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forming galaxies are denoted by blue. It is clear that the mass fraction
of quenched galaxies is increasing monotonously from higher to lower
redshift (i.e. present time). This indicates that the red sequence popu-
lation is continuously growing since redshift 1.5 or beyond. The vertical
dashed line in the top panel indicates the onset of incompleteness from
the R-band limit, which occurs above the redshift indicated. . . . . ..

Schematic diagram to illustrate the two main modes of AGN feedback
(motivated by Fig. 7 of Alexander & Hickox 2012). The ‘ejective mode’ is
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Radio luminosity versus linear radio size for large sample of radio AGN
population compiled from the literature by Jarvis et al. (2019) and Hard-
castle & Croston (2020). Points show individual objects and the col-
ored 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 Fanaroff-Riley class 1 and 2 are categorized by An & Baan (2012)
and Mingo et al. (2019). . . . . . ... Lo o

A typical red geyser included in our sample. The data has been obtained
from MaNGA Integral Field spectroscopic observations. The panel on the
center shows the optical image of the galaxy (MaNGA-ID: 1-634825).The
magenta hexagon marked in the image is the extent of the MaNGA fiber
bundle. In the other panels, as labelled, we have shown the Ha-flux
map, Equivalent width map, Dn4000 absorption map, the velocity maps
of gas and the stars along with their dispersion. This galaxy satisfies all
the conditions that we use to classify an object as red geyser. Specially
notable is the bi-symmetric pattern in the equivalent width map of Ha
and the kinematic axis align perfectly with the gas velocity field.

The rest-frame NUV — r color vs. stellar mass (log M,) diagram of
the MaNGA sample, with the red geysers in red circles and the control
galaxies in green squares. Quiescent galaxies are clustered in the upper
part of the NUV — r distribution; we define NUV —r > 5 as a conser-
vative boundary of quiescent galaxies. Galaxies with NUV —r > 8 are
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A typical control galaxy chosen in our sample. The data has been ob-
tained from MaNGA Integral Field spectroscopic observations. The panel
on the center shows the optical image of the galaxy (MaNGA-ID: 1-
24099). The magenta hexagon marked in the image is the extent of the
MaNGA fiber bundle. In the other panels, as labelled, we have shown
the Ha-flux map, Equivalent width map, Dn4000 absorption map, the
velocity maps of gas and the stars along with their dispersion. As de-
scribed in §2.3.1.2, this galaxy is red with NUV-r > 5, has a very low
value of star formation and it is relatively face-on with b/a > 0.3. This
galaxy is clearly not a red geyser as it does not satisfy any of the red
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sample. Normalized histograms of the red geysers and control galaxies
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from our method of selection of control sample. . . . ... ... ....

A typical disturbed galaxy as described in §2.3.1.3. The data has been
obtained from MaNGA Integral Field spectroscopic observations. The
panel on the center shows the optical image of the galaxy (MaNGA-
ID: 1-43933). The magenta hexagon marked in the image is the extent
of the MaNGA fiber bundle. In the other panels, as labelled, we have
shown the Ha-flux map, Equivalent width map, Dn4000 absorption map,
the velocity maps of gas and the stars along with their dispersion. As
described in §2.3.1.3, this galaxy cannot be called a promising geyser
candidate because of the lack of the signature bisymmetric pattern, but
the kinematics indicate a difference from ordinary control sample. It has
been classified as a third “Ha-disturbed” category to separate from the
geyser and the control sample population . .. .. ... ... ......

The median stacked images of red geysers (top) and control sample (bot-
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for the red geysers (middle) and the control (bottom middle), where all
radio detected sources have been excluded. The blank stacks are shown
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The median stacked radio flux obtained from the stacked sample of red
geysers (shown in red circles) and control sample (blue squares). “All”
represents the stacks where the entire sample has been included for both
red geysers and control, while “Radio Non-detections” indicate the stacks
where the individually radio-detected sources have been removed. The
condition of radio detection of a source has been defined as SN > 3.
“Control with gas”— marked in yellow diamonds— shows a specific sub-
set of control galaxies when we additionally controlled for ionized gas
(described in §2.4 in details). The red geyser sample show an enhanced
radio flux compared to control sample galaxies and the presence of higher
amount of ionized gas in the control sample does not necessarily affect the
radio-detection rate. The spaxel by spaxel equivalent width information
have been obtained from the MaNGA DAP (Data analysis Pipeline) and
they have been averaged over the spatial extent of 1.5 effective radii to
obtain the mean EW value for a particular galaxy. . . . ... ... ...
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The figure shows the log SFR vs log M, as obtained from SDSS+WISE
catalog of Chang et al. (2015). The gray 2D histogram shows all the
galaxies in the catalog with 0.01 < z < 0.1. The red circles and blue
stars signifies red geyser and control sample galaxies respectively. Most
of the galaxies in our chosen sample have a low log SFR value, < —2
MO/Yr. o

The median stacked radio flux obtained from the stacked sample of red
geysers (shown in red), Ha-disturbed (pink) and control sample (blue).
The leftmost panel shows the stacks for the entire sample of red geysers
(shown in red circles), control sample (shown in blue squares) and the Ha-
disturbed category (shown in green star). “Radio Non-detections” panel
shows the stacked radio flux for the geysers and the control sample where
the individually radio-bright ones, satisfying the criteria S/N > 3, have
been removed. The red geyser and the control sample have been cross-
matched with SDSS+WISE catalog of Chang et al. (2015). Galaxies
with log SFR > —2M ® /yr have been removed and re-stacked. They
constitute the “Non-Starforming” category shown in the rightmost panel
of the plot. In all the cases, the median stacked radio flux is higher for
the red geyser sample compared to the control sample by > 50.

The figure shows the 1.4GHz radio luminosity versus stellar mass of radio
detected red geysers (shown in red big circles), Ha-disturbed (shown in
green squares) and the red (NUV —r > 5) MaNGA galaxies (in gray
small circles). This plot shows that the radio AGN population occupies
two distinct regions in the luminosity stellar-mass space depending on the
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is occupied by quiescent galaxies with optical emission line features (red
geysers and Ha-disturbed) while in the higher mass region, we mainly find
galaxies without detectable emission line features (similar to our control
sample). The black stars and diamonds show the stacked radio lumi-
nosities from the entire sample (which includes both radio-detected and
non-detected ones) of red geyser and Ha-disturbed galaxies respectively,
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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
Ha 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 [SI]]
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 Hae EW contours
in black. The lower right panel (f) shows the gas velocity dispersion.
The characteristic bi-symmetric pattern in Ho-EW map is particularly
apparent. . ... Lo L e

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 Ha 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. . . . . ... ... ... ... ..

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. . . . . . . . ... L
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Location of the radio-detected red geyser sources on the different diag-
nostic 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-W2
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]/H/ 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 Lisone i,
method, developed by Best et al. (2005), for the radio-detected red gey-
sers (in black). They are compared to the SF (blue) and AGN population
(red) from the LoTSS (DR1) detected SDSS (DRT7) 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. . . . . . . . ..

The LoTSS images of five example red geysers, classified in different ra-
dio morphology classes as mentioned in square brackets. Galaxy with
MaNGAID: 1-256446 is classified as “compact” source, 1-24104 as “ex-
tended”, 1-23958 as “double”, 1-378770 as “triple” and 1-188530 as “ir-
regular” source. The black horizontal scale bar in each panel indicates
20 kpc length scale. . . . .. .. .. L

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. . . .. .. ..

Radio luminosity versus linear size for our red geyser sample (black stars)
compared to a sample of radio AGN population compiled from the lit-
erature by Jarvis et al. (2019) and Hardcastle & Croston (2020). Points
show individual objects and the colored contours represent source den-
sity. 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, consist-
ing of compact steep spectrum (CSS) sources, gigahertz peaked spectrum
(GPS), compact symmetric objects (CSO) and Fanaroff-Riley class 1 and
2 are categorized by An & Baan (2012); Mingo et al. (2019). . . . . ..
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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 §3.5.1. Note, for this figure, the unresolved galaxies are also
marked as “compact” along with the actual compact class.. . . . . . ..

Ha luminosity integrated over one effective radius aperture vs. radio size
(as given in Table 3.1) for 42 radio detected red geysers, color coded
by radio luminosity at 1.4 GHz. For the 34 LOFAR detected sources,
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4.5

The Keck ESI slit positions for the first target galaxy (MaNGA-ID: 1-
217022). The left and the right panels show the three slit positions over-
laid on the SDSS optical image and the MaNGA ionized gas velocity map
respectively. The black contours in the velocity map shows the Ha equiv-
alent width (EW). Slit 1, placed at an angle of 40° from North to East,
traces the bi-symmetric emission feature. Slit 2 is placed at an angle of
110° from North to East, sampling the central parts of the galaxy. Slit 3
is placed parallel to slit 1 with an offset of ~4.9”. . . . ... ... ...

The ESI slit positions for the second target (MaNGA-ID: 1-145922). The
left and the right panel show the slit position on the optical image and
the MaNGA gas velocity map respectively. The black contours in the
velocity map shows the Hoe EW. The slit is placed at an angle of 320°
from North to East, tracing the bi-conical emission feature. . . . . . . .

Example of a reduced Keck ESI spectrum (in black) in an 1” spatial bin
along the ESI slit. MaNGA spectra from the spaxel corresponding to the
same physical position on the sky is overplotted inred. . ... ... ..

The spatially resolved emission line and kinematic properties of the first
target red geyser galaxy from SDSS IV-MaNGA (MaNGA-ID: 1-217022).
The on-sky diameter of this particular IFU fiber bundle is 22" which cor-
responds to a physical size of 11 Kpc. The upper left panel shows the
spatial distribution of Ha flux. In the other panels, as labelled, we show
the Ha-EW map (lower left), the 2D stellar velocity field (upper middle)
and the ionized gas velocity traced by Ha (lower middle). The lower right
panel show the spatially resolved BPT diagram showing spaxels with sig-
nal to noise > 3. The upper right panel shows the spatial position of
those spaxels, colored by their classification based on the BPT diagram.
Characteristic red geyser features such as the bi-symmetric emission fea-
ture in Ha and its alignment with the gas kinematics axis are particularly
apparent. . ..o Lo L e e e e

The spatially resolved emission line and kinematic properties of the sec-
ond target red geyser galaxy from SDSS IV-MaNGA (MaNGA-ID: 1-
145922). The on-sky diameter of this particular IFU fiber bundle is 32"
which corresponds to a physical size of 18 Kpc. The different panels are
the same asin Fig4.4. . . . .. .. . o Lo
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4.9

[Top panel] An example of a single gaussian fit to the continuum sub-
tracted Ha emission line from ESI at a particular 1” spaxel. Single com-
ponent model (shown in blue) leaves huge residual of about +15% as
shown in the residual panel. [Bottom panel] A two-component model fit
to the same spectrum as above is shown. The model consist of a double
gaussian, with the “Primary” component shown in red measuring the
bulk velocity of the gas, and the “Secondary” component shown in green
which shows the wings and departures from single component model.

This model greatly reduces the residual to only about +5% and is favored. 152

[Left panel] The 2D gas velocity field of the first target galaxy obtained
from MaNGA data with Ha-EW contours overplotted in black. [Right
panel] Ha and [NIIJA6584 emission line profiles obtained from Keck ESI
at two separate locations in the galaxy indicated A and B in the left
panel. The emission line profiles reveal complex velocity structure likely
resulting from multiple components. Extended wings in the emission lines
switch from the blue side at position A to the red side at position B.

[Top panel] The 2D ionized gas velocity field of the first target galaxy
obtained from MaNGA data with the Hoe EW contours overplotted in
black. The first slit position with different spatial bins (~ 1”) is overlaid
on top to map the physical location of the extracted spectra on the slit.
[Bottom panel] The different rows indicate the observed spectra from
Keck ESI around the spectral window of Hey, [NII]\6584 extracted from
different spatial bins (or spaxels) as marked in the top panel. The spectra
are registered to the same wavelength and color coded by gas velocity. .

[Top panel] The Ha emission lines from ESI for slit 1 position of the first
target galaxy are shown for different spaxels along the slit in different
panels. A single or a double Gaussian model, as favored by the Bayesian
Information criterion (BIC), is used to model the emission lines. For a
single component model the model is shown in blue. For two component
models, the primary component is shown in red and secondary in green.
The modelled line profile in blue shows the total model fit to the data
(which is in black). [Bottom panel] The [NII]\6584 emission line profiles
in black with their model fits over-plotted in blue, similar to the sub-panel
above. ..
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[Top panel] The MaNGA ionized gas velocity field with Hoe EW contours
overplotted in black, similar to Fig. 4.8. The second slit position with
different spaxels (~ 1”) are overlaid on top. [Bottom panel] The different
rows indicate the observed spectra from Keck ESI around the spectral
window of Hey, [NII|]A6584 extracted from different spaxels as marked in
the top panel. The spectra are registered to the same wavelength and
color coded by gas velocity. . . . . . .. ... L

[Top panel] The Ha emission lines from ESI for slit 2 position of the first
target galaxy are shown for different spaxels along the slit in different
panels. A one or two component Gaussian model is used to model the
emission lines similar to Fig. 4.9. The modelled line profile in blue shows
the total model fit to the data (which is in black). [Bottom panel] Model
fit for [NII]A6584 emission line profiles, similar to the sub-panel above.

[Top panel] The MaNGA ionized gas velocity field with Hoe EW contours
overplotted in black, similar to Fig. 4.8 & 4.10 for the third slit posi-
tion. This slit is parallel to but offset to the bi-symmetric feature, hence
traces the edge of the putative wind cone. [Bottom panel] The different
rows indicate the observed He, [NII]A6584 emission lines from Keck ESI
extracted from the spaxels marked in the top panel. The spectra are
registered to the same wavelength and color coded by gas velocity.

[Top panel] The Ha emission lines from ESI for slit 3 position of the first
target galaxy are shown for different spaxels along the slit in different
panels. A one or two component Gaussian model is used to model the
emission lines similar to Fig. 4.9. The modelled line profile in blue shows
the total model fit to the data (which is in black). [Bottom panel] Model
fit for [NII]A6584 emission line profiles, similar to the sub-panel above.

[Top panel] The MaNGA ionized gas velocity field of the second target
galaxy with the Hao EW contours overplotted in black. The only slit
observation with reasonable S/N taken for this galaxy is overlaid on top
with different spatial bins (~ 1”) indicated with circles to map the phys-
ical location of the extracted spectra on the slit. [Bottom panel] The
different rows indicate the observed ESI spectra extracted from different
spaxels as marked in the top panel. The spectra are registered to the
same wavelength and color coded by gas velocity. The spectra are lower
signal to noise in general compared to the first target galaxy. . . . . ..
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[Top panel] The Ha emission lines from ESI for the only slit in the second
target galaxy are shown for different spaxels along the slit in different
panels. A one or two component Gaussian model is used to model the
emission lines similar to Fig. 4.9. The modelled line profile in blue shows
the total model fit to the data (which is in black). [Bottom panel] Model
fit for [NII]JA6584 emission line profiles, similar to the sub-panel above.

The observed Gauss-Hermite skewness of the Ha (in red) and [NII] (in
blue) lines for each slit positon of the two target galaxies. The skewness
or the asymmetry parameter k, described in §4.4.3, quantifies the asym-
metric nature of the line profiles. k > 0 indicates a red wing and k < 0
indicates blue wing. The spaxel number maps to the spatial locations in
the slit as indicated in Fig. 4.8 - 4.14. Low spaxel number indicates blue-
shifted part of the galaxy while high spaxel number indicates red-shifted
side. . .o

A schematic diagram showing how emission line profiles integrated along
the line of sight of a conical wind are expected to produce asymmetric
lines with a “blue” wing on the red side and vice versa. This behavior is
evident in the emission line profiles from Keck ESI data. . . ... . ..

Left panel shows the mock spectra obtained from wind modelling of the
first galaxy. Right panel shows the spectra obtained from the disk model.
Each row in the plot represents the line-of-sight integrated spectra co-
added inside each spatial bin sampling the same locations as ESI spaxels
along the bi-symmetric feature in Fig. 4.8. All the emission lines are
registered to common velocity and the velocity information is encoded in
the color scheme. . . . . . . .. o oo

Left panel shows the mock spectra obtained from wind modelling of the
second galaxy. Right panel shows that obtained from the disk model.
Each row in the plot represents the the line-of-sight integrated spectra
co-added inside each spatial bin sampling same locations as ESI spaxels
along the bi-symmetric feature in Fig. 4.14. All the emission lines are
registered to common velocity and the velocity information is encoded in
the color scheme. . . . . . . . ...

Comparison of the variation of asymmetry parameter obtained from ESI
line profiles with predictions from different models. The salmon and blue
shaded regions show the variation of the asymmetry parameter computed
by averaging over k values from Ha and [NII] lines along the presumed
wind cone for both galaxies. The asymmetry parameter obtained from
the disk models (shown in dashed lines) and wind models (in solid lines)
for the two galaxies are overplotted on top. . . . . . ... ... ... ..
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5.1 The figure shows the log SFR vs log M, as obtained from GALEX+SDSS+WISE
catalog of Salim et al. (2016). The gray 2D histogram shows all the
MaNGA galaxies in the catalog with 0.01 < z < 0.1. The red circles
signifies red geyser galaxies. Most of the galaxies in our chosen geyser
sample have a low log SFR value, with an average of ~ 0.01 Moyr—!. . 194

5.2 The spatially resolved emission and absorption line properties of 4 exam-
ple red geysers (MaNGAID-1-217022, 1-273933, 1-575742 and 1-94168)
from SDSS-IV MaNGA. The left panels show the optical images of the
galaxies from SDSS with the MaNGA IFU overlaid on top in magenta.
The on-sky diameter of the IFU fibers shown here range from 12" to 22"
corresponding to physical size of roughly 10—20 Kpc. The middle panels
show the Ha Equivalent width (EW) maps (observed-frame units in A)
showing the signature bi-symmetric pattern identifying the red geyser
class, and the right panels show the EW map of NaD absorption (in A)
which includes both stellar and cool ISM gas component. . . . . .. .. 195

5.3 [Upper panel] Equivalent widths EW(NaD) vs. EW(Mg b) of the red
geysers (magenta squares) and control sample (grey circles). The FIRST-
detected radio red geysers are marked in cyan. The dashed blue line repre-
sents the empirical relation from stellar component only found in Alatalo
et al. (2016) for star-forming galaxies. Any object above the relation is
expected to have a dominant ISM contribution in NaD. [Lower panel]
Probability density functions for the Na I D EW, measured with respect
to the mean Alatalo et al. (2016) relation: EW(Na D) = 0.685*EW (Mg
b)+0.8 (indicated by blue dashed line in the upper panel) for the different
subsamples. The radio-detected red geysers (cyan) show a clear depar-
ture from the other two distributions, with a large fraction of objects
showing excess NaD compared to their Mgb. . . . ... ... ... ... 199

5.4 The top panel shows an example MaNGA spectrum in black. The best
fit stellar continuum obtained from ppXF fit using MIUSCAT stellar
population models, as described in §5.3.1, is overplotted in red. The
result of the continuum fit around Magnesium triplet (Mg b) and Sodium
doublet (NaD) absorption lines are shown in the left and right subplots
in the bottom panel respectively. 1-o errors in the observed spectra are
shown in the bottom panels in cyan. The gray shaded region in the lower
left panel highlight the [NT] emission line at 5200 A. . . . ... ... .. 200
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5.7

5.8

5.9

Left panel shows the modeled stellar continuum obtained by using three
different stellar population models (MIUSCAT, BPASS and MASTAR)
in different colors and line styles, overplotted on the observed NaD ab-
sorption spectra in black. 1-o error of the observed NaD spectrum is
shown in cyan. Right panel shows the corresponding continuum normal-
ized residual NaD indicating contribution from the ISM. . . . .. . ..

The two panels show the modeling of continuum-normalized NaD spectra
using Rupke et al. (2005) absorption model for two different spaxels of a
red geyser (MaNGA ID: 1-217022). The observed spectra are shown in
black, the best fit models in green, and the wavelengths corresponding
to the estimated velocities in magenta. The bottom subpanels below the
main plots show the residuals of the fits. . . . ... ... ... .....

Difference between the input velocity (V) of the ISM component used
to simulate the mock NaD absorption spectra and the retrieved velocity
obtained with our velocity estimation analysis vs. the signal-to-noise ratio
used in the mock simulation. Each color represents ‘true’ ISM velocities
used for simulating the data. Colored shaded regions depict 1o error
regions on the difference. The solid lines are for realistic sodium doublet
absorption profiles while dashed lines are for doublet profiles which are
mirror images of the former. Grey shaded region indicates the S/N in our

observed spectrum. This shows the bias in our velocity retrieval process.

The distribution of mean percentage of ISM contribution in the NaD
doublet absorption profile as observed in the red geyser galaxy sample.
Dashed line separates red geyser galaxies with ISM fraction > 40%, which
is greater than twice the typical fraction observed in control galaxies.

Cumulative distribution function showing the comparison of the distri-
bution of mean NaD-ISM EW (computed by averaging over a circular
radius of 8”) between four different samples - radio detected red gey-
sers (red), non radio detected red gesyer (orange), radio detected control
(blue) and non radio detected control (cyan) galaxies. The mean of each
distribution is shown by same-colored solid (radio-detected galaxies) and
dashed (non radio detected samples) lines. The radio detected red geyser
shows the highest mean EW of = 0.9 A and quite different distribution
than control samples. . . . . . . . . . .. oL
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Spatially resolved NaD EW maps for four red geysers (MaNGA ID: 1-
217022, 1-273933, 1-575742 and 1-94168) derived from the spaxel-wise
continuum-normalized NaD spectra for each galaxy. Since the stellar
continuum has been factored out, the displayed EW comes entirely from

the ISM component. Out of the four red geysers shown here, three are
radio detected (MaNGA ID: 1-217022, 1-273933, 1-94168). . . . . . ..

Cumulative distributions showing the fractional area of the galaxy com-
prising the cooler neutral ISM gas via NaD absorption for radio detected
and not-detected red geysers (red and orange) and control samples (blue
and cyan) galaxies respectively. Radio detected red geyser covers, on
average, the highest fractional area of NaD absorption (red solid line),
almost three times higher than that of the mean of radio detected control
sample (blue solid line). . . . . .. ... ..

The cumulative distribution of mean velocities obtained from spatially
resolved NaD kinematics for red geyser and control samples, split by
radio detection. The color scheme is the same as Fig. 5.9. The mean
velocities are calculated by computing the average of spatially resolved
velocities over a circular radius of 8”. Both the radio detected and non-
detected red geyser samples shows a clear excess in redshift or a positive
velocity compared to control samples. . . . . . ... ... ... ... ..

Spatially resolved NaD velocity maps of the same four red geysers as
Fig. 5.10(MaNGA ID: 1-217022, 1-273933, 1-575742 and 1-94168). The
velocities are extracted from modeling the NaD absorption spectra with
Rupke et al. (2005) model, wrapped in an MCMC framework. . . . . .

Stacked and normalized NaD spectra containing only the ISM component
for radio detected and not-detected red geysers (red and orange) and
control sample (blue and cyan) galaxies respectively. The total number
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[Top left] SDSS gri color image with LOFAR radio contour overlaid of a
porposed OSIRIS target (ID: 1-595166, z=0.045). [Top right] MaNGA
Ha equivalent width map. [Bottom left] The predicted H2 intensity map.
[Bottom right] The [SII] 6717,6731 BPT diagram of all spaxels, with the
black points representing the locations along the wind cone within the
Ha EW pattern. The optical line ratios are consistent with shock models,
but can’t be well constrained due to overlapping AGN and LINER-like
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Left: The symmetrised v, field for the galaxy which is input to JAM,
Centre: The output from the best fit JAM model, Right: The residuals
of the model and data. The white contours on all trace the surface
brightness of the MGE. Black dots denote masked pixels. The unit of
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plotted on the best matched rotation curve assuming a disk model (details
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Abstract

Star formation suppression and feedback in nearby quiescent galaxies
by
Namrata Roy

Active galactic nuclei (AGN) driven feedback has been proposed to be one of
the most efficient ways to quench star formation and help maintain quiescence in massive
galaxies. However, direct evidence of feedback in typical quiescent galaxy populations
has been restricted to only a handful of sources. This thesis presents a series of evidence
that large-scale winds in a new (and relatively common) class of early-type galaxy,
known as ‘red geysers’, may represent AGN radio mode feedback in action. The work is
primarily based on integral field spectroscopic data from the SDSS IV- MaNGA survey
that has completed observing 10,010 galaxies in the optical wavelength at z < 0.1.
The main focus of this work is utilizing a multi-wavelength approach to understand
the detailed physics of the red geyser galaxies and place them in the context of global
quenching of star formation in typical red and dead galaxies.

Radio data from the combined surveys of Faint Images of the Radio sky at
Twenty Centimeters (FIRST), VLA Sky survey (VLASS) and LOFAR Two Meter Sky
Survey (LoTSS) reveal that red geysers preferentially host low luminosity radio mode
AGNs with average radio luminosity L1 4 gy ~ 1021 —10%2 W Hz~!. Red geysers exhibit
a wide range of radio morphologies: from double-lobed large-scale jets to compact and
moderately extended features with average radio sizes between 5 - 30 kpc. However,
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the majority of the red geysers show a compact radio structure, closely resembling the
‘FRO’ radio galaxies, which are the low luminosity counterparts of the more luminous
FRI/FRII sources and often host small scale jets. Optical long-slit spectroscopy from
the Keck ESI instrument and resolved spectroscopy from the SDSS IV- MaNGA survey
shows that the turbulent ionized gas kinematics with ‘winged’ emission line profiles are
consistent with geometric projections through an outflowing broad conical wind.

In addition to the ample amount of ionized gas (~ 10° — 105 Mg,), a large frac-
tion of red geysers also host a significant amount of cold gas reservoir in the interstellar
medium. Traced by the Sodium doublet absorption line, the signature is particularly
enhanced for the radio bright red geysers indicating some underlying connection be-
tween the gas supply and the AGN activity. A detailed stellar population modeling
and subsequent extraction of absorption-line kinematics using a Markov Chain Monte
Carlo (MCMC) framework show that a large part of this cool gas is infalling towards

the galaxy, with an average velocity ~ 60 km s~

The origin of this cool inflowing
gas is predicted to be a combination of internal sources like stellar mass loss and ex-
ternal accretion events like minor mergers. The emerging hypothesis is that this gas
is inflowing towards the center to possibly fuel the central radio-mode AGNs, which
can then trigger the outflowing wind visible in the ionized phase. This hypothesis is in
agreement with the observed duty cycle of the red geysers, which matches the minor
merger frequency in the local universe (0.1 Gyr~!). The minor mergers can provide

the bulk of the multi-phase gas detected in these galaxies but cannot rejuvenate star

formation, perhaps due to the feedback effect of the wind. The estimated kinetic energy
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from the wind E ~ 103 erg s—! is energetically sufficient to suppress any residual star
formation in the host galaxy. Red geysers are expected to be an episodic but short-
lived phenomenon that possibly occurs in any red sequence galaxy. They can play an

energetically important role in suppressing gas cooling and star formation at late times.
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Chapter 1

Introduction

The advent of a large number of ground and space-based telescopes in the
last few decades has significantly improved our understanding of galaxy populations
over cosmic time. Large photometric and spectroscopic surveys with better resolution,
higher signal-to-noise and wider field of view have been instrumental in learning about
the different physical processes involved in galaxy formation and evolution — an ex-
tremely complex topic with many unsolved problems. Especially utilizing the relatively
new integral field spectroscopic (IFS) techniques, it is now possible to obtain spatially
resolved information from different physical locations in a galaxy and thus gain a more
detailed picture instead of an average integrated property. The primary challenge now
is to efficiently utilize this huge database of information to connect the pieces of the
puzzle together and build a coherent picture of galaxy evolution starting from the birth
of galaxies when it is actively forming stars - all the way upto their death, when there

is very little-to-no star formation activity. This thesis strives to better understand



the mechanism by which galaxies stop their active star forming state (often known as
‘quenched’ state), or more specifically, once they quench — how they preserve the pas-
sive quiescent state for a long period of time. Before diving into the specific unanswered
questions and how the present work addresses them, it is important to discuss how our

understanding of galaxy formation and evolution has matured over the years.

1.1 Star formation and quenching

Galaxies are the fundamental blocks of the universe. They come in many
shapes, forms, and sizes. The current standard model of galaxy formation assumes
that structure formation follows a hierarchical growth (“bottom up”) scenario in the
A cold dark matter (CDM) universe. This means that small primordial fluctuations
of matter generated early-on during inflation collapsed first, and eventually grew into
bigger clumps, called dark matter halos. Slowly, they started attracting baryons (gas)
mixed in with the dark matter to accumulate near the center, preparing for future star
formation episodes (Peebles 1982; Blumenthal et al. 1984).

The process of star formation is a crucial phenomenon which shapes the form
and fate of a typical galaxy. Although the exact mechanism of star formation is still
a subject of ongoing research, the process involves an abundant presence of cold dense
gas. So, once the baryons fall inwards towards the center of the halo, gas density
increases, ultimately leading to a collapse under its own gravity into a cloud. Then, the

competition between radiative cooling and gravitational heating determines the fate of
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Figure 1.1: Star formation rate vs. stellar mass in log units for all MaNGA observed
galaxies (with 0.01< z < 0.1) obtained from GALEX+SDSS+WISE catalog of Salim
et al. (2016). This shows a clear bimodality with star forming blue cloud occupying
the upper part of the diagram and quiescent red sequence galaxies lying in the bottom
region.




the gas in these halos (Rees & Ostriker 1977; Binney 1977). If cooling is sufficient,
these proto-stellar clouds will give birth to stars. During this star formation phase,
galaxies continuously grow in stellar mass by forming stars and also by merging into
larger structures. The accreted gas falling into the center eventually settles into a disk
and forms spiral/disk star forming galaxies (Keres et al. 2005; Dekel & Birnboim 2006;
Fall & Efstathiou 1980).

When the stellar mass grows roughly above > 10'° My and becomes massive,
heating dominates instead. Star formation activity also decreases considerably. Cool
gas is no longer accreted from outside at a similar rate (Dekel & Birnboim 2006), thus
considerably decreasing the supply of star forming fuel. Additional energy injection
via feedback mechanisms (discussed in detail in the following paragraphs) quenches any
residual star formation (Di Matteo et al. 2005; Somerville & Davé 2015; Hopkins et al.
2011; Weinberger et al. 2017b), marking the onset of the passive early-type galaxies
(ETGs). The spheroidal/elliptical shape in the ETGs is formed hierarchically through
mergers of pre-existing galaxies within a halo, which allows galaxies to grow even after
gas accretion has ceased (e.g., White & Frenk 1991; Barnes 1992; Cole et al. 2000). This
is the simplest evolutionary picture of a galaxy although the exact evolutionary path
changes on a galaxy-by-galaxy basis. Recent work employing data from large surveys
has shown that galaxy population today is indeed roughly bimodal with galaxies less
massive than 109 My undergoing star formation and those above are predominantly
quenched. This distinct division in the two populations is primarily observed in galaxy

colour, morphology, star formation rate and stellar mass (Strateva et al. 2001; Baldry



et al. 2004; Balogh et al. 2004). Fig. 1.1 shows this clear bimodality arising in star
formation rate and stellar mass for the low redshift (z<0.1) MaNGA observed galaxies,
as measured from Salim et al. (2016) catalogue.

However there are several complexities. Particularly, understanding what
causes the complete transition to the passive “red and dead” phase is quite challenging.
Major surveys have now revealed that the ETGs are not completely devoid of cold gas,
unlike what was believed previously (Binette et al. 1994; Buson et al. 1993; Demoulin-
Ulrich et al. 1984). There are still ample source of gas supply from stellar mass loss,
minor mergers and episodic accretion events which can cool down quickly and restart
star formation activity. But that level of star formation is almost never observed. Once
galaxies transition to the passive state, they remain quenched forever with very little
rejuvenation, thus adding to the ETG population over time. This has been confirmed
by the fact that the number of quiescent galaxies has been increasing steeply by a factor
of almost ~ 25 since z~2 to present time (Bell et al. 2004; Bundy et al. 2006; Faber et al.
2007; Ilbert et al. 2010; Moustakas et al. 2013). This has been shown by Fig. 1.2 which
depicts that the fractional contribution of the ETG population (in red symbols) to the
total stellar mass has been increasing continuously from higher redshift towards present
time, irrespective of the stellar mass interval considered. Additionally, the centers of
the most massive galaxies in groups and clusters show very old stellar populations, with
almost no signs of ongoing star formation episodes. Hence the primary questions in the
puzzle are — how do galaxies halt their star formation initially? how do they maintain

this passive state over long timescale?
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Figure 1.2: Fractional contribution in log units to the total mass function, divided into
stellar mass bins and plotted as a function of redshift, reproduced from Bundy et al.
(2006) (©AAS. Reproduced with Permission). Quiescent red and dead galaxies are
shown by red symbols and late type star forming galaxies are denoted by blue. It is
clear that the mass fraction of quenched galaxies is increasing monotonously from higher
to lower redshift (i.e. present time). This indicates that the red sequence population is
continuously growing since redshift 1.5 or beyond. The vertical dashed line in the top
panel indicates the onset of incompleteness from the R-band limit, which occurs above
the redshift indicated.



Galaxy formation models have proposed a range of feedback mechanisms rang-
ing from gravitational torques induced by growing galaxy bulges, morphological quench-
ing to ISM heating from fast-moving stars within galaxies (e.g., Martig et al. 2009;
Conroy et al. 2015). However they are unable to quench the entire populations of galax-
ies in a manner consistent with observations (Su et al. 2019). Outflows from supernovae
(SNe) and stellar winds are other possible explanations to prevent star formation. Al-
though they indeed play a critical role in low mass dwarf galaxies, they turn out to be
too low energetically to be effective in massive galaxies with deep potential wells (Dekel
& Silk 1986; Bower et al. 2006; Hopkins et al. 2011; Conroy et al. 2015). A much more
energetic and powerful feedback mechanism is required to halt star formation and then
maintain it at a low level in massive galaxies. A promising candidate is energy released

from the central supermassive black hole.

1.2 AGN feedback

One of the profound discoveries in the past two decades is that all massive
galaxies host a super-massive black hole (SMBH) in their center. The black holes,
with masses ranging from hundreds of thousands to billions of times than the sun
(~105—10% M), grow primarily through accretion of gas and can release a tremendous
amount of energy of order ~ 10°! erg (King & Pounds 2015; Harrison et al. 2018). The
net energy emitted from the SMBH exceeds the binding energy of the host galaxies by

two-three orders of magnitude. Even if a small fraction of this energy can be deposited



to the interstellar medium (ISM), it will be sufficient to heat up or expel the cold gas
in the galaxies — thus regulating both the host galaxy star formation and the growth
of the black hole itself. Schawinski et al. (2006) derived a critical SMBH mass of
M ~ 1.26 x 108(%)3'65 Mg above which the feedback energy powered by the black hole
is sufficient to prevent star formation even at the 1% level.

When the SMBH releases a massive amount of energy in the form of mat-
ter and/or radiation and becomes luminous across a large part of the electromagnetic
spectrum, it is known as the active galactic nuclei (AGN). Depending on the accretion
efficiency of the SMBH and the primary mechanism by which the AGN releases its
energy, there are two separate modes of AGN feedback - quasar/radiative mode, and
radio/ jet mode feedback. The radiative mode is associated with luminous AGNs (or
quasars) which have a high accretion rate (~ 1 — 10% of Eddington limit) into the
SMBH. Triggered in some cases by a violent event such as a galaxy merger (Somerville
et al. 2008; Hopkins et al. 2007), the quasar phase of intense accretion drives energy
in the form of electromagnetic radiation (energetic photons) produced by efficient con-
version of potential energy of the gas accretion (Di Matteo et al. 2005). The energetic
photons are predicted to couple to the surrounding gas resulting in outflows within
the inner kilo-parsec region, that have been identified in X-ray, ultraviolet and optical
spectroscopy (Crenshaw et al. 2003; Ganguly & Brotherton 2008; Tombesi et al. 2010;
Rupke et al. 2005; Dunn et al. 2010; Sturm et al. 2011; Fischer et al. 2010; Fabian
2012; Green et al. 2014; Wylezalek & Zakamska 2016). The primary mode of energy

transfer is wide-angled, high velocity (> 1000 km s~!) radiative winds driven close to



the accretion disk, which are detected via blueshifted absorption and emission lines in
luminous AGNs, Seyferts and broad absorption line (BAL) quasars (Davies et al. 2009;
Storchi-Bergmann et al. 2010; Greene et al. 2011; Feruglio et al. 2010; Allen et al. 2011).
These winds have the capability to expel gas altogether from the galactic potential well
and hence are often classified under the ‘ejective feedback’ category (Di Matteo et al.
2005; Cattaneo et al. 2009; Fabian 2012; King & Pounds 2015; Somerville & Davé 2015).
Fig. 1.3, left panel, shows an illustration of this feedback mode. However, this mode is
believed to act as an initial shut-down mechanism early-on in a galaxy’s lifetime and
is not deemed sufficient to hold off star formation over a long period of time (although
see Choi et al. 2017, for a counter-argument). An additional mechanism is generally
necessary in galaxy evolution models to successfully keep a galaxy in quenched and

passive state over long timescales.

1.2.1 Radio/ jet-mode feedback

¢

The second perhaps follow up mode of AGN feedback, known as the “radio-
mode” or the “jet-mode” feedback, is associated with low to moderate luminosity AGNs
with relatively low accretion rates (< 1% of Eddington limit). This AGN mode launches
two-sided jets of magnetized plasma generally visible in radio wavelengths and inflates
giant X-ray bubbles (Nesvadba et al. 2008; McNamara & Nulsen 2007; Gitti et al. 2012;
Fabian 2012). It is believed that once star formation is initially shut down perhaps

by the quasar phase, the radio mode feedback serves as an additional mechanism to

maintain these galaxies in the passive ‘red and dead’ phase; hence this mode is often
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Figure 1.3: Schematic diagram to illustrate the two main modes of AGN feedback
(motivated by Fig. 7 of Alexander & Hickox 2012). The ‘ejective mode’ is primarily
associated with high velocity superwinds driven by radiatively efficient luminous AGNs
and expels a large fraction of cold gas from the galaxy. The ‘preventative mode’ is
dominated by galaxy-scale radio jets which reheats the cooling gas and maintain low
level of star formation over long timescales.
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referred to as the ‘maintenance mode’. The primary energy transport in this mode
occurs through the mechanical energy deposited by the jets/lobes and any associated
low velocity gas outflows driven by these radio AGNs (Croton et al. 2006; Sijacki et al.
2007). Indeed, mechanically-driven AGNs are predominantly found in the most massive
galaxies (M, > 10! Mg) with old stellar populations in the local universe (Heckman
& Best 2014; Hickox et al. 2009). Incorporating a radio (mechanical) mode of feedback
driven by radiatively inefficient AGNs in the semianalytic and hydrodynamical galaxy
formation models improves the qualitative agreement with obervations of the quenched
fraction and stellar mass function (Croton et al. 2006; Bower et al. 2006; Davé et al.
2012). In contrast to radiative winds extending barely to 100s of parsec scale, energetic
feedback by radio jets can extend to large distances on the scales of the host galaxy.
They are capable of counterbalancing the radiative cooling of hot gas supplied by the
circumgalactic medium and recycled gas from old, evolved stars which can otherwise
cool down and trigger star formation. This mode of feedback is ‘preventative’ in nature
and by re-heating the atmosphere, it is capable of suppressing future star formation
episodes over long timescales, as shown in Fig. 1.3 right panel (Somerville & Davé 2015;
Alexander & Hickox 2012).

Even though this feedback mechanism is efficient, direct observational evidence
is lacking, especially in typical massive galaxies. The only evidences that exist are in the
centers of galaxy groups and clusters in the form of giant X-ray cavities forming near the
radio jets (Rizza et al. 2000; McNamara & Nulsen 2007; Nesvadba et al. 2008; Cavagnolo

et al. 2011; Gitti et al. 2012). Those cavities can be explained by the giant radio lobes
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interacting with the surrounding medium and pushing the gas away. McNamara et al.
(2000) pointed out that the cavity volumes (V) multiplied by their surrounding pressures
(P) provide an estimate of the PV work (mechanical energy) expended as the cavities
are inflated. This energy stored in the cavities is an order of magnitude higher than
that required to balance radiative cooling of gas in the cluster center.

To search for similar evidence of radio mode feedback in typical early type
galaxies (halo mass < 10'3 M), some studies have relied on indirect evidences based
on correlation between star formation activity and the radio-loudness of the central
AGN (Best & Heckman 2012). While those are meaningful in the statistical sense,
finding direct proof of jet mode feedback will help us understand the quenching process
better. Spatially resolved high quality observations of gas and stellar kinematics, stellar
populations, and sensitive radio observations can help us search for the existence of
jet-mode feedback. Finding signatures of radio/jet mode feedback in passive elliptical
galaxies is the main focus of this thesis. Since the jet-mode feedback is primarily associ-
ated with mechanical energy deposition via jets, the radio luminosity, spatial extent of
the jets and their environment may play a key role in the global energetics of the host
galaxy and their subsequent effect on star formation. Thus to carry out this thesis, it is
essential to review the diverse population of radio AGNs existing in the literature and

their corresponding radio morphology.
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1.2.2 Morphology of Radio AGNs and feedback via jets

From the first double lobed radio galaxies in the 3C catalogue to current low-
frequency radio-galaxy samples, the general understanding of the diversity of radio-
galaxy populations has evolved dramatically over the last seventy years. Fig. 1.4 shows
the radio luminosity (at 1.4 GHz) vs. linear size of the different sub-populations of radio
AGNs, as discussed in the next two subsections. AGN-driven jets can occur spanning a
wide range in radio luminosity (nearly ten orders of magnitude), source size (six orders
of magnitude) and morphology. The proposed jet-mode feedback can be immensely
diverse based on these factors. In the next two subsections, the main morphological
classes of radio galaxy that can be categorised primarily from radio observations are

discussed.

1.2.2.1 Extended and resolved radio AGN:

The Fanaroff-Riley (FR) morphological class (Fanaroff & Riley 1974) is one
of the earliest known radio galaxies exhibiting bright central radio emission and large
scale radio jets. The FR class is further sub-divided into FRI and FRII morphology,
based on the distinction between center-brightened and edge-brightened sources. The
center-brightened FRI class objects are radio-loud according to the traditional Xu et al.
(1999) criteria (average L1 4 gu, > 10?3 W Hz~!), with a bright central core and narrow,
highly collimated relativistic jets that rapidly decelerate on kpc scales (Bicknell 1995;
Tchekhovskoy & Bromberg 2016). The FRII sources, on the other hand, have jets which

remain relativistic throughout the whole extent and they terminate in hotspots and
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Figure 1.4: Radio luminosity versus linear radio size for large 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 Fanaroff-
Riley class 1 and 2 are categorized by An & Baan (2012) and Mingo et al. (2019).
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shocks at the edges. Hence, they are brighter at the two extreme edges. This structural
difference is believed to originate from a combination of jet power and environmental
density such that dense environments can rapidly decelerate the jet in the FRI class
(Hardcastle & Croston 2020). Because of the large physical sizes of these jets, the
FRI and FRII sources populate the right most region of the luminosity - radio size
diagram in Fig. 1.4, with radio luminosities ranging between 102* W Hz ! < Liscn, <
10 W Hz~!. However, the luminosity function of radio-AGN is very steep with the
abundance of luminous radio galaxies rapidly going down above Li 4qn, > 10?4 W Hz ™!
(see Best & Heckman 2012; Mauch & Sadler 2007). Hence the FRI and FRII sources
are quite rare, especially in the local universe.

Recently with the advent of more sensitive radio surveys like the LOFAR-
Two meter Sky survey (LoTSS; Shimwell et al. 2017), a population of low luminosity
radio AGNs have emerged also showing extended lobes and FRI/II type morphology
(Best 2009; Capetti et al. 2017; Mingo et al. 2019). This population was absent in
earlier studies due to the lack of survey depth and sensitivity. Now they constitute
the low-luminosity tail of the FR population in the luminosity-size diagram, extending
all the way down to Ljsqn, ~ 1022 W Hz™! (see Fig. 1.4). Mingo et al. (2019) has
revealed the connection between the radio morphology, host galaxy properties and the
local environments in these low-power FRII sources, displaying their similarity with
their higher luminosity counterparts. Statistically, these low luminosity radio objects
are quite common. However, their exact abundance is harder to estimate owing to the

surface brightness limits of the radio observations.
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1.2.2.2 Compact and unresolved AGN population

In addition to the extended radio galaxy population, compact radio sources
also constitute a large fraction of the AGN population and have been studied for a long
time. This includes compact symmetric objects (CSOs), gigahertz-peaked spectrum
(GPS) sources, compact steep spectrum (CSS) sources and low power sources with small
scale jets (O’Dea 1998; Baldi et al. 2015; Giirkan et al. 2018; Hardcastle et al. 2019).
Among those, CSS and GPS sources are radio loud AGNs with very high luminosities
(Li4cH, > 10% Watts Hz~!) but with very small spatial extent (a few kpc). CSOs
are even smaller radio sources with physical size less than few hundred parsecs. These
sources lie in the upper left region in Fig. 1.4, with the highest luminosities but extremely
compact structures. Historically, the CSS, CSO and GPS sources are associated with
very high radio luminosities.

A new low-luminosity counterpart to these objects, known as the “radio-quiet
quasars” (RQQ), has emerged which appear fairly compact in low resolution radio data
but bear evidence of small scale (1-2 kpc) radio jets when viewed with sub-arcsecond
resolution (Jarvis et al. 2019, 2021; Baldi et al. 2018). With about ~ 100 discovered
sources until now, they show similar physical sizes as the CSS sources but have radio
luminosity three-four orders of magnitude lower, as evident from Fig. 1.4. Low luminos-
ity kpc-scale jet structures have also been studied extensively in Seyfert galaxies, with
jet sizes ranging anywhere between 1 — 25 kpc (Gallimore et al. 2006; Croston et al.

2008; Mingo et al. 2011). Sometimes, these are classified as ‘FR0’ class, to describe the
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unresolved low luminosity counterpart of the extended FRI/FRII class (e.g., Sadler
et al. 2014; Baldi et al. 2015; Hardcastle et al. 2019).

The observed morphology depends largely on the resolving power of the ob-
servational setup, more specifically the beam size. However the relatively compact
structure of these sources indicate two possible hypothesis. Either they host extremely
small-scale ‘frustrated jets’ that cannot grow beyond a few hundred parsecs due to the
surrounding dense environment (van Breugel et al. 1984). The other theory is that they
are young sources with growing structures, which will eventually become traditional
FRI/FRII sources with time (O’Dea 1998). Both scenarios could be simultaneously
relevant for these compact FRO class, since young objects commonly probe the densest
part of the environments. These compact radio AGNs are an important population in
the context of AGN feedback and understanding the lifeycle of radio galaxies. Their
small scale jets confined within the inner kiloparsec region of the galaxy can be very
efficient in depositing mechanical energy in the host galaxy (Wagner et al. 2012).

It is believed that radio jets (either compact or extended) play a significant
role in driving turbulence in the surrounding medium and they often propel multi-phase
gas outflows thereby inducing feedback (Whittle 1992; Tadhunter et al. 2003; Holt et al.
2008; Mukherjee et al. 2018). This section explained the various morphology of the radio
AGNs and their jets. In the next section, we discuss about the detection of associated

outflows via optical spectroscopic analyses.
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1.3 Using spectroscopy to probe multi-phase gas outflows

in radio AGN host galaxies

There is growing evidence that radio jets can be a dominant gaseous outflow
driving mechanism and can have a broader impact than considered so far. This is based
on statistical studies of hundreds of galaxies from large optical spectroscopic surveys like
the Sloan Digital Sky survey (SDSS) and also from individual objects where outflows
in the ionized gas phase and radio lobes show visible morphological connections on
kpc scales (Mullaney et al. 2013; Tadhunter et al. 2014; Riffel et al. 2014; Husemann
et al. 2019; Jarvis et al. 2019). As a potential channel for AGN feedback, outflows have
been widely studied in local and high redshift AGNs using both optical emission and
absorption lines as tracers (see Veilleux et al. 2005; Fabian 2012; Heckman & Best 2014).
One widely used technique to trace outflows in ionized phase is observations of forbidden
emission lines like [O III] A5007. This forbidden line originates in relatively low density
(n ~ 10 — 10°cm™3) warm (T ~ 10* K) gas clouds. Measuring the doppler velocity of
this line with respect to the systematic velocity of the galaxy gives an estimate of the
motion of the ionized [OIII] emitting gas. Highly turbulent and disturbed gas with high
velocities provide evidence for non-gravitational motions, thus indicating the presence
of winds (Nesvadba et al. 2008; Greene et al. 2011; Cano-Diaz et al. 2012; Alexandroff
et al. 2013; Liu et al. 2013; Rupke & Veilleux 2013; Harrison et al. 2014; Zakamska &
Greene 2014). Presence of blue shifted asymmetry or excess broadening of the emission

line profiles are additional characteristic signatures of high velocity outflows.
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Single fiber and long slit spectroscopy have been widely used to detect these
outflows from the presence of broad and extended emission line profiles (Harrison et al.
2012). However, due to the lack of spatial information from these 1D spectroscopic
techniques, the outflow morphology, geometry and their direct association with radio jets
couldn’t be well constrained. With the recent advent of spatially resolved observations
of optical emission lines (e.g. [OIII) A 5007, Ha) from integral field spectroscopy, it is
possible to map the 2D geometry and energetics of the outflows prevalent in the narrow
line region of the AGNs and quasars (Storchi-Bergmann et al. 2010; Husemann et al.
2013; Rupke & Veilleux 2013; Harrison et al. 2014).

There have been many studies on the relationship between the observed prop-
erties of the radio AGNs and the presence of outflows. Traditional radio loud galaxies
(L14 guz > 10%W Hz 1) with strong FRI/FRII-like radio jets are observed to accel-
erate powerful outflows by pushing gas along their direction of propagation (Nesvadba
et al. 2008; Vayner et al. 2017). But these luminous radio galaxies are quite rare. Recent
works are revealing that similar incidence of outflows are seen in low power radio AGNs
with compact morphology that are more commonly found in the local universe (Combes
et al. 2014; Morganti et al. 2015; Harrison et al. 2015; Jarvis et al. 2019, 2021).

Majority of the compact radio sources are unresolved using typical 5” resolution
of FIRST survey. High resolution (sub-arcsecond) followup radio imaging from VLA,
e-MERLIN, etc, has revealed small-scale extended radio jets in a majority of these
unresolved compact radio galaxies, with jet sizes ranging between 1—25 kpc (Jarvis

et al. 2019, 2021; Venturi et al. 2021; Husemann et al. 2019). These are moderate
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luminosity sources (Li4 gu, < 10** W Hz™!) which are classified as ‘radio-quiet’ by
traditional criteria (Xu et al. 1999). Using integral field spectroscopic observations, it
has been possible to spatially resolve the gas kinematics of the host galaxies and identify
the outflow regions.

AGNs displaying compact radio jets are commonly reported to have outflows
that are spatially aligned with these jets (e.g., Tadhunter et al. 2003; Holt et al. 2006;
Labiano 2008; Santoro et al. 2018; Husemann et al. 2019). There are also instances of
gas outflows expanding parpendicular to the radio jets (Couto et al. 2013; Riffel et al.
2014; Venturi et al. 2021). The outflow regions are identified by broad emission lines
and highly disturbed kinematics. These observations suggest an interaction between the
low power jet and the cooler gas in the surrounding ISM, giving rise to highly turbulent
motions very similar to the examples in radio loud FRI and FRII counterparts. For
a statistically large sample of galaxies, gas outflows are observed to be preferentially
present in those with a compact radio morphology than galaxies with large-scale radio
jets (Mullaney et al. 2013). In addition to the radio morphology, radio power is also
seen to be a strong driving factor to dictate the presence of outflows and hence the
[OIII] A 5007 profile (Zakamska & Greene 2014; Nesvadba et al. 2008). This is reflected
in the fact that moderate radio luminosity objects (23 < log L14qu,/W Hz™! < 25),
which are most commonly associated with compact FRO sources, produce the strongest
winds.

It is evident from these examples that low power FRO-type compact jets host

the most extreme ionized gas kinematics and may play a more direct role in affecting
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the host galaxy since the radio jets are confined within the ISM (Holt et al. 2008; Jarvis
et al. 2019). These observations are consistent with model predictions which show
that jets can increase the turbulence in the ISM and drive galactic-scale outflowing
bubbles (Mukherjee et al. 2018; Weinberger et al. 2016; Weinberger et al. 2017a). These
small-scale jets might be the dominant source of jet-mode feedback in kiloparsec scales
(Wagner et al. 2012; Mukherjee et al. 2016; Bicknell et al. 2018).

Almost all the studies of radio jet driven feedback and outflows discussed in
this section have been carried out in star forming Seyfert type galaxies, often with
an active quasar (Lagn > 10%° erg/s) and high accretion rate. The host galaxies are
not in a passive state yet and hence do not explicitly probe the ‘jet-mode’ feedback.
Observational confirmation and a physical understanding of how this mode actually

works are still urgently needed.

1.4 Red Geysers

A useful discovery was recently made in an effort to detect possible radio/jet
mode feedback signatures in typical quiescent galaxies. Using z~0.05 spatially resolved
spectroscopy from the SDSS-IV MaNGA survey (Mapping Nearby Galaxies at Apache
Point Observatory; Bundy et al. 2015), Cheung et al. (2016) has revealed a new pop-
ulation of quenched early type galaxies, named ‘red geysers’, that host signatures of
large scale ionized gas outflows. The prototypical red geyser ‘Akira’ studied in Cheung

et al. (2016) also indicate the presence of a low luminosity radio AGN at the center
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(LiscHz ~ 10*' W Hz™!), with enough mechanical output (Ppeen ~ 10*erg s71) to
power the observed wind (Ewind ~ 10% erg s_l). Unlike the rare and extremely lumi-
nous bipolar jets found in traditional radio galaxies with FRI/FRII-like morphology,
red geysers are present much more frequently in the local red sequence population at
the rate of 5 — 10%.

From SDSS data, Akira looks like an ordinary elliptical galaxy with a moder-
ate mass (log M, /Mg ~ 10.7) and LINER-like optical spectra. However, MaNGA data
displays a unique narrow bisymmetric feature in the resolved equivalent width (EW)
map of strong emission lines (especially Ha), which is interpreted to be tracing the
putative ionized wind cone. This ionized wind is estimated to have sufficient kinetic
power to disrupt the cooling of cold gas and prevent rejuvenation of any further star
formation activity. The level of star formation activity detected from multiband pho-
tometry is indeed very low (SFR ~ 1072 Mg, /yr; Salim et al. 2016). This thesis strives
to better understand the physics of the red geyser population and examine their role
in suppressing star formation on the red sequence. Do they represent the long-sought
maintenance-mode feedback? How do the winds inject energy into the ambient medium?

Before assessing the importance of red geysers as a possible feedback channel,
a well-defined and robust selection procedure is required to ensure completeness of
the sample and remove any false positives. As a first step of this thesis, we define
a set of identification criteria to visually select the red geyser sample. The enhanced
bisymmetric emission in spatially resolved maps of Ha and [OIII] A5007 is one of the

distinctive signatures of red geysers. §2.3.1.1 in Chapter 2 discusses the detailed features
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used in the identification process. Initially in Roy et al. (2018), our red geyser population
consisted of 84 sources from the SDSS data release 14 sample of ~ 1100 red sequence
galaxies. In Roy et al. (2021b), we have expanded the sample of red geysers to 140
galaxies based on the latest MaNGA sample available at the time.

Red geysers are quiescent galaxies, with red optical color (NUV —r > 5) and
old stellar populations. The widespread presence of ionized gas detected throughout the
integral field unit (IFU) field of view are thought to be ionized predominantly by evolved
post-asymptotic giant branch stars, similar to the LI(N)ER like galaxies (Belfiore et al.
2016). Although the optical line ratios do not show any strong sign of AGN activity,
our hypothesis is that the large scale centrally driven winds are possibly driven out by
an AGN. Are these low luminosity AGNs not detected at optical wavelength but reveal
themselves in radio frequency?

Data from the FIRST radio survey (Faint Images of the Radio Sky at Twenty
centimeters; Becker et al. 1995) suggest that several within the red geyser sample are
radio detected, although with a low flux level, and often hitting close to the detection
limit (~ 1mJy). Using an exhaustive bootstrapping technique, we find that the red
geysers show a FIRST detection rate at least ~ 3 times higher than matched quies-
cent control galaxies. To consider the sources which might lie just below the FIRST
detection threshold, we also perform a sample-wide stacking analysis and find that the
average stacked flux in the red geysers is about ~ 5o greater than the control sam-
ple. Ruling out possible hidden star formation activity from WISE infrared data, this

work described in Chapter 2 has confirmed that the red geysers preferentially host radio
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AGNs compared to non red geyser quiescent galaxies, with an average radio luminosity
Li4 gz ~ 102 W Hz7! (Roy et al. 2018).

Almost all the red geyser sources appear compact or unresolved in the FIRST
images. So, what are their radio morphology? In a followup study, we have obtained
additional sensitive radio observations both at low frequency (144 MHz) from LOFAR
Two meter sky survey (LoTSS) and at high frequency (2-4 GHz) from VLA Sky Survey
(VLASS) to accompany the FIRST images. In Chapter 3, we show that the red geysers
show an even higher radio detection rate in LoTSS compared to the earlier FIRST
survey results. Moreover, the radio detected sources show a wide variety of interesting
radio morphology - ranging from compact, slightly extended to large scale double-sided
lobes that extend several tens of kpc outside the galaxy (Roy et al. 2021b). A majority
of the sources still display a compact radio morphology with radio sizes varying between
5 — 25 kpc. Their luminosity, spectral indices, and radio behaviour are consistent with
the low power compact FRO galaxies and the radio-quiet quasars (RQQ; see Fig. 1.4),
which host small-scale AGN driven jets. Moreover, three red geysers present large radio
lobes extending beyond 30 kpc and are classified as traditional FR-type radio galaxies.

The radio analysis presented in Chapter 2 is an important step in verifying the
AGN presence which are capable of driving red geyser winds. We have developed several
lines of evidence in support of the wind interpretation first proposed by Cheung et al.
(2016) for the prototypical red geyser. One of the strongest arguments comes from the
dynamical modelling of the gas kinematics using Jeans Axisymmetric Modeling (JAM).

As shown in Appendix A.1, the optical surface brightness and the stellar kinematics
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are used to constrain the galaxy’s gravitational potential. This potential can predict
a maximum velocity Vims (Vims = \/\m) of the gas arising from gravitationally
bound orbits. However, the observed Vs exceeds the JAM estimated value, indicating
turbulent outflowing motion. The enhanced biconical pattern perceived in the emission
map also roughly align with the gas kinematic major axis - as expected from the wind
model, and they are marked by regions of high dispersion. Given high velocities and
other common features shared among all the red geysers, outflowing winds emerge as a
compelling interpretation.

Chapter 4 discusses these kinematic arguments and presents additional confir-
mation in support of the wind scenario using higher spectral resolution Keck Echelette
spectra from the ESI instrument (R~ 8000 compared to MaNGA with R~ 2000; Roy
et al. 2021a). Keck ESI data shows asymmetric emission lines with multi-component
velocity structure along the bisymmetric enhanced EW regions, which were previously
blended in the MaNGA resolution. Isolating the individual velocity components and
quantifying the degree of asymmetry at different spatial locations in the targeted red
geysers, we show that the systematic change in the ‘winged’ profile is only consistent
with a broad conical outflow. As described in Chapter 4 in detail, we construct a toy
wind and a disk model to try to reproduce the projected 2D kinematic maps observed
by MaNGA, as well as the velocity profiles seen by Keck. The disk model fails to recre-
ate the asymmetric emission line profiles and the broad line widths, clearly favoring the
wind model over a rotating disk.

While the enhanced Ha line emission indicates an approximate mass of the
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ionized gas to be ~ 10° Mg, red geysers likely host an even greater amount of cold
gas, as seen by a strong presence of the sodium doublet absorption line (NaD) in the
prototypical red geyser. Chapter 5 shows that this is certainly the case for the entire
red geyser sample. Red geysers present widespread cool (T ~ 100 — 1000 K) but diffuse
gas with an estimated mass of Moo ~ 103 Mg. Curiously, the red geysers which are
detected in radio surveys like FIRST and LoTSS possess the strongest NaD signatures
with highest EW, indicating some underlying connection between the presence of cool
gas reservoir and the activity of the central AGN (Roy et al. 2021¢). Analyzing the
absorption line kinematics in a Markov chain Monte Carlo framework, we find a large
fraction of this gas to be inflowing towards the galaxy center. Our hypothesis is that
the cool gas is infalling towards the center and fuelling the central SMBH, thus forming
a mechanically powerful radio AGN which subsequently drive the red geyser winds.
Despite the presence of ample amount of multi phase gas, these galaxies show very little
star formation ( SFR < 0.02 Mg, yr~!), indicative of the ongoing feedback mechanism
perhaps supplied by the wind and the radio jet.

These works show that red geysers emerge as an interesting population of AGN-
host galaxies that possibly show signatures of maintenance mode feedback. However,
questions still remain about the detailed mechanism of the underlying feedback process
in action. Do the apparently compact radio AGNs host low power radio jets with
physical sizes < 5 kpc? Do these radio jets drive the observed large scale gaseous
outflows? How do the wind energy couple to the ISM leading to global suppression of

star formation? To address these questions, higher spatial resolution data is required in
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different wavelength windows to especially probe the central regions, where the AGN
first encounters ambient gas. In Chapter 6, I have outlined ambitious projects using
sub-arcsecond resolution radio data from upgraded LOFAR facilities and adaptive optics
assisted infrared observations from Keck OSIRIS instrument that will vastly improve

our understanding of this galaxy population.
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Chapter 2

Detecting Radio-AGN Signatures in

Red Geysers

A new class of quiescent galaxies named “red geysers” has been discovered
using spatially resolved optical spectroscopy from the SDSS-IV MaNGA survey. They
harbor emission and kinematic features signalling large scale (~ 10 kpc) centrally-driven
winds that are predicted to play a role in suppressing star formation at late times. In
this chapter, we test the hypothesis that AGN activity is ultimately responsible for this
red geyser wind phenomenon. We compare the nuclear radio activity of the red geysers
to a matched control sample with similar stellar mass, redshift, rest frame NUV — r
color, axis ratio and presence of ionized gas. We have used the 1.4 GHz radio continuum
data from VLA FIRST survey to stack the radio flux from the red geyser and control
samples. In addition to a 3 times higher FIRST detection rate, we find that red geysers

have a 50 higher level of average radio flux than control galaxies. After restricting to
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rest-frame NUV —r color > 5 and checking mid-IR WISE photometry, we rule out star
formation contamination and conclude that red geysers are associated with more active
AGN. Red geysers and a possibly-related class with disturbed Ha emission account for
40% of all radio-detected red galaxies with log (M,/Mg) < 11. Our results support a
picture in which episodic AGN activity drives large-scale-relatively weak ionized winds

that may provide a feedback mechanism for many early-type galaxies. !

2.1 Introduction

The level of star formation in galaxies is known to be bimodal (Blanton et al.
2003; Strateva et al. 2001; Kauffmann et al. 2003), with star—forming galaxies often
referred to as the “blue cloud” and galaxies without significant star formation fall under
the “red sequence” category. The latter is characterized by old stellar populations
(> 6 Gyr) and short star-formation timescales (~ 1 Gyr; Tinsley 1979; Worthey et al.
1992; Trager et al. 2000; Thomas et al. 2005; Graves & Schiavon 2008; Conroy et al.
2014; Worthey et al. 2014; Choi et al. 2014). The abundance of these quiescent galaxies
has increased by several factors since z ~ 2 (Bell et al. 2004; Bundy et al. 2006; Faber
et al. 2007; Ilbert et al. 2010; Moustakas et al. 2013) which implies that more and more
galaxies are transitioning to quiescence. The increase in the red-and-dead population
indicates that once galaxies shut off their star formation by some mechanism, they must

stay quenched for a long time.

!This chapter was previously published in the Astrophysical Journal as Detecting Radio AGN
Signatures in Red Geysers, Roy, N., Bundy, K., Cheung, E. et al. 2018, ApJ, 869, 117,
DOI:10.3847/1538-4357 /aaee72. (©QAAS. Reproduced with Permission.
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A permanent shut down of star formation is hard to explain, because the
quiescent population is not devoid of gas and is also capable of accreting new gas to
eventually start forming stars again. Major surveys have shown an abundance of gas in
quiescent galaxies (Binette et al. 1994; Buson et al. 1993; Demoulin-Ulrich et al. 1984),
which if left to itself, should ultimately cool and form stars. This gas comes from a
variety of sources like stellar mass loss from evolved stars (e.g., Mathews & Brighenti
2003; Ciotti & Ostriker 2007) or minor mergers. If all this gas formed stars, we would
expect the global stellar mass density to be larger by factors of a few than the observed
at z = 0. This implies that an additional feedback mechanism is required to maintain
the suppression of star formation in galaxies on the red sequence (Benson et al. 2003).

While a number of feedback mechanisms have been proposed, including inter-
stellar medium (ISM) heating from stellar winds (Conroy et al. 2015) and gravitational
effects induced by galaxy bulges (Martig et al. 2009), the most popular explanation has
been active galactic nuclei (AGN) feedback (Binney & Tabor 1995; Ciotti & Ostriker
2001; Croton et al. 2006; Fabian 2012; Yuan & Narayan 2014; Heckman & Best 2014).
It states that the energy released from the central AGN in the host galaxy in the form
of winds, outflows or jets can significantly effect the evolution of the galaxy by feedback
mechanism which can take place via two different ways (Fabian 2012; Morganti 2017).
The “quasar” or “radiative” mode feedback, mostly associated with luminous AGN or
massive quasar, release huge amount of energy to their surroundings by radiation from
the accretion disk and drive powerful gas outflows, which remove gas altogether from

the galactic potential well (Cattaneo et al. 2009; Fabian 2012). The “radio-mode”, on
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the other hand, is prevalent mostly in low to moderate luminosity AGN where the black
hole accretes at a lower rate and the radio AGN present in the center of the galaxy
deposits energy into the surrounding gas via jets or winds, heating it 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; Cat-
taneo et al. 2009; Fabian 2012; Yuan & Narayan 2014; Heckman & Best 2014). Direct
observational evidence for this low-luminosity radio-mode or “maintenance mode” feed-
back is limited to several nearby clusters (Cattaneo et al. 2009; Dunn & Fabian 2006;
Fabian 1994, 2012; Fabian et al. 2006; McNamara & Nulsen 2007). Evidence for this
mechanism in more typical galaxies remain elusive.

Recently, Cheung et al. (2016) discovered a new class of quiescent galaxies,
referred to as “red geysers”, that show distinctive emission line patterns showing gas
outflows from the center and kinematic properties (explained in detail in §2.3.1.1) which
may signal AGN maintenance-mode feedback in action. Based on spatially resolved in-
formation from Sloan Digital Sky Survey-IV (SDSS-IV) Mapping Nearby Galaxies at
Apache Point Observatory (MaNGA) survey (Bundy et al. 2015), this class of quiescent
galaxies appears to host large scale winds of ionized gas that align with bi-symmetric
enhancements in the spatial distribution of strong emission lines like Ha. Tonized emis-
sion extends throughout the entire galaxy with line ratios similar to LIER-like (low
ionization emission region) galaxies (Belfiore et al. 2016). In addition to their enhanced
bisymmetric line emission, the red geysers also exhibit gas kinematics consistent with

outflowing winds. The gradient of the gas velocity field aligns with the position angle
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of the emission pattern, but is largely misaligned with the major or minor axes derived

1 a value

from the stellar velocity field. The gas velocity values can reach ~ 300 km s~
that is difficult to explain by orbital motion from the galaxy’s gravitational potential,
considering the mass range of the galaxies.

Early-type galaxies with accreted disks, as studied by Chen et al. (2016) and
Lagos et al. (2015), can show similar kinematic features as red geysers, but those features
are formed due to a completely different phenomena. The accreted gas coming in from
random directions will gradually align itself with either major or minor axis through
gravitational torques generated by the galaxy’s potential well. Hence, while a misalign-
ment in the velocity gradient of stars and gas can occur for these galaxies too, often the
misalignment angle is 90° or 0°/ 180° depending on whether a polar disk or co-rotating/
counter rotating disk is formed. Some galaxies with accreted disks might show similar
Ha equivalent width (EW) distributions as red geysers. Cheung et al. (2016) rejected
the disk interpretation through detailed Jeans Anisotropic modeling (JAM; Cappellari
2008) of the prototypical red geyser with 99% confidence which demonstrated that the
gas velocity in this source is too high (difference between observed gas velocity and
expected velocity from modeling being ~ 100 km s~!) to be described by the orbital
motion. Given similar high velocities and other common features shared among all the
red geysers, outflowing winds emerge as a compelling interpretation (Bundy et al. in
preparation), making the question of whether AGNs are capable of driving these winds
particularly important.

A critical first step is to test the hypothesis that the red geyser population is
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more likely to host an active AGN compared to quiescent galaxies with similar global
galaxy properties. For the prototypical red geyser named “Akira”, Cheung et al. (2016)
showed that the host galaxy has a weakly and/or radiatively-inefficient supermassive
black hole with very low Eddington ratio (A = 3.9 x 10~%), accreting mass from a
low-mass companion galaxy. It was detected as a central radio point source.

The goal of this work is to search for radio-mode AGNs in the entire red geyser
sample. We analyze stacked radio flux from Very Large Array (VLA) Faint Images of the
Radio Sky at Twenty-Centimeters (FIRST) survey and find a higher value of radio flux
from the red geyser candidates than the comparison sample of quiescent galaxies. We
have excluded possible star formation contamination and/or galaxies with embedded
disks from our sample by using optical and infrared photometry. §2.2 describes the
optical, infrared and radio data that we have used in this work. In §2.3.1, we discuss in
detail, the red geysers and the control sample chosen from the MaNGA local quiescent
population. The technical details of radio aperture photometry and the stacking analysis
have been narrated in §2.3.2. The results thus obtained from the stacked radio flux are
described in §2.4. The implication of the results are given in §2.5.

Throughout this paper, we assume a flat cosmological model with Hy = 70
km s~! Mpc!, Q,, = 0.30, and Q5 = 0.70, and all magnitudes are given in the AB

magnitude system.
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2.2 Data

2.2.1 The MaNGA survey

Our sample comes from the ongoing 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. 2017). MaNGA is an integral field spectroscopic survey that provides spatially
resolved spectroscopy for nearby galaxies (z ~ 0.03) with an effective spatial resolution
of 2.5” (full width at half-maximum; FWHM). The MaNGA survey uses the SDSS 2.5
meter telescope in spectroscopic mode (Gunn et al. 2006) and the two dual-channel
BOSS spectrographs (Smee et al. 2013) that provide continuous 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 (SN)
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 will observe roughly 10,000 galaxies
with log (M./Mg) > 9 across ~ 2700 deg? over its 6 yr duration. In order to balance
radial coverage 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 selection is described
in detail in Wake et al. (2017).

The raw data are processed with the MaNGA Data Reduction Pipeline (DRP;
Law et al. 2016). An individual row-by-row algorithm is used to extract the fiber flux
and derive inverse variance spectra from each exposure, which are then wavelength cal-

ibrated, flat-fielded and sky subtracted. We use the MaNGA sample and data products
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drawn from the MaNGA Product Launch-5 (MPL-5) and Data Release 13. The data
products are identical to those released as part of the SDSS Data Release 14 (DR14;
Abolfathi et al. 2018). We use spectral measurements and other analyses carried out by
a preliminary version of the MaNGA Data Analysis Pipeline (DAP), specifically version
2.0.2.2 In brief, the data we use here are based on DAP analysis of each spaxel in the
MaNGA datacubes. The DAP first fits the stellar continuum of each spaxel to deter-
mine the stellar kinematics using the Penalised Pixel-fitting algorithm pPXF (Cappellari
& Emsellem 2004; Cappellari 2017) and templates based on the MILES stellar library
(Falcon-Barroso et al. 2011). The templates are a hierarchically clustered distillation
of the full MILES stellar library into 49 templates. This small set of templates 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 sub-
tracts 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. This is different from the approach used by the DAP for DR15,
which is to tie the velocities of all lines to a single value and to impose fixed flux ratios
for the [OI], [OIII], and [NII] line doublets. A detailed comparison of the results from
the DR15 and MPL-5 versions of the DAP show that the different approach taken by

the latter, and used for our analysis, has a negligible influence on our results. The final

2This version of the code has been made public in the SDSS Data Release 15 (DR15; Aguado et al.
2019). 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)
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output from the DAP are gas and stellar kinematics, emission line properties and stellar
absorption indices.

We use ancillary data drawn from the NASA-Sloan Atlas® (NSA) catalog which
reanalyzes images and derives morphological parameters for local galaxies observed in
Sloan Digital 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 catalog.

2.2.2 The FIRST survey

The radio data studied in this paper comes from the VLA Faint Images of the
Radio Sky at Twenty Centimeters (FIRST; Becker et al. 1995) survey, which obtained
data at frequency channels centered at 1.36 GHz and 1.4 GHz over 10,000 square degrees
in the North and South Galactic Caps. The source detection threshold is ~ 1 mJy,
corresponding to a source density of ~ 90 sources deg=2. FIRST images have 1.8"
pixels with a resolution of ~ 5” and typical rms of 0.15 mJy. The astrometric accuracy
of each source is 0.5 — 1”7 at the source detection threshold. Since FIRST survey 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. For our
sample of interest, 93% of the red geysers have FIRST 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

3http://www.nsatlas.org
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are co-added to produce the final FIRST image. Sources are extracted from the co-added
reduced images and fit by two dimensional Gaussians to derive peak flux, integrated
flux densities and size information. The current FIRST catalog is accessible from the

FIRST search page®.

2.2.3 SDSS4+WISE star formation rates

In order to assess possible contamination from obscured star formation, we have
used the Chang et al. (2015) catalog to obtain infrared (IR)-based star formation rates
(SFR). The catalog contains 858,365 galaxies within the SDSS spectroscopic sample
as compiled in the New York University Value-added Galaxy Catalog (NYU-VAGC;
Blanton et al. 2005; Adelman-McCarthy et al. 2008; Padmanabhan et al. 2008) and
cross-matched with the ALLWISE (Wide Field Infrared Survey Explorer) source catalog.
Unlike optical emission line SFR estimates, Chang et al. (2015) utilized mid-IR data
from full WISE photometry and employed an SED fitting technique to estimate stellar
mass and star formation rates. Their modeling is based on the MAGPHYS library °
(MAGPHYS contains 50,000 stellar population template spectra and 50,000 PAH +dust
emission template spectra) and is applied to all z < 0.2 galaxies with good WISE
photometry (FLAG-W =1 or 2), and good-quality SED fits (FLAG_CHI2 = 1). None
of the objects in our sample features AGN-like WISE colors, hence it is unlikely that

AGN contamination may be significantly biasing the SED-based SFR estimates. We

*http://sundog.stsci.edu/cgi-bin/searchfirst. The full images are available in
ftp://archive.stsci.edu/pub/vla_first /data
Shttp:/ /www.iap.fr/magphys/
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have used the public Chang et al. (2015) catalogs ®. Details are given in Chang et al.

(2015).

2.3 Method

The identification of red geysers is based on the optical resolved spectroscopic
data from MaNGA. Sub-section §2.3.1.1 describes the conditions and criteria that have
been used to select our sample. Matched control sample galaxies have been selected
from the full galaxy sample via the method discussed in §2.3.1.2. A third category of
galaxies, which we call the “Ha-disturbed” class as described in detail in §2.3.1.3, con-
sists of galaxies that are not classified as geysers due to the absence of the characteristic
bi-symmetric pattern in resolved optical emission map, but they show kinematic and
emission line properties that are quite different from typical quiescent galaxies. They
have distinct regions of enhancements in Ha-equivalent width map, along with high spa-
tially resolved gas velocity values in comparison to stellar velocity. The Ha-disturbed
class forms a separate category, distinct from both the red geyser and control samples.
We perform aperture photometry (described in detail in §2.3.2) on the FIRST radio
cutouts for all galaxies using an aperture size of 10” diameter, to obtain radio flux
values and the associated photometric errors. The galaxies which satisfy the condition
S/N > 3 are classified as radio-detected with a confidence level of 30. Since the detec-
tion threshold of the VLA FIRST survey is shallow (~1 mJy), many galaxies might lie

below the sensitivity limit. Section §2.3.2 describes the stacking analysis that allows us

Shttp:/ /irfu.cea.fr/Pisp/yu-yen.chang /sw.html
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to constrain the average radio flux for samples of galaxies that are undetected individu-
ally. The median-stacked FIRST images for our sample provide greater signal-to-noise

with typical rms ~ 10 uJy.

2.3.1 Sample Selection

In this section we describe the identification of red geysers, the selection of

matched control sample galaxies and characterization of the Ha-disturbed galaxies.

2.3.1.1 Red geysers

Red geysers are visually selected based on their characteristic features, as de-
scribed in Cheung et al. (2016). Red geysers are red galaxies defined by rest frame
color NUV —r > 5 (Fig 2.2). The specified UV-optical color cut selects predominantly
quiescent galaxies (Salim et al. 2005, 2007, 2009). In MPL-5, 40% of all the targets
fall in the quiescent category by the specific color cut. The SFR estimate derived from
full SED fitting from optical to mid infrared data (Chang et al. 2015) are small for
the red geysers (96% of the sample has log SFR [Mg/yr] < —2, shown later in Fig
2.8) to ensure quiescence and remove possible obscured star formation. Additionally,
the spatially resolved map of EW of the Dn4000 absorption feature are high, roughly
> 1.4 A, thus ensuring the absence of young stars in the galaxy. The red geysers show
narrow bi-symmetric patterns in the ionized gas emission as observed in the EW maps
of strong emission lines like Ha and [OIII]. These patterns line up approximately with

the gaseous kinematic axis and show a misalignment with the stellar kinematic axis,
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but we pay close attention to cases where the mis-alignment of the stellar and gas ve-
locity field is 0°, 180° or 90° in order to exclude embedded co-rotating, counter-rotating
and polar gas disks. Another important defining property of the red geysers is that
they have high spatially resolved gas velocities which can reach a maximum value of
~ 250 — 300 km s~!, much higher compared to stellar velocities; as well as high gas ve-
locity dispersion values (maximum ~ 200 km s~!). Hence the observed second moment
of the velocity (Vims = \/m) of the ionized gas typically exceed the second veloc-
ity moments of the stars by 80 — 100 km/s, suggesting that the ionized gas kinematics
in these galaxies cannot be explained by gravitationally-bound orbits alone. For the
prototype red geyser, Cheung et al. (2016) performed detailed Jeans Anisotropic Mod-
eling (JAM) and used the dynamically constrained potential to get a rough estimate
of escape velocity, Vese ~ 400 £ 50 km/s. They found that roughly 15-20% of the gas
would exceed the escape velocity. A typical example of a red geyser is shown in Fig 2.1.
Further details of the selection procedure will be described in Bundy at al. (in prep).
Accreted gas disks in early type galaxies (e.g., Chen et al. 2016) can sometimes
produce similar gas velocity gradients like the red geysers, due to rotation of the gaseous
material in the disk. A few edge-on disks show a bisymmetric pattern in EW map
similar to the red geysers. Hence, we include a few steps in our visual identification,
to exclude galaxies with a visible disk component or dust lanes apparent in the optical
SDSS image. We discard edge-on galaxies with axis ratio b/a < 0.3. We also checked
the galaxy specific stellar angular momentum (Ag.) and ellipticity (€) from the extensive

catalog in Graham et al. (2018). Convincingly, we find that 95% of the red geysers are
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fast rotator early-type galaxies. Our control sample galaxies are of similar nature, 97%
of which are fast rotators according to Graham et al. (2018). Since the fast rotators have
stellar disks and are axisymmetric, this implies that a gas disk cannot be in equilibrium
if it is misaligned with the stellar kinematic position angle (PA), thus ruling out the
possibility of disks to be the source of the observed misalignment in the red geysers.
Additionally, to avoid galaxies with rotating disk from being included in the red geyser
sample, any galaxy showing a very low value of average gas velocity dispersion through
out the galaxy (< 60 km s~! which is roughly the average dispersion value observed in
polar disks), has been discarded from our red geyser sample completely, even if it shows
other convincing features of a red geyser.

As described in Cheung et al. (2016), the gas velocity fields of the red geysers
are poorly fit by flexible disk rotation models. The error-weighted average residual,
characterizing the goodness-of-fit, place the red geysers among the worst 5% of fitted
MaNGA galaxies with disk-like kinematics. The resolved spectral line ratios land pre-
dominantly in the LINER region in the Baldwin, Phillips & Telervich (BPT) diagram,
predicting that the ionizing source is mostly post-asymptotic giant branch (AGB) stars
and/or AGN.

To summarize, the red geysers in our chosen sample have the following char-

acteristic features:

e Quiescent nature with rest frame color NUV — r > 5.

e Bi-symmetric emission feature in Ha-EW resolved map.
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e Rough alignment of the bi-symmetric feature with the ionized gas kinematic axis,

but misalignment with stellar kinematic axis.

e High spatially resolved gas velocity values, typically reaching a maximum of
+ 300 km/s, which are greater than the stellar velocity values by at least a few

factors.
e Very low star formation rate with typical value of log SFR [Mg /yr] < —2.
Currently, our sample has 84 red geysers, which accounts for ~ 8% of quiescent

MaNGA galaxies (defined as NUV —r > 5, see Section §2.3.1.2).

2.3.1.2 Control Sample

We create a control sample of quiescent galaxies with NUV —r > 5 (shown in
Fig 2.2), which are matched in global properties but do not show the resolved geyser-like
features described in §2.3.1.1.

For each red geyser, we match up to five unique quiescent galaxies with the

following criteria:

L4 |10g M*, red geyser/]w'*7 Control| < 0.2 dex

b |zred geyser Zcontrol| < 0.01

b |b/ared geyser — b/acontrol| < 0.1,

where M, is the stellar mass, z is the spectroscopic redshift, and b/a is the axis ratio
from the NSA catalog. Stellar mass and redshift have been shown to correlate with radio
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RA: 119.12000

DEC: 50.28787
z=0.13362

MaNGA-ID: 1-378770
Plate—IFU: 8715-3701
log M, ysa: 11.46

n: 6.00

NUV=-r: 5.93

log SSFR: —12.39

log o: 2.472

b/a: 0.370

R_e (NSA): 8.88 arcs
R_e (GIM2D): 7.34 arcs
IFU size: 8.75 arcs
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Figure 2.1: A typical red geyser included in our sample. The data has been obtained
from MaNGA Integral Field spectroscopic observations. The panel on the center shows
the optical image of the galaxy (MaNGA-ID: 1-634825).The magenta hexagon marked
in the image is the extent of the MaNGA fiber bundle. In the other panels, as labelled,
we have shown the Ha-flux map, Equivalent width map, Dn4000 absorption map, the
velocity maps of gas and the stars along with their dispersion. This galaxy satisfies all
the conditions that we use to classify an object as red geyser. Specially notable is the
bi-symmetric pattern in the equivalent width map of Ha and the kinematic axis align
perfectly with the gas velocity field.
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Figure 2.2: The rest-frame NUV — r color vs. stellar mass (log M,) diagram of the
MaNGA sample, with the red geysers in red circles and the control galaxies in green
squares. Quiescent galaxies are clustered in the upper part of the NUV —r distribution;
we define NUV —r > 5 as a conservative boundary of quiescent galaxies. Galaxies with
NUV —r > 8 are undetected in the NUV data.
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emission and thus must be controlled for (e.g., Condon 1984; Dunlop & Peacock 1990;
Best et al. 2005). We also control for axis ratio so that we do not compare potentially
dust-reddened edge-on galaxies with the relatively face-on red geyser galaxies. This
matching technique results in 260 unique control galaxies. Fig 2.3 shows an example of
a typical quiescent galaxy from the control sample.

Fig. 2.4 compares the global galaxy properties of the control sample and the
red geysers. The red geysers (red) and the control sample (blue) are well-matched in

all four parameters— stellar mass, redshift, color and axis ratio as expected.

2.3.1.3 Hoa-Disturbed Galaxies

During the course of visual inspection, we have discovered another category of
galaxies which we will hereby refer to as “Ha—disturbed”. Fig 2.5 shows an example.
The gas content of these galaxies is comparable to the red geysers (median Ha EW value
> 0.5 A similar to ~ 0.8 A in the red geysers) but the Ha equivalent width maps do not
show the clear bisymmetric patterns of a red geyser. They show twisted, disturbed Ha
EW maps, sometimes with individual blobs of gas that are found throughout the galaxy.
90% of the sample have spatially resolved gas velocity values reaching a maximum of ~
250 km/s, which are high compared to the stellar velocities which lie within 4+ 60 km/s.

1 as seen in red

Some of them have high gas velocity dispersion, upwards of ~ 200 km s~
geyser population. We found 60 such Ha—disturbed candidates from ~ 900 MaNGA

quiescent population, and we treat them as a separate third category different from

both the red geyser and control samples.
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RA: 258.02762

DEC: 57.50401
z=0.02817

MaNGA—ID: 1-24099
Plate—IFU: 7991-1902
log M, nsa: 10.15

n: 3.89

NUV—r: 5.50

log SSFR: —11.74

log o: 2.110

b/a: 0.666

R_e (NSA): 3.62 arcs
R_e (GIM2D): 3.76 arcs
IFU size: 6.25 arcs
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Figure 2.3: A typical control galaxy chosen in our sample. The data has been obtained
from MaNGA Integral Field spectroscopic observations. The panel on the center shows
the optical image of the galaxy (MaNGA-ID: 1-24099). The magenta hexagon marked
in the image is the extent of the MaNGA fiber bundle. In the other panels, as labelled,
we have shown the Ha-flux map, Equivalent width map, Dn4000 absorption map, the
velocity maps of gas and the stars along with their dispersion. As described in §2.3.1.2,
this galaxy is red with NUV-r > 5, has a very low value of star formation and it is
relatively face-on with b/a > 0.3. This galaxy is clearly not a red geyser as it does not
satisfy any of the red geyser features described in §2.3.1.1, so it can safely be included
in the control sample.
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Figure 2.4: Comparison of global properties of red geysers with our chosen control
sample. Normalized histograms of the red geysers and control galaxies in: stellar mass
(log M,), rest-frame NUV — r color, redshift (z), and axis ratio (b/a). The red geyser
sample distribution are shown in red, while the control sample properties are shown
in blue. We see similar distribution for red geysers and control sample properties, as
expected from our method of selection of control sample.
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RA: 116.78572

DEC: 40.39294
2=0.07646

MaNGA—ID: 1-43933
Plate—IFU: 8140-3704
log M, ysar 10.81

n: 6.00

NUV=r: 6.27

log SSFR: —11.90

log 0: 2.291

b/a: 0.919
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Figure 2.5: A typical disturbed galaxy as described in §2.3.1.3. The data has been
obtained from MaNGA Integral Field spectroscopic observations. The panel on the
center shows the optical image of the galaxy (MaNGA-ID: 1-43933). The magenta
hexagon marked in the image is the extent of the MaNGA fiber bundle. In the other
panels, as labelled, we have shown the Ha-flux map, Equivalent width map, Dn4000
absorption map, the velocity maps of gas and the stars along with their dispersion. As
described in §2.3.1.3, this galaxy cannot be called a promising geyser candidate because
of the lack of the signature bisymmetric pattern, but the kinematics indicate a difference
from ordinary control sample. It has been classified as a third “Ha-disturbed” category
to separate from the geyser and the control sample population
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2.3.2 FIRST Radio Photometry and Stacking

To obtain the radio flux, we perform aperture photometry on the FIRST
cutouts for 78 out of 84 red geysers, 260 control galaxies and 57 out of 60 Ha-disturbed
galaxies which have FIRST coverage. We first determine which FIRST tile (of dimension
34.5" x 46.5') a specific galaxy falls on. If a galaxy is located too close to the FIRST tile
edge (less than 10”), that galaxy is discarded. We extract a small cutout 50x50 pixels
wide (each pixel is 1.8”) centered on the galaxy of interest. We use a circular aperture
of 10” diameter centered on the galaxy and sum the radio flux values within. For our
target galaxies which are located roughly at redshift ~ 0.03, 10” aperture corresponds
to 6 Kiloparsec (Kpc) on the sky and hence is a reasonable choice as aperture size. We
have defined the criteria for radio detection to be S/N > 3. We then perform a median
stack of the FIRST images associated with the three samples described in §2.3.1. To
ensure that our results are not biased by a few radio bright sources, we have made
separate stacks of radio flux with the individually radio detected sources removed.

We have also tested that our stacked radio signal is not an artifact of faulty
FIRST tiles by median stacking random cutouts within a radius of 75” in the same
FIRST tile where the galaxy is located. We would expect these “blank” stacks to have
pure white noise with no radio signal.

Fig. 2.6 shows the images of the median stacked flux of these four samples —
(1) the red geysers, (2) the control sample, (3) the non-radio-detected red geysers, and

(4) the non-radio-detected control sample. The rightmost panel in both the rows show
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Figure 2.6: The median stacked images of red geysers (top) and control sample (bot-
tom). The middle panels show the non-radio detected stacked images for the red geysers
(middle) and the control (bottom middle), where all radio detected sources have been
excluded. The blank stacks are shown in (top right) and (bottom right) panels.

the blank stacks. Reassuringly, the blank stacks show no signal.

We perform additional separate stacks controlling for ionized gas content and
star formation rates in the control galaxies to see their effect on the radio output. Details
of our findings are given in §2.4.

In order to account for the photometric error as well as the systematic error
due to sample construction, we perform a bootstrap analysis on all our samples. We
construct 1000 random samples with replacement with the same size as each sample and
compute the stacked radio flux as before. We take the standard deviation of the resulting

flux distributions (o) to be the estimate of the error on the stacked flux measurements.
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2.4 Results

2.4.1 Radio detection of red geysers vs. control sample

We have crossmatched FIRST radio detections with our sample of red geysers
and control galaxies. 12 + 3 out of 78 red geysers (~ 15% +4%) are found to be radio-
detected, where quoted errors are obtained from standard Poisson statistics. Among
the control sample, 14 + 4 out of 260 are radio detected with a detection fraction
~ 5% + 1.5%. Red geysers show a 3 times higher radio detection rate compared to our
control sample with a significance level of 5o. We also find that the radio detected red
geysers make up an appreciable fraction (~ 10%) of the red MaNGA galaxies which
are radio-detected by FIRST survey. This fraction increases to ~ 20% when the Ha-
disturbed category galaxies are included along with the red geyser population. If we limit
our sample to log (M,/Mg) < 11, the detection rate of red geysers and Ha-disturbed

goes up to 40%.

2.4.2 Stacked radio activity of red geysers vs. the control sample

Fig 2.7 shows the first main result of our analysis. We compare the median-
stacked radio fluxes of the red geysers (red circles) with that of the control sample (blue
squares). Data points in the column marked “All” indicate the median fluxes when the
entire sample of geysers and control samples are included in the stack. In the column
labelled “Radio non-detection” we have excluded radio bright red geysers and control

galaxies. We see that for both these cases, the red geyser radio fluxes, obtained from
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Comparison of Radio flux measurement
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Figure 2.7: The median stacked radio flux obtained from the stacked sample of red
geysers (shown in red circles) and control sample (blue squares). “All” represents the
stacks where the entire sample has been included for both red geysers and control,
while “Radio Non-detections” indicate the stacks where the individually radio-detected
sources have been removed. The condition of radio detection of a source has been
defined as SN > 3. “Control with gas”— marked in yellow diamonds— shows a specific
subset of control galaxies when we additionally controlled for ionized gas (described in
§2.4 in details). The red geyser sample show an enhanced radio flux compared to control
sample galaxies and the presence of higher amount of ionized gas in the control sample
does not necessarily affect the radio-detection rate. The spaxel by spaxel equivalent
width information have been obtained from the MaNGA DAP (Data analysis Pipeline)
and they have been averaged over the spatial extent of 1.5 effective radii to obtain the
mean EW value for a particular galaxy.
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median stacking, are 3 times higher than the control sample at greater than 99.99%
confidence (> 50).

We additionally control for the presence of ionized gas in our sample. We
obtain Ha equivalent width (EW) measurements from the MaNGA DAP. The mean
value obtained by averaging the EW (Ha) values of all spaxels in a particular galaxy
within 1.5 effective radii is used as the mean EW value, and a proxy for ionized gas
content. The control galaxies show an average value of 0.3 A, somewhat lower than
the corresponding 0.8 A seen in the red geyser sample. To compare against galaxies
with similar equivalent width values, we select an additional control sample with EW
> 0.5 A (stacks marked with yellow diamond points). We see that even the radio stack
of control galaxies having a comparable level of ionized gas, has a value about 3 times
less than that of the red geyser stack. In addition to that, the stacked radio flux for the
control galaxies with ionized gas does not show much difference for “All” and “Radio
Non-detections” sample, which implies that presence of higher amount of ionized gas in
the control sample does not necessarily affect the radio-detection rate.

The detailed implications of these findings are summarized in §2.5.

2.4.3 Dusty star-formation

As described in §2.3.1.1, we set a color cut of rest frame NUV —r > 5,
and exclude edge on galaxies with b/a < 0.3 to avoid possible radio contamination
by star formation to the radio flux. However, UV wavelengths are susceptible to dust

attenuation and may not reveal heavily obscured star formation (e.g., Calzetti 2001).
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Figure 2.8: The figure shows the log SFR vs log M, as obtained from SDSS+WISE
catalog of Chang et al. (2015). The gray 2D histogram shows all the galaxies in the
catalog with 0.01 < z < 0.1. The red circles and blue stars signifies red geyser and
control sample galaxies respectively. Most of the galaxies in our chosen sample have a
low log SFR value, < —2 M®/yr.

Here we use the SDSS+WISE Chang et al. (2015) catalog for obtaining star formation
rates (SFR) based on IR fluxes that are sensitive to dusty star formation. Chang et al.
(2015) has utilized the full WISE photometry to model the spectral energy distribution
(SED) in optical through mid-IR bands and obtained updated measures of mass and
SFR.

Fig 2.8 show the log SFR vs log M, diagram of the galaxies from the Chang
et al. (2015) catalog. We see that the majority of red geyser and control galaxies lie in

the non-star forming region, with low values of SFR. To ensure that our result is not
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affected by radio contamination from dusty star formation, we have redone the stacking
analysis after excluding galaxies that have log SFR [Mg/yr] > —2. This cut removes
3 red geysers and 30 control sample galaxies. Fig 2.9 shows the median stacked radio
flux in the column labelled “Non-Starforming”. We conclude that our results are not
affected by contamination from dusty star formation.

WISE colors can be used to detect strong nuclear heating associated with bright
AGNs or quasars at the center of the host galaxy. According to Yan et al. (2013),
W1 (3.4um) — W2 (4.6pum) > 0.8 presents an efficient mid-IR color based selection
criteria for luminous AGN and quasars. Most of the red geysers and control sample
have 0.6 < W1 — W2 < 0.7 with very few (1 or 2) having a value > 0.8. This lends
confidence to the ability of the WISE data to constrain obscured star formation in these
galaxies, as there is no AGN contamination present in the SEDs of these galaxies. We

trust the SED-based SFRs from Chang et al. (2015).

2.4.4 Stacked flux of Ho—Disturbed category

In Fig 2.9, the stacked flux for the galaxies in the disturbed category is shown
in green star symbol. Remarkably these galaxies show a slightly higher value of median
stacked radio flux than the red geysers. The disturbed EW maps and high gas velocity
dispersions revealed by MaNGA data correlate with enhanced radio flux. We will discuss

the implication of this finding in Section §2.5.
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Figure 2.9: The median stacked radio flux obtained from the stacked sample of red
geysers (shown in red), Ha-disturbed (pink) and control sample (blue). The leftmost
panel shows the stacks for the entire sample of red geysers (shown in red circles), control
sample (shown in blue squares) and the Ha-disturbed category (shown in green star).
“Radio Non-detections” panel shows the stacked radio flux for the geysers and the
control sample where the individually radio-bright ones, satisfying the criteria S/N > 3,
have been removed. The red geyser and the control sample have been cross-matched
with SDSS+WISE catalog of Chang et al. (2015). Galaxies with log SFR > —2M ® /yr
have been removed and re-stacked. They constitute the “Non-Starforming” category
shown in the rightmost panel of the plot. In all the cases, the median stacked radio flux
is higher for the red geyser sample compared to the control sample by > 50.

2.5 Discussions & Conclusion

We have performed a radio stacking analysis of 78 red geysers selected from
the MaNGA survey which have FIRST coverage and have compared their median radio
flux with a sample of quiescent galaxies matched in global integrated properties but are

not classified as red geysers. The red geyser galaxies show significantly higher radio
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fluxes than the control galaxies, despite the fact that the red geyser selection is based
on optical data alone. This suggests a physical link between the optical features that
identify red geysers and the presence of enhanced AGN activity, lending further support
to the argument that AGN-driven winds are responsible.

We have made several subdivisions based on different physical criteria, to check

our results:

We have performed the stacking for all galaxies both in the red geyser and control

samples.

e We have performed the stacking for samples in which the radio detected sources
are removed so that a few bright sources do not dominate the median stacked

radio flux value.

e We have performed the stacking for galaxies with similar levels of ionized gas by

imposing a cut on EW (Ha) value.

e We have performed the stacking for samples that exclude galaxies which show a

high value of star formation from SDSS+WISE.

In all cases red geysers exhibit elevated radio flux values.

Given our conservative NUV — r color cut, the use of WISE mid-IR data
(§2.4.3) and absence of star forming HII regions from resolved BPT diagrams, we can
rule out star formation as the explanation for this enhanced radio flux. The other most

likely sources are AGN activity or Supernova remnants. SN Ia remnants can induce
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radio synchrotron emission from shock-accelerated cosmic rays. However in our case,
they are unlikely to be responsible for the increased radio signal in red geyser sample
because our selection criteria do not involve any factors that may enhance or suppress
the SN Ia rate. We have controlled primarily for the M,, rest-frame NUV —r color and
age of the galaxy respectively. Thus there should be no difference in the frequency of

SN Ia remnants between the red geysers and the control sample.
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Figure 2.10: The figure shows the 1.4GHz radio luminosity versus stellar mass of radio
detected red geysers (shown in red big circles), Ha-disturbed (shown in green squares)
and the red (NUV —r > 5) MaNGA galaxies (in gray small circles). This plot shows
that the radio AGN population occupies two distinct regions in the luminosity stellar-
mass space depending on the types of host quiescent galaxies. The lower mass regime
(log M, < 11) is occupied by quiescent galaxies with optical emission line features (red
geysers and Ha-disturbed) while in the higher mass region, we mainly find galaxies
without detectable emission line features (similar to our control sample). The black
stars and diamonds show the stacked radio luminosities from the entire sample (which
includes both radio-detected and non-detected ones) of red geyser and Ha-disturbed
galaxies respectively, in two mass bins.
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We conclude that the enhanced radio emission of red geysers is due to the
presence of radio-mode AGNs. To confirm this statement, we compare the expected
SFR from the average radio luminosity from the entire red geysers sample with the
observed SFR derived from full SED fitting of optical mid-infrared data from Chang
et al. (2015) catalog. The mean radio luminosity density (Lj 4cm,) obtained from the
stacked integrated flux density is L 4qm, ~ 2 x 102! W Hz~! (obtained by averaging
the values of radio luminosity of the red geysers in two mass bins shown by two black
filled-stars in Fig 2.10). 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 Ha luminosity ~ 1.3 x 10*! erg s™!. Using the known relation between
SFR and Ha luminosity (Kennicutt et al. 2009; Brown et al. 2017) assuming a Kroupa
intial mass function (IMF) (Kroupa & Weidner 2003), we obtain an expected SFR from
this radio emission ~ 1M, yr~!. However, the observed mean SFR from the sample, as

I which is much lower than expected, thus confirming

shown in Fig 2.8, is ~ 1073Mg, yr~
AGN to be the primary source of radio emission rather than star formation in the red
geysers. The AGN feedback can induce radio emission through their radio jets (Zensus
1997; Falcke & Biermann 1999), their advection-dominated accretion flows (ADAFs;
Narayan et al. 1995, 2000), and/or their winds (Jiang et al. 2010).

It stands to reason that the AGNs in the red geysers may act as the central
powerhouse driving the ionized gas winds that signal the red geyser phenomenon.

It is interesting to consider how the Ha-disturbed galaxies fit in this context.

These galaxies show a comparable (within uncertainty) or a slightly higher value of
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stacked radio flux compared to the red geysers. All of them show significant gas blobs
in the Hoe EW maps. Some of them can be potential geyser candidates or relics from
mergers or tidal interactions with other galaxies. The complex gas morphology might be
a product of a multi-phase and clumpy interstellar medium, ionized by the central AGN.
These blobs may form out of the geyser wind material after the central engine shuts
down. They may also result from a less stable accreting source. Given the uncollimated
and chaotic distribution of ionized gas, it seems unlikely that cool inflowing of material
from a galactic encounter is responsible. There is also no indication that that Ha-
disturbed galaxies have recently undergone a merger or interaction. Clearly more work
is needed to understand them.

We would also like to highlight the handful of control galaxies with clear radio
detections that are not classified as red geysers or as Ha-disturbed. These galaxies likely
host a central active nucleus and exhibit significant emission line flux. They may mean

any of the following:

e Our red geyser sample based on visual inspection is not a complete sample of
AGN-driven ionized winds. Red geysers may be a special type of AGN wind

phenomena.

e The AGNs in the control sample are too weak too drive out sufficient gas for

detection at large radii.

e A time lag may exist between AGN triggering and the development of a large-scale

wind. Those AGN hosted control galaxies may not be in the red geyser phase at
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the current epoch, but may have passed through this phase in the past, or might

in the future.

Fig 2.10 shows the variation of radio luminosity (L 4qm,) with stellar mass
(M,) for all the FIRST radio-detected quiescent galaxies in MaNGA sample. We see
that radio-AGN population occupies two distinct regions in the plot depending on the
properties of host quiescent galaxies. Radio-AGN in the galaxies showing optical emis-
sion line features (red geysers and Ha-disturbed) are found mostly at log (M, /Mg) < 11
(low mass end of the typical quiescent galaxy population) while the radio detection rate
overall is higher for log (M,/Mg) > 11 by almost a factor of 1.4, compared to the
lower mass galaxies. One possibility is that red geysers and “radio galaxies” repre-
sent different AGN populations with different associated accretion histories and fueling
mechanisms. Alternatively, the declining presence of wide-scale ionized gas at higher
stellar mass (Belfiore et al. 2016) may simply hide the existence of AGN-driven winds
at higher masses.

We can gain further insight by considering the average luminosities from our
stacked samples in two stellar mass bins. Using the median redshift in each mass bin,
we overplot the average luminosity of red geysers and Ha-disturbed galaxies on Fig 2.10
(shown in black filled-stars and diamonds respectively). The average luminosity has
been obtained from the stacked radio flux that includes both radio-detected and non-
detected sources. While radio-detected sources show a strong mass dependence, the

average radio luminosity associated with red geysers show a slightly weaker dependence
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with stellar mass. This suggests that a different kind of accretion physics may be at
play.

Considering the two red geyser mass bins in Fig 2.10, we see that the typical
radio power of the red geysers is ~ 102! W Hz~!(shown in Fig 2.10 by the two black
filled stars). From the best-fit linear relation between jet mechanical energy and the
radio power from Heckman & Best (2014), we get an estimate of the jet kinetic energy
to be 3 x10*! erg/s. The AGNs in the red geysers are low-luminosity sources and their
mechanical energy will be confined predominantly to size-scales of the host galaxy halo.
Also, according to our interpretation, the short-lived geyser phase possibly occur in any
red-sequence galaxy, hence the “duty cycle” represents the number of galaxies with an
active red geyser phase in the present. Hence, if we assume that the observed fraction
of red geysers represents their duty cycle, then these phenomena are present 10% of
the time (higher, if we consider log (M,/Mg) < 11). Multiplying this duty cycle by the

0%%rg/s, an estimate of the AGN power averaged

typical jet kinetic power yields ~ 3x1
over long time scales. We can compare this to the cooling rate implied from the X-ray
gas in this stellar mass range (Best et al. 2006; O’Sullivan et al. 2001), which is similar,
~ 10%%rg/s. This similarity provides further evidence that red geysers may play an

energetically interesting role in the suppression of gas cooling and star formation at late

times.
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Chapter 3

Radio Morphology of Red Geysers

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. In this chapter, we confirm that red geysers
host low-luminosity radio sources (L1.4 grz ~ 1022 W Hz_l). 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 (“FR0” 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

63



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. !

3.1 Introduction

Active galactic nucleus (AGN) feedback has been proposed to be one of the
most efficient ways to quench star formation 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 occurring in two different modes: “quasar”
or “radiative” mode and “maintenance” or “radio” mode (Fabian 2012; Morganti 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 (Cattaneo et al. 2009;
Fabian 2012). On the other hand, the “radio” mode feedback, predominant during
the late stages of evolution, is thought to be powered by low to moderate luminosity
AGN which are radiatively inefficient and accreting at a low rate. They deposit most

of their energy to the surrounding medium via radio jets or winds, heating the gas and

1This chapter was previously published in the Astrophysical Journal as Radio Morphology of Red
Geysers, Roy, N., Moravec, E., Bundy, K. et al. 2021, ApJ, 922, 230, DOI:10.3847/1538-4357 /ac24a0.
(©AAS. Reproduced with Permission.

64


https://ui.adsabs.harvard.edu/link_gateway/2021ApJ...922..230R/doi:10.3847/1538-4357/ac24a0

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'® Mg) 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 mechanical 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-1V) Mapping Nearby Galaxies 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. Known as “red geysers”, these passive early-type galaxies possess unique
optical emission and kinematic properties signalling galactic scale centrally-driven out-
flows (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 dis-
tinctive bi-symmetric enhancement in the spatial distribution of ionized gas, i.e. in Ha,
[OIII] and [NII]. The observed ionized gas, traced by emission 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
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Seyfert-like line ratios in spatially resolved BPT (Baldwin, Phillips & Terlevich; Baldwin
et al. 1981) diagrams (Cheung et al. 2016; Roy et al. 2021a). Using the Keck Echelette
Spectrograph and Imager (ESI) instrument, we obtained high spectral resolution obser-
vations (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
modeling of gas and stellar kinematics and concluded that the observed ionized gas
velocities are too high to be in gravitationally bound orbits and can only be explained
by an outflowing wind. These galaxies show very low star formation activity with aver-
age 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 supermassive black hole which was detected as a central ra-
dio 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 geysers have significantly higher (> 50)
radio continuum flux (in the stacked sample) and a three times higher radio-detection

rate compared to the control samples. Roy et al. (2018) concluded that the red geysers
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host low-luminosity radio AGNs (Liscu, ~ 10?2 — 10?3 W/Hz) which are energeti-
cally capable of driving sub-relativistic winds consistent with the MaNGA observations.
Additionally Roy et al. (2021a), discovered a significant amount of cool gas (average
Moo ~ 108 M) traced by sodium doublet absorption (NaD) in the red geyser sample,
especially in those which are radio-detected according to FIRST. The spatial distri-
bution of the cool gas lies spatially 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~1) in about 86% of the radio red geysers, implying that the detected
cool gas is inflowing into the galaxy and is possibly associated with fuelling the cen-
tral 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
candidate for “maintenance” or “radio-mode” feedback in typical quiescent galaxies.
While feedback from high luminosity radio-loud AGN, radio galaxies and ra-
dio 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 AGNs hosting small scale jets that do not
extend beyond the host galaxy. For example, Jarvis et al. (2019) presented 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 [OIII] emission-line components. These “radio-
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quiet quasars” (RQQ) have low-to-moderate radio luminosities (log[L1.4cn,/W Hz 1]
< 24.5), exhibit extended radio structures in the scale of 1 — 25 kpc, and are consistent
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[Lisommuz/ W Hz™1] < 22.5) radio
AGN sources, known as Fanaroff-Riley class 0 (FR0), 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 radio emission from the GSJs extends to no larger than 80 kpc and are small
enough to be directly influencing the evolution of the host galaxies. Baldi et al. (2018,
2021) studied high resolution (< 0.2”) 1.5 GHz radio images for local active (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 nuclei harbor radio sources which are scaled-down version
of the FRI radio galaxies. Finally Panessa et al. (2019) has explored a wide range of

possible mechanisms to understand the driver of the radio-quiet sources, starting from
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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 formation 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),
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 spatial extent,
morphology and spectral index of the radio emission from red geysers and explore the
radio — ionized outflow connection. In §3.2, we report the red geyser sample and its
unique identifying features. In §3.3 we describe the radio and optical surveys used in
this analyses. In §3.4, 3.5 and 3.6 we present our results, which we then discuss in §3.7.
We summarise our conclusions in §3.8.

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

magnitude system.
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Figure 3.1: 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 Ha 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 Ho-EW map is particularly apparent.
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3.2 Sample selection: Red Geysers

This study of red geyser galaxies builds upon a series of papers 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. (2021c) 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 Mg 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 §3.3.1) and has the following characteristic features (see

Cheung et al. 2016; Roy et al. 2018, 2021a,c, for details):

e 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 Mg yr~!). Edge-on galaxies with axis ratio b/a < 0.3

are discarded.
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e Bi-symmetric/bi-conical feature in spatially resolved EW map of Ha, [NII] and

[OIII] emission lines.

e 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°.

e High spatially resolved gas velocity values, typically reaching a maximum of
+ 300 km s~!, which are greater than the stellar velocity values by at least a

factor of 4 — 5.

e High gas velocity dispersion values, reaching about ~ 220 —250 km s~ in distinct

parts of the galaxy.

e Showing LINER or Seyfert type line ratios in the integrated BPT diagrams.

An example red geyser is shown in Fig. 3.1. The optical image (panel a) from
SDSS shows spheroidal morphologies typical 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™2 s7!, a value quite high compared to typical passive
galaxies. The regions of elevated Ha flux coincides with the bi-symmetric EW pattern.
This observed feature, 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
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middle panel (e) shows the spatial position of the spaxels in the spatially 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 “composite” from the [NII] BPT diagram
(grey color). The lower right panel (f) show the gas velocity dispersion map, traced by
Ho, which is clumpy with values going up to ~ 250 km s~ 1.

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.

3.3 Data Acquisition

3.3.1 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. 2017). MaNGA is an integral field spectroscopic survey that
provides spatially resolved spectroscopy for nearby galaxies (z ~ 0.03) with an effective
spatial resolution of 2.5” (full width at half-maximum; FWHM). The MaNGA survey
uses the SDSS 2.5 meter telescope in spectroscopic mode (Gunn et al. 2006) and the two
dual-channel BOSS spectrographs (Smee et al. 2013) that provide continuous 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
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(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,/Mg) > 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 selection is
described in detail in Wake et al. (2017).

The raw data are processed with the MaNGA Data Reduction 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 measurements and other analyses carried out by MaNGA
Data Analysis 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 continuum of each spaxel to determine the stellar kinematics using the
Penalised Pixel-fitting algorithm pPXF (Cappellari & Emsellem 2004; Cappellari 2017)
and templates based on the MILES stellar library (Falcon-Barroso et al. 2011). The
templates are a hierarchically clustered distillation of the full MILES stellar library into
49 templates. This small set of templates 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.
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The final output from the DAP are gas and stellar kinematics, emission line properties
and stellar absorption indices. All the spatially 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
quantities reported in this paper are signal-to-noise weighted average taken over one
effective radius.

We use ancillary data drawn from the NASA-Sloan Atlas? (NSA) catalog which
reanalyzes images and derives morphological parameters for local galaxies observed in
Sloan Digital 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 catalog. 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.

3.3.2 LoTSS

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

2http://www.nsatlas.org
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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 puJy/beam and 95% of the area in the DR1 release has an rms noise level below 150
puJy/beam. The angular 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 density 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 Survey (NVSS, Condon et al. 1998), Faint Images of the Radio
Sky at Twenty-Centimeters (FIRST, Becker et al. 1995), Sydney University Molonglo
Sky Survey (SUMSS, Bock et al. 1999; Mauch et al. 2003), and WEsterbork Northern
Sky Survey (WENSS, Rengelink et al. 1997).

The second LoTSS data release (DR2), to be released publicly in 2021, consists
of two contiguous fields at high Galactic latitude centered around Oh and 13h and
covering approximately 5,700 square degrees (Shimwell et al. in preparation). DR2
provides fully calibrated mosaics at the same 6” resolution 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 individual 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 densities are

as close as possible to the flux scale of Roger et al. (1973). The residual flux scale
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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 3.1.

3.3.3 FIRST survey

The Very Large Array (VLA) Faint Images of the Radio Sky at Twenty Cen-
timeters (FIRST, Becker et al. 1995) survey is a systematic survey over 10,000 square
degrees of the North and South Galactic Caps at frequency channels centered at 1.36
GHz and 1.4 GHz. FIRST uses the VLA in B-configuration and achieves an angular res-
olution of 5" and the survey is insensitive to structures larger than ~ 60" as it is carried
out in the VLA’s B configuration. The source detection threshold is ~ 1 mJy correspond-
ing to a source density of ~ 90 sources deg~2. The astrometric accuracy of each source
is 0.5 - 1”7 at the source detection threshold. Since FIRST survey 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
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full images are available from ftp://archive.stsci.edu/pub/vla_first/data.

3.3.4 VLASS

The Very Large Array Sky Survey (VLASS, Lacy et al. 2020) is a community-
driven initiative to carry out a synoptic radio sky survey using the Karl G. Jansky
Very Large Array (VLA). VLASS will eventually use ~ 5500 hours to cover the whole
sky visible at the VLA (§ > —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 a myriad 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 puJy while it is 69 puJy 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 polarimetry, time domain
coverage, and wide bandwidth. Observing began in September 2017 and the survey will

finish observing in 2024.
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3.4 Radio Detection and Characterization

3.4.1 Percentage of radio detection

LoTSS DR2 footprint contains 93 of the parent sample of 140 red geyser galax-
ies. 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 complete red geyser sample. 34 + 6 out
of those 103 sources (33% =+ 5.5%) are found to be radio-detected at the frequencies
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 extended 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 4+ 5 out of 140 red geyser galaxies are detected at 1.4 GHz frequency with a
detection 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)
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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 §3.5.3). 42 £ 6 red geysers (30% + 4%) are detected in at least one of
LoTSS, FIRST or VLASS surveys, and these are listed in Table 3.1.

In order to understand how, if at all, the radio-detected red geyser galax-
ies intrinsically differ from those which are non-detected, we compare the host galaxy
properties of the respective samples of interest. Fig. 3.2 shows the histograms of SDSS
I-band magnitude (upper left), Ha luminosity (upper 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 estimates are obtained from Salim et al. (2016) catalog,
while the magnitude and the stellar mass reported here are acquired from the NSA cat-
alog. We notice that the distributions of I-band magnitude, Ha luminosity and stellar
mass are quite different between the radio-detected and non detected sample. This is
statistically confirmed by a Kolmogorov-Smirnov (KS) test which rejects the null hy-
pothesis that the radio-detected and non-detected samples show similar distributions.
This is shown by extremely small p values of 1.48 x 1076, 1.84 x 1079, and 1.05 x 1076

for I-band magnitude, Ha luminosity and stellar mass distributions respectively. How-
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Figure 3.2: 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 Ho
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.
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ever, for the SFR distributions, we cannot reject the null hypothesis 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 logig M, ~ 11 Mg) than the non-radio detected galaxies
(mean M; = —21 and logjyg M, ~ 10.5 Mg). The Har luminosity in the radio-detected
sample also tend to be higher on average (mean logig Ly, = 40.5 erg s~!) than the
non-radio detected sample (logig Ly = 40 erg s~ 1), 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 radio emission. The SFR distribution, however, is
unchanged irrespective of radio-detection indicating no underlying correlation between

them.

3.4.2 Radio loudness

Fig. 3.3 shows the radio luminosities at 1.4 GHz vs. the observed 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 estimate 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 Mullaney et al. (2013) z < 0.2
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Figure 3.3: 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.

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 4qm, ~ L[ﬁom] similar
to Xu et al. (1999), 8 range from 0.53 to 0.60 in the red geyser sample with a mean

value of 0.56. This is consistent with 8 ~ 0.5 as reported in Xu et al. (1999).

In addition to using the criterion of Xu et al. (1999), we compute the commonly
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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(7711' — t) (3.1)

Here m; is the Petrosian i-band apparent magnitude from SDSS DR16 (Ahumada et al.
2020). The Petrosian magnitudes used here recover essentially all of the flux of an
exponential galaxy profile and about 80% of the flux for a de Vaucouleurs profile. Here,

t is the “AB radio magnitude” defined as

(3.2)

= 25 log <S1.4GHZ>

3631Jy
where S; 4qm, 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 galaxies which were
identified as radio-loud according to Xu et al. (1999) and a fourth galaxy which was a
borderline case — lying just below the division line separating “radio-loud” and “radio-
quiet” population (see Fig. 3.3). Although the R parameter criterion is generally imple-
mented in quasars with typical R values for radio-loud sources going up to 2.8 (Ivezié

et al. 2002), the R values reported here simply quantifies the relative contribution of the
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radio luminosity over optical light. 93% of the radio-detected red geysers are radio-quiet
according to both criteria. This is consistent with Roy et al. (2018) which stated that
the radio detected red geysers occupy the low-luminosity end (Lj 4gm, < 10 W Hz_l)
of the radio population in the MaNGA quiescent galaxy sample.

The next section is dedicated to understanding the dominant mechanism re-

sponsible for the observed radio emission in these sources via physically motivated tests.

3.4.3 Source of the radio flux: radio AGN or SF?

In Fig. 3.3 we see that 39 out of 42 radio-detected red geysers in our sample
would be classified as “radio-quiet” by the Xu et al. (1999) criterion. An important and
significantly challenging follow-up question to address is whether the observed radio
emission is associated with the central radio 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 verify 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 primarily due to synchrotron emission from shocks associated
with supernovae (Klein et al. 2018), and hence their radio luminosity is expected to
correlate broadly with the SFR. They generally display a diffuse clumpy radio emission
not extending beyond the host galaxy with a steep spectral slope (Webster 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-
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scale radio jets in the centers of massive clusters and giant 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?2 W Hz~!, Fig. 3.3), 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:

e Identification based on WISE colors, particularly in W3-W2 (Yan et al. 2013).

Star forming galaxies possess W3 — W2 > 0.3.

e Using emission line diagnostics, in particular the ratio of [OIII] 5007 and Hf line
fluxes, and that of [NII] 6584 and Ha (Baldwin et al. 1981), referred to as the
‘BPT’ method. Galaxies with log([OIlI]/HB) < 0.5 and log([NII]/Ha) < —0.3

lying under the Kauffmann et al. (2003) curve are star forming galaxies.

e 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 Ly,q/M’

method. Galaxies with D4000< 1.6 are dominated by young stellar populations
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and hence constitute star forming galaxies.

Specific WISE mid-infrared colors can be used to separate galaxies with and
without star formation. Thus, star-forming galaxies separate from the typical hosts
of radio AGN in their WISE colours, particularly in W2-W3 (4.6 to 12 micron color,
Yan et al. 2013). Fig. 3.4 upper left (panel a) shows a plot of W1-W2 versus W2-W3
mid-infrared WISE colors 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 colors 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 population. 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 use-
ful 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 rel-
ative strengths of four emission lines, namely [OIII]/HfS 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 Kew-
ley et al. (2006) and Kauffmann et al. (2003) demarcation lines in between. Fig. 3.4
upper right (panel b) shows the BPT diagram of all galaxies from MaNGA Data Release
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Figure 3.4: 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-W2 colour-colour diagnostic diagram.
The radio detected red geysers are shown in black diamonds, while the orange con-
tours are the wise-detected MaNGA galaxies. [Panel b] The [OIII]/Hf 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 Lisom, v, 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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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 indication 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 Lyaq/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;,q/M, is the ratio of radio luminosity (measured in a specific
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 L,,q and
are thus separable on this plane. Among the low-luminosity radio sources, low D4000
value would distinguish galaxies with active star formation which would possibly be the
dominant cause behind the observed radio emission in those sources. This identification
method, later implemented with slight modifications by Kauffmann et al. (2008) and
Sabater et al. (2019), has been generally successful with few cases of mis-classification.

In Fig. 3.4 lower left panel (c), we plot D4000 vs. Lis0/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 overplot the radio sources from SDSS
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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 radio AGN respectively, classified
using a combination of diagnostics (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 ! M51 and D4000 > 1.7 are predominantly radio AGN. All
the red geysers in our sample land in the radio AGN portion of the diagram, as they
have a relatively 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 geysers sample (in magenta). As mentioned previously, star formation
rate is expected to correlate with radio luminosity in star forming galaxies, due to syn-
chrotron emission from supernovae 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:
loglo(L150) =1.07£0.01 x loglo(SFR) 4+ 22.07 £0.01 (33)

The above relation is shown as a red line in Fig. 3.4. Any galaxy lying above this
relation posses an excess amount of radio emission, too high to be produced from the
corresponding level of SF. 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 host-

ing radio AGNs.
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MaNGA ID: 1-378770 [T] MaNGA ID: 1-188530 [I]

N

MaNGA ID: 1-256446 [C] MaNGA ID: 1-24104 [E] MaNGA ID: 1-23958 [D]
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Figure 3.5: 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.

3.5 Radio Morphology

3.5.1 Classification based on morphology
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LoTSS |
|ID: 1-188530|

Figure 3.6: 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 3.1: Summary of the radio properties for the red geyser
sample. 1) MaNGA ID: identification of the galaxies. 2)
z: SDSS measured redshift. 3) Lisomm,: radio luminosity
measured from LoTSS survey. 4) Lj sgm,: radio luminosity
measured from FIRST survey, 5) Radio size: The largest of
the linear sizes (see §3.5.2 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 mor-
phology class from LoTSS images, as stated in §3.5.1. C, D,
E, I, T indicates compact, double, extended, irregular and
triple class respectively. U means unresolved sources. For
sources with no available LOFAR data, the morphology from

FIRST images are indicated in square brackets.

MaNGA =z LisoMHz Li4cHy Radio Size o Morph
ID [LoTSS] [FIRST]

[1022 W Hz~ '] [1022 W Hz™!] [kpc]
1-575668  0.060 1.71+£0.17 - 6.24+0.70 - C
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1-273933

1-217324

1-48084

1-279073

1-198182

1-44418

1-198180

1-217022

1-256446

1-245451

1-256234

1-352569

1-322336

1-374549

1-321221

1-268789

1-595166

1-575742

1-209772

1-627331

1-188530

0.044

0.024

0.031

0.032

0.036

0.031

0.037

0.024

0.058

0.078

0.075

0.079

0.135

0.086

0.036

0.059

0.044

0.061

0.041

0.027

0.055

13.36+0.12

1.7540.02

0.23+0.04

0.49+0.04

3.35%0.06

0.33£0.05

3.5340.20

0.924+0.03

13.2440.29

42.154+0.53

4.34£0.94

11.07+£1.58

20.99+0.70

2.98+0.61

1.3140.08

16.53+0.29

58.921+0.65

3.15+0.19

96.92+0.16

4.51+0.14

21.24+0.23

2.67+0.06

0.59+0.03

1.41£0.04

0.174+0.02

2.58£0.01

6.25+0.24

9.51£0.23

6.09+0.69

0.27£0.04

7.04+0.12

5.4140.07

25.78£0.07

0.11+0.02

9.06£0.11

94

2.744+0.02 -0.712
10.50+£1.2 -
6.96+£0.88 -
3.92+0.76 -0.019
2.45%0.06 -0.494
4.16£0.72 -
21.41£02.3 -
2.99£0.09 -0.616
5.05+0.06 -0.748
8.86+0.06 -0.870
23.96+4.43 -
7.81+0.246 -0.163
8.51£0.35 -0.496
9.74+2.08 -
3.84+0.25 -0.132
4.13+0.05 -0.416
44.09£2.7 -1.06
6.7840.67

20.31£2.1 -0.628
2.52£0.06 -0.741
25.59£3.33 -0.283




1-605515

1-150792

1-218116

1-634825

1-378770

1-94168

1-567948

1-289864

1-23958

1-218764

1-584723

1-24104

1-113668

1-550578

1-37036

1-43718

1-209926

1-210863

1-96290

0.096 5.37+0.54

0.066 0.7140.16

0.047 4.86+0.12

0.030 4.8440.20

0.13  2984.26+10.57

0.03 2.7940.03

0.13 15.08+£1.00

0.049 695.26+£15.26

0.029 1.27+0.03

0.068 3.08+0.12

0.015 0.35%+0.06

0.029 1.56+0.07

0.129 -

0.076 —

0.0283 -

0.041 -

0.095 —

0.03 -

0.130 -

2.23£0.08

1.36+0.03

615.10+£7.2

0.984+0.03

8.38+0.09

0.34£0.03

0.39£0.03

6.39+0.06

8.44+0.22

0.13£0.02

1.24+0.06

3.63+0.03

1.02£0.06

6.72£0.66

95

1.240.09

8.41+£2.04

10.35+£2.87

5.36£0.06

233.07£7.2

20.96+1.87

11.40+£2.56

157.184+3.04

16.15+1.8

2.15£1.8

1.59+0.1

6.55+1.2

>0.33+0.02

>1.68+0.62

> 0.58+£0.7

> 0.85+£0.52

> 13.04£3.5

>

10.1740.03

>

11.6443.98

-0.312

-0.306

-0.847

-0.746

-0.900

-0.621




1-37440 0.0136 - 0.66£0.06 > 0.78+£0.34 [U]

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 §3.4.1, 34 out of 103 red geysers with LOFAR
observations are detected at 150 MHz. Six of them are unresolved 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 extended 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.
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4. Triple (T) : if the source shows three distinct peaks in the resolved radio image,

typically consisting of two jets and one core.

5. Irregular (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. 3.5 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 morphology 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
directly attached to the central component. MaNGAID 1-23958 (Fig. 3.5) 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. 3.5 is an example with double-sided jets.
Finally, MaNGAID 1-188530 represents the irregular morphological class; in this case
the LOFAR image looks quite peculiar, resembling a jelly-fish, with a bright central

core superimposed on a large scale structure of diffuse radio emission.
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Although we perform our morphological classification primarily using LOFAR
images there are eight FIRST-detected red geysers which are not covered by the LO-
FAR observations. 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 3.1 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. 3.6 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. 3.5. The radio-detected red geysers,
depending on the morphological class, exhibit spatially diffuse extended features which
are often only visible with LOFAR data. In most cases, the corresponding VLASS and

FIRST images look rather compact.

3.5.2 Radio size

The actual physical sizes of the radio sources are independent 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. 3.6) 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
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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 surveys. 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 factors. So in cases where only FIRST data is available, we
report 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 ¢ contours. For sources having contiguous, extended (E)
and irregular morphology (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
compact ‘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
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function. As mentioned above, we consider the larger of the measured sizes from LOFAR
and FIRST to be the “largest linear size” or simply the radio size. Table 3.1 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
lo uncertainty in the de-convolved major axes, derived from the Gaussian models of
the sources. For resolved objects showing spatially extended morphologies, we assume
the uncertainty to be the linear size (in kpc) corresponding to half the beam-width,
i.e. 3" for LOFAR. The uncertainty in size from the FIRST band is obtained from the
relation: ogie = 10” * (1/SNR + 1/75) 3, where SNR is the signal-to-noise, given by:
SNR = (Fpeak — 0.25)/RMS. Ficax and RMS signifies the peak flux and the root mean
square deviation measured from the catalogue respectively.

Table 3.1 shows the radio sizes along with radio luminosities of the radio de-
tected red geysers in both the LOFAR and FIRST radio bands. Fig. 3.7 shows the
radio-luminosity (at 1.4 GHz) vs. linear size of the radio-detected red geysers, detected
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 index of -0.7 in order to calculate the desired
luminosity (Condon et al. 2002). This is preferred over using FIRST flux that misses
extended emission. However for those without LOFAR data, corresponding FIRST lu-

minosities are used. The different colored contours in the figure, as indicated, represent

3http:/ /sundog.stsci.edu/first /catalogs /readme.html
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compact symmetric objects (CSO), gigahertz peaked spectrum (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 variety 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 LINER /Seyfert type classification and with the tail of
the distribution of radio-quiet quasars. There are two sources which lie on the FRI
part of the diagram, both of which are categorized 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 resolu-
tion observations are available to resolve the sources, as in Baldi et al. (2015); Capetti

et al. (2019); Hardcastle et al. (2019).

3.5.3 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
§3.4.1 for more details). The radio-continuum spectrum is generally dominated by non-
thermal synchrotron emission with the characteristic power-law, S, o v%, where « is the
spectral index, v is the frequency of radio emission and S, is the flux density measured

at frequency v. In star-forming galaxies there may also be some additional contribution
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Figure 3.7: 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 Fanaroff-Riley class 1 and 2 are categorized by An &
Baan (2012); Mingo et al. (2019).

102



1.0l e®e Compact ||
' &9 Triple
**% Extended
oOm Irregular
x 0.5 AAa Double
()
o
=
T 0.0} + :
S
O
A%
)
B R S } .......................
&k o
e 9
Y t
—1.0¢ * 1

05 00 05 1.0 1.5 2.0 2.5
0910 (S1.4cm./mJy)

Figure 3.8: 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 §3.5.1. Note,
for this figure, the unresolved galaxies are also marked as “compact” along with the

actual compact class.
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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 information 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) spec-
trum 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 syn-
chrotron. 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. 2018).

As can be seen in Fig. 3.5 and Table 3.1, 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 3.1 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
significance of > 50 which are associated with the source and add the flux densities
from these components together. We define the radio spectral index, «, using S, oc v¢
and measure « by fitting the flux densities measured at three different frequencies (1.4
GHz, 3 GHz and 150 MHz) with the said function for each source. The errors are

obtained from the uncertainties in flux densities via simple error propagation. Table 3.1
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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. 3.1 and Fig. 3.8). The extended ra-
dio sources, which do not belong to the “compact” morphological class, exhibit steeper
spectra on average with a mean spectral index o« = —0.67. The fraction of sources with
a steep spectrum (a < —0.5) is ~ 57% indicating the presence of extended emission or
dominance of lobed components in those radio sources. This automatically 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 classifi-
cations, 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«c > —0.5) may indicate a contribution from radio emission
associated directly with an AGN ‘core’ / unresolved base of the jet (Padovani 2016).

Fig. 3.8 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 3.1. 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 optically
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
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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 §3.7.

3.6 Radio jet and connection with galactic outflows

Here we explore the connection between the radio emission, its morphology,

and the ionized gas properties in our sample.

3.6.1 Integrated properties

Traditionally, for compact radio-loud sources (CSS/GPS), a weak positive
trend has been observed between the luminosity of strong emission lines and radio
size (O'Dea & Saikia 2021). Larger radio sources are found to be more commonly asso-
ciated with higher [OIII] 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 exists in red geyser galaxies.
Here we use Ha as a tracer of ionized gas instead of the traditional [OIII] line, since
the characteristic bi-symmetric pattern identifying a red geyser is most prominently
observed in the spatial distribution of He.

Fig. 3.9 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
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Figure 3.9: Ha luminosity integrated over one effective radius aperture vs. radio
size (as given in Table 3.1) for 42 radio detected red geysers, color coded by radio
luminosity at 1.4 GHz. For the 34 LOFAR detected sources, Lisomm, has been converted
to Li.4gH, assuming a spectral index of -0.7. For the remaining eight galaxies outside
LOFAR footprint, FIRST measured luminosities have been used. A moderate positive
correlation between Ha luminosities and radio size is detected.
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Figure 3.10: Jet mechanical energy, estimated from radio luminosity vs. supermassive
black hole mass for 42 radio detected red geysers color coded by morphological class. A
clear positive trend is seen, implying that the observed 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 3.11: Radio luminosity (Lisomuz) vs. specific star formation rate for the ra-
dio 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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Figure 3.12: SDSS optical image (left column), MaNGA Ha EW map (middle column)
and Ha 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.
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Figure 3.13: SDSS optical image (left column), MaNGA Ha EW map (middle column)
and Ha velocity dispersion (right column) shown for two red geyser galaxies with LO-
FAR 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.
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luminosities are derived by converting Lisomm, to Li4gu, 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 recently studied radio-quiet
sources. Liao & Gu (2020) showed that for the radio-loud population, the [OIII] bright
sources (with L[OIII] > 10%? erg s~!) 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. 3.9 also shows that the radio luminosity generally
shows a higher value (~ 102> W Hz™!) for larger radio size and higher Ha luminosities
(i.e. towards the upper right portion of the figure). On the other hand, as Lj sgny,
drops to 10?2 W Hz~! for Liony < 1040 erg s~! the radio size decreases to < 5kpc.
This is expected because of the first order dependence of the morphology 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 apparent 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 between an embedded, AGN-driven radio jet and the ISM. Regardless of size
and structure of the radio jet—which is unlikely to be resolved owing to spatial resolution
in this case—the important parameter to quantify the impact on the surrounding ISM

is jet energy. Although there have been several methods to estimate the jet power, the
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method presented by Willott et al. (1999) based on the synchrotron properties of the
radio sources has been shown to be particularly effective. They proposed the following

conversion between the jet mechanical energy and the radio luminosity:

0.68
Foneet = 2.8 x 10°7 [ —LL4GHz__ W (3.4)
mech = & 1025 W Hz ! ‘

This expression is used in this work, although there are limitations of this approach,
as discussed in Hardcastle & Krause (2013); Croston et al. (2018). We find that red
geysers show a large range in Epech, spanning three orders of magnitude, within 10*1° —
1045 erg s~1. In order to re-affirm the hypothesis 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, Mpp, using the following relation (McConnell & Ma 2013; Cheung et al. 2016):
logio (Mpr/Mg) = 8.32 + 5.64 logio[os/(200 kms ™)) (3.5)

where o, is the velocity dispersion of the stars, extracted from the central 2" radius
aperture. Fig. 3.10 shows the the jet mechanical 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
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least square optimization technique and find a relation in the form: logig (Emech) =
[logio (Mpp)]?3 + 38.925, with a Spearman’s correlation coefficient (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 energy to the quench-
ing of star formation, Fig. 3.11 shows the radio luminosity at 150 MHz vs specific star
formation rate (sSFR) for the LOFAR detected sources, color coded by their morpho-
logical classification. Similar to Fig. 3.8, 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
log1g sSFR = -13 yr~!, compared to the compact sources with average log;y sSFR =
-11.75 yr=!. This implies that the radio sources showing more extended radio morphol-
ogy are either more effective in quenching or reside in a larger halo with greater stellar
mass, bringing the total sSFR down by several factors. A weak negative correlation is
also visible between radio luminosity and sSFR, although this apparent trend can be
due to the low sample size 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 luminosity (Lisommz) at

least an order of magnitude more than the average luminosity of the rest of the sources.
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3.6.2 Spatially resolved properties

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

While every galaxy in the red geyser sample shows signatures of ionized gas
outflows via extended bi-symmetric pattern in equivalent width map, there is a distinct
lack of extended visible radio lobes on a similar scale in these galaxies as observed from
a combination of LoTSS, FIRST and VLASS survey. As reported in §3.5.1, 14 out of
28 (~ 50%) sources showing resolved radio emission in LOFAR observations display
a compact radio morphology. Although similar 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 studies (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 “extended” 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 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
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roughly aligns with the direction of the ionized wind cone.

We choose five prototypical galaxies representing the compact, irregular, dou-
ble and triple morphological class to explore the detailed ionized gas-radio interaction
using spatially resolved maps.

MaNGAID: 1-245451 in Fig. 3.12 shows an example of a radio detected red
geyser belonging to the “compact” radio morphology class. The three columns in the
figure correspond to SDSS optical image (first row), Ha-EW (second row) and velocity
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 Hoe EW map traces
the ionized wind cone. The absence of structures 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 kinematics 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 emission. Inter-
estingly, 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~!),
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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
example, 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. 3.12, MaNGA ID: 1-378770 and 1-595166) have radio jets lying perpendicular to
the ionized gas traced by the Hoe EW map (Fig. 3.13). 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, but is aligned in 1-595166. The implications of these

findings are discussed in more detail in §3.7.

3.7 Discussion

We have presented 150 MHz, 1.4 GHz and 3 GHz radio imaging from the
LoTSS, FIRST and VLASS surveys, together with spatially resolved optical spec-
troscopy 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 avail-
able LOFAR imaging 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
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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 3.1.

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 continuum 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. 3.2 (upper right) that a radio-detection indicates a greater amount of ionized
gas. The mean of the distribution of luminosity of Ha (L, ) in radio detected red

0405 erg s~1, about four-five times higher than the non-radio detected

geyser sample is 1
sample.

39 out of 42 radio-detected galaxies in our sample are classified as being ‘radio-
quiet’ based on standard criteria of Xu et al. (1999) (Fig. 3.3), 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).
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3.7.1 Origin of the detected radio emission

Although the radio emission in “radio-quiet” sources is often attributed to
being dominated by star formation processes, red geyser targets have very little star
formation activity (log SFR < 1072Mg yr—! Roy et al. 2021a, and Fig. 3.2). §3.4 shows
the quiescent nature of these galaxies via WISE infra red colors, confirms complete
lack of star formation and presence of old stellar population through the ‘D4000 vs.
L;ad/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 (Lj4qm, ~ 102t W Hzfl) with low
Eddington ratio (A ~ 107%). Roy et al. (2018) showed that the expected SFR (~
1 Mg yr~!) derived from the average radio luminosity from the red geysers sample
exceeds the observed SFR, derived from ultra-violet to infrared 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 luminosity Lq4qm, ~ 5 X
1022 W Hz~! (Fig. 3.7). 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 Ha luminosity ~ 2.5 x10%? erg s~!. 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 obtain an expected star
formation rate exceeding 5 — 10 My yr—!, which is not observed in our galaxy sample.

This is further confirmed by Fig. 3.4 (panel d) which shows that our objects lie above
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Figure 3.14: The distribution of Eddington ratios for the 42 radio detected red geysers.

The Eddington scaled accretion rate ()\) values are < 1073 for the majority of the
sources, implying that the red geysers are in general radiatively inefficient.

the low frequency radio luminosity - star formation rate relation from Giirkan et al.
(2018). This implies that the observed 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.

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 associated with quasars with bolometric
luminosity Lagny ~ 10% erg s~! where outflow velocities of ~ 1000 km s~! interact

with the ISM and can produce radio luminosities similar to our sources (Lj g, ~
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1022 —10%* W Hz~!). However, the red geysers show typical gas velocities ~ 300 km s+

(Fig. 3.1) with no signature of quasar-like broad emission lines. A rough estimation of
bolometric radiative luminosity from the [OITI] A 5007 A emission line flux (within the
central 2" radius aperture), using the relation L;,q = 3500Lo11) (Heckman et al. 2004),

yields Lyag ~ 10%3 erg s71.

We calculate the classical eddington limit with Lrgq =
3.3 x 10* Mgy, where Mpy has been calculated in §3.6.1 (Eq. 3.5). Inserting the jet
mechanical energy Epecn(Eq. 3.4), radiative luminosity L;,q and eddington luminosity
Lgqq, we calculate the eddington radio A = (Epect + Lyad)/Lgad. Fig. 3.14 shows the
distribution of Eddington ratios for the radio red geysers, which spans primarily between
~ 107% — 1073, These fairly low eddington ratios implies 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 emission in our red geyser targets. Sufficiently deep
and high resolution radio observations have been able to identify small-scale radio jets
in several “radio-quiet” quasars and Seyfert 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 compact radio galaxies similar to those in

Kimball et al. (2011); Baldi et al. (2018); Jarvis et al. (2019).
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3.7.2 Radio red geysers in the context of other radio-quiet sources in

the literature

At the frequencies of interest in this work, the radio continuum emission is
dominated by non-thermal synchrotron emission. In the absence of a constant energy
injection source, the replenishment of fresh electrons ceases and the radio spectrum 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. 3.6) 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 3.1, 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 morphology, bubbles and

double-lobes (belonging to “extended”, “irregular”, “double” and “triple” morphology
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class). The remaining 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 luminosity radio AGN population,
although with a greater radio luminosity range (22.5 < Lj4cn, < 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 current spatial
resolution.

To quantitatively compare the radio morphologies of our sample to the tradi-
tional radio AGN population, we investigate 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. 3.7. In terms of linear size, most of the red geyser sources are
similar to the compact steep spectrum sources (spanning ~ 1 — 25 kpc in 1.4 GHz radio
image) with a few showing even more compact structures with no structures resolvable
beyond the nuclear component, similar to the gigahertz peaked spectrum sources (typi-
cally < 1 kpe, O’'Dea 1998). However, unlike the red geysers, the CSS and GPS sources
are powerful radio-loud AGN (Lj 4qn, > 1025 W Hz_l). 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 radio sources from the LeMMINGs survey (Baldi et al. 2018, 2021)
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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 struc-
tures when observed in low spatial resolution (> 3”). They have similar radio morphol-
ogy, spectral index and radio size as the red geysers. Considering the stark similarities
of the radio properties of the red geyser sources with the RQQ sample, it seems plau-
sible that our sources also possess small-scale jets which are blurred in the current
resolution. 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 morphology in our red geyser galaxies, these sources can
also be classified as ‘FR0’ 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).
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3.7.3 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 3.1). Our study of red geysers 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). Specifically, Capetti et al. (2019, 2020) have studied FRO galaxies showing similar
compact 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 primarily 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 dominant (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 further connection with the ionized outflows.
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Fig. 3.9 aims to establish the connection between ionized gas and radio emission
in the red geysers via integrated Ha luminosity with radio sizes. We show that our
results are consistent with Jarvis et al. (2021) studying similar radio-quiet (Lisomm, <
104 W Hz™!) compact (generally < 10 kpc) AGN sources from the “Quasar-feedback
survey”, which states that ionized gas tracers are correlated with the central radio
AGN. Additionally, radio detected red geysers not classified as “compact”, possessing
large radio sizes, are shown to have relatively lower sSFR (logig sSFR ~ —13.0 yr—1)
than the compact ones (Fig. 3.11). Assuming these compact objects have similar star
formation history as the extended, lobed & irregular 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 possibility 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. Extended or “lobed” radio
sources may be the evolved form of compact “FR0” 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 radio 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. 3.12 and 3.13 compare the spatially resolved equivalent width and kine-
matics of ionized gas, traced by Ha, compared to the distribution of radio emission
for five example red geysers belonging to different radio morphological class. We find

that for the galaxies in the “irregular” and “double” class, elongation along a specific
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direction or presence of one-sided bubbles in the radio emission (MaNGAID: 1-188530
and 1-23958, Fig. 3.12) 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 LO-
FAR 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 Ha feature. This is similar to the observation by Venturi et al. (2021)
who found that increased line widths were perpendicular to small-scale radio jets. They
interpreted this to be due to the low-power jet strongly interacting with the ISM in the
galaxy, releasing energy and giving rise to highly turbulent motions in the perpendicular
direction. 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 perpen-
dicular to each other (Fig. 3.13).

There can be several possible explanations for the perpendicular incidence of

the radio jet and ionized broad angled wind.

e Changing orientation of the magnetic field, as proposed by Mehdipour & Costan-

tini (2019).
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e The formation of an expanding cocoon structure described in simulations of jet-

driven feedback (Begelman et al. 1984).

e A precessing accretion disk due to a misalignment between the orientation of the

disk and the spin of the black hole (Riffel et al. 2019).

e 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 bimodality 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 mechanism 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 incidence 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 mechanism
can work equally efficiently on low power radio-quiet AGNs is still open to questioning.

Wagner & Bicknell (2011), Wagner et al. (2012), Mukherjee et al. (2016) and
Mukherjee et al. (2018) have studied the interaction between radio-jet and multi phase
ISM using detailed 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 create a spherical bubble which drives gas clouds outwards in all
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directions. This leads to outflowing gas traveling at a modest speed mostly in the path
of least resistance. Although this mechanism can not lead to extreme velocity outflows
escaping the galaxy altogether, it can impart enough energy and turbulence to heat the
gas and sufficiently inhibit star formation. Since we observe similar modest outflowing
gas velocities (~ 300 km s~!) accompanied by turbulent high velocity dispersions (ex-
ceeding ~ 220 km s~!) in specific regions of the galaxy in red geysers with very little
star formation activity, this phenomenon might be the primary mechanism to explain
the perpendicularity between radio jets and winds observed 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 accretion 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
direction of the ionized wind in small (1 — 2kpc) and large (> 10 kpc) scale spatially
resolved Ha 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 kpec.

The final proposed mechanism exploring the radiation driven mid-plane disk

wind has been proposed by Proga & Kallman (2004). However, as discussed in §3.7.1,
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the red geysers do not seem to harbor radiatively-driven accretion disk winds owing to
low eddington ratios between 10~* — 10~3 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 outflowing winds, this interpretation may be wrong
in some cases. It is tempting to associate the perpendicular orientation 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 remain aligned to a galaxy-scale gaseous
disk on kpc scales. In simulations and observations, such an alignment is extremely

rare.

3.8 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 sample 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 characteristics, morphology, size of the radio-
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detected red geysers and explore the connection of the radio emission with ionized gas.

Our main conclusions are:

e 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.

e Although these are radio-quiet, the source of the detected radio emission is the
central radio AGN and not star formation. We use a series of four diagnostic
diagrams (see Fig. 3.4) to show the absence of sufficient star formation to ex-
plain the observed radio luminosity. The association with the central radio AGN
is confirmed by Fig. 3.10 which shows a moderately tight correlation of the jet

mechanical energy derived from radio luminosity with the SMBH mass.

e 16 out of 42 sources show extended radio structures with a diverse range of mor-
phologies, with radio sizes spanning a large range 9 kpc < size < 200 kpc. Two
sources are classified as “FRI” sources. The remaining 26 sources are either unre-
solved or exhibit resolved but compact structure with size < 9 kpc. The compact

sources have no particular feature in their radio image.

e Based on their radio luminosity-size relationship, spectral index and the observed
radio morphology, these galaxies are consistent with “radio-quiet” quasars (Jarvis
et al. 2019), low power compact radio galaxies called the “FR0” 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
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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 between the radio structures and
the ionized gas (traced by Hea). Specifically, Ha luminous sources tend to have

more extended radio emission, in general (Fig. 3.9).

We find evidence that compact radio red geysers show a higher specific star for-
mation rate on average than those possessing large extended radio structures
(Fig. 3.10). This could mean larger radio sources with visible lobes and jets
are more efficient in quenching than the compact 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 sSFR. The later possibility could imply that the compact ‘FR0O’ galaxies
would eventually evolve to transition towards jetted FRI/FRII sources. Thus,
the range of radio morphologies observed in the red geysers represent the various

stages of this transition.

From spatially resolved maps, the ionized gas and the radio structures are mostly
co-spatial with distinct kinematic 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 interaction

via different mechanisms (see §3.7).

In this work we provide evidence that the compact radio structures are a
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common characteristic feature of red geyser galaxies. In order to test the presence
of small scale radio 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 Kilometer Array (SKA) and Vera C.

Rubin Observatory will be essential.
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Chapter 4

Evidence of Wind Signatures in the Gas

Velocity Profiles of Red Geysers

Red geysers host low luminosity radio active galactic nuclei and are character-
ized by narrow extended bisymmetric patterns in ionized gas extending across the whole
galaxy. This emission features possibly trace large scale AGN-driven winds. Given their
potential importance in maintaining low level of star formation at late times, additional
evidence confirming that winds are responsible for the red geyser wind phenomenon is
critical. In this work, we present follow-up observations with the Echellette Spectro-
graph and Imager (ESI) at the Keck telescope of two red geysers (z<0.1) using multiple
long slit positions to sample different regions of each galaxy. Our ESI data with a
spectral resolution (R) ~ 8000 improves upon MaNGA’s resolution by a factor of four,
allowing us to resolve the ionized gas velocity profiles along the putative wind cone with

an instrumental resolution of o = 16kms~!. The line profiles of Ha and [NII|A6584
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show asymmetric shapes that depend systematically on location — extended blue wings
on the red-shifted side of the galaxy and red wings on the opposite side. We construct a
simple wind model and show that our results are consistent with geometric projections
through an outflowing conical wind oriented at an angle towards the line of sight. An
alternative hypothesis that assigns the asymmetric pattern to “beam-smearing” of a ro-
tating, ionized gas disk does a poor job matching the line asymmetry profiles. While our
study features just two sources, it lends further support to the notion that red geysers

are the result of galaxy-scale winds. !

4.1 Introduction

“Maintenance” or “radio” mode feedback resulting from low to moderate lu-
minosity active galactic nuclei (AGN) has been proposed as a means for maintaining
low levels of star formation (log SFR < —2 Mg yr—!) at late times, thereby explaining
the massive increase in the number of red galaxies since z ~ 2 (Croton et al. 2006; Bell
et al. 2004; Bundy et al. 2006; Faber et al. 2007; Ilbert et al. 2010; Moustakas et al.
2013). These radio AGNs are thought to be radiatively inefficient, accreting at low
rates and depositing most of their energy to the surroundings via momentum driven
winds or radio jets (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; Yuan & Narayan 2014; Heckman & Best 2014). This

!This chapter was previously published in the Astrophysical Journal as Evidence of wind signa-
tures in the gas velocity profiles of Red geysers, Roy, N., Bundy, K., Nevin. R., et al. 2021,
ApJ, 913, 33, DOI:10.3847/1538-4357 /abfle6. (C)AAS. Reproduced with Permission.
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input energy heats ambient gas that might otherwise cool and form stars, thus main-
taining quenched galaxies in a passive state. Although evidence for radio mode AGN
feedback has been observed in the form of large bubbles of ionized gas and radio jets in
the centers of massive clusters and giant radio galaxies (Cattaneo et al. 2009; Dunn &
Fabian 2006; Fabian 1994, 2012; Fabian et al. 2006; McNamara & Nulsen 2007), it has
been difficult to find evidence for this mechanism operating in lower mass halos that
host typical quiescent galaxies (halo mass < 10'2 Mg).

We have been studying a population of moderate mass (log M, /Mg ~ 10.5)
red quiescent galaxies (NUV —r > 5), known as “red geysers” (Cheung et al. 2016; Roy
et al. 2018) that may hold clues in this regard. Identified in 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), these galaxies
are characterized by bisymmetric equivalent width (EW) maps of strong emission lines
like Her, [NII]AN6548,84 and [OIII]AA4959,5007 which appear to be tracing large scale
ionized gas outflows. This distinctive emission pattern roughly aligns with the gas kine-
matic axis but is strongly misaligned with the stellar velocity gradient. The gas velocity

I compared to less than 40 km s~! in the stars. These galaxies

values reach ~300 km s~
lack star formation with average log SFR [Mg /yr] < —2 (using GALEX+SDSS+WISE,
Salim et al. 2016). They additionally show a high value of the 4000-A break index
(D4000) with an average value > 2.0, thus providing further evidence that young stars

are absent in the galaxy. Spatially resolved Baldwin-Phillips-Terlevich diagrams (BPT,

Baldwin et al. 1981) indicate wide-spread ionization with line ratios consistent with a
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combination of LINERs (Low Ionization Nuclear Emission Region) and Seyfert values.
The morphology of these galaxies are spheroidal with a high sersic index (n > 3).

Although the observed characteristics of the red geysers can be explained by a
centrally driven wind, early type galaxies with accreted gas disks (Chen et al. 2016; Sarzi
et al. 2006; Davis et al. 2013; Bryant et al. 2019; Lagos et al. 2014, 2015; Starkenburg
et al. 2019; Duckworth et al. 2020) can also show similar kinematic misalignment and
emission features due to rotation of the gaseous material in the disk. However, 95% of
the red geyser sample are fast rotator early-type galaxies from the Graham et al. (2018)
catalog (Roy et al. 2018) and it is considerably difficult for a gas disk to be in equilibrium
if it is misaligned with the stellar kinematic axis because of the axisymmetric nature of
the fast rotators (although see van de Voort et al. 2015; Davis & Bureau 2016). The red
geysers are also selected to have axis ratio b/a > 0.4 (Roy et al. 2018) with no visible
dust lanes, as seen from SDSS imaging, in order to exclude any edge-on disks in the
sample. A disturbed disk with a chaotic accretion scenario is still possible and further
investigation is therefore needed to confirm otherwise.

In Roy et al. (2018) we reported evidence for the presence of faint radio
AGNs in the red geyser galaxies. Stacked 1.4 GHz radio flux from very large array
(VLA) Faint Images of the Radio Sky at Twenty-Centimeters (FIRST) survey shows
significantly (> 50) higher radio flux in red geysers than a matched control sample.
Red geysers also show a three times higher radio detection rate than the control.
Roy et al. (2018) shows that this radio emission indicates low-luminosity radio AGNs

(Li4cH, ~ 10?2 — 10%® W/Hz) with radiatively inefficient accretion (Eddington scaled
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accretion rate A ~ 107%). Recently Duckworth et al. (2020) has indicated a tenta-
tive correlation between enhanced AGN activity and misaligned gas disks in low mass
galaxies (log M < 10.2 Mg) using IustrisTNG simulations. However no such trend
has been found in high mass quenched population having similar mass as the red geyser
sample. Hence the enhancement in radio-AGN activity seen in the red geysers cannot
be immediately attributed to the phenomena of misaligned gas disks. Riffel et al. (2019)
studied the launching of these proposed winds with Gemini GMOS (Gemini Multi Ob-
ject Spectrograph) observations of the prototypical red geyser in Cheung et al. (2016) to
constrain the gas kinematics in the nuclear region. They observed the emission line flux
distributions and gas kinematics within the inner 1” to be distinct and misaligned from
that of the outer regions, 5” away from center, a result that may indicate precession of
the accretion disk.

Cheung et al. (2016) presented a variety of evidence including dynamical mod-
eling and geometric arguments that lend support for an interpretation of red geysers
as an AGN-driven wind phenomenon (see also Gomes et al. 2016). However, it is im-
portant to seek out additional lines of evidence to distinguish outflows from rotation.
In this work, we examine further evidence for the wind interpretation through followup
Keck spectroscopy of red geyser galaxies with higher spectral resolution (R~ 8000) than
the original MaNGA data (R~ 2000). The improved resolution allows us to search for
detailed kinematic signatures of outflowing winds which are blurred at MaNGA’s in-
strumental resolution. We detect asymmetric emission lines that vary in a systematic

manner along the kinematic major axis which likely indicate the specific geometry of
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the wind along the line of sight. For the two red geysers (MaNGA ID: 1-217022 and
1-145922) studied here with the Keck Echellette Spectrograph and Imager (ESI) instru-
ment, we find results consistent with our simple wind model. An alternative hypothesis
that assigns the asymmetric pattern to “beam-smearing” of a rotating, ionized gas disk
is not favored by our data.

Throughout this paper, we assume a flat cosmological model with Hy = 70
km s~! Mpc!, Q,, = 0.30, and Q5 = 0.70, and all magnitudes are given in the AB

magnitude system.

4.2 Observation and Data acquisition

4.2.1 The MaNGA survey

We use observations from the SDSS-IV MaNGA survey (Bundy et al. 2015;
Drory et al. 2015; Law et al. 2015; Yan et al. 2016; Albareti et al. 2017; Blanton et al.
2017). MaNGA is an integral field spectroscopic survey that provides spatially resolved
spectroscopy for nearby galaxies (z ~ 0.03) with an effective spatial resolution of 2.4”
(full width at half-maximum; FWHM). The MaNGA survey uses the SDSS 2.5 meter
telescope in spectroscopic mode (Gunn et al. 2006) and the two dual-channel BOSS
spectrographs (Smee et al. 2013) that provide continuous 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 (SN) of 4 —8 A~1 is

achieved in the outskirts (i.e., 1 — 2 R,) of target galaxies with an integration time of
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approximately 3-hr. MaNGA has observed roughly 10,000 galaxies with log (M, /Mg) >
9 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 selection is described in detail in Wake et al.
(2017).

The raw data are processed with the MaNGA Data Reduction Pipeline (DRP,
Law et al. 2016; Yan et al. 2016). An individual row-by-row algorithm is used to extract
the fiber flux and derive inverse variance spectra from each exposure, which are then
wavelength calibrated, flat-fielded and sky subtracted. We use the MaNGA sample and
data products drawn from the MaNGA Product Launch-8 (MPL-8, Table 1 from Law
et al. 2021). We use spectral measurements and other analyses carried out by version
2.3.0 of the MaNGA Data Analysis Pipeline (DAP). The data we use here are based on
DAP analysis of each spaxel in the MaNGA datacubes. The final output from the DAP
are gas and stellar kinematics, emission line properties and stellar absorption indices.
All the spatially resolved 2D maps shown in the paper are outputs from the DAP. 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).

We use ancillary data drawn from the NASA-Sloan Atlas? (NSA) catalog which
reanalyzes images and derives morphological parameters for local galaxies observed in

Sloan Digital Sky Survey imaging (Blanton et al. 2011). It compiles spectroscopic

2http://www.nsatlas.org
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redshifts, UV photometry (from GALEX; Martin et al. 2005), stellar masses (Blanton

& Roweis 2007), and structural parameters.

4.2.2 Keck ESI data

ESI is a visible-wavelength, faint-object, imager and single-slit spectrograph
in operation at the Cassegrain focus of the Keck II telescope since 1999. ESI has three
modes of observations: echellete mode, low dispersion mode and direct imaging mode.
The mode of operation used here is the echellette mode which provides cross-dispersed
spectroscopy mode at a resolving power of up to R = 13,000. Slits are 20 arcseconds
in length and are available with widths of 0.3, 0.5, 0.75, 1.0, 1.25 and 6.0 arcseconds
with varying spatial scales and velocity resolution.The echellete mode disperses the
light into ten orders with a dispersion ranging from ~ 0.30 A /pixel in order six (red)
to ~ 0.16 A /pixel in order 15 (blue), while maintaining a roughly constant dispersion
of 11.5 kms™!'pixel ™! in velocity across all orders. The orders are curved due to the
distortion within the prisms. ESI has a wide spectral coverage spanning from 0.39
to 1.1 micrometer in a single exposure and a velocity resolution as low as 22 km s—!
FWHM (using the 0.3 arcsec wide echellette slit). An Epps refracting camera and a
single 2K x4K detector are used for all three modes.

Utilizing two half nights in February 2017, we followed up 2 red geysers from
our MaNGA sample. These targets completely fill ESI’s 20” slit. We were able to observe

both targets with multiple slit positions to map out different parts of the galaxy. For

the first target galaxy with ID 1-217022, which is the prototypical red geyser “Akira”
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from Cheung et al. (2016), we observed 3 slit positions while for the second target
(ID 1-145922), we observed 2 slit positions. For each slit position, we integrated for
1.5—2 hours (in source and sky combined), nodding to sky positions every 5 minutes
to enable quality sky subtraction. However, for the second slit for the second target, a
combination of high clouds and a lower integration time resulted in an unacceptably low
signal-to-noise spectra. Hence, we discarded that slit for our present analyses. We took
measurements of the standard star G191b2b at the beginning of each night with the same
instrumental setting with an exposure of three minutes to perform flux calibration. The
width of the slit for all observations was 0.5” yielding a velocity resolution ~ 37 km s~!
or R ~ 8000. The median seeing FWHM over the course of the observations was 0.9”.
This should be compared to MaNGA’s R ~ 2000 spectral resolution and its effective
spatial resolution of 2.4”.

Fig. 4.1 and 4.2 show the slit positions for the two galaxies respectively, overlaid
on their optical image (left panel) and on their MaNGA ionized gas velocity fields with
Ha EW contours on top (right panel). In the first target, slit 1 was placed at an angle
of 40° from North to East tracing the bi-symmetric emission feature. Slit 2 was placed
at an angle of 110° from North to East to sample the central parts of the galaxy and
intersect with slit 1 at the center. Slit 3 ran parallel to slit 1 at an offset of ~ 4.9” in
the South-East direction. In the second galaxy, the slit was placed at an angle of 320°
from North to East along its biconical pattern.

We used routines from the ESIRedux package, developed by Jason X. Prochaska

to aid in reducing the ESI data. This package was primarily built in IDL and is publicly
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available 3. Our primary goal is to extract spatially resolved spectra along the multiple
slits of our targets, whose angular extent on the sky fills the slit (~ 20”). This requires
some steps in addition to the ESTRedux pipeline. The detailed description of the data

reduction steps is given in the next section.

4.2.3 ESI data Reduction

We begin by using ESIRedux to perform bias subtraction, flat field correction
and wavelength calibration. Several dome flats are taken at the beginning of each night
with the same instrument setup as the target observations. In the first step, the routine
identifies and combines the bias and flat frames separately to create a median bias and a
median flat frame. The median bias is subtracted from the image. The bias subtracted
image is then normalized by the median flat. The resulting image is then run through
the wavelength calibration routine in the pipeline.

We utilize python routines to do the rest of the reduction steps. Since all
the targets fill the 20” ESI slit, object detection and sky spectra extraction can’t be
performed with ESIRedux routines. Separate sky observations were taken near the
target during observations roughly ~ 50% of the time, alternatively switching between
the sky and the targets. Sky subtraction is done by directly subtracting the sky image
from the science image taken closest in time. We also account for small telescope
pointing offsets that may arise between different exposures by cross-correlating and

shifting the spectra from different exposure frames with respect to each other in order to

3https://www2.keck. hawaii.edu/inst /esi/ESIRedux/
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be aligned perfectly. A 3o clipping routine is then applied to the sky subtracted science
images to remove cosmic rays. Finally the individual exposures are added together to
form a combined 2D image. Using the 2D wavelength solution obtained from wavelength
calibration and the co-added 2D science image, we extract 1D spectra from each spatial
pixel along the slit for each individual echellete order. Finally we stitch all ten echelette
orders together to form a continuous spectrum over the entire wavelength range. To
improve the signal-to-noise (SN) and ensure a minimum SN > 1 over the entire extent
of the slit, the spectra are binned spatially with a binsize of 1”.

The final step of the data reduction is flux calibration. Standard star (G191b2b)
observations taken at the beginning of each night have been used to calibrate the spectra
to first order. Flux Calibration corrects initially for two effects: the blaze effect caused
by the instrument response of the echelle grating and the conversion from photon counts
to flux density in physical units. Both effects are corrected using standard star observa-
tions by comparing the absolute flux of the standard star to the observed counts sampled
at the same wavelength. However, the science spectra, which have been flux-calibrated
in this manner, show a systematic difference in flux values with that of the MaNGA
spectra by non-negligible amount. The possible reason behind this mismatch maybe
inaccurate blaze function removal, non-photometric conditions or variations along the
slit. Since we already possess MaNGA spectra for our targets, with flux calibration
accuracy to a few % (Yan et al. 2016), we use the MaNGA spectra as a reference to
correct for residual inaccuracies in the flux calibrated Keck spectra.

To perform this second step flux calibration, we obtain the sky positions of each

144



of the 1” Keck ESI spatial bins (hereafter, spaxels) on the target galaxy. We then find
the MaNGA spaxels which overlap in sky position, yielding 1-1 spatial mapping between
the MaNGA spaxels (of size ~ 0.5”) and ESI binned spaxels (1”). Next, for each ESI
spaxel, we take the corresponding MaNGA spectrum (from the spatial mapping) and
smooth it using a Gaussian filter. The smoothing uses a fairly large spectral window
size while disregarding emission lines and other sharp spectral features. The smoothed
MaNGA spectrum is then fit with a Chebyshev polynomial, the fit being given by the
calibration vector, Py;anga. On the other hand, the corresponding ESI spectra is also
smoothed by a gaussian filter, but using a window size almost 3 times as large, owing
to the higher spectral resolution. The smoothed ESI spectrum is fit similarly with
a Chebyshev polynomial which gives Prg;. The final corrected flux calibrated ESI
spectrum (ESIy,q1) is then obtained by scaling the original ESI spectrum (ESI,iginat)

by the formula:

Pyranca

ESIfinal = ESIom'ginal Prsr

The above process is repeated for all spectra along each ESI slit. An example

of a reduced ESI spectrum is shown in Fig. 4.3.
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Figure 4.1: The Keck ESI slit positions for the first target galaxy (MaNGA-ID: 1-
217022). The left and the right panels show the three slit positions overlaid on the
SDSS optical image and the MaNGA ionized gas velocity map respectively. The black
contours in the velocity map shows the Ha equivalent width (EW). Slit 1, placed at
an angle of 40° from North to East, traces the bi-symmetric emission feature. Slit 2 is
placed at an angle of 110° from North to East, sampling the central parts of the galaxy.
Slit 3 is placed parallel to slit 1 with an offset of ~ 4.9”.

200

100

| o
o
o

Velocity (km/s)

|
N
o
o

-10 0 10
Offset (")

Figure 4.2: The ESI slit positions for the second target (MaNGA-ID: 1-145922). The
left and the right panel show the slit position on the optical image and the MaNGA
gas velocity map respectively. The black contours in the velocity map shows the Ha
EW. The slit is placed at an angle of 320° from North to East, tracing the bi-conical

emission feature.
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Figure 4.3: Example of a reduced Keck ESI spectrum (in black) in an 1” spatial bin
along the ESI slit. MaNGA spectra from the spaxel corresponding to the same physical
position on the sky is overplotted in red.
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4.3 Method & Analysis

4.3.1 Sample Selection

Our parent sample of red geysers consists of 84 galaxies which accounts for
~ 8% of the quiescent MaNGA population (Roy et al. 2018). The red geyser sample is

visually selected based on the following characteristic features:

e Very low star formation rate with typical value of log SFR [Mg /yr| ~ —3, mea-
sured by optical-IR SED fitting (Chang et al. 2015; Salim et al. 2016), and rest

frame color NUV —r > 5.
e Bi-symmetric emission feature in spatially resolved Ha-EW 2-dimensional map.

e Rough alignment of the bi-symmetric feature with the ionized gas kinematic axis,

but misalignment with stellar kinematic axis.

e High spatially resolved gas velocity values, typically reaching a maximum of

300 km s~!, which are greater than the stellar velocity values by a few factors.

Further details about the full sample are given in Roy et al. (2018).

The two red geyser candidates selected for the Keck ESI followup represent a
range of different values of Ha flux, EW, ionized gas velocity, misalignment angle and
radio flux while having sky positions amenable to the allocated Keck observing time.
Hence they are good representations of the entire parent sample. The two chosen targets
are shown in Fig. 4.4 and 4.5. The first galaxy (ID: 1-217022) is the prototypical red
geyser (Cheung et al. 2016) which shows all the characteristics mentioned above and was
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among the first ones discovered in MaNGA. Its relevant characteristics are highlighted
in Fig. 4.4. The top leftmost panel in the figure shows the Ha flux distribution, which is
extended in nature and shows a high value compared to other passive quenched galaxies,
surpassing ~ 5 x 1076 erg cm™2 s~! . The galaxy has a clear bi-symmetric pattern
in the Hoe EW map with an average EW ~4.5 A (bottom left panel). The top and
bottom middle panels show the stellar and gas velocity maps respectively. Cheung
et al. (2016) performed detailed dynamical modeling of the gas and stellar kinematics
in this galaxy to conclude that a centrally driven outflow is the likely explanation for
the high (~ 300 km s~!) gas velocity values. The spatially resolved BPT diagrams
(rightmost panels) show LINER-like line ratios through out the galaxy. This galaxy
has a central radio source detected in FIRST and Jansky Very Large Array (JVLA) 1.4
GHz continuum emission (Cheung et al. 2016), which indicates a low-luminosity radio
AGN with low Eddington ratio (A ~ 10~%). The presence of ionized gas is evident in the
strong detection of Balmer lines and forbidden emission lines like He, [NII] and [OIII].

The second red geyser target (ID: 1-145922) also shows a clear bi-symmetric
EW pattern (Fig. 4.5), but with a much lower Ho EW value ~ 1 — 2.5 A (bottom
left panel). LINER-like line ratios are observed through most of the galaxy while
AGN/Seyfert line ratios appear in the center (right panels), with log([NII]/Ha) > —0.4.
Unlike the first target, this galaxy doesn’t show systematic rotation in the stellar kine-
matics (upper middle panel) and hence the exact misalignment angle between the gas
and stellar velocity field is unclear. However, the estimated average second velocity

moment (Vims = VV?2 4 02) of the ionized gas and stars are similar to the first target.
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Figure 4.4: The spatially resolved emission line and kinematic properties of the first
target red geyser galaxy from SDSS IV-MaNGA (MaNGA-ID: 1-217022). The on-sky
diameter of this particular IFU fiber bundle is 22" which corresponds to a physical size
of 11 Kpc. The upper left panel shows the spatial distribution of Ha flux. In the other
panels, as labelled, we show the Ho-EW map (lower left), the 2D stellar velocity field
(upper middle) and the ionized gas velocity traced by Ha (lower middle). The lower
right panel show the spatially resolved BPT diagram showing spaxels with signal to
noise > 3. The upper right panel shows the spatial position of those spaxels, colored by
their classification based on the BPT diagram. Characteristic red geyser features such
as the bi-symmetric emission feature in Ha and its alignment with the gas kinematics
axis are particularly apparent.

This galaxy is not radio detected in the FIRST survey and has not been followed up
with JVLA. Both galaxies have spheroidal morphology as observed from SDSS ground

based imaging.
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Figure 4.5: The spatially resolved emission line and kinematic properties of the second
target red geyser galaxy from SDSS IV-MaNGA (MaNGA-ID: 1-145922). The on-sky
diameter of this particular IFU fiber bundle is 32" which corresponds to a physical size
of 18 Kpc. The different panels are the same as in Fig 4.4.
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Figure 4.6: [Top panel] An example of a single gaussian fit to the continuum subtracted
Ha emission line from ESI at a particular 1”7 spaxel. Single component model (shown
in blue) leaves huge residual of about £15% as shown in the residual panel. [Bottom
panel] A two-component model fit to the same spectrum as above is shown. The model
consist of a double gaussian, with the “Primary” component shown in red measuring the
bulk velocity of the gas, and the “Secondary” component shown in green which shows
the wings and departures from single component model. This model greatly reduces
the residual to only about £5% and is favored.
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Figure 4.7: [Left panel] The 2D gas velocity field of the first target galaxy obtained
from MaNGA data with Ha-EW contours overplotted in black. [Right panel] Ha and
[NII]A6584 emission line profiles obtained from Keck ESI at two separate locations in the
galaxy indicated A and B in the left panel. The emission line profiles reveal complex
velocity structure likely resulting from multiple components. Extended wings in the
emission lines switch from the blue side at position A to the red side at position B.

153



4.3.2 Line profile fitting

An important aspect of accurately measuring emission lines is properly ac-
counting for the stellar continuum. This is particularly important for the Balmer lines
since underlying stellar absorption can lead to incorrect emission line flux and equiva-
lent width estimation. We apply MaNGA'’s data analysis pipeline (DAP), version 2.3.0
(Westfall et al. 2019) on the fully reduced Keck data for accurate modeling of the stel-
lar continuum throughout the galaxy. First, we run DAP modules on each spaxel in
the MaNGA datacube of the target galaxy. The DAP masks £750 km s~! surround-
ing each of the expected emission line regions at the galaxy systemic redshift and fits
the stellar continuum using the Penalized Pixel fitting algorithm pPXF (Cappellari &
Emsellem 2004; Cappellari 2017). It uses a combination of 49 templates based on the
MILES stellar library, known as MILES-HC library (Falcé n-Barroso et al. 2011), which
provides statistically equivalent fits to those that use the full library of 985 spectra in
the MILES stellar library (Westfall et al. 2019). Once the DAP fits the continuum and
obtains the optimal stellar template for a particular MaNGA spaxel, we use that same
template to fit the continuum of the Keck spectra for the corresponding Keck spaxel,
again using pPXF. The best fit stellar continuum is then subtracted from the observed
spectrum before we analyze the emission lines.

We treat Ho and [NII]\ 6584 A emission lines independently, fitting for their
flux, velocity and dispersion. At first we model both the Ha line and [NTIJA 6584 A line

as single Gaussian profiles. After binning the ESI slit data into spatial bins of size 1”7,

154



we constrain the velocity within each bin to be within 4+ 350 km s~! of the systemic
velocity. This is done to prevent the module from fitting spurious peaks. We also re-
quire the dispersion to be less than 500 km s~'. In order to sample the entire parameter
space and to obtain an unbiased estimate of the uncertainties in the fitted values, we
wrap our fitting procedure in a Markov Chain Monte Carlo (MCMC) framework with
Dynamical Nested Sampling algorithm (Higson et al. 2019) using the Python package
dynesty (Speagle 2020). The nested sampling method (Skilling 2004) is used to esti-
mate both the Bayesian evidence and posterior distribution in an iterative fashion until
the convergence criteria is met. However, the single Gaussian model results in large
residuals for most of the spatial bins (or spaxels). Fig. 4.6 panel a (top) shows the
single Gaussian fit of the spectrum around Ha emission line for a particular ESI spaxel
in the first target galaxy (MaNGA-ID: 1-217022). It is clear from the figure that the
emission line show large departure (£ 15%) from the model. We therefore proceed to fit
a double Gaussian model to the emission lines, keeping the velocity of the first Gaussian
component within 4+ 50 km s~! of the velocity estimate obtained from single compo-

7

nent fitting. This “primary component” is constrained to have a greater flux than the
“secondary component”. The dispersion in the primary component is constrained to
be < 200 km s~! while no restriction is imposed on the secondary component. This is
done to make sure that the primary component, or the “narrow” component, represents
the bulk velocity of the gas while the secondary component is sensitive to broad wings

and other departures from the primary. Fig. 4.6, panel b (bottom) shows the double

Gaussian fit of the same spectrum, with primary component shown in red and secondary
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component in green. The resulting fit (blue dashed line) shows that the flux residuals
are less than 5% of the median flux.

To determine which of the two models is preferred for each spaxel, we use
a Bayesian Information Criterion (BIC) which uses the likelihood to determine the

optimum model but penalizes for additional free parameters. It is defined as :

BIC = —2£ + k log(N) (4.1)

where L is the log-likelihood, k is the number of free parameters and N is the
number of data points that get fit. The model with the lower BIC value is the preferred
model and the final fit is selected accordingly. For example in Fig. 4.6, the double

Gaussian model is preferred over the other.

4.4 Results

With emission line velocity profiles extracted from the higher resolution Keck
ESI data and fit with single or double Gaussian model depending on the BIC criterion,
we are ready to investigate systematic patterns in the profile shape emerging in different
parts of the galaxy. An example of Ha and [NII] emission line profiles in two opposite
ends of the galaxy is shown in Fig. 4.7. This detailed line profile information may
inform or refute our earlier wind model interpretation of red geyser gas kinematics
that was based on MaNGA data alone. We begin by presenting all the Ha and [NII]

velocity profiles derived from the ESI data at different slit positions for both of the
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target galaxies.

4.4.1 Target 1-217022

For the first target, slit 1 is placed at a position angle of 40° from North
to East along the bi-symmetric emission feature. The observed spectra are shown in
Fig. 4.8. The top panel shows the MaNGA 2D ionized gas velocity field of the target,
with Ha EW contours overplotted in black. The slit position is overlaid on top with
white filled circles indicating the different spaxels of 1” where reduced spectra have been
extracted. In the bottom panel, the different rows indicate those reduced spectra with
Ha (emission line on the left side) and [NIIJA6584 (on the right) lines shown for each
1” spaxel of physical size of 0.51 kpc along the slit. The spectra are color coded by
the velocity estimate obtained by fitting single Gaussian model to the Ha emission line.
The spectra are then shifted along the wavelength axis so that the emission lines from
the different spaxels are roughly aligned. This is done to enable easy visual comparison
of the shapes and asymmetry of the emission lines.

The gas velocity amplitude rises steeply from the center outwards both on the
red and blue-shifted side. The details in the emission line profiles are shown in Fig. 4.9
via Gaussian model fits of Ha and [NII] lines at different spaxels (spaxel number shown
in the upper right or left corner in each subplot). The primary velocity component
reflects the bulk velocity of the ionized gas. If the double Gaussian model is preferred
(according to the BIC criterion as mentioned in §4.3.2), the line profile is asymmetric

and wings or any departures from the bulk velocity is then reflected in the secondary

157



velocity component. The best fit parameters for all spaxels are given in Appendix A.2.

We find that the primary velocity component (shown in red for the 2-component
model and in blue for the one component model, Fig. 4.9) goes from blue-shift ~
—250 km s~! from one end of the slit to a redshift of ~ 250 km s~! in the other
closely matching the values observed from the MaNGA velocity map (Fig. 4.8, top
panel). The secondary fainter component (in green) varies widely in full-width half
maxima (FWHM; 2.355-0) ranging from ~ 150 — 600 km s~!, with broad wings near
the center and the red-shifted side of the galaxy. On average, emission lines with a blue-
shifted primary velocity component show a secondary component shifted redward. The
secondary component switches to the bluer side when the primary velocity component
is red-shifted. In other words we see a “red” wing on the blue side of the galaxy and
a “blue” wing on the red side. Infact, for this particular slit position, the secondary
component in certain spaxels have shifted so much relative to the primary that its ve-
locity relative to the systemic velocity have opposite signs compared to the primary
component. That means, on the red-shifted side, the blue wing is actually blue-shifted
relative to the systemic velocity of the galaxy and vice versa on the other side of the
galaxy. The line profiles show mostly symmetric profiles near the galaxy center where
a single Gaussian model is preferred. The implication of these findings are discussed in
§4.5.

For the second slit configuration (Fig. 4.10), the slit lies almost perpendicular
to the bi-symmetric feature, at an angle of 110° from North to East. From the Ha-

EW 2D map, it is clear that the EW of the ionized emission is enhanced along the
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bi-symmetric feature, hence there is comparatively less signal perpendicular to it. The
spectra extracted in different spaxels along the second slit is shown in the bottom panel
of Fig. 4.10. Near the edges of the slit, line-fitting becomes unsuccessful owing to low
signal-to-noise. The bulk velocity in slit 2 varies from ~ 50 km s~! to ~ —50 km s*
(Fig. 4.11). The emission lines along this slit are substantially broad, with FWHM >
250 km s~ ! going up to ~ 600 km s~!, similar to a few cases in slit 1. The average FWHM
of [NII] lines is higher than that of Ha and broad lines (with FWHM > 300 km s~ 1) are
observed reaching a distance of ~ 1 kpc from the center along the slit. The observed
emission lines are generally symmetric across slit 2. Very slight asymmetry occasionally
arises near the edges.

The third slit (Fig. 4.12) is placed parallel to the first slit, i.e. parallel to the
bi-symmetric feature, but slightly off-centered at a distance of ~ 2.5 kpc in the South-
East direction. Owing to the decrease of ionized emission in the outskirts of the galaxy,
the signal to noise of the spectra drops overall, compared to the first slit. Nevertheless,
the line profile clearly shows a red wing on the blue side of the galaxy and a blue wing
on the red side similar to slit 1 (Fig. 4.13). The degree of asymmetry is less, but the

L on one end of the slit

primary velocity component goes from blue-shift ~ —200 km s~
to a redshift of ~ 250 km s~! on the other. Just like slit 1, there is a significant velocity
offset (~ 100 — 150 km s~!) between primary and secondary components. We note that
in the MaNGA Ha-EW contour map, there is an additional Ha enhanced region ~ 2.9

kpc south east of the center. The overlapping ESI spectra in the 3rd row from the

bottom (Fig. 4.12, bottom panel) shows broader Ha and [NII] lines possibly due to a
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distinct velocity component associated with this region.

4.4.2 Target 1-145922

The second target has only one slit observation (Fig. 4.14) with sufficient signal-
to-noise spectra (a minimum SN > 1 across the slit). The slit is oriented along the
bi-symmetric feature, at a position angle of 320° from North to East. Despite the lower
signal-to-noise, the fitting procedure was successful in extracting individual velocity
components (Fig. 4.15). The bulk velocity varies from ~ —250 km s~! to about ~
300 km s~!. The average FWHM is lower compared to the first target with an average
value between ~ 150—200 km s~!, but it reaches a maximum value of over ~ 600 km s~!
near the center. The blue-shifted part of the galaxy exhibits a secondary component
with a velocity ~ 150 — 200 km s~! redder than the primary velocity. This component

provides an obvious “red” wing on the blue side. The profiles become symmetric towards

the center before showing a blue wing in the red-shifted side.

4.4.3 Measured velocity asymmetries

In order to measure the observed asymmetry of the emission lines, we fit the

emission lines with a Gauss-Hermite polynomial of the form:

f(x) = Ae%gz[l +hs(—V3g + 23g3) + h4(\/6 V6g? + V6 4

7 Yo Te (1)
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where g = *—<. Here A is the flux, x. is the peak wavelength and o is the
velocity dispersion. Departures from symmetry are quantified by the coefficient hg,
which is a proxy for the skewness parameter (k). A positive k parameter indicates
the presence of a “red” wing. Similarly blue-winged components have a negative k
value. k = 0 signifies a perfectly symmetric profile. To estimate the errors on the
measured skewness, we perform MCMC simulations of the above model fit for every
spaxel. We construct one hundred realizations of each spectrum by adding Gaussian
noise with amplitude comparable to the noise measured in the original spectrum and
quote the standard deviation of the k parameter distribution, thus obtained, as the 1—¢
uncertainty on the measured skewness.

In Fig. 4.16, the k parameters obtained from Ha and [NII] A6584 A emission
lines for all four slit observations from the two galaxies are plotted against spaxel num-
ber, which maps to locations in the slit as shown in Fig. 4.8—4.14. We can see that, for
slit 1 for the first target galaxy and the only slit for the second galaxy, which sample
the bi-symmetric feature in the Hoe EW map, the & parameter values clearly transition
from positive to negative as we move from the blue-shifted side (low spaxel number)
towards the red-shifted side (high spaxel number) of the galaxy. This reaffirms the find-
ing that the line profiles show a “red” wing on the blue-shifted side of the galaxy and
a “blue” wing on the red-shifted side. The 2nd slit of the first galaxy shows almost a
flat asymmetry parameter distribution with values oscillating close to 0. This particular
slit samples the central regions of the first galaxy galaxy and reveals mostly symmetric

profiles. For the 3rd slit, the k parameter values again show a transition from positive
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to negative values similar to slit 1. This slit traces the outskirts of the galaxy parallel

to the bi-symmetric feature.

4.5 Discussion

The main result of our observations is the systematic asymmetry of line profiles,
i.e. a red wing on the blue-shifted side of the galaxy and a blue wing on the red-
shifted side with symmetric profile near the center, which is observed along the bi-
symmetric emission feature in both the target red geysers. Before we discuss possible
interpretations in detail, we summarize our Keck ESI data using the skewness parameter
k (§4.4.3) measured as a function of distance from the galaxy center along the slit
(Fig. 4.16, also shown later in Fig. 4.20).

We will consider two physical interpretations that can give rise to our obser-

vations: ionized gas in rotation and a wide-angle outflowing wind driven by an AGN.

4.5.1 Gas in rotation scenario: Disk model

In the case of a rotating disk, because the portion of the disk intersected by
the line-of-sight is constant due to symmetry, there is no intrinsic velocity asymmetry.
Instead, asymmetry profiles mainly arise from beam smearing from the PSF and the
spatial binning of the data, sometimes producing a similar red wing in the blue-shifted
side of the galaxy and vice-versa, with the strength of asymmetry roughly proportional
to the velocity gradient. Beam smearing can also inflate the FWHM of the lines espe-
cially along the regions where the projected line-of-sight velocity gradient is maximum
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MaNGA-ID: 1-217022 (Slit: 1)
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Figure 4.8: [Top panel] The 2D ionized gas velocity field of the first target galaxy
obtained from MaNGA data with the Ho EW contours overplotted in black. The first
slit position with different spatial bins (~ 1”) is overlaid on top to map the physical
location of the extracted spectra on the slit. [Bottom panel] The different rows indicate
the observed spectra from Keck ESI around the spectral window of Hey, [NIIJA6584
extracted from different spatial bins (or spaxels) as marked in the top panel. The
spectra are registered to the same wavelength and color coded by gas velocity.
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Figure 4.9: [Top panel] The Ha emission lines from ESI for slit 1 position of the first
target galaxy are shown for different spaxels along the slit in different panels. A single
or a double Gaussian model, as favored by the Bayesian Information criterion (BIC), is
used to model the emission lines. For a single component model the model is shown in
blue. For two component models, the primary component is shown in red and secondary
in green. The modelled line profile in blue shows the total model fit to the data (which
is in black). [Bottom panel] The [NII]A6584 emission line profiles in black with their
model fits over-plotted in blue, similar to the sub-panel above.
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MaNGA-ID: 1-217022 (Slit: 2)
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Figure 4.10: [Top panel] The MaNGA ionized gas velocity field with Hae EW contours
overplotted in black, similar to Fig. 4.8. The second slit position with different spaxels
(~ 1") are overlaid on top. [Bottom panel] The different rows indicate the observed
spectra from Keck ESI around the spectral window of He, [NIIJA6584 extracted from
different spaxels as marked in the top panel. The spectra are registered to the same
wavelength and color coded by gas velocity.
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Figure 4.11: [Top panel] The Ha emission lines from ESI for slit 2 position of the first
target galaxy are shown for different spaxels along the slit in different panels. A one or
two component Gaussian model is used to model the emission lines similar to Fig. 4.9.
The modelled line profile in blue shows the total model fit to the data (which is in
black). [Bottom panel] Model fit for [NII]A\6584 emission line profiles, similar to the
sub-panel above.
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MaNGA-ID: 1-217022 (Slit: 3)
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Figure 4.12: [Top panel] The MaNGA ionized gas velocity field with Ho EW contours
overplotted in black, similar to Fig. 4.8 & 4.10 for the third slit position. This slit is
parallel to but offset to the bi-symmetric feature, hence traces the edge of the putative
wind cone. [Bottom panel] The different rows indicate the observed He, [NIIJA6584
emission lines from Keck ESI extracted from the spaxels marked in the top panel. The
spectra are registered to the same wavelength and color coded by gas velocity.
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Figure 4.13: [Top panel] The Ha emission lines from ESI for slit 3 position of the
first target galaxy are shown for different spaxels along the slit in different panels. A
one or two component Gaussian model is used to model the emission lines similar to
Fig. 4.9. The modelled line profile in blue shows the total model fit to the data (which
is in black). [Bottom panel] Model fit for [NII]A\6584 emission line profiles, similar to
the sub-panel above.
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MaNGA-ID: 1-145922
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Figure 4.14: [Top panel] The MaNGA ionized gas velocity field of the second target
galaxy with the Ho EW contours overplotted in black. The only slit observation with
reasonable S/N taken for this galaxy is overlaid on top with different spatial bins (~ 1”)
indicated with circles to map the physical location of the extracted spectra on the slit.
[Bottom panel] The different rows indicate the observed ESI spectra extracted from
different spaxels as marked in the top panel. The spectra are registered to the same
wavelength and color coded by gas velocity. The spectra are lower signal to noise in
general compared to the first target galaxy.
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Figure 4.15: [Top panel] The Ha emission lines from ESI for the only slit in the second
target galaxy are shown for different spaxels along the slit in different panels. A one or
two component Gaussian model is used to model the emission lines similar to Fig. 4.9.
The modelled line profile in blue shows the total model fit to the data (which is in
black). [Bottom panel] Model fit for [NII]\6584 emission line profiles, similar to the
sub-panel above.
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Figure 4.16:  The observed Gauss-Hermite skewness of the Ha (in red) and [NII]
(in blue) lines for each slit positon of the two target galaxies. The skewness or the
asymmetry parameter k, described in §4.4.3, quantifies the asymmetric nature of the
line profiles. k > 0 indicates a red wing and k < 0 indicates blue wing. The spaxel
number maps to the spatial locations in the slit as indicated in Fig. 4.8 - 4.14. Low spaxel
number indicates blue-shifted part of the galaxy while high spaxel number indicates red-
shifted side.
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INTO THE BICONE

X

INCLINED AT AN
ANGLE

Figure 4.17: A schematic diagram showing how emission line profiles integrated along
the line of sight of a conical wind are expected to produce asymmetric lines with a
“blue” wing on the red side and vice versa. This behavior is evident in the emission line
profiles from Keck ESI data.
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Figure 4.18: Left panel shows the mock spectra obtained from wind modelling of the
first galaxy. Right panel shows the spectra obtained from the disk model. Each row in
the plot represents the line-of-sight integrated spectra co-added inside each spatial bin
sampling the same locations as ESI spaxels along the bi-symmetric feature in Fig. 4.8.
All the emission lines are registered to common velocity and the velocity information is
encoded in the color scheme.
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Figure 4.19: Left panel shows the mock spectra obtained from wind modelling of the
second galaxy. Right panel shows that obtained from the disk model. Each row in the
plot represents the the line-of-sight integrated spectra co-added inside each spatial bin
sampling same locations as ESI spaxels along the bi-symmetric feature in Fig. 4.14. All
the emission lines are registered to common velocity and the velocity information is
encoded in the color scheme.
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Figure 4.20:  Comparison of the variation of asymmetry parameter obtained from
ESI line profiles with predictions from different models. The salmon and blue shaded
regions show the variation of the asymmetry parameter computed by averaging over k
values from Ha and [NII] lines along the presumed wind cone for both galaxies. The
asymmetry parameter obtained from the disk models (shown in dashed lines) and wind
models (in solid lines) for the two galaxies are overplotted on top.
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(Epinat et al. 2010; Davis et al. 2013; Green et al. 2014; Burkert et al. 2016).
Although the red geysers show multiple characteristics that argue against the
disk hypothesis (see Cheung et al. 2016), it is important to address whether the Keck
ESI data provides additional insight. Therefore, we construct a symmetric disk model.
We use the python version of the KINMS package (KINematic Molecular Simulation,
Davis et al. 2013)# to construct the disk model. The major advantage of using KINMS
is that it self-consistently accounts for beam smearing by mocking observations of a
disk defined by the rotation curve and surface brightness profile. We assume a thin disk

inclined at an angle from the observer, with velocity given by the following formula:

V(r, 6) — 2 Vmax
m

tan_l(r/rtum) (4.3)

Here, Vax is the maximum velocity across the galaxy, and riy;, is the turnover
radius for the rotation curve.

We assign an Ha surface brightness distribution to our disk models that re-
produces the MaNGA Ha flux maps for our two galaxies, as determined by fitting an
exponentially declining function of the form ¥(r) o efm, where dg.ae is the scale
radius determined by the model fit. We experiment with different choices for the input
parameters to find the best match between the modeled rotation curve and the position
velocity curve observed from the ESI data for both the targets (see Appendix A.3). The
chosen set of disk model parameters for the first galaxy are: inclination = 35°, turnover
radius = 9” and maximum velocity = 715 km s~'. The spatial scale and extent of the

model grid are chosen from the ESI data. For the second galaxy, the values are: incli-

“https://github.com/Timothy ADavis/KinMSpy
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nation = 40°, turnover radius = 1” and maximum velocity = 350 km s~!. We provide
the point spread function (PSF) of FWHM ~ 0.9”, which roughly corresponds to the
median seeing of Keck, as the “beam-size” for the computation of beam smearing. We
extract the projected velocity fields and line profiles at each keck “spaxel”. We then
calculate the asymmetry parameter (k) of the extracted line profiles in a similar way as
the data (described in §4.4.3). The mock spectra extracted from the disk model along
the major axis for both targets at the spatial locations of the keck spaxels are shown in
Fig. 4.18 and 4.19.

We find that while the disk models can produce considerable asymmetry in the
line profiles because of the beam smearing effect, the nature of the resulting asymmetry
does not match the data. For the first galaxy, the observed position velocity curve from
ESI data is almost linear with a gentle slope (Appendix A.3, Fig. A.2). This results in
the skewness parameter due to beam smearing of the disk (which approximately varies
according to the line-of-sight velocity gradient) to rise and decline gently with less
asymmetry overall compared to the data. For the second galaxy, the observed velocity
curve has a sharp gradient near the center with considerable flattening at the edges
(Appendix A.3, Fig. A.2). Hence the skewness from the disk model is greater near the
center compared to the outskirts. These findings are in accordance with other similar
studies of beam smearing on star forming disk galaxies (Green et al. 2014). Thus, the
increasing asymmetry towards the outskirts of the galaxies along the kinematic axis,
as observed from ESI spectra, can not be captured by the disk model. The trend of

asymmetries that we obtain from the disk model for both galaxies along the major axis
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of the disk are shown by (red and blue) dashed lines in Fig. 4.20.

We see in §4.4.1 and Fig. 4.13 that the third ESI slit, sampling locations offset
to the bi-symmetric feature in the first galaxy, also shows considerable asymmetry in
the observed ESI spectra with similar trend as locations along the bi-symmetric feature
(Fig. 4.16). This level of asymmetry is however not seen at similar spatial locations from
the disk model, which shows a skewness value oscillating around ~ 0. This is because
the velocity gradient declines rapidly as we move parallel to major axis of the disk away
towards the outskirts. Thus this model struggles to reproduce both the trend and the
magnitude of the skewness parameter for locations offset to the kinematic major axis.

We find that the FWHM of the secondary velocity component in the observed

1 a value which

spectra at several locations in both galaxies exceed 500 — 600 km s~
is quite high and is typically attributed to ionized gas outflows in numerous studies
(Arribas et al. 2014; Fischer et al. 2017; Humire et al. 2018; Couto et al. 2017; Soto-Pinto
et al. 2019). The mock spectra extracted from the disk model for our target galaxies

L (or

show an average enhancement of the velocity dispersion of about 40 — 50 km s~
FWHM upto 100 km s~!) due to beam smearing effect, far below what we observe from
data. Fig. 4.18 and 4.19 (right panels) demonstrate that apart from the central spaxel
that shows the FWHM value to be much higher than average, exceeding ~ 150 km s~ 1,
the modelled spectral lines from beam smeared disks are quite narrow in the outskirts.
On the other hand, the ESI spectra for both galaxies show significantly high FWHM

near the center as well as in the outskirts of the galaxies, in locations along, offset or

perpendicular to the bi-symmetric feature. In other words, the enhanced dispersion
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doesn’t necessarily follow the velocity field gradient which implies that beam smearing

effect is not the primary reason behind the observed broad lines.

4.5.2 Outflowing gas scenario: Wind model

Let us now consider the scenario of radially outflowing motion of gas particles
in a filled bi-cone geometry. We use a simple wind model to test our interpretation
of the ESI emission line velocity profiles. A 3D cartesian grid of points is populated
with tracer particles with uniform density that are weighted by a Hernquist profile
(Hernquist 1990). The outflowing wind is assumed to be a filled wide angle bi-cone
centered on the galaxy. Each gas particle in the bicone is given a constant radially
outward velocity directed away from the center. Those outside the bicone are given
zero velocity and zero weight. The model is motivated by our observation that the
dominant ionization in the red geysers is extended LI(N)ER-like (Fig. 4.4 & 4.5) and
hence the assumption that the strong emission lines (e.g., Ha, [NII]) are ionized mainly
by the radiation field of evolved post-AGB stars present around it (Yan & Blanton
2012; Belfiore et al. 2016). Although shocks can also contribute to the ionization, the
smooth components of the Ha flux distribution in red geysers typically fall off roughly
proportional to the stellar surface brightness supporting a stellar origin for the observed
LIER ionization. Moreover, the exact nature of the ionization source should not impact
the model-predicted velocity profiles to first order as both models are constrained by
the observed Ha flux distribution. The warm ionized gas clouds entrained by the wind

trace the observed kinematics and emit emission line flux due to the assumed ionization.
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Hence the projected velocity field is a convolution of the wind geometry along the line
of sight and the galaxy’s 3D luminosity profile. The projected line-of-sight component
of the wind velocity at each point inside the bicone is weighted by its Hernquist profile
value. In order to construct the luminosity distribution which gives rise to the wide-
spread ionization of the observed gas, imaging and dynamical constraints on the stellar
component, obtained from Jeans Anisotropic Modeling (JAM, Cappellari 2008) are used
for both target galaxies in the model. We use JAM analyses to find intrinsic (3D) axis
ratio and inclination of the galaxy, while the projected major axis effective radius and
sky position angle are obtained from the Nasa Sloan Atlas (NSA) catalogue. For target
1-217022, we have taken the axis ratio to be 0.4, galaxy inclination as 50°, a projected
major-axis effective radius to be 7", and an on-sky PA as 53° (see Methods: Dynamical
modeling evidence against the presence of disks, Cheung et al. 2016). For the second
galaxy (target 1-145922), the intrinsic axis ratio is taken to be 0.5, inclination as 20°, a
projected major-axis effective radius to be 9” , and an on-sky PA as -73°. The detailed
description of the JAM parameters for the second galaxy is presented in Appendix A.1.
The wind parameters like the opening angle, length, intrinsic velocity and the inclination
of the wind cone are varied manually until the best qualitative match is obtained between
the modeled and the observed MaNGA 2D gas kinematics. For the first target galaxy,
the best match is found for wind opening angle = 80°, inclination = 75°, position angle
= 55° and velocity = 300 km s~!'. For the second galaxy, the wind parametrs are
opening angle = 40°, inclination = —55°, PA = 135°, and velocity = 200 km s~

We construct a data cube consisting of spatial and spectral dimensions from the
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model. We assign single Gaussian emission line profiles to model gas particles through-
out the 3D volume of the cone and convolve the flux distribution with a Gaussian of
FWHM = 0.9” along each spatial dimension to capture the effect of beam smearing on
the simulated data cube. The velocity dispersion is taken to be the instrumental disper-
sion (16 km s~!). Finally, we construct spatial bins following the same slit orientation
as the Keck ESI data and integrate the line profiles along lines of sight to produce mock
spectra that can be compared to the ESI data.

Due to the radially outward velocity of the gas particles inside the cone, mate-
rial with the greatest line-of-sight velocity component contributes the most in observed
velocity and flux. Since the velocity components are integrated along the line of sight,
this leads to a series of fainter components with velocities changing slightly in a system-
atic manner and they add up together to give a “winged” emission line profile near the
two ends of the cone (Fig. 4.17).

Moving closer towards the center of the galaxy, the volume inside the cone
decreases. This leads to less gas to integrate along the line of sight. The velocity
variation is also comparatively less because of a much tighter configuration and there
is lesser variation in the angle of the velocity vector to the observer. Consequently, we
expect a rather symmetric profile near the central part of the galaxies. Parallel to the
axis of the cone and towards the outskirts of the galaxy, we trace the edge of the cone
according to the wind hypothesis. Although the volume of the cone and the number of
gas particles present towards the edge is smaller compared to that of the axis, similar

asymmetries are expected though of lesser extent.
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We have extracted mock spectra from the simple outflowing wind model we
constructed for both our targets along the spatial positions that match the orientation of
our slits and have color-coded them by their respective observed velocity (Fig. 4.18 and
4.19). The model spectra, after properly accounting for beam smearing (as we did in the
disk model), have been binned spatially to match the ESI extractions. The extracted
spectra in different spatial bins are plotted in different rows after being registered to a
common wavelength. As in the real data, we see a clear blue-wing in the red-shifted
side and a red wing on the blue side for the first galaxy thus agreeing to the wind cone
hypothesis for this galaxy. An additional observation from the ESI slit sampling the
bi-symmetric feature is that the “blue” wing in the red-shifted side (and vice versa on
the other side) has such a big offset from the primary component that it actually lands
in the blue-shifted side relative to the systematic velocity. In other words, the velocity
offset between the primary and secondary component sometimes exceeds ~ 250 km s~
leading to primary and secondary components to be on opposite sides of the systemic
velocity. This has also been reproduced by the wind model and possibly suggests that
the cone opening half-angle could be larger than the inclination and it covers the plane
of the sky.

For the wind modelling of the second galaxy, although extended wings and the
systematic variation across the slit are observed, the amplitude of asymmetry is found
to be weaker than the first galaxy. This might be due to the fact that the velocity
field obtained from the toy wind model for the second galaxy did not fit the data as

well. Further, the emission signal of the second galaxy drops considerably towards the
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outskirts, which makes model comparison more difficult.

We compute the asymmetry parameter k as discussed in §4.4.3 for the wind
models and compare the k profiles from these simulated spectra to the ESI data and the
previously discussed disk models in Fig. 4.20. The salmon and blue shaded regions show
the average asymmetry parameter variation, computed by averaging the &k values of both
Ha and [NII] A6584 A emission lines as observed from EST data, along the bi-symmetric
feature for the two target galaxies. The asymmetry parameters obtained from the disk
models for those two galaxies are overplotted in dashed lines, while that from the wind
model are shown in solid lines. Clearly in either targets, neither the rotating disk nor
outflowing wind models fully reproduce the observed asymmetry profiles. Both models
are able to reach typical values we observe for k (£0.2 —0.25), but the disk models only
achieve these asymmetries near the center, where beam smearing of a strong velocity
gradient reaches a maximum. In the galaxy outskirts, the disk model asymmetries
nearly vanish while the observed k magnitudes continue to increase. Both wind models
reproduce this increased asymmetry in the outskirts, although they fail to match the
observed magnitude of k, especially for Target 2. This might be explained generally in
the wind interpretation by a clumpy or turbulent outflowing medium. It is harder to
explain with a rotating disk which requires a degree of dynamical stability in order to

maintain its apparent velocity structure.
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4.6 Conclusion

We have performed an analysis of the emission line velocity profiles of Ha and
[NII] A6584 of two red geyser galaxies using high spectral resolution (R~8000) Keck-
ESI observations. Our observations of the first target (MaNGAID: 1-217022) include
three slit orientations that sample different parts of the galaxy, namely, the bi-symmetric
feature, the regions around the center and the outskirts. The second target (MaNGAID:
1-145922) includes only one slit observation along its bi-symmetric feature. The slits
that align with the bi-conical axis for both galaxies show strong asymmetry in the
emission lines. The slit that lie parallel to the bi-symmetric feature with an offset for
the first galaxy also shows similar asymmetry. The shape of the emission lines, which
can be decomposed into primary and secondary velocity components, exhibit a red wing
on the blue-shifted part of the galaxy and a blue wing on the red side, with a symmetric
profile near the center. This has been quantified by an asymmetry parameter that
changes systematically from positive to negative values (Fig. 4.16 and 4.20). A bi-cone
geometry of the gas with a radially outward motion can better explain the observed
features than a rotating gas disk.

The presence of low-luminosity radio mode AGNs in the red geysers (Roy et al.
2018) along with the confirmation of an outflowing wind scenario obtained from MaNGA
data and the current observations from Keck ESI, lead to the evidence of AGN-driven

winds in the red geyser galaxies.
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Chapter 5

Signatures of inflowing gas in red geyser

galaxies hosting radio-AGN

We study cool neutral gas traced by NaD absorption in 140 local (z < 0.1)
early-type red geyser galaxies. These galaxies show unique signatures in spatially-
resolved strong-line emission maps that have been interpreted as large-scale active galac-
tic nuclei driven ionized winds. To investigate the possible fuel source for these winds,
we examine the abundance and kinematics of cool gas (T ~ 100 — 1000K) inferred from
Na I D absorption in red geysers and matched control samples drawn from SDSS-IV
MaNGA. We find that red geysers host greater amounts of NaD-associated material.
Substantial cool gas components are detected in more than 50% of red geysers (com-
pared to 25% of the control sample) going up to 78% for radio-detected red geysers.
Our key result is that cool gas in red geysers is predominantly infalling. Among our 30

radio-detected red geysers, 86% show receding NaD absorption velocities (with respect
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to the systemic velocity) between 40 — 50 km s~ 1.

We verify this result by stacking
NaD profiles across each sample which confirms the presence of infalling NaD velocities
within red geysers ( ~ 40 km s~!) with no velocity offsets detected in the control sam-
ples. Interpreting our observations as signatures of inflowing cool neutral clouds, we
derive an approximate mass inflow rate of M, ~ 0.1Mgyr~!, similar to that expected

from minor merging and internal recycling. Some red geysers show much higher rates

(Min ~ 5Mgyr—1) that may indicate an ongoing accretion event. !

5.1 Introduction

Low-redshift (z < 0.1) integral field unit (IFU) spectroscopy from the Sloan
Digital Sky Survey-IV (SDSS-IV) Mapping Nearby Galaxies at Apache Point Observa-
tory (MaNGA) survey (Bundy et al. 2015) has revealed a population of moderate mass
(log M, /Mg ~ 10.5) passive red galaxies (NUV —r > 5), known as “red geysers” (Che-
ung et al. 2016; Roy et al. 2018). These galaxies possess unique emission and kinematic
properties that may be signatures of galactic scale (~ 10 kpc), centrally-driven outflows
(Cheung et al. 2016; Roy et al. 2021a). The lack of any detectable star-formation (av-
erage log SFR (Mg /yr) < —2, using GALEX+SDSS+WISE from Salim et al. 2016, see
Fig. 5.1), the association with low luminosity radio-mode active galactic nuclei (AGN,
Roy et al. 2018), and their relatively high occurrence rate on the red sequence (5-10%,

see Cheung et al. 2016), makes red geysers a candidate for supplying “maintenance (or

!This chapter was previously published in the Astrophysical Journal as Signatures of inflowing
gas in Red geyser galaxies hosting radio-AGN, Roy, N., Bundy, K., Rubin, K.H.R. et al. 2021,
ApJ, 919, 145, DOI:10.3847/1538-4357 /ac0f74. (©AAS. Reproduced with Permission.
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radio)-mode” feedback by low luminosity AGN. While such a feedback process has been
widely proposed and studied as a way to suppress star formation at late times (Binney
& Tabor 1995; Ciotti & Ostriker 2001; Croton et al. 2006; Bower et al. 2006; Faber et al.
2007; Ciotti et al. 2010; Yuan & Narayan 2014), direct observational evidence in typical
quiescent galaxies has remained elusive.

Red geysers are characterized by a distinctive bisymmetric pattern in spatially
resolved equivalent width (EW) maps of strong emission lines (He, [NII], [OII]). These
features extend to ~ 10 kpc, up to the edge of the MaNGA fiber bundle. The emission
line flux distributions are also widespread and significantly elevated (~ 5 — 10 times)
along the bi-symmetric feature. The observed gas is possibly ionized by post asymptotic
giant branch (AGB) stars with some contribution from shocks, as evident from a com-
bination of LI(N)ER and Seyfert like line ratios in spatially resolved BPT (Baldwin,
Phillips & Terlevich, Baldwin et al. 1981) diagrams in these galaxies (Cheung et al.
2016; Roy et al. 2021a). This enhanced emission roughly aligns with the gas kinematic
major axis but is strongly misaligned with the stellar velocity gradient.

Accreted gas disks in early type galaxies (Chen et al. 2016; Lagos et al. 2014,
2015; Sarzi et al. 2006; Davis et al. 2013; Bryant et al. 2019; Duckworth et al. 2020) can
produce similar misaligned stellar and gas velocity fields so it is important to test the
hypothesis that red geysers signal the presence of outflows. Cheung et al. (2016) pre-
sented detailed dynamical modeling to conclude that the observed ionized gas velocities
in the prototypical red geyser were too high to be in gravitationally bound orbits. More

recently, our group used the Keck Echellette Spectrograph and Imager (ESI) to obtain
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higher spectral resolution observations (R ~ 8000 compared to R ~ 2000 in MaNGA)
of two representative red geysers to find a systematic variation in the asymmetry of
the emission line profiles with radius (Roy et al. 2021a). The observed magnitude
and nature of the asymmetry along with an increased velocity dispersion (exceeding
~ 230 km s~!) are consistent with line-of-sight projections through a broad conical
outflow. The alternative scenario of a puffy, rotating gas disk is unable to fit the data.

An additional set of tests involve the mechanism driving the putative wind.
Riffel et al. (2019) studied the nuclear region of the prototypical red geyser in Cheung
et al. (2016) with Gemini GMOS (Gemini Multi Object Spectrograph). By comparing
the emission line flux distributions and gas kinematics from the inner parts (within
1”) with that of the outer regions (5” away from center), they concluded that the
observed red geyser show signatures of precession. Roy et al. (2018), meanwhile, used
the Very large Array (VLA) Faint Images of the Radio Sky at Twenty-Centimeters
(FIRST) survey to measure significantly higher (> 5¢) radio continuum flux in stacked
red geyser samples and a three times higher radio detection rate compared to control
samples. The study concluded that the red geysers host low luminosity radio AGNs
(L1.4cHz ~ 10?2 — 10%® W/Hz) with radiatively inefficient accretion (Eddington scaled
accretion rate A ~ 107%). These AGNs are energetically capable, however, of driving
sub-relativistic winds consistent with the MaNGA observations.

What is the fuel source for this AGN activity? The presence of warm ion-
ized gas suggests the possibility that red geysers also host cooler gas reservoirs in the

interstellar medium (ISM). Cool gas in the form of outflows are routinely observed in
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ultra luminous infrared galaxies, star forming and post-starburst galaxies (Cazzoli et al.
2016; Rubin et al. 2012, 2014; Weiner et al. 2009; Alatalo et al. 2016; Martin et al. 2005;
Chen et al. 2010; Yesuf et al. 2017; Roberts-Borsani & Saintonge 2019; Coil et al. 2011;
Rupke 2018; Veilleux et al. 2020). Indeed, Cheung et al. (2016) studied signatures of
cool material traced by NaD absorption in their prototypical red geyser. With a mass
estimated at Moo ~ 108 Mg, the NaD component occupied one side of the galaxy,
kinematically and spatially distinct from the ionized gas and apparently inflowing at
~ 60 km s~! towards the center. An idealized merger simulation run by these authors
suggested that the cool gas was being accreted from a companion galaxy.

Detecting gaseous inflows across the galaxy population in general has gar-
nered significant attention, but definitive inflow signatures have been hard to detect
(although see Sato et al. 2009; Krug et al. 2010; Rubin et al. 2012; Zheng et al. 2017;
Sarzi et al. 2016). The advent of IFU surveys is revolutionizing this field with the
measurement of spatially resolved absorption line kinematics in large samples of galax-
ies (Rupke et al. 2021, Rowlands et al in prep.). Here, the kinematics of cool gas
are computed by estimating the doppler shifts of the suitable lines with respect to the
systemic velocity after carefully accounting for the stellar continuum (down-the-barrel
technique, Roberts-Borsani & Saintonge 2019). This method involves probing the gas
lying in front of the galaxy, with the continuum arising due to the illumination by the
background stellar light of the galaxy. Redshifted absorption indicates inflows, i.e., the
motion of the gas towards the galaxy (or away from the observer along the line-of-sight).

Similarly, a blueshifted component suggests outflows. Different tracers are available in
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rest-frame UV or optical wavelengths (e.g., Fe II A\2586,2600, Mg II A\2796,2803, Na
I D AM5891,5897; Chen et al. 2010; Rubin et al. 2012, 2014; Rupke 2018; Veilleux et al.
2020). In this work we use the resonant Na I absorption doublet at 5891 A and 5897
A (referred to as NaD) which traces cool (T ~ 100-1000 K), metal-enriched gas.

An important aspect of measuring the NaD-associated gas kinematics correctly
is subtracting the stellar continuum with an appropriate accuracy. This is especially
important in early type galaxies, since the evolved K-M type stars present throughout
the galaxy can contribute a significant fraction to sodium absorption in the spectrum,
thus contaminating the signal from the ISM. There exists several stellar population
model libraries (theoretical and empirical) which can be used to estimate the stellar
component of NaD absorption generally within a variation of ~ 10—30%. This difference
in the continuum estimate due to the specific choice of the stellar model can affect the
estimated properties of the ISM gas. Spatially resolved spectra from MaNGA can aid
this process significantly by revealing irregularities in the 2D morphology of the NaD
absorption. When these spatial irregularities have no correspondence with the stellar
velocity and the surface brightness distribution, we can be more confident that they are
associated with the ISM.

The goal of this work is to address how frequent the cool gas as traced by NaD is
within the red geyser sample and whether these cooler gas reservoirs are associated with
inflows towards the center, similar to the prototypical red geyser, or with the outflowing
wind triggered by the AGN. We will also study if there exists any possible correlation

between radio properties and the presence of cool gas, by conducting our analyses on
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samples split by radio detection. We analyze the spatially resolved, globally integrated
and stacked kinematics of NaD from the red geyser sample and compare them with a
matched control sample. We find that the red geysers, specially those which are detected
in FIRST, have higher NaD EW on average and 78% of the sample show detectable ISM
gas over a projected spatial extent > 5 kpc. This fraction is many times higher compared
to the radio-detected control (41%) and non radio detected control (25%) galaxies. The
kinematics is observed to be redshifted on average (~ 40 — 50 km s~!) in about ~ 86%
of radio-detected red geysers, implying that most of the gas is inflowing into the galaxy
possibly fuelling the central active black hole.

§5.2.1 give a brief overview of the optical data from MaNGA that we have used
in this work and in §5.2.2 we describe the sample selection process of the red geyser and
control galaxy samples from the MaNGA quiescent population. The technical details of
the stellar continuum modeling, equivalent width estimation, absorption line fitting and
kinematics calculation are narrated in sub-sections §5.3.1, §5.3.2 and §5.3.3. The results
of the analyses are described in §5.4 and the implications and concluding remarks are
discussed in §5.5 and §5.6. Throughout this paper, we assume a flat cosmological model
with Hy = 70 km s~! Mpc~!, ©,, = 0.30, and Q5 = 0.70, and all magnitudes are given

in the AB magnitude system.
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5.2 Data Acquisition and Sample Definitions

5.2.1 The MaNGA survey

We use 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. 2017). MaNGA is an integral field spectroscopic survey that provides
spatially resolved spectroscopy for nearby galaxies (z ~ 0.03) with an effective spatial
resolution of 2.5” (full width at half-maximum; FWHM). The MaNGA survey uses the
SDSS 2.5 meter telescope in spectroscopic mode (Gunn et al. 2006) and the two dual-
channel BOSS spectrographs (Smee et al. 2013) that provide continuous 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~1 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,/Mg) > 9 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 selection is
described in detail in Wake et al. (2017).

The raw data are processed with the MaNGA Data Reduction Pipeline (DRP)
(Law et al. 2016). An individual row-by-row algorithm is used to extract the fiber flux
and derive inverse variance spectra from each exposure, which are then wavelength cal-

ibrated, flat-fielded and sky subtracted. We use the MaNGA sample and data products
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drawn from the MaNGA Product Launch-9 (MPL-9) and Data Release 16 (DR16, Ahu-
mada et al. 2020). We use spectral measurements and other analyses carried out by
MaNGA Data Analysis Pipeline (DAP), specifically version 2.3.0. The data we use here
are based on DAP analysis of each spaxel in the MaNGA datacubes. The DAP first
fits the stellar continuum of each spaxel to determine the stellar kinematics using 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 templates 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 output from the DAP are gas and stellar kinematics, emission line properties
and stellar absorption indices. All the spatially 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).

We use ancillary data drawn from the NASA-Sloan Atlas? (NSA) catalog which

reanalyzes images and derives morphological parameters for local galaxies observed in

2http:/ /www.nsatlas.org
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Figure 5.1: The figure shows the log SFR vs log M, as obtained from

GALEX+SDSS+WISE catalog of Salim et al. (2016). The gray 2D histogram shows all

the MaNGA galaxies in the catalog with 0.01 < z < 0.1. The red circles signifies red

geyser galaxies. Most of the galaxies in our chosen geyser sample have a low log SFR

value, with an average of ~ 0.01 Mgyr—!.

Sloan Digital 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 catalog.

5.2.2 Sample definitions

Red Geysers are early type galaxies (ETGs) lying in the red sequence (NUV —
r > 5) which have little-to-no ongoing star formation activity. Fig. 5.1 shows the star

formation rates (SFR) of the red geyser sample (red circles) compared to all MaNGA

194



Offset (")

|ID: 1-21 7022|

ID: 1-273933

|ID: 1-575742|

Offset (")

Offset (")

0
Offset (")

ID: 1-94168

Offset (")

-10

00 .
A
1.25 ’
g 2.0
0.75-10 15
0.50 1.0

0 10 -10 0 10
Offset () Offset (")

-10

Figure 5.2: The spatially resolved emission and absorption line properties of 4 exam-
ple red geysers (MaNGAID-1-217022, 1-273933, 1-575742 and 1-94168) from SDSS-IV
MaNGA. The left panels show the optical images of the galaxies from SDSS with the
MaNGA TFU overlaid on top in magenta. The on-sky diameter of the IFU fibers shown
here range from 12" to 22" corresponding to physical size of roughly 10—20 Kpc. The
middle panels show the Hoe Equivalent width (EW) maps (observed-frame units in A)
showing the signature bi-symmetric pattern identifying the red geyser class, and the
right panels show the EW map of NaD absorption (in A) which includes both stellar
and cool ISM gas component.
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galaxies (grey) from Salim et al. (2016) catalogue. This catalog derives SFR from ultra-

violet/optical spectral energy distribution (SED) fitting with additional constraints from

mid-

infrared data using GALEX-SDSS-WISE. The typical value of SFR for the red

geysers is ~ 0.01 Mg yr—!. The sample of red geysers used here is derived from MaNGA

Product Launch 9 (MPL-9) and consists of 140 galaxies which accounts for ~ 6 — 8%

of the local quiescent galaxy population observed by MaNGA. The red geyser sample is

visually selected based on their characteristic features, as described in detail in Cheung

et al

. (2016); Roy et al. (2018, 2021a). They are briefly outlined below:

Spheroidal galaxies with no disk component as observed by SDSS and low star

formation rate.

Bi-symmetric feature in spatially resolved EW map of strong emission lines like

Hev, [NTI] and [OI11].

Rough alignment of the bi-symmetric feature with the ionized gas kinematic axis,

but misalignment with stellar kinematic axis.

High spatially resolved gas velocity values, typically reaching a maximum of
+ 300 km s~!, which are greater than the stellar velocity values by at least a

factor of 4 — 5.

High gas velocity dispersion values, reaching about ~ 220 — 250 km s~! in distinct

parts of the galaxy.

Predominantly showing LINER, or Seyfert type line ratios in the spatially resolved

196



BPT diagrams.

Four example red geysers are shown in Fig. 5.2. The optical images (left panels)
from SDSS show spheroidal morphologies typical of these galaxies. The middle panels
show the characteristic bi-symmetric feature in the Hae EW map. The right panels show
the NaD EW map obtained using MaNGA-DAP (see §10 in Westfall et al. (2019) for
details). The DAP performs the spectral index measurements after first subtracting
the best-fit emission-line model from the observed spectrum. It does not perform any
stellar continuum subtraction on the NaD feature, hence the observed EW shows the
presence of both the stellar and the ISM component. However the NaD maps show
highly anisotropic and clumpy spatial morphology, indicating that a major portion of
the observed NaD absorption is likely contributed by ISM gas. We also find that the
regions with high NaD EW are spatially offset from the bi-symmetric feature observed
in Ho map suggesting the presence of multiphase gas components tracing different
activities in these galaxies.

Roy et al. (2018) cross-matched the red geyser sample with VLA-FIRST cat-
alog to identify the radio detected red geysers. For the latest sample from MPL-9, we
have an updated list of radio detected red geysers consisting of 30 galaxies.

We construct a control sample of spheroidal quiescent galaxies which are
matched in global properties, namely stellar mass, color, redshift and axis ratio, but
do not show the resolved geyser-like features as described previously. For each red

geyser, we match up to four quiescent galaxies (having NUV —r > 5) with the following
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criteria:

i log M*,red geyser/M*,control < 0.2 dex
® Zred geyser - Zcontrol < 0.01
b b/ared geyser ~ b/acontrol < 0.1

where M, is the stellar mass, z is the spectroscopic redshift, and b/a is the axis ratio
from the NSA catalog. This technique results in 458 unique control galaxies with 65 of

them detected in FIRST. These constitute the radio-detected control sample.

5.3 Data Analysis

5.3.1 Stellar continuum fitting

The sodium doublet feature can arise from photospheric transitions in evolved
cool stars, as well as from cool neutral gas in the ISM. Since our samples consist of red
and quiescent galaxies with evolved stellar populations, the presence of K-M type stars
throughout the galaxy are likely to make up a major fraction of the spectral NaD profile
(Jacoby et al. 1984; Tyson & Rich 1991) with the residual absorption attributed to the
ISM component. On the other hand, since the primary contribution in the Magnesium
triplet MgI\5167,5173,5184 A (Mg b) absorption is from the stars, studies of star-
forming galaxies have found a linear relation between the EW of Mg b and NaD from

the stellar component alone (Alatalo et al. 2016). Inspite of the observed scatter around
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Figure 5.3: [Upper panel] Equivalent widths EW(NaD) vs. EW(Mg b) of the red
geysers (magenta squares) and control sample (grey circles). The FIRST-detected radio
red geysers are marked in cyan. The dashed blue line represents the empirical relation
from stellar component only found in Alatalo et al. (2016) for star-forming galaxies.
Any object above the relation is expected to have a dominant ISM contribution in NaD.
[Lower panel] Probability density functions for the Na I D EW, measured with respect to
the mean Alatalo et al. (2016) relation: EW(Na D) = 0.685*EW (Mg b)+0.8 (indicated
by blue dashed line in the upper panel) for the different subsamples. The radio-detected
red geysers (cyan) show a clear departure from the other two distributions, with a large
fraction of objects showing excess NaD compared to their Mgb.

199



—— data

3 — ppxf fit
p—
' 2
250
n
wn 1
9
E o
o 4000 4500 5000 5500 6000 6500
&0
b 7 2.2 i
Y o1s o L
T N 2.0 |
o T it
16 [} 1
At e s »
[ | 1 1
X 14 N 16
— [ | 1
TR |

1.4

1
12 M

5125 5150 5175 5200 5225 5860 5880 5900 5920 594

Wavelength [A]

Figure 5.4: The top panel shows an example MaNGA spectrum in black. The best fit
stellar continuum obtained from ppXF fit using MIUSCAT stellar population models,
as described in §5.3.1, is overplotted in red. The result of the continuum fit around
Magnesium triplet (Mg b) and Sodium doublet (NaD) absorption lines are shown in
the left and right subplots in the bottom panel respectively. 1-o errors in the observed
spectra are shown in the bottom panels in cyan. The gray shaded region in the lower
left panel highlight the [NI] emission line at 5200 A.

200



the empirical relation in Alatalo et al. (2016), any enhancement in NaD compared to
Mgb beyond the relation likely indicates the ISM contribution.

Fig. 5.3 (upper panel) compares the EW of NaD and Mgb of red geysers (in
cyan and magenta squares, representing radio-detected and non-radio-detected galaxies
from FIRST survey respectively) and the control sample (in grey circles), obtained by
averaging the EW measured by the MaNGA DAP (that includes NaD absorption from
both stellar and ISM component) over all spaxels within one effective radius. The figure
shows that a large fraction of the galaxies in the radio-detected red geyser sample have
a considerable excess in NaD lying above the Alatalo et al. (2016) empirical relation
(blue dashed line).

This is further confirmed by the lower panel in Fig. 5.3, which shows the
probability density function (PDF) of the deviation of NaD EW distribution with respect
to the Alatalo et al. (2016) relation. We find that a large fraction of radio-detected red
geysers show an excess amount of NaD, as indicated by the clear positive wing in the
distribution, compared to the other two samples. Infact, 75% of the radio-red geyser
sample lie above the relation, which compares to 51% in non-radio detected red geysers
and only 32% in the control sample. This indicates an elevated abundance of cool
gas within radio-detected red geysers and a possible correlation with the presence of
radio-detected AGNs that we will return to below.

It is to be noted from Fig. 5.3 that there exist a notable amount of NaD deficit
at low Mgb particularly for the control galaxies. This is likely caused by the in-filling

of the resonant NaD emission line which has been previously detected in integrated,
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stacked as well as spatially resolved NaD spectrum (Alatalo et al. 2016; Chen et al.
2010; Rupke et al. 2021). The non-radio detected red geysers, on the other hand, show
roughly an equal fraction of galaxies with NaD deficit (at low Mgb) and excess (at high
Mgb) with a rather symmetric distribution overall.

The next step is to accurately model out the stellar continuum contribution to
the NaD absorption in order to extract the residual gaseous component. First, we mask
spaxels with low or no spectral coverage, low signal-to-noise and having foreground stars,
unreliable fits or noisy observations as flagged by MaNGA under the mask-bit names
NOCOV, LOWCOV, FORESTAR, UNRELIABLE and DONOTUSE. Then, following Rubin et al.
(in prep), we bin and stack the spectra in 2" x 2" spatial bins (or spaxels) to acquire
a good continuum signal to noise (S/N>10 per dispersion element) per bin throughout
the galaxy.

We then fit the stellar continuum for each spatial bin with ppxf (Penalized Pixel
Fitting, Cappellari & Emsellem 2004; Cappellari 2017) which fits a linear combination of
simple stellar population (SSP) model templates. Here, we make use of the MIUSCAT
SSP (Vazdekis et al. 2012), although a detailed comparison with other SSP models is
presented later. Strong emission line regions are masked during the fit. We also mask
the region around the NaD transition, as we assume that the doublet is a result of stellar
+ ISM contribution and hence should not be fit by the model. We also mask the red
half of the He I emission line at 5875.67 A, which is close enough to the NaD line that it
could affect the residual profile. An example spectrum and its continuum fit is shown in

Fig. 5.4. The stellar continuum model shows a satisfactory fit, with minimal residuals
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Figure 5.5: Left panel shows the modeled stellar continuum obtained by using three dif-
ferent stellar population models (MIUSCAT, BPASS and MASTAR) in different colors
and line styles, overplotted on the observed NaD absorption spectra in black. 1-o error
of the observed NaD spectrum is shown in cyan. Right panel shows the corresponding
continuum normalized residual NaD indicating contribution from the ISM.

around Mg b and an excess around NaD, which hints at the presence of ISM gas.

To remove the stellar continuum and isolate the ISM component, the spectrum
in each bin is divided by the best corresponding continuum fit. We additionally fit a
first-order polynomial to the continuum-normalized spectrum in the wavelength range
immediately (20 A) blueward and redward of the NaD profile and divide the residual
by the polynomial fit. This is to account for any systematic errors in continuum fitting
that might give rise to artificial residuals.

We now examine the robustness of our stellar continuum modeling to the
assumed stellar library. We repeat the above continuum fitting process for 10 galaxies
in each of red geyser and control sample across every spatial bin using two additional

libraries, namely MaStar (Yan et al. 2019), an empirical library constructed using the
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MaNGA instrumentation, and BPASS (Eldridge et al. 2017), a theoretical template
library. The BPASS SSP models are drawn from the v2.2.1 release that adopted the
default BPASS initial mass function 3. SSPs over a range of log age (in Gyr) from —1.2
to 1.1, with stellar metallicity mass fractions Z=0.008, 0.02, and 0.03, are included. The
BPASS fitting will be described in full in Parker et al. (in prep).

An example of the variation of the stellar contribution owing to the different
stellar population models is shown in the left panel of Fig 5.5. The different colors indi-
cate the SSPs used to construct the stellar model. The right panel shows the continuum
normalized NaD spectra using those same SSPs. We find that the fractional difference in
NaD EW of the continuum-normalized spectra, computed using the MASTAR and the
MIUSCAT models, range between 5-15 % in the ten red geyser galaxies studied. How-
ever, the BPASS model can change the estimated EW by about 25-30%, compared to
the other two models. The BPASS is the result of combining theoretical model spectra
with as few empirical inputs as possible. Hence this differs largely from the two other
stellar models (MIUSCAT and MASTAR) which are based on empirical libraries. Pre-
liminary work has revealed that the BPASS continuum model may be under-predicting
the amount of NaD coming from stellar atmospheres (Parker et al. in prep). On the
other hand, the stellar models from MIUSCAT and the MASTAR models, drawing on
empirical libraries, likely contain some interstellar Nal absorption from the Milky Way,
overpredicting NaD absorption from stars. Thus, the three models are different and are

shown to explore a broad range of parameter space in stellar continuum modeling and

3These are freely available at https://bpass.auckland.ac.nz/9.html
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their effect in our analyses.

Although the equivalent width value of the continuum normalized NaD spec-
tra changes owing to the different stellar models, the velocity difference is negligible
(< 5 km s7!), as shown by the example in Fig 5.5. Among the three libraries we
tested, we use the MIUSCAT SSPs in what follows because this particular set of models

yields the most conservative (lowest) value of inferred NaD ISM contribution.

5.3.2 Equivalent Width Calculation

Once the spectrum is continuum-normalized, the strength of the NaD absorp-
tion arising from the ISM is quantified by the equivalent width (EW). EW is measured

as follows:

W:hAi [1—2] (5.1)

j=1

where hy denotes the dispersion in wavelength in A /pixel, M is the number of individual
pixels that together constitute the desired wavelength interval which includes 20 A im-
mediately blueward and redward surrounding and including the NaD absorption feature,

and Fj/F is the continuum normalized flux for each of those pixels.

5.3.3 NaD line fitting using Bayesian inference

After continuum-normalizing the spectra as discussed in §5.3.1, we want to
determine the kinematics of the neutral gas present in our galaxy samples. We perform

a “detection” test for every spaxel to determine the significance of the ISM component
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in the NaD spectra with the following criteria:

1. The depth of the absorption trough in the residual spectra must be at least ~ 10%

of the continuum level.
2. The equivalent width measured from the residual ISM component must be > 0.3 A.
3. The S/N of each spectrum > 10 per dispersion element.

The primary reason behind taking such restrictive criteria is to prevent biases from
low signal-to-noise (S/N) spectra with extremely small inferred residuals which would
provide inaccurate kinematic estimates from erroneous model fits. As discussed later,
input spectrum with S/N < 10 gives an error of up to ~ 20 km s~! in measured
velocities which can be marginally close to the observed velocity amplitudes we wish to
investigate. Requiring spectra with S/N > 10 ensures that the velocity errors remain
within acceptable limits.

The NaD spectral feature in the spaxels which satisfy all the requirements are
then modelled with an analytical function (Rupke et al. 2005), which takes the following

form:

I(A) =1—Cg+4 Cp x e NN (5.2)

where Cy is the velocity-independent covering factor, and 75(\) and 7r () are the optical
depths of the Na I A 5891 A and Na I X 5897 A (vacuum wavelength) lines, respectively.

The optical depth of the line, 7(\), can be expressed as:
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T(A) = 10 X o~ (A=20+AXotset)?/ (Ao +AXoftset)bp /)2 (5:3)

where 79 and )¢ are the central optical depth and central wavelength of each line com-
ponent, respectively, bp is the Doppler line width, and c is the speed of light. The
wavelength offset is converted from a velocity offset, given by AN ¢fser = AvAg/c. For
NaD, 79.5/70,r = 2. The optical depth parameter can be derived from the column
density of sodium described as :

Tob

N(Nal) = 4
(Nal) 1.497 x 10~ )of (5-4)

where A\ and f are the rest frame wavelength (vacuum) and oscillator strength,
respectively. Throughout this study we assume \g = 5897.55A and f = 0.318 (Morton
1991).

The absorption feature is fitted here using a single kinematic component. Fit-
ting the neutral gas absorption with one component is certainly an over-simplification in
a scenario where contributions from more than one gas cloud along the line of sight are
embedded within a single line profile. However, this approach allows us to characterize
the global kinematics obtained from the data. The absorption model is convolved with
MaNGA’s instrumental resolution (~ 65 km s~!) before performing the fit.

In order to explore possible degeneracies, obtain unbiased fits, and estimate
the errors, we wrap our fitting procedure in a Bayesian inference approach using the Dy-

namical Nested Sampling algorithm (Higson et al. 2019) as implemented in the Python

207



1.00

0.95

0.90

0.85 — ISM-only
--- Model fit

- AV=0

Normalized Flux

0%§g ’ Est. Velocity ;

0
O
oc
5870 5880 5890 59QQ 5910 5920
§ 1.00 pe=r=--f- N i W B X .. 3
T
© 0.95
()
N
© 090
% —— ISM-only
--- Model fit
> 085 T
””” Est. Velocity i :
n 0,000 T L T /A o Ao
Q
0C -0.02

5
5870 5880 5890 5900 5910 5920

Wavelength [A]

Figure 5.6: The two panels show the modeling of continuum-normalized NaD spectra
using Rupke et al. (2005) absorption model for two different spaxels of a red geyser
(MaNGA ID: 1-217022). The observed spectra are shown in black, the best fit models
in green, and the wavelengths corresponding to the estimated velocities in magenta.
The bottom subpanels below the main plots show the residuals of the fits.
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package, dynesty (Speagle 2020). Nested Sampling (Skilling 2004) estimates both the
Bayesian evidence and posterior distributions in an iterative fashion until the conver-
gence criteria is met. The method has the flexibility to sample from complex, multi-
modal distributions using adaptive sampling to maximise the accuracy and efficiency of
the fitting process. The greater flexibility and the ability to compute Bayesian evidence
(Z) on top of posteriors are advantages compared to traditional Marcov Chain Monte
Carlo (MCMC) methods. The default stopping criterion for dynesty is used in our anal-
yses with no limitation on the maximum number of iterations. We have set reasonable
priors in our MCMC fitting routine: the line width is constrained within #100 km s—!
around the stellar line width obtained from the continuum model and the limits on the

allowed velocity are set at +500 km s~!.

The covering fraction takes values within 0
and 1. No constraints are placed on the column density parameter. Fig. 5.6 shows two
examples of model fits applied to two different spatial bins of a red geyser (MaNGA ID:
1-217022). The residuals vary from 2 — 5%, indicating an acceptable model fit.

For each input spectrum, our procedure delivers estimates of the column den-
sity, velocity, line width, and the covering fraction. The best fit velocity with respect to
the systemic velocity is assigned to the kinematics of the neutral ISM at that location.

As a key aspect of this paper is a characterization of the global NaD kine-
matics in our red geyser sample, it is important to test the robustness of our velocity
measurements for systematic biases. Such biases might be expected: we are fitting an

asymmetric absorption doublet model to the spectral residual obtained after subtract-

ing a broadened and possibly offset version (from the stellar continuum) of a similar
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Figure 5.7: Difference between the input velocity (V) of the ISM component used to
simulate the mock NaD absorption spectra and the retrieved velocity obtained with our
velocity estimation analysis vs. the signal-to-noise ratio used in the mock simulation.
Each color represents ‘true’ ISM velocities used for simulating the data. Colored shaded
regions depict 1o error regions on the difference. The solid lines are for realistic sodium
doublet absorption profiles while dashed lines are for doublet profiles which are mirror
images of the former. Grey shaded region indicates the S/N in our observed spectrum.
This shows the bias in our velocity retrieval process.
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doublet model.

We begin by generating a synthetic stellar NaD absorption spectra assuming
a Gaussian stellar velocity profile of amplitude and width as observed from the stel-
lar continuum model of our example galaxy with MaNGAID—1-217022. The mean
of the Gaussian is set to the systemic velocity of the galaxy. We simulate the ISM
component using the doublet absorption model of Rupke et al. (2005) with average val-
ues set for each parameter, namely, column density= 2.9 x 10'3 cm~2, line width (o)
= 150 km s~ ! and covering fraction = 0.2. These parameter values were obtained by
fitting the observed NaD-ISM spectra for the same galaxy with the same Rupke et al.
(2005) model. Mock spectra are created for five assumed input velocity offsets (-100
kms! -50 km s, 0 km s™!, 50 km s~! & 100 km s71) relative to the systemic velocity.
We convolve the resultant profile with the instrumental resolution of MaNGA and then
add normally-distributed noise to the simulated spectra. We perform the above process
for different signal-to-noise values ranging from 1 to 20 at each input velocity. We fit
the resultant spectra and retrieve the model parameters according to the technique de-
scribed above and in §5.3.1. The error estimates on the retrieved velocities are obtained
by bootstrapping the simulated ‘data’.

The difference in the retrieved versus input velocities for different values of
signal-to-noise ratios are shown in the Fig. 5.7 via solid lines. Each colored line rep-
resents a different initial velocity offset value. The plot reveals systematic biases that
result from our model fitting and velocity retrieval process. We see that a modest pos-

itive (redshifted) bias exist, but for at S/N >10 per dispersion element (grey shaded
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region), similar to the noise level in the NaD spectra used in our analyses, the bias in all
cases is less than ~ 5 km s~!. As we show, this systematic error is roughly an order of
magnitude smaller than the average velocity offsets we detect in our red geyser samples.

Such a bias probably arises due to the combination of the inherent shape of the
subtracted stellar component as well as the interstellar component of the NaD doublet
feature. To check that, we produce similar mock NaD spectra as before, but this time
we reverse the shape of the doublet feature, while keeping the stellar absorption model
same. We perform a similar velocity retrieval process and the results are shown in
dashed lines. We see that the bias has now switched to the negative side for input
velocities < 0 and show a much smaller positive bias compared to the previous exercise
for positive velocities. Varying one or a combination of other parameters like column

density, covering fraction or line width has no impact on the amplitude of the bias.

5.3.4 Stacking optical spectra and interpretation of stacked kinematics

In what follows, we will be interested in the average behavior of the NaD ISM
component across various subsamples as a check on our model fits of spatially-binned
spectra in individual galaxies. To compute spatially-integrated spectra per galaxy, we
shift the spectra from each spaxel to the rest frame of the galaxy and continuum nor-
malize them before coaddition to remove the stellar contribution by method discussed
in §5.3.1. After generating a pure-ISM spectra from each spaxel, we construct a circular
radius of 8" in each galaxy (which is roughly the angular scale corresponding to the

average effective radii of our targets) and include only those spaxels within the radius
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which satisfy the detection criteria. This is done to remove low signal-to-noise spaxels
as well as spaxels near the extreme edge of the IFU. We co-add the spectra and perform
weighted averages where the weights are the S/N of each spectrum used in the stacking.
The spatially integrated velocity thus obtained represents the average kinematics from
the particular galaxy. Once we obtain an integrated spectrum for each galaxy, we also

compute a stacked spectrum across each galaxy sample.

5.4 Results

With the ISM component of the NaD absorption spectra extracted, we de-
rive estimates of the equivalent width, column density, and kinematics to search for
potential differences between red geysers and normal galaxies. Our four samples of
interest include 30 radio-detected red geysers (radio-RG), 110 non-radio-detected red
geysers (nonradio-RG), 65 radio-detected control sample galaxies (radio-CS) and 393
non-radio-detected control galaxies (nonradio-CS). We will compare these samples to
investigate the frequency and strength of ISM NaD absorption in red geysers, both with

and without radio AGN. Finally we will investigate the NaD kinematics.

5.4.1 Fractional contribution of Interstellar NaD absorption in red

geysers

We begin by evaluating the fractional contribution of the ISM component to
the total NaD absorption in our sample of 140 red geysers. After fitting the stellar
continuum according to the method described in §5.3.1 we calculate the mean EW of
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Figure 5.8:  The distribution of mean percentage of ISM contribution in the NaD
doublet absorption profile as observed in the red geyser galaxy sample. Dashed line
separates red geyser galaxies with ISM fraction > 40%, which is greater than twice the
typical fraction observed in control galaxies.
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samples.
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Figure 5.10:  Spatially resolved NaD EW maps for four red geysers (MaNGA ID:
1-217022, 1-273933, 1-575742 and 1-94168) derived from the spaxel-wise continuum-
normalized NaD spectra for each galaxy. Since the stellar continuum has been factored
out, the displayed EW comes entirely from the ISM component. Out of the four red
geysers shown here, three are radio detected (MaNGA ID: 1-217022, 1-273933, 1-94168).
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the continuum normalized NaD-ISM spectra for each red geyser galaxy by averaging
over those spaxels that satisfy the 'detection test’ described in §5.3.3. We then compute
the ratio of the NaD EW from the ISM component to the total EW derived from
the original spectra. The distribution of this ratio for the entire red geyser sample is
presented in Fig. 5.8.

Since passive early type galaxies are dominated by evolved stellar population
which is the major contributor to the NaD absorption feature, the fraction of ISM
component in the NaD EW is generally observed to be low. The fraction is < 20% in
majority (80%) of the control galaxies. On the other hand, we find that in 50 out of
140 red geysers (i.e., 35% of the sample), the fractional ISM contribution is > 40%, i.e.
greater than twice the typical fraction observed in the control galaxies. 77 red geysers
(i.e., 55% of the sample) have ISM fraction > 30%. If we consider the spatially resolved
map for each galaxy, roughly 56% of the red geyser sample show an appreciable presence
of ISM gas(i.e., spaxels satisfies the detection criteria in §5.3.3) over a projected area of
> 5 x 5 kpc?. The fraction increases to 78% if we consider only the radio detected red
geyser sample. This compares to a mere 25% for the entire control sample and 41% for

the radio detected control galaxies.

5.4.2 Comparison of mean EW in radio detected red geysers vs. con-

trol sample

Having shown that detections of substantial ISM components are 2—-3 times

more common among red geysers, we now investigate whether this implies that the total

217



amount of NaD-associated gas, as seen in absorption, is also greater. After removing the
stellar contribution, we calculate the column density weighted mean NaD EW across all
galaxies in the FIRST-detected radio-RG and nonradio-RG samples and compare them
to radio-CS and nonradio-CS galaxies.

The comparison is shown as cumulative distribution functions in Fig. 5.9. The
distribution of the NaD EW from the radio-RG galaxies appears to be different than
both the radio detected and non-detected control samples. The nonradio RG, however,
show a very similar distribution of NaD EW with the radio-CS sample. We perform a
Kolmogorov-Smirnov (KS) test to measure the statistical significance of the differences
of radio-RG sample with radio-CS and nonradio-CS samples and find that the null
hypothesis that the said distributions are similar are rejected at a level < 1% with
p values = 0.008 and 7 x 107° respectively. Additionally, the radio-red geysers have
the highest mean with EW = 0.9J_r8:§(1) A, greater by about 0.45 A than the radio-CS
sample which has a mean EW = 0.46f8:%g A and more than the nonradio-CS (EW =
0.27705¢ A). The nonradio-RG also has a high NaD EW than both the control samples
with a mean EW = 0.51f8:§g A. This indicates a greater level of NaD-absorbing material
in the ISM of the red geysers generally, but particularly so for the radio detected sample.

Fig. 5.10 shows the spatially-resolved NaD EW maps from the ISM components
in four representative red geysers (MaNGA-ID: 1-217022, 1-273933, 1-575742, 1-94168)
with ISM contributions EEXQZVV% > 30 — 40%. While all four of them exhibit an ISM NaD

enhancement, EW in two of them even exceed 2.5 A in certain regions of these galaxies.
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Figure 5.11: Cumulative distributions showing the fractional area of the galaxy com-
prising the cooler neutral ISM gas via NaD absorption for radio detected and not-
detected red geysers (red and orange) and control samples (blue and cyan) galaxies

respectively. Radio detected red geyser covers, on average, the highest fractional area
of NaD absorption (red solid line), almost three times higher than that of the mean of

radio detected control sample (blue solid line).
5.4.3 Spatial extent and morphology of the NaD feature

Fig. 5.10 illustrates several common features in the spatial morphology of the
ISM NaD distributions observed within red geysers. These components typically have
irregular shapes and are not smooth and symmetric, unlike what is typically expected
from stellar distribution (similar to Cazzoli et al. 2014). These asymmetric spatial

distributions reinforce the ISM origin of this enhanced NaD absorption.
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We have shown that ISM-associated NaD absorption is more common and
globally stronger in red geysers, but we can also characterize the typical density dis-
tributions of this absorption to distinguish between dense, but relatively concentrated
components versus those that are more extended and diffuse. To quantify the spatial
morphology and extent of the NaD absorption in each galaxy, we convert the number of
spaxels comprising the NaD enhancements in each galaxy to the on-sky projected area

using the following conversions:

Aﬂow = ANaD =N x (Sp)2 (55)

Ag =7 R2 (b/a) (5.6)

where N is the number of spaxels, S, is the pixel scale which is 0.5” for MaNGA,
R, indicates the effective radius of the galaxy and b/a gives the axis ratio.

Hence the quantity Apow/Aga gives the fractional area covered by the NaD
ISM absorption compared to the on-sky projected area of the entire galaxy. Fig. 5.11
shows the cumulative distributions of this fraction for radio-RG, nonradio-RG, radio-CS
and nonradio-CS galaxies. We see that when ISM NaD absorption above our threshold
is detected, it covers a wider fractional area (0.28’:8:8?) within the average radio-detected
red geyser sample compared to its areal fractions (0.097) 05 and 0.1703,) in the radio-

detected and non-detected control samples respectively. This is consistent with Rupke

et al. (2021) where the percentage of galaxy disk area showing inflows/outflows via
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NaD signature is found to be within 10-25% for a sample of Seyfert galaxies. KS test
reveals that the distribution of fractional area from radio-RG sample is similar to that
of nonradio RG sample (p value = 0.161) but differ significantly from the radio-CS (p
=5 x 107*) and nonradio CS (p = 1 x 107°) galaxies. Here, p value < 0.01 indicates
the null hypothesis of the distributions being similar are rejected at a level <1%. If we
define a column density threshold of log N(Na I)/ecm~2 > 12.3, which corresponds to
the average NaD column density across the entire red geyser and control sample, we
find that 63% of radio-RG show NaD absorption which covers at least > 10% of the
on-sky projected area in the galaxy. This compares to 42% in non radio-RG sample,
27% and 21% in radio-CS and nonradio-CS galaxies respectively. Thus, the spatial
extent of the cool gas present in the FIRST-detected radio enhanced red geysers far

exceeds those from the other samples of galaxies.

5.4.4 Spatially resolved NaD kinematics

By a number of measures, the previous sections have illustrated that red gey-
sers, and in particular radio-detected red geysers, feature more prominent levels of
ISM-associated cool material as traced by NaD. We now turn to the kinematics of this
material as a way to probe its physical origin and evolution. We first calculate the
spatially-resolved kinematics of the cool neutral ISM in red geyser and control samples
by measuring the doppler shift of the ISM component of the NaD absorption line with
respect to the systemic velocity for each spaxel in every galaxy (see §5.4.2).

We calculate the mean doppler velocity offset within each galaxy after weight-
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Figure 5.12: The cumulative distribution of mean velocities obtained from spatially
resolved NaD kinematics for red geyser and control samples, split by radio detection.
The color scheme is the same as Fig. 5.9. The mean velocities are calculated by com-
puting the average of spatially resolved velocities over a circular radius of 8”. Both the
radio detected and non-detected red geyser samples shows a clear excess in redshift or
a positive velocity compared to control samples.
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ing by the column density, similar to the computation of mean EW. The comparison
between the mean velocity in radio detected and not-detected red geyser with control
samples (split by radio detection) is shown in Fig. 5.12. The radio-RG sample shows
an average positive (or redshifted) velocity V= 41 + 14 km s~!, with respect to the
systemic velocity. The nonradio-RG sample also shows a positive velocity, though of
lesser amplitude, with a mean value 1349 km s~!. The radio detected and non detected
control galaxies, on the other hand, has average V= 8412 km s~ and 4411 km s~ re-
spectively. Thus the radio red geyser sample shows more redshifted velocity on average.
Looking at the statistics across the samples, we find that 86% of radio RG sample has
V> 0, while only 24% and 13% of radio-CS and nonradio-CS galaxies show a redshifted
velocity. The radio RG sample show a statistically different distribution from radio-
detected and non-radio detected control samples from KS test with p value= 0.009 and
6x10~* respectively. The nonradio-RG however show similar distribution with radio-CS
with p> 0.01, but significant difference with nonradio-CS (p value = 1 x 1073.

Fig. 5.13 shows spatially resolved velocity maps of the NaD-ISM absorption
spectra of the same four red geysers as Fig. 5.10 (MaNGA ID: 1-217022, 1-273933,
1-575742, 1-94168). Except for the galaxy in the lower left panel, the rest are radio-
detected. The radio detected red geysers show significant redshifted spaxels, generally

clustered on one side of the galaxy.
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Figure 5.13:  Spatially resolved NaD velocity maps of the same four red geysers as
Fig. 5.10(MaNGA ID: 1-217022, 1-273933, 1-575742 and 1-94168). The velocities are
extracted from modeling the NaD absorption spectra with Rupke et al. (2005) model,
wrapped in an MCMC framework.
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Figure 5.14: Stacked and normalized NaD spectra containing only the ISM component
for radio detected and not-detected red geysers (red and orange) and control sample
(blue and cyan) galaxies respectively. The total number of spaxels with detected NaD
ISM used in the stacking for each of the galaxy sample is mentioned in the legend in
square brackets. The radio detected red geyser sample show the highest positive velocity
(or inflow) relative to the systemic velocity, closely followed by the non radio geysers.
The control sample do not exhibit any visible redshift signature in the stacked sample.
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5.4.5 Global stacked kinematics

We have found a clear, redshifted signature (positive velocity, V = 41 km s~1)
in the average of the spatially-resolved NaD offset velocity in the radio detected red
geyser galaxies. However, to estimate these average velocities, we performed Bayesian
fitting assuming a specific absorption model to each spaxel (§5.3.3) and computed the
mean velocities after weighing by column density. We have shown in Fig. 5.7 that a
small but positive bias (< 5 km s™! at S/N > 10 per dispersion element) can emerge
from the fitting algorithm used for the kinematic analyses. Thus to ensure that the
velocities we get do not arise due to artifacts of model fitting or averaging, we compute
the kinematics of stacked NaD profiles from all four sample of galaxies to check if we
see similar trends.

We only use spaxels that meet the criteria described in §5.3.3. Additionally
we impose another constraint that the considered spaxels should have a measured EW
of the total NaD feature (including both stellar and ISM contribution) to be > 2A.
This picks out the spaxels with an appreciable NaD signal in each galaxy and provides
confidence in the measured equivalent width from the spectra. We then perform a spaxel
wise stacking of the continuum normalised spectra around the NaD feature and over
each sample. The stacked spectra for all four samples are shown in Fig. 5.14. The red
geyser samples feature a positive velocity offset. The radio-detected red geysers show
a higher redshifted velocity (+53 &6 km s~!) compared to non-radio-detected geysers

(31 £5 km s7!). The control samples do not show any significant redshift signature
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Table 5.1: Summary of the NaD-ISM properties obtained for four galaxy samples

Sample Mean EW [A] Fractional area on-sky Mean resolved V [km s™!]  Stacked V [km s™!]
Radio-red geysers 0.9015:3% 0.2875:59 40.86 + 14.07 52.8 & 6.27
Nonradio-red geysers 0.5175:3 0.2275-12 13.56 + 9.21 31.0 + 5.02
Radio control sample 0.46192 0.0970:85 8.13 £ 12.10 10.2 + 7.78
Nonradio control sample — 0.27%4L¢ 0.1733, 4.00 + 11.97 -28.1 + 25.3

relative to the systemic velocity and show values within +10 km s~! with large errors
(See Table 5.1, column 5). The errors quoted in Table 5.1 indicate mean 1-o uncertainty
over the whole sample. The stacked velocity values agree well with the average resolved

kinematic measurements obtained in §5.4.4.

5.5 Discussion

We have examined the cool ISM properties as probed by NaD in four samples
of interest: 30 radio-detected red geysers, 110 non-radio-detected red geysers, 65 radio-
detected control sample galaxies and 393 non-radio-detected control sample galaxies.
Table. 5.1 summarizes the main findings along with mean 1-o error values calculated
within each galaxy sample.

We find that the radio detected red geyser sample show the highest mean EW
(0.9 A) from the NaD ISM component, compared to the rest of the samples (Table. 5.1,
column 2). Fig. 5.9 shows that the average EW in radio-RG sample is about 0.5 A higher
than the control galaxies, irrespective of radio detection. We also find that 78% of radio-

RG sample possess an appreciable amount of cool gas detected over a projected area
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> 5 x 5 kpc?, which is the largest compared to the other samples. The NaD in the
radio detected red geysers also occupy a larger on-sky area on average, roughly 28% of
the projected area of the galaxy (Fig. 5.11). These results imply that the red geyser
galaxies, which host low luminosity radio AGNSs, typically have an abundant supply of
cool gas. A rough estimate of the mass of this detected cool gas is given in the later
part of this discussion in §5.5.1.

Fig. 5.12 shows that the average doppler shift of NaD obtained from the spa-
tially resolved kinematics in the radio RG sample is roughly 40 km s~! with respect to
the systemic velocity. The non-radio RG show a smaller positive velocity 13 km s—1.
The control galaxies, irrespective of radio detection, show an almost zero velocity within
the uncertainties (Table. 5.1). This result very closely matches with the global stacked
kinematics obtained by stacking all the galaxies in each of the four samples. We find
that the radio detected red geysers show a strong redshift or positive velocity, of about
53 km s~! compared to the other samples (Fig. 5.14, also see Table. 5.1). Redshift in
absorption indicates gas inflowing towards the galaxy, away from the observer. The
correlation with radio properties together with inflowing kinematics possibly indicate
that the cool gas is fueling the central AGN in the radio detected red geyser galaxies,
very similar to the prototypical red geyser in Cheung et al. (2016). It is interesting to
note that the radio-detected control galaxy sample also displays a moderate amount of
ISM-associated cool gas via NaD absorption (mean EW = 0.46 A) but shows no in-
flowing signature as in the red geysers. Our interpretation in alignment with Roy et al.

(2018) is that these radio detected control galaxies, which also host low-luminosity radio
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AGNs, are not capable of driving energetic winds like the red geysers in present time
but they might in the future. This detected cool gas may slowly accumulate over time

and can eventually fuel the central AGN which can then trigger the red geyser winds.

5.5.1 Cool gas mass and inflow rates

In order to get a rough estimate for the implied mass inflow rate in red geysers,
we adopt the following equation from Roberts-Borsani & Saintonge (2019):

Moyt = Q pmpg N(H) v r (5.7)

where €2 is the solid angle subtended by the wind at its origin, my is the mean atomic
weight (with a u=1.4 correction for relative He abundance), N(H) is the column density
of Hydrogen along the line of sight, v is the doppler velocity, and r is the extent of the
NaD absorption in the galaxy with respect to the center.

Making the same assumptions as Rupke et al. (2005), the column density of

hydrogen can be written as:

B N(NaI)
~ x(NaT) d(Nal) Z(NaTI)

N(H) (5.8)

where N(Na I) is the sodium column density, x(Na I)= N(Na I)/N(Na) is the
assumed ionization fraction, d(Na I) is the fraction depletion onto dust, and Z(Na I)
is the Na abundance. We assume a 90% ionization fraction (x(Na I)=0.1), a Galactic
value for the depletion onto dust (log d(Na I)=-0.95), and solar metallicity (Zgsolar(Na
I)=log[N(Na)/N(H)]=-5.69) similar to that assumed in Rupke et al. (2005). Putting the
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log N(Na I) [em~2] values which range from 11.6 to 13.7 obtained from modeling the
NaD absorption feature in radio detected red geyser sample, we obtain an average log
N(H)/ecm™2 ~ 19.50—21.30. This is roughly in agreement with the log N(H)/cm~=2 ~ 21
estimated according to Bohlin et al. (1978) from the average dust extinction in similar
galaxies.

With these assumptions and setting Qur in Eq.5.7 equal to C'f Anap /tacc, Where
Anap is the on-sky projected area of the galaxy comprising NaD absorption from §5.4.3

and t,cc 1S the accretion timescale ~ % , we get:

Mout = ¢ myg C¢ N(H) Axap Rl (5.9)

The total mass of the gas can be estimated by the assumption: Mo, = Moyt X

tacc .

Mtot = M 1y Cf N(H) ANaD (5.10)

The cloud covering factor Cr is taken to be 0.4, the average value obtained
from our model fits. For the radio-detected red geysers, the NaD velocity (v) varies from
10 km s~! — 100 km s~! (Figure. 5.12) with a mean of ~ 45 km s~! (Table. 5.1, column
4 and 5). The estimated total mass ranges from Mgy ~ 0.1 X 107 Mg — 5. X 108 Mg
within the radio-detected red geyser sample while the mass inflow rate spans a large
range ~ 0.02—5 Mg yr~!. The estimated hydrogen column density, mass flow rates and

the mass of the gas for each galaxy in the radio RG sample is given in Table. 5.2 along
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with their 1-0 uncertainties. The 1-o errors in the column density are derived from
MCMC fitting of the absorption line model (§5.3.3) to the observed NaD spectrum
in each spaxel, satisfying the detection criteria, within a galaxy and adding them in
quadrature. The corresponding errors in flow rate and gas mass are obtained from
simple error propagation.

A few galaxies show negative velocity (or blueshift) indicating possible out-
flowing gas and the outflow rate, estimated from the same eqn. 5.9, is given with a
negative sign in the table. As expected, the majority of radio-detected red geysers show
inflowing gas. Those galaxies with no NaD ISM component detected in any spaxels
(following §5.3.3) are tabulated as having zero inflow rate and My although there may

be cool gas present below our detection level.

5.5.2 Origin of inflowing gas

Infalling gas in red geysers at the estimated accretion rates can come from a

variety of sources:

e Accretion from outside the galaxy and its halo. Galaxy mergers, specifically minor
mergers, present an obvious mechanism (Sanders et al. 1988; Weston et al. 2017;

Kaviraj 2014; Pace & Salim 2014; Martin et al. 2018).

e A completely internal source, such as gas injected into the interstellar medium
during stellar mass loss (Conroy et al. 2015) which undergoes cooling and con-

densation, perhaps eventually feeding an AGN (Ciotti & Ostriker 1997; Ciotti &
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Ostriker 2001; Ciotti & Ostriker 2007).

e Fountain scenario where the warm ionized outflowing gas, driven out by the central
AGN from earlier geyser episodes, rises into the halo, cools and condenses as it
expands, and then falls back onto the galaxy (e.g., Shapiro & Field 1976; Bregman

1980; Norman & Ikeuchi 1989; Tremblay et al. 2016, 2018; Voit et al. 2017).

Numerous observations have measured the merger rates in nearby galaxies
(see Ellison et al. 2015, and references therein) and several authors have emphasized
widespread merger activity when observational evidence sensitive to long timescales and

low mass ratios is scrutinized (e.g. van Dokkum 2005; Sancisi et al. 2008). For galaxies

0105 _

with stellar masses between 1 102 M), the average predicted merger rate per

galaxy (assuming typical mass ratio of minor mergers ~ 1 : 10) from semi-empirical
models and hydrodynamical simulations is roughly ~ 0.1 Gyr~! (Hopkins et al. 2010;

O’Leary et al. 2021). Thus galaxy mergers with a 1:10 (or greater) mass ratio can

x1.x10 Mg

105 yr =1 Mg yr~! on average. If 10% of

. 0.1x0.1
generate an M, accretion rate of

this value lies in cold gas, the estimated accretion rate is roughly 0.1 Mg yr—!. This is
similar to the accretion rates quoted in Capelo et al. (2015) which performed detailed
simulations by exploring a wide merger parameter space including different initial mass
ratios, orbital configurations and gas fractions with high spatial and temporal resolution.
The average cool gas inflow rate we estimate from NaD in red geysers is similar to the
accretion rate implied by minor mergers. Merging gas-rich dwarfs may therefore be an

important sources of the infalling gas. The apparently higher detection rate of NaD-
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associated inflows in red geysers compared to control sample galaxies may be telling us
that red geysers are a signpost of accretion activity. Indeed, some red geysers in our

sample with accretion rate ~ 5 Mg yr—!

may be signaling a peak in the instantaneous
accretion rate during a merger event.

In addition to mergers, Ciotti et al. (1991); Ciotti & Ostriker (2007) predicted
that a significant amount of gas, ~ 20 — 30% of the initial stellar mass of the galaxy,
is donated throughout the galaxy over the course of stellar evolution and supernova
explosions. This gas can be accreted onto an AGN. The radiative cooling time of this
warm gas in typical elliptical galaxies is roughly ~ 1075=8yr. Ciotti & Ostriker (2007)
quoted a mass return rate of ~ 5 — 10 My, yr~! from the stellar populations over the
cooling timescale, which exceeds the cool gas inflow rates we observe in red geysers.
Moreover, some fraction of warm ionized gas (Myarm ~ 10°7% My), ejected by the red
geyser winds, may also accumulate within the ISM or the CGM of the galaxies over
time. After cooling and condensation, this material might also become a source for the
observed inflows.

Considering the different sources of infalling gas discussed above, we have found
from visual inspection that most of radio-detected red geysers show a spatially irregular
and clumpy NaD distribution (see Fig. 5.10). Additionally, we see from Fig 5.11 that
the average fractional area occupied by the NaD absorption is around ~ 30% of the
projected area of the entire galaxy for the radio red geyser sample, which implies a

concentrated, lumpy distribution of gas confined in a small region. The recycled gas

from the fountain scenario might be expected to present a more diffuse and smooth
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component than is observed here.

Cooling ISM gas originating from stellar winds and supernovae might also be
expected to cover a larger area of the whole galaxy. Moreover, the cool gas originating
from stars might show greater correlations with the stellar kinematics which is not
observed here.

It is also interesting to consider the relatively short timescales of dust en-
shrouded cool gas. As discussed in Rowlands et al. (2012), dust in early type galaxies
get destroyed on relatively short timescales, ranging from 50 - 500 Myr, due to ther-
mal sputtering from the hot X-ray halo surrounding the ISM or from shocks generated
from Type la supernova. The signatures of clumpy, dust-associated NaD gas are likely
short-lived, suggesting stochastic inflow episodes from merging systems over a more
continuous ‘rain’ of recycled material.

Finally, we note that the detected cool gas in red geysers, with masses ranging

from 107 — 10 Mg, and average accretion rates ~ 0.1 —5 Mg yr—!

, might be expected
to trigger a star formation rate of at least 1 My yr~'. However, the observed average
star formation rate (~ 1072 Mg yr—!) is several orders of magnitude lower, as evident
from Fig. 5.1. This again is suggestive of active feedback mechanisms, perhaps related

to the red geyser winds themselves, that are effective in suppressing star formation in

these galaxies.
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Table 5.2: Estimated mass and inflow rate of cool gas for the

radio detected red geyser galaxies

ID Lr log(N(H)) Inflow [Mg yr—1] Gas mass [10% M)
[1022 W Hz~!] [em 2]
1-352569  8.79 20.45+1.51  0.19+0.02 2.440.21
1-23958  0.32 20.894+0.45  0.4740.03 1.3£0.10
1-113668  5.92 20.3842.12  —0.41+0.04 3.5 +0.36
1-595166  3.19 20.5241.99  —0.7840.04 2.5 +0.13
1-550578  7.81 20.2841.73  —0.2340.01 0.96 £0.10
1-634825  1.26 21.2040.28  1.71+0.22 4.3 +0.26
1-37036  0.12 20.034+2.07  0.024+2 x 1073 0.03 £5 x 1073
1-43718  1.15 20.3241.20  0.05+9 x 1073 0.13 £0.02
1-218116  2.06 0.0 0.0 0.0
1-217022  0.16 21.2740.14  0.4640.12 2.4 £0.18
1-256446  2.29 20.8140.60  1.80%0.10 1.9 £0.22
1-94168  0.52 21.1140.27  1.2240.08 3.7 £0.24
1-209926  3.36 20.684+0.24  0.7840.07 5.1 +0.48
1-273933  2.46 20.4740.96  —0.0340.02 0.3 £0.04
1-245451  5.78 21.0740.14  5.67+0.22 5.9 +0.62
1-198182  1.30 0.0 0.0 0.0
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1-210863  0.95 19.4845.46  0.0145 x 1073 0.01 +3 x 1073
1-289864  77.52 0.0 0.0 0.0

1-24104  0.36 20.53+1.54  0.3840.02 0.7 +0.02
1-378770  45.32 20.4940.51  0.88+0.06 3.3 £0.42
1-279073  0.54 20.04+1.05  0.01+3 x 1073 0.02 +5 x 1073
1-188530  8.37 20.3740.93  3.21+0.2 3.9 +£0.05
1-209772  23.84 20.10+£3.99  2.840.5 3.2 £0.66
1-268789  6.51 20.194+0.81  0.0440.01 1.0 +0.02
1-567948  0.13 19.90+2.32  0.4+0.1 2.1 £0.3
1-96290  6.22 20.274+1.50  0.2740.03 2.0 +0.24
1-37440  0.06 20.940.55 2.3840.01 1.1 +0.04
1-321221  0.25 0.0 0.0 0.0

1-322336  5.64 20.62+0.31  0.3540.06 2.3 +£0.40
1627331 0.91 0.0 0.0 0.0

5.6 Conclusion

We have performed a set of analyses of the sodium doublet absorption feature
as a tracer of cool ISM gas in red geyser galaxies and a matched control sample using
spatially-resolved data from the SDSS IV-MaNGA survey. After carefully subtracting
the stellar contribution, we have found an excess in NaD absorption which we ascribe
to the presence of cool material in the ISM. We study the properties of this gas in our

radio-detected red geyser sample (30 galaxies) and compare to several other samples
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- namely, 110 non-radio detected red geysers, 65 radio-detected and 393 non radio
detected control samples.

We measure the kinematic behavior of the cool gas by computing the average
velocity offsets in spatially resolved maps, integrated offsets per galaxy, and stacked
kinematics of ISM NaD spectra across all four galaxy samples. We find that the NaD
in the radio-detected red geysers shows a clear redshift (40 — 50 km s—!) with respect
to the systemic velocity. We interpret this result as an indication that the cool gas is
inflowing into the galaxy center. The non-radio-detected sample of red geysers also show
a similar redshift, but of slightly smaller amplitude on average (~ 15—30 km s~!). The
control samples however show average velocity offsets around zero or slightly negative
(< 10 km s71).

In order to check that the observed redshift is robust due to the systematics
of the fitting technique itself, we tested our fitting approach using simulated spectra
of varying signal-to-noise and different input velocities (Fig. 5.7). We find that at the
signal-to-noise of our observation (> 10 per dispersion element), there exist a modest
systematic bias of < 5 km s~! which is, however, much smaller than the velocity inflow
values we observe.

The accretion of cool gas inflowing into the center coupled with the radio
enhancement in the radio red geyser sample indicates that the central low luminosity
radio AGN is possibly fueled by the cool neutral gas clouds in the ISM. Both external
sources (like mergers) and internal processes (stellar mass loss, accumulation of gas from

relic geyser winds) can explain the observed accretion rates, which span a vast range
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~0.02 — 5 Mg yr~! with a estimated total mass of the cool gas to be ~ 107 — 10® M.
Although this gas is capable of triggering an easily detectable level of star formation
(~ 1 Mg yr~ 1), the observed quiescent nature of the red geysers with a SFR almost 2
orders of magnitude lower indicates evidence of maintenance-mode feedback in action

and possibly associated with red geyser phenomenon itself.
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Chapter 6

Conclusions

The main focus of my thesis has been studying maintenance mode feedback
in low redshift (z<0.1) universe in the context of “red geyser” galaxies. In this chap-
ter, I summarize the key results presented in this thesis about these relatively new
but common class of galaxies and discuss their possible connection with the proposed
AGN maintenance mode. I also outline future work that will help address some of the

questions that still remain unanswered.

6.1 A Brief Summary

AGN radio/maintenance mode feedback is the most widely accepted theory to
explain the global shutdown of star formation in massive quiescent galaxies with stellar
masses greater than ~ 10'° M. This feedback is thought to manifest itself primarily via
radio-AGN jets, which often drive multi-phase gas outflows. Detailed understanding of

this feedback mechanism is essential to gain insight on the evolution and fate of galaxies.
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However, direct detection of “caught-in-the-act” feedback signatures has al-
ways been challenging and limited to only a handful of galaxy groups and clusters via
radio jets and ionized /molecular outflows (Morganti et al. 2005; McNamara & Nulsen
2007; Nesvadba et al. 2008; Fabian 2012). In this thesis, I have discovered valuable
evidence in nearby red sequence galaxies that may suggest ongoing radio mode feed-
back in action. I leveraged the spatially resolved optical spectroscopic data from SDSS
IV-MaNGA survey along with multi-wavelength datasets (Roy et al. 2018, 2021a,c,b)
to identify and study the red geyser galaxy population, comprising of 140 early type
galaxies. The previous chapters of this thesis present the gas, stellar and the black hole
properties of these galaxies. In this concluding chapter, I synthesize these results and
discuss their physical interpretation.

Red geyser galaxies are red and dead galaxies with red optical color and very
little ongoing star formation (log SFR < —2 Mg yr~!). However, they host ample
amount of diffuse ionized gas across the surface with line emission closely tracing the
stellar light profile. Their line emission resembles LIER galaxies with the primary
ionization source being post-asymptotic giant branch stars (Belfiore et al. 2016). On
top of this diffuse LIER emission, red geysers show an additional enhanced bi-symmetric
feature in their spatially resolved emission maps that stretches across the MaNGA fiber
field of view. The gas kinematic major axis roughly aligns with this feature and shows
signatures consistent with large scale (~ 10 kpc) but weak ionized outflows.

Additional kinematic arguments, discussed in Chapter 4, confirmed that these

are indeed centrally driven winds (Roy et al. 2021a) and not gas in rotation. Higher
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spectral resolution (R~ 8000) followup observations of a few red geysers using Keck ESI
slit spectra revealed broad winged velocity profiles with distinct asymmetry features
— indicative of a broad conical outflow projected along the line of sight (Roy et al.
2021a). This is consistent with the wind interpretation proposed by (Cheung et al.
2016) for the prototypical red geyser ‘Akira’, based on extremely turbulent ionized gas
kinematics detected from MaNGA data. The average estimated wind kinetic power is

approximately ~ 103 erg s=1.

The wind has sufficient energy to balance gas cooling
and prevent any further star formation, if efficiently coupled to the ambient medium.

The next question is what drives these outflows? One of the key findings of this
thesis is that red geysers exhibit enhanced radio AGN activity compared to similar non-
red geyser quiescent galaxies. As shown in Chapter 2, this is evident from increased
radio flux obtained from stacking VLA FIRST radio images at 1.4 GHz frequency.
Red geysers host low luminosity radio AGNs (Lisgn, ~ 10?22 W Hz~!) which act as
the central powerhouse driving those observed ionized winds that signal red geyser
phenomenon.

The AGNs are radiatively inefficient with an advection dominated accretion
flow (Eddington scaled accretion rate A ~ 107%) and their primary mode of energy
output is mechanical energy via radio jets. The best fit linear relation between the radio
power and the jet mechanical energy from Heckman & Best (2014) gives an estimate of
the mechanical energy that can be supplied by the AGNs, assuming there is a small-
scale radio jet underneath the unresolved compact radio source. The inferred mechanical

1

energy ~ 10* erg s7! can easily counterbalance the gas cooling rate (~ 103 erg s71)
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inferred from X-ray gas (Best et al. 2005) and thus quench star formation if deposited
efficiently.

The AGNs in the red geysers are low-luminosity sources and almost all of them
appear compact through the FIRST radio images with 5” resolution. It has been pointed
out by numerous studies that compact radio sources play a strong role in triggering fast
ionized outflows and form a crucial feedback mechanism (Holt et al. 2008; Riffel et al.
2014; Santoro et al. 2018; Jarvis et al. 2019; Husemann et al. 2019). This is because
their mechanical energy is confined predominantly to the size-scales of the host galaxy
halo within the inner few kpc. Majority (~ 60 %) of the red geysers show a compact
radio morphology even with higher resolution (2.5”) radio images from high frequency
(~2—4 GHz ) VLA Sky Survey and with more sensitive observations at lower frequency
(144 MHz) from LOFAR Two Meter Sky Survey (Roy et al. 2021b). Their observed
characteristics are very similar to the low power compact radio galaxies, sometimes
called the ‘FRO’ class (Baldi et al. 2021; Capetti et al. 2020) and the ‘radio-quiet quasars’
(Jarvis et al. 2019, 2021). Higher resolution (< 1”) followup radio observations are
required to detect the small scale ‘frustrated’ radio jets within these compact sources
and determine their morphology with more accuracy. This is one of the key future goals
to be addressed later.

This work has also revealed three massive double-lobed red geysers, with radio
jets extending to > 30 kpc. These large extended radio sources show considerably lower
specific star formation rates (i.e. star formation rate per unit stellar mass) than compact

radio red geysers. This could mean that the extended radio sources are more massive
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and evolved than the compact ones. One possibility is that the compact ‘FRO’ class
red geysers would eventually evolve into FRI/FRII sources with large radio jets. Red
geysers exhibit a range of radio morphology - compact, slightly extended, one sided
lobe/bubble, double-sided radio lobes and irregular structures (Roy et al. 2021b). This
large range of radio morphologies may represent the various stages of this transition
from compact FRO to massive FRI/FRII class. A comprehensive discussion about the
radio morphology and the AGN properties are presented in Chapter 3.

The kinematics from MaNGA data and the detailed velocity profiles from
higher spectral resolution Keck ESI spectra in Chapter 4 place constraints on the major
axis, opening angle and inclination of the putative ionized wind cones. On the other
hand, low frequency (144 MHz) sensitive LOFAR radio data reveal the radio morphology
of the radio detected red geyser sample. It is difficult to spatially map out the degree
of alignment between the radio jets and large scale ionized wind in all red geysers,
since 60% of the sample show compact and/or unresolved radio images. However,
among those that have an extended morphology, the large-scale radio lobes extending
to the circumgalactic medium (at scales > 30 kpc) often lie roughly parpendicular with
the ionized winds, extending to ~ 10 kpc (Roy et al. 2021b). This is similar to the
observations by Venturi et al. (2021), who found increased line widths perpendicular
to radio jets. Similarly, at smaller spatial scales closer to the center (within the inner
2 kpc at 500 pc resolution), the ionized wind kinematics from Gemini GMOS spectra
show considerable difference in orientation from the wind geometry from larger scale

(~ 10kpc) MaNGA observations (Riffel et al. 2019). The observations are interpreted to

243



be signatures of jet precession, changing the wind orientation by about tens of degrees
from the nucleus of the galaxy to kpc scales on a timescale of 107 years.

Widespread detection of ionized gas in the form of bisymmetric enhancements
in emission line maps suggest that red geysers possess an abundant fuel supply inspite
of being red and dead. An approximate estimate of the mass of this warm (T ~ 10* K)
ionized gas phase is ~ 10° — 10° M. An even greater reservoir of cooler neutral gas of
M ~ 10® M, is detected in the red geyser sample via NaD absorption lines using MaNGA
data (Roy et al. 2021¢). This cold gas lies spatially offset from the ionized outflow and
is often clumpy and irregular in nature. A large fraction of this gas is observed to be
inflowing towards the center with a moderate inflow rate (~ 0.02—5 Mg, yr~!), contrary
to what is being observed in the ionized gas phase. Interestingly, the amount of infalling
cool gas detected is particularly enhanced in the radio detected red geysers which host
fairly bright AGNs in their center. Red geysers also show an enhanced 21 cm-HI neutral
gas content compared to similar non red geyser quiescent galaxies (Frank et al. 2022
submitted). This implies that these cold gas must have a connection with the central
radio mode AGNs.

One possibility is that this gas flows towards the center and feeds the central
low luminosity AGNs, keeping it active and enabling it to trigger the red geyser winds.
On the other hand, a fraction of the warm ionized outflowing gas, driven out by the
central AGN from earlier geyser episodes can cool, condense and fall back down into
the galaxy forming a galactic fountain scenario and thus constantly replenishing the gas

supply (e.g., Shapiro & Field 1976; Bregman 1980; Norman & Ikeuchi 1989; Tremblay
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et al. 2016, 2018). Additional minor mergers at an average predicted rate of ~ 0.1 Gyr—!

per galaxy (Hopkins et al. 2010) can also supply a bulk of the cold gas with an estimated
accretion rate of ~ 0.1 Mg yr—1L.

The average wind velocity Vyina = 300 km s~! and the spatial extent of the
winds derived from the MaNGA maps lead to a rough characteristic wind timescale
of 107 yr, very similar to other AGN phenomena (e.g., Hopkins et al. 2005; Ciotti &
Ostriker 2007). Given this relatively short wind timescale and the fact that red geyser
galaxies do not stand out in terms of other global properties like stellar mass, optical
morphology and environment, it seems likely that the phenomenon is episodic with a
duty cycle that results in 5-10% of red galaxies experiencing a red geyser episode at
any given time. This would suggest that such episodes are triggered every 0.5-1 Gyr,
perhaps as a result of minor mergers which replenish cold gas reservoir and turn on the
central AGN.

The amount of detected gas is expected to trigger a star formation rate of at
least a few Mg, yr~!. However, the observed average star formation rate (~ 0.01 Mg, yr™!)
is several orders of magnitude lower. This suggests an active feedback mechanism is at
play, perhaps related to the detected red geyser winds. But how does the wind energy
couple to the ISM? Is it via shock generation or dynamical interactions like turbulence?

I leave some of these questions for future work.
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6.2 Future Work

As evident from the previous section, red geysers have emerged as an excit-
ing population of galaxies who possibly exhibit direct signatures of maintenance mode
feedback in red sequence galaxies. The analyses of this thesis confirm that they host
radio-mode AGNSs, drive large scale winds in ionized gas phase and also show suppressed
star formation activity inspite of having no dearth of star forming fuel. Occuring at a
relatively common rate, the episodic nature of the red geyser phenomenon can explain
quiescence in typical passive galaxies in the red sequence. This result is very timely,
considering the rapid progress recently in both theoretical and observational aspects
to understand how AGN feedback mechanism suppresses star formation. Clearly, the
immediate next step is followup of the current red geyser sample with higher spatial
resolution data in multiple wavelength channels to constrain the feedback mechanism
near the very center and address how the feedback energy efficiently couples to the sur-
rounding ISM. The other crucial task is to determine the completeness of the current

red geyser sample in the local universe and search for higher redshift counterparts.

6.2.1 High resolution radio observations to trace small scale radio jets

The first step to directly detect maintenance mode feedback signatures is
studying the interaction between the radio jet and the surrounding ISM in the host
galaxies. To perform this study, the radio jet morphology, alignment and spatial extent

need to be accurately determined. Chapter 3 (Roy et al. 2021b) makes an initial at-
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tempt to detect and characterize the morphology of the radio AGNs associated with the
red geysers. However the study is greatly limited by the spatial resolution of the radio
observations available. With a resolution of 6” for the LOFAR observations, a majority
of the sources appear compact with no features visible in smaller scale (< 5 kpc). This
is unfortunate, since the radio properties of the red geysers are consistent with galax-
ies hosting low-power < 1 kpc radio jets, which is beyond the resolution limit of our
datasets (Baldi et al. 2018; Capetti et al. 2020; Jarvis et al. 2019). As noted by Jarvis
et al. (2019), objects possessing small-scale jets in higher resolution (sub-arcsec scale)
VLA and e- MERLIN images exhibit compact morphology when observed in low spatial
resolution (> 3").

Chapter 3 presents results that demonstrate that if the radio morphology of
the compact jets can be constrained with better resolution data, their alignment with
the outflowing wind cones and the associated ionized gas kinematics of the surrounding
region can reveal whether there is ongoing feedback. Thankfully, further progress is
now possible with the availability of sub-arcsecond imaging with the LOFAR telescope
(Morabito et al. 2022). With additional processing and calibration techniques, a new
reduction pipeline software is now able to achieve sub-arcsecond resolution from existing
LOFAR data at frequencies below 200 MHz (Morabito et al. 2022; Jackson et al. 2022).
Running the red geyser LOFAR images through this new set of reduction tools will
reveal many smaller scale structures. The main goal will be to study whether they show
signatures of small scale ‘frustrated’ jets trapped in the dense ISM. Mapping the ISM

conditions in and around the jet region will determine the direct role of these AGNs in
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affecting the host galaxy conditions.

6.2.2 Infrared tracers to detect shocks

What makes red geysers unique is the bisymmetric enhancement in the maps
of strong emission lines, especially Ha, on top of the diffuse LIER-like emission. Does
the extra emission result from shocks generated from interactions of high velocity gas
along the wind axis? Can shocks be a possible mechanism by which feedback energy
couple to the ISM? Detection and mapping of the spatial locations of shocks is thus a
crucial step in our understanding of these sources.

Optical BPT parameter space occupied by shocks, AGN and LI(N)ERs are
greatly overlapping, which can be further complicated by dust attenuation and MaNGA’s
low spatial resolution. Our initial attempt to separate shocks from other ionization
sources has not been fruitful using optical emission line ratios from MaNGA. As shown
in Fig. 6.1, [SIT] 6717, 6731 BPT diagram [upper right and lower right panel], line ra-
tios extracted from locations along the putative wind cone (shown by black circles) are
broadly consistent with shock models [orange and blue lines|, but are not distinct from
the other spaxels.

Infrared (IR) line ratios, on the other hand, are very efficient in decoupling
shocks from other ionization sources like AGN, LI(N)ERs and starbursts since they are
well separated in their IR parameter space. Shock heating can produce ample amount
of warm molecular Hy emitting gas, the amount of which can provide an estimate of

the total energy injected into the ISM due to shock-heating. The line ratios between
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Figure 6.1: [Top left] SDSS gri color image with LOFAR radio contour overlaid of a
porposed OSIRIS target (ID: 1-595166, z=0.045). [Top right] MaNGA Ha equivalent
width map. [Bottom left] The predicted H2 intensity map. [Bottom right] The [SII]
6717,6731 BPT diagram of all spaxels, with the black points representing the locations
along the wind cone within the Hoe EW pattern. The optical line ratios are consistent
with shock models, but can’t be well constrained due to overlapping AGN and LINER-

like emission sources.
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the ro-vibrational transition lines of Ho and the ionized gas tracers like Pag and Bry
are critical to disentangle the multiple ionization sources like shocks, star formation,
LINERs and AGNs. These lines are all detected in J, H and K band in the NIR.
Majority of the red geysers are predicted to host compact radio jets with a
physical scale of < 3kpc. These jets ultimately drive the large scale outflows detected
in Ha. Thus, NIR line ratios with higher angular resolution (~ 100 pc) are particularly
required near the very center where the small scale jets first encounter the ambient
medium. I have submitted a Keck OSIRIS proposal in the K band (1.96 — 2.38um) to
conduct a short pilot study of a few red geysers. The spatially resolved spectroscopic
observations in the infrared window with OSIRIS, coupled with adaptive optics capa-
bilities will immensely boost the spatial resolution (< 100 pc) compared to the MaNGA
observations (1 - 2 kpc). The goal here is to understand the nature of energy injection
via ISM shock heating in the central regions. The infrared tracers of ionized gas and
their line ratios with the different Hy lines (predicted flux map of Hy is shown in Fig. 6.1
lower left panel) can provide clear separation between the ionization sources, much bet-
ter than optical BPT. This work will set the stage for James Webb Space Telescope
(JWST) observations that will immensely add to the infrared spectroscopic database,

extending all the way upto far infrared.

6.2.3 Completeness of the red geyser sample

The current red geyser sample consists of 140 galaxies, which was derived from

MaNGA Product Launch (MPL) 9. The total number of early type galaxies released
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as part of MPL-9 were ~ 2500. As of December 2021, MaNGA has now completed
its survey by observing 10,010 galaxies, with nearly ~ 5000 early type galaxies. It
is crucial to inspect the rest of the red sequence galaxies to expand the red geyser
galaxies and lead to a more complete sample in the local universe. Red geysers show
a current occurance rate of 5 — 8% in the local red sequence population, as confirmed
by MaNGA data. Question remains whether they are equally prevalent in the higher
redshift universe when the star formation and quasar activities reach their peak. JWST
will be crucial to detect higher redshift counterparts of the red geyser phenomenon.
The NIRSpec integral field unit mode and the MIRI medium resolution spectrometer
(MRS) will provide high signal-to-noise spatially resolved spectra over the rest frame
optical infrared window for z>1.

However unlike low z observations, detailed spatially resolved spectroscopic
studies at high redshift are challenging to achieve for a statistically large sample of
galaxies. Some initial pre-selection of red geyser candidates are needed possibly from
integrated spectra, to ensure a methodical search and further followup via IFS studies.
Our preliminary effort to perform dynamical modeling of the spatially resolved gas and
stellar kinematics in the local red geysers using JAM models (Cappellari 2017) will
be crucial to predict red geyser wind signatures from integrated high z observations.
The combined criteria of a minimum threshold of radio luminosity, ionized gas content,
gas velocity and rest frame optical color will be critical to extract geyser candidates
at high redshift. Identifying such a huge and diverse sample of red geysers will better

probe maintenance mode feedback over a wide range of stellar mass, cosmic epoch and
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environments.
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Appendix A

Supplementary information for

kinematic modeling of Red geysers

A.1 Recovering the inclination using Jeans Anisotropic

Modeling (JAM)

In order to construct the wind model for the second target galaxy, we recover
the inclination using Jeans Anisotropic Modelling (JAM) method, detailed in Cappel-
lari (2008) and implemented in the jampy package. This method approximates the
stellar potential from the surface brightness distribution using Multi-Gaussian Expan-
sion (MGE). In this instance, our observations of the surface brightness distribution
comes from R-band DESI Legacy Survey imaging Dey et al. (2019) as this survey is
deeper than the SDSS. We utilise the Python implementation of the method described

in Cappellari (2002), mgefit. When constructing the MGE approximation, the flattest
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Table A.1: The parameters of the best fit MGE. Total Counts refer to the counts under
each component, o is the width of each component in pixels, and g, is the projected
axial ratio of each component.

Total Counts o Qobs
272.886 2.47831 0.95
432.696 10.7368  0.95
165.534 21.1834 0.95
476.804 23.2103 1.0
1109.95 58.3299 1.0

gaussian in the best fit is found to be overly restrictive in the JAM modelling process, as
it defines the minimum inclination which can be modelled. This is inherent to the JAM
method and doesn’t reflect a physical limitation on the inclination. We minimise this
restriction while retaining suitable accuracy using the method in Scott et al. (2013).
Here a limit is placed on the minimum axial ratio allowed in the MGE fit, and this
limit is increased until the mean absolute deviation of the fit increases by 10%. Using
this method we found the parameters which best fit the image, whilst maximising the
inclination range available. The parameters are presented in Table A.1.

We perform an MCMC simulation to find the best fit parameters for the JAM
model to match the vgyrs map from the MaNGA data. We decide that a simple JAM
model neglecting dark matter is adequate for measuring the inclination, as in Cappellari
et al. (2013). The free parameters which are allowed to vary are the orbital anisotropy £,

the inclination cosi, and the dynamical mass to light ratio M /L. Both 5 and M /L are
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assumed to be constant across the galaxy. Note that M /L contains components from
the stellar mass-to-light ratio and the presence of dark matter, and the contribution of
each of these cannot be determined by this model. We use uniform priors on each of

the parameters within the bounds below:

e (3 is allowed to vary between 0 and 0.75. Restricting 8 > 0 is required to break
the known degeneracy between anisotropy and inclination, and is observationally
motivated for fast rotators (see Section 3.1.1 of Cappellari et al. 2013) as the red

geyser population are found to be.

e cosi is allowed to vary between 0 and cos i,,;,, which is the minimum inclination

imposed by the flattest component in the MGE approximation
e M/L is allowed between 0 and 10

e log f is an extra parameter added to quantify any underestimation of the errors,

and is assumed to have a uniform prior within range -5 and 1

We find our best fit model with x2/DoF = 2.68. The predicted vy (v,) from
the best model is shown in comparison with the observed v,,,s in Figure A.1, alongside
the residuals. The measured parameters are presented in Table A.2. Tt is noted that the
best fit inclination is close to the boundary on the prior, with artificially small errors.
As such, it is believed that the true inclination may lie below the limit imposed by the
MGE axial ratio.

Therefore, we use an inclination of 20° to construct our wind model. The
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Table A.2: The parameters of the best fit JAM model. The inclination should be
interpreted as an upper limit.

Inclination (°) B M/L

+0.070 +0.025 +0.019
19.587 5 057 0.216" 5039 6.92175 5]

Input V., moment JAM_; model Residuals

< i 60

> 165 [ o

T -150 H n

. - 135 80~
120 MR 5 £

S Bl 0

A -105 15

_10H ON 10// _1011 OII 10// _10// O/l 10//

Figure A.1: Left: The symmetrised vy, field for the galaxy which is input to JAM,
Centre: The output from the best fit JAM model, Right: The residuals of the model
and data. The white contours on all trace the surface brightness of the MGE. Black
dots denote masked pixels. The unit of the color bars shown is km s~ 1.

intrinsic 3D axis ratio is estimated from the inclination and observed axis ratio from

Equation 1, Weijmans et al. (2014).

A.2 Parameters of individual velocity components of Ha

and [NII] emission lines

The best fit parameters obtained from fitting the Ha and [N11] A6584 A emis-
sion lines from ESI at different slit positions for both targets are shown in Table A.3 -
A.6. The different rows in each table indicate different Keck spaxels (or spatial loca-

tions) along each slit position. If the double gaussian model is preferred for an emission
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line in a particular spaxel, V; and Vs gives the primary and secondary velocity compo-
nents while o1 and o3 are the corresponding dispersions. If the single component model
is preferred, the velocities and dispersions are quoted as Vi and o; respectively, while

keeping the other two columns empty.

Table A.3: Best fit model kinematic parameters for Ha and

[NII] emission lines from ESI for slit 1 position of the first

target galaxy (in km s~! units).

Spaxel No. Vi £ AV, Vo £ AVy o1 £ Aoy o9 + Aoy
No. 1 (Ha) -242.99+0.54 -129.284+4.06 50.7143.89 72.88+0.54
No. 1 (NII) -232.49+1.19 -129.9245.01 55.02+4.92 59.97+1.19
No. 2 (Ha) -187.46+1.59 -44.06+10.59 75.09+3.29 129.57+£1.58
No. 2 (NII) -218.99+1.72 -48.57+1.00 83.8446.84 131.944+1.72
No. 3 (Ha) -146.59+2.96 -17.67+1.86 96.97+6 140.33+2.96
No. 3 (NII) -176.29+1.55 -27.294+7.10 87.67+6.43 110.114+1.55
No. 4 (Ha) -132.4442.73 20.27+£1.23 84.104+2.95 113.93+2.73
No. 4 (NII) -105.67+1.27 4.50+14.96 104.90+4.83  143.41+1.27
No. 5 (Ha) -43.414+3.50 — 117.204+3.18 -

No. 5 (NII) -32.20%+3.10 — 132,10+£2.31 —

No. 6 (Ha) -6.93+0.39 — 124.284+5.16 -
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No. 6 (NII) -25.25£1.76 13.10+5.77 102.63£5.23  164.10£1.76
No. 7 (Ha) 62.34+4.34 -126.16+£13.82  108.73+4.93  276.80+4.34
No. 7 (NII) 31.20+1.70 82.55+17.48 88.76+6.66 219.95£1.70
No. 8 (Ha) 108.87£5.49 92.73+3.50 93.15+£4.87 278.01+5.49
No. 8 (NII) 114.4047.42 119.99£22.49 80.37£1.34 253.94+7.42
No. 9 (Ha) 140.16+£3.94 -51.87£9.35 89.37+4.56 277.894+3.95
No. 9 (NII) 61.46+8.06 232.90+8.42 79.1245.09 79.78+8.06
Table A.4:  Best fit model parameters for Ha and [NII]

emission lines from ESI for slit 2 position of the first target

galaxy (in km s~—! units).
Spaxel No. Vi 4+ AV, Vo 4+ AV, o1 £ Aoy o9 £+ Aoy
No. 1 (Ha) -173.12+1.24 21.84+4.17 34.40£4.31 103.68+1.24
No. 1 (NII) -136.1943.80 54.9948.83 159.15£3.59  184.52£3.80
No. 2 (Ha) 48.02+6.07 230.44£8.67 95.61+£7.73 38.40+6.07
No. 2 (NII) 41.76£1.88 -39.63+4.73 135.75£9.72  102.11£18.83
No. 3 (Ha) 111.79416.51 92.174£7.53 92.12£8.44 79.78£1.65
No. 3 (NII) -42.28+9.21 146.24+11.89 100.06£7.51  112.64+9.21
No. 4 (Ha) | 45.4141.05 - 123.7544.95 —
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No. 4 (NII) -37.18+1.04 82.60+£3.92 130.70+4.61  137.55£10.40

No. 5 (Ha) -8.29£1.96 — 1.3967£2.11 —

No. 5 (NII) -1.71+0.53 — 145.40£8.79 —

No. 6 (Ha) -41.844+1.65 — 151.02£7.35 —-

No. 6 (NII) -33.84+1.50 — 140.20£7.27 —-

No. 7 (Ha) | -64.86+8.12 — 146.77+6.73  —

No. 7 (NII) -41.254+4.55 — 139.69£3.81 —

No. 8 (Ha) 39.96+4.77 -151.1949.21 51.80%4.09 271.33+£4.77

No. 8 (NII) -137.07+£4.43 52.814+9.85 1.95.5564+9.33  115.53+4.43

No. 9 (Ha) 46.261+3.46 189.63£11.97 127.02£19.58 50.51+14.66

No. 9 (NII) 1.18+3.80 -136.73£67.85  43.03£10.15  263.3443.80
Table A.5:  Best fit model parameters for Ha and [NII]

emission lines from ESI for slit 3 position of the first target

galaxy (in km s~! units).
Spaxel No. V1 + AVl V2 + AVQ 01 + AO’l (o] + AO‘Q
No. 1 (Ha) | -242.7840.33 115.84+3.80 63.00+3.20 82.60+£0.33
No. 1 (NII) -219.2242.02 -100.54+10.67  67.73£7.41 94.4442.02
No. 2 (Ha) | -228.87£0.59 -60.394+4.79 68.89+5.45 90.114+0.59
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No. 2 (NII) 176.52+1.70 5.75+9.39 93.444+5.57 128.30£1.71
No. 3 (Ha) -136.26+5.24 20.39+£1.59 89.23+3.99 119.4245.24
No. 3 (NII) 151.17+£3.78 17.82+7.20 89.01£3.94 105.79£3.78
No. 4 (Ha) -41.16£0.38 — 139.24+£3.26 —

No. 4 (NII) -47.8945.90 143.07£15.01 116.24£3.60  80.71+£5.90
No. 5 (Ha) -19.98+2.74 — 138.34+£2.19 —

No. 5 (NII) -57.414£5.27 48.124+1.57 119.26£2.90 133.114£5.27
No. 6 (Ha) 26.92+1.33 -171.214£2.21 117.79£1.62  279.54£1.33
No. 6 (NII) -9.25+0.74 124.43£4.54 114.98+3.48  127.23£7.47
No. 7 (Ha) 77.83£1.80 117.47+5.88 107.12£2.29  279.48+1.87
No. 7 (NII) 66.36+2.86 -125.50+8.55 97.00£2.82 232.33+2.86
No. 8 (Ha) 150.62+4.20 89.5448.43 119.33£15.36  69.79+4.20
No. 8 (NII) 90.88+17.56 96.00+£9.07 113.29£9.74  81.11+17.56
No. 9 (Ha) 195.31+4.15 86.16+11.18 104.25£18.22 105.42£4.15
No. 9 (NII) 217.90+11.40 55.42£2.74 81.27£6.90 121.568+11.40
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Table A.6: Best fit model parameters for Ha and [NII] emis-

sion lines from ESI for the second target galaxy (in km s~

1

units).
SpaxelNo. Vi + AV, Vo £ AVy o1 £+ Aoy o9 + Aoy
No. 1 (Ha) -2.76714+1.14 -2.015345.28 3.603+5.40 3.878+ 1.14
No. 1 (NII) | 238.34+1.33 208.225+9.18  44.54+£1.05 74.47+£1.35
No. 2 (Ha) -220.5241.72 -113.654+15.92  34.95+4.19 90.50£1.72
No. 2 (NII) | -242.04+5.73 -170.61+10.42  48.34+1.53 38.85+5.73
No. 3 (Ha) | -248.59+1.50 -140.43+£7.74  66.76+15.01  69.924+1.50
No. 3 (NII) -252.36+£1.98 -175.73£12.18  35.8245.18 47.31£1.98
No. 4 (Ha) -278.4443.16 -196.7746.57 200.93+4.51 73.13+3.16
No. 4 (NII) -267.964+4.07 -176.504+2.13 82.67+4.51 58.05+1.64
No. 5 (Ha) -291.78+2.10 — 122.62 +4.62 —-
No. 5 (NII) | -251.274+0.98 -58.79 £ 6.48  5.085 £ 4.07 1.3221 £0.98
No. 6 (Ha) | -73.24+4.35 88.08+2.37 193.27£8.75  276.89+4.35
No. 6 (NII) | -263.89 £9.87  -73.19+1.17 78.04+8.41 118.16+9.87
No. 7 (Ha) 132.66+£7.47 313.36£5.72 93.724+6.07 46.42+7.47
No. 7 (NII) -14.07+1.67 22.3543.09 202.62+£2.47  274.48+16.43
No. 8 (Ha) 228.31+14.59 120.40+5.19 57.39+1.03 73.28+1.45
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No. 8 (NII) | 300.75£6.15 117.76£10.83  66.50+£6.06 136.84+6.15

No. 9 (Ha) 277.584+19.22 113.62+2.13 84.1941.35 72.06£1.92

No. 9 (NII) 287.129£4.40 130.03£8.94 32.69£2.67 66.05+£4.40

A.3 Rotation curves and spatially resolved velocity maps

from disk model

Using the KINMSpy package, we construct a thin disk model defined by
turnover radius, thickness of the disk, maximum velocity attained by the rotation curve
and the scale radius associated with the assumed surface brightness profile for each of
our target galaxies. The set of parameters chosen to best represent the observed tar-
get galaxies (see §4.5 for details) are decided based on the qualitative match between
the modelled rotation curve and the observed velocity curve from ESI. The compari-
son between the ESI data (magenta circles) and that obtained from the model (yellow
contours) is shown in Fig. A.2. The fair match between the rotation curves confirm
the best possible choice of the disk parameters in an attempt to reproduce the data.
Fig. A.3 shows the corresponding 2D spatially resolved velocity map of the modelled
gas particles obtained from the thin disk model using the chosen set of parameters. The

observed 2D velocity fields are harder to reproduce using disk model for both galaxies.
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Figure A.2: The position-velocity curve from the ESI data in magenta circles over-
plotted on the best matched rotation curve assuming a disk model (details in §4.5) in
yellow contours for both target galaxies. The parameters of the disk model are chosen
based on this qualitative match.
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Figure A.3: The spatially resolved 2D gas velocity map obtained from the best matched
disk model for the first (left panel) and second (right panel) target galaxies.
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