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ABSTRACT

We present observations obtained with the VLT/MUSE optical integral field spectrograph of the radio source 3C 277.3, located at a
redshift of 0.085 and associated with the galaxy Coma A. An emission line region fully enshrouds the double-lobed radio source,
which is ∼60 kpc× 90 kpc in size. Based on the emission line ratios, we identified five compact knots in which the gas ionization
is powered by young stars located as far as ∼60 kpc from the host. The emission line filaments surrounding the radio emission are
compatible with ionization from fast shocks (with a velocity of 350−500 km s−1), but a contribution from star formation occurring
at the edges of the radio source is likely. Coma A might be a unique example in the local Universe in which the expanding outflow
triggers star formation throughout the whole radio source.
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1. Introduction

Active galactic nuclei (AGN) play a key role in the so-called
feedback process, that is, the exchange of matter and energy
between AGN, their host galaxies, and clusters of galaxies.
In particular, relativistic jets in radio-loud AGN interact vio-
lently with the external medium (see, e.g., Hardcastle & Croston
2020 for a review). Evidence of this interaction is often seen
in local radio galaxies (RGs), in which cavities are observed
in the hot external gas filled by the radio-emitting plasma (e.g.,
Bîrzan et al. 2012). However, we still lack a comprehensive view
of the effects that highly energetic jets have on the host and
its immediate environment; for example, it is not understood
how precisely the coupling between radio jets and ionized gas
occurs, and whether the jets can accelerate the gas above the host
escape velocity (McNamara & Nulsen 2007). In addition, it is
still unclear under which conditions jets enhance or quench star
formation (positive or negative feedback), which is an essential
ingredient for understanding the effects of the nuclear activity on
the star formation history and evolution of their host galaxies.

Positive feedback, that is, star formation triggered by jets
or by the expansion of radio lobes, has been reported in

a few individual cases at low redshifts: young stars have
been detected in the filaments along the jet of Centaurus A
(Mould et al. 2000; Rejkuba et al. 2002; Crockett et al. 2012;
Neff et al. 2015; Santoro et al. 2015; Salomé et al. 2016), in an
object along the path of the jet in NGC 541 (the Minkowski
object, Croft et al. 2006), and at the termination of the jet of
NGC 5643 (Cresci et al. 2015). Conversely, positive feedback
appears to be important in high-redshift radio galaxies (see
Miley & De Breuck 2008; O’Dea & Saikia 2021 for a review
and, e.g., Steinbring 2014, 2011; Gilli et al. 2019 for recent
results). The analysis of the far-infrared spectral energy distri-
bution of a complete sample of z > 1 3CR sources indicates that
∼40% of them are undergoing episodes of star formation with
rates of hundreds of solar masses per year (Podigachoski et al.
2015). The mean specific star formation rate of RGs at z > 2.5 is
higher than in typical starforming galaxies over the same redshift
range (Drouart et al. 2014). This suggests that positive feedback
was more effective in earlier epochs, but it might also just reflect
the rich gaseous environments around such sources if they are
triggered by major mergers.

In this framework, the MUse RAdio-Loud Emission lines
Snapshot (MURALES) survey was carried out with the integral
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field spectrograph MUSE at the Very Large Telescope (VLT) on
a sample of 3CR radio sources in order to explore the connection
between ionized gas and the relativistic jet plasma. We observed
37 radio galaxies with z < 0.3 and δ < 20◦ and presented the
main results in Balmaverde et al. (2019, 2021). Thanks to their
unprecedented depth (the median 3σ surface brightness limit in
the emission line maps is 6× 10−18 erg s−1 cm−2 arcsec−2), these
observations reveal emission line regions extending by several
dozen kiloparsec in most objects. We explored the ionization
mechanism of the ionized gas and its connection (from the point
of view of its distribution and kinematics) with the radio jets.

The radio source 3C 277.3 is associated with the galaxy
Coma A. Despite its name, Coma A is not associated with the
Coma cluster, which is located at a redshift of z = 0.085 at the
center of a group of galaxies (Worrall et al. 2016). Given its dec-
lination (δ = 27.6◦), it is formally not part of the sample selected
for MURALES, but it was included in the target list because
previous observations (Miley et al. 1981; Tadhunter et al. 2000)
revealed that a nebula of ionized gas surrounds the radio source.
This made 3C 277.3 an ideal target for exploring the effect of
the AGN on the surrounding medium. This is the primary goal
of MURALES. Solórzano-Iñarrea & Tadhunter (2003) already
obtained integral field observations at two locations of Coma
A, but with a smaller field of view (14′′.6 × 11′′.3) than is cov-
ered by MUSE (1′ × 1′). They reported a HII region east of the
nucleus.

Coma A is an elliptical galaxy with a total absolute magni-
tude (measured from the 2MASS images) of MK = −25.12 with
no signs of recent interactions (Capetti et al. 2000; Madrid et al.
2006). The central stellar velocity dispersion derived from the
Sloan Digital Sky Survey (SDSS) spectrum is σs = 196 ±
7 km s−1, corresponding to a mass of the supermassive black hole
of MBH ∼ 1.6 × 108 M� when the relation between MBH and σs
from Gültekin et al. (2009) is adopted. The active nucleus has
optical emission line ratios typical of high-excitation galaxies
(HEGs, Buttiglione et al. 2010).

The source 3C 277.3 has an edge-brightened double-lobed
Fanaroff-Riley type II radio structure that extends over ∼90 kpc
(van Breugel et al. 1985), with a radio luminosity of P =
1.6 × 1033 erg s−1 Hz−1 at 178 MHz (Laing & Peacock 1980).
Knuettel et al. (2019) studied its polarization properties and con-
cluded that the observed depolarization is consistent with being
produced by a foreground screen of ionized gas. The authors
derived a magnetic field strength of ∼1 µG. The high depolariza-
tion in the northern lobe is likely due to the Laing–Garrington
effect (Garrington et al. 1988), which implies that the northern
jet is receding.

We adopt the following set of cosmological parameters:
H0 = 69.7 km s−1 Mpc−1 and Ωm = 0.286 (Bennett et al. 2014).
At the redshift of 3C 277.3, 1′′ corresponds to 1.7 kpc.

2. Observations and data reduction

Two observations, with an exposure time of 980 s each, were
obtained with the VLT/MUSE spectrograph in wide-field mode
with nominal wavelength range (4800−9300 Å) on 18 January
2019, with a seeing of ∼0′′.5. The science field was empty enough
to allow sky subtraction without dedicated sky observations. We
used the ESO MUSE pipeline (version 1.6.2) to obtain a fully
reduced and calibrated data cube (Weilbacher et al. 2020). The
absolute accuracy of the flux calibration is 4−7%, depending on
the emission line in question, and it varies for about 5% across
the field of view.

Fig. 1. Example of subtraction of the stellar emission from the MUSE
spectra. The black line is the spectrum extracted at the continuum peak,
the red line is the best fit stellar continuum, the blue line represents the
residuals after continuum subtraction showing the emission lines.

We followed the strategy for the data analysis described
in Balmaverde et al. (2019). To summarize, we subtracted the
stellar continuum using the MILES stellar templates library
(Vazdekis et al. 2010) after resampling the data cube with
Voronoi adaptive spatial binning (Cappellari & Copin 2003),
requiring an average signal-to-noise ratio per wavelength chan-
nel of at least 50 and using the penalized pixel-fitting code
(pPXF, Cappellari & Emsellem 2004). As an example, Fig. 1
shows the result of the continuum subtraction on the nucleus.

We then fitted the brightest emission lines (namely, Hβ,
[O III]λλ4959,5007, [O I]λλ6300,6363, Hα, [N II]λλ6548,6584,
and [S II]λλ6716,6731) in the continuum-subtracted spectra. We
assumed that the lines in the red and blue portion of the spectra
have the same velocity profile. While a single Gaussian repro-
duces the lines profiles at large radii accurately, in the nuclear
regions (i.e., within 2′′ from the galaxy center), we included
an additional Gaussian component. In the following figures, we
only show the results for the spaxels in which the line of interest
is detected at a 2σ level at least.

We re-reduced 1981 March L band, A-configuration VLA
observations of 3C 277.3 that were originally published in
van Breugel et al. (1985). Data reduction was carried out in
CASA version 5.6.2-3, and the original uvfits files were
imported to a measurement set using the task importvla. Stan-
dard calibration was applied, with 3C286 serving as the flux
calibrator and 3C287 as the phase calibrator. Imaging deconvo-
lution was accomplished with the task clean, where we used a
multi-scale clean including elements with a scale of 0, 5, 25,
and 100 pixels. We used Briggs weighting with a robust param-
eter of 0.5. The final image has a pixel scale of 0′′.1 and an
rms of 0.28 mJy beam−1 at 1.41 GHz. The synthesized beam is
1′′.5 × 1′′.36, and the peak flux is 17 mJy beam−1 for the radio
core.

3. Results

In Fig. 2 we show the distribution of the Hα line emission.
The radio contours are superposed. As already found previously
(Miley et al. 1981; Tadhunter et al. 2000), a nebula of ionized
gas with a size of ∼90 kpc× 60 kpc enshrouds the radio emis-
sion. The brightest emission line regions are located along the
radio axis (at a position angle ∼−25◦), while a series of narrow
filaments follows the edges of the radio structure.
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Fig. 2. Distribution of the Hα line emission where this is detected at a
2σ level at least in single spaxels. The radio contours at 1.41 GHz are
superposed. The lowest isocontour is at 0.9 mJy beam−1. The contours
then follow a geometric progression with a common ratio of 2.

In Fig. 3 we show an image of the ratio of the high-ionization
line [O III] with respect to the Hα intensity1 to study the ioniza-
tion structure within the nebula. This image shows the presence
of a biconical region characterized by a high [O III]/Hα ratio (as
high as ∼7), with a sharp transition to significantly lower ratios
in the outward regions. By defining the bicone to include the
regions in which [O III]/Hα> 2.5, we obtain an axis at ∼−30◦
and an opening angle of ∼18◦. The adopted threshold is some-
what arbitrary, but given the steep gradient in the [O III]/Hα
ratio, values between 1.5 and 3.5 return similar values and sug-
gest a rather small uncertainty in the cone size, ∼5◦.

3.1. Gas ionization mechanism

Spectroscopic diagnostic diagrams are commonly used to
identify the gas ionization mechanism (e.g., Heckman 1980;
Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewley et al.
2006; Law et al. 2021). The three diagrams are defined by four
emission line ratios ([O III]/Hβ versus [N II]/Hα, [S II]/Hα, and
[O I]/Hα) that are sensitive to the gas ionization properties. They
allow us to identify the ionization mechanism because gas ion-
ized by star-forming regions and by AGN fall into different
regions of these diagrams. In Fig. 4 we show three images that
are color-coded to identify individual spaxels falling into the area
of star-forming galaxies (blue) and AGN, separating between
high- and low-excitation galaxies (HEGs in red and LEGs in
green, respectively). Intermediate objects are shown in orange,
according to the regions defined by Law et al. (2021). These
images are defined at the locations in which all four emission
lines we considered reach a 2σ level in single spaxels. They
show a very complex ionization structure: a biconical region,
aligned with the radio axis, has a spectrum typical of HEGs, and

1 We preferred to produce the [O III]/Hα map instead of the reddening
-independent [O III]/Hβ image because Hβ is detected at a sufficient S/N
level over a much smaller area.

Fig. 3. Ratio of the [O III] and Hα lines where both lines are detected
above a 2σ level. The gray lines mark the boundary of the high-
ionization bicone, i.e., the regions in which [O III]/Hα> 2.5.

it is surrounded by filaments of lower ionization and regions with
spectra of star-forming regions.

To explore the ionization properties in more detail and
explore regions of low surface brightness that are not properly
sampled by the single-spaxel analysis, we need to increase the
S/N. We therefore extracted spectra over circles with a radius of
1′′.2 at the 76 locations marked in Fig. 5. We computed the emis-
sion line intensity ratios for all regions. The lines S/N is sufficient
(i.e., >3 for all lines) to locate 63 of them (Fig. 7). In Fig. 6 we
show the spectra of four representative regions. In the appendix,
we list the position and line ratios for these regions.

We identified five compact knots of line emission (marked
in Fig. 7 with blue and cyan circles) whose representative points
fall in the region of star-forming (SF) galaxies in all three diag-
nostic diagrams. The two brightest knots are located east of the
nucleus, at a projected distance of ∼15′′ (∼25 kpc). The other
three are instead part of the large-scale filaments visible in the
NW and SW: the most distant of them is ∼35′′ (∼60 kpc) NW
of the host galaxy. The brightest SF knot has a full width at half
maximum that is consistent with the seeing of the observations.
The other four knots are superposed on diffuse emission, and
their sizes cannot be measured accurately.

The line ratios, in particular, the N2 ratios (−0.85 <
log[N II]/Hα<−0.6), are indicative of a subsolar gas metallic-
ity, Z ∼ 0.6−0.8 Z� (Pettini & Pagel 2004). The age of the stars
can instead be constrained from the equivalent width of the
Balmer lines (Leitherer et al. 1999). For the brightest SF knot,
we measured an EWHβ = 80 ± 3 Å, corresponding to an age
of ∼3 × 106 years for an instantaneous burst of star formation.
As discussed in detail below, an instantaneous burst is the most
likely scenario in this source.

We estimated the effects of dust absorption by measuring the
Hα/Hβ ratio in each region, adopting the Cardelli et al. (1989)
law and RV = 3.1. The median value is E(B−V) ∼ 0.1 (with a
range 0.05 . E(B−V) . 0.2), which is larger than the Galactic
value of ∼0.01. This is indicative of significant internal redden-
ing. There is no clear structure in the gas reddening, nor a con-
nection between the reddening value and structures observed in
the emission line flux maps.
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Fig. 4. Images obtained by color-coding the emission line regions depending on the location of the representative points in the diagnostic diagrams.
Red shows high-excitation regions, green shows low- excitation regions, blue shows star-forming regions, and orange represents intermediate
objects using the regions from Law et al. (2020). The images are defined where all four emission lines considered reach a 2σ level in a single
spaxel. The gray lines mark the boundary of the high-ionization bicone.

Fig. 4. Images obtained by color-coding the emission line regions depending on the location of the representative points in the diagnostic diagrams.
Red shows high-excitation regions, green shows low-excitation regions, blue shows star-forming regions, and orange represents intermediate
objects using the regions from Law et al. (2021). The images are defined where all four emission lines considered reach a 2σ level in a single
spaxel. The gray lines mark the boundary of the high-ionization bicone.

K1

K2

SF knots

Fig. 5. Hα image of Coma A showing the regions in which this line is
detected at a 2σ level at least in single spaxels. We mark the locations
from which we extracted the spectra (empty circles). We identify with
red arrows the five compact knots of star formation and also mark the
location of the radio knots K1 and K2. The gray lines mark the boundary
of the high-ionization bicone. The color bar shown on the right side is
in units of 10−18 erg s−1 cm−2 arcsec−2.

We estimated the star formation rate (SFR) by measuring
the Hα luminosity produced by the five SF knots. The resulting
Hα luminosity, corrected for reddening, is ∼5.4 × 1040 erg s−1.
The corresponding SFR is ∼0.8 M� y−1. The dominant

source of uncertainty for this estimate, a factor 3, is related
to the adopted initial mass function of the stellar population
(Pflamm-Altenburg et al. 2007).

The spectra of the majority of the selected locations within
the high-ionization bicone are characteristic of HEGs, the same
behavior as in the nucleus of Coma A. Regions with a higher
[O III]/Hα ratio are aligned with the radio axis, but do not follow
the curvature of the radio source, in particular, in the south lobe.
This suggests that in this region, the main ionization mechanism
is photoionization from the nuclear radiation field, and it is not
related to the jets.

The regions outside the bicone show a complex behavior. In
the first and second diagnostic plots, they are mainly located in
places in which the line ratios correspond to those in SF galax-
ies (Law et al. 2021). Some regions straddle the separation line
between SF galaxies and intermediate galaxies. This is sugges-
tive of a mixed contribution of star formation and AGN. How-
ever, in the third diagram, they fully enter into the region of
LEGs. This suggests that photoionization, either by young stars
or by an AGN, does not account for the general location of the
representative points of the filamentary emission line regions in
Coma A.

Several alternative gas ionization mechanisms other than
photoionization have been proposed: ionization due to hot
cooling gas (Voit et al. 1994), thermal conduction within
the intracluster medium (McDonald et al. 2010), reconnec-
tion diffusion (Fabian et al. 2011), and fast ionizing shocks
(Dopita & Sutherland 1995; Allen et al. 2008). Only the shock
models produce an excitation state that is characterized by an
[O III]/Hβ ratio as high as that measured in the emission line fil-
aments in Coma A.

We then focused on the MAPPINGS III library of shock
models by Allen et al. (2008). We considered models of various
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Fig. 6. Blue and red spectra of four representative regions.

Fig. 7. Location of the selected regions in the spectroscopic diagnostic diagrams. Filled black dots correspond to regions outside the high-ionization
bicone, and the red empty dots are the regions inside the bicone (the nucleus is identified with an additional blue diamond). The five large dots
correspond to the compact knots of star formation (the cyan dots are the three knots in the outer filaments). The green squares are associated with
radio knots K1 and K2. The solid curves separate SF from intermediate galaxies (Int.), and the dotted curve separates intermediate galaxies from
AGN. The black lines separate LEGs and HEGS (Law et al. 2021).
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Fig. 8. Comparison between the predictions from models of ionization from fast shocks (Allen et al. 2008) and observed line ratios, limited to the
regions outside the high-ionization bicone. The black curve shows the line ratios for a gas density of 1 cm−3, a metallicity Z = 2 × Z�, and a null
magnetic field. The shock velocity ranges from 200 to 1000 km s−1 in steps of 25 km s−1, starting from the bottom left corner. The thick portion
of the curve corresponds to the range vs = 350−500 km s−1. The dotted red lines are models with a magnetic field of 0.5 µG and Z = 2 × Z�. The
green (dashed) and blue (dot-dashed) curves are the tracks obtained for a solar metallicity and B = 0 µG and B = 0.5 µG, respectively. The five
large dots (coded as in Fig. 3) correspond to the compact knots of star formation (the cyan dots are the three knots in the outer filaments).

metallicity, density, and magnetic field. The model that best
reproduces the observations, that is, the model whose track fol-
lows the distribution of the measured line ratios more closely,
is shown in Fig. 8. It corresponds to a twice solar metallicity,
a gas density of 1 cm−3, and a no magnetic field. Overall, the
predicted line ratios cover the range of the observed values with
shock velocities in the range 350−500 km s−1.

The dependence of the line ratios on the various parameters
is strong. For example, for a magnetic field of 0.5 µG, the diag-
nostic tracks (the dotted red curves in Fig. 8) move toward the
bottom right corners of the diagrams and do not reproduce the
measured ratios. Similarly, the tracks obtained for a solar metal-
licity (the green and blue curves in Fig. 8) overlap the observed
values only marginally.

Finally, we estimated the density of the ionized gas by mea-
suring the [S II]λ6716/[S II]λ6731 ratio (Osterbrock 1989). Con-
sidering the errors (whose median value is 0.12), this ratio is
always higher than 1.3. This is indicative of a general low gas
density (ne < 100 cm−3).

3.2. Emission lines at the radio knots K1 and K2

At a distance of ∼6′′ (∼10 kpc) from the nucleus, the south-
ern jet bends by ∼40◦. At this location lie two bright knots
of radio emission (labeled K1 and K2 in van Breugel et al.
1985). Emission lines associated with these knots were first
reported by Miley et al. (1981), and nonthermal X-ray emis-
sion is seen in the Chandra images (Worrall et al. 2016). The
HST broadband images (Martel et al. 1999) show a narrow

filament oriented along a NS direction, and a similar morphol-
ogy is seen in the [O III] image (Tilak et al. 2005). The emission
line MUSE images also present an elongated structure, but it is
more extended, ∼5′′, than that seen by HST (∼2′′ long).

The emission line ratios from the MUSE data for the two
knots (represented by the green squares in Fig. 7) are similar
to those measured in the surrounding regions. The comparison
with the MAPPINGS III tracks does not return any shock model
predicting the observed ratios. These results suggest that despite
the in situ ionizing continuum seen in both the optical and X-ray
images, the dominant ionization mechanism in this region is due
to the nuclear radiation field.

3.3. Gas kinematics

Figure 9 presents the velocity field of the ionized gas and the
distribution of line widths, not corrected for the instrumental
resolution (∼50 km s−1 at the Hα wavelength, e.g., Guérou et al.
2017). The velocities are referred to the redshift measured
(z = 0.08566) in the nuclear spectrum from the stellar absorp-
tion lines. The southern emission line lobe (associated with the
approaching radio jet) has a rather constant blueshifted velocity
of ∼100 km s−1 with small fluctuations, the most notable being
the region immediately west of the radio knots K1 and K2, where
a redshift of ∼30 km s−1 is observed. The northern lobe is instead
generally redshifted, but it shows a more complex velocity struc-
ture than the southern lobe. The NE filament shows a redshift
of ∼150 km s−1. Isolated blueshifted regions are also seen and
are apparently connected with the extension of filaments located
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Fig. 9. Velocity field (left) and velocity dispersion (not corrected for instrumental resolution, right), both in km s−1, of the ionized gas derived
from the Hα emission line. We superposed the radio contours in both panels. Contours are drawn starting from 0.9 mJy beam−1 with geometric
progression with a common ratio of 2.

in the southern lobe. The highest velocities are reached beyond
the edge of the northern radio lobe, with velocities exceeding
∼300 km s−1. Overall, the line widths (not corrected for instru-
mental resolution) are between 100 and 150 km s−1. The velocity
dispersion reaches its maximum (&400 km s−1) in two regions, at
the southern tip of the nebula, close to where the radio hot spot
is located, and the other ∼1′′−2′′ just west of the K1 and K2
knot. It is interesting that the region with the highest velocity
dispersion is not coincident with the location of the radio and
line knots, but is offset from it by a few kiloparsec. The lowest
velocity widths (consistent with the MUSE spectral resolution)
are seen in the regions with the highest velocities beyond the end
of the northern lobe.

4. Discussion

From the analysis of the emission line ratios, we found evidence
for photoionization from young stars at five locations within the
gas nebula surrounding the radio emission in Coma A. As dis-
cussed by Mellema et al. (2002), a cloud overtaken by shocks
breaks up into dense fragments that are Jeans unstable, and might
form stars. It then appears that the shocks produced by the expan-
sion of the radio lobes are causing the formation of new stars.
Star formation requires the presence of dense clouds of cold gas.
Morganti et al. (2002) reported the detection of neutral hydro-
gen seen in absorption with a total mass of at least 109 M� at
distances as large as ∼30 kpc from the center. Coma A is the
only radio galaxy in which H I is seen in absorption at such large
distances from the nucleus. Furthermore, Morganti et al. (2002)
suggested that the neutral hydrogen and ionized gas, based on
their similar kinematics, are part of the same structure, possibly
the remnant of a gas-rich merger.

Alternatively, the formation of molecular clouds can be due
to thermal instabilities that are causing the rapid cooling of gas
that is outflowing from the nucleus (Zubovas & King 2014): a
two-phase medium forms, with cold dense molecular clumps
mixed with hot tenuous gas, leading to star formation. The sit-
uation in Coma A is somewhat different from that envisaged
by these authors because its outflow is probably dominated by

relativistic plasma, not by thermal gas. However, an outflow of
denser gas might be induced by a snow-plowing effect along the
edges of the radio source.

For the remaining regions (outside the high-ionization
bicone, marked as black dots in Figs. 7 and 8) models of ion-
ization from fast shocks with velocities of 350−500 km s−1 are
able to reproduce the overall range of the measured emission
line ratios. Despite the reasonably good agreement between the
model predictions and the observations, the required metallicity
value is higher than what we found for the SF knots. Further-
more, such a high metal content for gas located at such large
distances from the center of the host galaxy appears to be rather
contrived.

The detection of SF knots, in particular, those located along
the western filaments at the edges of the radio lobe, suggests that
we might be seeing the combined effect of shocks and young
stars. Gas ionized by the two processes is present within a given
integration region, leading to the observed line ratios. A similar
mechanism of star formation within a turbulent flow has been
suggested by McDonald et al. (2012) to account for the emission
line ratios observed in the gaseous filaments of cool-core galaxy
clusters.

The possibility of diffuse star formation within the filaments
suggests that the SFR value estimated above for the five star-
forming knots should be considered a lower limit. The total Hα
luminosity outside the bicone is three times higher than that mea-
sured in the SF knots alone. In addition, SF might occur also
within the high-ionization bicone. However, the IRAS satellite
failed to detect Coma A: the upper limits in the 60 and 100 µm
can be used to estimate a limit to the total far-IR luminosity of
LFIR < 2.5 × 1010 L� (Ocaña Flaquer et al. 2010), and finally,
using the relation by Gao & Solomon (2004), a limit to the star
formation rate of about <5 M� yr−1.

Previous studies of RGs show that these sources span a
large range of SFR, beginning at the galaxy main sequence, but
they are often found among the passive galaxies with very low
SFRs (Dabhade et al. 2020; Bernhard et al. 2021). The stellar
mass of Coma A can be estimated by using its K-band lumi-
nosity and the correlation from Cappellari (2013), resulting in
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M∗ = 3.3 × 1011 M�. When combined with the estimate of the
SFR, this value locates Coma A well within the galaxy main
sequence (Saintonge et al. 2017). The key difference lies in the
result that in Coma A, the star formation occurs well outside the
host galaxy, at distances as large as 60 kpc.

The sharp edges of the radio lobes of 3C 277.3 indicate that
they are at a higher pressure than the external medium. The
expansion of an overpressured cocoon occurs at a supersonic
speed vexp. ∼ cs ×

√
Pc/Pem, where Pc and Pem are the pres-

sure of the radio cocoon and of the external medium, respec-
tively (Begelman & Cioffi 1989). The sound speed of the exter-
nal medium, cs, for a temperature of 1 keV estimated from X-ray
images (Worrall et al. 2016) is ∼500 km s−1. We can set an upper
limit to the time τexp. in which the angular size of the radio source
grows by ∼0′′.5, for instance (the resolution of the MUSE data,
corresponding to dl = 800 pc), τexp. = dl/vexp. < 1.6 × 106 years.
This timescale implies that we are effectively seeing an instanta-
neous burst of star formation.

The expanding radio-emitting plasma also plays a role for the
kinematics of the ionized gas. As described above, the gas veloc-
ity field is quite complex, and although it shows a general sym-
metry, it is not compatible with gas in ordered rotation. At various
locations (e.g., immediately west of radio knots K1 and K2 and
at the southern radio hot spot), we found a connection between
radio and optical emission, with a strong increase in gas veloc-
ity dispersion that bears witness to the effects of jet and cloud
interactions. The opposite behavior is seen in the region at the
northern tip of the ionized nebula, which is the only location in
which gas is detected outside the radio cocoon. Here, the gas has
a small velocity gradient and produces line emission with a very
small width. This indicates that it is unperturbed. However, if
the expansion of the lobes were the dominant driver of the gas
kinematics and this occurred within a gas structure encompass-
ing the whole radio structure, we would expect to see a quite
different velocity field: the two lobes should each induce the
expansion of a gas bubble, with a blueshifted and a redshifted
component on either side. The observed kinematics can be recon-
ciled with a dominance of the radio outflows if the gas has a flat-
tened disk structure and if the jets are oriented so that they graze
the gas disk: in this case, only one side of the lobe would interact
with the denser gas regions, producing the observed asymmetry.
Alternatively, the gas dynamics is dominated by gravity and the
radio outflow only produces localized disturbances, or the com-
plex velocity field is due to the external (merger) origin of the gas
that has not yet reached a dynamical equilibrium.

The brightest regions of line emission in Coma A are
located within a biconical region in which we also find
the highest [O III]/Hα ratios. This morphology is reminiscent
of what is often observed in type 2 Seyfert galaxies (e.g.,
Tadhunter & Tsvetanov 1989), and it is indicative of circumnu-
clear selective obscuration, as postulated by the unified model
(UM) of AGN (Antonucci 1993). The lack of broad lines in
Coma A (Buttiglione et al. 2010) and the high column density
derived from the nuclear X-ray spectrum (Worrall et al. 2016;
Macconi et al. 2020) are in line with the idea that our view
toward its nucleus intercepts regions of high absorption. How-
ever, the angular size of the bicone is smaller (∼18◦ ± 5◦) than
predicted by the UM estimate: based on the relative number of
3CR RGs with z < 0.3 with and without broad lines in their opti-
cal spectra. Baldi et al. (2013) estimated that this fraction corre-
sponds to an average cone aperture of ∼50±5◦. This discrepancy
might be due to the combination of an intrinsic anisotropy of the
nuclear radiation field and additional ionization mechanisms. In
this case, the relative contribution of the AGN light is reduced

at larger angles from the disk axis. The nuclear anisotropy might
be due to the geometrical thickness of the accretion disk (e.g.,
Sikora & Wilson 1981), but also to a contribution to the radia-
tion field from relativistically beamed emission from the jet base.
While in blazars, this collimated beam points at a small angle
from the line of sight, in radio galaxies such as Coma A, it would
illuminate a biconical region with an opening angle θ ∼ Γ−1,
where Γ is the jet Lorentz factor.

5. Summary and conclusions

We presented the results of VLT/MUSE observations of the
nearby radio galaxy Coma A that show a large nebula
(∼90 kpc× 60 kpc) of ionized gas cospatial with the radio emis-
sion. We estimated the emission line ratios in several regions
throughout the nebula to explore the gas ionization mechanism.
Five compact knots have line ratios that are indicative of ioniza-
tion from young stars with an estimated age of ∼3 × 106 years
and a subsolar gas metallicity, Z ∼ 0.6−0.8 Z�.

Three star-forming regions (detected as far as 60 kpc from
the host) are part of the gas filaments surrounding the western
edges of the radio lobes. The most likely origin of these fila-
ments is the compression of the ambient gas produced by the
expanding radio source that increases its density, boosting the
line emission. This same compression causes the collapse of
the gas clouds, leading to the formation of new stars. The two
brightest SF knots are instead located at a projected distance
of 25 kpc east of the center of the galaxy, within a channel of
lower radio surface brightness between the two lobes. In this
region, the compression might be due to the plasma flowing back
from the radio spots. There is not necessarily a causal connection
between the radio ejecta and the star formation event at this loca-
tion: star-forming knots are commonly associated with gas-rich
merger events, the most likely explanation for the large amount
of gas in Coma A.

A reservoir of dense gas is needed to maintain star forma-
tion. Cold gas is indeed detected in Coma A from its HI absorp-
tion against the radio continuum extending to a very large radius,
at least ∼30 kpc. In this context, it would be of great interest
to derive the distribution and kinematics of the molecular gas
and its connection with the radio-emitting and ionized gas. The
clumps of star formation found at ∼40−60 kpc from the center of
the galaxy suggest that the molecular gas should extend to these
large distances. Its distribution would enable us to test whether it
survives within the radio lobes or is destroyed by shock heating,
ultimately quenching future star formation.

In addition to the star-forming regions, the gas nebula around
Coma A shows a well-defined ionization structure. Within a nar-
row bicone, with an opening angle of ∼18◦, the gas is in a high-
ionization state. The relatively small angle of the bicone (with
respect to the indications of the AGN unification scheme) sug-
gests that this is not solely due to circumnuclear obscuration,
but that an intrinsic anisotropy of the nuclear radiation field is
present. This might be due to effects of radiative transport within
a thick accretion disk, but there is also the possibility that we
are seeing the result of relativistic beaming, that is, that a blazar
nucleus, oriented at a large angle from our line of sight, is present
in this radio source.

Outside the high-ionization bicone, the gas is in a much
lower ionization state. The location in the diagnostic diagrams
does not follow the distribution of photoionized gas from either
an active nucleus or young stars, suggesting an additional ion-
ization mechanism. Shocks with a velocity of 350−500 km s−1

produce line ratios similar to the observed ratios, but with

A114, page 8 of 10



A. Capetti et al.: The MURALES survey. V. Jet-induced star formation in 3C 277.3 (Coma A)

preferred values of null magnetic field and a twice solar gas
metallicity. These values contradict the measurements based on
the Faraday rotation (∼1 µG) and with the metallicity estimated
on the SF knots. This suggests a contribution from diffuse star
formation produced within the ionized gas filaments. UV imag-
ing represents the best tool to separate the contribution of SF
and shocks to the gas ionization budget because as shown by
McDonald et al. (2011), the ratio between line and UV contin-
uum emission is radically different in these two scenarios. UV
images would also enable us to map the distribution and esti-
mate the age of young stars, and to follow the star formation his-
tory in this galaxy. Given the high advancing speed of the radio
lobes, they might leave a resolved trail of star-forming regions
of increasing age when they move toward the nucleus.

In low-redshift RGs with evidence of star formation trig-
gered by the jets discussed in the Introduction, young stars
are formed in a few locations along the path or at the termi-
nation of a radio jet. In these objects, the SFR is generally
lower than our conservative estimate for Coma A (∼0.8 M� y−1):
1 × 10−3−5 × 10−3 M� y−1 in Centaurus A (Salomé et al. 2016),
and 0.5, and 0.03 for the Minkowski object, and NGC 5643,
respectively. However, the main distinguishing feature in this
source is that the line ratios suggest that star formation, clearly
detected in a few individual knots, occurs throughout the whole
gaseous structure that enshrouds the whole radio source at dis-
tances as large as 60 kpc. In this sense, Coma A might be a
unique source in the local Universe in which the expanding radio
source appears to be triggering a global event of star formation.
This represents an excellent laboratory for exploring the mecha-
nism of positive feedback in detail.
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Appendix A: Emission line ratio measurements

Table A.1. Emission line ratio measurements.

R.A. Dec. [O III]/Hβ [N II]/Hα [S II]/Hα [O I]/Hα Region

19.6 15.4 0.55± 0.02 -0.78 ±0.03 -0.61± 0.07 -1.40± 0.10 SF
16.8 16.6 0.39± 0.05 -0.71 ±0.02 -0.39± 0.03 -1.14± 0.04 SF
14.6 17.8 0.88± 0.01 -0.69 ±0.01 -0.45± 0.02 -1.04± 0.02
13.0 8.6 0.01± 0.12 -0.54 ±0.03 -0.19± 0.04 -0.64± 0.04
12.4 19.0 0.96± 0.01 -0.90 ±0.01 -0.66± 0.02 -1.40± 0.04
12.4 -5.8 0.20± 0.07 -0.35 ±0.05 -0.15± 0.10 -0.54± 0.08
12.2 -8.0 -0.06± 0.11 -0.48 ±0.04 -0.21± 0.07 -0.74± 0.11
12.0 1.8 0.19± 0.08 -0.47 ±0.03 -0.25± 0.06 -0.96± 0.09
12.0 -3.6 0.25± 0.07 -0.31 ±0.05 -0.09± 0.08 -0.46± 0.09
11.8 10.8 0.48± 0.01 -0.51 ±0.02 -0.27± 0.03 -0.80± 0.03
11.6 -1.4 0.54± 0.11 -0.30 ±0.06 -0.39± 0.13 -0.62± 0.11
11.2 24.2 0.97± 0.07 -0.71 ±0.02 -0.54± 0.04 -1.18± 0.04
11.2 13.0 0.80± 0.02 -0.58 ±0.01 -0.39± 0.02 -1.11± 0.03
11.2 -10.2 0.02± 0.12 -0.35 ±0.03 -0.13± 0.06 -0.70± 0.07
10.6 22.0 1.01± 0.01 -0.70 ±0.01 -0.46± 0.02 -1.11± 0.02
10.4 15.2 0.92± 0.03 -0.87 ±0.01 -0.66± 0.02 -1.41± 0.04
10.2 19.8 0.77± 0.01 -0.56 ±0.01 -0.26± 0.01 -0.90± 0.01

9.8 2.0 -0.04± 0.06 -0.48 ±0.02 -0.23± 0.04 -0.82± 0.05
9.4 17.4 0.85± 0.01 -0.77 ±0.01 -0.51± 0.01 -1.18± 0.01
9.2 6.8 0.13± 0.09 -0.55 ±0.06 -0.36± 0.10 -0.62± 0.08
7.6 18.8 0.54± 0.01 -0.54 ±0.01 -0.23± 0.01 -0.74± 0.01
7.6 -7.6 0.38± 0.07 -0.33 ±0.04 -0.16± 0.13 -0.56± 0.06
7.4 -3.2 0.27± 0.09 -0.30 ±0.03 -0.19± 0.10 -0.64± 0.07
7.0 16.6 0.78± 0.06 -0.63 ±0.01 -0.38± 0.01 -0.95± 0.01
7.0 8.0 0.17± 0.10 -0.45 ±0.03 -0.29± 0.07 -0.84± 0.07
7.0 -9.8 0.32± 0.16 -0.38 ±0.04 -0.09± 0.07 -0.61± 0.06
6.6 -12.0 0.44± 0.07 -0.50 ±0.03 -0.15± 0.05 -0.82± 0.06
6.4 -1.2 0.22± 0.08 -0.31 ±0.03 -0.12± 0.06 -0.88± 0.09
5.4 -14.0 0.34± 0.04 -0.63 ±0.02 -0.33± 0.04 -1.04± 0.04 SF
4.8 18.8 0.31± 0.16 -0.50 ±0.01 -0.20± 0.01 -0.67± 0.01
3.6 13.2 0.57± 0.01 -0.40 ±0.02 -0.17± 0.03 -0.76± 0.04
3.4 7.8 0.41± 0.03 -0.32 ±0.02 -0.18± 0.04 -0.60± 0.04
3.2 -14.4 0.25± 0.03 -0.43 ±0.02 -0.15± 0.05 -0.67± 0.04
2.8 5.6 0.51± 0.02 -0.29 ±0.02 -0.30± 0.05 -0.73± 0.05
1.0 -15.0 0.36± 0.07 -0.43 ±0.02 -0.21± 0.04 -0.64± 0.03
0.8 -19.8 0.25± 0.03 -0.41 ±0.02 -0.18± 0.03 -0.87± 0.08
0.0 0.0 0.68± 0.04 -0.27 ±0.02 -0.29± 0.05 -0.63± 0.04 Nuc.

-0.6 17.8 -0.03± 0.05 -0.54 ±0.02 -0.26± 0.03 -0.66± 0.03
-1.2 -14.4 0.39± 0.04 -0.39 ±0.02 -0.17± 0.03 -0.66± 0.03
-1.6 -2.2 1.29± 0.05 -0.23 ±0.02 -0.33± 0.06 -0.75± 0.05
-2.0 -17.4 0.36± 0.02 -0.37 ±0.01 -0.15± 0.03 -0.69± 0.03
-3.2 16.2 -0.10± 0.07 -0.49 ±0.02 -0.30± 0.04 -0.70± 0.03
-3.2 -5.2 0.96± 0.01 -0.66 ±0.01 -0.47± 0.01 -1.13± 0.01 K1
-3.4 -13.6 0.61± 0.01 -0.41 ±0.01 -0.22± 0.02 -0.66± 0.02
-3.8 -7.4 0.88± 0.01 -0.53 ±0.01 -0.35± 0.01 -1.08± 0.01 K2
-5.4 -17.0 0.63± 0.01 -0.40 ±0.02 -0.16± 0.04 -0.58± 0.04
-5.6 -1.2 0.59± 0.03 -0.31 ±0.02 -0.22± 0.03 -0.82± 0.05
-5.6 -13.2 0.82± 0.01 -0.56 ±0.01 -0.38± 0.01 -0.95± 0.01
-7.2 0.4 0.22± 0.07 -0.30 ±0.02 -0.21± 0.06 -0.71± 0.06
-7.6 -16.6 0.79± 0.01 -0.48 ±0.02 -0.34± 0.04 -0.87± 0.06
-7.8 11.2 -0.20± 0.13 -0.54 ±0.04 -0.25± 0.06 -0.67± 0.04
-9.0 8.8 -0.15± 0.14 -0.51 ±0.03 -0.22± 0.04 -0.76± 0.06
-9.8 -16.6 0.68± 0.01 -0.56 ±0.03 -0.34± 0.05 -1.07± 0.12

-10.0 4.0 -0.04± 0.13 -0.48 ±0.03 -0.15± 0.04 -0.71± 0.05
-10.8 -7.8 0.12± 0.04 -0.56 ±0.04 -0.36± 0.13 -0.82± 0.07
-11.8 -1.6 0.31± 0.01 -0.68 ±0.01 -0.45± 0.02 -1.23± 0.02 SF
-12.0 -15.8 0.61± 0.04 -0.45 ±0.04 -0.27± 0.07 -0.77± 0.10
-14.2 -1.4 0.53± 0.02 -0.85 ±0.01 -0.71± 0.01 -1.61± 0.02 SF
-14.2 -15.2 0.47± 0.06 -0.48 ±0.07 -0.20± 0.09 -0.34± 0.08
-16.4 -13.2 0.14± 0.09 -0.54 ±0.06 -0.16± 0.12 -0.67± 0.08
-17.2 2.0 0.17± 0.19 -0.64 ±0.08 -0.30± 0.20 -0.75± 0.10
-18.4 -11.2 0.50± 0.12 -0.55 ±0.07 -0.25± 0.18 -0.62± 0.10
-18.8 -6.8 0.05± 0.19 -0.50 ±0.07 -0.18± 0.10 -0.58± 0.08

Notes. Column description: (1 and 2) offset, in arcseconds, from the nucleus, (3-6) diagnostic emission line ratios, (7) region.
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