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ABSTRACT

It has long been suspected that powerful radio sources may lower the efficiency with which stars form from the molecular gas in their
host galaxy, however so far, alternative mechanisms, in particular related to the stellar mass distribution in the massive bulges of their
host galaxies, have not been ruled out. We present new, arcsecond-resolution Atacama Large Millimeter Array (ALMA) CO(1-0)
interferometry, which probes the spatially resolved, cold molecular gas in the nearby (z = 0.08), massive (Mejr = 4 X 10" M),
isolated, late-type spiral galaxy 2MASSX J23453269-044925, which is outstanding for having two pairs of powerful, giant radio
jets, and a bright X-ray halo of hot circumgalactic gas. The molecular gas is in a massive (Mg = 2.0 x 10'° M), 24 kpc wide,
rapidly rotating ring, which is associated with the inner stellar disk. Broad (FWHM = 70-180kms™') emission lines with complex
profiles associated with the radio source are seen over large regions in the ring, indicating gas velocities that are high enough to keep
the otherwise marginally Toomre-stable gas from fragmenting into gravitationally bound, star-forming clouds. About 1-2% of the
jet kinetic energy is required to power these motions. Resolved star-formation rate surface densities derived from Galaxy Evolution
Explorer and Wide-Field Infrared Survey Explorer fall by factors of 30—70 short of expectations from the standard Kennicutt—Schmidt
law of star-forming galaxies, and near gas-rich early-type galaxies with signatures of star formation that are lowered by jet feedback.
We argue that radio Active Galactic Nucleus (AGN) feedback is the only plausible mechanism to explain the low star-formation rates
in this galaxy. Previous authors have already noted that the X-ray halo of J2345—-0449 implies a baryon fraction that is close to the
cosmic average, which is very high for a galaxy. We contrast this finding with other, equally massive, and equally baryon-rich spiral
galaxies without prominent radio sources. Most of the baryons in these galaxies are in stars, not in the halos. We also discuss the
implications of our results for our general understanding of AGN feedback in massive galaxies.
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1. Introduction

The energy injection from active galactic nuclei (AGN) into the
interstellar gas of their host galaxy is now a widely accepted
mechanism of galaxy evolution, which is mainly supported
by the observation of fast outflows in galaxies associated
with powerful AGN (e.g., Morganti et al. 2005; Nesvadba et al.
2006, 2008, 2017; Hardcastle et al. 2012; Mahony et al. 2013;
Nyland et al. 2013; Harrison etal. 2014; Wooetal. 2016;
Karouzos et al. 2016; Fiore et al. 2017; Mukherjee et al. 2018;
Komossa et al. 2018; Menci et al. 2019; Zovaro et al. 2019;
Santoro et al. 2020). About 30% of nearby massive radio galax-
ies, which host considerable amounts of warm or cold molecular
gas (Ocana Flaquer et al. 2010; Ogle et al. 2010; Dicken et al.

* Based on data obtained with ALMA through program
2019.1.01492.S and with IRAM through program 080-19.

2014), have also been found to have less intense star formation
for their molecular gas content than other types of more typi-
cal star-forming galaxies (e.g., Nesvadba et al. 2010; Ogle et al.
2010; Alatalo et al. 2011; Lanz et al. 2016). Sabater et al. (2019)
found that nuclear radio activity seems to be near-ubiquitous
in massive, early-type galaxies with stellar masses, Mejar >
10" Mg, making feedback from radio sources in AGN host
galaxies a very interesting mechanism to explain the dearth of
star formation in many massive galaxies at low and intermediate
redshifts.

In spite of the current popularity of these models, AGN
feedback is not the only mechanism that has been proposed in
the literature to explain the generally low star-formation rates
in gas-rich early-type galaxies. Some authors point out that it
would be more natural to explain the low star-formation rates
in parts of the galaxy population through the structural prop-
erties of the host galaxies or underlying dark-matter halos.
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Proposed mechanisms include the long gas cooling times of
gas heated by the virial shock as it falls into massive dark-
matter halos (e.g., White & Rees 1978; Birnboim et al. 2007,
Ogleetal. 2019, but see also, e.g., Keresetal. 2005), the
high angular momentum of gas accreted onto massive rotat-
ing galaxies (e.g., Renzini 2020; Peng & Renzini 2020), and
the high stellar mass surface densities and spheroidal shape of
early-type galaxies and massive bulges (Dekel & Burkert 2014;
Tacchella et al. 2016; Romeo & Fathi 2016; Martig et al. 2009,
2013). Low star-formation rates may also be a consequence
of strong bars in spiral galaxies (Fraser-McKelvie et al. 2018).
Moreover, massive galaxies reside preferentially in dense envi-
ronments, where galaxies may lose their gas content rapidly
through ram-pressure stripping and interactions with neighbor-
ing galaxies, perhaps even before being accreted onto a massive
central galaxy (Donnari et al. 2021). In particular such mecha-
nisms would have the advantage that they are universal byprod-
ucts of the mass assembly of massive galaxies themselves.
Feedback, in contrast, is an additional process which must be
assumed to be at work. It is also limited to the activity periods
of the supermassive black hole, which can be very short com-
pared to a Hubble time (e.g., Eilers et al. 2017). These scenar-
ios do pose an important challenge to AGN feedback models,
because they imply that low star-formation rates and AGN activ-
ity in galaxies, even when driving outflows, may be coincidental
without requiring a causal, physical link.

A simple, straight forward way to break the degeneracy
between radio AGN feedback and those other mechanisms
would be to study the interstellar medium and star formation
in a massive, gas-rich radio galaxy, which shows signatures of
feedback, but which has neither bars, nor a rich environment,
nor a bulge or unusually high stellar mass-surface densities.
Such galaxies are however very hard to come by, as powerful
radio-loud AGN activity is almost inextricably related to massive
bulges. For example, Tadhunter (2016) find that <5% of radio
galaxies in the 2 Jy and 3 CR radio samples are hosted by spiral
galaxies (typically spirals with massive bulges) over their entire
range in stellar mass. Their radio sources are usually compact
and populate the low-power end of the radio luminosity function.
The fraction of spiral galaxies decreases further when focusing
on radio sources with more complex morphologies. For example,
Singh et al. (2015) identified only four galaxies with two pairs of
radio jets in a sample of 187 000 spiral galaxies, for which they
identified radio counterparts in the NVSS and FIRST radio sur-
veys. Such giant, double-lobed radio sources are generally con-
sidered evidence of sustained, repeated AGN activity over long
timescales.

Rare, outstanding galaxies can be extremely valuable to
understand a more general astrophysical mechanism, if their
properties allow us to isolate an individual process that cannot be
studied very easily in the dominant galaxy population because of
the coexistence of other, potentially rivalling mechanisms pro-
ducing a similar effect. Showing that radio jets can lower star
formation rates in even a single galaxy where competing mech-
anisms can be ruled out, would demonstrate that jets are in prin-
ciple capable of doing so also in the overall galaxy population.

Here we present an analysis of newly obtained, arcsecond-
resolution ALMA interferometry of CO(1-0) of the nearby,
z = 0.0755, massive spiral galaxy 2MASSX J23453269-044925
(J2345-0449 hereafter) with a stellar mass of Mgepar = 4 X
10'"' My, and a radio power of Pisgu, = 2.5 x 10** WHz™!
at 1.4 GHz (Bagchi et al. 2014; Walker et al. 2015). The galaxy
was first mentioned in the literature by Machalski et al. (2007),
and then further discussed by Bagchi et al. (2014), who obtained
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low-frequency radio observations with the GMRT and optical
longslit spectroscopy along the major and minor axis of the 35”
large stellar disk. They identified two pairs of bright, giant radio
jets extending over 390 kpc and 1.6 Mpc, respectively, suggesting
that radio AGN activity has been on-going for long timescales.

J2345-0449 is particularly suited to investigate the impact
of powerful radio activity onto the star formation in its host
galaxy, because it shows no indication of several other, poten-
tially rivaling quenching mechanisms: It has a small (<1.5kpc)
pseudo-bulge contributing at most 15% of the total stellar mass,
which probably formed from secular processes (Bagchi et al.
2014; Kormendy & Kennicutt 2004). It also resides in a poor
environment, with only one intermediate-mass neighbor at a dis-
tance of 240 kpc (Bagchi et al. 2014). The nuclear spectrum is at
the same time that of a Low-Excitation Radio Galaxy (LERG),
a Weak-Line Radio Galaxy (WERG Tadhunter et al. 1998), and
a LINER (Bagchi et al. 2014), ruling out the presence of strong
radiative feedback from a bolometrically bright AGN. Star for-
mation is too weak to drive an outflow (Walker et al. 2015).

Walker et al. (2015) showed with Chandra X-ray imaging
that the galaxy is surrounded by a bright X-ray halo, potentially
with cavities along the jet axis, which they attribute to hot gas
heated by the radio source. They estimated a jet kinetic energy
of 2 x 10* erg s~!, enough to produce a bright, hot gaseous halo
as observed with Chandra out to 80 kpc. The total mass of this
halo was recently estimated with XMM-Newton spectroscopy
(Mirakhor et al. 2021), and is Mg x = 8.253% x 10" M,
out to the virial radius, corresponding to a baryon fraction of
J2345-0449 that is close to the cosmic average, implying that
the underlying dark-matter halo would have retained nearly all
its baryons. This is unusual compared to other spiral galax-
ies with stellar masses of few 10'' My, which are rather poor
in hot circumgalactic gas (Lietal. 2018), but rich in colder
baryons: Posti et al. (2019) find that the most massive galaxies in
the SPARCS survey (Lelli et al. 2015) may have stellar-to-dark-
matter mass ratios that are near the cosmic average, placing them
amongst the sites of most efficient star formation known.

Dabhade et al. (2020) recently observed J2345—-0449 as part
of a sample of galaxies with giant radio jets with the IRAM 30-m
telescope, and found that J2345-0449 hosts about 2 x 10'° M,
of cold molecular gas, which is highly unusual for giant radio
galaxies, which are generally gas-poor. This result was obtained
independently from us and published well after our own IRAM
single-dish, and ALMA interferometric datasets had already
been taken.

How J2345-0449 has obtained such unusual properties is
unclear. Borzyszkowski et al. (2017) and Jackson et al. (2020)
have proposed, based on cosmological models of galaxy evo-
lution, that locations near, but outside of massive galaxy clus-
ters may favor the occurrence of massive spiral galaxies with
particularly quiescent evolutionary histories. They reason that
the node in the Cosmic Web traced by the cluster would serve
as an attractor to neighboring galaxies which would otherwise
have produced merging events destroying the large stellar disk.
J2345-0449 only has three neighbors at <500 kpc distance, but
lies in the wider vicinity of the massive, X-ray galaxy cluster
RBS 2042 at 2.8 Mpc distance. This may perhaps explain why
this galaxy could retain its late-type spiral structure until today.
The reason why the supermassive black hole in this galaxy has
developed such an outstanding radio source is currently unclear.
Bagchi et al. (2014) discuss several hypotheses. This does not
hinder us to investigate the effect of the radio source on the
interstellar medium and the on-going star-formation based on
the galaxy properties that we can observe in-situ.
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Fig. 1. Our CO(1-0) single-dish spectrum of J2345-0449 obtained
with the EMIR wide-band receiver at the 30-m telescope of IRAM in
program 080-19.

In the following, we describe our observations of the molec-
ular gas and stellar continuum of J2345-0449, and discuss our
results in the light of AGN feedback and star formation in mas-
sive galaxies. We start with presenting the new data set and
ancillary, publicly available data that we used for our analysis in
Sect. 2 before deriving additional properties of the stellar popu-
lation that will be needed for the subsequent analysis (Sect. 3). In
Sect. 4 we discuss the properties of the newly discovered molec-
ular ring, the gas kinematics and gas mass surface density, before
showing in Sect. 5 how they relate to the kpc-scale structure of
the radio source seen in FIRST. In Sect. 6 we demonstrate that
the resolved star-formation rate densities and gas mass surface
densities place J2345-0449 firmly below the sequence formed
by spiral galaxies with normal star formation in the Kennicutt—
Schmidt and alternative star-formation laws, and into the realm
of gas-rich early-type radio galaxies with signatures of heating
of molecular gas through radio jets. In the same section we also
examine the rotational support of the gas with help of the Toomre
criterion. In Sect. 7 we discuss the implications of our results and
previous X-ray observations for AGN feedback from radio jets
and alternative mechanisms. We summarize our work in Sect. 8.

Throughout the paper we use the flat ACDM cos-
mology from Planck Collaboration VI (2020) with Hy, =
67.4kms ' Mpc!, Qu = 0315, and Q) = 1-Qy. At 7 =
0.0755 the luminosity distance is Dy, = 354.6 Mpc, 1.49 kpc are
projected onto one arcsecond.

2. Observations and data reduction
2.1. IRAM/EMIR single-dish observations

We initially obtained 3 mm single-dish data of J2345-0449
with the wide-band millimeter receiver EMIR at the 30-m tele-
scope of IRAM in one short, 7.5h run on 3 July, 2019 under
program-ID 080-19 (PI. Nesvadba). The receiver was tuned to
107.179 GHz, the expected frequency of CO(1-0) for a redshift
7z =0.0755. We used the FTS and WILMA backends with Wob-
bler switching throws of 60", which is significantly larger than
the diameter of our source. To point the telescope we used blind
offsets from a nearby quasar, and performed a pointing about
every 2 h. The telescope was refocused after 4 h.

Data were calibrated at the telescope and reduced with
the CLASS package of the GILDAS software of IRAM

(Gildas Team 2013). Each individual scan was inspected by
eye, and we used simple first-order polynomials to remove the
baselines, after carefully masking the spectral range where we
expected CO(1-0) to fall. We used the values given on the EMIR
website! to translate the measured brightness temperatures into
units of flux density (Jy). Figure 1 shows that the line is well
detected at the expected frequency, with a clear, although asym-
metric, double-horn profile of FWHM = 684 + 18 kms~! and an
integrated line flux of 12.6 + 0.8 Jykms™'. A similar spectrum
has recently been obtained by Dabhade et al. (2020) who mea-
sured a somewhat greater integrated line flux of 14.0 Jykms™'.
The difference might be due to calibration uncertainties. In the
following, we use our own measurement as a single-dish refer-
ence when discussing the new ALMA interferometry.

2.2. ALMA CO(1-0) interferometry

Our ALMA data were taken with the 12m-array on 17
October, 2019, through observing program 2019.1.01492.S
(PI. Nesvadba). We used 47 antennae in the 3 mm band at a
representative frequency of 107.179 GHz with the 43-3 con-
figuration. The on-source observing time was 1179.36 s, which
we obtained under average conditions with a column of precip-
itable water vapor, pwv = 1.75mm. The quasar JO006—-0623
was used as bandpass and flux calibrator. We used the Com-
mon Astronomy Software Application (CASA) version 5.6 to
reduce the data, applying the automatic flagging of visibilites, to
calibrate the bandpass, phase, amplitude and flux. Synthesized
beam-deconvolved data cubes were constructed with CLEAN,
using briggs weighting with robust=0.5. The spatial sampling
of the final data cube is 0.2”, and spectral channel sizes are
11kms~!. The rms is 332 uJybeam~'. The beam size of the
synthesized data cube is 1.32” x 1.07”, with a position angle
of 273.2°. The detailed analysis of this data set is described in
Sect. 4.

2.3. Ancillary data

We complement these new proprietary data with several pub-
licly available data sets of J2345—-0449. To study the optical
and near-infrared stellar continuum in our source, we obtained
u,g,r,1, and z-band imaging from the SDSS data release 16, as
well as near-infared J, H, and Ks band imaging from 2MASS.
Moreover, we retrieved the fully reduced and calibrated Galaxy
Evolution Explorer (GALEX) Near and Far-UV imaging and the
Wide-Field Infrared Survey Explorer (WISE) infrared imaging
from the respective archives.

J2345-0449 also has 1.4 GHz imaging available that was
obtained at the Very Large Array as part of the FIRST survey
in the B-array (Becker et al. 1995). The beam size is 5”, and the
depth at the position of J2345-0449 is rms = 0.37 mJy beam™".
The core and lobes of J2345-0449 are well resolved. The lobes
span 1.6 Mpc, making J2345—-0449 one of the largest radio
sources on the sky (Bagchi et al. 2014). The core has an inte-
grated flux density of 4.4 mJy in FIRST and extends from the
nucleus to about 10” north north west (Fig. 8).

3. J2345-0449 as a massive spiral galaxy
3.1. Bulge-disk decomposition

In the following, we give separate mass estimates for the
bulge and disk of J2435-0449. Bagchi et al. (2014) already

! http://www.iram.es/IRAMES/mainWiki/
Iram3®mEfficiencies
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Fig. 2. Left: Azimuthally averaged surface brightness profile of J2345-0449 extracted from the 2MASS J-band image. The dark and light blue
components show individual fits to the disk and bulge component, respectively. The red line shows the combined fit. Both Sersic components were
also convolved with a Gaussian kernel with FWHM = 0.96”, corresponding to the size of the seeing disk in the 2MASS data. The light orange
area shows the radii where CO(1-0) line emission is detected in the ALMA data. Right: SDSS three-color image of J2345-0449, showing the
galaxy in the g, r, and i-bands. The hatched area shows where CO(1-0) line emission is detected with ALMA at >3x the rms. North is up, east to

the left.

decomposed the optical continuum of J2345-0449 into a bulge
and a disk component, finding bulge sizes of r. = 0.9—-1.25 kpc,
that is 0.6”"—0.8", and a low contribution of the bulge to the total
optical luminosity of 14—18%, depending on the band.

However, they did not quantify the stellar mass in each com-
ponent. This is best done in the near-infrared, where the mass-
to-light ratio of stellar populations does not depend as strongly
on the star-formation history as in the optical (e.g., Bell et al.
2003). We therefore provide a new estimate, using the J-band
image from 2MASS. J-band is favored over the K-band because
of the higher image quality.

To separate the bulge from the disk component, we con-
struct an azimuthally averaged surface-brightness profile with
the Python implementation of the Ellipse package (Jedrzejewski
1987), and use the LM-fitting routine of Markwardt (2012)
to model this profile with two Sersic functions, each con-
volved with a two-dimensional Gaussian to take into account the
seeing.

The result is shown in Fig. 2. The surface-brightness profile
of J2345-0449 in the J-band is well fit with two Sersic compo-
nents, that are convolved with a Gaussian kernel of FWHM =
0.96, to approximate the size of the seeing disk in the 2MASS
image. For the central bulge component, we find a Sersic param-
eter, n = 0.47, and for the disk component, n = 1.0. Correspond-
ing effective radii are 1.7 and 8.1”, respectively. These Sersic
parameters are within the range of those previously found by
Bagchi et al. (2014) in the optical, however, the effective radii
are systematically larger. The seeing is comparable in the opti-
cal and near-infrared data, however, the spatial sampling in the
2MASS data is much coarser, with 1” pixel size, and the signal-
to-noise ratio is lower, in particular in the outer disk. This does
not affect the main purpose of our fit, which is to constrain the
observed radius where the bulge blends into the disk, but it might
affect the detailed fit results, in particular the measured radii. In
the following we consider all light emitted from within 3" of the
nucleus as coming from the bulge, and light from outside that
radius as coming from the disk.
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3.2. Stellar masses and stellar mass surface densities

Massive spiral galaxies have likely formed most of their stars in
rapid bursts of star formation at high redshift (Zhou et al. 2021).
To translate the J-band magnitudes and surface brightnesses of
J2345-0449 into estimates of stellar mass and mass surface
density, we therefore used the population synthesis models of
Bruzual & Charlot (2003) to estimate the mass-to-light ratios, Y,
of a fiducial 10-Gyr old stellar population formed in a fairly short
(200 Myr) period of constant star formation of 50 My yr~!, as is
frequently observed in massive galaxies at redshifts z > 2. For
these parameters we find T = 0.5 My /Le.

At a luminosity distance of Dy, = 354.6 Mpc, J2345-0449
has an absolute J-band magnitude of 12.7 mag, corresponding
to a stellar mass of M, ; = 3.6 x 10'! M. This is somewhat
less than the previous estimate of M, x = 4.6 x 10'' M, found
by Walker et al. (2015), who used the integrated K-band magni-
tude of J2345-0449 and a fiducial mass-to-light ratio of Yx =
0.78 M/ L taken from Bell et al. (2003). A systematic discrep-
ancy of 25% is acceptable for the purpose of our analysis, and
corresponds, for example to the difference in the J-band mass-
to-light ratio of a stellar population with 10 and 12 Gyr of age,
respectively. Providing a more robust estimate would require
detailed population synthesis modeling of the star-formation his-
tory, as will be possible when our VLT/MUSE observations will
become available, which have been delayed due to the Covid-19
shutdown of the VLT.

Individual integrated magnitudes of the bulge and disk com-
ponent of J2345-0449 are 13.9 mag and 13.1 mag, respectively,
corresponding to stellar masses of Myyge = 1.2 x 10" M, and
Mgige = 2.5x 10" M, respectively, assuming that both have old
stellar populations. Corresponding stellar mass surface densities
are Zgenar = 2 X 10° My, pc’2 and Zgenar = 2 X 102 My, pc’2 for
the bulge and disk, respectively.

Values of Zpyee = few X 10°M, pc™? are typical for
bulges of spiral galaxies, including of lower mass, and for
early-type galaxies (e.g., Kauffmann et al. 2003; Fang et al. 2013;
Gonzdlez Delgado et al. 2015). Likewise, stellar mass surface
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Fig. 3. GALEX near-UV image of J2345-0449, showing extended, diffuse emission associated with the stellar disk. No nuclear point source can
be discerned. The contours show the radio source observed with FIRST. The FWHM size of the beam of FIRST, and the point-spread function of

GALEX, are show in the lower left corner. Both are 5”.

densities of £ =fewx 100M, pc 2 are not untypical for late-type
galaxies over large ranges in stellar mass (e.g., Kauffmann et al.
2003; Fang et al. 2013; Gonzdlez Delgado et al. 2015). Thus,
J2345-0449 may have an extraordinarily large integrated stellar
mass for being a spiral galaxy, however, the mass surface densi-
ties are not outstanding. J2345—-0449 is more massive than other
spiral galaxies, because it is more extended, not because it has a
higher stellar mass surface density in either the bulge or the disk.

3.3. Star formation

Estimating star-formation rates in AGN host galaxies is noto-
riously difficult, as most tracers can be contaminated by the
AGN. We integrated the far-UV flux in the GALEX image of
J2345-0449, finding Fryy = 92.1 + 1.1 uJy, which corresponds
to an integrated star-formation rate of SFR = 1.25+0.1 M yr'.
We derived this estimate with the relationship of Kennicutt
(1998a), but adopted the today more widely used Kroupa
(Kroupa 2001) stellar initial mass function instead of that of
Salpeter (Salpeter 1959), as Kennicutt (1998a) did initially. The
uncertainty includes only the error of the measurement, not
the systematic uncertainties. Dabhade et al. (2020) estimated
SFR = 2.95 Mg yr~! from the 22 um flux measured with WISE,
whereas Walker et al. (2015) found SFR = 1.6 M, yr~! from the
same GALEX UV continuum that we also used. Both adopted
a Salpeter initial mass function. We estimated a star-formation
rate by combining the UV and IR measurements into a single
estimator, using the relationship of Leroy et al. (2008). They
approximate the star-formation rate by setting SFR = 8.1 X
1072 IFUV+3.2’:&%X 1073 I4. We use the FUV intensity measured
with GALEX, Iryv, and the 22 pm intensity corresponding to the
magnitude given by Dabhade et al. (2020), m2sm = 7.135 mag.
This gives a very similar value to our above estimate using
GALEX alone, SFR = 0.9-1.4 M, yr~!, with a best estimate
of SFR = 1.1 My yr~!. This suggest that the UV does not miss
significant amounts of star formation in this galaxy.

The GALEX and WISE imaging also allow us to investi-
gate where the star formation in J2345-0449 is located rela-
tive to the molecular gas, radio jet, and stellar disk. The left
panel of Fig. 3 shows the near-UV image of J2345-0449,
which is well resolved at PSF =5", and has a relatively uniform
surface-brightness distribution without signature of a nuclear

point source. Diffuse UV emission is detected over an area
with a deconvolved size of 28.6” x 14.0”, corresponding to
43 kpc x 21 kpc, that is, over most of the size of the 50 kpc
large stellar disk. Peak surface brightnesses are reached in the
eastern and western regions of the disk, and do not coincide
with the position of the radio source shown as contours. From
the deconvolved size estimate of the disk and the integrated
SFR =1.25 Mg, yr™', we estimate an average star-formation
rate surface density of Igpg = 1.8 x 1073 Mg yr~'kpc2.
Local minima and maxima correspond to SFR = 1.3-5.6 X
1073 Mg yr~' kpc™2.

The spatial resolution of the WISE 22 um image (not shown),
which has a point spread function of FWHM = 11.9”, is even
less than that of GALEX, making it difficult to use to esti-
mate star-formation rate surface densities. However, WISE does
resolve the disk of the galaxy, with a measured major-axis size
of FWHM = 28.3"”, corresponding to 25.7" after correcting for
the PSF. This is comparable to the spatial extent of the UV emis-
sion, suggesting that both FIR and UV are emitted from the same
regions of the galaxy.

In the right panel of Fig. 3 we show where J2345-0449
falls relative to the main sequence of star-forming galaxies of
Elbaz et al. (2007), and other samples of spiral and elliptical
galaxies taken from Ogle et al. (2019) and Lelli et al. (2015),
which both include very massive spiral galaxies with Mejar >
10" My, J2345-0449 falls 0.95dex below the ridge-line of
Elbaz et al. (2007), and near the low end of star-formation activ-
ity of massive spiral galaxies generally. Interestingly, as also
shown in Fig. 3, the star-formation rate is also at the low end of
the range spanned by elliptical galaxies in the same mass range.
With SFR =1.25 M and Mepar = 3.6 X 10! M, the specific
star-formation rate of J2345-0449 is sSFR = 3.3 x 1073 Gyr~!.

3.4. Radio source

Singh et al. (2015) found only four spirals with multiple pairs
of radio jets in a sample of over 187000 spiral galaxies. Cur-
rent samples of very massive (Mgejiar > 10" M) spiral galaxies
are very small, and do not allow for a systematic analysis, how-
ever, we investigated the radio morphologies of all massive spi-
ral galaxies in the samples of Lelli et al. (2015) and Ogle et al.
(2019) in the NVSS and FIRST surveys (32 sources in total), and
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did not identify a single galaxy with a radio morphology akin to
that of J2345-0449. Galaxies with radio AGN are usually point
sources in FIRST at 5” beam size. Sources which are extended
have morphologies that follow the stellar disk, sometimes even
showing the same spiral structure. Their radio luminosities are
also consistent with being related to star formation, not AGN
activity. It is difficult to draw firm quantitative conclusions from
these sources, since they are not taken from a complete sample.
However, they are at least consistent with powerful radio jets
being rare in spiral galaxies with stellar masses >10'" M, fur-
ther highlighting the exceptional nature of J2345-0449 already
pointed out by Singh et al. (2015).

4. The molecular ring of J2345-0449
4.1. CO(1-0) morphology

Figure 4 shows the maps of CO(1-0) that we obtained with
ALMA. The molecular gas is in a large ring with an outer radius
of 7.9” x 4.4” (11.8kpc x 6.6 kpc), and has a strong gradient of
projected velocities of 676 +25kms~! increasing from west to
east. For an inclination angle of 59° (Bagchi et al. 2014, see also
Sect. 4.2), this corresponds to a deprojected, intrinsic velocity
offset of 789 +25kms~'. We saw in Sect. 3.2 that the size of the
bulge in the J-band is somewhat larger, 3", but can be accomo-
dated within the measurement uncertainties set by the large pixel
scale and size of the seeing disk (both are 1”).

We do not detect any CO(1-0) line emission inside a region
of 2.8” x 1.5” from the nucleus, corresponding to a diameter of
4.2kpc x 2.2 kpc at the redshift of J2345—-0449, and down to a
flux limit of rms =332 wJy beam™". This is more than twice the
effective radius of the stellar bulge in the SDSS r-band image,
re = 1.25kpc, the largest size measured by Bagchi et al. (2014).
We can therefore safely conclude that the molecular gas is asso-
ciated with the inner disk of J2345-0449, and avoids the bulge.
This is a significant difference to quasars, for which disks of
molecular gas are found to have much smaller radii of <2 kpc,
e.g., Molina et al. (2021). The morphology is fairly irregular,
showing several bright clouds with sizes of <1” (1.5kpc), and
potentially, gas that is following the spiral arm structure in the
northwestern part of the ring. The radial width of the ring varies
from a minimum of 2.0” (3.0kpc) along around PA = 200°
in the southern part to 5.7” (8.5 kpc) along around PA = 300°
(position angle PA is measured counterclockwise from north
toward east). Given the irregular overall morphology, this can-
not be attributed only to projection effects. The ring extends to
a smaller radius than that of the stellar disk seen with the SDSS
(which has a radius of 16.9” in the i-band image of the SDSS
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down to 30, Fig. 2). This corresponds to 25.2 kpc at the redshift
of 12345-0449.

The total line flux is Icoarma = 14.9 + 0.5Jykms™!, com-
parable to what was previously found in the single-dish observa-
tions of Dabhade et al. (2020, Ico = 14.0Jy km s~1) and our own
measurements (Ico = 12.6 + 0.8 Jykms™!). We suspect that the
reason for the difference is the large diameter of the ring, which
we trace out to 19.6”, comparable to the half-power beamsize of
the IRAM 30-m telescope of 22.9” at the observed frequency.
Line emission at large radii would be attenuated by the lower
efficiency in the outer regions of the beam of the 30 m telescope
of IRAM.

To test more quantitatively whether this is a viable expla-
nation, we convolved the ALMA map with a two-dimensional
Gaussian distribution with FWHM widths corresponding to the
beam size of the 30-m telescope, and centered on the posi-
tion at which we pointed the telescope. We find a total flux of
Ico = 13.0Jykms~!. This is less than 1o from the integrated
flux of Ico = 12.6+0.8 mJy we measure with the 30 m telescope,
and slightly lower than the 14 Jy kms~! found by Dabhade et al.
(2020), and suggests that the large size of the ring compared to
the telescope beam is indeed the likely cause of the lower flux
measurement in the single-dish data. For our ALMA observa-
tions this implies that we have recovered at least 94% of the
single-dish flux, if the Dabhade et al. (2020) estimate is closer to
the actual flux of J2345-0449. If our estimate is more accurate,
it would suggest a systematic uncertainty in the relative flux cal-
ibration of about 3%, which is also very plausible. In either case,
we can conclude that the amount of missing flux is small, and
we neglect it in our following analysis.

4.2. Gas kinematics

To extract spatially-resolved information about the molecular
gas kinematics in this galaxy we constructed spectra from square
apertures with 1.0”” x 1.0” in size in a data cube with 11kms™!
wide spectral channels, comparable to the beam size, and as
broad as possible to measure line widths for the molecular gas.
We then fit each spectrum with a single Gaussian component.
This was done for all pixels with signal-to-noise ratio SNR >3
in an emission-line map constructed from directly integrating all
flux in the redshift range where line emission was detected. Typ-
ical signal-to-noise ratios per spectral channel at the line peak
were between 3 and 6 for the broad, and 8 to 11 for the narrow
emission lines.

Figure 4 shows the results: In the left panel, the integrated
line flux derived from the single-Gaussian fits can be seen, indi-
cating several massive gas clouds embedded into an extended,
irregular ring. The central panel shows the local gas velocities as
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Fig. 5. Results of the Fourier analysis of the velocity distribution in the ring, using Kinemetry (Krajnovi¢ et al. 2006). Left: observed velocity map.
Center: output of the best-fit model. Right: residuals in the measured velocity map after subtracting the model shown in the center.

measured from the centroids of the single-component Gaussian
line profiles, given relative to a redshift z = 0.0755 (Bagchi et al.
2014). The right panel shows the FWHM line widths in each
aperture.

4.3. Fourier-analysis of the large-scale velocity field

The gas velocities in J2345—-0449 are very regular and increase
smoothly from east to west as expected from rotation within
the gravitational potential of the host galaxy (central panel of
Fig. 4). We used Kinemetry (Krajnovi¢ et al. 2006) to describe
the velocity distribution more quantitatively. Kinemetry per-
forms a fifth-order Fourier analysis of the kinetic moments of
the line-of-sight velocity distribution of a gas disk or ring along
concentric ellipses, thereby representing a generalization of the
classical surface photometry. It is a standard tool to analyze
data cubes obtained with integral-field spectrographs. The ring
of J2345-0449 is well spatially resolved with a total of about 30
individual spatial resolution elements, so that a detailed analy-
sis as done with Kinemetry can be expected to yield meaningful
results.

Kinemetry requires that the centroid position and inclina-
tion angle of the disk are fit externally. To do so, we used
the gas morphology, which we fit with the Python imple-
mentation of the IRAF task ELLIPSE (Jedrzejewski 1987).
We find that the ring is centered on position (J2000)
RA =23:45:32.708, Dec=-04:49:25.42, where ALMA also
shows a faint (S 110guz = 1.3 £ 0.34 mJy) radio continuum point
source, presumably the nucleus. The position angle on the sky
is PA =94°, and the inclination angle 59° + 2°, the same values
previously also found for the stellar component by Bagchi et al.
(2014). This is another indication that most of the gas in the disk,
as measured from the line centroids, rotates largely unperturbed
within the gravitational potential of the host galaxy.

A comparison of the observed and modeled velocity distribu-
tions in the ring (corresponding to the velocity map) is shown in
Fig. 5. Differences are small and difficult to discern by eye. The
right panel of the figure shows the residual map obtained from
subtracting the model from the measured velocity distribution.
Residuals are less than about +10kms~! in most of the disk,
or 1.5% of the measured total velocity offset, with somewhat
greater offsets (>30kms~') along the outer rim. Parts of these
differences may also come from complex line profiles which
may affect the centroid position of the single-Gaussian fits. We
have also compared offsets between higher kinetic moments,
finding that model and observations agree generally within about
2%. To summarize, gas velocities in the ring as probed by the
line centroids do not show significant deviations from rotational
motion within the gravitational potential of J2345-0449.

4.4. Position-velocity diagram

Another way to visualize the good agreement of the gas kine-
matics in the ring of J2345-0449 with rotational motion is by
analyzing the position-velocity (PV) diagram shown in Fig. 6.
Distances are measured from the nucleus of the galaxy along
the morphological and kinematic major axis of the galaxy at
PA =94°. The Figure shows a near-linear decline in observed
velocity from east to west out to R = 5 kpc on either side, where
velocities flatten, suggesting that the ring samples the rotation
curve at radii just outside the turnover radius. Contours show
the PV-diagram of the best-fit model obtained with Kinemetry
for comparison (Sect. 4.3). The slight mismatch between the
observed and modeled ring in the eastern hemisphere is caused
by the irregular surface-brightness distribution of the ring, which
was not taken into account in the modeled data set. Overall, the
figure shows few residuals in the data with the exception of faint
line emission to the outermost radii in the western part of the
disk.

We further overplot the rotation curve obtained previously
by Bagchi et al. (2014) from Ha longslit spectroscopy extracted
along the morphological major axis of the disk. Both gas com-
ponents show very similar kinematics, suggesting that both arise
from the same structure. However, Ha samples the gas out
to larger radii. The warm ionized gas seems also to extend
somewhat further inward that the molecular gas. However,
Bagchi et al. (2014) report a dearth of Ha within a radius of 1.5”
from the nucleus, where they detect only [NII]116548,6583. It
is therefore possible that most of the warm ionized gas is also
in a ring rather than a disk. The faint line emission found in the
extreme outer western part of the ring follows the velocities mea-
sured in He, and may be a faint molecular component emitted
from the same environment.

The circular velocity of the ring in J2345-0449 obtained
from this fit is 369 + 25kms~!, derived from the projected
(observed) velocity of Av/2=316kms™! at the turnover radius
of 5.2kpc, and corrected for an inclination of i = 59°. The
turnover radius is probably an upper limit, given that it falls near
the inner edge of the ring.

Figure 6 also shows that this velocity is consistent with the
velocity previously found by Bagchi et al. (2014) from He at the
same radius. Their asymptotic circular velocity estimate, V. =
371 + 26km s~ is however larger, since Hor samples the veloc-
ity curve out to larger radii, and velocities continue to increase
slowly, in particular on the eastern side of the ring. The enclosed
dynamical mass within the turnover radius, Mgy, = V2R/G, is
Mgyn = 1.6 x 10" M, corresponding to about 44% of the inte-
grated stellar mass 3.6 x 10'! M, (Sect. 3.2). This is not much
larger than the stellar mass previously estimated for the bulge
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(Sect. 3.2), showing that the dark-matter content in the central
regions of J2345—-0449 is low.

4.5. Line widths

In spite of the smooth velocity map, the CO line profiles are very
irregular, and full-widths at half maximum (FHWMs) of the CO
emission lines change rapidly throughout the ring, increasing
from a minimum of about 20kms~! in the eastern and west-
ern parts of the ring to more than 120kms~' in the northern
and southern region as seen in projection (Fig. 4). Overall, we
observe significant line broadening over large ranges in posi-
tion angle, from PA =—-70° to PA =75°, and from PA =113° to
PA =246°. Generally, line widths are greater in the inner regions
of the ring (Fig. 4).

A closer look at the line profiles in individual pixels also
shows that the gas kinematics are strongly perturbed. We iden-
tify secondary components in regions of narrow line widths, and
in the transition regions between narrow and broad line emis-
sion. In the regions of broadest widths, however, the line profiles
appear fairly smooth, consisting of a single component, at least
at the spatial and spectral resolution of our data (Fig. 7).

4.6. Integrated molecular gas mass and gas mass surface
densities

We use Eq. (3) of Solomon et al. (1997) to estimate a molec-
ular gas mass from the CO flux measurement, by setting L’ =
3.25 x 10" Ico (v/(1 + 2)) 2 D} (1 + 2)> Kkms™! pc?, where v
is the observed frequency, z the redshift, and Dy, the luminos-
ity distance of our target. For an observed integrated CO(1-0)
line flux of Ico = 149 = 0.5 Jykms‘l, we find L'=4.7 X
10° Kkm s~ pc?. For a CO-to-H, conversion factor of aco =
4.3 My [Kkms™! pc?]~!, commonly used for nearby spiral and
early-type galaxies (e.g., Bolatto et al. 2013), we find a total
molecular gas mass of My, = 2.0 X 100 M. We did not include
a correction for He and other metals, if we had, this mass esti-
mate would be 36% higher, My, = 2.7 x 10! M. Miura et al.
(2021) just demonstrated on the example of Cen A that molecu-
lar clouds in early-type galaxies do not have unusual CO-to-H,
conversion factors.

This is at par with cold molecular gas masses previously
measured from CO(1-0) in the most gas-rich, nearby, classical
radio galaxies like 3C 293, 3C 84, or 4C 12.50. However, these
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are typically SO galaxies rather than classical elliptical galax-
ies. The most gas-rich elliptical radio galaxies have cold molec-
ular gas masses of at most few 10° My (Ocafa Flaquer et al.
2010, see also the compilation of Lanz et al. 2016, and refer-
ences therein), factors of a few greater than typical gas masses in
quiescent radio galaxies (Tadhunter 2016). In exceptional cases,
gas-rich elliptical galaxies can have warm molecular gas masses
from shocked gas, presumably by the AGN, equal to or even
above 1 x 10'° M, in the most extreme cases (Ogle et al. 2010).
A similar mass range, My cola = 1 X 108—4 x 10'° Mo, is also
suggested by Herschel/SPIRE measurements of the dust mass
in radio AGN host galaxies drawn from the 2Jy sample by
Dicken et al. (2014), assuming gas-to-dust ratios of 140.

Since we have spatially well resolved measurements of the
molecular gas in the ring, we can also estimate the local gas
mass surface densities in individual 1.5kpc apertures, corre-
sponding to the 1” beam size. Assuming that a single CO-
to-H, conversion factor of aco = 4.3 X My [Kkms™ pc2]‘1
applies throughout J2345-0449, the average of the molecular
gas mass surface densities for the 258 kpc? surface of the ring
1S Zgasave = 78 Mo pc‘z, with a maximum surface density of
Zoas = 196 Mo pc? reached in the brightest clouds. The sur-
face of the ring was derived from the surface of individual pixels
where CO(1-0) was detected, and hence takes the irregular mor-
phology of the CO(1-0) emitting regions into account. This is
less than the 381 kpc? surface that would be estimated from the
inner and outer radius of the ring, assuming an idealized ellipti-
cal morphology.

These gas mass surface densities are at the upper end, but
still comparable to those found in other spiral galaxies, and at
the lower end of starbursts (e.g., Kennicutt 1998a). They are also
in the range of those of massive early-type radio galaxies with
large amounts of molecular gas studied by Ogle et al. (2010) and
Lanz et al. (2016).

5. Signatures of AGN-driven gas kinematics

Figure 4 showed that the molecular gas in J2345-0449 is in a
large molecular ring associated with the stellar disk of the host
galaxy, which is rapidly rotating, and shows strongly increased
line widths up to FWHM =~ 180kms~! in the northern and
southern part of the ring. We now discuss this line broadening
in more detail, show that it is outstanding compared to other spi-
ral galaxies in the same mass range, and demonstrate that the
radio jet is the most likely cause.

5.1. Radio jets as origin of the broad line emission

In Fig. 8 we show the map of FWHMs of the CO(1-0) line emis-
sion with the small-scale morphology of the radio jet overplotted
as contours. The radio image was taken from the VLA FIRST
survey (Becker et al. 1995) obtained at 1.4 GHz with 5” beam
size. In spite of the relatively large beam size compared to the
ALMA data, we can clearly see that the radio source is extended
along an axis roughly going from north to south. The region over
which the broad CO line emission is detected clearly coincides
with the region of the ring intercepted by the radio source. This
makes it very plausible that the radio emission from the AGN
is also the main responsible for the broadening of the emission
lines.

Moreover, the observed CO(1-0) line widths of FWHM =
70-180kms™! in this region are outstanding compared to other
massive spiral galaxies without prominent radio jets. There are
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not many such galaxies in the literature with stellar masses
>10"" My and detailed analyses of the line widths measured
from spatially resolved CO data sets. Existing data include
NGC 5055, NGC 7331, NGC2841, and NGC3521 from the
THINGS survey (Tamburro et al. 2009), which have circular
velocities between 200 and 300 km s™! and velocity dispersions
that are similar to those measured in HI, o ~ 10kms~! cor-
responding to FWHM = 25-35kms~!. Tamburro et al. (2009)
find a maximum of o < 60kms™! in in NGC 5055 within the
central regions of the galaxy, with smaller values further outside.

We caution that the data of these galaxies were obtained at
>10"” beam size, much larger than the beam size with which
we observed J2345-0449. Thus, these dispersions are proba-
bly much more affected by beam smearing effects. They should
therefore be treated as conservative upper limits. Nonetheless,
these observations allow us to conclude that maximal intrin-
sic velocity dispersions, o, in J2345—-0449 caused by gravi-
tational motion or other processes in common with massive
disk galaxies without prominent radio source, are probably
below 25-30km ™!, corresponding to FWHMs which are below
70kms~!. Line widths >70kms~' must therefore be caused by
another process, and the spatial association with the radio source
points clearly to the most likely culprit, even more so as we do
not see any evidence for other processes that could potentially
increase the line widths in J2345-0445, like a strong bar or

interactions with a massive neighbor. Moreover, Walker et al.
(2015) have already argued why star formation in J2345-0449
is not strong enough to drive an outflow.

We have also used a toy model to investigate how much

of this line broadening can be attributed to blending of gas
motions within the rapidly rotating ring in our own data. We used
the modeled velocity field to construct an artificial data cube
with the same signal-to-noise ratio and beam size as observed
in our data, and extracted the emission-line kinematics in pre-
cisely the same way as previously done for the data. We found
that beam smearing doubles the widths of lines with intrinsic
FWHM = 10kms™!, whereas lines with an intrinsic width of
FWHM = 25kms™! are broadened by at most 2kms~!. This is
negligible compared to the observed range in line widths of up
to 180kms™!' and shows that most of the line widths observed
in the northern and southern hemisphere of the ring cannot be
explained by beam smearing.
In total, L&OlO,bma q = 11.2Kkms™! pc2 of the line flux in
J2345-0449 are emitted from spatial pixels where line widths
are FWHM > 70kms~!, and Leo10, narow = 37 Kkms™! pc?
from gas that is more quiescent. Assuming that similar CO-to-H,
conversion factors apply to both regions, molecular gas masses
are Maas, broad = 1.5 X 10'° Mg, and Moy narrow = 0.5 X 10'° Mo,
respectively. The surfaces from which broad and narrow lines are
emitted, cover 182kpc? and 79 kpc?, respectively. Correspond-
ing gas mass surface densities are Zgy proad = 81 Mo pc? and
Zoas, narrow = 10 Mg pc‘z, respectively, for the perturbed and the
quiescent gas. It is of course possible, that the perturbed mass
would be lower because another CO-to-H, conversion factor
applies in the perturbed gas (e.g., Alatalo et al. 2011). Adopt-
ing instead aco = 0.34 M, [Kkms™' pc?]! as a lower limit,
appropriate for optically thin gas at low excitation tempera-
ture (Bolatto et al. 2013), we would find that My proad, opt thin =
1.2 x 10° My, of molecular gas are perturbed by the radio source.
This would still be a significant fraction of the total molecular
gas content of this galaxy, and comparable to the total molecular
gas mass in many radio-loud early-type galaxies (e.g., Ogle et al.
2010).

5.2. Search for outflow signatures

To investigate the properties of coherent noncircular gas motions
over scales of several kpc, as could be expected from filamentary
gas at the edge of an expanding bubble, an outflow, or galactic
fountains, we have tried to perform a multicomponent fit to
the line profiles, and also adopted nonparametric methods. We
have also performed fits with priors, for example, on the
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modeled large-scale velocity maps from Kinemetry
(Krajnovic¢ et al. 2006, see also Sect. 4.3), trying to isolate
a systemic gas component from additional lines with nonrota-
tional kinematics like outflows.

However, although the line profiles extracted from larger
apertures clearly indicate that such components are present,
likely indicating that the gas is in multiple molecular clouds
or filaments with distinct kinematic properties, the signal-to-
noise ratios in individual small apertures are not sufficient to
probe the global kinematic properties of multiple components
robustly and in more detail. Tracing such components over larger
areas consisting of multiple spectral elements is also hindered by
the blending of rotational and nonrotational components, whose
velocity offset is often commensurate with the steep velocity gra-
dient from rotational motion over few pixels. Probing nonrota-
tional components would therefore require deeper observations
with higher spatial and spectral resolution than the 20 min of on-
source observing time we have obtained for this program, and
which was only meant to yield a detection of CO line emission
in this galaxy.

We have in particular searched for evidence of outflows that
would be fast enough to escape either from the molecular ring
and underlying stellar disk, or even the galaxy altogether, in
either case depleting the molecular reservoir for on-going star
formation. While the complex line profiles make it difficult to
identify individual outflow components, pronounced line wings
extending to velocities greater than the circular velocity of the
disk should be more easily seen. We did not identify any such
component down to a peak rms=332uJybeam™! in our data
cube. For an assumed line width of FWHM = 180kms™', the
largest seen in this galaxy, this would correspond to a 30~ upper
limit of 0.19Jykms™!, corresponding to 1.5% of the integrated
CO(1-0) flux of the galaxy, or 3 x 10% M, in case that the same
CO-to-H; conversion factor applies that we adopted for the disk.
This has the character of an upper limit, as molecular outflows
have previously been found to be optically thin (Alatalo et al.
2011; Dasyra et al. 2016), which would lower the potential out-
flowing mass by about an order of magnitude.

We have very little constraints on the motion of other gas
phases in this region of J2345-0449. The only constraints we are
aware of are from Bagchi et al. (2014), who show the flat radial
velocity profile of He extracted from a 1.5” slit aligned with the
morphological minor axis of the galaxy, indicating no signifi-
cant offsets from the systemic redshift. It is unclear whether this
implies the absence of line broadening, or perhaps a wind of ion-
ized gas, however, since they make no statement about the line
widths and profiles. A more complete picture will emerge once
that we have MUSE data of J2345—-0449 at hand, which were
delayed due to the Covid-19 shutdown.

5.3. Kinetic energy

We can give a rough estimate of the kinetic energy corresponding
to the line broadening in this region, by setting Ey;, = 3/2 M1,
that is, assuming isotropic gas broadening in three dimensions.
Summing the CO line flux over all regions where FWHM >
70kms! suggests that a total of 1.6 X 10'° M, is being stirred
up by interactions with the radio source, corresponding to about
75% of the total molecular gas mass in the ring (Sect. 4.6). Using
the local Gaussian line widths measured in each spatial element
to estimate the kinetic energy, we find a total of Ey, = 1.3 X
10%7 erg in the gas.

We now investigate whether the required energy to power
these gas flows can be produced by the radio source in
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J2345-0449. Walker et al. (2015) used the Cavagnolo et al.
(2010) relationship between observed jet power at 1.4 GHz and
the kinetic energy traced through X-ray cavities in galaxy clus-
ters to estimate the kinetic power of the radio jet in J2345-0449,
Pyinjer- They found Pyinjer = 2 x 10*ergs™, corresponding
to a total energy ejection of 7 x 10°erg for a fiducial jet
lifetime of 10 Myr. They consider such a lifetime, which they
derive from the 780kpc size of each of the outer jets and
an assumed maximal jet advance speed of 0.25¢ as a plausi-
ble lower limit. Detailed analyses of other giant radio galax-
ies find that jet advance speeds can be as low as 0.0lc (e.g.,
Jamrozy et al. 2005), increasing this age estimate to as much
as 250 Myr, in which case the total kinetic energy carried by
the radio source would increase to 1.7 x 10%° erg. We also note
that the Cavagnolo et al. (2010) estimate was derived from the
work done by FRI radio galaxies in galaxy clusters to inflate
X-ray cavities. While this estimate is frequently used to esti-
mate jet kinetic energies, it may systematically underestimate
the true jet kinetic energy, which is however very difficult to
constrain directly (e.g., Mukherjee et al. 2018). Nonetheless, this
represents a very large energy output, comparable to that of the
AGN in massive central cluster galaxies, in spite of being emit-
ted from a black hole residing in the center of a late-type spiral
galaxy.

Over 10Myr of jet lifetime, 2% of the jet kinetic energy
would need to be deposited in the gas to explain the observed
line widths. This is comparable to the values found by
Mukherjee et al. (2016) from relativistic hydrodynamic simula-
tions (see also Mukherjee et al. 2017). For comparison, if we had
adopted the common velocity estimate of v = Av + 20 initially
proposed by Rupke et al. (2005), a commonly adopted measure
of outflow velocity in quasars, the kinetic energy estimate would
be 5.3 x 10°7 erg, corresponding to 8% of the jet kinetic energy.
We caution, however, that this estimate is only valid under cer-
tain assumptions, which are likely not met in this case. It pro-
vides an interesting quantity, however, to compare with more
generic sets of AGN probed with spatially unresolved data.

5.4. Alternative scenarios

We have just argued that the radio jet itself carries more
kinetic energy than required to explain the gas kinematics in
J2345-0449, in agreement with the results of hydrodynamic
simulations. However, to demonstrate that this is a unique inter-
pretation, it is also necessary to rule out alternative scenarios.

The kinetic power of the jet is much higher than that
carried by other mechanisms that could cause feedback in
J2345-0449. Direct constraints on the presence of the bolomet-
ric luminosity of the AGN are scarce in the literature, however,
Bagchi et al. (2014) do show the spectrum of the bulge, which
clearly falls into the LERG (Buttiglione et al. 2010) or WLRG
(Tadhunter et al. 1998) regime of radio galaxies characteristic
for sources with very weak (if any) bolometric AGN emission.
[OI11]A14949,5007 line emission is not seen in this spectrum,
and we can use the empirical relationship of Heckman et al.
(2004), to estimate the bolometric AGN luminosity by setting
LoolaAGN = 3500 x Lions007- With the upper limit of L <
1 x 10*ergs™" given by Bagchi et al. (2014) for optical line
emission, this would correspond to Lyoacn = 3.5 X 10" ergs~!.
Radiative processes like, for example, radiation pressure, would
therefore be at least about a factor 10 less energetic than the
kinetic power carried by the radio source.

Walker et al. (2015) already argued that star formation would
also be too weak to cause significant feedback in J2345-0449.
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They estimate a supernova rate of 0.12 M, yr~'. Adopting

that each supernova ejects 10* ergs™! in kinetic power (e.g.,
Dalla Vecchia & Schaye 2008), this would correspond to a
kinetic energy injection of 4 x 10*’ ergs™! from star formation,
more than three orders of magnitude less than from the radio
source. We conclude, in agreement with Walker et al. (2015),
that the radio source is by far the dominant source of kinetic
energy in J2345-0449.

6. Star-formation law

6.1. J2345—-0449 as an outlier in the standard
Kennicutt—Schmidt law and alternative relationships

Numerous studies have already addressed the relationship
between the mass surface densities of the cold neutral (molec-
ular and atomic) gas in galaxies and their star-formation rate
surface densities. This includes above all the seminal work of
Schmidt (1959) and Kennicutt (1989), who established a sin-
gle, tight (~0.3 dex), empirical star-formation law which gov-
erns the efficiency with which stars form from cold neutral gas
in galaxies over more than five orders of magnitude. While there
is a broad consensus that this relationship heralds a close phys-
ical link between gas and star formation, the detailed physical
processes underlying this relationship are still a matter of active
debate.

Moreover, alternative relationships have been proposed for
the star-formation rate surface density, in particular with the
ratio of gas surface density to dynamical (disk rotational)
time (Kennicutt 1998a). More recently, Shi et al. (2011, 2018)
pointed out that a relationship which not only accounts for the
surface density of gas, but also of stellar mass, remains valid
also for star-formation at very low metallicities and gas mass
surface densities, where the classical star-formation law breaks
down.

Finding significant, systematic offsets in AGN hosts from
the star-formation law of purely star-forming galaxies would be
one signature indicating that AGN feedback can indeed affect
star formation in their host galaxies. This would be more con-
straining than the presence of outflows, because it may indicate a
direct physical link between the injection of AGN jet energy into
the gas and a suppression of star formation and galaxy growth.
Several studies of other classes of AGN have not identified a
deficit in star formation in spite of the presence of fast outflows
(e.g., Genzel et al. 2014; Harrison et al. 2016).

Nesvadba et al. (2010) and Ogle et al. (2010) were the first to
show that the star formation intensity at a given gas mass surface
density (star-formation efficiency) may be unusually low in the
subset of early-type radio galaxies which are rich in relatively
dense molecular gas, including gas that is heated by shocks.
They found a characteristic offset from the usual Kennicutt—
Schmidt relationship by about a factor 10 relative to other galaxy
populations. This result was later on confirmed by Herschel far-
infrared photometry of dust heated by star formation (Lanz et al.
2016).

These authors initially attributed the offset toward lower star
formation efficiencies to the gas being perturbed by the radio
jet (Nesvadba et al. 2011), a process which might also create
and maintain the large reservoirs of warm molecular hydrogen
found in these galaxies, which appear to be heated by shocks
(Ogle et al. 2007, 2010; Nesvadba et al. 2010).

However, this interpretation was subsequently challenged by
Martig et al. (2013) and Saintonge et al. (2012), who proposed
that the reason for low star-formation efficiencies in early-type

galaxies was inherent to the spheroidal morphology of their stel-
lar component, which would stabilize the gas against becoming
gravitationally bound and forming stars. In this case, the pres-
ence of radio jets and turbulent gas would just be a coincidence,
with no direct physical link to the star formation.

Comparing the star-formation efficiency in J2345-0449 with
that of radio galaxies of Ogle et al. (2010) is very interesting,
because the molecular ring in J2345-0449 is associated with
the disk, not the bulge of the galaxy. Hence the high stellar
mass surface density or the morphological quenching invoked
by Martig et al. (2009, 2013) cannot regulate the star formation
in this gas. Demonstrating that the gas and star formation den-
sity in J2345-0449 fall near the Ogle et al. (2010) radio galaxies
would therefore demonstrate that a radio source alone is able to
produce such an offset in star-formation efficiency, even in the
absence of the high stellar mass surface densities and spheroidal
morphologies typically found in early-type galaxies. A potential
impact of angular momentum and stellar mass surface density
can be further investigated by comparing J2345—-0449 with the
alternative star-formation laws. Finding significant offsets in all
these relationships would be an important piece of evidence to
demonstrate that AGN feedback is a viable mechanism to lower
star-formation rates in massive, gas-rich galaxies.

6.1.1. Standard Kennicutt—Schmidt relation

We now use our measurements of star-formation rates from
Sect. 3.3 and gas masses from Sect. 4.6 to obtain average sur-
face densities in both quantities. Currently available data can
only provide us with average values, because GALEX has a rel-
atively low spatial resolution of only 4.2””. However, as already
discussed in detail in Sect. 3.3, both the UV and 22 um con-
tinuum morphologies of J2345-0449 are spatially resolved and
show that star formation is extended over the entire stellar disk.
This is also consistent with the blue, uniform color of the opti-
cal stellar continuum seen with SDSS and the CFHT (Fig. 2 and
Bagchi et al. 2014). Star-formation rate estimates derived only
from the UV, the IR, and both bands combined are similar to
each other within a factor 2, (Sect. 3.3). This does not indicate
the presence of an important component of deeply embedded
star formation in the ring, which would be missed by optical
and UV measurements. We assume in the following that all star
formation is uniformly distributed over the UV disk seen by
GALEX, excluding the central bulge of 1.25kpc radius, which
implies a disk surface of 708 kpc?. For SFR = 1.25 My yr~! the
average star-formation rate surface density is therefore 1.8 x
1073 M, yr~' kpc™2.

We further adopt the average of the local gas-mass sur-
face densities measured in individual local spectra, Zgosmw =
78 My pc2, already discussed in Sect. 4.6. This value is not
derived from summing the total flux over a certain area in the
data cube, and then dividing by the surface of that area, but uses
the fit results to the local spectra directly (for details of the fitting
procedure see Sect. 4.2).

The observation that most star formation in J2345-0449
is seen as an optically blue disk with associated extended
UV and IR emission is not unusual for sprial galaxies, and
indicates in our case that not all star formation is associated
with the CO emitting ring. This does not imply that disk-wide
star formation in J2345-0449 is not fueled by molecular gas.
Extended CO emission associated with such widespread, low-
level star formation would be difficult to measure: For the aver-
age star-formation surface density over the size of the GALEX
disk, 1.8 x 1073 Mgy yr'kpc™?, and adopting the standard
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Kennicutt—Schmidt law, we would expect a peak flux density of
CO line emission of 190 uJy beam™! for gas with a systemic line
width, FWHM = 25kms~!. This is a factor ~1.7 below the rms
of our data, 332 uJybeam™! (Sect. 2). Assuming instead, con-
trary to observations, that all star formation was associated with
the ring would enhance the local star formation rate surface den-
sity by a factor 2.8, to 5 x 107> M yr~!' kpc=2.

The large red dot in Fig. 9 shows where J2345-0449 falls
in the Kennicutt—Schmidt diagram with respect to low-redshift
spiral and starburst galaxies, and the radio galaxies of Ogle et al.
(2010) and Lanz et al. (2016), for which spatially resolved mea-
surements of CO line emission are available. The error bar in
star-formation rate includes systematic uncertainties of the dif-
ferent star-formation measures discussed in Sect. 3.3, including
the SFR =2.95 M, yr‘1 estimate made by Dabhade et al. (2020)
from WISE alone, and the surface density of star formation cor-
responding to all star formation being associated with the molec-
ular ring.

For all these values, the galaxy falls well below the standard
Kennicutt—Schmidt relationship and into the regime that is set by
the radio galaxies of Ogle et al. (2010), Nesvadba et al. (2010),
and Lanz et al. (2016). Taken at face value, the average local star
formation rate is a factor 71 lower than what is expected from
the standard Kennicutt—Schmidt relation at the average gas mass
surface density of 78 M, pc~2. Of course, this only refers to the
global averages of this galaxy, and it is not impossible that com-
binations of local gas-mass and star-formation rate densities in
smaller regions of J2345-0449 can be found, which would be
more at par with normally star-forming galaxies while not vio-
lating the global constraints derived here. A detailed analysis of
local star-formation rates will show the efficiency at which star
formation happens locally once that our scheduled MUSE pro-
gram will be observed.

In the paper, we have already argued that the unusual gas and
star formation properties of J2345—-0449 cannot be the result of
the same structural properties as for bulges, because J2345-0449
has no prominent bulge, no unusual stellar mass surface den-
sities compared to other galaxies, and no dense environment.
As pointed out by Bagchi et al. (2014), the nearest neighbor is
240 kpc away, and 2.5 mag fainter than J2345-0449. The unusu-
ally bright X-ray halo compared to other spiral galaxies in the
same mass range, and presence of 2 x 10'° M, of cold molecu-
lar gas also show that shock heating of infalling gas at the virial
radius alone has not been able to inhibit the accumulation of sig-
nificant amounts of gas in this galaxy.

6.1.2. Constraining the potential contribution from optically
thin gas

By analogy with previous observations of other radio galaxies,
like NGC 1266 (Alatalo et al. 2011), or IC 5063 (Morganti et al.
2015; Dasyraetal. 2016), we may suspect that parts of the
gas could be optically thin. In this case, the CO-to-H, conver-
sion factor would be substantially lower than the acomw =
4.3 Mo/Kkms~! pc? we have adopted here. For example, if we
made the extreme assumption that all of the L . = 3.5 X
10° Kkms™' pc? in total CO luminosity emitted from spectra
with FWHM > 70kms~' came from optically thin (OT) gas,
the total mass in this component would only be 1.2 x 10° M,
for aco.or = 0.34 My, [Kkm s~ pc?]~! (Bolatto et al. 2013). The
position of J2345-0449 for optically thin fractions of 25% and
50% of the total CO luminosity is shown as small black dots
in Fig. 9. Corresponding gas-mass surface densities are 64 and
45 M, pc2, respectively. For these values, the deficit in star
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Fig. 9. Star-formation rate surface density as a function of molecular
gas-mass surface density in J2345—-0449. The red dot indicates the posi-
tion of J2345-0449 for the average gas mass and star-formation rate
surface densities, Zqys = 78 Mo pe? and Zgpr = 1.9% 107 Mg yr~' kpe™2,
respectively. Small black dots indicate the position of the source if
25% or 50% of the CO(1-0) line flux come from optically thin gas.
Dotted vertical lines indicate the correction that would be necessary if
J2345-0449 had the same fraction of optically thin gas as NGC 1266
and IC 5063. The error bar in star-formation rate takes into account the
systematic differences between star-formation rate tracers discussed in
Sect. 3.3, including in particular the SFR = 2.95 M, yr~! estimated from
WISE at 22 um by Dabhade et al. (2020).

formation relative to the classical KS relationship is a factor 51
and 30, respectively.

Such a high contribution of optically thin gas to the total
CO luminosity of J2345-0449 would be an impressive demon-
stration of the strong impact that radio jets can have on the
kinematics and internal structure of the molecular gas com-
ponent of their host galaxies. However, we caution that the
assumption that all gas in regions with broad line emission
is optically thin is extreme. For example, Alatalo et al. (2011)
found in NGC 1266 that about 38% of the CO(1-0) line emis-
sion originates from optically thin gas, whereas Morganti et al.
(2015) found in IC 5063, a galaxy with very strong jet-gas inter-
actions, that about 13% of the total CO(2—1) flux originated
from optically thin gas, instead of 75% as would be the case
here.

As long as we have no direct observational constraints on
the presence of optically thin gas in J2345-0449, we therefore
consider these galaxies our most plausible analogs, which would
imply a most likely potential decrease in gas mass and average
gas mass surface density by about 35%. It should also be noted
that aco or represents a lower bound to any CO-to-H, conver-
sion factor at a given CO abundance.

6.1.3. Alternative relationships

In Fig. 10, we investigate whether J2345-0449 is more typical
in alternative star-formation laws, like the Silk—Elmegreen law
between star-formation rate surface density and gas-mass sur-
face density divided by the dynamical time (Kennicutt 1998b),
and the extended Schmidt Law (Shi et al. 2011, 2018), which
takes into account the effect of stellar mass surface den-
sity by relating star-formation rate densities with the prod-
uct of the gas mass surface density, X4, and square root of
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Fig. 10. Alternative star-formation laws. Left: Silk—Elmegreen law, relating star-formation rate surface density with the gas-mass surface density
divided by dynamical (rotational) time. The comparison sample is taken from Kennicutt & De Los Reyes (2021). The gas-mass surface density
in J2345-0449 is a lower limit, because we have no HI measurement. Right: extended Schmidt-law, which takes into account stellar in addition
to gas-mass surface density. The comparison sample is taken from Shi et al. (2018). Solid and dashed lines indicate the relationship by Shi et al.
(2018) and 10 scatter. As in Fig. 9, we show where J2345-0449 falls relative to normal star-forming galaxies, using the average star-formation
rate and molecular gas-mass surface density. We also show where J2345-0449 would fall if 25 or 50 of the CO(1-0) line flux originated from
optically thin gas. We also show the location of J2345-0449 if the fraction of optically thin gas was the same as previously observed in NGC 1266
and IC 5063. The error bar in both panels takes into account systematic uncertainties, and includes the SFR =2.95 M, yr~! of total star-formation
rate obtained by Dabhade et al. (2020) from WISE, the highest value currently given in the literature.

the stellar mass surface density Z:t/e ?lar, that is 200 Mg pc™! in
J2345-0449 (Sect. 3.1). This quantity scales with the hydro-
static mid-plane pressure of the galaxy. For neither relationship
does J2345—-0449 fall onto the ordinary relationship between
gas and star formation rate density. The offset from the Silk—
Elmegreen relationship is smaller than that in the Kennicutt—
Schmidt relationship, however, our result should be considered
a lower bound. The comparison sample uses the masses of cold
molecular and atomic gas combined. In J2345-0449, the molec-
ular gas mass alone is already sufficient to produce an offset of
0.65 dex from the sequence of ordinary galaxies. An offset that
can only increase if cold atomic gas was included.

The extended Schmidt-law overpredicts the star formation
rate surface density in J2345-0449 as well, by 1.0 dex for aver-
age, and by 1.3 dex (a factor 21) for the highest mass surface
densities. We conclude that J2345-0449 falls off all three star-
formation laws, as would be expected if star formation was regu-
lated by a mechanisms which is not present in the overall galaxy
population.

6.2. Rotational support in the ring with and without radio jet

An additional hypothesis to explain the low star-formation effi-
ciency in J2345-0449, which is specific to massive spiral galax-
ies with high angular momentum compared to bulges, is that
the high rotational velocity of the ring could make the gas rota-
tionally stable at the observed gas-mass surface densities (e.g.,
Ogle et al. 2019). It is therefore very instructive to contrast the
results of such an analysis for gas without and with line broad-
ening caused by the radio source.

We use the Toomre (1964) criteria to estimate the mini-
mal gas-mass surface density which would allow the gas in
the ring in J2345-0449 to become self-gravitating, fragment,
and form stars. Following, for example, Toomre (1964) or
Martin & Kennicutt (2001), the critical mass surface density,
Zgas.crit TOr gas to become Toomre-unstable is Xy crie = k0 /7G,

where o is the Gaussian line width, o0 = FWHM/2.355, G the
gravitational constant, and « the epicyclic frequency. We follow
Genzel et al. (2014) in setting « = av./R. v, is the circular veloc-
ity at a given galactocentric radius, R is that radius, and a is a fac-
tor that takes into account the geometric properties in the disk.
We adopt a = 1.4, appropriate for the flat part of the rotation
curve.

Adopting an appropriate value for the gas velocity dispersion
in absence of the radio jet is somewhat delicate, as line widths
are very broad in most of the ring. The lowest values found in
the eastern and western ring, about orthogonal to the jet axis,
are around o = 10kms~! (Fig. 4), similar to those found in
other massive spiral galaxies without prominent radio sources
(e.g., Tamburro et al. 2009). We therefore adopt o = 10kms™!
as typical value for the gas velocity dispersion in absence of the
radio source.

With these definitions, setting Ripner = 4.2kpc and Royer =
11.8kpc for the inner and outer edge of the molecular disk,
respectively, and using the deprojected rotation velocities
Veimer = 366kms™! and veouer = 378kms™! measured at
these radii, respectively, we find critical gas mass surface den-
sities of 90.5 M, pc~2 in the inner, and 34.0 M, pc2 in the outer
ring. Many authors, including in particular Martin & Kennicutt
(2001), have found that normally star-forming galaxies have gas-
mass surface densities which are between about 0.6 and 1.5%
the critical value. The same is the case for most of the gas in
the molecular ring of J2345-0449 when adopting typical gas
velocity dispersions in galaxies with Mg = few x 10'! My,
10kms~!, and the mean and maximal gas mass surface densities
of 78 and 196 M, pc~2, respectively (Sect. 4.6).

It therefore seems that the rapid ring rotation alone cannot
explain why star-formation rates in J2345-0449 are so much
lower than in other spiral galaxies. However, this changes, of
course, when considering the measured line widths instead of
those measured in absence of powerful radio jets. For example,
at o = 30kms~!, the threshold value we adopted to uniquely
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Fig. 11. Left: a density slice through the disk mid-plane (X-Y plane at Z = 0) for simulation D of Mukherjee et al. (2018), showing densities
between 100 and 3000 cm™~3. The white lines denote the contour of value 0.5 of the jet tracer, projected onto the X—Y plane. Middle: mean velocity
dispersion of dense gas in the X—Y plane. Right: mean velocity dispersion smoothed with a Gaussian kernel of width 100 pc. See Sect. 7.1 for

further details.

identify gas affected by the radio jet in Sect. 5.2, or at o =
75kms~!, corresponding to the highest line widths measured
in the ring, critical gas mass surface densities in the outer ring
are g cric = 102 Mg yr‘1 and Xou crit = 255 Mo yr‘l, respec-
tively. At the inner edge of the ring, they would be ever higher.
This illustrates that the line broadening from the radio jet may
well make gas in an otherwise marginally rotationally supported
gas disk unable to fragment into individual, self-gravitating,
and star-forming gas clouds. A more detailed analysis would
require higher-resolution constraints on the star formation in
J2345-0449, and will become possible once our scheduled
MUSE observations have been taken.

7. Discussion
7.1. A case for jet-ISM interactions in the molecular ring

It is instructive to compare these observational results
for J2345-0449 with existing simulations of the interac-
tions between relativistic jets and the interstellar medium.
Mukherjee et al. (2018) performed a set of relativistic hydrody-
namic simulations of radio galaxies with a range of jet power, gas
conditions, and jet orientations relative to the gas disk to explore
the propagation and interaction of the radio jet with an inho-
mogeneous, turbulent, multiphase interstellar medium on kpc
scales. Although these simulations were not conducted to model
a specific radio galaxy, they demonstrate how jets heat, disperse,
and drive out warm and cold gas. Hence, they can help us make
a qualitative comparison with the data presented in this paper.
In the following, we use their simulation D, which describes the
signature of a radio jet with power Pje; = 10¥ ergs™! imping-
ing at an inclination angle of 45° on a 4 kpc diameter gas disk
with mass Mg, = 5.7 X 10° M. For the full list of simulation
parameters, see Mukherjee et al. (2018, Tables 1 and 2). Since
the jet is inclined by 45° to the disk, this simulation most closely
resembles the geometry of the jet-disk system in J2345-0449.
In Fig. 11 we illustrate the impact of jet-ISM interactions
on the kinematics of the dense gas in the simulation. In the left
panel, we present a top-view of the density map of simulation D
at the mid-plane of the disk (Z = 0 plane). The location of the
jet, projected onto the X—Y plane, is shown in white. The mid-
dle panel shows the velocity dispersion of dense clumps with
n > 100cm™ projected onto the X—Y plane by performing
a mass-weighted average along the Z axis. Further numerical
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details will be discussed in a forthcoming publication (Mandal
et al., in prep.). We also show a smoothed image of the veloc-
ity dispersion by convolving the original map at the resolution
of the simulation (6x ~ 6pc), with a Gaussian kernel of width
o = 100pc. The convolved image, representing a velocity dis-
persion map viewed at a poorer resolution, still shows inhomo-
geneous structures, with enhanced dispersion at the inner edges
of the central cavity. The morphology of the dispersion maps in
Fig. 11 obtained from the simulations, bear striking resemblance
to the observed distribution of the width of CO(1-0) lines pre-
sented in Fig. 4, although on differing spatial scales.

It is evident from Fig. 11 that one of the strongest points of
interaction between the jet and the disk is near the jet head (to the
left of the image), where sustained head-on collisions between
the jet streams and clouds occur. This raises the velocity disper-
sion of the dense gas in the immediate vicinity to o > 70kms™!,
as a substantial fraction of jet kinetic energy is transformed into
cloud motions. Strong thermal pressure gradients and ram pres-
sure gradients are carried away from the head by secondary jet
streams and act in all directions, dispersing and heating gas in a
large region around the jet head. The velocity dispersion in the
entire gas disk increases as a result of the jet-ISM interactions to
values larger than o > 50 km s~!, higher than the starting disper-
sion of the unperturbed disk at the beginning of the simulation.

The qualitative similarity between the simulated gas kine-
matics discussed above and the observed results in Fig. 4,
prompts us to infer that the enhanced turbulent dispersion
observed in J2345-0449 results from active interaction of the
jet-driven flows with the gas disk. While the accelerated and
dispersed clouds, especially near the head, are strongly com-
pressed and ablated, very little gas reaches escape velocity, as
also observed in J2345-0449. Instead, the gas participates in a
fountain-like outflow, that could further contribute to raising the
gas turbulence to the high values observed in J2345-0449 when
falling back onto the disk.

In spite of the mass loss through the fountain, after ~1 Myr,
the central 0.5 kpc region of the disk is still only partially cleared
of gas. Judging from the dynamics of the dense gas being pushed
away by the jet, which remains confined for the entire ~2 Myr
of the simulation, we expect that by 5—10 Myr a sizeable cylin-
drical hole devoid of dense gas will be created within the inner
0.5kpc of the gas disk, as also seen, for example, in the sim-
ulation by Gaibler et al. (2011). Apart from the excavated cen-
tral region, the structure and rotation of the gas disk outside the
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central cavity remain largely intact because the jet-ISM interac-
tions do not remove a sufficient amount of angular momentum
to disrupt the entire disk. This suggests that the gas morphology
in J2345—-0449 can be a result of radio jet feedback, even if the
galaxy hosted a gas disk extending all the way to the central
regions before the onset of the radio jet activity. The absence
of large amounts of dense gas is also consistent with the radio
source being fueled by accretion of hot gas onto the central
supermassive black hole (e.g., Hardcastle et al. 2007).

Strong jet-ISM interactions also lead to asymmetric radio
morphology (Gaibler et al. 2011) as appears to be the case for
J2345-0449. For the duration of the simulation, the main jet
stream is deflected toward the cylindrical axis of symmetry of
the gas disk and escapes nearly perpendicular to the disk. Thus,
while the jet is inclined by 45° at the base and within the galactic
disk, at larger distances it propagates perpendicular to the disk.
In the case of J2345-0449 the deflection is seen in projection
and whether the jet has broken out of the disk and is freely prop-
agating into the galactic halo, or whether it is still being deflected
is not immediately discernible without a thorough analysis of the
radio data and, possibly, not without new radio data at better sen-
sitivity and higher angular resolution.

A simulation tailored to J2345-0449 would be required for
a more quantitative comparison. However, even a qualitative
comparison as presented here already allows us to draw gen-
eral conclusions about the nature of the interaction between jet
and gas in J2345-0449. The impact that such interactions can
have on the star formation in the host galaxy have so far only
started to be investigated with simulations (Gaibler et al. 2012;
Bieri et al. 2016; Mukherjee et al. 2018), sometimes with some-
what crude assumptions. We are currently performing a more
detailed study of star formation in the presence of radio jet feed-
back, which shows that such an interaction can indeed lower
the star-formation efficiency of a massive gas disk, as seen in
J2345-0449 (Sect. 6). Such an analysis is beyond the scope
of this paper and will be presented in a separate publication
(Mandal et al., in prep.).

7.2. From the current feedback episode to the global
suppression of gas cooling and galaxy growth

Extrapolating from in-situ observations of radio jet feedback
to the global implications of such episodes for the growth his-
tory of massive galaxies is one of the most important aspects of
AGN feedback studies, but observational constraints that allow
us to directly quantify both in the same galaxy are usually very
difficult to come by. Past X-ray observations of J2345-0449
by Walker et al. (2015) and Mirakhor et al. (2021) revealing a
bright X-ray halo surrounding the disk, and the highly unusual
presence of a radio jet in this late-type spiral give us the rare
opportunity to discuss complementary observational constraints
on the on-going feedback episode seen in molecular gas, and on
the global suppression of star formation derived from the baryon
budget in stars and hot halo gas.

As Mirakhor et al. (2021) recently pointed out, the high
baryon fraction of 60% of the cosmic average in the X-ray
halo of J2345-0449 (for a cosmic baryon fraction of 18.8%,
Planck Collaboration VI 2020) suggests that the underlying,
massive dark-matter halo of 1.07 x 10'3 My (Mirakhor et al.
2021) must have retained a large fraction of its infalling gas.
This is very interesting, because it implies that the baryons in
J2345-0449 must also carry the signatures of the integrated
AGN feedback history, if such feedback is to play a major role
for regulating the stellar growth of massive galaxies, as is now

widely believed. We now compare the radio and X-ray proper-
ties and stellar mass fraction of J2345—-0449 with those of other
massive spiral galaxies to constrain the potential global impact
of radio jet feedback on its integrated star-formation history.

7.2.1. J2345-0449 in the context of massive spiral galaxies

As a class, massive spiral galaxies akin to J2345—-0449 have
only recently received increased attention in the literature.
While it is not uncommon that these galaxies have low specific
star-formation rates compared to less massive spiral galaxies,
Posti et al. (2019) recently showed that they are also unusu-
ally rich in stellar mass for their dark-matter halo mass, com-
pared to expectations from cosmological abundance matching.
They present detailed fits of the HI rotation curves and mass-
to-light ratios to dark-matter halo profiles of 175 spiral galax-
ies with stellar masses of Myear = few x 10°7'! My from
the SPARCS sample (Lelli et al. 2015). The baryon fraction in
their sample increases monotonically with increasing stellar and
dark-matter halo mass, up to their most massive galaxies with
Mgenar = few x 10! My, akin to J2345-0449. This is in con-
trast to cosmological abundance matching studies, which sug-
gest a maximal efficiency of baryon cooling and star formation in
galaxies at stellar masses Myejar ~ 10'%° My, (e.g., Moster et al.
2013; Behroozi et al. 2013). Posti et al. (2019) suggest that the
difference between these results could be explained if AGN feed-
back was the primary reason why the stellar mass growth of
these galaxies, mainly early-types, became increasingly ineffi-
cient: If black-hole growth and bulge growth are related, they
argue, then baryon cooling in massive spirals, which would
generally not experience strong AGN feedback, would become
increasingly efficient compared to early-type galaxies. In broad
support of this statement, Li et al. (2019) did not find evidence
for significant offsets from the Kennicutt—Schmidt relationship
in massive spiral galaxies with millimeter CO emission-line
observations.

J2345-0449 has a high baryon fraction of 60%, comparable
to the galaxies of Posti et al. (2019). However, with a stellar mass
of Myenar = 3.6 X 10! My (Sect. 3.2) and a mass of hot halo
gas, 8.25 11_'16_277 x10'"" My, only 30% of the baryonic mass is in
stars and cold gas in this case, the remaining 70% is in the hot
halo, whereas the high baryon fractions in the massive spirals of
the Posti et al. (2019) sample are derived from the stellar mass
alone.

In Fig. 12, we reproduce the upper panel of Fig. 2 of
Posti et al. (2019) to illustrate where J2345—0449 falls relative
to their sample and to expectations from abundance matching
by Moster et al. (2013). If counting only the stellar mass in
J2345-0449, then its baryon fraction falls a factor of >3 short
of equally massive galaxies in the Posti et al. (2019) sample,
and into the same realm as early-type galaxies, whereas it has a
rather typical baryon content akin to other massive spiral galax-
ies, when including also the hot X-ray gas. The powerful radio
source is the most striking difference between J2345-0449 and
the Posti et al. (2019) sample, and is affecting the cold interstel-
lar gas and star formation, as we have shown before, as well
as the hot halo gas, as previously demonstrated by Walker et al.
(2015). It is therefore reasonable to consider the difference in
stellar mass fraction between J2345-0449 and the Posti et al.
(2019) sample the long-term consequence of radio jet feedback.
J2345-0449 seems to have accreted about as much baryonic
mass as other spiral galaxies in the same mass range, however,
about two thirds of these baryons do not seem to have formed
stars, but are still (or again) in the halo.
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Fig. 12. Comparison of the observed baryon fraction in galaxies, scaled
by the cosmic baryon fraction. For J2345-0449 we show the ratio of
stellar mass to dark-matter halo mass as blue dot. The red dot shows the
ratio of baryonic mass (the sum of stellar mass, and mass of hot halo
and molecular gas) to dark-matter halo mass. Values for other galaxies
show the spiral galaxies of Posti et al. (2019, small green dots) and the
early-type galaxies of Posti & Fall (2021, small violet dots), and include
only stellar mass, foary,galaxy = Miteliar/Mpm- Even without including halo
gas, their most massive spirals fall very near the cosmological limit of
Joary.cosmic = baryon/Qpm = 0.188, indicating that they have already
transformed most of their infalling gas into stars. This is not the case
for J2345-0449, which has about 2/3 of its baryons in the hot halo. It
falls near the massive spiral galaxies when considering the full baryon
content, and near the elliptical galaxies of Posti & Fall (2021) and the
value expected from cosmic abundance matching (black line and gray
error bars, Moster et al. 2013), when only considering the stellar mass.

7.2.2. Radio jet feedback and the low stellar mass fraction in
J2345-0449

It is interesting to ask whether the current kinetic jet power
observed in J2345-0449 would be sufficient to explain the
deficit in stellar mass compared to the massive spiral galaxies
of Posti et al. (2019). For simplicity we assume that the cur-
rent feedback episode in J2345-0449 is typical, and that with-
out a supermassive black hole capable of launching radio jets,
the galaxy would have transformed all of the 8.25 x 10!! M, in
hot halo gas into stars. Sabater et al. (2019) suggest that galax-
ies with at least 4 x 10'! My, in stellar mass and radio sources
at least as powerful as in J2345-0449, Ey, = 2 x 10* ergs™!,
have duty cycles of about 0.1, that is, they host radio sources
at least as powerful as that in J2345-0449 for about 10% of
the time. This would suggest that the jet of J2345-0449 has
released about 6 x 10 erg into the interstellar and circumgalac-
tic gas in the last 10 Gyr. Following Walker et al. (2015), lifting
gas out of the galaxy and to radii beyond the bright inner X-ray
halo (80 kpc) would require injecting about 5 x 10*8 erg s~! M(;l
of kinetic jet energy into the halo, suggesting that the jet could
have heated and even unbound up to about 1.2 x 10'2 M, in the
past 10 Gyr. This does not take into account, for example, gas
cooling or inefficiencies in the energy transfer from the jet into
the gas, however, it does plausibly suggest that energy deposi-
tion through the radio jet into the gas alone may explain the
relative deficit in stellar mass in J2345-0449 compared to the
Posti et al. (2019) sample. Finding multiple pairs of bright radio
jets in J2345-0449 (Bagchi et al. 2014) gives direct evidence of
a long-term jet activity in this source (Sect. 5.3).
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The low star-formation efficiencies found in Sect. 6 suggest
that star formation can be inhibited during AGN episodes, even
if not all gas is immediately outflowing in a rapid, instantaneous
blowout event, as has initially been suggested by early cosmo-
logical models of AGN feedback. The molecular gas mass is
comparable to the hot X-ray gas within the inner ~80kpc of
the halo (Walker et al. 2015), and corresponds to ~2.5% of the
total hot gas content in the halo as estimated by Mirakhor et al.
(2021). Much of the disk gas may have accumulated through
partial cooling of the hot gas out of the halo, in analogy with
X-ray bright galaxy clusters (Revaz et al. 2008; Voit et al. 2015;
Gaspari et al. 2020). Walker et al. (2015) estimated that a large
fraction of the jet kinetic energy is likely necessary to inflate
X-ray cavities in the hot halo gas; in comparison, the energy
injection rates of only a few percent of the jet energy, that are
required to keep the cold gas in the host galaxy from form-
ing stars (Sect. 6), are rather low. This suggests that inhibit-
ing star formation in the molecular gas of the host galaxies of
radio-loud AGN may be possible even with a comparably mod-
est energy input compared to the overall feedback cycle in radio-
loud AGN host galaxies. Nonetheless, it has major consequences
for the overall stellar growth history of these galaxies, indepen-
dent of the morphological or structural properties of these galax-
ies themselves.

8. Summary

We have presented an analysis of new ALMA CO(1-0)
interferometry of the massive spiral galaxy 2MASS
J23454368-0449256 (J2345-0449) at z = 0.0755, which
is exceptional for its multiple pairs of bright radio lobes reach-
ing out to a maximum of 1.6 Mpc, and its bright X-ray halo
(Bagchi et al. 2014; Walker et al. 2015). We detect a 24 kpc
wide ring associated with the inner stellar disk of the galaxy,
which contains 2.0 x 10 My of cold molecular gas. Line
emission in about 3/4 of the ring surface has line widths that
are FWHM > 70kms~!, well above typical widths of CO line
emission in other, equally massive, spiral galaxies without radio
AGN. These regions are also intercepted by the jets, and we
therefore interpret the broadening as due to feedback from the
radio source. We do not detect any outflow motion at velocities
exceeding the circular velocity of the ring, v. = 369 +25kms™.

Molecular gas-mass surface densities are between 55 and
196 M, pc2. We estimate stellar mass surface densities for the
disk and low-mass pseudo-bulge, finding that they are typical
for bulges and disks in other spiral galaxies, including spiral
galaxies at lower mass. Star-formation rate surface densities
derived from spatially resolved GALEX far-UV imaging are
1.3-5.4x 1073 Mg yr~! kpc=2, 30~70x lower than in other spiral
galaxies without prominent radio source and similar gas-mass
surface densities, assuming that a common CO-to-H, conver-
sion factor applies to all galaxies. This places J2345-0449 well
below the ordinary Kennicutt—Schmidt law and into the same
realm already populated by powerful early-type radio galaxies,
which are rich in molecular gas, including warm molecular gas
presumably heated by shocks induced by their radio jets. Sig-
nificant offsets toward lower star-formation rate densities are
also found for the Silk—Elmegreen relationship, and the extended
Schmidt-law, which takes into account stellar mass surface
density.

We use the Toomre stability criterion to show that the molec-
ular gas in J2345-0449 would be near the critical mass sur-
face densities where rotational support would make the gas
marginally stable to forming self-gravitating clouds and stars,
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if line widths were as low as in the small regions of the ring
not affected by the radio source. These regions of quiescent gas
in J2345-0449 have line widths that are comparable to those in
other, equally massive spiral galaxies, which fall onto the ordi-
nary star-formation laws.

However, the increase in gas velocity dispersion caused by
the radio jet in J2345-0449, and corresponding to about 1-2%
of the kinetic energy carried by the radio jets, enhances the
critical densities to values that are significantly higher than
those found in most parts of the ring. We find that alternative
processes, like heating by the bolometric AGN radiation, star-
formation, but also structural properties of the host galaxy as
often suggested for the by far more typical early-type host galax-
ies of powerful radio sources, can be ruled out as causes of the
low star formation rates in this galaxy, which has a low-mass
pseudo-bulge, no bar, and no rich environment. This suggests
that interactions with the radio jet, as observed here, are indeed
the cause of the low star formation efficiency in J2345-0449,
and not these other processes, which are commonly coexistent
with powerful radio jets in more common bulge-dominated and
early-type host galaxies of radio jets.

J2345-0449 is an outstanding object for detailed studies of
the consequences of radio AGN feedback for star formation in
galaxies generally. We also argue that this impact may be long-
term, as J2345-0449 seems to have retained large fractions of
its baryons in its massive dark-matter halo, like other massive
spiral galaxies recently studied, which have no radio jets. How-
ever, most of these baryons seem to be in hot halo gas, and not
in stellar mass in the host galaxy. This is a central prediction of
the AGN feedback theorem in early-type galaxies. Finding the
same to be the case in J2345-0449, a rare spiral galaxy with
powerful radio source, but not in other, equally massive spiral
galaxies without jets, adds important further credence to this
mechanism.
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