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ABSTRACT

We present a study of a luminous, z = 0.15, type-2 quasar (Lion = 10*?% erg s!) from the Quasar Feedback Survey.
It is classified as ‘radio-quiet’ (Ljsgu, = 10°*® WHz™!); however, radio imaging reveals ~ 1 kpc low-power radio jets
(Piee = 10* ergs™!) inclined into the plane of the galaxy disc. We combine MUSE and ALMA observations to map stellar
kinematics and ionized and molecular gas properties. The jets are seen to drive galaxy-wide bi-conical turbulent outflows,
reaching Wgy = 1000— 1300 km s~!, in the ionized phase (traced via optical emission lines), which also have increased electron
densities compared to the quiescent gas. The turbulent gas is driven perpendicular to the jet axis and is escaping along the
galaxy minor axis, reaching 7.5 kpc on both sides. Traced via CO(3-2) emission, the turbulent material in molecular gas phase
is one-third as spatially extended and has three times lower velocity-dispersion as compared to ionized gas. The jets are seen to
be strongly interacting with the interstellar medium (ISM) through enhanced ionized emission and disturbed/depleted molecular
gas at the jet termini. We see further evidence for jet-induced feedback through significantly higher stellar velocity-dispersion
aligned, and co-spatial with, the jet axis (< 5 °). We discuss possible negative and positive feedback scenarios arising due to the
interaction of the low-power jets with the ISM in the context of recent jet—-ISM interaction simulations, which qualitatively agree
with our observations. We discuss how jet-induced feedback could be an important feedback mechanism even in bolometrically
luminous ‘radio-quiet’ quasars.

Key words: galaxies: active — galaxies: evolution — galaxies: jets —quasars: supermassive black holes.

1 INTRODUCTION

Active galactic nuclei (AGNs) are the sites of growing supermassive
black holes at the centre of galaxies (Kormendy & Ho 2013). They
can produce enough energy, through accretion of matter, to exceed the
binding energy of their host galaxies (Cattaneo & Best 2009; Bower,
Benson & Crain 2012). With this tremendous amount of energy avail-
able, if it can efficiently couple to the gas extending from the vicinity

* E-mail: Aishwarya.Girdhar@eso.org (AG);
Christopher.Harrison @newcastle.ac.uk (CMH)

of the AGN to galactic scales, the AGN could cause significant impact
(known as ‘feedback’) on their host galaxies by either facilitating
or suppressing the star-formation (see e.g. Binney & Tabor 1995;
Ciotti & Ostriker 1997; Alexander & Hickox 2012; Fabian 2012; Har-
rison 2017). This ‘AGN feedback’ has become an imperative ingredi-
ent in cosmological galaxy formation simulations for them to repro-
duce key observables of galaxy populations and intergalactic material
(e.g. Bower et al. 2006; McCarthy et al. 2010; Gaspari et al. 2011;
Hirschmann et al. 2014; Vogelsberger et al. 2014; Henriques et al.
2015; Schaye et al. 2015; Taylor & Kobayashi 2015; Choi et al. 2018).
However, understanding how this process occurs in the real Universe,
particularly in the case of the most powerful AGN (i.e. quasars;
Lyo > 10% ergs™!), remains a challenge of extragalactic research.
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One way that AGNs are known to be capable of interacting
with their host galaxy’s multiphase interstellar medium (ISM) is
through driving galaxy-wide (> 0.1 -10kpc) energetic outflows and
turbulences (e.g. Nesvadba et al. 2011; Liu et al. 2013; Cicone
et al. 2018; Davies et al. 2020; Veilleux et al. 2020; Fluetsch
et al. 2021; Roy et al. 2021; Venturi et al. 2021). Theoretically,
these outflows may be driven by radiation pressure, jets or AGN-
driven winds and could occur over scales from the accretion disc
(<1072 pc) through to galaxy-wide scales, where they could affect
the properties of the gas in the ISM and beyond (Costa et al. 2018;
Ishibashi, Fabian & Maiolino 2018; Mukherjee et al. 2018b; Costa,
Pakmor & Springel 2020; Morganti et al. 2021). However, from an
observational perspective, whilst these multiphase outflows are now
seen to be common in quasar host galaxies, controversy remains
over the relative role of the different possible driving mechanisms
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(Hwang et al. 2018; Wylezalek & Morganti 2018; Jarvis et al. 2019;
Somalwar et al. 2020). In particular in this work, we are interested in
the relative importance of radio jets in driving multiphase outflows
(see e.g. Morganti, Oosterloo & Tadhunter 2005; Nesvadba et al.
2006, 2008; Mullaney et al. 2013; Jarvis et al. 2019; Molyneux,
Harrison & Jarvis 2019; Liao & Gu 2020; Venturi et al. 2021, Ramos
Almeida et al.2021).

Also from a theoretical perspective, AGN can regulate black hole
growth and star formation (i.e. causing a ‘negative feedback’ effect)
by expelling gas through outflows, preventing gas from cooling
and/or destroying star forming ISM (e.g. Silk & Rees 1998; Benson
et al. 2003; Granato et al. 2004; Hopkins et al. 2006; Booth &
Schaye 2010; Faucher-Giguere & Quataert 2012; King & Pounds
2015; Costa et al. 2018, 2020). On the contrary, AGN may also
induce a ‘positive feedback’ effect due to the compression of the gas
from outflows or jets, which induce localized enhancement of star
formation (e.g. Zubovas et al. 2013; Ishibashi, Fabian & Canning
2013; Fragile et al. 2017; Lacy et al. 2017; Wang & Loeb 2018;
Gallagher et al. 2019). However, from an observational perspective,
the impact of the most luminous AGN on their host galaxies’ ISM and
star-forming properties is a matter of ongoing debate (e.g. Husemann
et al. 2016; Villar-Martin et al. 2016; Maiolino et al. 2017; Harrison
2017; Kakkad et al. 2017; Cresci & Maiolino 2018; Perna et al. 2018;
Rosario et al. 2018; do Nascimento et al. 2019; Bluck et al. 2020;
Yesuf & Ho 2020; Scholtz et al. 2021).

Understanding the drivers of outflows and the impact of AGN
on their host galaxies requires multiwavelength observations. Since
outflows are multiphase, different diagnostics are required to study
their properties and impact on their host galaxy. For example, spa-
tially resolved observations in a small number of systems observed
with both integral-field spectroscopy (IFS) and interferometers have
shown that the ionized gas and molecular gas kinematics could be
completely decoupled (Shih & Rupke 2010; Sun et al. 2014). This
further highlights the need to study multiple gas phases at comparable
resolutions to fully understand the impact of the feedback. In this
work, we will trace warm (~10*K) ionized gas kinematics using
optical emission-lines, mostly [O I11], which has long been used as
a diagnostic to search for non-gravitational gas kinematics in AGN
host galaxies (e.g. Weedman 1970; Stockton 1976; Heckman et al.
1981; Vrtilek 1985; Boroson & Green 1992; Veilleux et al. 1995;
Harrison et al. 2014; Jarvis et al. 2019; Scholtz et al. 2021). For
tracing cold (i.e. tens of Kelvin) molecular gas, following many
other works, we will make use of the CO emission line, specifically
the 2COJ = 3 -2 transition as a tracer (e.g. Combes et al. 2014;
Sun et al. 2014; Cicone et al. 2021; Circosta et al. 2021).

This work is part of the Quasar Feedback Survey (QFeedS; Fig. 1;
Jarvisetal. 2021). This survey aims to address the challenges outlined

Liom (erg s7h

Figure 1. [O m] FWHM versus Lo for z < 0.2, spectroscopically
selected AGN from Mullaney et al. (2013), represented as blue data points
and density contours. Stars represent the 42 QFeedS targets, with Lo i >
10*2! erg s~! (dashed line), from which the quasar of this study was selected
(highlighted with a black circle). The QFeedS targets are colour-coded by
their radio luminosities (L;4GHz). The quasar in this study has a modest,
representative radio luminosity (L 4guz = 10238 W Hz 1), and it is classified
as ‘radio-quiet’ using traditional criteria (see Section 2.1).

above by studying the spatially resolved multiwavelength properties
of 42 relatively low redshift (z < 0.2) quasar host galaxies. Using this
redshift range allows us to obtain sensitive, high spatial resolution
observations (typically <1kpc), whilst also yielding a reasonable
sample of powerful quasars (Lo = 10% ergs™') representative of
L, at the peak cosmic epoch of growth, where quasar feedback is
expected to dominate (Kormendy & Ho 2013). Several pilot studies
have been conducted on a subset of the QFeedS targets (Harrison et al.
2014, 2015; Lansbury et al. 2018; Jarvis et al. 2019, 2020), whilst an
overview of the full sample can be found in Jarvis et al. (2021).
Spatially resolved radio observations form the basis of QFeedS,
which provides important insights into the prevalence and properties
of radio jets in what is a representative and predominantly ‘radio-
quiet’ quasar sample (Jarvis et al. 2019, 2021). Here, we define
radio-quiet using the criterion of Xu, Livio & Baum (1999) that
compares the radio to [O 111] emission-line luminosity. For a detailed
discussion in the context of the QFeedS sample, see Jarvis et al.
(2021).

In this work, we study one target from QFeedS for which we
combine published radio observations with new observations from
the integral field spectrograph Multi Unit Spectroscopic Explorer
(MUSE; Bacon et al. 2010, 2017) and from the Atacama Large
Millimeter/submillimeter Array (ALMA). The former enables us to
map the stellar kinematics and ionized gas properties and the latter
enables us to map the molecular gas properties. In Section 2, we
introduce the target, observations, and data reduction. In Section 3,
we estimate radio jet properties from existing data. In Section 4,
we describe the approaches employed to fit the spectra and map the
stellar kinematics and gas properties. In Sections 5 and 6, we present
our results and discussion, respectively. Finally, in Section 7, we
summarize our conclusions.

We have adopted the cosmological parameters to be Hy, = 70 km
s™'Mpc~!, Q) =0.3,and 2, = 0.7, throughout. In this cosmology,
1 arcsec corresponds to 2.615 kpc for the redshift of z =0.15 (i.e.

MNRAS 512, 1608-1628 (2022)

£20Z 8unp G| uo Jasn AlsIaAIun 800\ uyor [0odiani AQ €/6G1.59/8091/2/2 1L S/810NB/SBIUW/WOD dNo-olWapeoe//:sdny WoJj papeojumoq


art/stac073_f1.eps

1610  A. Girdhar et al.

Optical Continuum

10

Central-Scale

— Q
805 g 0
] o
B =
o o

-1.0

=2.04f— Radio 6 GHz
Central Bulge

-2 -1 0 1 2 -10
arcsec ["']

-10 =5

0
arcsec ["]

CO (3-2)
—— Radio 6 GHz

. (-250,-1500] km 57
[-250,250] km s~
B (250,1500] km s

!
-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0
arcsec ["]

Figure 2. A multiwavelength and multiscale view of our target galaxy. Centre: An optical continuum image from the MUSE data showing the local, 24 x 24 arcsec
(~62 x 62 kpc), environment of J1316+1753. The primary target galaxy is centred at a position (0,0) with two clear spiral arms. To the north-west is an associated
companion galaxy and to the south one passive satellite galaxy can be seen. Right: A closer look (18 x 16 arcsec; ~47 x 42 kpc) showing the pseudo narrow-band
[O 1] image (from MUSE) with CO (3-2) emission (from ALMA) overlaid as contours in purple (with levels [16,8,4,2,1] RMSco3-2)). The three colours are
obtained by dividing the [O 111] emission-line profile in three velocity slices as indicated in the legend. Left: A zoom-in of the continuum image in the central
regions of the galaxy (4 x 4 arcsec; ~ 10 x 10kpc). The black contours are the VLA 6 GHz radio emission, at the levels [128,64,32] RMS ,dio. In light green,
we show three dots to highlight the positions of the radio core (HR:A) and the two radio jet hotspots (HR:B and HR:C), as defined in Jarvis et al. (2019). The
central panel also shows the ‘galaxy scale’ (white inset; 10 x 10 arcsec; ~ 26 x 26 kpc) within which the kinematic analysis is done. North is up and East is left

in all panels and for all plots throughout this paper.

the redshift of the galaxy studied here). We define the radio spectral
index, o, using S, o v*.

2 TARGET, OBSERVATIONS, AND DATA
REDUCTION

In Section 2.1, we describe the target investigated in this study in
the context of the parent Quasar Feedback Survey and summarize
its basic radio properties. We describe the details of the observations
and data reduction for the MUSE and ALMA data in Sections 2.2
and 2.3, respectively. A summary of the data used throughout this
work is presented in Fig. 2, with the central panel showing an optical
continuum image from the MUSE data (~62 x 62 kpc); the right-
hand panel showing a closer look (~10 x 10kpc) of the pseudo
narrow-band [O 111] image (from MUSE) with CO (3-2) emission
(from ALMA) overlaid as contours in purple; and the left panel with
a zoom-in (~26 x 26 kpc) of the continuum image, focused on the
central regions of the galaxy. A description of how these images were
created is described in the following sub-sections and Section 4.1.

2.1 J1316+41753 in the context of the Quasar Feedback Survey

This paper focuses on a single target, J1316+1753, with an op-
tical right ascension (RA) of 1371642590 and declination (Dec.)
of +17°53/3275 (J2000, ICRS). It is selected from QFeedS and
this target illustrates the rich information gained on outflows and
AGN feedback from our high-resolution multi-wavelength QFeedS
dataset, comprising of radio, optical and sub-mm data. QFeedS
was originally constructed using the emission-line selected AGN
from Mullaney et al. (2013). Fig. 1 presents the 16,680 z < 0.2
AGN from Mullaney et al. (2013) in the [O 1] full width at half-
maximum (FWHM,,,) versus [O 1] luminosity parameter space.
The QFeedS targets are indicated with stars in the figure. We note
that the FWHM,,, values plotted in Fig. 1 are the flux-weighted
average of the FWHMs of the two emission-line components fitted
by Mullaney et al. (2013). QFeedS targets were selected to have

MNRAS 512, 1608-1628 (2022)

quasar-level [O 1I] luminosities (i.e. Liom; > 10%%! erg s~!; Jarvis
et al. 2021). As described in Jarvis et al. (2021), a radio luminosity
selection of L, 4gu, > 1024 W Hz™! is also applied to obtain the
final QFeedS sample of 42 targets. This radio cut was set to be
above the NVSS detection limit (Mullaney et al. 2013; Molyneux
et al. 2019). Despite their moderate radio luminosities, the QFeedS
sample still consists of 88 per cent ‘radio-quiet’ sources, based on the
criteria of Xu et al. (1999) (see Jarvis et al. 2021), which is consistent
with the ‘radio-quiet’ fraction of the overall quasar population (i.e.
~90 per cent; Zakamska et al. 2004). Furthermore, the QFeedS
targets cover a representative range of emission-line widths of the
parent population.

The target of this study, J13164-1753, is highlighted with a circle
in Fig. 1. A comprehensive summary of the target’s properties
and its previous studies can be found in the supplementary material
of Jarvis et al. (2021). However, briefly, J1316+1753 has a type-2
spectra; it has an optical emission-line redshift of z = 0.150 (see
Jarvis et al. 2019); it is one of the most optically luminous sources
in the QFeedS sample (with Lion = 10428 erg s~1); and it exhibits
a broad [O 1] emission-line profile (FWHMa,, = 1022km s7h.
The one-dimensional [O 111] emission-line profile consists of two
bright narrow emission-line components, in addition to a strong broad
emission-line component (see Jarvis et al. 2019) and we investigate
this emission using our spatially resolved MUSE data in Section 4.
Based on the spectral energy distribution (SED) fitting from the UV
to FIR, J1316+1753 is a star-forming galaxy with star formation rate
= 30+ 10Mg yr~!, and stellar mass = 10" My, (see Jarvis et al.
2019 for these estimates).

Importantly, J1316+1753 has a modest radio luminosity of
Liscr, = 1023 WHz™! and, although it is confirmed to host a
radio AGN, it is classified as ‘radio-quiet’, as per the traditional
criteria (Xu et al. 1999; Best & Heckman 2012; Jarvis et al. 2021).
Compared to some of the other QFeedS sources, J1316+1753 has
relatively simple radio morphology (Jarvis et al. 2019, 2020). The
6 GHz radio image of this target from the Very Large Array (VLA)
data was produced by Jarvis et al. (2019) (with a synthesized beam of
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0.33 x 0.28 arcsec; root-mean-square (RMS) noise of 8 Jy beam ")
and the morphology reveals three components, which are most likely
attributed to a radio core and two hotspots associated with radio
jets. These were labelled as HR:A, HR:B and, HR:C in Jarvis et al.
(2019), respectively, and we continue with this nomenclature in this
work. The hot spots HR:B and HR:C are located at a projected
distances of 0.91kpc and 1.40kpc from the central component,
respectively. The central radio component, HR:A, has a flatter 1.5-
7 GHz spectral index of o« ~ —0.3, compared to the two hot spots,
which have @ ~ —1 and « ~ —1.2 (for HR:B and HR:C, respectively;
Jarvis et al. 2019). Overall, the properties of J1316+4-1753 provide a
cogent case to investigate the impact of low luminosity and compact
radio jets on the multi-phase ISM in a ‘radio-quiet’ quasar host
galaxy.

2.2 Observation and reduction of the MUSE data

J1316+4-1753 was observed with the Multi Unit Spectroscopic Ex-
plorer (MUSE; Bacon et al. 2010) on ESO’s Very Large Telescope
(VLT) as part of proposal ID: 0103.B-0071 (PI: Harrison). MUSE is
an optical and near-IR integral-field spectrograph at the VLT, housed
at the European Southern Observatory’s Paranal Observatory. The
observations were carried out in wide field mode, with adaptive
optics, in a single observing block on the night of 2019 April 29-30.
The observations consisted of 4 science exposures (of 550s each)
and 1 sky exposure (of 100s), rotated by 90° and dithered within
a ~4 arcsec box. The spectra ranges from 4750 to 9350 A with a
spaxel size of about 1.25 A. The field of view is about 1 x 1 arcmin,
with a pixel size of 0.2 arcsec.

The raw data were reduced using the standard ESO MUSE pipeline
version 2.6 (Weilbacher et al. 2014, 2020). The flow of the pipeline
includes bias-subtraction, correction for flat-field, illumination and
geometry, and calibration in wavelength and flux. The sky emission
was estimated using the sky exposure and subtracted from the science
data. The datacubes were resampled on to a 0.2 arcsec x (.2 arcsec x
1.25 A grid. For the flux scaling, the relative offsets between the four
exposures were computed using an average of 12 sources in the white-
light images of each datacube. The final datacube was obtained by
average-combining the four exposures corrected for their offset.

To estimate the seeing point spread function (PSF) for our cube,
we used two point-like sources in our field of view. We estimated
the PSF to be ~0.75 arcsec, in the wavelength range around the
[O 11]sp07 emission, using the MoffatModel2 function from
the mpdaf package (Bacon et al. 2016). We corrected for the
wavelength-dependent line-spread function (LSF), introduced by
MUSE, during the line-profile fitting procedure, as described in
Section 4.4.

2.3 Observation and reduction of the ALMA data

J13164-1753 was observed with ALMA in Band 7 in 3 x 1h
epochs between 2019 April 29-2019 May 03 under ALMA project
2018.1.01767.S (PI: A.P. Thomson). Our chosen correlator set-up
comprises of three spectral windows, with one having a central
frequency vops = 345.795990 GHz, corresponding to the redshifted
CO(3-2) line at zoy = 0.15 (Jarvis et al. 2019), and the others
overlapping this spectral window with central frequencies of 344.7
and 347.0 GHz used for baseline subtraction. Each of the three
spectral windows has a bandwidth of 1875MHz (1870kms~!)
and a spectral resolution of 31.25 MHz (31.17 kms™!), recorded in
dual polarization (XX, YY). In total, our three overlapping spectral
windows provide 4.17 GHz (~3600kms~!) of spectral coverage

1611

centred on the CO(3-2) line. Our science goals of mapping the
galaxy-scale molecular gas kinematics and looking for jet-ISM
interactions in the region of the radio jet, lead to using the C43-4
array, providing an angular resolution of 6., ~ 0.5arcsec and
a largest angular scale 055 ~ 4arcsec (corresponding to linear
scales of ~1.3kpc and ~11 kpc, respectively, at the source redshift
z=0.15).

We obtained the raw data from the ALMA science archive and
pipelined the data in CASA v5.4.0-68 using the reduction script sup-
plied by ALMA user support. Following the successful completion of
the ALMA CASA pipeline, the phases and amplitudes were visually
inspected as functions of frequency and time using the CASA tool
PLOTMS, during which a small percentage (< 1 per cent) of outliers
were flagged from the calibrated data.

The reduced uv data were imaged in CASA TCLEAN. A spectral line
datacube was created, using natural weighting (ROBUST = 2.0), on-
the-fly primary beam correction (PBCOR = True) and multiscale clean
at a pixel scale of 0.05 arcsec pix !, across an image of ~51 arcsec,
(or 135kpc) on a side. The resulting naturally-weighted images
have a synthesized beam which well-resembles a two-dimensional
Gaussian of width 0.54 arcsec x 0.45 arcsec at a position angle of
8°, with an rms sensitivity of oy, = 347 wJy beam™! channel .

2.4 Alignment of the MUSE, ALMA, and VLA data

To perform a multiwavelength analysis, we need to be sure that
all the data are registered on the same astrometric solution. To do
this, we followed the same procedure as in Jarvis et al. (2019), who
demonstrated that the astrometric solutions of Sloan Digital Sky
Survey (SDSS) images were accurate enough to align datacubes to
VLA data, for 9 targets from QFeedS including J13164-1753, with
a median accuracy of 0.13 arcsec (i.e. ~0.3kpc). This is sufficient
for the multiwavelength comparison that we perform in this work
(Section 4). Briefly, we created pseudo broad-band images from
the MUSE IFS cubes over the same wavelength range as the g-
band images from SDSS. The peak emission in the pseudo-broad-
band image was identified to be located 0.6706 arcsec from the
peak radio emission and 0.6709 arcsec from the peak CO(3-2)
emission (see Fig. 2; Section 4.1). Then we used the £ind_peaks
function of the photutils (Bradley et al. 2020) PYTHON pack-
age to identify the pixel associated to the peak emission in the
MUSE pixel and anchored the coordinate values of this pixel to
match the associated position from the image peak in SDSS. This
resulted in a global astrometric shift of ~ 2.5 arcsec to the MUSE
cube.

Since, after this shift, the peak continuum and the radio core were
well aligned (i.e. within ~ 0.1 arcsec) this provides confidence in the
alignment process, although we note that a priori these different
emissions may not by physically aligned. Ultimately we chose
the HR:A position of the radio core (introduced in Section 2.1;
RA of 13"16™42:8 and Dec. of +17°53/3273) as our ‘nucleus’
position, indicated with a (0,0) in all relevant figures. All dis-
tances are measured with respect to this position as the reference
point.

3 ESTIMATED JET PROPERTIES

In this section, we estimate the properties of the radio jets obtained
from empirical relations and existing radio data for the target. These
estimated properties are used to help interpret our new observations
in terms of the effects of the jets on the quasar host galaxy in
Section 6.2.1.

MNRAS 512, 1608-1628 (2022)
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3.1 Jet Kkinetic power (Pjc)

To estimate the kinetic jet power (Pj), we use the empirical
relation of Merloni & Heinz (2007), obtained from a sample of
low-luminosity radio galaxies, as below:

log Per = (0.81 £ 0.11) x log Lsgu, + 11973}, (1

From the VLA data in Jarvis et al. (2019), the 5.2 GHz flux density
of the radio core (HR:A) is 1.1 mJy (spectral index ¢ = —0.3).
This corresponds to 5 GHz luminosity of 6.5 x 103% ergs~! for the
radio core. Using the relation above we estimate a jet power of
7.8 x 1043 ergs~!. However, since the empirical relation is derived
from lower resolution data than ours, we also calculate the jet
power using the total 5 GHz flux density (i.e. over HR:A, HR:B,
and HR:C), which is 2.7mly (spectral index ¢« = —0.85; Jarvis
et al. 2019). Using this flux density, we estimate a jet power
that is only higher by a factor of 2.5 (i.e. 1.7 x 10*ergs™).
Hence, for our order-of-magnitude estimate, we assume the jet
power to be, P = 10*ergs™' during our discussion in
Section 6.2.1.

3.2 Jet inclination angle (9)

Since AGN jets experience bulk relativistic motions (Blandford &
Konigl 1979; Ghisellini et al. 1993), the apparent brightness of
the different AGN sub-components can be used as an estimator of
their inclination angle with respect to line of sight (los). The radio
core prominence parameter is a measure of the core-to-extended
radio flux density [Rc = Score/Sext = Score/(Stot — Score)], and is a
known statistical indicator of inclination angle, with respect to los, as
discussed in detail in Orr & Browne 1982 (also see Saikia & Kapahi
1982; Kharb & Shastri 2004). We used the flux density estimates from
the 5.2 GHz VLA data from Jarvis et al. 2019, which estimates the
Score = 1.1 mlyand S, = 2.7 mly. Using these values we estimated
the Rc tobe = 0.7, which gives log;o(Rc) = —0.16. The log R¢ values
are seen to vary from —4 to +4 for a sample of randomly oriented
radio galaxies and blazars, corresponding to inclination angles from
90°to 0°(see Kharb & Shastri 2004). Therefore, the estimated
logRc ~ 0, value for J1316+1753 corresponds to an inclination
angle of ~45°for the jet in this source, with respect to our line
of sight. Hence, based on these statistical arguments, a projected
inclination of ~ 45 © with respect to our los, is assumed for the jets
in the rest of the paper. Since we estimated our galaxy’s inclination
angle to be 46 ° (see Section 4.2), we conclude that the jets are seen
to be in the plane of the galaxy disc.

3.3 Jet speed (B)

The relativistic doppler beaming effects in jets enable us to estimate
which is the approaching and which is the receding jet, and to
also estimate a jet speed (Ghisellini et al. 1993; Urry & Padovani
1995). Using the 5.2 GHz VLA image from Jarvis et al. (2019),
we measured the surface brightness (SB [wJy beam™!]) values at
equal distances from the peak surface brightness point (i.e. the radio
core, HR:A) on both sides along the jet axis. We define the ratio of
these surface brightness values as J = SBug. 5/SBur. ¢, and repeated
these measurements at seven different distances ranging from 0.07 to
1.2 arcsec. A range of J estimates was obtained from 1.1 to 2.6. On
average, the south-eastern jet (HR:B) was measured with ~ 2 times
higher surface brightness than the north-western jet (HR:C). Hence,
it was concluded that HR:B is the approaching side of the
jet.

MNRAS 512, 1608-1628 (2022)

Furthermore, the ratio, J was used to estimate the jet speed, Vi, =
B c, using equation (A10) from Urry & Padovani (1995) as follows:
JVr—1
JUp 4+ 1°
We assumed the value of p = 3.0 (as defined for a continuous,
non-blobby jet, with @ = —1; Urry & Padovani 1995)." Using our
estimate of the jet inclination angle (6 = 45 °; see Section 3.2), we
estimate the jet speed to be in the range of 0.04 c—0.2 c¢. This seems
to be a reasonable value, since for a typical low-luminosity AGN,
jet speeds would be expected to be around 0.15 ¢ (Ulvestad et al.
1999). A limitation of the jet speed and jet inclination estimates
is that this relation is defined for radio-loud AGNSs, in contrast
to our radio-quiet source. However, we mainly use these values
for a qualitative comparison to simulations and order-of-magnitude
estimates in Section 6.2.1.

B cos O = (2)

4 ANALYSIS

In this section, we describe our analysis methods to (1) produce the
continuum and emission-line images shown in Fig. 2 (Section 4.1);
(2) estimate the structural parameters of the galaxy (Section 4.2);
(3) map the stellar kinematics using the MUSE data (Section 4.3);
(4) model the optical and CO(3-2) emission-line profiles from the
MUSE and ALMA data, respectively (Section 4.4); and (5) estimate
the non-parametric properties of the emission-lines and produce their
maps (Section 4.5). As illustrated in Fig. 2, we perform the analyses
on two spatial scales, firstly over the whole ‘galaxy-scale’ (for which
we map the stellar and gas properties using bins following Voronoi
tesellation, see Section 4.3) and, secondly, focusing on the inner
‘central-scale’ region around the jets (for which we map the gas
properties only).

4.1 Environment and central-regions of J1316+1753

We present pseudo-broadband and narrow-band (emission-line) im-
ages of J1316+1753 in Fig. 2. We note that for all images in this
paper, North is up and East is to the left, as indicated in the central
panel of this figure. The central panel shows the stellar continuum
image of the galaxy inside a 24 x 24 arcsec (62 x 62kpc) region.
To make the image, we median-collapsed the data cube (masking
all the emission-lines) across the same wavelength range as that
used for the stellar continuum fitting (see Section 4.3 for a detailed
explanation and Fig. 3 for arepresentation). The figure clearly reveals
the galaxy morphology, with a central bulge and two prominent
spiral arms extending over ~ 21 kpc. Within this image we identity,
in addition to our main target, one passive satellite galaxy to the
south (without any emission-lines). However, based on the regular
morphology and kinematics (discussed in Section 5.2), we do not see
any clear disturbances in the galaxy dynamics caused by it that could
affect our conclusions and hence they are not discussed henceforth
in this work. We make particular note of the bright and clumpy
continuum structure located ~ 17 kpc to the north-west of the primary
galaxy nucleus. For identification purposes only, we label this as the
‘companion galaxy’. We note that this is identified in emission lines
at the same redshift as our target galaxy, meaning that it is also

IWe note that Urry & Padovani (1995) use the opposite sign convention for
spectral index («) in their study compared to this analysis.
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Figure 3. Examples of our emission-line and stellar continuum fits to the MUSE and ALMA data. Upper left: [O 111] emission-line profile (grey curve) and
our best fit (dashed black curve), as well as the three individual Gaussian components used to construct the total fit (yellow, blue, and orange curves). Upper
right: CO(3-2) emission-line profile (grey curve), with the best fit (dashed black curve) and the two Gaussian components that make up the total fit (blue and
red curves). In both upper panels, we indicate the non-parametric values obtained from our analyses: V5 (dashed green line) to trace the bulk velocity and Wgq
(green arrows) to trace the velocity-dispersion, which is the velocity width between Vi and Voo (vertical dashed grey lines). Both emission-line profiles are
extracted from Voronoi Bin no. 2, as defined in Section 4.3. Lower panel: Spectra (black curve), presented across the wavelength range used to obtain the stellar
continuum fits (red curve) for estimating the stellar kinematics (see Section 4.3). Wavelength regions excluded from the fits (due to strong emission-lines and
the instrumental chip gap) are highlighted with shaded regions. The fit residuals are shown as green curves.

physically associated. The kinematic anaysis in Section 5.2 is done
within the region indicated through the white box. We refer to it as
the ‘galaxy-scale’ region (10 x 10 arcsec or 26 x 26 kpc).

The right-hand panel of Fig. 2 covers a spatial region of
18 x 16arcsec (i.e. 47 x 42kpc), chosen to show the extent
of the [O 1] gas, we identified in and around the main galaxy.
The three-colour image shown is comprised of three pseudo
narrow-band [O 1] images, collapsed over the velocity slices
indicated in the legend. The overlaid contours in purple represent
the CO(3-2) image, created by collapsing the ALMA cube over
a frequency range of +700kms~'. The black overlaid contours
are from the 6 GHz VLA image (see Section 2.1; Jarvis et al.
2019).

In the left-hand panel of Fig. 2, we show a zoom-in of the
continuum image, as indicated by the yellow box in the main panel,
extending over ~4 arcsec (i.e. 10kpc). We use this region as the
‘central-scale’ to perform our spaxel-by-spaxel kinematic analyses
in Section 5.3. The three light-green colour dots indicate the position
of the radio core (HR:A) and the two jet hotspots (HR:B and HR:C;
discussed in detail in Section 2.1). The cyan colour ellipse shows
an isophote fit to the stellar bulge profile, and is discussed later in
Section 4.2.

4.2 Position angle, inclination angle, and sizes

To aid the discussion on how the jets and gas interact, it is useful to
constrain some basic properties of the host galaxy stellar emission,
specifically the size, major axis position angle, and inclination
angle. We used the high spatial resolution continuum image (Fig. 2;
middle panel) to make measurements of half-light radii (R;;),
morphological axes (PA), and inclination angle (0). We fitted a
two-dimensional Gaussian model to our galaxy’s continuum image
to obtain a morphological position angle = 152 4 2°, an axis ratios
(b/a) =0.71£0.04, and Ry, = 6.10£0.12kpc. We note that
all quoted position angles are defined as going East of North.
The half-light radius estimate was further verified by fitting an
exponential Sersic profile to the surface brightness of the galaxy
disc. Furthermore, following the works of Tully & Fisher (1977),
Weijmans et al. (2014), we used the axis ratios (b/a) to estimate the
inclination angle (0) using the following relation:

(b/a)* —q;
1—4q;
where qp is the intrinsic axial ratio of an edge-on galaxy (Tully &
Fisher 1977). We assumed ¢o = 0.2, which is appropriate for thick

, 3

cos’ 0 =
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discs, however, for our axial ratio values, a change in g by a factor of
2 would result in a <9 per cent change in the inclination angle (0).
Using the above relation, we estimated a galaxy inclination angle
of 46 +2°. We would like to note that the reported uncertainties
are purely from the fitting function and do not take into account the
intrinsic uncertainties arising due to the choice of a simple model.

In Section 6.2.2, we are interested in the relative position angle
between the radio jets and the observed stellar bulge. Therefore, we
followed a similar approach for the stellar bulge (Fig. 2; left-hand
panel) and fitted a 2D Gaussian (cyan ellipse) to obtain a position
angle of 139 £4°.

4.3 Stellar kinematics from MUSE

The gas kinematics in centres of galaxies can be a good tracer of
the AGN-driven outflows and the consequent jet—-ISM interactions.
However, the effect of the underlying stellar kinematics needs to
be quantified to de-couple gravitational-motions from gas dynamics
arising due to other processes. We use the MUSE data to map the
stellar kinematics over the full extent of the stellar emission, i.e. the
‘galaxy-scale’ indicated by the white box in Fig. 2.

We fitted the stellar continuum using the modular analysis frame-
work of GIST pipeline? (Galaxy IFU Spectroscopy Tool; Bittner
etal. 2019). As a brief overview, the GIST pipeline works directly on
the science-ready MUSE datacubes, performs a Voronoi tesellation
(Cappellari & Copin 2003), fits spectral templates to the observed
spectra, and outputs a best-fitting estimate of stellar velocity and
stellar velocity-dispersion for each Voronoi bin. A complete overview
of the pipeline is presented in Bittner et al. (2019).

The spectra were de-redshifted to the rest frame using an initial
estimate of the systemic redshift (z = 0.15). The spaxels below
an isophote level with an average signal-to-noise ratio (SNR) of
5 per spectral bin, as measured within the rest-frame wavelength
range of 4452-4630 A (range devoid of any bright emission-lines),
were excluded from the fits. Then, the remaining galaxy spaxels
were spatially binned to achieve a minimum SNR using the adaptive
Voronoi tesellation routine of Cappellari & Copin (2003). We set the
minimum SNR per Voronoi bin to be 30, which resulted in stable
measurements of the stellar kinematics, but still provided a good
spatial sampling (see Section 5.2). As a result of this procedure,
the galaxy was divided in 41 Voronoi bins over the galaxy-scale
frame. We show the shape and location of these bins in the Appendix
(Fig. Al). Of these, 38 bins (Bin No. 0-37) were contiguous and
represented the main galaxy under investigation, while 3 bins (Bin
No. 38, 39, 40) were associated with the minor companion galaxy
(as discussed in Section 5.1, and indicated in Fig. 2).

The actual wavelength range used to fit the stellar continuum
was restricted to 4185-5500 A in the rest-frame. This wavelength
range covers sufficient emission-line free regions of prominent stellar
absorption features, whilst avoiding the redder wavelength range of
MUSE that is more strongly affected by sky line residuals (also see
e.g. Falcén-Barroso et al. 2006; Bittner et al. 2019).

The stellar continuum fitting with ¢1ST requires the preparation of
a spectral template library. We required a spectral template library
that is compatible with sufficient wavelength range and the spectral
resolution for our MUSE data. Following these requirements, we
selected the second data release (DR2) of the X-Shooter Spectral
Library (xsn; Arentsen et al. 2019; Gonneau et al. 2020). The xsr
is a stellar spectral library covering the wavelength range from 3000

Zhttp://ascl.net/1907.025
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to 25000 A, at a resolution of about R ~ 10 000. We used the
ultra-violet to blue (UVB) set of the DR2 of xstr that covers 813
observations of 666 stars. The parametrization from Bacon et al.
(2017) was adopted as the MUSE line spread function to broaden all
the template spectra to the resolution of our observed spectra before
any fits were conducted. This process corrects the velocity-dispersion
measurements for the spectral resolution of MUSE.

The stellar kinematics were derived by performing a run of the
PPXF routine (Cappellari & Emsellem 2004; Cappellari 2017). To
account for small differences between the MUSE spectra and the
templates, we included an additive Legendre polynomial of the order
8 (following literature, see Pinna et al. 2019; Gadotti et al. 2020;
Bittner et al. 2020).> Before the fitting, care was taken to mask
wavelength ranges covered by the broad and bright emission lines.
We adopted a conservative approach and used broad masks with a
width of up to 200 A for the broadest emission lines (e.g. Ne 1v,
[Ar 1v], HB, [O 114959, [O I1I]5007, etc.; see Fig. 3) in order to ensure
that these lines were masked even for the central spaxels with the
broadest emission lines. This ensured that no contamination from the
emission lines affected the analysis of the stellar kinematics, but still
left sufficient stellar absorption features to obtain stable solutions for
the stellar kinematics. We note that on reducing the masking width
to 100 A for the strongest emission lines, the velocity measurements
are consistent in the outer Voronoi bins where the strongest emission
lines are much narrower, giving us confidence the fitting wavelength
coverage is sufficient. In addition, the wavelength range from 5820
t0 5970 A is masked, to avoid the contamination of the spectra from
the laser guide stars of the adaptive optics facility. The stellar fits
were visually inspected for each bin and were seen to closely follow
the observed spectra in each case. As an example illustration, the
observed spectra and the fits to the stellar continuum are shown in
the lower panel of Fig. 3 (see supplementary material for the fits
from all other Voronoi bins). In Section 5, we discuss the resulting
stellar kinematics. The median of errors, across all Voronoi bins,
on the stellar kinematics were &= 16 km s~ for stellar velocities and
+ 18kms~! for stellar dispersion estimates, where the errors are
formal errors (10) uncertainties estimated from ppxr.

We used the redshift estimate from the stellar fits of each Voronoi
bin and estimated a flux-weighted mean redshift of z = 0.15004.
This value has then been used as the systemic redshift for all of the
analysis in this paper.

4.4 Emission-line profile fitting procedure

In this work, we characterize the spatially resolved kinematics and
flux ratios of strong optical emission-lines (using the MUSE data) and
the CO(3-2) emission line (using the ALMA data). We take the same
overall approach for fitting all emission lines, which we describe first,
before giving details that are specific to fitting individual emission
lines. All of the line profiles and velocity maps displayed in this work
have been shifted to the rest frame, using the stellar systemic redshift
described in Section 4.3. A set of emission-line profiles and fits from
across the whole galaxy are shown in the supplementary material.
We fitted the profiles using the x? minimization procedure
CURVE_FIT (Virtanen et al. 2020) and the most appropriate num-

3We note that we tried the fit for two different cases, one with only an additive
Legendre polynomial and the other with only a multiplicative Legendre
polynomial (both with order 8). We find no qualitative difference in the
kinematic estimates and only a moderate variation in absolute measured
velocity values of about 6 km s~! (median value).
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ber of Gaussian components (detailed below) were selected using
the Akaike Information Criteria (AIC; Akaike 1974). Due to the
complexities of the optical emission-line profiles, we primarily use
these fits to obtain an overall non-parametric characterization of the
line profiles (see Section 4.5) and largely refrain from assigning
physical significance to individual components (following e.g. Liu
et al. 2013; Harrison et al. 2014). However, we verified that the non-
parametric results on the gas kinematics provide qualitatively the
same conclusions as investigating ‘broad’ and ‘narrow’ components
separately.

For our primary tracer of the ionized gas kinematics, we use the
[O 1JA5007 emission line. We fitted the spectral region around the
[O 11]Ar4959,5007 emission-line doublet using the rest-frame air
wavelengths in the range [4940, 5040] A. We attempted to fit the
[O m]A5007 profile using one, two or three Gaussian components
(selected based on the AIC). An example [O 1IJA5007 (hereafter
[O m1]) emission-line profile and the best-fitting solution is shown
in Fig. 3. We used the same Gaussian component parameters to fit
simultaneously the [O 111]14959 emission profile, by using the same
line width, a fixed wavelength separation and a fixed intensity ratio
of [O mJA4959/[0 1JA5007 = 0.33 (e.g. Dimitrijevic et al. 2007).

For the purpose of obtaining estimates of electron densities (see
Appendix B), we followed a similar procedure to fit other optical
emission-lines (in all cases using rest-frame air wavelengths). We
note that we used a simple first-order polynomial to characterize
the local continuum around all the optical emission lines. This is
typically appropriate for the strong emission-line-dominated spectra
that we have and hence will not affect the inferred ionized kinematics.

To trace the molecular gas kinematics, the CO(3-2) line (with arest
frame frequency of 345.7960 GHz) was extracted from the ALMA
data cube around a spectral window of ~ =700 kms~!. Based on
visual inspection and an AIC estimate, a maximum of two Gaussian
components were required to characterize the CO(3-2) emission-line
profile over the whole galaxy. The local baseline continuum was well
characterized with a constant value. An example CO(3-2) emission-
line profile and the best-fitting solution is shown in Fig. 3 and a set
of emission-line profiles and fits from across the whole galaxy are
shown in the supplementary material.

4.5 Non-parametric velocity definitions

The complexities and degeneracies of the emission-line fits exhibited
in powerful quasars lead us to favour non-parametric definitions of
bulk velocity shifts and velocity-dispersion (also see Harrison et al.
2014; Jarvis et al. 2019, for a kinematic study of other QFeedS
targets). Therefore, we used the best-fit models of the emission-line
profiles from Section 4.4 to calculate the following:

(i) Vs, which is the median velocity of the overall emission-line
profile, and is a tracer of the bulk gas velocity.

(i) Wgy, which is the velocity width of the emission line that
contains 80 percent of the integrated flux and is a tracer of the
velocity-dispersion. This is defined as, Wgy = Vo9 — Vy9, where
Vio and Vyy are the 10th and 90th percentiles of the emission-line
profile, respectively. For a single Gaussian profile, Wy is equivalent
to 1.083xFWHM or 2.6x o.

(iii) Peak SNR ratio, which is simply the ratio of the peak flux
density in the emission-line profile to the noise in the spectra. The
noise is calculated by taking the standard deviation of the continuum
spectra, in windows of ~ 30 A, on both sides of the emission peak.

We note that we corrected the Wy, values by first subtracting,
in quadrature, the line spread function (LSF) o s, from each of the
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component gaussians. The wavelength-dependent o gr of the MUSE
data was estimated using equation (8) from udf - 10 parametrization
of Bacon et al. (2017).

In addition to tracing these non-parametric values, we also at-
tempted to trace the properties of the individual broad and narrow
components. Although these results are more subject to degeneracies,
and therefore provided noisier results, we found that we draw the
same conclusions on the spatial distribution of the high velocity-
dispersion gas and positions of bulk velocity offsets discussed in
Sections 5.2 and 5.3. This can be visually verified by looking
at the individual Gaussian components of the fits shown in the
supplementary material.

To map the ionized and molecular gas kinematics and the emission-
line flux ratios on the galaxy-scale, we use the same spatial Voronoi
bins as obtained for the stellar kinematics maps described in Sec-
tion 4.3. This approach is sufficient for our goal of establishing a
broad description of the galaxy kinematic structure and performing
a like-for-like comparison between the stellar kinematics and the
two gas phases (see Section 5.2). Furthermore, we find that the gas
is predominantly located within the extent of the stellar emission
(see Fig. 2; Section 5.1). We note that for the CO(3-2) gas, some
bins had low SNR (i.e. <3; see Fig. A), and are hence not shown
for the ALMA maps. A study of any additional faint gas in the
circumgalactic medium is deferred to future work. To plot the values
extracted from the fits in the maps, on the galaxy-scale, we required
a signal-to-noise ratio (SNR>3). However, this only affected the
galaxy-scale maps of CO(3-2) where the SNR was found to be lower
than this threshold in three bins. Maps of Vs, and Wy, for [O 111] and
CO(3-2) are discussed in Sections 5.2 and 5.3. A visual inspection
of the data reveals that our maps provide a reliable and meaningful
representation of the underlying data.

We also produced maps of the emission-line properties on the
central-scale around the jets (see yellow box in Fig. 2). For the
central-scale maps, we performed the emission-line profile fits,
following Section 4.4, in spatial regions of 0.2 x 0.2 arcsec. Again,
we required an SNR > 3 to plot the derived quantities in these maps.
Central-scale maps of SNR, V5, and Wy, for both [O 111] and CO(3—
2) are presented and discussed in Section 5.3. We note that we lack
sufficient SNR to map the stellar kinematics, using these smaller
spatial bins on this scale. For all the fitted parameters, we obtained
the one standard deviation errors as 1/diag(pcov), where pcov is the
estimated covariance of each parameter. To estimate the uncertainty
in Wgo, we used the error in the FWHM of the broadest Gaussian
component and for the uncertainty in V5o we used the error in the
velocity estimate of the narrowest Gaussian component.

5 RESULTS

In this section, we present our results from the analysis of MUSE and
ALMA data for the z = 0.15, type-2 quasar, J1356 + 1753, selected
from QFeedsS (see Fig. 1). Specifically, we present (1) the distribution
of stellar emission, ionized gas, and molecular gas (Section 5.1); (2)
the galaxy-scale stellar and multiphase gas kinematics (Section 5.2);
and (3) the central-scale gas kinematics and emission-line properties
close to the jets (Section 5.3).

5.1 Overview of the stellar and gas distribution

Fig. 4 presents the galaxy-scale stellar kinematics (first column),
ionized gas kinematics (second column), residuals by subtracting
the stellar and ionized gas kinematics (third column), the molecular
gas kinematics (fourth column), and the residuals from subtracting
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Figure 4. A comparison of the stellar and multiphase galaxy-scale kinematics using the Voronoi bins. Top row: Bulk velocity maps (V, for the stellar and
V5o for the gas). Bottom row: Velocity-dispersion maps (o, for the stellar kinematics and Wgg for the gas). In both rows, from left-to-right: stellar kinematics,
ionized gas kinematics (from [O 111]), residual ionized gas kinematics (i.e. the velocity difference between the stellar and ionized gas maps; see Section 5.2.2),
molecular gas kinematics [from CO(3-2)], and residual molecular gas kinematics. In all panels, the light-green contours represent the 6 GHz radio emission at
levels [32,16,4] RMS ,4i. Grey contours (in second column) trace the [O 11I] emission at [64,16,4,2,11RMSo mr). The dark-green contours trace the CO(3-2)
emission at levels of [16, 8, 4, 2, 1] RMSco3-2). The dashed green and dotted pink lines trace the projected jets and stellar kinematic axis, respectively. A scale
bar representing a length of 5 kpc is shown in both the right-most panels. The bulk of the gas follows the stellar velocities at the galaxy scale as seen in both the
phases, except for the central bins, around the jet region, which show strong velocity residuals (top-row: third and fifth columns). The highest dispersion values
are seen perpendicular to the jets for ionized gas (bottom-row, third column), indicated by the cyan lines (traced from the cones of highest velocity-dispersion
identified in Fig. 5).
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the molecular and stellar kinematics (fifth column). In all columns,
the upper-row presents the bulk velocity maps (V, or Vsy) and the
lower row presents the velocity-dispersion maps (o, or Wgy). We
note that while computing residuals, the stellar dispersion values
were scaled by a factor of 2.6, to make the values more directly
comparable to Wy, which we used to characterize the velocity width
of the gas (see Section 4.5 for the estimation methods).

As can be seen in Fig. 2, J1316+1753 is a spiral galaxy extending
over ~20kpc (R;, = 6.1kpc) from the north spiral arm to the
south spiral arm. [O 11I] emission is our tracer of the ionized gas.
The [O 11] image shown in the left-most panel of the figure reveals
that the ionized gas broadly covers the same spatial regions as the
stellar continuum emission in both the primary galaxy and the minor
companion galaxy to the north west (also see the second column of
Fig. 4). However, we also observe an ionized gas cloud (i.e. with no
corresponding stellar continuum emission), at a distance of ~ 17 kpc
south east of the galaxy nucleus, with a blue-shifted velocity of
—250 kms~!. Although not the focus of this work, we speculate that
this cloud may be a tidal debris or the result of an historic outflow (see
Lintott et al. 2009; Keel et al. 2012, 2019 and the references therein).

CO(3-2) emission is our tracer of the molecular gas (see
Section 2.3). The CO(3-2) contours shown in the right-most panel
of Fig. 2 and in the fourth column of Fig. 4 reveal that the molecular
gas broadly follows the distribution of the stellar continuum
emission, including tracing the northern and southern spiral arms.
However, at the sensitivity of our observations, the molecular gas
is less extended than both the [O 1] and continuum emission.
Specifically, CO(3-2) emission is not detected towards the outer
edges of the spiral arms. None the less, for this work we only aim
to qualitatively describe the galaxy-scale molecular gas kinematics,
for which the data is sufficient.

5.2 Kinematics on the galaxy scale

As a first investigation of the stellar and multiphase gas kinematics,
we look at the entire galaxy scale (i.e. across a 26 x 26 kpc region;
see Fig. 2), using the Voronoi bins defined in Section 4.3 (also see
Fig. Al). By using the same spatial bins, we are able to directly
compare the stellar, [O 111] and CO(3-2) kinematics without having
to rely on a particular dynamical model with the associated uncertain
assumptions. We note that for the following results, we are only con-
cerned with the contiguous Voronoi bins of the central galaxy and we
exclude the minor companion galaxy when presenting quantitative
values. Our goal here is to qualitatively assess if the multiphase gas
follows the host galaxy’s gravitational motions, before performing a
deeper investigation of the kinematics and distribution of the gas in
the central region of the galaxy in Section 5.3.

5.2.1 Stellar kinematics

The stellar velocity and stellar velocity-dispersion maps, presented
in Fig. 4, clearly suggest the presence of a smoothly rotating stellar
galaxy disc. We obtain an approximate major kinematic axis of
140° by connecting the Voronoi bins with the highest values of
projected velocities (i.e. —268 £ 18 kms~! and +240 4 14km s~1)
through the galaxy nucleus. This major kinematic axis is well
aligned with the morphological axis of 150 °, which we measured in
Section 4.2. Accounting for the 46° inclination angle of the galaxy
(see Section 4.2), we estimated the de-projected maximum rotation
velocities of — 360 and 4 330 km s~'. These high rotation velocities
are consistent with previous work, suggesting that this galaxy has a
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very high mass (i.e. the inferred stellar mass from SED fitting is =
10" 93 My ; Jarvis et al. 2020).

The observed stellar velocity-dispersion ranges from
81+22kms~! in the outer spiral arms to much higher values
between 290 and 360 km s~! in the very central regions, with
a median value of 326 +27kms~! (see small inset in Fig. 4).
We discuss the interesting origin of the highest central stellar
velocity-dispersion, and the remarkable spatial alignment with the
radio jets in Section 6.

5.2.2 lonized gas kinematics

In Fig. 4 (second column), the kinematic structure of the bulk ionized
gas velocity on large scales, i.e. Vs [omj, can be seen to broadly
follow the stellar velocity structure. Indeed, the residuals (third
column) created by subtracting the stellar kinematic values from
Vs0, [0 m}, reveals only modest residuals in the majority of the bins
outside of the central regions, with |Vso jom; — Vil <50km s~!in
the spiral arms. We therefore infer that on large scales the [O 1]
emission is broadly following the gravitational motions of the host
galaxy. In contrast, the residuals between Vs (o and V, are much
larger in the central, <10 kpc regions of the galaxy, reaching values
of up to —105 and 4 260 kms~'. We note that the bin at the tip of
both spiral arms also shows a large velocity residual of = 139 km s~
that we attribute to disturbed ionized gas extending as far as these
locations (see below).

A comparison between the stellar velocity-dispersion and
velocity-dispersion of the [O TI] emission further confirms non-
gravitational ionized gas motions (Fig. 4). The Ws, (o i) map reveals
extreme ionized velocity widths over very large scales. With the
exception of the outermost north west and south-east regions, the
majority of the bins have [O 111] velocity widths much greater than the
local stellar velocity-dispersion. Most dramatically, perpendicular
to the jet axis, high velocity-dispersion is seen with Wgy >> 2.6 o,
(with residuals of typically 740kms~"). The velocity-dispersion in
these bins ranges from 1000 to 1300 km s~!, and hence we identify
this as the most disturbed gas with Wgy >1000km s~'. This disturbed
gas is seen to extend as far as the outer Voronoi bins that are located
7.5kpce each side of the nucleus. While the disturbed gas may be
extending beyond this distance, we take a conservative estimate of
7.5 kpc, obtained from the Voronoi bins defined at an SNR > 5 (as
explained in Section 4.3). Therefore, we conclude that, whilst the
[O 11] gas follows the large-scale rotation of the host galaxy, we see
significant non-gravitational motions around the jets that is detected
to a projected distance of 7.5 kpc along the minor axis of the host
galaxy.

For an estimate of the outflow velocities, we obtained the max-
imum (terminal) velocities following Heckman et al. (2004), as
Vimax = AV — FWHMyaa/2, Wwhere AV = Vioaa — Vi (also see
e.g. Rupke, Veilleux & Sanders 2005; Veilleux, Cecil & Bland-
Hawthorn 2005). We found these velocity estimates* in the terminal
bins (precisely, Voronoi bin 28 and 33) to be similar to our non-
parametric estimate of Wgy> in the same location and hence we
decided to use the Wgo values for our estimate of the outflow
velocity in Section 6.2.1 (also see e.g. Liu et al. 2013; Harrison
et al. 2014). This analysis of the galaxy-scale ionized gas kinematics
reveals non-gravitational motions in and around the nuclear radio
jets in J13164-1753, with high velocity-dispersion gas extending to

*Vinax, Bin2s = 480 £ 17km s ™5 Vipax. Bin3s = 650+ 10kms™!.
SWso. Binzs = 880 £19kms™!; Wgo, Bin33 = 820 £26kms~!.
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Figure 5. Kinematic analysis of the ionized gas in the region around the central jet, using maps of the non-parametric values of the [O I1I] emission-line fits
and position velocity diagrams around the [O I1I] emission line (see Section 5.3.1). The black contours in each map represent the 6 GHz radio emission at levels
of [32,16,4] RMS .4i0- The three cyan dots represent the HR:A (core) and jet hot spots (HR:B and HR:C), as in Fig. 2. A 1 kpc scale bar is shown in each of the
maps. Panel (a): Peak-SNR map; panel (b) : Wgo map; panel (c) : V5o map; panel (d) : PV diagram extracted along the jet axis (as shown through the dashed
red axes in panel (a), with the position-offset along x-axis and velocity-offset along y-axis, and the vertical lines indicate the locations of the radio jet hot spots;
panel (e) the [O 11] line profile from regions of highest peak-SNR values; panels (f) and (g) : the [O 111] line profiles from regions of disturbed gas, above
(Voronoi bin 16) and below (Voronoi bin 7) the jet, respectively, and panel (h) : electron density map from [S 11] doublet. The Gaussian components (in panels,
e, f. and g) are as described in Fig. 3. In panel (b), the emission corresponding to an enhanced velocity-dispersion (Wgg >1000 km s~!) suggests a biconical
structure in the region perpendicular to the jets (indicated by the dash—dotted cyan lines). The PV diagram in panel (d) reveals enhanced velocities behind the
jet hotspots, as highlighted by the purple vertical arrows. Narrow velocity components, highlighted with horizontal dark green arrows in panel (d), are observed
to propagate roughly from the radio hotspots and extend for 0.8 arcsec (2.1 kpc) in each direction.

a distance of 7.5kpc each side of the nucleus. We investigate the
velocity structure of the central regions in more detail in Section 5.3.
We note that the spatially resolved emission-line ratio diagnostic
for the dominant ionizing source reveals AGN to be the dominant
ionizing source across all galaxy bins (except in the companion
galaxy); however, we defer the detailed discussions to future works.

5.2.3 Molecular gas kinematics

Using the kinematics of CO(3-2) as a tracer in Fig. 4, we find that
the molecular gas shows a similar, but less extreme, behaviour than
the ionized gas. The bulk velocity of the molecular gas on large
scales broadly follows that of the stellar velocity. The peak projected
velocities of the CO(3-2) are similar to the peak stellar velocities
and furthermore, the major kinematic axes are found to be around
140 ° for both the molecular and stellar kinematics. The V5o coi-2)
— V.| residuals are small (i.e. <70kms~") in all but the central
6 Voronoi bins,® which on average have residuals of 190 km s
Therefore, the bulk velocity of the molecular gas is even closer to
the stellar kinematics than found for the ionized gas, but still shows

6Speciﬁcally, the Voronoi bins 0, 1, 2, 13, 17, 19 (see Fig. Al).

MNRAS 512, 1608-1628 (2022)

significant non-gravitational motion in regions around the radio jets.
This is investigated further in Section 5.3.

Fig. 4 shows that, similar to the ionized gas, the molecular gas
has a velocity-dispersion comparable to the stellar kinematics in
the outer bins, but with much higher residuals (i.e. 110 km s™')
in the central bins. However, whilst the central 7 Voronoi bins’
show the highest velocity widths of Wgy coz-2) = 380-500 km s7!,
these are on average, a factor of 3 less than those seen in [O III]
at the same location. The most distant spaxel where this disturbed
molecular gas is observed (i.e. with Wgy >380km s71) in Fig. 4
has a projected distance from the radio core of 2.5 kpc. Therefore,
the spatial extent of the high velocity-dispersion molecular gas is
seen to be approximately a third of that seen in the ionized gas,
i.e. 2.5kpc (Fig. 4). We investigate this further by zooming into the
central regions in the following subsection.

5.3 Kinematics on the central scale

Following the identification of non-gravitational gas motions identi-
fied in the central region of J1316+1753, presented in the previous
sub-section, we were motivated to map the ionized and molecular gas

7Speciﬁcally, the Voronoi bins 0, 1, 2, 3, 13, 16, 17 (see Fig. Al).
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properties in more detail in this region. To do this, we mapped ionized
and molecular gas kinematics across the central, 10 x 10 kpc region
(see Section 2) using smaller spatial bins, and with a SNR cut of > 3.
For the central-scale maps, we performed the emission-line profile
fits, in spatial regions of 0.2 x 0.2 arcsec, i.e. in individual spaxels
for the MUSE data and in bins of 4 x 4 pixels for the ALMA data
to have a comparable resolution as MUSE. The results are described
below and are illustrated in Fig. 5 for ionized gas and in Fig. 6 for the
molecular gas. As discussed in Section 4.3, we lack the sensitivity to
fit the stellar continuum with finer binning; however, in Section 6.2.2
we discuss the remarkable alignment between the jets and stellar
emission and kinematics in this region using the larger spatial
bins.

5.3.1 lIonized gas around the jet

In Fig. 5, we show maps of SNR, Wy, Vs, and n,, along with some
line profiles for the [O 1] emission (see figure caption for detail).
Contours of radio emission are overlaid, showing the relative location
of the radio jets. Particularly striking is the high levels of velocity-
dispersion running perpendicular to the jet axis, apparent in the Wgg
maps shown in panel (b). The high velocity-dispersion in the ionized
gas is further supported by the position—velocity (PV) diagram shown
in panel (d), which was constructed by summing over a 0.6 arcsec-
wide pseudo-slit, along the jet axis. It is quite clear that these central
regions show a broad velocity component with maximum velocities
of around 1500 kms~'.

Indeed, a visual inspection of the [O 1] emission-line pro-
file just north and just south of the jets [see panel (f) and (g),
respectively] reveals a very broad component in these regions,
with FWHM =980 £ 46km s~ and 1310 £ 18 km s !, respectively.
North of the jet, this component is blueshifted by 100kms~!
with respect to the local stellar velocity and south of the jet this
component is redshifted by 140kms~'. We note that this shows
the opposite red- and blue-shifts with respect to the galaxy rotation.
This highest velocity-dispersion emission (with Wgy > 1000 kms™")
starts from just behind the jet hot spots (highlighted with green
dots in the Wgy map and vertical dot—dot-dashed lines in the PV
diagram).

All of these observations suggest outflowing, high velocity-
dispersion gas that originates from behind the jet hot spots and
expands, in what appears to be a bi-cone structure. We trace the
outer-edges of these cones by drawing straight dot—dashed lines, on
the Wgo map for spaxels along the axis perpendicular to the jet and
identified with Wgy >1000km s~ to identify the morphology of the
most extreme gas kinematics (see Section 5.2.2). These cones have
opening angles of ~40°. To understand how this translates to the
observations we made on the galaxy scales (Section 5.2), we overlaid
them on to Fig. 4. Re-reassuringly, this gives a consistent picture
because the highest velocity-dispersion gas seen on the galaxy-scale
in Fig. 4 (i.e. out to 7.5 kpc each side of the nucleus), is located within
these cones.

In panel (h), we show the electron density in the individual spaxels
as estimated by using the ratio of the [S 11] doublet (see Appendix B
for more details and caveats). This reveals that the spaxels with the
highest inferred electron density (i.e. 500-600 cm™3) are co-spatial
with the cones of highest velocity-dispersion ionized gas. We verified
that this behaviour continues on to the galaxy scale by creating a map
with electron density for each of the Voronoi bins and present the
results in Appendix B. The spaxels outside the cones of highest
velocity-dispersion regions have more modest electron densities (<
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150 cm™3). We discuss the implications of these observations in
Section 6.1.

Another key observation of the [O 1iI] emission in the central
regions, presented in Fig. 5, is that the highest SNR emission is
concentrated in two regions; one around each of the two radio
jet hot spots. A visual inspection of the emission-line profiles
demonstrates that this is due to two narrow emission-line components
that are particularly strong in each of these locations. These narrow
emission-line components, which can be seen in the emission-line
profiles shown in panel (e) and panel (g) of Fig. 5, are separated
in velocity by 441+ 14kms~!. Indeed, the Vs, map, shown in
panel (c) of Fig. 5, highlights this further; we observe a strong
velocity gradient directly along the jet axis. We note that this is
offset by 20° from the galaxy kinematic axis and we have already
shown that the gas in these regions is not dominated by gravitational
motions (Section 5.2.2). The PV diagram in panel (d) of Fig. 5
shows that these two strong narrow emission-line components, which
are highlighted with horizontal arrows on the panel, are emanating
with velocities of +206415 and —23541.3kms™! from the
location of the two jet hot spots. These jet hotspot locations are
highlighted with vertical lines in the panel. We discuss these ionised
gas velocity components in the context of jet-ISM interactions in
Section 6.1.

5.3.2 Molecular gas around the jet

In Fig. 6, we present a similar set of figures for the CO(3-2)
emission in the vicinity of the radio jets, as we did for the [O 111]
emission in Fig. 5, namely, maps of SNR, Wgg, and Vs, along with
some line-profiles for the CO(3-2) emission (see figure caption
for detail). We observe the presence of molecular gas with high
velocity-dispersion perpendicular to the jet axis [Fig. 6; panel (b)]. A
visual inspection of the emission-line profile of this region [see panel
(2)], shows that there is a broad CO(3-2) emission-line component
(FWHM of 404 £10kms™") responsible for the high Wy, values
seen in this location. Furthermore, panel (h) shows a PV diagram
extracted along a 0.6 arcsec slit perpendicular to the jet axis, which
further confirms a region of high velocity-dispersion along this
axis.

The disturbed molecular gas is located within the same cone
identified in the ionized gas phase [see dot-dashed lines on panel
(b) of Fig. 5], but, this time, only in the northern side of the jet.
Furthermore, the disturbance appears to be less extreme. Specifically,
the FWHM of the broad [O 111] emission-line component in the same
region is 3x higher than that observed in CO(3-2) at the same
location. Additionally, the disturbed molecular gas is seen to extend
to 2.5 kpc, which is only a third the extension of the disturbed ionized
gas.

In the PV diagram of CO(3-2), created using a 0.6 arcsec pseudo-
slit running along the jet axis (panel (d) in Fig. 6), we observe a
small velocity jump of around 100kms~' at the location of the
northern radio hotspot (highlighted with an arrow in the figure).
Further evidence for irregular kinematics in this region comes from a
visual inspection of the emission-line profile [see panel (f) in Fig. 6]
which shows that the profile is split into two components separated by
169 £9 km s~'. Finally, there is some evidence for a deficit of CO(3—
2) emission close to the northern hotspot of the jet, as indicated by a
black arrow in the figure. From the PV diagram, we estimate the SNR
of the CO flux to be 11-14 times higher before and after this cavity
and about 90 percent less flux is seen in the cavity as compared
to the surroundings. These observations coupled with the strong
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Figure 6. Kinematic analysis of the molecular gas in the region around the jet, using maps of the non-parametric values of the CO(3-2) emission-line fits
and position velocity (PV) diagrams around the CO(3-2) emission line (see Section 5.3.2). The black contours in each of the maps represent the 6 GHz radio
emission at levels of [32,16,4] RMS;.4i0- Panel (a) : Peak-SNR map; panel (b) : Wgy map; panel (c) : V5o map; panel (d) : PV diagram extracted along the jet
axis (see red dashed axes in panel (a), with the position-offset along x-axis and velocity-offset along y-axis, and the vertical lines indicate the hotspots of the
radio jets; panels (e) and (f) : CO(3-2) line profiles from the locations of the jet hotspots (Voronoi bin 4 and 19); panel (g) : CO(3-2) line profile from region
of the broad disturbed gas just above the jet (Voronoi bin 16) and panel (h) : PV diagram extracted along an axis perpendicular to the jets (see yellow dashed
axis in panel a). The components in the line-fit plots are as described in Fig. 3. Panel (b) shows the presence of disturbed molecular gas in a localized region
perpendicular to the jet (Voronoi bin 16). The PV diagram in panel (d) reveals a break in the velocity profile at the north-west jet hotspot (HR:C, highlighted

with an arrow).

narrow emission-line components seen in the ionized gas profile,
serve as evidence of possible jet-ISM interactions happening in this
region.

6 DISCUSSION

We have presented new MUSE and ALMA data for a type-2,
z = 0.15 quasar, J1316+1753, selected from the Quasar Feedback
Survey (Fig. 1). Based on the previous radio data, this source contains
low-power (Pjr = 10" ergs™) ~1kpc radio jets. These jets are
confined within the galaxy disc and inclined at < 5 © with respect to
the plane of the galaxy disc, with the south-east jet (HR:B) as the
approaching side (see Section 3.2 and Fig. 2). We summarize our key
observations on the stellar, warm ionized gas and cold molecular gas
kinematics with a schematic representation in Fig. 7. This is presented
both from the line-of-sight point of view (left panel) and an edge-
on view (right panel). Below, we discuss the observational features
that appear to be tracing the interaction of the jets with the host
galaxy’s ISM (Section 6.1), before discussing the possible evidence
for feedback effects on the host galaxy (Section 6.2) and then
discussing the results in the context of the overall AGN population
(Section 6.3).

MNRAS 512, 1608-1628 (2022)

6.1 Turbulent outflows and jet-ISM interactions

Here, we describe how our observations are consistent with the
low power jets, which are highly inclined into the galaxy disc, are
interacting with the ISM and driving large-scale turbulent outflows.

We see evidence for jet-ISM interactions on the multiphase gas at
the jet termini (highlighted with blue/red regions in Fig. 7). Strong ve-
locity enhancements in the warm ionized gas are seen, with two high
velocity offset ionized gas components, separated by 441 kms~!,
that are brightest in the regions of the jet termini and appear to
propagate away along the jet axis (Fig. 5). In the molecular gas phase,
a — 100 kms~! change in the molecular gas velocity is observed just
beyond the HR:C radio hotspot (Fig. 6). This is consistent with
previous work that has found velocity jumps in multiple phases of
gas at the locations of jet termini (e.g. Morganti et al. 2013; Riffel,
Storchi-Bergmann & Riffel 2014; Tadhunter et al. 2014; Morganti
et al. 2015; Ramos Almeida et al. 2017; Finlez et al. 2018; Jarvis
et al. 2019; Husemann et al. 2019; Ruffa et al. 2019; Santoro et al.
2020; Morganti et al. 2021). Furthermore, our results confirm that
the strongly double peaked [O 1] emission-line profile, seen in the
SDSS spectrum of J1316+1753, is not the result of the presence
of a dual AGN despite it being such a candidate (Xu & Komossa
2009; Smith et al. 2010; Lyu & Liu 2016; Baron & Poznanski 2017).
Indeed, studies have also shown that double-peaked emission-lines
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Figure 7. A schematic view of the galaxy J1316+41753 to highlight the key observations identified in this work. Left: The line-of-sight view (where North
is up and East is to the left). Right: Our inferred edge-on view. A legend shows the different symbols used to represent the main features of interest and an
approximate scale bar is shown in the right-hand panel at the bottom. A detailed description of the features in this schematic is presented in Section 6.1.

could mostly be an indication of the existence of (jet-driven) galaxy-
wide outflows (see Rosario et al. 2010; Kharb et al. 2015; Nevin et al.
2018; Kharb et al. 2019, 2021, Ramos Almeida et al. 2021).

We also observe tentative evidence for depleted CO (3-2) emitting
gas at the location of the brightest jets (see Fig. 6). We indicate
this with a green-dashed circle in the schematic in Fig. 7 (also
see top-right panel, Fig. 6). This is the same region where we
see a bright warm ionized gas component in the [O 1] (Fig. 5).
Possible explanations for this include molecular gas removal or an
interaction between the radio jets and the ISM that suppresses CO
emission (e.g. through excitation or dissociation), while boosting
the emission of the warm ionized gas (e.g. Rosario et al. 2019;
Shimizu et al. 2019). Obtaining more molecular gas tracers, such as
multiple CO lines and rotational and vibrational H; lines would help
to verify this observation and differentiate between these scenarios
(e.g. Rigopoulou et al. 2002; Dasyra et al. 2016).

Further evidence for an impact of the jets on the host galaxy
ISM comes from the very high velocity-dispersion ionized gas (Wgg
>1000kms~';i.e. o ~400 kms~') originating from just behind the
jethotspots, and outflowing in an apparent bi-cone, in a perpendicular
direction as far as project distance of 7.5 kpc (see Figs 4 and 5). The
regions of this high velocity-dispersion ionized gas are highlighted
as the purple hatched regions in the schematic diagram in Fig. 7.
This disturbed gas can be seen to be moving along the galaxy minor
axis and due to the orientation of the galaxy is seen to be moving
towards us (and hence blue-shifted) above the galaxy plane and
moving away from us (and hence red-shifted) below the galaxy plane.
We also observe that this turbulent gas has a three times higher
electron density than the rest of the galaxy disc (see Fig. 5). Such
high electron densities within outflowing components have also been
seen in previous studies (e.g. Villar Martin et al. 2014; Perna et al.
2017; Mingozzi et al. 2019; Davies et al. 2020; Fluetsch et al. 2021).
A possible explanation for this could be due to the compression of
the gas expelled in the outflow (e.g. Bourne, Zubovas & Nayakshin
2015; Decataldo et al. 2019).

In the molecular phase, we also see enhanced velocity-dispersion
in the same direction as the turbulent ionized gas, but only in the
regions north of the jet (not indicated in Fig. 7 for simplicity) and
extends to about a distance of 2.5kpc. A possible explanation for
the less extreme kinematics observed in CO, compared to [O 111],
could be that the low velocity gas has cooled more efficiently,
as the higher velocity gas has a higher post-shock temperature
(e.g. Costa, Sijacki & Haehnelt 2015). The densest material in the
ISM will also naturally be driven to lower velocities, which would
also result in a smaller spatial extent of the turbulent/outflowing
cold molecular gas compared to the less-dense warm ionized gas
(see Nayakshin & Zubovas 2012; Mukherjee et al. 2016, 2018a).
Furthermore, it is interesting to see the asymmetry (i.e. unipolar
nature) of the CO(3-2) cones. One of the possible reasons could be
that the galaxy disc maybe optically thicker to the CO(3-2) emission,
thus hiding the other side of the turbulence, or the molecular gas
could itself be intrinsically asymmetric as predicted by simulations
at higher redshifts (Gabor & Bournaud 2014) and observations at
lower redshifts (Lutz et al. 2020).

Our results are in qualitative agreement with recent hydrodynami-
cal simulations showing that when a radio jet propagates through
an inhomogenous medium, its impact can go beyond the radio-
jet axis. This happens because as the jets progress, they launch
outflows close to them which disturb the local velocity flows and
kinematics. However, they also inflate a spherical bubble of jet
plasma that can lift the multiphase gas and cause turbulence, which
would naturally be collimated along the minor axis of the host galaxy
disc (Sutherland & Bicknell 2007; Wagner & Bicknell 2011; Wagner,
Bicknell & Umemura 2012; Mukherjee et al. 2016, 2018a; Talbot,
Bourne & Sijacki 2021). This would mean the disturbed gas would
be extended beyond the radio emission (see also Zovaro et al. 2019).
Mukherjee et al. (2018a, b) further predict a stronger impact on the
host-galaxy’s ISM when low power jets are inclined into the plane
of the galaxy disc and have only moderate power, which matches the
characteristics of the jets in J13164-1753. Within these simulations,
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as the jets flood through the inter-cloud galaxy disc, they cross
and interact more with the inter-stellar medium due to their lower
inclination. We thus attribute the turbulent, high velocity-dispersion
gas being vented out perpendicular to the galaxy disc in J1316+41753
to be originating as a consequence of the jets propagating through
the ISM. Our observations are less consistent with a model where a
quasar-driven shocked wind propagates through the ISM and causes
both the radio emission and the turbulence (e.g. Hwang et al. 2018).

6.2 Feedback effects on the host galaxy

While the effect of radio jets is well studied and established at
the scales of galaxy haloes, particularly for massive early-type
galaxies and in cluster environments (McNamara & Nulsen 2012;
Hardcastle & Croston 2020), it is less clear to what extent galaxies
can be directly affected by low power jets confined within the
ISM. Recent simulations show that, while on one hand density
enhancements near the jet axis can make gravitational collapse of
clouds more probable, thereby supporting star formation; an overall
increase in turbulent kinetic energy may also lower the star formation
rate (Mandal et al. 2021). From an observational perspective, studies
have shown how jets could potentially suppress or regulate the star-
formation in the host galaxy by introducing turbulence in the ISM
or causing multi-phase outflows (e.g. Nesvadba et al. 2010, 2011;
Alatalo et al. 2015). On the contrary, studies have also shown a jet-
induced positive feedback being driven by the shocks from the jets
causing the gas to compress and thus inducing star formation (e.g.
Bicknell et al. 2000; Salomé, Salomé & Combes 2015; Lacy et al.
2017). Hence, a jet may cause both a positive and a negative feedback
on its host galaxy. Since we observe significant jet—ISM interactions
and outflowing material in our observations, we now investigate the
possible feedback effects arising from these on the host galaxy.

6.2.1 Impact of the jets on the molecular star-forming gas

To understand the impact of the jets in J13164-1753, we first quantify
how much energy has been available from the jets over the lifetime
of the observed outflows, using order-of-magnitude estimates. We
assume a single jet episode, since we lack any evidence of multiple
jet episodes. Under the assumption that the turbulent outflowing
ionized gas is launched by the jet, we use it’s kinematics to estimate
the lifetime. The outflow velocity in the ionized gas is estimated to be
Vour = 800km s~!, at a distance of R, = 7.5 kpc (see Section 5.22).8
If we then estimate the outflow lifetime as

Tout ~ Roul/vouts (4)

we obtain 7o, ~9Myr. Using the value of the jet power (Pj =
10% ergs™!) estimated in Section 3, we estimate the total energy
from the jet over this period as

Ejer = Pt X tow ~ 3 x 10 erg. 5)

Next, we estimate the kinetic energy, Emol, gas in the molecular
gas phase (traced via CO) of the galaxy disc following Nesvadba
et al. (2010), i.e. using the relationship between molecular gas mass,
Minol, gas, and velocity-dispersion:

2
Emol,gz\s =0.5 x Mmol,gas X Umol.gas' (6)

8We note that if we use the properties of the CO gas instead of the [O 1] we
would obtain an estimated lifetime of 7o, ~ 6 Myr, which is sufficiently close
to that derived from [O 111] for our order-of-magnitude estimates.
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We focus on the molecular gas phase since the molecular gas
reservoirs play a determining role in the AGN-galaxy co-evolution,
as it is this gas that is redistributed to promote the star-formation in
the galaxy and also for fuelling the black hole growth in the AGN
(Carilli & Walter 2013; Vito et al. 2014). To determine the molecular
gas mass, we first convert our measured CO fluxes into a CO (3—
2) emission-line luminosity (L/coafz) [K km s~! pc~2]), following
Solomon et al. 1997 and then into Lo, _g), by adopting two different
values for the line brightness temperature ratio, r3; = 0.5 and
r3; = 1 (following Weiss et al. 2007; Riechers et al. 2011; Bolatto,
Wolfire & Leroy 2013; Sargent et al. 2014). The former value is
more consistent with quiescent star-forming gas, while the latter
is for disturbed gas affected by the AGN. Finally, the molecular
mass was estimated by using two values of the H,-to-CO conversion
factor of wco &4 Mg/(K km s7! pc_z) and aco ~0.89 My/(K km
s~! pc™2). The choice of the former acq is justified in Jarvis et al.
(2020) and is consistent with that found in the Milky Way and
assumed for quiescient gas. The latter choice is for typical high-
redshift, high star-forming, quasar host galaxies, following (Solomon
et al. 1987; Solomon & Vanden Bout 2005; Carilli & Walter
2013; Bolatto et al. 2013). Although uncertain, these conversion
factor choices are sufficient for our order-of-magnitude estimates
(see further discussion in Jarvis et al. 2020). If we focus on the
pixels inside the 2.5kpc region showing the disturbed outflowing
molecular gas (i.e. pixels with Wgy >400kms~!, shown in Fig. 6),
the range of molecular mass in the broad component was estimated
tobe ~3.1 x 107 My —2.8 x 108 M, (using the different conversion
factors). Hence, this broad component is seen to consist ~ 1 per cent
of the total CO(3-2) flux. Furthermore, using the measured velocity,
O mol, gas = 230km s~!, the total kinetic energy was estimated to be
Emolgas ~ 1.6 x 10% erg— 1.4 x 10 erg.

Hence, with a jet power higher by two orders of magnitude than the
molecular kinetic energy, the jets are sufficient to drive the observed
outflow. However, comparing the outflowing molecular gas mass
to the total molecular mass in the galaxy, which is estimated as
~10'"Mg (see Jarvis et al. 2020), we conclude that only a very
small fraction of the total molecular gas mass is residing in this
turbulent, outflowing material. This suggests little in situ disruption
to the overall molecular gas disc (also see Ramos Almeida et al.
2021).

We further explore the possible fate of the molecular gas by
comparing this energy to the galaxy binding energy. We used the
stellar mass estimate of M, = 10" My from Jarvis et al. (2019)
and the stellar velocity-dispersion of ~300kms~! (computed as an
average value for the central bins in Fig. 4). Hence, the binding
energy of the galaxy is estimated as,’

E.=M, x o2 ~ 10% erg. (7)

Comparing the jet power with the binding energy of the galaxy,
we thus conclude that the current jet episode will be limited in its
ability to completely unbind the molecular gas from the host galaxy.
However, negative AGN feedback may still manifest in several forms
(see Federrath & Klessen 2012; Costa et al. 2020; Mandal et al.
2021), for example: (i) by quickly ejecting the dense gas from only
the nuclear regions, as soon as the AGN outburst begins; (ii) by
gradually suppressing the halo gas accretion on to the host galaxy;
(iii) by inducing turbulence that provide additional support against

9We note that if we estimate the binding energy following the universal
relationship between stellar mass and binding energy presented in Shi et al.
(2021) we obtain the same order-of-magnitude result.
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the collapse, thereby strongly suppressing star formation. Indeed,
recent jet-ISM simulations do not predict a complete unbinding of
host galaxy star-forming material, but rather a suppression of star-
formation at the global galaxy scales by a factor of a few due to the
ablation and fragmentation of the clouds (Mukherjee et al. 2018b;
Mandal et al. 2021).

6.2.2 Evidence for feedback from stellar kinematics

We now focus on the possible signatures of feedback on the stellar
properties of J1316+1753. We can clearly see a bright elongated
bulge-like structure in the stellar continuum emission (Fig. 2, left-
hand panel). Following Section 4.2, we fitted a two-dimensional
Gaussian to the surface brightness profile of this bulge-shape, and
estimated a position angle of 130 °, which is remarkably close to the
position angle of the jet axis, at 120 ° (red dashed line in Figs 5 and
6). In addition, the regions with highest stellar dispersion (i.e. ~290—
360 km s~!) follow, almost exactly, the jet axis (see the left-bottom
panel of Fig. 4 and the galaxy schematic Fig. 7). We discuss two
possible explanations of these observations.

We have seen clear signatures of jet-ISM interactions. A com-
pression of the ISM gas caused by the jets could therefore trigger
episodes of star formation, i.e. positive feedback. Stars formed
during feedback will initially have motions which are significantly
perturbed from regular circular stellar kinematics, and hence they
may contribute to increasing the stellar velocity-dispersion and could
alter the stellar structure of the host galaxy. This could be due to either
directly induced positive feedback by jets or outflows, or because of
stars that have formed in outflowing/turbulent material (see Ishibashi
et al. 2013; Zubovas et al. 2013; Dugan et al. 2014; Maiolino et al.
2017; Gallagher et al. 2019). This may explain the increased velocity-
dispersion along the jet axis from our observations. Furthermore,
at the jet termini, we can see gas velocities of —235+1.3 and
206 + 15 kms~!, which entails to the jets pushing the gas with this
velocity (the velocities seen in the two regions of enhanced [O 111]
SNR, or regions of jet-ISM interactions in Fig. 5). Interestingly,
this roughly matches the higher stellar velocity-dispersion seen in
these regions (—268 £ 18 and 240 + 14 km s !, see Fig. 4). Detailed
analyses of the stellar populations found in the different stellar
kinematic components would be required to further test this scenario.

Another possible reason for this high stellar dispersion could
be due to the sudden removal of gas in the very central regions,
thereby causing a decrease in the local gravitational potential that
may lead to ballistic orbits of central stars (see van der Vlugt & Costa
2019), thereby causing an apparent increase in the stellar velocity-
dispersion. However, it is not immediately clear why this would cause
enhanced stellar velocity-dispersion along the jet axis and detailed
dynamical modelling (accounting for the relative mass in stars, dark
matter and gas) would be required to test this scenario further.

6.3 Implications of our results for ‘radio-quiet’ AGN feedback

Jet-ISM interaction similar to the one reported here have been
identified in several other radio-quiet AGN host galaxies. We
compare our source to a list of 13 targets, compiled by Venturi
et al. (2021), which show a similar observation of high velocity-
dispersion gas in the perpendicular direction (Section 6.1). In Fig. 8,
we demonstrate this comparison of J1316+1753 in the Lyol — Pjet
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Figure 8. A comparison of jet power (Pje; scaled directly from 5 GHz radio
luminosity) versus Lpo for radio-quiet AGN-host galaxies from literature,
which show high velocity-dispersion gas, perpendicular to radio jets (see
Section 6.3). Although this effect has been seen numerous times in the Seyfert-
luminosity regime, J1316+41753 target clearly lies in the quasar regime as
identified using our definition (Ljo ) > 10%21 erg s~1, dashed line). The
dashed orange line traces the division between ‘radio-quiet’ and ‘radio-loud’
AGN from Xu et al. (1999).

plane. We derived the Pj from the 5 GHz radio luminosities'” in
literature, following equation (1). This approach is sufficient for our
order-of-magnitude investigation of the parameter space in Fig. 8. We
used the Lgo/Liow = 3500 ratio following Heckman et al. (2004)
to obtain the L, values from the Ljo yy values in

literature.!!

It can be clearly seen that the target we study here has a higher bolo-
metric luminosity than those typically identified to have these type
of jet-ISM interactions. Although J1316+41753 is at the upper end
of jet powers, with Pje, = 10* ergs™' compared to the comparison
sample in Fig. 8 (which reach P, <10* ergs™), our target still lies
in the radio-quiet regime. However, in contrast to the other sources,
this target is a quasar, with Lo ;) > 10%2! erg s~! (shown as dashed
vertical line in the figure). Therefore, we would like to stress that
for quasars and in general if Lgy >> Pj, jets could still be present
as strong sources of feedback and hence should not be ignored (see
also Villar-Martin et al. 2017). Indeed with the increasing availability
of deep, high-resolution imaging, an increasing number of systems
are also showing the presence of jets (e.g. Jarvis et al. 2019; Pierce,
Tadhunter & Morganti 2020; Villar Martin et al. 2021).

In summary, we have shown that for J1316+1753, low power jets
are the dominant mechanism for the central AGN to have an impact on
the host galaxy’s ISM, even when the system is bolometrically pow-

10For three of the sources where 5 GHz values were not available, we used
1.4 GHz values and converted them using a simple power law and an average
spectral index o = —0.7 to calculate 5 GHz luminosities. References used
for radio luminosities are Jarvis et al. (2019), Griffith et al. (1994), Gallimore
et al. (2006), Bicay et al. (1995), Griffith et al. (1995), Disney & Wall (1977),
Whiteoak (1970), and Wright & Otrupcek (1990).

'We note that since we could not obtain the Lo values for two of the
sources, they are excluded from Fig. 8. This does not affect our results since
the two excluded sources have X-ray flux emission that might be rather
associated to X-ray binaries than with accretion on a SMBH. References
used for Ljo uy) are Jarvis et al. (2019), Mufioz Marin et al. (2007), Schmitt
et al. (2003), and Whittle (1992).
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erful. Interestingly, by comparing the hydrodynamical simulations of
individual galaxies that invoke a jet (Mukherjee et al. 2018b; Mandal
et al. 2021) with those that invoke a quasar-wind (Costa, Sijacki &
Haehnelt 2014; Costa et al. 2020) suggests that both mechanisms
may have a very similar impact on the host galaxy (also see Faucher-
Giguere & Quataert 2012; Talbot et al. 2021); specifically, both
localized enhanced star formation (due to compression of gas) and
more global, gradual suppression of star formation. Understanding
which of these modes dominate for quasar host galaxies, and how
representative J1316+1753 is across the quasar population, will
require further studies combining high-quality radio imaging with
spatially resolved measurements of the multiphase gas. We plan
such a study across the wider QFeedS sample, where it will become
possible to investigate trends with jet power and jet inclination
angle, which are two crucial parameters according to simulations
(Mukherjee et al. 2018b). Further careful studies of the role of low
power jets for AGN feedback is important because lower power jets
are very common, compared to their more powerful counterparts, in
high-mass galaxies (including quasars) even if it is harder to decouple
their radio emission from that produced by star formation (Giirkan
et al. 2019; Sabater et al. 2019; Macfarlane et al. 2021).

7 CONCLUSIONS

We present MUSE and ALMA data of J1316+1753, a luminous
z = 0.15, type-2 quasar selected from the Quasar Feedback Survey
(Jarvis et al. 2021). This target represents one of the most [O 111]
luminous sources from the survey (Liom = 10**8ergs™!) and
exhibits a broad [O 111] emission-line profile (FWHM~1300km s~!;
Fig. 1; Fig. 3). Radio imaging of this source reveals low-power radio
jets (Pjer ~ 10* ergs™") that are compact, reaching only 1kpc in
projected distance from the core. Furthermore, the jets are inclined
into the plane of the host galaxy disc (see Section 3 and Fig. 2).

Our data enables us to map the stellar kinematics (traced with
stellar absorption features), warm ionized gas properties (traced with
optical emission-lines) and the cold molecular gas properties (traced
with the CO(3-2) emission-line; see Fig. 3). On galaxy scales, both
the molecular gas and ionised gas broadly follow the stellar gravita-
tional motions (Fig. 4). However, across the central few kiloparsecs,
both gas phases reveal high velocity non-gravitational motions and
we observe evidence of jet-induced feedback. Specifically:

1. Jet-ISM interactions: We observe two bright and high ve-
locity offset ionized gas components (separated by 441 kms™')
concentrated at the positions of the jet hot spots and that appear
to propagate away from the jets, along the jet axis (see Fig. 5).
Furthermore, a —100kms~' change in the molecular gas velocity
is observed just beyond the brighter radio hotspot, with tentative
evidence for depleted CO (3-2) emitting gas at the same location
(see Fig. 6).

2. Multi-phase turbulent gas, driven perpendicular to the
galaxy: Ionized gas with very high velocity-dispersion (i.e.
Wgo = 1000—1300kms™") is seen to propagate outwards in a bi-
cone from just behind the radio hotspots, travelling perpendicular
to the galaxy disc and seen in projection as extending to at least
7.5 kpc from the nucleus (see Figs 4 and 5). The highest inferred
electron densities of the ionized gas are found within these bi-cones
(as inferred from the [S 11] doublet; Fig. 5). This turbulent gas is also
seen in the molecular gas phase. However, it is 3 times less extended
(and only in one direction) with 3 times lower velocity-dispersion
(i.e. Wgg ~400kms~') compared to ionized gas phase (see Figs 4
and 6).
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3. Strong spatial connection between the jets and stellar
properties: We see a close alignment of the position angle of the
stellar bulge with the radio-jet axis (< 5°; see Fig. 2, left-hand panel).
Furthermore, the regions with the highest stellar velocity-dispersion
(i.e. o, are seen to be lagging behind the jets, following the jet axis
(see Fig. 4, bottom left panel).

Our observations provide strong evidence for low power radio
jets, inclined into the galaxy disc, having a direct impact on the
multi-phase ISM inside the host galaxy of this type-2 quasar.
Our observations are qualitatively consistent with the simultaneous
positive and negative feedback effects observed in hydrodynamics
simulations of jet-ISM interactions (Mukherjee et al. 2018a, b; Talbot
et al. 2021; Mandal et al. 2021). Specifically: (1) as the inclined,
lower power jets move through the galaxy, they strongly interact
with the ISM; (2) highly turbulent material is stripped and escapes
above and below the galaxy disc, removing gas from the host galaxy
and; (3) as the jets propagate, they compress the gas in the disc
also causing new stars to form in these regions, contributing to the
formation of the stellar bulge (see Section 6.2.2). Although we only
have indirect evidence, this final factor may be the cause of the high
velocity-dispersion stars located behind the jets we have observed.

Interestingly, the same qualitative behaviour of outflows and
positive feedback in the inner few kiloparsecs of galaxies is predicted
by simulations invoking quasar-driven disc winds (Costa et al. 2020).
Whilst jets have been seen to be dominant in lower power AGN
(See Fig. 8 and Section 6.3), our observations reveal that jets can
be the dominant feedback mechanism, even for this bolometrically
luminous source, i.e. for an AGN currently in a ‘quasar mode’. To
understand the relative role and impact of jets and winds in all quasars
requires a similar multiwavelength study of the wider population.
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APPENDIX A: VORONOI BINNING MAP

InFig. A1, we show a map with the spatial distribution and numbering
system of the Voronoi bins, produced from the Voronoi tesselation
routine, as explained in Section 4.3.

39

38

ADec Offset [arcsec]

ARA Offset [arcsec]

Figure Al. A map of the 41 Voronoi Bins obtained using a SNR of 5, as
described in the Section 4.3. The same Voronoi mapping is used for the
analysis of the MUSE and ALMA data at the galaxy-scale, as summarized
in Sections 5.2.2 and 5.2.3, respectively. Five of the bins (no. 10, 14, 24, 29,
40) that were excluded from the analysis of the molecular gas due to low
SNR are labelled in red. Also it can be seen here that the bins 38, 39, 40
correspond to the companion galaxy while the rest belong to the main galaxy
as labelled in Fig. 2.
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APPENDIX B: ELECTRON DENSITIES

We estimated the spatial variations in electron density by using the
ratio of the [S 1]AL6716,6731 emission-line doublet, assuming a tem-
perature of 7, = 10* K (Osterbrock & Ferland 2006). As described
in Section 4.4, we fit the [S 11] doublet with Gaussian components:
three components for each line, as shown in the left-hand panel in
Fig. B1 for two example bins. We note that the [S 11] emission-line fits
were fit independently for their flux, velocity, and linewidths, without
any influence of the [O 111] parameters obtained in Section 4.4. The
right-hand panel of Fig. B1 shows a map of the estimated electron
density values on the galaxy-scale using the Voronoi bins that were
defined on the stellar continuum in Section 4.3. We further perform
this analysis on the central-scale using individual MUSE spaxels, the
results of which are shown in the bottom right-hand panel of Fig. 5.
We note that the [S 11] doublet is only sensitive to electron densities
in the range 50 <n, <5000cm~ (Osterbrock & Ferland 2006).
Therefore, beyond this range, we indicate the electron densities are
unconstrained in these regions through grey pixels in Fig. 5 and we
discuss this limitation further below.

Interestingly, both the central-scale (10 kpc) and the galaxy-scale
analyses (26 kpc) reveals that higher electron densities (i.e. ~500—
600cm ™) are observed perpendicular to the radio jets. Furthermore,
the regions of the highest inferred electron densities are remarkably
co-spatial with the most disturbed ionized gas (see Section 5.3.1),
whilst the spaxels outside of this cone exhibit more modest electron
densities (i.e. ~ 150 cm™3). This has also been observed by other
studies (see e.g. Mingozzi et al. 2019; Davies et al. 2020; Fluetsch
et al. 2021). However, we urge caution in interpreting the absolute
values of the electron densities inferred using this approach. For
example, the [S 11] doublet is limited in its diagnostic power for
tracing electron densities and may give results that are about 1-2
orders lower in magnitude than the electron densities derived using
trans-auroral [O II] and [S 11] lines (for details, see Harrison et al.
2018). A recent study by Davies et al. (2020) also found significantly
lower electron densities using this method as compared to the auroral
and trans-auroral lines (see also Harrison et al. 2018; Rose et al. 2018;
Baron & Netzer 2019; Shimizu et al. 2019).
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Figure B1. A representation of the spatial distribution of electron densities (7, ) using the [S 1I] doublet method. Right-hand panel: A map colour-coded by 7.,
estimated for each of the Voronoi bins, mapped over the entire galaxy. The contours are same as described in Fig. 2. The small inset box shows the central-scale,
for which the map is presented in Fig. 5. Left-hand panels: Example [S II]-emission-line profiles and their fits are shown for regions of low (Bin 23) and high
(Bin 16) electron densities. The data and fitting-components are displayed using the same convention as for Fig. 3.
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