar to the gigahertz peaked spectrum sources (typically < 1
kpc, O’Dea 1998). However, unlike the red geysers, the CSS
and GPS sources are powerful radio-loud AGN (L 4gn, >
10%® W Hz™"). Hence, our sources would be excluded from
these samples due to a much lower radio-luminosity. The red
geysers are more aligned with the “radio-quiet quasars” from

Jarvis et al. (2019) and also from the LINER and Seyfert ra-
dio sources from the LeMMINGS survey (Baldi et al. 2018b,
2021) according to the radio luminosity- size diagram. A few
are consistent with the lowest luminosity AGN in the sample
of Gallimore et al. (2006).

As noted by Jarvis et al. (2019, 2021), objects in the radio-
quiet quasar (RQQ) category possess small-scale jets when
observed in higher resolution (sub-arcsec scale) VLA and e-
MERLIN images, but exhibit compact or slightly extended
kpc-scale structures when observed in low spatial resolution
(> 3"). They have similar radio morphology, spectral index
and radio size as the red geysers. Considering the stark sim-
ilarities of the radio properties of the red geyser sources with
the RQQ sample, it seems plausible that our sources also pos-
sess small-scale jets which are blurred in the current resolu-
tion. These could resemble ‘frustrated’ jets, which are small
and contained within the inner 1 kpc central region of the
galaxy, occurring due to the surrounding dense environments
that doesn’t enable the jet to grow to a large size (van Breugel
et al. 1984). Two of our targets overlap with the Fanaroff-
Riley class I (FRI; Fanaroff & Riley 1974) galaxies in the
luminosity—size plane but the majority of our targets do not
fit within the traditional FRI and FRII radio classifications.
Due to the abundance of compact and featureless radio mor-
phology in our red geyser galaxies, these sources can also be
classified as ‘FRO’ galaxies (e.g. Baldi et al. 2015; Capetti et
al. 2020). However, higher spatial resolution data may reveal
more complex morphologies, jets, hot-spots on smaller scales
(see discussion in Hardcastle & Croston 2020).

7.3. Interaction between radio and ionized gas

We have previously identified kpc-scale outflows in ionized
gas in the red geyser galaxies (Cheung et al. 2016; Roy et
al. 2021a), which are marked by the bi-symmetric extended
pattern in the Hoe EW map (Fig 1). Our study of red gey-
sers complements several other studies that have aimed to
characterize the drivers of ionised outflows by investigating
the radio properties of the central radio AGN. For example,
there are many spatially-resolved studies of multiphase gas
outflows driven by local galaxies hosting low power AGN
(Mingozzi et al. 2019; Wylezalek et al. 2020; Venturi et al.
2021; Ruschel-Dutra et al. 2021). Specifically, Capetti et al.
(2019, 2020) have studied FRO galaxies showing similar com-
pact radio structures detected with LOFAR observations and
their effect on the galaxy environments, while Webster et al.
(2021) has discovered galaxy scale jets and their interaction
with the interstellar medium of the host galaxy. There have
been numerous studies at high redshift as well, but they pri-
marily focus on powerful radio galaxies and luminous AGN
(Nesvadba et al. 2017; Circosta et al. 2018; Perna et al. 2015;
Zakamska et al. 2016) where the impact of quasars are dom-
inant (Hopkins et al. 2007). The faint radio emission from
radio-quiet AGN are difficult to detect, although a growing
number of studies are being done in recent times to study the
interaction between the radio emission from the AGN and the
ionized gas outflows (Al Yazeedi et al. 2021). However, high
signal-to-noise and high spatial resolution radio data (e.g.,
Jarvis et al. 2019; Venturi et al. 2018) are required to resolve
the small-scale radio jets and morphologies to establish fur-
ther connection with the ionized outflows.

Fig. 9 aims to establish the connection between ionized gas
and radio emission in the red geysers via integrated Ho lu-
minosity with radio sizes. We show that our results are con-
sistent with Jarvis et al. (2021) studying similar radio-quiet
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(Lisomuz < 10** W Hz™') compact (generally < 10 kpc) AGN
sources from the “Quasar-feedback survey”, which states
that ionized gas tracers are correlated with the central ra-
dio AGN. Additionally, radio detected red geysers not classi-
fied as “compact”, possessing large radio sizes, are shown to
have relatively lower sSFR (logjo sSFR ~ —13.0 yr™!) than the
compact ones (Fig. 11). Assuming these compact objects have
similar star formation history as the extended, lobed & irreg-
ular ones, large radio sources having lower SFR for a given
stellar mass might be implying more efficient quenching due
to the presence of jets than the compact ones. The other possi-
bility is that the extended radio sources are generally found in
more massive and evolved sources with higher stellar mass,
perhaps even massive central galaxies in large halos. Ex-
tended or “lobed” radio sources may be the evolved form of
compact “FRO” galaxies in such environments. This idea is
consistent with the theory that compact FRO radio galaxies
are younger and will eventually evolve to form the traditional
FRI or FRII galaxies (O’Dea 1998). Thus the range of ra-
dio morphologies observed in the red geysers could represent
the various stages of transition of FRO class of objects to the
traditional FRI/ FRII sources.

Fig. 12 and 13 compare the spatially resolved equivalent
width and kinematics of ionized gas, traced by Ha, compared
to the distribution of radio emission for five example red gey-
sers belonging to different radio morphological class. We find
that for the galaxies in the “irregular” and “double” class,
elongation along a specific direction or presence of one-sided
bubbles in the radio emission (MaNGAID: 1-188530 and 1-
23958, Fig. 12) roughly aligns with the ionized gas features,
marked by high gas dispersion. Such observations indicate
that the large scale ionized outflows, stretching to > 10 kpc,
are possibly driven by small scale radio jets, unresolved at the
current LOFAR resolution. Often in these cases, the velocity
dispersion map is clumpy and shows high values in distinct
parts of the galaxy, and also in some cases, perpendicular to
the bi-symmetric Hoe feature. This is similar to the observa-
tion by Venturi et al. (2021) who found that increased line
widths were perpendicular to small-scale radio jets. They in-
terpreted this to be due to the low-power jet strongly interact-
ing with the ISM in the galaxy, releasing energy and giving
rise to highly turbulent motions in the perpendicular direc-
tion. Similar characteristics have been seen in a few other
local seyfert galaxies as well (see Riffel et al. 2014, 2015;
Lena et al. 2015; Freitas et al. 2018).

However, among the three rare cases (classified as “triple”)
where we detect clear evidence of large scale radio jets and
lobes, particularly notable are the galaxies with MaNGAID:
1-378770 and 1-595166 where we find that the radio jets,
shown by LOFAR radio contours, and ionized wind, traced
by the Ha emission map, lie perpendicular to each other
(Fig. 13).

There can be several possible explanations for the perpen-
dicular incidence of the radio jet and ionized broad angled
wind.

* Changing orientation of the magnetic field, as proposed
by Mehdipour & Costantini (2019).

» The formation of an expanding cocoon structure de-
scribed in simulations of jet-driven feedback (Begel-
man et al. 1984).

* A precessing accretion disk due to a misalignment be-
tween the orientation of the disk and the spin of the

black hole (Riffel et al. 2019).

» Radiation driven midplane wind (Proga & Kallman
2004).

In a sample of 16 radio loud Seyfert-1 AGN galaxies,
Mehdipour & Costantini (2019) showed an inverse correlation
between the column density of the ionized wind and the radio
loudness parameter (R) of the jet observed mis-aligned with
the wind. They argued that this indicates a wind-jet bimodal-
ity in radio loud AGNs with the AGN alternating between
powering a radio jet and an un-collimated broad wind. They
proposed that the magnetic field is the primary driving mech-
anism for the observed accretion-disk wind and the change
in the magnetic field configuration from toroidal to poloidal
cause this switch. This bi-modality can explain the low inci-
dence of radio jets and high prevalence of ionized wind in the
red geyser sample along with a 90° mis-alignment between
the jet and the wind. However, if the magnetic driving mech-
anism can work equally efficiently on low power radio-quiet
AGN:s is still open to questioning.

Wagner & Bicknell (2011), Wagner et al. (2012), Mukher-
jee et al. (2016) and Mukherjee et al. (2018) have studied the
interaction between radio-jet and multi phase ISM using de-
tailed 3D hydro-dynamical simulations. They find that when
a radio jet propagates through an inhomogenous ISM, they
not only impact the ISM along the radio-jet axis but also cre-
ate a spherical bubble which drives gas clouds outwards in all
directions. This leads to outflowing gas traveling at a mod-
est speed mostly in the path of least resistance. Although this
mechanism can not lead to extreme velocity outflows escap-
ing the galaxy altogether, it can impart enough energy and
turbulence to heat the gas and sufficiently inhibit star forma-
tion. Since we observe similar modest outflowing gas veloc-
ities (~ 300 km s™!) accompanied by turbulent high velocity
dispersions (exceeding ~ 220 km s7') in specific regions of
the galaxy in red geysers with very little star formation ac-
tivity, this phenomenon might be the primary mechanism to
explain the perpendicularity between radio jets and winds ob-
served in the two red geysers.

A third possibility is due to the precession in the accretion
disk, as proposed by Riffel et al. (2019). They suggested that
if there is a misalignment between the orientation of the ac-
cretion disk and the spin of the black hole, it can create a
torque leading to a constant precession. This mechanism, in
turn, can lead to a small scale jet, contained within the central
part near the nucleus to be mis-aligned with the large scale
ionized wind observed in MaNGA. Riffel et al. (2019) has
successfully implemented this model to the prototypical red
geyser to explain the misalignment observed between the di-
rection of the ionized wind in small (1 —2kpc) and large (> 10
kpc) scale spatially resolved Ho map. A similar procedure
can possibly explain the large scale radio jet and ionized wind
mis-alignment, although further work is needed to confirm
whether the small-scale precession near the black hole can
be implemented in a larger spatial scale > 20 kpc.

The final proposed mechanism exploring the radiation
driven mid-plane disk wind has been proposed by Proga &
Kallman (2004). However, as discussed in §7.1, the red gey-
sers do not seem to harbor radiatively-driven accretion disk
winds owing to low eddington ratios between 10~ —10~> and
absence of extreme outflow velocities of ~ 1000 km s™!.

Finally, while there is a body of evidence that supports
the interpretation of red geyser kinematics as the result of
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outflowing winds, this interpretation may be wrong in some
cases. It is tempting to associate the perpendicular orienta-
tion of the major kinematic axis with a diffuse accretion disk,
giving rise to extended, bipolar radio jets. While difficult to
rule out, this explanation is unlikely because it implies that
a black hole accretion disk on sub-parcsec scales would re-
main aligned to a galaxy-scale gaseous disk on kpc scales. In
simulations and observations, such an alignment is extremely
rare.

8. CONCLUSION

We have studied the 150 MHz, 1.4 GHz and 3 GHz
radio images from LoTSS, FIRST and VLASS surveys
(6”,5"and 2.5 resolution respectively) along with integral
field spectroscopic observations of a sample of red geyser
galaxies. Red geysers are low redshift (z<0.1) passive early-
type galaxies that host ionized gas outflows on scales of ~10
kpc (Cheung et al. 2016; Roy et al. 2021a). The parent sam-
ple of 140 red geysers are selected from SDSS IV-MaNGA
MPL-9 data. 42 out of the total 140 red geysers are detected
in at least one of the three radio surveys while 21 sources are
detected in all three surveys. We present the radio character-
istics, morphology, size of the radio-detected red geysers and
explore the connection of the radio emission with ionized gas.
Our main conclusions are:

* Only 3-4 of the 42 radio detected red geysers are radio-
loud according to two traditional criteria (Xu et al.
1999; Kellermann et al. 1989). Red geysers are largely
low luminosity sources and are classified as “radio-
quiet” objects.

Although these are radio-quiet, the source of the de-
tected radio emission is the central radio AGN and not
star formation. We use a series of four diagnostic dia-
grams (see Fig. 4) to show the absence of sufficient star
formation to explain the observed radio luminosity. The
association with the central radio AGN is confirmed by
Fig. 10 which shows a moderately tight correlation of
the jet mechanical energy derived from radio luminos-
ity with the SMBH mass.

16 out of 42 sources show extended radio structures
with a diverse range of morphologies, with radio sizes
spanning a large range 9 kpc < size < 200 kpc. Two
sources are classified as "FRI" sources. The remain-
ing 26 sources are either unresolved or exhibit resolved
but compact structure with size < 9 kpc. The compact
sources have no particular feature in their radio image.

Based on their radio luminosity-size relationship, spec-
tral index and the observed radio morphology, these
galaxies are consistent with “radio-quiet” quasars
(Jarvis et al. 2019), low power compact radio galax-
ies called the “FRO” sources (Baldi et al. 2015; Capetti
et al. 2020) and the radio emitting LINERs and Seyfert
class (Gallimore et al. 2006; Baldi et al. 2021). Higher
resolution (< 1”) radio images are required to detect
small scale “frustrated” radio jets within these compact
sources, if there are any.

* We show that there are indications of interaction be-
tween the radio structures and the ionized gas (traced
by Ha). Specifically, Ho luminous sources tend to have
more extended radio emission, in general (Fig. 9).

» We find evidence that compact radio red geysers show a
higher specific star formation rate on average than those
possessing large extended radio structures (Fig. 10).
This could mean larger radio sources with visible lobes
and jets are more efficient in quenching than the com-
pact ones and thus having less SFR. This could also
mean that the extended radio sources are generally
found in more massive and evolved sources with higher
stellar mass, causing them to have the lowest sSSFR. The
later possibility could imply that the compact ‘FR(’
galaxies would eventually evolve to transition towards
jetted FRI/FRII sources. Thus, the range of radio mor-
phologies observed in the red geysers represent the var-
ious stages of this transition.

From spatially resolved maps, the ionized gas and the
radio structures are mostly co-spatial with distinct kine-
matic components. However, in two out of the three
objects where we detected large scale radio lobes, the
ionized wind and the radio lobes are perpendicular to
each other. These can arise from the jet-ISM interac-
tion via different mechanisms (see §7).

In this work we provide evidence that the compact radio
structures are a common characteristic feature of red geyser
galaxies. In order to test the presence of small scale ra-
dio jets within the compact morphology and to study the
detailed radio jet-ISM interaction, further higher-resolution
(sub-arcsecond) radio imaging from VLA and upcoming
more sensitive and powerful radio and optical telescopes like
Next Generation Very Large Array (ngVLA), Square Kilo-
meter Array (SKA) and Vera C. Rubin Observatory will be
essential.
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