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ABSTRACT

We present the final observations of a complete sample of 37 radio galaxies from the Third Cambridge Catalogue (3C) with redshift
<0.3 and declination <20◦ obtained with the VLT/MUSE optical integral field spectrograph. These data were obtained as part of the
MUse RAdio Loud Emission line Snapshot (MURALES) survey with the main goal of exploring the AGN feedback process in the
most powerful radio sources. We present the data analysis and, for each source, the resulting emission line images and the 2D gas
velocity field. Thanks to the unprecedented depth these observations reveal emission line regions (ELRs) extending several tens of
kiloparsec in most objects. The gas velocity shows ordered rotation in 25 galaxies, but in several sources it is highly complex. We
find that the 3C sources show a connection between radio morphology and emission line properties. In the ten FR I sources the line
emission region is generally compact, only a few kpc in size; only in one case does it exceed the size of the host. Conversely, all but
two of the FR II galaxies show large-scale structures of ionized gas. The median extent is 16 kpc with the maximum reaching a size
of ∼ 80 kpc. There are no apparent differences in extent or strength between the ELR properties of the FR II sources of high and low
gas excitation. We confirm that the previous optical identification of 3C 258 is incorrect: this radio source is likely associated with a
quasi-stellar object at z ∼ 1.54.

Key words. Galaxies: active – Galaxies: ISM – Galaxies: nuclei – galaxies: jets

1. Introduction

Radio galaxies (RGs), usually hosted by the brightest galaxies
at the center of clusters or groups, are among the most ener-
getic manifestations of supermassive black holes (SMBHs) in
the Universe. The study of these objects has become particu-
larly important due to their role in the feedback process, which
is the exchange of matter and energy between AGN, their host
galaxies, and clusters of galaxies. The evidence of AGN feed-
back mode is often witnessed in local RGs, showing the presence
of cavities inflated by the radio emitting gas in the X-ray images
(e.g., kinetic feedback; Bîrzan et al. 2004; Bîrzan et al. 2020).
However, we still lack a comprehensive view of the effects that
the highly collimated jets and the nuclear emission have on the
host and its immediate environment. In particular, it is still un-
clear how precisely the coupling between radio jets and ionized
gas occurs, and whether the jets are able to accelerate the gas
above the host escape velocity (McNamara & Nulsen 2007). We
also lack clear observational evidence of the conditions under

which jets enhance or quench star formation (positive or nega-
tive feedback, e.g., Fabian 2012). Furthermore, the mechanical
luminosity released by the AGN is not well-constrained because
it is estimated using indirect and model-dependent approaches
(e.g., Blanton et al. 2011; Panagoulia et al. 2014). Finally, the
radiative output from the AGN can produce fast outflows of ion-
ized gas, which might also affect the properties of the ambient
medium (e.g., Balmaverde et al. 2016; Wylezalek & Zakamska
2016; Carniani et al. 2016; Cresci & Maiolino 2018).

The AGN feedback action can be directly probed by studying
the narrow-line region (NLR), a region of intense narrow emis-
sion lines that can usually be traced up to few kiloparsec from
the nucleus. The size of the NLR correlates with the nuclear [O
III] λ5007Å (hereafter [O III]) luminosity as r ∝ L0.5

[O III] (Bennert
et al. 2002), suggesting that the gas is photoionized by the nu-
cleus and that the ionization parameter scales with the distance.
However, in some quasi-stellar objects (QSOs), the [O III] emis-
sion line has been detected up to 20 kpc or more (Wampler et al.
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1975; Stockton 1976; Richstone & Oke 1977). This region, char-
acterized by extended line emitting gas showing complex shape
and kinematics, has been named the extended narrow-line region
(ENLR). The properties of the nuclear and the extended gas are
related, and there is a linear relation between the line and ra-
dio luminosities in extended RGs (Baum & Heckman 1989a,b;
Rawlings et al. 1989; Rawlings & Saunders 1991; Buttiglione
et al. 2010). Moreover, the luminosity and size of the ENLR
also correlates with the nuclear Hα+[N II] or [O III] luminosity
(Mulchaey et al. 1996). The expected trend between the extended
emission line luminosity and total radio power, and between the
size of the emission line region and redshift, have been found by
other studies using HST data (e.g., Tremblay et al. 2009; Baldi
et al. 2019; Privon et al. 2008). We can now re-explore these
relations using the higher sensitivity of MUSE.

In this context, the third Cambridge Catalogue of RGs (3C,
Spinrad et al. 1985) represents the best testbed to explore these
open problems. It covers a wide range of radio power; it con-
tains all types of sources from the point of view of their optical
spectrum and radio morphology, enabling us to perform statis-
tically robust comparison among the various classes. In the last
two decades a superb suite of ground- and space-based observa-
tions has been built for the 3C with all major observing facilities
from HST to Chandra, Spitzer, Herschel, and JVLA.

In Balmaverde et al. (2018a) we presented a spectacular ex-
ample of the capabilities of MUSE for this class of sources, dis-
cussing the observation of 3C 317, a radio galaxy located at the
center of the Abell cluster A2052. We detected a complex net-
work of emission lines filaments, enshrouding the northern cav-
ity, extending out to ∼ 20 kpc. The emission line ratios in the
filaments suggest ionization from slow shocks or from cosmic
rays; we did not detect any star forming regions. Modeling the
global kinematics, we derived a velocity expansion of ∼ 250 km
s−1, a value we used to estimate the cavity age.

The MUse RAdio Loud Emission lines Snapshot (MU-
RALES) project is a program aimed at observing the 3C radio
sources with the Multi-Unit Spectroscopic Explorer (MUSE) at
the Very Large Telescope (VLT) (Bacon et al. 2010). Our main
goals are to study the feedback process in a sample of the most
powerful radio sources, to constrain the coupling between the ra-
dio source and the warm gas, to probe the fueling process, and
to estimate the net effect of the feedback on star formation. The
MUSE data can be combined with the unique multi-band dataset
available for these sources, produced with all major observing
facilities at all accessible wavelengths, adding a key ingredient
for our understanding of the radio-loud AGN phenomenon.

As a first step of MURALES, we started with the MUSE ob-
servations of the 3C sources with z < 0.3, accessible from the
VLT (i.e., δ < 20◦). We were recently awarded MUSE observ-
ing time to extend the sample to larger distances and radio power,
observing a sample of 29 3C radio galaxies up to z=0.8. In Bal-
maverde et al. (2019) we presented the results of the observations
of the first 20 3C sources obtained in Period 99. Thanks to their
unprecedented depth (the median 3σ surface brightness limit in
the emission line maps at the [O III] wavelength is 6×10−18 erg
s−1 cm−2 arcsec−2), these observations reveal extended emission
line structures in most objects. We found that in three of the four
Fanaroff & Riley (1974) Class I radio galaxies (FR Is), the line
emission regions are compact, ∼ 1 kpc in size; in all but one of
the FR IIs, we detect large-scale structures of ionized gas reach-
ing sizes of up to ∼80 kpc.

The richness of the information stored in the MUSE dat-
acubes enables us to investigate many different scientific ques-
tions that cannot be exhausted here. For example, we can obtain

Fig. 1. Radio contours (white) of 3C 258 from Neff et al. (1995) su-
perimposed on the optical continuum image (field of view 25′′ × 25′′)
derived from the MUSE data. The radio source is offset by 2′′.8 to the
NE with respect to its current (incorrect) optical identification, a galaxy
at z=0.165. At the location of radio source we find a type I AGN at a
tentative redshift z=1.54.

deep emission line images and compare them with the X-ray and
radio structures; exploring the spatial link between the hot and
warm ionized ISM phases, and with the radio outflows, could
provide evidence of shocked regions of gas along the jets path
and/or around the radio lobes. We can also derive spatially re-
solved emission line ratio maps to explore the gas physical con-
ditions in order to detect star forming regions, in search of pos-
itive feedback. In addition, the profile of the emission lines can
reveal evidence of nuclear outflows affecting large-scale envi-
ronments.

We complete our survey by presenting the MUSE data of
the remaining 17 sources, observed in Period 102. The paper is
organized as follows. In Sect. 2 we present the sample observed,
provide an observation log, and describe the data reduction. In
Sect. 3 we describe the case of 3C 258. In Sect. 4 we present the
properties of the extended emission line region and in Sect. 5 we
show the resulting emission line images, line ratio maps, and 2D
velocity fields. We also provide a description of the individual
sources. The results are summarized in Sect. 6.

In two forthcoming papers we will study the properties of the
extended emission line structures in order to explore their origin
and their connection with the radio jets. We will also look for
nuclear outflows of ionized gas.

We adopt the following set of cosmological parameters:
Ho = 69.7 km s−1 Mpc−1 and Ωm=0.286 (Bennett et al. 2014).
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2. Observations and data reduction

We observed a sample of 37 RGs with MUSE as part of the MU-
RALES survey. The sample is formed of all the 3C radio-sources
limited to z < 0.3 and δ < 20◦. The information on the first
subset of 20 objects was presented by Balmaverde et al. (2019);
in this paper we complete the analysis of the remaining 17 3C
sources. The main properties of the galaxies are listed in Table 1.
The full sample covers the redshift range 0.003 <z< 0.289, with
21 sources located at z< 0.1. Their radio power spans more than
four orders of magnitude, from ∼ 1031 to ∼ 1035 erg s−1 at 178
MHz. Most of them (26) are FR II. RGs are also separated into
spectroscopic classes depending on the relative strength of the
diagnostic optical emission lines (Hine & Longair 1979; Laing
et al. 1994); we used the classification obtained by Buttiglione
et al. (2010, 2011). All classes (low excitation galaxies, LEGs;
high excitation galaxies, HEGs; and broad-line objects, BLOs)
are represented with an almost equal share of LEGs (including
six FR II/LEGs) and HEGs or BLOs. We compare the redshift
and radio power distribution of our sample with that of the en-
tire population of 114 3C RGs at z<0.3 presented by Buttiglione
et al. (2009). The mean redshift and radio power are z = 0.09
and log L178 = 33.69 erg s−1, respectively, not dissimilar from
the values measured for the entire 3C subsample with z < 0.3
(z = 0.13 and log L178 = 33.61 erg s−1). The Kolmogorov–
Smirnov test confirms that the two distributions of z and L178
are not statistically distinguishable. Our subsample can then be
considered representative of the population of powerful, low red-
shift RGs.

The observations presented here were obtained as part of
the program ID 0102.B-0048(A). Two exposures of 10 minutes
each were obtained with the VLT/MUSE spectrograph between
November 5, 2018, and March 11, 2019 with the nominal wave-
length range (4800 - 9300 Å). The median seeing of the ob-
servations is 0′′.65, the same value of the first set of observa-
tions. We split the total on-source exposure time into two sub-
exposures, applying a 5′′ dithering pattern and a 90 degree rota-
tion between on-object exposures to reject cosmic rays. We used
the ESO MUSE pipeline (version 1.6.2; Weilbacher et al. 2020)
to obtain fully reduced and calibrated data cubes. Summarizing,
the pipeline corrects for the bias, the flat, and the vignetting; re-
moves cosmic rays; calibrates each exposure in wavelength and
in flux; and subtracts the sky background. For the flux calibra-
tion of the image, the pipeline uses a pre-processed spectropho-
tometric standard star observation. A known issue of the MUSE
calibration procedure is that the astrometry in some cases is not
precise. We used the position of bright sources in the MUSE field
observed by Pan-STARRs to correct for any astrometric offset.

We followed the same strategy for the data analysis described
in Balmaverde et al. (2018b), producing flux, velocity, and ve-
locity dispersion maps for all the emission lines in the spectrum.
However, in this paper, we focus on the brightest and most spa-
tially extended emission line (Hα, [N II], or [O III]).

3. The case of 3C 258

The radio source 3C 258 was identified as a galaxy at redshift
z = 0.165 (Wyndham 1966). This value was challenged by Dey
(1994) who noted the likely presence of a background quasar,
but, due to poor seeing of the observations, no firm claims can be
made. The NICMOS/HST images by Floyd et al. (2008) are con-
sistent with the higher redshift as they show a very compact host
galaxy, much fainter than expected for an object at z=0.165. The
superposition of the radio image from Neff et al. (1995) on the

Fig. 2. From top to bottom. First and second panels: Logarithm of the
luminosities of the extended ELRs in the [N II] line vs. nuclear line
luminosity and radio luminosities (all quantities in erg s−1). Sources are
coded with symbols combining the optical spectroscopic classification
and radio morphology. The dashed line is the bisectrix of the plane.
Third panel: Luminosity of the Hα+[N II] emission line vs. redshift.
Fourth panel: Logarithm of the size of the extended ELR (in kpc) vs.
nuclear line luminosity. The dashed line shows the r ∝ L0.5

Ext relation.
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   1’ = 38 kpc

Fig. 3. 3C 076.1: FR I, 1′′ = 0.64 kpc. Top left: Radio contours (black) overlaid onto the MUSE optical continuum image in the 5800–6250 Å rest
frame range. The size of the image is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in
which we explored the emission line properties (white square). Top right: [N II] emission line image extracted from the white square in the center
panel. Surface brightness is 10−18erg s−1 cm−2arcsec−2. Middle: Velocity field from the [N II] line and position–velocity diagram extracted from
the synthetic slit shown in the left panel (width 1′′, PA = 50). Velocities are in units of km s−1. Bottom: Velocity dispersion and [N II] /Hα ratio
map.
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   1’ = 34 kpc

Fig. 4. 3C 078: FR I/LEG, 1′′ = 0.56 kpc. Top left: Radio contours (black) overlaid onto the MUSE optical continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [N II] emission line image extracted from the white square in the center panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Bottom panels: (left) Velocity field (in km s−1) from the [N II] line; (right) Position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 0′′.6, PA = 0◦).

MUSE continuum image indicates that what had been identified
as the optical counter part is actually offset by 2′′.8 at PA = −20◦
(see Fig. 1). A point-like object is seen at the location of the
radio source, also in the optical HST (de Koff et al. 1996) and
Chandra images (Massaro et al. 2012). The MUSE spectrum of
this object shows a single emission line, with a broad profile, at
λ = 7116Å. The most likely identification of this line is Mg II at
λ 2798 Å, confirming the Dey result and suggesting a tentative
association with a type I AGN at z ∼ 1.54: at this redshift the
MUSE spectrum covers the rest frame range ∼ 1900 − 3600Å,
a spectral region devoid of strong emission lines. We will not
consider this object further in our analysis.

4. Luminosities and sizes of the ELR

In Table 1 we list the measurements of sizes and luminosities of
the ELR measured in the 37 sources of the sample. We consider
separately the central (i.e., within a radius of 3 times the seeing

of the observations) and the extended component. The size of the
ELR is measured as the largest radius at which emission lines
are detected above the 3σ level. ELRs are considered to be not
resolved when they do not extend beyond a radius of 3 times the
seeing: this occurs in five FR Is and in two FR IIs.

The top panel of Fig. 2 compares the luminosities of the nu-
cleus and of the extended ELR: they are linked by a strong cor-
relation with a slope consistent with unity and a median ratio of
LNuc/LExt ∼ 2. We estimated the Pearson partial and semi-partial
correlation coefficient, finding that the correlation is significant
(> 95%); we obtained a null probability value of 0.037 (par-
tial correlation probability) and 0.024 (semi-partial probability
value) after removing the common dependence of luminosities
on redshift. We verified that a similarly tight correlation is also
present considering the nuclear and extended line fluxes. An ap-
parently similar connection is found between the radio power
and the extended line luminosity (see the second panel), remi-
niscent of the correlation between the extended and nuclear ELR
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   1’ = 240 kpc

Fig. 5. 3C 079: FR II/HEG, 1′′ = 4.0 kpc.Top left: Radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [O III] emission line image extracted from the white square in the center panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Central panels: (left) Velocity field (in km s−1) from the [O III] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel. Bottom panels: (left) Velocity dispersion distribution (width 1′′, PA = −20◦) and (right) [O III]/Hα
map.
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   1’ = 36 kpc

Fig. 6. 3C 088: FR II/LEG, 1′′ = 0.60 kpc. Top left: Radio contours (black) overlaid onto the MUSE continuum. The size of the image is
the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [O III] emission line image extracted from the white square in the center panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Central panels: (left) Velocity field (in km s−1) from the [O III] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 0′′.6, PA = 90◦). Bottom panels: (left) Velocity dispersion distribution and (right) [O III]/Hα
map.
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   1’ = 148 kpc

Fig. 7. 3C 089: FR I, 1′′ = 2.46 kpc. Top left: Radio contours (black) overlaid onto the MUSE continuum image. The size of the image is
the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [N II] emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Central panels: (left) Velocity field (in km s−1) from the [N II] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 1′′, PA = 30◦). Bottom panels: (left) Velocity dispersion distribution and (right) [N II] /Hα
map.
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   1’ = 36 kpc

Fig. 8. 3C 098: FR II/HEG, 1′′ = 0.60 kpc.Top left: Radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [O III] emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Central panels: (left) Velocity field (in km s−1) from the [O III] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 1′′, PA = −10◦). Bottom panels: (left) Velocity dispersion distribution and (right) [O III]/Hα
map.
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   1’ = 100 kpc

Fig. 9. 3C 105: FR II/HEG, 1′′ = 1.67 kpc. Top left: Radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [O III] emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Bottom panels: (left) Velocity field (in km s−1) from the [N II] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 1′′, PA = 50◦).

luminosities just discussed and the well-known link between the
line and radio luminosities in extended RGs (Baum & Heck-
man 1989a,b; Rawlings et al. 1989; Rawlings & Saunders 1991;
Buttiglione et al. 2010). However, by applying the statistical tests
just described, we found that this relation is mainly driven by the
common dependence on redshift, and it is not significant. In the
third panel of Fig. 2 we explore the dependence on redshift of the
extended luminosity Hα+[N II]. The expected positive trend (be-
cause going to higher redshifts we select more powerful sources
able to ionize much more gas) is indeed observed. The bottom
panel shows a positive trend, albeit with a large spread, between
the size and the luminosity of the ELRs. The distribution of the
sources in this plane could be consistent with the behavior ex-
pected from photoionization of a central source (i.e., r ∝ L0.5

Ext),
as already found in Seyfert galaxies and QSOs (e.g., Bennert
et al. 2002; Husemann et al. 2014; Sun et al. 2018; Chen et al.
2019).

Overall, the ten FR Is are (with the exception of 3C 348, or
Hercules A, a source with a hybrid FRI/FRII morphology) asso-
ciated with the less luminous (and smaller) ELRs. When com-
pared to the FR IIs, they show a large deficit in luminosity (a
factor & 10) and in size (a factor & 3) of the extended ELR at
given nuclear luminosity.

Conversely, there is no clear separation in terms of size and
luminosity of the extended ELRs between the various spectro-
scopic classes among the FR IIs. Those of the BLO subclass
have the more luminous central ELR, but the size and luminos-
ity of their EELRs are similar to those seen in the FR IIs/HEGs
and LEGs. This is likely due to the effects of the circumnuclear
selective obscuration on the NLR (Baldi et al. 2013; Baum et al.
2010). The comparison of the HEG/BLO1 and LEG classes is
limited by the small number of the LEG/FR IIs (six objects)

1 These two classes, although they differ for the presence or lack of
broad emission lines, have similar high ionization properties to those of
their NLR
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and we cannot perform a robust statistical analysis. Nonetheless,
HEG-BLO and LEG/FR II cover the same ranges in power and
size of the extended ELRs. In particular, we find two LEG/FR IIs
(3C 196.1 and 3C 424), in which the ELR extends for ∼ 15- 20
kpc, with a luminosity of ∼ 3× 1041 erg s−1, values similar to the
brightest and most extended ELRs in HEGs. In addition, the only
two FR IIs where no extended line emission is detected (3C 105
and 3C 456) belong to the HEG class.

5. Results for the individual sources

In this section we present the main results for the individual
sources. In Figures 3 to 19 we show the continuum image with
superposed the radio contours (taken from the NRAO VLA
Archive Survey Images or from the NASA/IPAC Extragalactic
Database), the image of the brightest emission lines, and the cor-
responding velocity field and velocity dispersion. We also pro-
duced a position–velocity diagram by extracting the spectra in a
rectangular synthetic aperture along the direction of the largest
line extent, as well as a ratio image between the brightest line
([O III] or [N II]) and Hα. We presented only spaxels with an
emission line signal-to-noise ratio greater than 3.

The emission line ratio maps provide important clues to
the excitation mechanism of the gas. According to the loca-
tion in the emission line ratio diagnostic plane defined by Kew-
ley et al. (2006), we can separate Seyfert galaxies from star-
burst or LINER galaxies. In particular, assuming an intrinsic
value of Ha/Hb of 3.1 (Ferland & Osterbrock 1985), a value of
([O III]/Hα) emission line ratio greater than ∼3 is indicative of a
Seyfert-like nebular activity. Similarly, a [N II]/Hα value can be
used instead to separate LINERs from starburst galaxies. We will
investigate the spatially resolved emission line maps in compar-
ison with the radio and X-ray emission in a future paper.

The definition of ordered rotation is based on the fit of the
2D gas velocity field obtained by using the kinemetry software
(Krajnović et al. 2006) that reproduces the moments of the line-
of-sight velocity distributions. The results from kinemetry ob-
tained for all sources are presented in the Appendix.
3C 076.1: FR I, no optical classification, z=0.032, 1′′ = 0.64 kpc
(see Fig. 3). Two diffuse emission line regions emerge from the
compact central source, extending ∼ 4 kpc on each side. The
central ELR shows regular rotation with an amplitude of ∼ 300
km s−1. The velocity dispersion is, except on the nucleus, con-
sistent with the MUSE spectral resolution.
3C 078 (NGC 1218): FR I/LEG, z=0.028, 1′′ = 0.56 kpc (see
Fig. 4). The central ELR is only marginally resolved.
3C 079: FR II/HEG, z=0.256, 1′′ = 4.0 kpc (see Fig. 5). The
ELR has an X-shaped morphology. The two brightest and most
extended structures (∼ 80 kpc of total size) are oriented per-
pendicularly to the radio axis, and show ordered rotation with
an amplitude of ∼800 km s−1. In addition, there are several fil-
aments of line emission of similar size but of lower brightness
extending perpendicularly to the main emission line structure.
The brightest regions of the ELR have higher [O III]/Hα values
than those of lower brightness; no clear trend with distance is
seen.
3C 088 (UGC 2748): FR II/LEG, z=0.030, 1′′ = 0.60 kpc (see
Fig. 6). A diffuse halo of line emission, ∼ 3 kpc of radius, sur-
rounds the central ELR. It shows significant rotation, with an am-
plitude of ∼ 170 km s−1. The velocity dispersion reaches ∼ 250
km s−1 on the nucleus but elsewhere is rather low. The [N II] /Hα
ratio is higher in the central region than in the diffuse halo.

3C 089: FR I, no optical classification, z=0.138, 1′′ = 2.46 kpc
(see Fig. 7). A linear feature of line emission emerges along the
PA of the western radio jet and reaches a distance of ∼ 10 kpc.
The velocity field is remarkably flat.
3C 098: FR II/HEG, z=0.030, 1′′ = 0.60 kpc (see Fig. 8). A
series of bright knots extends on both sides of the nucleus to a
distance of ∼ 15 kpc, oriented at PA ∼ −10◦, ∼ 35◦ away from
the radio axis. The velocity field is quite complex, but a general
rotation is seen with the S side of the ELR receding from us and
the N side approaching. The line width exceeds the instrumental
value only in the central component of the ELR. The [O III]/Hα
ratio has a radial structure, decreasing at larger angles from the
radio axis, while no trend with distance is observed.
3C 105: FR II/HEG, z=0.089, 1′′ = 1.67 kpc (see Fig. 9). The
ELR is compact, with a size of a few kpc. It shows rotation
around PA ∼ 70◦ with an amplitude of ∼ 400 km s−1.
3C 135: FR II/HEG, z=0.125, 1′′ = 2.26 kpc (see Fig. 10). An
irregular series of emission line knots form a conical structure,
mainly toward the SW, reaching a distance of ∼ 77 kpc and trac-
ing the edge of the western radio lobe. The ELR shows rapid ro-
tation in the central regions, while the velocity gradients sharply
decreases in the outer diffuse structures. The [O III]/Hα ratio
shows a general decreasing trend toward larger radii.
3C 180: FR II/HEG, z=0.220, 1′′ = 3.58 kpc (see Fig. 11). A
series of arc-like features is seen on both sides of the nucleus,
confirming the structure already seen in the HST images (Baldi
et al. 2019). The ELR extends by ∼ 45 kpc on both sides and it is
oriented along a similar angle of the radio axis (the radio image
used, the only available high resolution image from the NRAO
VLA Archive Survey Images, is at a frequency of 8.4 GHz and
only shows the two hot spots). In general, the ELR shows a ro-
tating structure with a full amplitude of ∼ 700 km s−1, but with
local velocity fluctuations on the larger scales. The velocity dis-
persion shows an increase at the edges of the brightest arcs. The
[O III]/Hα has a complex structure.
3C 196.1: FR II/LEG, z=0.198, 1′′ = 3.30 kpc (see Fig. 12).
Its radio structure is best seen in the 5 GHz image from Neff
et al. (1995): it is a double source with a total size of 5′′ (∼
16 kpc) oriented along PA ∼ 40. The ELR has a similar size
and orientation and its SW side enshrouds the radio lobe. In this
region we detect very high recession velocities, exceeding ∼ 500
km s−1, and large line widths. These results suggest that we are
seeing a cavity of ionized gas inflated by the radio outflow. The
opposite NE side is more diffuse, with no significant velocity
gradient and a small velocity dispersion. The SW line lobe has a
higher [N II] /Hα than the opposite side.
3C 198: FR II/SF, z=0.081, 1′′ = 1.54 kpc (see Fig. 13). This is
the only 3C source at z < 0.3 where the emission lines are dom-
inated by the presence of star forming regions (Buttiglione et al.
2010). The ELR shows both compact knots and diffuse emission,
mainly on its SW side where it reaches a distance of ∼ 45 kpc.
While the bright knot on the E side is cospatial with a nearby
galaxy, the remaining compact line features do not have contin-
uum counterparts. All these structures have a spectrum charac-
teristic of star formation, similarly to what is observed on the
nucleus, suggestive of jet-induced star formation.
3C 227: FR II/BLO, z=0.086, 1′′ = 1.62 kpc (see Fig. 14). The
ELR in this source covers the whole MUSE field of view, reach-
ing distances of ∼ 50 kpc. It is dominated by a bright linear
structure, oriented at PA ∼ 120◦, showing evidence of ordered
rotation out to a radius of ∼ 5′′. A second structure of lower sur-
face brightness gives an overall X-shaped structure to the ELR,
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similar to that seen in 3C 079. On the NE side this features wraps
toward higher values of PA, and it also shows a large velocity
gradient and a higher [O III]/Hα.
3C 258: As already mentioned above, we confirm that the iden-
tification of this radio source with a galaxy at redshift z = 0.165
is incorrect. We confirm the suggestion of Dey (1994) and Floyd
et al. (2008) that it is instead a QSO at z ∼ 1.54, based on the
presence of a single broad emission line λ = 7116Å, likely Mg
II at λ = 2798 Å in rest frame.
3C 264 (NGC 3862): FR I/LEG, z=0.021, 1′′ = 0.43 kpc (see
Fig. 15). The central ELR is only marginally resolved, but it
shows ordered rotation with an amplitude of ∼100 km s−1. A
dusty disk or ring seen in HST data has been reported by Baum
et al. (1997).
3C 272.1 (M 84): FR I/LEG, z=0.003, 1′′ = 0.068 kpc (see Fig.
16). This is the nearest source of our sample. The ELR extends
for ∼ 2.5 kpc in the EW direction, perpendicular to the radio
jets and cospatial with the dust lane crossing the nuclear regions
(Martel et al. 1999). At the largest radii its linear structure opens
in a fan-like shape, similarly to the dust distribution. It shows an
ordered rotation with a full amplitude of ∼ 400 km s−1. The line
width is always consistent with the MUSE instrumental resolu-
tion, except the central ∼ 2 ′′, where it reaches ∼ 250 km s−1.
There is a general trend of decreasing [N II] /Hα moving from E
to W.
3C 287.1: FR II/BLO, z=0.216, 1′′ = 3.53 kpc (see Fig. 17). The
central ELR is only marginally resolved. At a distance of ∼ 5′′
toward the S, in a direction almost perpendicular to the radio jet,
a detached diffuse ELR is also seen, with a large velocity off-
set of ∼400 km s−1 with respect to the nuclear component. The
[O III]/Hα ratio has a complex structure. In particular the south-
ern component of the ELR shows a strong gradient in [O III]/Hα.
3C 296 (NGC 5532): FR I/LEG, z=0.024, 1′′ = 0.49 kpc (see
Fig. 18). The central ELR is only marginally resolved.
3C 300: FR II/HEG, z=0.270, 1′′ = 4.17 kpc (see Fig. 19). The
ELR has an S-shaped structure extending ∼ 60 kpc in the EW
direction and showing well-ordered rotation along its major axis.
More diffuse emission is found on the N and W side out to radii
of more than ∼ 60 kpc. The [O III]/Hα ratio is higher in the off-
nuclear regions than in the center.

6. Summary and conclusions

We completed the presentation of the observations of the 37 RGs
from the 3C catalog with redshift <0.3 and declination < 20◦
obtained with the VLT/MUSE optical integral field spectroscoph
by showing the results obtained for the second set of 17 sources;
the first 20 were presented in Balmaverde et al. (2019). These
data were obtained as part of the MURALES survey, a project
whose aim is to explore the distribution and kinematics of the
ionized gas in the most powerful radio sources in order to better
understand the AGN feedback.

We presented the data analysis and, for each source, the re-
sulting emission line images, the 2D gas velocity field, and an
emission line ratio map indicative of the gas excitation origin.
Thanks to their unprecedented depth these observations reveal
ELRs extending several tens of kiloparsec in most objects.

All but 2 of the 26 FR IIs show large-scale structures of ion-
ized gas with a median extent of 16 kpc, but reaching sizes & 80
kpc. The central gas component is often (in 21 sources) quite
regular and characteristic of rotation. On larger scales the gas
kinematics is usually more complex. The gas excitation (derived

from either [O III]/Hα or [N II] /Hα) shows a quite complex be-
havior. In some sources (e.g., 3C 300) it increases with distance,
but the opposite behavior is also seen (e.g., 3C 088) and we
also see objects in which no trend with distance is found (e.g.,
3C 079). We also observed sources with a radial structure of the
gas excitation, with higher ionization gas located along the radio
axis (e.g., 3C 098 in this paper and 3C 033 in Paper II). This
scenario suggests that different gas excitation mechanisms are
concurrent in the various sources, and that the gas ionization sta-
tus likely depends on many complex factors. We will investigate
this issue in detail in a following paper.

There are no apparent differences between the ELR proper-
ties of the FR IIs of high and low gas excitation regarding lu-
minosities or sizes. This is unexpected because it has been sug-
gested that LEGs and HEGs are related to a different accretion
process: hot versus cold gas (Baum et al. 1995; Hardcastle et al.
2007; Buttiglione et al. 2010). Nonetheless, in LEGs we detected
large reservoirs of warm emitting line gas, similar in extent and
luminosity to those found in HEGs. This finding leaves open the
possibility that the two classes are connected in a evolutionary
scenario, i.e., that a transition between HEGs and LEGs (or vice
versa) occurs (see also Macconi et al. 2020).

Conversely, there is a clear connection between radio mor-
phology, and in particular between the Fanaroff–Riley class and
emission line properties. In the ten FR Is observed the line emis-
sion regions are generally compact, only a few kpc in size; only
one case (3C 348) exceeds the size of the host reaching a radius
of ∼ 40 kpc. The ELRs in FR Is are smaller and less luminous
than those seen in the FR IIs. This deficit is found even com-
paring sources at the same level of line nuclear luminosity, a
robust proxy for the strength of the nuclear ionizing continuum.
This implies that what distinguishes objects belonging to the two
radio morphological classes is a different content of gas in the
warm or cold phase on scales larger than the host galaxy, the
FR Is being generally gas poor. This result adds to similar con-
clusions obtained from the properties of the interstellar medium
of RGs (see, e.g., de Koff et al. 2000; Ocaña Flaquer et al. 2010).

We also confirmed that the optical identification of 3C 258 is
incorrect. The currently identified optical counterpart is offset by
2′′.8 with respect to the compact radio source. Conversely, at the
location of the radio emission both the HST and Chandra images
show the presence of a point-like object. The MUSE spectrum of
this object shows a single emission line, with a broad profile, at
λ = 7116Å, the most likely identification of this line being Mg
II at λ 2798 Å. This indicates an association with a type I AGN
at a tentative redshift z ∼ 1.54.

As already discussed in the Introduction, AGN feedback in
radio-loud sources can manifest itself in two different ways: ra-
dio and radiative modes. They correspond to a transfer of energy
to the ambient medium from the relativistic jets and from nu-
clear outflows, respectively. In two companion papers we will
address in detail these issues by studying the origin of the ex-
tended emission line structures, and in particular their connec-
tion with the radio emission, and we will explore the properties
of nuclear outflows of ionized gas.

Article number, page 13 of 29



A&A proofs: manuscript no. 39062corr

  

   1’ = 136 kpc

Fig. 10. 3C 135: FR II/HEG: 1′′ = 2.26 kpc.Top left: radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [O III] emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Central panels: (left) velocity field (in km s−1) from the [O III] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel(width 1′′, PA = 50◦). Bottom panels: (left) velocity dispersion distribution and (right) [O III]/Hα
map.
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   1’ = 215 kpc

Fig. 11. 3C 180: FR II/HEG, 1′′ = 3.58 kpc.Top left: radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [O III] emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Central panels: (left) velocity field (in km s−1) from the [O III] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 1′′, PA = 40◦) . Bottom panels: (left) velocity dispersion distribution and (right) [O III]/Hα
map.
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   1’ = 198 kpc

Fig. 12. 3C 196.1: FR II/LEG, 1′′ = 3.30 kpc. Top left: radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. The white square marks the region in which we explored the emission line properties. Top right: [N II]
emission line image extracted from the white square in the central panel. Surface brightness is 10−18erg s−1 cm−2arcsec−2. Central panels: (left)
velocity field (in km s−1) from the [N II] line; (right) position–velocity diagram extracted from the synthetic aperture shown in the left panel (width
1′′, PA = 30◦). Bottom panels: (left) velocity dispersion distribution and (right) [N II] /Hα map.
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   1’ = 92 kpc

Fig. 13. 3C 198: FR II/SF, 1′′ = 1.54 kpc. Top left: Radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: Hα emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Central panels: (left) Velocity field (in km s−1) from the Hα line; (right) position–velocity diagram extracted from the
synthetic aperture shown in the left panel (width 2′′, PA = 30◦). Bottom panels: (left) Velocity dispersion distribution and (right) [N II] /Hα map.
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   1’ = 97 kpc

Fig. 14. 3C 227: FR II/BLO, 1′′ = 1.62 kpc. Top left: Radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [O III] emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Central panels: (left) Velocity field (in km s−1) from the [O III] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 1′′, PA = 50◦). Bottom panels: (left) Velocity dispersion distribution and (right) [O III]/Hα
map.
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   1’ = 26 kpc

Fig. 15. 3C 264: FR I/LEG, 1′′ = 0.43 kpc. Top left: Radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [N II] emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Bottom panels: (left) Velocity field (in km s−1) from the [N II] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 0′′.6, PA = 45◦).
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   1’ = 3 kpc

Fig. 16. 3C 272.1: FR I/LEG, 1′′ = 0.06 kpc. Top left: Radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [N II] emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Central panels: (left) Velocity field (in km s−1) from the [N II] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 1′′, PA = 80◦). Bottom panels: (left) Velocity dispersion distribution and (right) [N II] /Hα
map.
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   1’ = 212 kpc

Fig. 17. 3C 287.1: FR II/BLO, 1′′ = 3.53 kpc. Top left: Radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [O III] emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Central panels: (left) Velocity field (in km s−1) from the [O III] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 1′′, PA = −20◦). Bottom panels: (left) Velocity dispersion distribution and (right) [O III]/Hα
map.
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   1’ = 29 kpc

Fig. 18. 3C 296: FR I/LEG, 1′′ = 0.49 kpc. Top left: Radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [N II] emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Bottom panels: (left) Velocity field (in km s−1) from the [N II] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 1′′, PA = −50◦).
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   1’ = 250 kpc

Fig. 19. 3C 300: FR II/HEG, 1′′ = 4.17 kpc. Top left: Radio contours (black) overlaid onto the MUSE continuum image. The size of the image
is the whole MUSE field of view, 1′ × 1′. Top center: MUSE continuum image with superposed the region in which we explored the emission
line properties (white square). Top right: [O III] emission line image extracted from the white square in the central panel. Surface brightness is
10−18erg s−1 cm−2arcsec−2. Central panels: (left) Velocity field (in km s−1) from the [O III] line; (right) position–velocity diagram extracted from
the synthetic aperture shown in the left panel (width 1′′, PA = −20◦). Bottom panels: (left) Velocity dispersion distribution and (right) [O III]/Hα
map.
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Appendix A: Analysis of the gas kinematics

We fit the 2D gas velocity field in the innermost regions with
the kinemetry software (Krajnović et al. 2006), a generalization
of surface photometry that reproduces the moments of the line-
of-sight velocity distributions. The parameters of interest to us
returned by this software are 1) the kinematical PA, 2) the co-
efficient of the harmonic expansion k1 (from which the rotation
curve is derived), and 3) the ratio of the fifth to the first coeffi-
cient k5/k1 and its error σk5/k1 (which quantifies the deviations
from purely ordered rotation). In this Appendix we show the re-
sults obtained for all sources, excluding only 3C 089 where the
velocity field is remarkably flat.

We considered that a source shows ordered rotation when the
kinematical parameters are defined at a radius larger than 2 times
the seeing of the observations and where (k5/k1+σk5/k1) <0.2.
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Fig. A.1. Results obtained for 36 radio galaxies (all but 3C 089) with the kinemetry software. From top to bottom in each panel: Kinematic
position angle PA (in degrees), amplitude of the rotation curve (in km s−1), and the ratio of the fifth to the first coefficient k5/k1, which quantifies
the deviations from simple rotation.
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Fig. A.1. - continued.
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Fig. A.1. - continued.
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Fig. A.1. - continued.
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Fig. A.1. - continued.
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