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ABSTRACT

We present an analysis of new VLT/MUSE optical imaging spectroscopic data of 2MASX J23453268–0449256 (J2345–0449), a
nearby (z = 0.0755) massive (Mstellar = 4 × 1011 M�) spiral galaxy. This is a particularly interesting source for a study of active
galactic nucleus (AGN) feedback since it hosts two pairs of bright, giant radio jets and a massive, luminous X-ray halo, but it has no
massive bulge. The galaxy has a 24 kpc wide ring of molecular gas, and a source-averaged star formation rate that is factors 30 to
70 lower than expected from the Kennicutt-Schmidt law. With MUSE, we have analyzed the stellar continuum and bright optical line
emission and have constrained the spatially resolved past and present star formation on scales of approximately 1 kpc. More than 93%
of the stellar mass formed ≥10 Gyrs ago including in the disk. Optical emission from the AGN is very faint and contributes 2% of
the continuum around the nucleus at most. Most line emission is predominantly excited by shocks and old stellar populations except
in 13 young star-forming regions that formed ≤11 Myrs ago, of which only seven are associated with the molecular ring (the others
are at larger radii). They avoid a region of high electron densities aligned with the radio source, and form stars at efficiencies that
are comparable to those in normal spiral galaxies. We discuss the implications of our findings for the regulation of star formation in
galaxies through AGN feedback in the absence of competing mechanisms related to the presence of a massive stellar bulge, such as
morphological quenching.
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1. Introduction

Most leading cosmological simulations of galaxy evolution pos-
tulate that feedback from active galactic nuclei (AGN) plays an
important role in regulating the gas cooling, fragmentation, and
ensuing star formation in massive galaxies (e.g., Croton et al.
2006; Dubois et al. 2014; Weinberger et al. 2017; Torrey et al.
2020; Wright & Lagos 2020; Donnari et al. 2021). Even a small
fraction (a few tenths of a percent) of the accretion energy onto
a supermassive black hole would be sufficient to unbind most of
the interstellar gas of a massive galaxy (e.g., Silk & Rees 1998).

However, the mechanisms regulating this energy deposi-
tion are not well understood. While many observations confirm
the presence of outflows in AGN host galaxies (Morganti et al.
2005, 2015; Hardcastle et al. 2007; Nesvadba et al. 2008,
2017; Mahony et al. 2013; Nyland et al. 2013; Liu et al. 2013;
Menci et al. 2019; Harrison et al. 2014; Fiore et al. 2017;
Komossa et al. 2018; Zovaro et al. 2019; Santoro et al. 2020),
the physical link between this energy injection and star for-
mation – the core component of the AGN feedback hypothe-
sis – is much more difficult to establish. Many galaxies with
strong AGN-driven outflows do not exhibit the concomitant sig-

natures of a star formation deficit compared to galaxies that
do not host AGN, with the exception of a small number of
nearby radio galaxies (Ogle et al. 2010; Nesvadba et al. 2010;
Alatalo et al. 2015; Lanz et al. 2016). These have star forma-
tion rates that fall 1–2 orders of magnitude short of those
found in normal star-forming galaxies at similar gas-mass sur-
face densities, potentially indicating an unusually low star for-
mation efficiency (e.g., Nesvadba et al. 2010; Ogle et al. 2010;
Alatalo et al. 2015; Lanz et al. 2016). Meanwhile, recent results
of relativistic hydrodydnamic simulations suggest that turbu-
lence injected by radio jets into surrounding gas disks may
indeed lower the efficiency with which stars form (Mandal et al.
2021), when adopting the theoretical framework of turbulence-
regulated star formation of Federrath & Klessen (2012).

The fraction of nuclear radio sources rapidly increases with
stellar mass. Sabater et al. (2019) find that low-power radio
sources become near-ubiquitous in galaxies with stellar masses
Mstellar ≥ 1011 M�; however, the great majority of these radio
sources are much less powerful than those in the well-studied
powerful targets on which observations have so far focused.
Moreover, in this mass range, AGN feedback is not the only
mechanism that has been proposed to explain the quenching
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of star formation (e.g., Saintonge et al. 2012). The great major-
ity of these galaxies are also of an early morphological type,
dominated by massive bulges, where high stellar mass sur-
face densities (Dekel & Burkert 2014; Romeo & Fathi 2016) and
stellar spheroidal morphology itself may limit the rates at which
stars form. As argued by Martig et al. (2009) and Gensior et al.
(2020), the steep gravitational potential gradient in massive
bulges may increase the shear of gas falling toward the center,
increase gas turbulence and lower the star formation rate. This
makes it difficult to relate a deficit in star formation uniquely to
the energy injection of a radio AGN.

One way to overcome this difficulty is by studying the rela-
tionship between radio jets, gas turbulence, and star formation
in galaxies that have bright radio jets, but no massive bulge.
Such galaxies are however very rare. For example, Singh et al.
(2015) found only four such galaxies in a sample of nearly
200 000 galaxies with the NRAO VLA Sky Survey (NVSS) and
the Faint Images of the Radio Sky at Twenty-cm (FIRST) radio
counterparts.

A specific fortuitous target for such a study is the nearby (z =
0.0755) spiral galaxy 2MASX J23453268–0449256 (J2345–
0449 hereafter). J2345–0449 is a massive galaxy first mentioned
in the literature by Machalski et al. (2007) with a stellar mass
of Mstellar = 4 × 1011 M� (Walker et al. 2015; Nesvadba et al.
2021) and 2 × 1010 M� of cold molecular gas (Dabhade et al.
2020; Nesvadba et al. 2021). It is one of the most massive spi-
ral galaxies in the nearby universe (Posti et al. 2019; Ogle et al.
2019), with an unusually low-mass bulge for this mass range,
contributing <15% of the total stellar mass (Bagchi et al. 2014).
Also highly unusual for a late-type spiral galaxy are its mega-
parsec-scale radio jets with a total power of P1.4 GHz = 2.5 ×
1024 W Hz−1. These were first described by Bagchi et al. (2014),
who identified two pairs of lobes with sizes of 390 kpc and
1.6 Mpc, respectively, which are indicative of repeated jet activ-
ity over a long timescale. J2345–0449 also has a luminous, mas-
sive (Mirakhor et al. 2021, MX = 8.25 × 1011 M�) halo of hot
X-ray emitting gas extending out to 80 kpc (Walker et al. 2015)
with an oblate morphology potentially due to jet-inflated cav-
ities (Walker et al. 2015). Mirakhor et al. (2021) estimated that
the baryon fraction in this halo is near the cosmic baryon den-
sity, significantly higher than in other galaxies of a similar mass,
which are mainly early-type galaxies. Spiral galaxies of an equal
mass also have high baryon fractions; however, most of their
baryons are in stellar mass, not in the X-ray halo (Posti et al.
2019).

The combined absences of a massive bulge, significant
radiative nuclear activity, and of a massive nearby neighbor
(Bagchi et al. 2014) make J2345−0449 an excellent target to
study the interplay between radio jets and surrounding gas,
because competing mechanisms related to stellar mass, radia-
tive AGN feedback, and environment are not present. Moreover,
the presence of a 16′′ wide, spatially well-resolved molecu-
lar ring associated with the stellar disk makes this galaxy an
excellent target to study the spatially resolved interaction of
radio jets, molecular gas, and star formation. We have therefore
started a detailed multiwavelength follow-up of J2345−0449
with a global analysis of the molecular gas and star forma-
tion properties (Nesvadba et al. 2021). We placed constraints
on the unobscured and obscured star formation using low-
resolution photometric data obtained with the Galaxy Evolution
Explorer (GALEX) in the UV and the Wide-field Infrared Sur-
vey Explorer (WISE) at 22 µm. However, we had no arcsecond-
resolution data to constrain, for example, the star formation
history and the local star formation rate densities. To provide

such constraints, we used the Multi-Unit Spectroscopic Explorer
(MUSE) of the Very Large Telescope (VLT). Here we present a
detailed analysis of optical imaging spectroscopy as well as a
detailed description of the gas-heating processes and other opti-
cal spectroscopic properties of the bulge and disk in this out-
standing source. We also advance the proposition that regions of
high electron density and reduced star formation in J2345–0449
represent regions where the jets significantly interact with the
interstellar medium (ISM).

The paper is organized as follows: First, in Sect. 2, we
present the observations and data reduction, before describing
our analysis of the stellar continuum and providing an upper
limit on the bolometric luminosity of the AGN in Sect. 3. We
discuss the emission-line diagnostics in Sect. 4, as well as our
estimates of the electron densities and optical extinction. In
Sect. 5 we investigate the past and present star formation in
J2345−0449, and demonstrate that most stars were formed at
least 10 Gyrs ago. We also estimate the current global star
formation rate of the galaxy and investigate the properties of
individual star forming regions in more detail in Sect. 6. We
subsequently extract the kinematic properties of the warm ion-
ized gas in Sect. 7, and use kinemetry to show that the gas
velocities are dominated by disk rotation. We also investigate the
expected signatures of a jet-driven outflow rising from a rotating
disk by performing the same analysis for a simulated velocity
map. In Sect. 8 we interpret our findings in light of jet-driven
AGN feedback and the regulation of star formation in galaxies.
Finally, Sect. 9 summarizes our main results.

Throughout the paper we use the flat ΛCDM cos-
mology from Planck Collaboration VI (2020) with H0 =
67.4 km s−1 Mpc−1, ΩM = 0.315, and ΩΛ = 1 − ΩM . At
z = 0.0755, DL is 354.6 Mpc, and one arcsecond corresponds
to 1.49 kpc.

2. Observations and data reduction

2.1. VLT/MUSE observations and data reduction

Observations were carried out on June 10, 2021, with the Multi-
Unit Spectroscopic Explorer (MUSE) in Service Mode at ESO’s
VLT. The program ID is 105.B-0299 (PI Nesvadba). MUSE is
an imaging spectrograph with a field-of-view of 1′ × 1′ oper-
ating in the optical at wavelengths between 4650 and 9300 Å
with a spectral resolving power, R ∼ 2600 at 7000 Å. We used
the MUSE/WFM mode with the extended wavelength range and
with the adaptive optics as a seeing enhancer. Due to the shut-
down of the VLT in 2020 caused by the COVID-19 pandemic,
these observations were carried over into period 107. Observing
conditions were good and stable. In total we observed the source
with four exposures with individual observing times of 600 s on-
source, with a total on-source observing time of 2400 s.

Data reduction was done following the prescription given in
the MUSE Pipeline User Manual1. ESO makes MUSE raw data
and static calibration data available in the archive. We chose the
ESO Recipe Execution Tool Esorex, a command-line tool to pro-
cess the data. The data reduction is organized into two stages.
The first stage includes the basic data reduction steps such as the
subtraction of bias and dark frames, and flat-fielding, wavelength
calibration, and the illumination correction. These steps are done
for each individual integral-field unit.

1 https://ftp.eso.org/pub/dfs/pipelines/instruments/
muse/muse-pipeline-manual-2.8.9.pdf
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Fig. 1. J2345–0449 on mega-parsec and kilo-parsec scales. Left: radio-continuum image of J2345–0449 observed with the GMRT at 323 MHz,
and showing the relative position and size of the radio source and host galaxy, which we now probe with MUSE. The local rms noise is 0.1
mJy bm−1. Right: SDSS three-color image showing the g, r, and i-bands, with the MUSE Hα contours shown in orange. Small circles in the
lower left corner indicate the size of the seeing disk in each channel of the rgb image. The orange circle shows the size of the seeing disk of the
Hα image.

In the second stage, data are converted into physical quanti-
ties using the flux calibration and astrometric solution. Finally,
the data taken with each exposure and each individual integral-
field unit are transformed into a single data cube. The flux scale
was set by observing the spectrophotometric standard LTT_7987
right after the science observations. The size of the seeing disk
was measured from the size of a foreground star in the field-of-
view of MUSE and is FWHM = 1.1′′. The spectrum is given in
units of 10−20 erg s−1 cm−2 Å−1 for each spectral bin.

2.2. Ancillary data sets

We also used ALMA CO(1–0) observations obtained in ALMA
Cycle 7 through program 2019.1.01492.S (PI Nesvadba). The
reduction and analysis of these data were previously described
by Nesvadba et al. (2021), and we refer the reader to this work
for details on the data acquisition, reduction, and analysis. The
ALMA and MUSE data do not share the same astrometry, and in
particular data sets obtained with the VLT have absolute astromet-
ric uncertainties of about 1′′. To register both images within the
same coordinate frame, we assumed that the AGN, which can be
seen in the 115 GHz continuum observed with ALMA, falls into
the center of the bulge of J2345−0449 observed with MUSE.

Moreover, we used low-frequency radio imaging obtained
with the Giant Metrewave Radio Telescope (GMRT) obtained
at 323 MHz (PI Bagchi). A full analysis of these data will be

presented elsewhere (Bagchi et al., in prep.), here we mainly use
them to provide an overview of the global radio morphology of
this source. Figure 1 shows that radio emission is found mostly
along a direction that is nearly north-south (PA = 17◦, measured
from the north toward the east), with a total extent of 19.9′ on
the sky, corresponding to 1.78 Mpc, slightly larger than what has
previously been found by Bagchi et al. (2014). The beam size of
these data is 10.4′′ × 7.2′′, along PA = 45.2◦.

3. Stellar and AGN continuum emission

We used the publicly available software package Starlight2
(Fernandes et al. 2005) to fit and subsequently subtract the con-
tinuum emission from our data cube. Starlight fits the observed
spectral energy distributions (SEDs) of galaxies with a linear
combination of synthetic SEDs obtained with stellar population
synthesis codes, in our case that of Bruzual & Charlot (2003).
Using the “Base.BC03.S” set of 150 SEDs provided by the
Starlight package is adequate in our case. These spectra cover
an age range between 1 Myr and 18 Gyrs, more than the age of
the Universe (to account for potential systematic effects), and are
calculated for solar metallicity. Extinction was modeled with a
Galactic extinction law with RV = 3.1 (Cardelli et al. 1989). The

2 www.starlight.ufsc.br
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Table 1. Emission line properties near the nucleus, in the inner disk, that we define as the part of the disk that is associated with the molecular
ring, and in the outer disk, i.e., beyond the molecular gas.

Region rin rout Line λrest FWHM EW F
[kpc] [kpc] [Å] [km s−1] [Å] [10−18 erg s−1 cm−2]

Center 0 2.1 Hβ 4861 378±9.6 0.4±0.1 198±6
[OIII] 5007 505±23.3 1.2±0.1 631±34
[OI] 6300 737±34.4 0.6±0.1 320±20
Hα 6563 509±11.6 1.7±0.1 998±37

[NII] 6583 445±3.3 2.6±0.1 1467±15
[SII] 6716 471±3.5 0.8±0.1 474±7
[SII] 6731 471±3.9 0.8±0.1 461±9

Inner disk 2.1 10.3 Hβ 4861 254±1.3 1.9±0.1 2919±21
[OIII] 5007 301±29.5 0.9±0.2 1549±255
[OI] 6300 218±9.3 0.4±0.1 735±42

(molecular ring) Hα 6563 154±0.2 9.3±0.1 15784±28
[NII] 6583 163±0.5 4.1±0.1 6995±30
[SII] 6716 159±1.1 1.6±0.1 2700±25
[SII] 6731 167±1.5 1.3±0.1 2159±26

Outer disk 10.3 24.8 Hβ 4861 309±1.6 3.2±0.1 3724±21
[OIII] 5007 282±11.8 1.7±0.1 2132±90
[OI] 6300 171±31.4 0.7±0.1 762±140
Hα 6563 135±0.2 15.1±0.2 16640±31

[NII] 6583 145±0.5 6.1±0.1 6647±34
[SII] 6716 143±2.3 2.7±0.1 2928±51
[SII] 6731 164±3.5 2.7±0.1 2905±81

Notes. For each region we list the inner, rin, and outer radius, rout, and for each line in these regions the rest-frame wavelength, λrest, the velocity,
FWHM line width, equivalent width, and line flux. The location of each region is also shown in Fig. 4. Velocities are given relative to z = 0.0755.

range in velocity dispersion was restricted to vd = 0−500 km s−1,
somewhat larger than the rotation velocity of 371±26 km s−1 pre-
viously measured by Bagchi et al. (2014) from a longslit spec-
trum taken along the major axis of the galaxy.

We fit the spectra extracted from box apertures with sizes
of 3× 3 pixels, corresponding to 0.6′′ × 0.6′′, using only wave-
lengths between 4279 and 7050 Å, that are neither strongly
affected by either bright emission lines in our target, nor promi-
nent telluric atmospheric features. We also masked the region
around the Na D absorption lines, which may show a combination
of stellar and interstellar absorption. The spectral region between
5353 and 5587 Å is affected by the Laser Guide Star, and was
also masked in our analysis. We restrict the fitting to pixels with a
Hα flux greater than 2× 10−20 erg s−1 cm−2, otherwise, the fitting
doesn’t converge. Overall, we find that the stellar continuum in
J2345−0449 is well fitted with this approach. χ2 values are typi-
cally between 0.7 and 0.9, and fit residuals are less than 15% of the
observed flux. We detect stellar continuum emission over 28.3′′
along the major axis of the galaxy, corresponding to 42 kpc. The
total stellar mass is Mstellar = 3.8 × 1011 M�, comparable to the
3.6 × 1011 M� previously found by Nesvadba et al. (2021), the
2.3 × 1011 found by Dabhade et al. (2020) and the 4.6 × 1011 M�
initially found by Walker et al. (2015).

J2345−0449 does not show a strong nuclear point source that
would indicate a bright optical AGN; therefore, fitting the opti-
cal continuum with a combination of purely stellar models can
certainly be justified. Nonetheless, we did a separate analysis to
quantify the potential contamination from the AGN by adding
a number of power law spectra as a function of frequency, ν,
Fν ∝ ν−α, to the set of synthetic SEDs, using a number of dif-
ferent slopes, α. These did not improve the χ2 of our fits. At most
2% of the continuum flux extracted from within one PSF from
the nucleus of J2345−0449 could potentially come from the AGN,

and even less in the integrated spectrum, before systematic offsets
between modeled and observed spectrum become significant.

We can use this estimate to constrain the luminosity of the
AGN. The integrated continuum luminosity at 5100 Å within a
1.4′′ aperture around the nucleus is λL5100 = 1.8 × 1041 erg s−1.
Following Netzer (2019), we adopt a bolometric correction of
kbol,5100 = 56.4, which suggests Lbol,AGN < 1 × 1043 erg s−1.
If instead we use the central [OIII]5007 luminosity, LOIII =
9.5 × 1039 erg s−1 (Table 1), and the bolometric correction from
Heckman et al. (2004), kbol,OIII = 3500, we find Lbol,AGN <
3.3 × 1043 erg s−1. Both values should be considered upper lim-
its because the fluxes are dominated by the stellar populations
around the nucleus, given that this is the dominant gas heating
source in the nuclear regions of J2345−0449 as indicated by the
emission-line diagnostics (Sect. 4). The power of the radio jet,
estimated to Ekin,jet = 2×1044 erg s−1 by Walker et al. (2015), fol-
lowing Cavagnolo et al. (2010), and Ekin,jet = 1.7×1044 erg s−1 by
Bagchi et al. (2014), with a different approach, exceeds the bolo-
metric luminosity by at least a factor 7. The radio jet is therefore
clearly the energetically dominant mode of AGN activity in this
case.

4. Emission-line diagnostics

4.1. Methodology

To analyze the spatially resolved emission-line properties of
J2345−0449 we extracted spectra from 3× 3 pixel apertures
(corresponding to 0.6′′ × 0.6′′), which is less than the size of
the seeing disk. We extracted spectra from all apertures where
Hα was detected at ≥3σ. Before fitting the line emission we
subtracted the stellar continuum, using the Starlight fits. We
then fit the bright emission lines with Gaussian profiles, finding
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Fig. 2. Two examples of spectra used for this analysis, extracted from 0.6′′ × 0.6′′ apertures within a star forming region (left), and in the outskirts
of the disk (right), within the rest-frame of the galaxy.

that a single component was sufficient to approximate the emis-
sion lines in most of the galaxy. The mean and dispersion of
the Gaussian profiles were used to derive the local velocity and
line width in each spatial pixel. Line widths and amplitudes were
used to extract the velocity-integrated line flux at each position.

4.2. Excitation diagnostics

The bright optical emission lines provide us with a rich set of
observational constraints that inform us about the gas properties
and ionization mechanism. To make the best use of these con-
straints, we use two approaches in the following. As a first cri-
terion, we use the standard Baldwin et al. (1981) diagnostics to
infer whether (and where) the gas in J2345−0449 is ionized by
star formation, AGN photoionization, or shocks, using the line
ratios of [NII]λ6583 with Hα, and of [OIII]λ5007 with Hβ. Dif-
fuse [OI]λ6300 line emission is too weak to be fitted robustly
throughout the disk. We do not use the [SII]λλ6716,6731/Hα
ratio as a diagnostics, because the [SII]λλ6716,6731 line
fluxes are not well reproduced by population synthesis models
(Kewley et al. 2019). Figure 2 shows two typical spectra that we
use in our analysis.

However, emission-line ratios produced by shocks are not
always easy to distinguish from those arising from gas heat-
ing from old stellar populations – both fall into the LINER
region of the classical BPT diagrams. Since stellar populations
with ages ≥10 Gyrs dominate in J2345−0449 (Sect. 5), we also
adopt the criterion of Cid Fernandes et al. (2011) who found that
for Hα equivalent widths <3 Å, line excitation by evolved stel-
lar populations cannot be ruled out. They therefore constructed
another diagnostic diagram based on the Hα equivalent width
and [NII]/Hα ratio to distinguish between HII regions, shocks,
and evolved stellar populations as photoionizing source.

In Fig. 3 we show the results obtained with both approaches.
In the top panel, we show for each spatial pixel in J2345−0449
where the line emission falls with respect to the classical BPT
diagram, and which regions in the galaxy are dominated by
which type of emission. Most of the galaxy can be classified as
a LINER, or falls into the region where the classification is more
ambiguous, and likely a mix of LINER emission and photoion-
ization from young stars. Comparison with the Hα map (Fig. 4)
shows that only young star-forming regions fall onto the star for-
mation branch in the BPT diagram.

The lower panel of Fig. 3 shows that large parts of the dif-
fuse LINER-like emission in the disk of J2345−0449 are indeed
heated by shocks, and not old stellar populations, because the
Hα equivalent widths exceed the limit of 3 Å. The regions iden-

tified as being dominated by star formation agree overall with
those found with the BPT diagram (Fig. 3), but are somewhat
more extended, and include some of the intermediate regions as
well. The only region formally identified as dominated by heat-
ing from old stellar populations is near the nucleus, that is to
say, closest to the AGN. In order to have a global measure of
the line emission in the central 1.4′′ (corresponding to 2 kpc
at z = 0.0775), we extracted an integrated spectrum from this
region, shown in Fig. 5, where we find an equivalent width of
EWAGN

Hα = 1.7 Å and a [NII]/Hα ratio of 1.4. Although this falls
formally within the region where the gas can be photoionized by
the old stellar population, a contribution from a weak AGN can-
not be ruled out, provided that it does not produce EWHα > 3 Å
(see also Sect. 3). Agostino et al. (2021) recently proposed a
decrease in the threshold of [NII]/Hα ratio in the WHAN dia-
gram. Had we adopted this value, which corresponds to a line
ratio in the ambiguous region of the BPT diagram, we would
have classified larger parts of the “ambiguous” regions as star-
forming. However, this does not add additional information to
our maps, since both the BPT and the WHAN diagram use the
same indicator. As we further discuss in Sect. 5.2, classifying all
ambiguous pixels as star forming would also violate the global
constraints on the star formation rate measured in the UV, IR,
and optical with HST.

Emission-line properties extracted from the central region
can be found in Table 1, where we also list the emission-line
properties extracted from the inner disk associated with the CO
line emission, and the outer disk.

4.3. Electron densities

The electron density can be deduced from the relative inten-
sities of two emission lines in a doublet with a small energy
gap between the upper levels, and the same lower energy level.
At electron densities near the critical values for collisional
de-excitation, the electron density impacts the collisional deex-
citation rates from the two upper levels and therefore the rela-
tive intensities of the two lines. We use the [SII] λ6716/6731
line ratio to measure the electron density (Dopita & Sutherland
2004).

The result is shown in Fig. 6, and was obtained by extract-
ing spectra from 1.4′′ apertures (corresponding to 2 kpc).
The line ratios of [SII]λλ6716,6731 are generally between
R6716,6731 = 0.8 and 1.44, where the latter represents the
highest physically plausible value. Higher and lower values
found in some pixels in the faint outer regions of the disk are
likely due to low signal-to-noise ratios and were discarded.
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Fig. 3. Diagnostic diagrams. Top: Optical diagnostic diagram for our target showing the [OIII]/Hβ versus [NII]/Hα line ratios, following
Veilleux & Osterbrock (1987) and Kewley et al. (2019). Left: Light gray areas show the large sample of nearby galaxies of Brinchmann et al.
(2004) taken from the SDSS. Orange, purple and red data points indicate gas in each spatial pixel of J2345−0449 that is photoionized by star for-
mation, shocks, and AGN photons, respectively. Blue points mark regions that fall into the regime where star formation and shocks likely coexist.
Typical measurement uncertainties are shown in the as cross in the lower left corner. Right: Spatial distribution of these areas in J2345−0449.
Contours show the Hα morphology. The circle in the lower left corner indicates the size of the PSF. The black dashed lines show the radio-jets
aperture angle. Bottom: Diagnostic diagram using the [NII]/Hα line ratios and Hα equivalent widths (Cid Fernandes et al. 2011, WHAN diagram).
Left: Orange, purple, and cyan data points indicate emission photoionized predominantly by HII regions, shocks, and evolved stellar populations,
respectively. The cross in the upper left corner represents typical measurement uncertainties. Right: Map of J2345−0449 indicating where the
different ionizing sources identified with the WHAN diagram dominate. Contours show the Hα morphology. The size of the PSF is shown as circle
in the lower left corner.

Figure 6 shows that the electron densities in J2345–0449 are
not uniform across the source. In most of the disk, values are
between R6716,6731 = 1.3 and 1.4, consistent with low electron
densities of a few 10 cm−3, as commonly found in spiral
galaxies. However, along a broad band extending north-south
from the nucleus and out to about 7.5′′ west (corresponding
to 11.2 kpc), the line ratios are significantly lower, around
R6716,6731 = 0.8−1.1. These values correspond to much higher
electron densities of about 350 to 1250 cm−3, and are con-
sistent with those typically found in strong outflows driven
by star formation and active galactic nuclei (e.g., Osterbrock
1989; Heckman et al. 1990; Dopita & Sutherland 2003;
Puech et al. 2006; Nesvadba et al. 2006, 2008; Kakkad et al.
2018; Davies et al. 2020; Santoro et al. 2020). It has previously
been proposed (e.g., Heckman et al. 1990; Davies et al. 2020)
that [SII]λλ6716,6731 is mainly emitted by gas that is partially
ionized and partially neutral. In that case, the intrinsic densities
may be higher (by factors ∼3, Heckman et al. 1990) than those
estimated here. Irrespective of this systematic uncertainty,
the result shows that there is a strong difference in electron

densities between the region intercepted by the radio jet and the
remaining disk.

The appearance of the regions of enhanced electron densi-
ties in Fig. 6 is irregular, reflecting intrinsic variations of the
gas properties in this region. To illustrate that the differences in
line ratios from which these electron densities were measured are
indeed significant, we show in the lower panel of Fig. 6 the inte-
grated line profiles of the [SII]λλ6716,6731 doublet extracted
from regions with electron densities above and below a fiducial
value of ne = 600 cm−3, that provides a good distinction between
the two regions.

4.4. Extinction in the gas and stellar continuum

MUSE provides us with two means to estimate extinction in our
galaxy, comparing the observed line ratio of Hα to Hβ with the
theoretically expected Balmer decrement of the two lines, and
from the reddening of the stellar continuum. For the first esti-
mate, we follow the prescription in Osterbrock & Ferland (2006)
for a Galactic extinction law, i.e., setting R = AV/E(B−V) = 3.1.
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Fig. 4. Hα map of our target. Red contours
indicate individual star forming regions
identified by the BPT diagram (Fig. 3)
and/or identified by an Hα luminosity
greater than 13 × 1038 erg s−1. The position
of the molecular ring previously observed
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lower left corner shows the FWHM size of
the PSF.
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tered on the nucleus. The black line shows the measured flux density
normalized to the flux at λ = 6270 Å. The best-fit model of the stellar
continuum obtained with Starlight is plotted in red. The purple line
below shows the continuum-subtracted emission-line spectrum.

The mean electron density of the galaxy is ne = 200 cm−3 (see
Sect. 4.3), so for a temperature T = 104 K, we adopt F(Hα)0

F(Hβ)0
=

2.86 (Dopita & Sutherland 2004) for the intrinsic Balmer decre-
ment. For the second estimate, we simply use the output of the
Starlight fits to the stellar continuum.

Figure 7 shows the dust extinction obtained with the two
methods. Extinctions measured with Starlight are between
AV,stellar = 0.5 and 1.1 mag, those measured from the Balmer
decrement are somewhat higher, between AV,Balmer = 0.9 and
2.5 mag. Such a discrepancy is not unusual, and typically
attributed to different spatial distributions of gas and stellar pop-
ulations (e.g., Calzetti et al. 2000).

Qualitatively, however, both show the same trends, in partic-
ular, enhanced extinction in regions associated with the molec-
ular ring, shown as black contours in the left panel of Fig. 7.
The CO(1–0) morphology of the gas is irregular and filamentary
(Nesvadba et al. 2021), which may further explain the higher
extinctions measured from the line emission, if the warm ion-
ized gas is associated with the same clouds as the molecular
gas seen in CO. In this case, we may see relatively more stel-
lar continuum emission than line emission along lines of sight
with lower obscuration. Moreover, we see in both tracers that
extinction is systematically stronger in the southern than in the
northern ring, which we interpret as evidence that the southern
side of the galaxy is pointing toward us.
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Fig. 6. Electron density, ne, measured from the flux ratio of
[SII]λ6716/[SII]λ6731. Top: electron density map. Black contours show
the Hα flux, pink contours the radio emission observed with FIRST.
Bottom: Integrated [SII]λλ6716,6731 spectra of J2345–0449 extracted
from regions with electron densities, ne, below (left panel) and above
600 cm−3 (right panel). Data are shown as black histograms, Gaussian
fits as orange lines. The line ratio, r, and its uncertainties is listed above
each spectrum.

4.5. H2 column densities and gas mass surface density

J2345–0449 has a total molecular gas mass of 2 × 1010 M�
(Dabhade et al. 2020; Nesvadba et al. 2021), which is unusually
high for a galaxy in the nearby Universe, so even extinctions
between AV = 1−2.5 mag seem rather moderate. Moreover, as
already discussed by Nesvadba et al. (2021), given the unusu-
ally low star formation rates associated with the molecular gas in
this case, and line broadening due to interactions with the radio
source, it cannot be ruled out that at least parts of the gas are
optically thin.

Given the similar morphologies, it is safe to assume that the
extinction seen with MUSE arises from the same molecular gas
and dust clouds also seen with ALMA in CO(1–0). We therefore
use the extinction measured here to obtain an alternative esti-
mate of the column density of molecular gas (equivalent to the
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Fig. 7. Dust extinction, AV , given in magnitudes, and measured (left) from the stellar continuum, and (right) from the measured Hα/Hβ line ratios
and Balmer decrements. In both panels, the highest values are found in the southern part of the inner disk, that is also associated with the CO(1–0)
line emission. Black contours in the left panel show the molecular ring, and in the right panel the principal features in the Hα map.

molecular gas mass surface density) that was previously derived
from the CO(1–0) line emission by Nesvadba et al. (2021).

For typical gas-to-dust ratios of about 100–150, the V-band
extinction, AV , given in magnitudes, scales linearly with the
column density of molecular gas, NH, given in cm−2. The fac-
tor of proportionality is usually derived empirically, and ranges
between NH = 1.8−2.2×1021 AV cm−2 mag−1, as measured along
different lines of sight in the Milky Way (e.g., Güver & Özel
2009; Gratier et al. 2021). NH is the sum of the contributions of
atomic and molecular Hydrogen, NH = NHI ± 2NH2. In the fol-
lowing we assume that all Hydrogen is in molecular form. For
a range of AV = 1 − 2.5 mag suggested by Fig. 7, and taking
into account the systematic uncertainty in column densities, we
find gas-mass surface densities of 24−72 M� pc−2. This is some-
what lower, but nonetheless comparable to the average gas-mass
surface density of ΣH2 = 78 M� pc−2 found by Nesvadba et al.
(2021), and does not suggest that a dominant fraction of the
molecular gas in J2345−0449 is optically thin.

5. Current and past star formation

5.1. Star formation history

One of the main purposes of analysing the stellar continuum
with Starlight (Fernandes et al. 2005) is to investigate the star
formation history in each spatial pixel. Starlight fits stellar
absorption-line spectra with a linear combination of simple stel-
lar populations of different age, thereby reconstructing the main
star formation events at each location within the galaxy. We
adopt a Galactic extinction law. The main results are shown in
Table 2 and Fig. 8, where we show the mass surface densities of
stellar populations formed within different age ranges.

We are most interested in identifying the main periods of star
formation and quiescence in this galaxy. Therefore we simply
distinguish between young (t ≤ few 107−8 yrs), intermediate-age
(109 < t < 1010 yrs), and old stellar populations (t > 1010 yrs).

Old stellar populations, formed more than 10 Gyrs ago, are
by far the dominant stellar component in J2345–0449. Through-
out the galaxy, more than 93% of the stellar mass, corresponding
to Mstellar = 3.6 × 1011 M�, was formed during this period. This
population has a regular morphology for a disk galaxy, with a
dense central bulge with Σstellar = (5−16)× 103 M� pc−2 within a
central radius of 1.5 kpc, surrounded by an exponentially declin-
ing disk with typical molecular gas mass surface densities of
Σstellar = 2000 to 100 M� pc−2 at radii between 3 and 18 kpc
from the nucleus.

Intermediate-age stellar populations formed a few Gyrs ago
contribute about 5% to the total stellar mass in J2345–0449, and

Table 2. Masses of stellar populations with different ages.

Age Stellar mass Stellar mass
[yr] [%] [109 M�]

< 107 0.2 0.6
107–108 0.3 1.2
108–109 1.2 4.5
109–1010 4.6 17.6
>1010 93.8 358
Total 100 382

80% of the stellar mass are found in the inner 14 kpc of the
disk. More recent star formation (<109 yrs) is also found pre-
dominantly in the inner disk, associated with the molecular ring,
but amounts only to less than 2% of the total stellar mass in the
galaxy.

In Fig. 9 we also show the cumulative stellar masses as a
function of age in three distinct regions of J2345−0449. The dia-
gram shows clearly that most star formation happened very early
on, followed by a small number of weaker star formation events
at later times, each contributing less than 1% to the stellar mass
of the galaxy.

5.2. Current star formation rates in the disk and bulge

There are a number of methods available today to estimate
the rates at which stars form, based on several spectral fea-
tures. For J2345−0449, star formation rates have previously
been estimated from GALEX UV data (Walker et al. 2015),
WISE 22 µm imaging (Dabhade et al. 2020), and a combi-
nation of both (Nesvadba et al. 2021). Taken together, these
estimates suggest an integrated star formation rate (SFR) in
J2345−0449, of between 0.9 and 2.95 M� yr−1. Bagchi et al.
(2014) also estimated low star formation rate surface densities of
few 10−4 M� pc−2 in parts of the galaxy from an optical longslit
spectrum. In an analysis of HST photometry they find SFR =
2.5 M� yr−1 (Bagchi et al., in prep.)

The MUSE data cube provides us with two additional meth-
ods to estimate the rate of recent star formation, namely, the
extinction-corrected Hα flux, which is particularly sensitive to
star formation in the past ∼10 Myr (Leitherer et al. 1999), and
the results of the stellar continuum fitting with Starlight,
which inform us about the total stellar mass formed within the
past few 10–100 Myrs.
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Fig. 8. Mass surface densities of stellar populations in different age ranges. We can note the different units in each panel. Old stellar populations
formed ≥10 Gyrs are by far the dominant mass component, contributing ≥93% to the stellar mass throughout the disk and bulge. The distributions
of young and intermediate-age stellar populations are shown in the two lower panels.
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Fig. 9. Cumulative stellar mass as a function of age in the center, the
inner, and outer disk, respectively. The inner disk corresponds to the
radii covered by the molecular ring. All regions are also shown on
Fig. 4.

Each estimate is associated with systematic and measure-
ment uncertainties, so we may not expect to obtain strictly the
same results with all methods, but they do provide us with
a robust set of constraints about the most likely range of the

obscured and un-obscured, on-going and recent past star for-
mation in J2345−0449. In the following, we will use SFR =
2.95 M� yr−1 measured by Dabhade et al. (2020) with WISE at
22 µm as a reference value, since the infrared emission, being
comparably unaffected by dust emission, should provide us with
the most robust global estimate of star formation in this galaxy.
The much lower GALEX estimate of 1.1 M� yr−1 (Walker et al.
2015) indicates that we do not miss significant amounts of star
formation by dust.

The Hα line flux gives a measure of the number of ionizing
photons in HII regions around young, massive stars, and there-
fore provides us with an estimate of the on-going star formation
in galaxies. In J2345−0449, however, not all Hα emission arises
from gas photoionized by star formation, as can be seen from the
emission-line diagnostics in Sect. 4, which showed that shocks
and old stellar populations are major ionizing sources for the Hα
emission in this galaxy.

To estimate the star formation rate from the Hα luminosity,
we follow Calzetti et al. (2007) by setting SFR = 5.5×10−42 LHα,
which is based on the same assumptions previously used by
Dabhade et al. (2020) to estimate a star formation rate from the
22 µm flux measured with WISE. In this relationship, SFR is
measured in M� yr−1, and the Hα luminosity, LHα, in erg s−1.
These estimates are valid for a Kroupa stellar initial mass func-
tion (IMF), and agree to within 10% with the estimates derived
from a Chabrier IMF (Chabrier 2003).

Summing over all pixels where the line ratios clearly fall into
the star-forming region of the BPT diagram in Fig. 3 (orange
dots), we find an integrated Hα line flux of FHα = 1.6 ×
10−14 erg s−1 cm−2, corrected for extinction, which corresponds
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to a star formation rate of SFR = 1.3 M� yr−1. This corresponds
to the pure starburst region in the Kewley et al. (2006) models.
If we also include the emission in the composite region between
LINER and star formation in that diagram (dark blue dots), the
total line flux is FHα,max = 1 × 10−13 erg s−1, and the total
star formation rate SFRmax = 8.3 M� yr−1, significantly more
than the previous measurements obtained in the UV and infrared
(Walker et al. 2015; Dabhade et al. 2020; Nesvadba et al. 2021).
This discrepancy can be easily explained with the contamination
of the Hα emission with gas heated by other sources than young
stars. In Fig. 3 we argued that large parts of the disk are heated
either predominantly by shocks, or by a mixture of shocks and
star formation, which provides a good explanation for the excess
Hα flux.

Alternatively, we can also apply a luminosity cut to the Hα
map shown in Fig. 4, excluding the inner 2 kpc around the
nucleus. This corresponds to the empirical and somewhat heuris-
tic assumption that bright compact regions in the Hα map and
extended features following spiral arms are typically associ-
ated with star forming regions. If we include all such regions
with Hα surface brightness of FHα ≥ 1.75 × 10−16 erg s−1 cm−2

arcsec−2 in such a calculation, which corresponds to LHα ≥

1.35 × 1040 erg s−1 kpc−2 and is shown as contours in Fig. 4,
we obtain a total star formation rate of SFR = 1.9 M� yr−1.
Had we adopted a value of FHα ≥ 1.25 × 10−16 erg s−1 cm−2

arcsec−2 instead, which would also include the emission along
the spiral arm west of the nucleus and the diffuse emission in the
east, the total (extinction-corrected) star formation rate would
be 5.6 M� yr−1, significantly more than measured previously.
Again, contamination with diffuse emission from other sources
is likely the cause for that, and is becoming increasingly impor-
tant with decreasing Hα surface brightness due to star formation.
In the following, we consider Hα fluxes in regions that fall into
the star-forming regions of Fig. 3 and have FHα ≥ 1.75 × 10−16

erg s−1 cm−2 arcsec−2 in Fig. 4 as photoionized solely by star for-
mation, and fainter regions with an ambiguous ionizing source as
providing upper limits.

6. Individual star-forming regions

In the following we analyze the properties of the brightest indi-
vidual star-forming regions in more detail. The Hα map shown
in Fig. 4 indicates widespread diffuse emission in J2345−0449
broadly following the spiral arms, and interspersed with 13
bright star-forming regions that are labeled individually in Fig. 4.
To avoid including spurious, isolated pixels, we further imposed
that the regions are extended as suggested by the SciPy task
erosion. The brightest of these regions correspond to areas in
the BPT diagram in Fig. 3 that are dominated by star forma-
tion. Given their characteristic morphology in the Hα map, we
also include somewhat fainter regions which fall into the inter-
mediate part of the BPT diagram between star formation and
LINER emission. They are identified by their characteristic mor-
phology in Fig. 4, and comparably high Hα surface brightness
&1.75 × 10−16 erg s−1 cm−2 arcsec−2, although their line emis-
sion seems to have a considerable component of gas not heated
by star formation, which moves them outside of the range in the
diagram that is covered by star-forming regions. We have already
shown in Sect. 5.2 that this does not violate the global constraints
on star formation in J2345−0449 derived from the dust emis-
sion. Individual properties of each star-forming region are given
in Fig. 3, together with their uncertainties.

Star-forming regions are found at radii between 4 and 22 kpc
from the nucleus. Most are not spatially resolved in our data.

Regions (b) and (h), which are resolved, have sizes of rc = 1.3
and 1.9 kpc, respectively, corrected for the size of the PSF. The
circularized radius, rc, is the radius of a hypothetical circular
region with the same surface that we measured by summing over
the areas of all spatial pixels within that region.

Star formation rates in individual regions are typically
between 0.03 and 0.1 M� yr−1. Two regions have star forma-
tion rates above this range. Namely, region (b) has SFR =
0.5 M� yr−1, and region (h) has SFR = 0.9 M� yr−1, respectively.

All star formation rates were corrected for extinction, and are
therefore not biased by the presence or absence of molecular gas
along the same line of sight, as long as the optical Balmer lines
are not entirely obscured. The relatively low global star forma-
tion rate estimated from WISE of SFR = 2.95 M� yr−1 indicates
that this is not the case.

Not all star-forming regions are associated with the molec-
ular ring previously described by Nesvadba et al. (2021), as can
be seen from Fig. 4. Three of the regions with a high star for-
mation rate, (a), (j), and (h), actually fall just outside the ring,
whose outlines are shown as black contours in Fig. 4.

We also estimated upper limits on the ages of each star form-
ing region from their Hα equivalent width, using the relation-
ships in Starlight99 (Leitherer et al. 1999). We consider these
values upper limits because of the presence of underlying stellar
light from the disk component. Overall, we find very young ages
of 6–9 Myrs, with one of the fainter regions, (d), having an age
of about 11 Myrs. These young ages imply that the radio jet (for
which Walker et al. 2015, and Nesvadba et al. 2021 estimated an
age between 10 and 250 Myr) was already active at the time of
the onset of star formation.

7. Kinematics of the warm ionized gas

7.1. Maps of relative velocities and line widths

The resulting maps of relative velocities and line widths are
shown in Fig. 10. Line widths have been corrected for the instru-
mental broadening of MUSE of FWHM = 120 km s−1 (corre-
sponding to Gaussian line widths σ = 51 km s−1). The lowest
values reached in the eastern part of the disk are unresolved with
the MUSE data.

The velocity map is dominated by an increase in gas veloc-
ities from east to west, ranging from −360 to 300 km s−1. The
FWHM line widths are broadest in the bulge and in the inner
1.8′′ near the nucleus (corresponding to 2.7 kpc), where they
reach a maximum of 400 km s−1. They are more narrow in the
disk, within a range of 100 to 130 km s−1. On top of the very
uniform disk component, we also see an irregular structure of
broader line widths with FWHM = 150 to 180 km s−1, which
extend from the nuclear region in several filaments roughly in
north-south direction before bending toward east and west.

Comparison with the maps of molecular gas kinematics pre-
sented by Nesvadba et al. (2021) indicates that the same struc-
tures are also found in the cold molecular ring. These structures
are also found in the other optical gas lines that are bright enough
to be fitted pixel by pixel, i.e., [OIII]λλ4959, 5007, [NII]λλ6548,
6583, and [SII]λλ6716, 6731.

7.2. Position-velocity diagram

The position-velocity (PV) diagram, constructed from the full
data cube and centered on the Hα line is shown in Fig. 11. It
probes the disk velocities out to radii of 15 kpc from the nucleus
(corresponding to 22.5 kpc). Velocities increase monotonically
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Fig. 10. Kinematics maps extracted from Hα. Left: relative velocities and right: gaussian line widths, σ. All velocities are given relative to a
redshift z = 0.0755. Colorbars show velocities and widths in km s−1.
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Fig. 11. Hα position-velocity diagram. Orange contours show the best-
fit model obtained with kinemetry, and blue contours the CO(1–0)
results of Nesvadba et al. (2021). The [NII] lines cause the fainter fea-
tures below and above the central Hα line. The line shift is due to dif-
fering wavelength of lines.

from east to west, with a gradient that flattens at about ±5′′
distance from the nucleus, however, velocities keep increasing
out to the largest distances. The observed Hα diagram follows
that of the main rotational velocity components measured with
Kinemetry (see Sect. 7.3) very well (shown as orange contours
in Fig. 11).

In the same figure, we also compare with the PV diagram
of the molecular gas probed by the CO(1–0) line. Both gas
phases follow each other well over the full range where CO(1–
0) is detected. These diagrams confirm that the gas kinematics in
J2345−0449 are dominated by rotation, without any clear indica-
tion of a significant nonrotational component in either the warm
ionized or cold molecular gas.

7.3. Kinemetry analysis

We used the publicly available analysis tool kinemetry
(Krajnović et al. 2006) to analyze the velocity fields of
J2345−0449 quantitatively and in more detail. Kinemetry
expands the velocity field within concentric ellipses around the
nucleus of a galaxy into its Fourier components to measure the
mean velocity field of the rotating disk, and to identify noncir-
cular gas motion.

The result is shown in the left panel of Fig. 12. For J2345–
0449, the velocity field can be fitted out to a radius of 14.3′′ from
the nucleus (corresponding to 21.3 kpc). The position angle is

PA = 272 ± 3◦ without large jumps at any radius. The ellipticity
varies between ε = 0.5 and 0.8. Residuals from this fit contribute
≤2%. The resulting velocity field measured from the deprojected
lowest-order velocity component in each ring is shown in the left
panel of Fig. 12. It is consistent with a regularly rotating disk
with a total deprojected velocity offset of 758 ± 15 km s−1.

The right panel of Fig. 12 shows the residual velocity com-
ponents after subtracting the modeled Hα velocity field from the
observed velocity map. Residuals are small, about 15−30 km s−1,
and are mainly associated with star-forming regions. They prob-
ably represent streaming motions along the trailing spiral arms.
Residuals associated with the broadened emission lines are gen-
erally smaller, with offsets ≤10 km s−1.

7.4. Expected signatures from a radio jet-driven outflow

The Kinemetry analysis in the previous subsection has shown
that the cold molecular and warm ionized gas in J2345−0449 fol-
low the global velocity pattern of a rotating disk to a high degree,
however, we may also ask what signatures we may expect in case
of an interaction between radio jet and gas. To this end, we used
one of the synthetic velocity maps of a radio jet that is strongly
interacting with a gas disk, obtained from the suite of relativistic
hydrodynamic simulations of Mukherjee et al. (2018), see also
Meenakshi et al. (2022a,b). The velocity map we are using is
obtained from a simulation of a 2.31 Myr old radio jet with jet
power Ekin = 1045 erg s−1 impinging onto a gas disk with an
average number density of n = 200 cm−3 under an inclination of
45◦ (their simulation D).

Before analyzing the velocity field with Kinemetrywe con-
structed a version that is matched in spatial resolution to our
data set by convolving it with a Gaussian PSF. Since we wish
to study a disk at the same spatial sampling as the observed data,
we choose the PSF size such that we cover the major axis of the
simulated velocity field with 29 individual PSFs, as is observed
for J2345−0449.

The initial and PSF-matched velocity fields are shown in
Fig. 13. While the outflow component is clearly visible in the
full-resolution data set, it is much more difficult to discern in the
PSF-matched image, although some component of high-velocity
gas can be seen directly in the map at the periphery of the disk.
The Kinemetry fit, however, shows more significant residu-
als between the best-fit velocity map of a rotating disk and the
observed velocity field (left panel of Fig. 14). The rotation map
shows already important offsets from a simple rotating disk at
several radii. These appear as distortions in the global velocity
field calculated with Kinemetry at certain intermediate radii,
where the outflowing gas component is sufficiently strong to
affect the global velocity pattern in the tilted ring. The outflow
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Fig. 12. Left: Best fit kinemetry models of the relative velocities extracted from Hα. Right: Residual map of relative velocities – kinemetry model.
All velocities are given relative to a redshift z = 0.0755. Colorbars show velocities in km s−1.

Table 3. Observed properties of individual star-forming regions labeled in Fig. 4.

Region RA Dec rc AV FHα,0 SFR ΣSFR Σmol Age
(J200) (J200) [kpc] [mag] [10−16 erg s−1 cm−2] [ M� yr−1] [M� yr−1 kpc−2] [M� pc−2] [106 yr]

a 23:45:33.3263 −04:49:29.9 <1.63 1.15±0.01 17.5±0.2 0.145±0.001 0.033±0.004 <19.7 6.4±0.1
b 23:45:33.00524 −04:49:27.1 1.29 1.91±0.02 60.0±0.1 0.497±0.009 0.036±0.012 85.3±14.4 8.7±1.6
c 23:45:33.0855 −04:49:24.1 <1.63 1.98±0.03 21.1±0.7 0.175±0.006 0.053±0.02 191.3±14.4 8.8±1.0
d 23:45:32.7777 −04:49:22.7 <1.63 2.03±0.07 6.7±0.5 0.055±0.004 0.042±0.018 118.1±14.5 11.2±0.1
e 23:45:32.6305 −04:49:22.3 <1.63 2.01±0.06 3.2±0.2 0.027±0.002 0.038±0.015 50.2±14.5 8.6±2.0
f 23:45:32.9985 −04:49:29.9 <1.63 1.83±0.05 8±0.4 0.067±0.003 0.037±0.009 <20.4 6.7±0.1
g 23:45:32.7242 −04:49:29.7 <1.63 2.12±0.05 8.6±0.5 0.071±0.004 0.045±0.016 <20.6 6.8±0.1
h 23:45:32.1087 −04:49:27.5 1.86 1.71±0.01 106.5±1 0.882±0.008 0.074±0.007 <20.6 6.5±0.1
i 23:45:32.8045 −04:49:19.7 <1.63 2.07±0.06 5.5±0.3 0.046±0.003 0.036±0.011 <19.3 6.7±0.1
j 23:45:32.1488 −04:49:20.1 <1.63 1.95±0.03 12.6±0.4 0.104±0.004 0.064±0.026 <20.0 6.4±0.1
k 23:45:31.9615 −04:49:20.7 <1.63 2.14±0.1 2.2±0.2 0.018±0.002 0.029±0.007 <18.8 6.4±0.1
l 23:45:33.1791 −04:49:21.1 <1.63 1.46±0.04 1.1±0.1 0.009±0.001 0.023±0.003 <19.1 6.6±0.1
m 23:45:31.9883 −04:49:25.1 <1.63 1.54±0.02 23.26±0.4 0.192±0.003 0.037±0.007 <18.6 6.6±0.1

Notes. For each region we list the position, the circularized radius, rc, the extinction AV measured from the Hα/Hβ line ratios and Balmer
decrements, the extinction-corrected Hα flux, FHα, and star formation rate, the surface densities of star formation rate and molecular gas mass.
ΣSFR and Σmol, and the age. ΣSFR and Σmol are measured at the central pixel of each region, to minimize contamination with ambient line emission.
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Fig. 13. Synthetic velocity field of Simulation D of Mukherjee et al. (2018, see also Meenakshi et al. 2022a,b) showing a radio jet escaping in
north-south direction from a rotating disk. The left panel shows the full-resolution simulation, the right panel is smoothed to the same spatial
sampling as our MUSE data of J2345−0449.

features become more clearly visible in the right panel of Fig. 14,
which shows the residuals of the PSF-matched simulated veloc-
ity field after subtracting the best-fit disk model observed with
kinemetry. Along the north-south direction, where the out-
flow dominates the intrinsic velocity field at the outer radii, we
see large velocity residuals in the map, 80−235 km s−1. How-
ever, comparing with the observed map of J2345−0449, such
gas would probably be too faint to be observed in this galaxy.
Nonetheless, a large-scale outflow should have left significant
residuals in the velocity map, which we do not observe. This

suggests that it is unlikely that we would have missed a strong
outflow in our data.

7.5. Absorption from warm neutral gas

We also searched for signatures of outflows of warm neutral gas
as probed by the Na D doublet at 5889.97 Å and 5895.94 Å. The
Na D lines may either be of stellar or interstellar origin. To only
probe a putative interstellar line component, we use the residual
spectrum after subtracting the best fit to the stellar continuum

A35, page 12 of 20



Drevet Mulard, M., et al.: A&A 676, A35 (2023)

10 5 0 5 10
X ["]

5

0

5

Y 
["

]

400

200

0

200

400

v 
(k

m
/s

)

10 5 0 5 10
X ["]

5

0

5

Y 
["

]

60

40

20

0

20

v 
(k

m
/s

)

Fig. 14. Main rotational velocity component as calculated with Kinemetry (left) and the residuals between the full velocity field and the main
rotational component (right).

emission obtained with Starlight, which allows us to search
for residual Na D absorption. In most of the galaxy, no signifi-
cant Na D absorption features are found, with the exception of
a small region of about 1.5′′ radius around the nucleus. A Gaus-
sian fit to the Na D doublet extracted from this region is shown
in Fig. 15, which was obtained by requiring that both lines have
the same width and velocity offset, as expected for the two lines
of the doublet. We do not identify a clear blueshift or redshift
in this component compared to the stellar spectrum. The best-
fit velocity offset is −52±15 km s−1 relative to z = 0.0775,
and we measure FWHM = 583 ± 20 km s−1, comparable to
that of the stellar component. The kinematics do not permit us
to distinguish uniquely between residual absorption from the
continuum subtraction and an interstellar component, nonethe-
less, these results do show that J2345−0449 does not have NaD
absorption probing a significant outflow or inflow component of
warm neutral gas.

8. Discussion

In the previous sections we have presented new results of J2345–
0449 extracted from an optical imaging spectroscopic data cube
obtained with VLT/MUSE. Our results add to previous obser-
vations obtained in the radio and with optical longslit spec-
troscopy (Bagchi et al. 2014), X-ray observations with Chandra
and XMM (Walker et al. 2015; Mirakhor et al. 2021), and mil-
limeter CO observations obtained with the IRAM 30-m tele-
scope (Dabhade et al. 2020; Nesvadba et al. 2021) and ALMA
(Nesvadba et al. 2021). We now discuss our observational results
further, to put them into a broader context of galaxy evolution.

8.1. Global star formation history and gas depletion times

Our new observations add additional constraints on the global
star formation history as traced by the stellar component, local
and global star formation as probed by Hα, and gas kinematics in
this galaxy, and can help us elucidate several of the outstanding
open questions regarding this galaxy. First, we have shown that
only a very small fraction of the stellar mass, ≈6%, has been
formed within the last ≤10 Gyrs (Table 2), including in the disk,
in stark contrast to other late-type spiral galaxies which have
formed significant parts of their stellar disks over long cosmic
time scales. The absence of significant young and intermediate-
age stellar populations is however not unusual for spiral galaxies
of similar stellar mass (e.g., Lelli et al. 2015; Ogle et al. 2019).
Contrary to J2345−0449, however, such galaxies normally do
not have very massive gas reservoirs (Li et al. 2019) or AGN

Fig. 15. Na D interstellar absorption lines seen against the nucleus
of J2345–0449. Orange and red lines indicate the Gaussian fits to the
doublet.

with extended radio jets (Singh et al. 2015). The main forma-
tion period of the bulge and disk in J2345−0449 was clearly
in the early Universe. Lookback times ≥10 Gyr correspond to
z & 1.8. J2345−0449 may therefore be a nearby fossil remnant
of the massive disk galaxies that have been observed in forma-
tion during this epoch, many of which have similar sizes and
stellar masses (e.g., Förster Schreiber et al. 2009, 2018).

If we take the age distribution of the stellar populations as
a rough indicator of the past star formation rates (average SFR,
〈SFR〉 = 2.3 M� yr−1), then we find that the current star forma-
tion rate of ∼3 M� yr−1 is rather typical for the last 10 Gyr, and
lower than the average star formation rates in more recent epochs
(6 and 18 M� yr−1 in the last 109 and 108 yrs, respectively). This
may indicate a recent increase in star formation during the last
Gyr, perhaps related to the processes which led to the formation
of the massive molecular ring seen with IRAM and ALMA.

The ratio of molecular gas mass to stellar mass in
J2345−0449, Mgas/Mstellar = 0.53, is remarkably large. The
most gas-rich galaxies in the Saintonge et al. (2017) sample have
molecular gas masses that correspond to about 10% of their stel-
lar mass (their Fig. 13), but these have also stellar masses that are
an order of magnitude smaller than that of J2345−0449. Galaxies
with Mstellar ≥ 1011 M� in their sample have typical molecu-
lar gas masses that are only about 1–2% of their stellar mass.
Many massive galaxies have significant HI reservoirs, however,
the molecular-to-stellar mass fraction in J2345−0449 exceeds
even the typical atomic-to-stellar mass fraction in these galaxies
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(10%) by a factor ∼ 5. This underlines that the presence of such
a massive molecular gas reservoir in J2345−0449 is truly out-
standing. Given the presence of the bright, massive X-ray halo
(Walker et al. 2015; Mirakhor et al. 2021), we may suspect that
at least parts of this gas originate from cooling of the hot halo
gas.

Star formation within this ring seems to be slowed down
compared to other spiral galaxies and galaxies near the main
sequence of star-forming galaxies. For example Bigiel et al.
(2008) and Saintonge et al. (2017) argued that such galaxies
have a typical gas depletion time of 2 Gyr, a time which how-
ever increases for galaxies below the main sequence. If we take
the current star formation rate in all star-forming regions asso-
ciated with the molecular ring in J2345−0449 of 0.9 M� yr−1,
and the molecular gas mass of 2 × 1010 M�, we find a gas-
depletion time, τdepl = Mgas/SFR = 22 Gyr. This is much longer
than the typical molecular gas depletion time of spiral galaxies of
2 Gyr (Bigiel et al. 2008). Had we used the total star formation
rate determined with WISE of 2.95 M� yr−1, ignoring the fact
that most star formation seen in Hα is outside the ring, the gas
depletion time would be 6.8 Gyrs, in the extreme scatter of their
correlation, and also at the very low end of galaxies with simi-
lar specific star formation rates in the sample of Saintonge et al.
(2017).

8.2. Star formation in individual star-forming regions

The MUSE data also allow us to localize star formation and
measure local star formation rates on scales of several 100 pc.
We presented the 13 main star-forming regions in this galaxy
in Sect. 6. It is very interesting that star-forming regions can
be found inside and outside of the molecular ring (Fig. 4).
The region of most intense star formation, region (h) in Fig. 4
falls actually right outside the ring. Amongst the 12 remaining
regions, seven fall within the molecular ring, and four of these
regions are associated with the northern spiral arm seen in Hα.
The remaining five regions fall outside the molecular ring, with
three falling very near the ring’s edge. All regions are associated
with stellar mass surface densities, Σstellar, between 100 and 1000
M� pc−2.

This result does not depend on extinction, as we corrected
the SFRs listed in Table A.1 for the observed Hα/Hβ decre-
ments, and obtain a similar SFR as that previously found in the
infrared with WISE (Dabhade et al. 2020). This confirms that
the star formation in this galaxy is not solely associated with
the molecular ring, but also found within the outer disk, as was
previously suspected from low-resolution GALEX and WISE
data (Nesvadba et al. 2021). We now investigate in more detail
whether we can identify differences in star formation efficiency
in star-forming regions within and outside the molecular ring.

There is now a wide consensus in the literature that
the efficiency with which galaxies form stars depends on
the mass surface density of molecular gas (e.g., Kennicutt
1989; Bigiel et al. 2008; de los Reyes & Kennicutt 2019;
Kennicutt & De Los Reyes 2021), although perhaps not
exclusively (e.g., Shi et al. 2011; Hennebelle & Chabrier
2011; Federrath & Klessen 2012; Krumholz et al. 2012;
Shi et al. 2011; Pessa et al. 2022). This is most clearly seen
through the relatively tight sequence spanned by star forming
galaxies in the Kennicutt-Schmidt diagram (Kennicutt 1998;
Kennicutt & De Los Reyes 2021), which relates the surface den-
sities of star formation rates and molecular gas mass. As initially
pointed out by Nesvadba et al. (2010) and Ogle et al. (2010) and
subsequently confirmed with Herschel photometry by Lanz et al.

(2016), a subset of powerful radio galaxies falls about 1–2 dex
below the relationship of normal disk galaxies, perhaps indi-
cating lower star formation efficiencies. Nesvadba et al. (2021)
used the average star formation rate of 2.95 M� yr−1 measured
with WISE (Dabhade et al. 2020), and assumed star formation
to be distributed uniformly across the disk, to estimate where
J2345−0449 falls in the Kennicutt-Schmidt diagram. Comparing
with the molecular gas-mass surface densities observed with
ALMA at 1′′ beam size, they found that J2345−0449 falls
factors 30–70 below the ordinary Kennicutt-Schmidt relation,
and into the same range also populated by the radio galaxies
previously studied.

We now use our MUSE data to refine this global measure-
ment, and to investigate whether individual star-forming regions
show the same offset as J2345−0449 as a whole. This is shown
in Fig. 16. Individual star-forming regions are shown as red dots
and are labeled individually. They fall clearly within the usual
sequence of star-forming galaxies. Regions outside the molec-
ular ring (regions (a) and (f) to (h)) fall somewhat above the
ridge line of the normal Kennicutt-Schmidt relationship, but
well within the scatter. We used a 3σ upper limit to estimate
the molecular gas mass surface densities in these cases, since
CO(1–0) is not detected outside the ring, potentially because
of relatively shallow data obtained by Nesvadba et al. (2021).
Deeper CO(1–0) interferometry is currently being observed
at ALMA. Star-forming regions within the ring (labeled (b)
to (e)), fall somewhat below the ridge line, but remain well
within the scatter of normal spiral galaxies. Region (c), which
is furthest from the ridge line, has a star formation efficiency
that is about a factor 10 less than the average star-forming
galaxy, which is near the edge of the distribution, but not
unusually low.

The large red dot in Fig. 16 shows the previous measure-
ment of the average star formation rate surface density and
average molecular gas mass surface density in J2345−0449
(Nesvadba et al. 2021). The light green dot indicates our new
estimate of the average star formation rate surface density asso-
ciated with the molecular ring, ΣSFR= 0.004 M� yr−1 kpc−2. We
obtained this value by integrating over all star-forming regions
associated with the ring, and dividing by the ring’s surface.
This estimate is slightly higher than the one derived previously,
which assumed that star formation, measured with GALEX and
WISE at much lower spatial resolution of ∼5′′, was evenly dis-
tributed throughout the disk. These estimates agree within their
uncertainties.

This shows that in spite of the global suppression of star
formation in this galaxy, gas which is able to turn into stars,
seems to do so at a normal efficiency, however, the global frac-
tion of such gas seems to be lower than what would be expected
from the unusually large integrated molecular gas mass in this
galaxy. This is not unexpected, in fact, Mandal et al. (2021)
found a very similar behavior in relativistic hydrodynamic simu-
lations of radio jet interacting with gas disks, after implementing
the framework of Federrath & Klessen (2012) for turbulence-
regulated star formation. Small star-forming regions in these
simulations exist with normal or even enhanced star formation
efficiencies compared to normal galaxies. These star-forming
regions are however embedded in a much more massive gas disk
that this globally not forming stars. Our present ALMA data
have neither the depth nor the spatial resolution to probe the pos-
sible causes of this dichotomy further, however, we are currently
obtaining significantly deeper, multitransition CO interferome-
try with ALMA, which will enable us to investigate this point in
more detail.
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Fig. 16. Star formation rate surface density as a func-
tion of molecular gas mass surface density in J2345–
0449 (Kennicutt-Schmidt relationship). Individual star-
forming regions in J2345–0449 (red dot symbols) fall
onto the relationship of ordinary star-forming galaxies,
whereas the global averages of molecular gas mass and
star formation rate surface densities fall a factor 30-70
below. The properties of individual star-forming regions
are listed in Table A.1.

8.3. Impact of the radio jet

8.3.1. Central cavity

One of the most remarkable features of J2345−0449 is the
1.6 Mpc large, fairly powerful (P1.4 GHz = 2.5 × 1024 W Hz−1)
radio source, consisting of two pairs of radio jets that indicate
repeated jet activity over long timescales (Bagchi et al. 2014;
Nesvadba et al. 2021). Walker et al. (2015) previously argued
that the radio jets interact with the hot gas in the halo, deposit-
ing an energy rate of dE/dtjet,kin = 2 × 1044 erg s−1, and poten-
tially inflating an X-ray cavity in the circum-galactic medium.
Nesvadba et al. (2021) suggested that turbulence induced by the
radio jet in the molecular gas could be responsible for the line
broadening in parts of the molecular ring, and the low global
star formation rates compared to the molecular gas content. We
now discuss whether the optical MUSE data presented here can
add additional evidence to this scenario.

Unlike the molecular gas, the warm ionized gas does not
show a clear central cavity as can been seen from Fig. 4. Hα
and other emission lines can be probed down to the nucleus,
although the line fluxes are very faint. Although the velocity
field shown in Fig. 10 remains regular near the center, and
does not indicate a clear noncircular component, that would per-
haps herald an outflow, the line widths are strongly enhanced,
with Gaussian widths of up to 170 km s−1, corresponding to
FWHM = 400 km s−1 (Nesvadba et al. 2021, argued previously
with a toy model that beam smearing has only a minor impact for
these measurements). The regions of enhanced line widths cor-
respond well to those seen in CO and line widths are similar in
both gas phases. The map of Hα line widths, which extends over
larger radii than that of CO, shows that the inner region of very
broad widths turns into a set of filaments of gas with broadened
line widths at larger radii.

It is interesting to ask whether the absence of CO(1–0) line
emission in the central regions of J2345−0449 indicates a cavity
in the molecular gas distribution or perhaps a region of high gas
excitation, as previously observed in the S0 galaxy NGC 3100,
a low-power, low-excitation radio galaxy (Ruffa et al. 2019,
2022). It is also possible that only the CO molecule is destroyed,
while significant reservoirs of H2 may survive.

Our MUSE data provide us with two sets of constraints that
add credence to the presence of a true depression in molecular
gas mass surface density. First, we have shown in Fig. 7 that
the extinction of stellar light and warm ionized gas probed by

the Hα/Hβ decrement follows the distribution of CO line emis-
sion, i.e., the extinction is low toward the center. This does not
indicate the presence of large columns of molecular gas. Sec-
ond, the Na D absorption lines do not indicate the presence of
large amounts of neutral (molecular or atomic) interstellar gas
in the central region either, although some residual emission
is observed after subtracting the stellar component (Sect. 7.5).
We conclude that the central depression of CO line emission is
indeed associated with lower gas-mass surface densities.

Most gas-rich early-type galaxies, including radio galax-
ies, show gas disks that extend well into the central kilopar-
sec of the host galaxies (e.g., Okuda et al. 2005; Young et al.
2011; Labiano et al. 2014; Castignani et al. 2020). However, a
few cases are known where this is not the case. In particu-
lar barred spiral galaxies are known to have molecular rings
within the radii where the stellar orbits in the bars corotate with
the galaxy’s disk, however, these have typically much smaller
sizes (Gadotti et al. 2020). In rare, fortuitous cases, a nuclear
encounter with a satellite galaxy on a highly radial orbit can also
cause a central gas depletion (Block et al. 2006).

A third mechanism, which seems most relevant to the radio
galaxy J2345−0449, is interaction between gas and radio jet.
Mukherjee et al. (2018) investigated the impact of radio jets
onto surrounding gas disks with average densities of typically
n = 100−200 cm−3, using a set of relativistic hydrodynamic
simulations of radio jets that carry kinetic energies of 1045

and 1046 erg s−1, respectively. In J2345−0449, assuming that the
molecular gas is in a ring with R = 11.8 kpc radius, and 4.2 kpc
width (Nesvadba et al. 2021), we find an average density of
n = 100 cm−3, which is well matched to their parameter range.
However, the radio source in J2345−0449 is somewhat weaker,
with a kinetic energy of 2 × 1044 erg s−1 (Walker et al. 2015;
Cavagnolo et al. 2010). Mukherjee et al. (2018) find indeed that
radio jets which expand in near perpendicular direction to the
disk rapidly produce a gas depletion within the inner kpc of the
host galaxy, although some dense filaments remain (e.g., their
Fig. 7). The jets also continue to interact with the gas along the
cavity rim. Similar effects may explain the strong line broaden-
ing we observe in the inner part of the molecular ring, and asso-
ciated warm ionized gas. We do not see clear outflow signatures,
but this could be due to the somewhat lower jet power in our
case, low spatial and spectral resolution compared to the velocity
range expected from a low-power outflow, or jet age. The mor-
phology of the inner pair of radio jets (Fig. 6) suggests that these
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jets have already broken out from the disk itself, at which point
the interactions should become less vigorous (Mukherjee et al.
2018). As argued in Fig. 6, however, high electron densities
in the parts of the ring that coincide with the radio source in
J2345−0449 do suggest that in this case, the radio jet is still reg-
ulating the gas conditions.

Such a mechanism, if maintained over long timescales, could
also explain why J2345−0449 has such an unusually small
bulge (≈15% of the stellar mass, Bagchi et al. 2014, see also
Nesvadba et al. 2021). Gas that would normally be inflowing
into the center, e.g., along a bar, may start to trigger a new
episode of radio activity, which would evacuate this gas from the
central regions, either through outflows or a galactic fountain,
thereby hindering the growth of a massive bulge. Ruffa et al.
(2019) and Ruffa et al. (2022) observed a somewhat similar
phenomenology in the low-excitation radio galaxy NGC 3100,
which has however, lower-power jets (P1.4 GHz = 1023 W Hz−1),
a smaller (D = 1.6 kpc) molecular ring of lower (Mgas =

1.4 × 108 M�) molecular gas mass, and radio jets that have not
yet escaped from their host galaxy.

8.3.2. Absence of young star-forming regions in the
interaction region

There seems to be another effect that the radio jet has on
the host galaxy, as is suggested by Fig. 6, where we showed
the electron densities in the warm ionized gas measured from
the [SII]λλ6716,6731 line ratio together with the Hα morphol-
ogy and radio contours. Electron densities are typically a few
10 cm−3 in most of the disk, consistent with the typical con-
ditions within normally star-forming spiral galaxies. However,
along a 7.5′′ (11 kpc) wide band reaching north-south, and
extending west from the nucleus, that is associated with the radio
emission, electron densities are strongly enhanced, reaching val-
ues of 1000 cm−3 (Sect. 4.3). As discussed in Sect. 4.3, such
high electron densities are only found in over-pressured bub-
bles inflated by star formation or AGN feedback from radiation
or radio jets. The low luminosity of the AGN (Sect. 3), shock-
like line ratios (Sect. 4, and large distance from the nucleus
(up to 11 kpc), favors the passage of the radio jet as the cause
of the enhanced electron density. Furthermore, the distribution
of regions of enhanced electron density are consistent with the
cylindrically symmetric compression by a jet, which is observed
at these locations in radio emission. A bubble inflated by AGN
photoionization would be expected to leave a bipolar distribution
of enhanced electron densities as radiation escapes through the
polar direction of the torus, which is not observed.

The figures clearly show that all star-forming regions (except
the faint region (e), which is near the edge of this region) fall
outside the region of enhanced electron densities. The absence
of star forming regions in this area is also obvious in Fig. 4.
This serves as additional evidence that the interactions between
jet and gas can lower the propensity of the gas to form stars,
even if it does not lead to fast outflows. Although the gas con-
tinues to participate in the overall rotational motion of the disk
without obvious kinematic distortion, the internal properties of
gas clouds seem to be sufficiently affected by the interactions
with the radio jet that the gas fragmentation process leading to
star formation elsewhere in this galaxy does not proceed in the
usual way, in spite of the presence of high mass-surface den-
sity molecular gas. This is somewhat in contradiction at least
with the simplest scenarios of positive feedback, where a den-
sity enhancement caused by the radio jet should lead to an
increase, not a decrease in star formation (e.g., Gaibler et al.
2012; Mukherjee et al. 2018).

To reinforce this comparison between star-forming regions
and electron densities, it is important to note that the young age
of the star forming regions, t ≤ 11 Myrs, ensures that we do not
miss any star formation that would have moved in and out of the
interaction region during the lifetime of these regions. At radii
of 10–15 kpc from the nucleus, a star-forming region rotating
with the disk at velocities of 300 km s−1 will travel about 3.3 kpc,
which is about twice the size of the seeing disk. This is not suf-
ficient for the star forming regions overall to have changed their
position relative to the region of overpressured gas in a signif-
icant way. We conclude that the current positions of these star-
forming regions are still representative of the position they had
during the onset of star formation.

9. Summary and conclusions

We have presented new VLT/MUSE imaging spectroscopic
observations of J2345−0449, a massive, late-type spiral galaxy
with extended radio jets. It has also a bright X-ray halo, and a 24
kpc wide ring of molecular hydrogen with enhanced line widths,
that is associated with the inner disk. The source-integrated star
formation rate falls short by factors 30 to 70 compared to nor-
mal star-forming spiral galaxies, as previously measured with
GALEX and WISE. In the present analysis we have focused on
the spatially resolved on-going and past star formation as traced
by Hα and the optical continuum, and the emission-line gas diag-
nostics, to study the interplay between radio jets, star formation,
and the warm ionized gas. Our main results are:

– We have used starlight to analyze the optical continuum
emission and reconstruct the star formation history. More
than 93% of the total stellar mass was formed at least 10
Gyrs ago, including in the disk. This is a remarkably old age
for a spiral galaxy. Intermediate-age and young stellar pop-
ulations formed a few ×109 yrs and a few ×107−8 years ago,
respectively, are found predominantly in the inner disk, and
contribute ∼5% and less than 2% of the total stellar mass,
respectively.

– At most 2% of the optical continuum near the nucleus
is emitted by the AGN. The upper limit of the bolomet-
ric AGN luminosity, derived from the stellar continuum at
λ = 5100 Å and from the [OIII]5007 flux, respectively, is
Lbol ≤ 1.0×1043 erg s−1, and Lbol ≤ 3.3×1043 erg s−1, repec-
tively. This is 7−20 times less than the kinetic energy car-
ried by the radio jets, Ekin,jet = 2× 1044 erg s−1 (Walker et al.
2015; Cavagnolo et al. 2010). The jets are therefore the dom-
inant form of AGN energy output in this galaxy.

– The BPT and WHAN diagnostic diagrams show that the
warm ionized gas in this galaxy is overall dominated by heat-
ing through shocks and old stellar populations, also in the
disk. Along the spiral arms, the line ratios fall into the “com-
posite” regime of the BPT diagram, suggesting that they
may also contain a subdominant component heated by young
stars. The [SII]λλ6716,6731 emission line ratio shows elec-
tron densities of a few ×10 cm−3 in most of the disk, and a
strong enhancement (350 to 1250 cm−3) in a 7.5′′ (11 kpc)
wide, north-south band west of the nucleus, which is associ-
ated with the extended radio emission from the AGN. High
electron pressures in the range of 1000 cm−2 are a typical
sign of overpressured gas bubbles inflated by star formation
and AGN feedback.

– Gas extinctions are AV = 0.9−2.5 mag, estimated from the
Balmer decrement, somewhat higher than those found with
Starlight, AV,stellar=0.5-1.1 mag, potentially due to a differ-
ent spatial distribution of gas and stellar light. Both estimates
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are enhanced at the molecular ring, suggesting gas-mass sur-
face densities of Σgas = 24−72 M� pc−2, comparable to those
previously derived from CO(1–0), using a Milky-Way CO-
to-H2 conversion factor. This does not suggest that optically
thin gas dominates the molecular gas budget in J2345−0449,
and confirms that this is one of the most gas-rich galaxies in
the nearby Universe.

– We identify 13 HII regions with a total SFR = 2.3 M� yr−1,
compared to SFR = 0.9 and 2.95 M� yr−1 previously esti-
mated with GALEX and WISE in the UV and infrared,
respectively. Only about one third of this star formation,
SFR = 0.9 M� yr−1 is associated with the molecular ring
previously found with ALMA, the rest, SFR = 1.4 M� yr−1,
occurs at larger radii. These star-forming regions are mostly
spatially unresolved, and have typical ages of 6–11 Myrs,
less than the age of the radio source. They avoid the band of
overpressured gas associated with radio emission, contrary
to what could be expected in scenarios of positive feedback.
Individual regions fall onto the Kennicutt-Schmidt relation-
ship of normal star-forming galaxies, whereas the global
average star formation rate in J2345−0449 is 30–70 times
less than expected from this relationship.

– The global Hα kinematics follows that of a rotating disk
with velocities of −360 to 300 km s−1, and very small devia-
tions, ≤2%, from pure rotation as found with Kinemetry.
Comparison with a similar analysis done for a synthetic
velocity field of a hydrodynamic simulation of a jet-driven
outflow escaping from a rotating disk shows significant
residuals in the velocity map, that are not reminiscent of our
results for J2345−0449. In contrast, the optical line widths
near the nucleus and associated with the central depression
in CO(1–0) line flux, are strongly enhanced (FWHM up to
400 km s−1), and several broad filaments extend from this
region into the disk out to radii of several kpc. In spite of
clear signatures for interactions between the radio jet and
ambient gas, such as enhanced gas densities and shocked dif-
fuse gas over large regions in the disk, we did not detect any
clear outflow signatures.

To summarize, our new MUSE observations confirm the out-
standing nature of J2345–0449, which is an excellent target
to study the interplay of gas and star formation with radio
AGN activity in a massive spiral galaxy. Star formation rates
are very low in spite of the very large molecular gas mass.
The unusually old age of the dominant stellar population in
the disk suggests that star formation has been very limited for
most of cosmic time. The presence of a region of overpressured
gas associated with the faint extended radio emission, where
star formation is nearly absent, suggests that the radio AGN
activity is the dominant force behind the suppression of star
formation.
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Appendix A: Global properties of star forming
regions

In the following, we list the properties of the bright emission
lines in individual star-forming regions. Their positions and

global properties have been given in Table A.1 and in Table A.2,
depending on whether they fall within the molecular ring or out-
side.

Table A.1. Emission-line properties in individual star-forming regions associated with the molecular ring.

Region line λrest FWHM EW F
[Å] [km/s] [Å] [10−18 erg s−1 cm−2]

b Hβ 4861 185±1.3 3.2±0.1 193±1.7
[OIII] 5007 248±15.9 0.7±0.1 50±4.2
[OI] 6300 184±13.8 0.5±0 35±2.6
Hα 6563 144±0.2 15.3±0.3 1035±2.2

[NII] 6583 147±0.7 5.5±0.1 377±2.3
[SII] 6716 149±1.6 2.2±0 146±2.1
[SII] 6731 156±2.2 1.7±0 112±2.1

c Hβ 4861 174±2 3.5±0.1 62±1
[OIII] 5007 180±13.6 0.7±0.1 13±1.3
[OI] 6300 240±33.9 0.6±0.1 11±2.1
Hα 6563 142±0.3 17.9±0.4 341±0.8

[NII] 6583 146±0.8 6.5±0.2 124±0.9
[SII] 6716 142±2.2 2.5±0.1 47±0.9
[SII] 6731 144±2.8 1.9±0.1 35±0.9

d Hβ 4861 178±4.2 2.3±0.1 18±0.6
[OIII] 5007 202±22.9 0.6±0.1 6±0.9
[OI] 6300 224±28.5 0.7±0.1 6±1
Hα 6563 146±0.5 12±0.4 103±0.5

[NII] 6583 151±1.5 4.4±0.1 38±0.5
[SII] 6716 150±3.6 1.7±0.1 14±0.4
[SII] 6731 223±7.4 1.5±0.1 13±0.6

e Hβ 4861 165±3.7 2.7±0.2 9±0.3
[OIII] 5007 80±34.7 0.1±0.1 0±0.2
[OI] 6300 175±51.8 0.4±0.2 2±0.6
Hα 6563 146±0.7 14±0.6 50±0.3

[NII] 6583 149±2 5.2±0.2 19±0.3
[SII] 6716 151±5.2 2±0.1 7±0.3
[SII] 6731 209±12.1 1.7±0.2 6±0.5

f Hβ 4861 198±3.5 6.5±0.6 29±0.7
[OIII] 5007 192±17.8 1.7±0.3 8±1
[OI] 6300 126±27.7 0.8±0.2 4±1.1
Hα 6563 140±0.4 32.1±2.1 149±0.6

[NII] 6583 141±1.1 12.4±0.8 58±0.6
[SII] 6716 139±2.4 5.2±0.3 24±0.5
[SII] 6731 131±3.5 3.3±0.2 15±0.5

g Hβ 4861 173±3.4 4.9±0.4 21±0.5
[OIII] 5007 180±14.3 1.4±0.2 7±0.7
[OI] 6300 147±20.6 0.8±0.1 4±0.6
Hα 6563 141±0.4 26.7±1.3 122±0.4

[NII] 6583 144±1 11.1±0.5 51±0.4
[SII] 6716 139±2.5 4.1±0.2 18±0.4
[SII] 6731 146±3.4 3.3±0.2 15±0.4
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Table A.2. Emission-line properties in individual star-forming regions outside the molecular ring.

Region line λrest FWHM EW F
[Å] [km/s] [Å] [10−18 erg s−1 cm−2]

a Hβ 4861 192 ±1.1 10.8 ±0.5 147 ±1.1
[OIII] 5007 190 ±11.2 4.6 ±0.9 66 ±5.2
[OI] 6300 155 ±37.3 1.4 ±0.5 17 ±6.4
Hα 6563 145 ±0.3 50 ±3 610 ±1.5

[NII] 6583 142 ±0.7 18.7 ±1.1 229 ±1.5
[SII] 6716 138 ±1.6 8.1 ±0.5 97 ±1.5
[SII] 6731 139 ±2.2 5.8 ±0.4 68 ±1.5

h Hβ 4861 184±0.7 7.9±0.2 438±2.3
[OIII] 5007 188±8.7 2.4±0.3 144±7.8
[OI] 6300 171±13.8 1.1±0.1 61±6.6
Hα 6563 144±0.1 42.1±1.0 2196±2.6

[NII] 6583 144±0.3 16.6±0.4 867±2.7
[SII] 6716 144±1.4 7±0.3 361±4.7
[SII] 6731 156±2.0 5.5±0.3 278±4.8

i Hβ 4861 158±3.4 5.5±0.6 15±0.4
[OIII] 5007 227±17.1 2.2±0.3 6±0.6
[OI] 6300 122±44.8 0.8±0.3 2±0.9
Hα 6563 132±0.4 32.6±2.3 82±0.3

[NII] 6583 130±1 13.2±0.9 34±0.3
[SII] 6716 133±2.8 5.5±0.4 14±0.4
[SII] 6731 143±4 4.3±0.4 10±0.4

j Hβ 4861 186±2.3 8.5±0.7 39±0.6
[OIII] 5007 186±11.8 3.3±0.6 16±1.3
[OI] 6300 158±20.1 1.2±0.2 5±0.9
Hα 6563 144±0.3 49.7±3.3 210±0.6

[NII] 6583 144±0.7 20.3±1.4 85±0.6
[SII] 6716 144±2.2 8.7±0.7 36±0.7
[SII] 6731 183±3.5 7.9±0.7 32±0.8

k Hβ 4861 152.0±4.9 9.0±2.2 5.0±0.2
[OIII] 5007 268.0±16.6 5.4±1.2 4.0±0.3
[OI] 6300 118.0±8.4 1.8±0.3 1.0±0.1
Hα 6563 128.0±5.5 53.1±79.2 31.0±1.7

[NII] 6583 129.0±14.2 20.8±30.9 12.0±1.8
[SII] 6716 118.0±2.0 10.6±2.1 6.0±0.2
[SII] 6731 118.0±2.0 9.8±2.0 6.0±0.2

l Hβ 4861 172±3.6 7.5±0.9 6±0.2
[OIII] 5007 157±12.7 2.5±0.4 2±0.2
[OI] 6300 113±23.6 1±0.3 1±0.2
Hα 6563 136±0.7 37.3±4.5 29±0.2

[NII] 6583 131±1.5 15.4±1.8 12±0.2
[SII] 6716 142±3.5 7.4±0.9 6±0.2
[SII] 6731 162±5.6 5.9±0.7 4±0.2

m Hβ 4861 170±1.3 7.3±0.3 119±1.2
[OIII] 5007 182±10.4 2.4±0.3 42±3.2
[OI] 6300 120±24.8 0.9±0.3 14±4.1
Hα 6563 126±0.2 38±1.4 564±1

[NII] 6583 125±0.4 15.8±0.6 234±1
[SII] 6716 120±1.3 6.9±0.4 101±1.4
[SII] 6731 122±1.7 5.3±0.3 77±1.4
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