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Abstract

Context. X-shaped radio galaxies (XRGs) exhibit a pair of bright primary lobes and a pair of weak secondary lobes (“wings”), which are oriented with an angle that gives the structure a cross-like shape. Though several theoretical models have been proposed to explain their origin, there is currently not a general consensus on a formation scenario.

Aims. We analysed new multifrequency Karl G. Jansky Very Large Array (JVLA) radio data at 1.5, 5.5, 6, and 9 GHz of the candidate XRG in Abell 3670 (A3670) in order to characterise and classify it for the first time and to investigate its origin.

Methods. We produced flux, spectral index, and radiative age maps of A3670 by means of the new radio data. We investigated the connection between the radio galaxy and its host, a brightest cluster galaxy (BCG) with two optical nuclei classified as a dumbbell galaxy. Finally we discussed the literature models and compared them to the observed properties of A3670.

Results. We classify A3670 as a Fanaroff–Riley I-type XRG and measured a 1.4 GHz radio power of P1.4 = 1.7 × 1025 W Hz−1. By estimating the radiative age of the various source components, we find that the wings are Δt ≃ 20 Myr older than the lobes. We verified that the lobes and wings are aligned with the major and minor axes of the optical galaxy, respectively, and we estimated a black hole mass of MBH ∼ 109 M⊙, which is in agreement with the typical properties of the XRGs.

Conclusions. Among the discussed scenarios, the jet-shell interaction model may best reproduce the observed properties of A3670. The gas of a stellar shell is responsible for the deflection of the jets, thus forming the wings. The presence of stellar shells in A3670 is plausible, but it needs further optical observations to be confirmed.
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1. Introduction
Radio galaxies are morphologically classified into Fanaroff–Riley classes I (FRI) and II (FRII), depending on the lack or the presence of hotspots on the edges of their jets (Fanaroff & Riley 1974). However, there is a class of radio galaxies that does not show the typical morphology of FRI and FRII sources. These objects are called X-shaped radio galaxies (XRGs) because, apart from the bright “primary” lobes, they exhibit a pair of weak “secondary” lobes (or “wings”), which are oriented with an angle that gives the structure a cross-like shape (Leahy & Williams 1984). Primary lobes often host jets with hotspots, while wings never host jets.
It was estimated that the XRGs represent ∼10% of FRII sources (Leahy & Parma 1992). The sizes of the wings are comparable or longer than those of the primary lobes, even if the wings can appear smaller due to projection effects. Spectral indices are typically steeper in the wings, suggesting that they are radiatively older than the lobes. However, XRGs with a flatter index in the wings than in the lobes have been detected as well (Lal & Rao 2004; Lal et al. 2019). Empirically, it was found that the radio power of FRIIs is higher than that of FRIs (Fanaroff & Riley 1974). The radio power of the XRGs is of the same order as FRI and FRII division power P1.4 = 1025 W Hz−1 at 1.4 GHz (Dennett-Thorpe et al. 2002; Cheung et al. 2009). Moreover, radio emission seems to be linked to the host galaxy properties. Indeed, XRGs are generally associated with high ellipticity (ε ≥ 0.2) galaxies and it was observed that the lobes and the wings are aligned with the host major and minor optical axes, respectively (Capetti et al. 2002). Similar alignments are found in the X-rays band with the axes of the hot atmosphere surrounding the galaxy (Hodges-Kluck et al. 2010a). A study comparing a sample of XRGs to a control sample of classical radio galaxies with similar redshift, in addition to radio and optical luminosities finds that the XRGs host supermassive black holes (SMBHs) with statistically higher masses than classical sources (Mezcua et al. 2011, 2012).
Several theoretical models have been proposed to explain the nature of XRGs and the process that generates their morphology and properties, however there is currently not a general consensus on a formation scenario (see Gopal-Krishna et al. 2012, and references therein). Reorientation models support the idea that wings consist of fossil emission along a previous direction of the jets (Wirth et al. 1982; Merritt & Ekers 2002; Rees 1978; Dennett-Thorpe et al. 2002; Liu 2004). According to hydrodynamical models, the backflow plasma coming from the hotspots is diverted by a strong environment gas pressure, giving rise to the wings (Leahy & Williams 1984; Kraft et al. 2005; Capetti et al. 2002; Hodges-Kluck & Reynolds 2011). In the double active galactic nuclei (AGN) model, the lobes and wings are formed independently by two active SMBHs of a binary system (Lal & Rao 2007; Lal et al. 2019). Finally, wings could result from the deflection of the jets after the collision with the gas present in a stellar shell (Gopal-Krishna et al. 2012).
In this work we report on our study of the radio galaxy in the Abell 3670 (A3670) galaxy cluster by means of new multifrequency Karl G. Jansky Very Large Array (JVLA) data. Previous radio observations (Gregorini et al. 1994) revealed the peculiar morphology of this source, making A3670 an XRG candidate. We aim to accurately study the morphology of A3670 and characterise its spectral properties for the first time in order to confirm the XRG classification and investigate the origin of its wings.
The paper is organised as follows: in Sect. 2 we describe the A3670 galaxy cluster and its brightest cluster galaxy (BCG); in Sect. 3 we present the new JVLA radio data and summarise the data reduction and imaging processes; in Sect. 4 we present the radio, spectral index, and radiative age maps. We also combine the radio properties with optical properties of the BCG taken from the literature in order to discuss the theoretical models proposed to explain the XRGs origin; in Sect. 5 we compare our results to the models; in Sect. 6 we summarise our work and give our conclusions on the nature of A3670.
Throughout this paper we adopt a Λ cold dark matter (ΛCDM) cosmology with H0 = 73 km s−1 Mpc−1, ΩM = 0.27 and ΩΛ = 0.73. The spectral index α is defined as S ∝ ν−α, where S is the flux density, and ν is the frequency.
2. The galaxy cluster Abell 3670
A3670 (RAJ2000 20h 14m 18s, DecJ2000 −29° 44′51″1) is a richness-class 2 galaxy cluster located at redshift z  =  0.142 (Coziol et al. 2009), which gives an angular scale of 1″  =  2.4 kpc, and with a luminosity distance of DL  =  645 Mpc. Its BCG is a giant elliptical galaxy classified as a dumbbell galaxy (Gregorini et al. 1992; Andreon et al. 1992). Dumbbell galaxies are optical systems presenting two nuclei with similar magnitude, which are surrounded by a common stellar halo (Valentijn & Casertano 1988). The two nuclei of A3670 are separated by 7″, corresponding to ≃17 kpc according to the adopted cosmology. The BCG has an ellipticity of ε = 0.28 and a position angle of PA  =  24° measured from north to east (Makarov et al. 2014)2. Its B-band and K-band apparent magnitudes are also available: mB  =  17.65 and mK  =  12.74. We use these parameters in Sect. 4.4 to analyse the connection between the optical and radio properties. No X-ray data are available for this cluster.
The BCG hosts a radio galaxy (MRC 2011-298) with a peculiar shape, as shown by Gregorini et al. (1994), who observed the source at 5.5 GHz using the Very Large Array (VLA). In fact, it exhibits a pair of bright lobes in the north–south direction and a pair of weak wings in the east–west direction, oriented with an angle of about 90°. This morphology resembles that of the XRGs and makes A3670 a candidate of this class of objects.
3. Observations and data reduction
We performed new observations of the radio galaxy in A3670 with the JVLA at 1.5 (L-band), 5.5 (C-band), and 9 (X-band) GHz in CnB configuration, and at 6 (C-band) GHz in DnC configuration. The details of the observations and datasets are summarised in Table 1. In all the observations we used 3C48 as the flux density calibrator and J2003-3251 as the phase calibrator.
Table 1.

Details of new JVLA radio data analysed in this work.


Data reduction was carried out with the National Radio Astronomy Observatory (NRAO) Common Astronomy Software Applications (CASA) v. 4.7. First, we carefully edited the visibilities of the calibrators in order to remove Radio Frequency Interference (RFI), adopting both the manual and automatic flagging (with RFLAG and EXTEND modes of the FLAGDATA task). Then we performed the standard calibration procedure3 with multiple editing iterations. Finally we self-calibrated the phases of each dataset. After the processes of calibration and self-calibration, ∼15% of the visibilities in C-band (CnB configuration) and 20% in X-band and C-band (DnC configuration) were flagged. All of them are consistent with the 15% flagged visibilities expected at these frequencies. However, we were forced to flag more than 55% of the L-band visibilities, due to the high level of RFI in this dataset (the typical expected value is 40%). The flagging of entire spectral windows in L-band caused the central frequency to shift from 1.5 to 1.7 GHz.
The imaging process was carried out with the CLEAN task, by setting a multifrequency synthesis mode for continuum emission analysis. The curvature of the sky was parametrised by gridmode=WIDEFIELD. In L-band, we also used multiscale=[0,1,5,10] to highlight the faint extended emission on scales from point-like to 2  ×  beam size. For each dataset, we produced three maps with different baseline weightings to study the source emission at varying resolution and sensitivity. The parameter weighting=NATURAL provides more weight to short baselines, which are sensitive to the extended emission, but it degrades the resolution. On the other hand, weighting=UNIFORM provides the same weight to short and long baselines, so sensitivity to the extended emission decreases, but the resolution improves. The parameters weighting=BRIGGS, robust=N give an intermediate weight depending on the value of the robust parameter (N=2 and N=−2 correspond to a natural and a uniform weight, respectively). We reached the best compromise between resolution and sensitivity by fixing robust=0.5. Therefore in the following analysis we use the BRIGGS=0.5 maps only (otherwise it is specified).
4. Results
In this section we present the analysis of the multifrequency maps of the radio galaxy A3670. First, we show the radio, spectral index, and radiative age maps. Then, we analyse the connection between the radio galaxy and its host.
4.1. Radio morphology
A3670 maps are shown in Fig. 1. Table 2 summarises the resolution, RMS noise, and flux density of each source component.
	[image: thumbnail]	Fig. 1.
A3670 maps obtained with BRIGGS 0.5 weighting parameter. In all panels, the contour levels are −3σ, 3σ, 6σ, 12σ, 24σ, 48σ, … Top left: 1.7 GHz map at a resolution 9.9″ × 9.0″ (RMS noise is 0.067 mJy beam−1). Top right: 5.5 GHz map at a resolution 3.8″ × 2.7″ (RMS noise is 0.012 mJy beam−1). Bottom left: 6 GHz map at a resolution 14.7″ × 6.8″ (RMS noise is 0.047 mJy beam−1). Bottom right: 9 GHz map at a resolution 2.5″ × 1.7″ (RMS noise is 0.007 mJy beam−1).




Table 2.

Properties derived from A3670 radio maps in Fig. 1.


The L-band map at 1.7 GHz (Fig. 1, top left) has a low resolution (9.9″ × 9.0″), but it allows us to study the extended emission. The source exhibits the primary lobes along the north-south direction and a pair of weak wings, nearly perpendicular to the lobes, along the east–west direction. The flux density of the lobes is Slobes = 294 ± 15 mJy, while the east and the west wings have SEw = 32 ± 2 mJy and SWw = 23 ± 1 mJy, respectively. The total length of the lobes is llobes ≃ 60″ ≃ 145 kpc, whereas that of the wings is lEw ≃ 75″ ≃ 180 kpc and lWw ≃ 60″ ≃ 145 kpc. The ratio between the projected lengths of the wings and lobes is 2.8.
Thanks to the high resolution (3.8″ × 2.7″) reached in the C-band (array CnB) map at 5.5 GHz (Fig. 1, top right), we can resolve the jets and the core within the primary lobes. We observe that the jets are characterised by a curvature and an S-shaped structure. No hotspots are detected. Both the wings are faint (S <  5 mJy), but the eastern one appears as diffuse emission, while the western wing is better defined.
The resolution of the C-band map at 6 GHz (Fig. 1, bottom left) is lower (14.7″ × 6.8″) and the extended emission becomes more evident. Even if we cannot resolve the jets and the core, wings are well defined.
The X-band map at 9 GHz (Fig. 1, bottom right) has the highest resolution (2.5″ × 1.7″) and shows well resolved jets and core, while it confirms the absence of hotspots. We notice that the jets bending acts not only in the outer regions of the source, but also in the inner ones near the core. A faint (S ≃ 1 mJy) diffuse emission associated with the west wing is visible at the 3σ level. The south and north jets have a flux density of SSj = 17 ± 1 mJy and SNj = 11.1 ± 0.3 mJy, respectively. Their lengths are similar lSj ≃ lNj ≃ 18″ ≃ 40 kpc.
On the basis of the morphological properties, we can classify A3670 as an FRI-type XRG. In order to compare the radio power of A3670 to those of classical radio galaxies and other XRGs, we measured the 1.4 GHz flux density S1.4 = 374 ± 19 mJy and calculated the corresponding radio power as:
[image: thumbnail](1)
where we used the mean spectral index α = 0.9 ± 0.1 between 1.7 and 9 GHz. The radio power of A3670 is consistent with the typical XRGs radio power, intermediate between that of FRIs and FRIIs (Dennett-Thorpe et al. 2002).
4.2. Spectral indices
Radio maps can be combined to obtain spectral index maps. For all the considered frequencies, we produced new maps with weighting=UNIFORM and the same uv range, dimensions, and clean beam. Table 3 summarises the adopted parameters.
Table 3.

CLEAN parameters adopted to obtain the multifrequency maps to be used as input for the spectral index maps.


In Fig. 2 we report the spectral index map between 5.5 and 9 GHz. This high resolution map (3″  ×  2″) shows the resolved core and jets. The core exhibits an inverted spectral index of α  ≃   − 0.5, probably due to self-absorption effects. The jets show a spectral index of 0.5  ≤  α  ≤  1. Even if the spectral index distribution is not homogenous, we notice a steepening along the east–west direction. In the primary lobes the spectral index is α  ≃  1.5, while in the inner regions of the wings it is 1.5  ≤  α  ≤  2.5.
	[image: thumbnail]	Fig. 2.
Spectral index map between 5.5 and 9 GHz at resolution 3″ × 2″ (left) and associated error map (right). Contour levels are those of the lower frequency radio map. The core has an inverted spectral index α ≃ −0.5. Jets have 0.5 ≤ α ≤ 1. Primary lobes have α ≃ 1.5. The inner regions of the wings have 1.5 ≤ α ≤ 2.5.




In Fig. 3 we report the spectral index map between 1.7 and 6 GHz. The resolution is low (12″ × 7″), but it allows us to study the outer parts of the wings. The jets are not resolved and in the primary lobes 0.5 ≤ α ≤ 0.8. The wings show a steeper spectral index than that of the lobes, with values of 1 ≤ α ≤ 1.6.
	[image: thumbnail]	Fig. 3.
Spectral index map between 1.7 and 6 GHz at resolution 12″ × 7″ (left) and associated error map (right). Contour levels are those of the lower frequency radio map. Primary lobes have 0.5 ≤ α ≤ 0.8. Wings have 1 ≤ α ≤ 1.6.




In Fig. 4 we report the map between 1.7 and 9 GHz, which clearly shows the index steepening from the centre towards the wings. The region near the core shows a flat spectral index of α ≤ 0.6, in the jets 0.7 ≤ α ≤ 0.9 and in the outer regions 1.0 ≤ α ≤ 1.6.
	[image: thumbnail]	Fig. 4.
Spectral index map between 1.7 and 9 GHz at resolution 9.5″ × 6.5″ (left) and associated error map (right). Contour levels are those of the lower frequency radio map. Near the core α ≤ 0.6. The jets have 0.7 ≤ α ≤ 0.9. The inner parts of the wings have 1.0 ≤ α ≤ 1.6.




4.3. Radiative ages
The radiative age maps were obtained with the Broadband Radio Astronomy ToolS software (BRATS
4, Harwood et al. 2013, 2015). BRATS computes age maps by combining radio images at different frequencies and compares them to ageing models through different statistical tests.
We considered three ageing models: KP (Kardashev 1962; Pacholczyk 1970), JP (Jaffe & Perola 1973) and Tribble (Tribble 1993). The KP model assumes a constant pitch angle (i.e. the angle between the electron velocity and the magnetic field vectors), the JP model considers instead a time-averaged pitch angle with respect to the radiative lifetime of an electron. Both models use a constant magnetic field. The Tribble model adopts JP-like radiative losses, but assumes also a Gaussian spatial distribution for the magnetic field.
The input parameters necessary to the fit are the magnetic field B (which is the average value of the Gaussian distribution in the case of the Tribble model) and the injection index Γ (i.e. the initial spectral index). We used the 1.7, 5.5, and 9 GHz as input radio maps and we set B = 1.8 μG (fixed as the equipartition magnetic field that we estimated for A3670) and Γ = 0.55 (calculated by the BRATS findinject task).
None of the models was rejected at the 68% confidence level. The KP and JP models gave the highest [image: equation] = 1.44 and the best [image: equation] = 1.21, respectively, while the Tribble one gave an intermediate [image: equation] = 1.33. The latter can describe a more general case than the KP and JP models, because the varying pitch angle and magnetic field appear more plausible than assuming constant values in every region of the source. Thus we consider the Tribble model as our best fit and the correspondent radiative age map obtained is shown in Fig. 5.
The radiative age of the jets is 10 ≤ trad ≤ 20 Myr, while primary lobes are 20 ≤ trad ≤ 30 Myr old. The inner parts of the wings are 30 ≤ trad ≤ 40 Myr old. These results confirm the radial ageing along the wings direction and prove that the lobes are younger than the wings.
The radiative age map in Fig. 5 does not allow us to evaluate the outer parts of the wings at distances > 50 kpc from the centre. However, as a first approximation, it is possible to use the following analytical expression (derived in Appendix A under simple assumptions) for the radiative age of a source observed at two frequencies as a function of the injection and spectral indices Γ and α:
[image: thumbnail](2)
where B and BCMB  =  3.25(1  +  z)2 (the equivalent Cosmic Microwave Background magnetic field) are expressed in μG, while the observing frequencies ν1 and ν2 are expressed in GHz. We adopt the constant A  =  1590 (e.g. Slee et al. 2001; Murgia et al. 2011).
In order to obtain a local spectral index in the outer regions, we sampled the spectral index map between 1.5 and 6 GHz with elliptical regions of the same beam sizes (12″ × 7″), in both north–south and east–west directions, following the shape of the jets and the wings (Fig. 6, top left). The corresponding spectral index profiles (Fig. 6, middle) show that α steepens from region “0” (the centre of the source) to the outer regions of the wings and the lobes.
	[image: thumbnail]	Fig. 5.
Radiative age (left) and associated error (right) maps obtained from the fit of a Tribble model with B = 1.8 μG and Γ = 0.55. The radiative age increases from the centre to the outer regions: the jets are 10 ≤ trad ≤ 20 Myr old, the primary lobes are 20 ≤ trad ≤ 30 Myr old, and the inner parts of the wings are 30 ≤ trad ≤ 40 Myr old. Typical errors are < 5 Myr.




	[image: thumbnail]	Fig. 6.
Top: sampling of the spectral index map between 1.7 and 6 GHz (left) and age map (right) with beam-size (12″ × 7″) elliptical regions along the lobes and wings. The region “0” indicates the centre of the source. Middle: spectral index profile along the wings (left) and primary lobes (right) derived from the sampling above. The index α steepens in both the directions, from the centre to the outer regions. Bottom: radiative age profile along the wings (left) and the primary lobes (right). The red points represent the analytical age (Eq. (2)), the green points represent the values derived from the age map (BRATS). We note that they are consistent within 1σ errors. The age increases towards the outer parts of the source and we estimate a difference Δt = 22 ± 7 Myr between the ages of the wings and lobes.




In Eq. (2) we assumed Γ = 0.55 and the local α from the sampling above (Fig. 6). As a first check, we verified that the estimated local age is consistent with that of the map in Fig. 5, by sampling it with the same regions (Fig. 6, top right). Then we produced the radiative age profiles shown in Fig. 6, bottom. The red points represent the analytical age from Eq. (2), the green points represent the sampled age of the map (from BRATS). We note that they are consistent within 1σ errors. We observe an increasing ageing towards the outer parts of the source. In particular, the estimated ages of regions “−9” and “−1” are t−9 = 49 ± 7 Myr and t−1 = 27 ± 2 Myr. Therefore we conclude that the wings are Δt = 22 ± 7 Myr older than the lobes.
We caution that equipartition conditions are ruled out by various inverse Compton observations, with the equipartition magnetic field Beq likely being an overestimate of the true field strength Btrue (e.g. Ineson et al. 2017). Owing to this, the spectral ages obtained above should be considered as lower limits for the true radiative ages. However, in the case of A3670, it is valid the inequality Btrue <  Beq <  BCMB, thus the inverse Compton losses dominate anyway and the true ages are not expected to be significantly different from the ones we estimate.
4.4. The radio galaxy and its host properties
In order to compare the radio properties of A3670 to the optical properties of its host, in Fig. 7 we overlay the radio contours at 1.7 GHz and 9 GHz to the R-band Digitized Sky Survey (DSS5) image of the host galaxy. As already mentioned, A3670 is a dumbbell galaxy. In the top panel of Fig. 7, the secondary optically fainter nucleus “B” does not present radio emission and only the primary one “A” is currently active. This result is in agreement with McHardy (1979), who found that only the brightest nucleus of a multiple optical system is usually active in the radio band.
	[image: thumbnail]	Fig. 7.
Top: A3670 optical image (R-band, DSS) with overlaid 9 GHz radio contours. The primary and secondary optical nuclei are indicated with “A” and “B”, respectively. No radio emission associated with the secondary nucleus is detected. Bottom: A3670 optical image (R-band, DSS) with overlaid 1.7 GHz radio contours. The white lines indicates the direction of the optical axes. The major axis is aligned with the primary lobes, while the minor one is nearly aligned with the wings.




The ellipticity and position angle of the host galaxy are ε = 0.28 and PA = 24° (measured from north to east). The cross in the bottom panel of Fig. 7 indicates the direction of its major and minor optical axes. The major axis is aligned with the radio lobes, while the minor axis is nearly aligned with the wings. These results are consistent with Capetti et al. (2002), who find the high ellipticity of the XRGs host galaxy and with Gillone et al. (2016), who report radio-optical alignments similar to the ones we observed in A3670.
The SMBH mass of the XRGs is found to be statistically higher than that of classical radio galaxies (Mezcua et al. 2011). Several previous works (Kormendy & Richstone 1995; Magorrian et al. 1998; Ferrarese & Merritt 2000) demonstrated that a strong correlation between the host and its central SMBH exists. We adopted these correlations to estimate the SMBH mass of A3670. By using the apparent magnitudes, we calculated the absolute magnitudes MB = −21.75 and MK = −26.33. Then we used the following mass-magnitude relations (Graham 2007):
[image: thumbnail](3)
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Equations (3) and (4) both give a SMBH mass of MBH ∼ 109 M⊙, which is consistent with the results from the statistical analysis of Mezcua et al. (2011, 2012).
5. Discussion
In this section we briefly present the theoretical models proposed to explain the XRGs origin and we discuss their properties applied to the specific case of A3670 in order to determine the most plausible one.
5.1. Slow precession model
In some cases, radio sources associated with a dumbbell galaxy exhibit primary and secondary lobes as typical XRGs, but their wings are off-set with respect to the centre and therefore these objects are classified as Z-shaped radio galaxies (Gopal-Krishna et al. 2003). This morphology could be induced by a slow precession of the jets, due to the tidal interaction with a companion galaxy (Wirth et al. 1982; Dennett-Thorpe et al. 2002).
A precession caused by the interaction with the secondary optical nucleus may be responsible for the S-shape of the jets in A3670. However, we do not observe any off-set in the wings, therefore it is unlikely that this mechanism could have produced the wings, given the different morphologies of the X-shaped and Z-shaped sources.
5.2. Reorientation models
In reorientation models, the spin of an active SMBH may abruptly change its direction (“spin-flip”). As a consequence, the jets are reoriented and the primary lobes evolve along the new direction, while the wings are fossil emission from previous jets. This phenomenon can occur after the coalescence with another SMBH (Merritt & Ekers 2002) or after the interaction between a SMBH (or a binary black hole system) and unstable regions of the accretion disk (Rees 1978; Dennett-Thorpe et al. 2002; Liu 2004).
These models can explain why the wings never host jets and can also reproduce XRG morphologies with very extended wings. Moreover, they are consistent with a steep spectral index in the wings and with the high SMBH mass, which is caused by the coalescence or the presence of a non-resolved binary system. However, these models cannot explain the high ellipticity of the host galaxy and the observed radio-optical alignments (e.g. Hodges-Kluck et al. 2010a; Gopal-Krishna et al. 2012).
A3670 exhibits extended wings and a high SMBH mass that would be consistent with reorientation models. Nevertheless, they cannot account for the radio-optical alignments we find. The majority of the XRGs has an FRII morphology and FRI-type XRGs are rarer (Saripalli & Subrahmanyan 2009). It is suggested that this evidence may be due to a different interaction between the SMBH and the accretion disk in the two classes of radio galaxies (Liu 2004). In fact, FRIIs typically have a radiatively efficient accretion disk, while FRIs have a radiatively inefficient one (Ghisellini & Celotti 2001), which weakly interacts with the SMBH. This result makes the spin reorientation less likely and may well explain the lower number of FRI-type XRGs (Liu 2004). In the case of the XRG in A3670, which is an FRI, it appears implausible that a disk-SMBH interaction could have reoriented the jets by ≃90°, but we cannot exclude that a past coalescence may be the responsible.
5.3. Hydrodynamical models
Hydrodynamical models consider FRII-type jets aligned with the major axis of an high ellipticity galaxy, so that the environment gas pressure is stronger along the major axis with respect to the minor axis. The backflow plasma coming from the hotspots is therefore redirected towards the minor axis, where the minimum resistance of the gas allows the formation of the wings. In the buoyant backflow model (Leahy & Williams 1984; Kraft et al. 2005) the wings plasma is led by the buoyancy force and evolves at subsonic speed. In a variant of this model (Capetti et al. 2002), strong backflows may form a cocoon, which becomes over-pressured with respect to the surrounding gas and ejects plasma outflows at supersonic speed along the steepest pressure gradient (i.e. the minor axis), thus producing more extended wings. Three-dimensions numerical simulations suggest a supersonic origin and a subsonic evolution of the wings (Hodges-Kluck & Reynolds 2011).
Hydrodynamical scenarios are supported by the direct observation of the high ellipticity of the host and the multiwavelength alignments in some well-studied XRGs (e.g. Kraft et al. 2005). The ellipticity and the radio-optical alignments in A3670 are consistent with these evidences. A steep spectral index in the wings would be explained, because wings travel for a longer distance than the lobes. However, hydrodynamical models cannot reproduce very extended wings, as those of A3670, and do not account for the high mass of its SMBH. Moreover, they usually require a FRII jet with hotspot in order to produce strong backflows driving the formation of the wings at subsonic or supersonic speed (Capetti et al. 2002; Saripalli & Subrahmanyan 2009; Hodges-Kluck & Reynolds 2011). Saripalli & Subrahmanyan (2009) consider the possibility of a jet evolution from FRII to FRI, that would make the wings to be produced in a past phase of activity when the jets still had hotspots, by a similar hydrodynamical process. The intermediate XRGs radio power would be a confirmation of this evolution. Thus, we cannot exclude these scenarios, but they can hardly explain the extended wings in A3670.
5.4. Double AGN model
In the double AGN model, the lobes and the wings are independently produced by two active SMBH in a non-resolved binary system (Lal & Rao 2007; Lal et al. 2019).
This scenario can explain the XRGs with both steep and flat spectral indices in the wings. The estimated high mass of the XRG black hole is consistent with this model, because it would be the sum of the masses of two non-resolved SMBHs. Nevertheless, given the observed low occurrence of dual AGN (Burke-Spolaor 2011), it seems unlikely that the two SMBHs are active at the same time. Furthermore, this model cannot explain why the jets are never oriented along the wings and does not account for the alignments with the host galaxy.
On the other hand, we cannot exclude that the primary optical nucleus of A3670 hosts a non-resolved SMBH binary system. It is possible that one of the two SMBHs had generated the wings in a previous phase of activity and then switched-off. After a time of t ≃ 20 Myr (that is the estimated difference between the ages of the wings and the lobes), the other one switched-on and produced the lobes.
5.5. Jet-stellar shell interaction model
According to the jet-stellar shell interaction model, the gas present in a stellar shell deflects the radio jets, thus producing the wings (Gopal-Krishna et al. 2012). This scenario predicts that a recent merger with a gas-rich disk galaxy has both activated the SMBH and produced a system of stellar shells. Stellar shells are rotating arc-shaped structures that have been found in ∼10% of local elliptical galaxies, roughly aligned with their optical major axis (Malin & Carter 1983). In particular, the interaction between the jets in Centaurus A and its shells at kpc scales (Gopal-Krishna & Saripalli 1984) suggests that a similar phenomenon can occur in XRGs. For instance, in Centaurus A shells, both neutral and molecular hydrogen are found, with an estimated mass of MH ≃ 4 × 107 M⊙ and an average density of nH ≃ 4 × 10−2 cm−3 (Gopal-Krishna et al. 2003).
Since the shells are aligned with the host major axis, the interaction can take place exclusively along this direction and the jets plasma is deflected towards the minor axis. In this model, the size of the wings depends on the duration of the interaction between the jet and the shells, which is determined by physical parameters like density and velocity, therefore very extended structures can be produced. Moreover, this scenario can account for high SMBH masses, because it is plausible to assume that a binary black hole system has formed or a coalescence has occurred, as a consequence of the galactic merging. Even if this model can reproduce the observed XRGs features, up to now stellar shells are confirmed only in two XRGs: 3C 403 (Ramos Almeida et al. 2011) and 4C+00.58 (Hodges-Kluck et al. 2010b).
Observations and numerical simulations suggest that BCGs are the result of several galaxy mergers (e.g. De Lucia & Blaizot 2007; Rasmussen et al. 2010). The observed high SMBH masses and extended stellar halos in BCGs strongly support this formation scenario. A3670 exhibits the common properties of the dominant cluster galaxies and therefore a system of shells may have been produced after one of these mergers, as found in some other BCGs (Kluge et al. 2019). In Fig. 8 we report the radio contours of the high resolution (2.0″ × 1.2″) 9 GHz map obtained with the UNIFORM weighting. We notice that the northern jet begins to be deflected at ≃10 kpc from the galaxy centre, on similar scales at which the shells are typically detected. Moreover, the rotational motion of the shells could explain the S-shape of the jets in A3670.
	[image: thumbnail]	Fig. 8.
A3670 9 GHz map obtained with the UNIFORM weighting parameter (resolution is 2.0″ × 1.2″, RMS noise is 0.012 mJy beam−1; contour levels are 30σ, 35σ, 40σ, 45σ). The northern jet is at first deflected at ≃10 kpc from the centre of the galaxy.




6. Summary and conclusions
In this work we investigated the properties and origin of the candidate XRG in the A3670 cluster. To this aim, we processed and analysed new JVLA radio data at 1.5, 5.5, 6, and 9 GHz. Here we summarise our results.
We obtained radio maps at different frequencies in order to accurately study the target. By considering the absence of hotspots in the primary lobes, we classify A3670 as an FRI-type XRG. We measure a 1.4 GHz radio power of P1.4 = (1.7 ± 0.1) × 1025 W Hz−1.
The spectral index maps show a steepening from the centre to the outer regions of the source. The radiative age map suggests a progressive ageing from the centre, but it does not allow us to cover the whole source. Therefore, after checking its consistency with the age map, we used an approximate analytical expression to derive the radiative age as a function of the spectral index, which was measured out to the external regions. We estimate that the wings are Δt = 22 ± 7 Myr older than the lobes.
Comparison between radio and optical data allowed us to verify some properties typically observed in XRGs. From literature data, we find a high ellipticity (ε = 0.28) of the radio-loud component of the dumbbell system (“A” in Fig. 7). We report the alignments between the major and minor axes of the “A” component with the radio lobes and wings, respectively. We estimate a high SMBH mass of MBH ∼ 109 M⊙.
Finally, we discussed the theoretical models proposed to explain the origin of XRGs. The considered models (slow precession, reorientation, hydrodynamical, and double AGN) cannot completely explain the observed properties of A3670, apart from the jet-stellar shell interaction one. Future multiwavelength data would allow us to better constrain the formation and evolution mechanism of the XRG in A3670, in particular further optical data are needed to confirm the presence of shells in the BCG of A3670.


1 http://ned.ipac.caltech.edu/


2 http://leda.univ-lyon1.fr/


3 The description of calibration steps can be found at https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/calibration


4 http://www.askanastronomer.co.uk/brats/


5 http://archive.eso.org/dss/dss
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Appendix A:  Radiative age–spectral index relation
As it is generally known, the electronic density of a population of relativistic electrons follows a power law distribution in energy ne(E) ∝ E−δ, where δ = 2Γ + 1, and Γ is the spectral index at the time t = 0. Due to synchrotron and inverse Compton losses, the population becomes older and the spectrum steepens above a certain frequency (“break frequency”, νb). The radiative age of the population can be estimated as (e.g. Slee et al. 2001):
[image: thumbnail](A.1)
The break frequency is generally not known a priori, but it is possible to easily find an expression of trad which is not explicitly dependent from it. Let [image: equation] be defined as the ratio between the observing and the break frequencies. In the cases ν ≃ νb or ν >  νb, the synchrotron emissivity can be expressed as (Eilek & Arendt 1996):
[image: thumbnail](A.2)
where j0 is the normalisation, and RE is the ratio of the minimum and maximum energy of the electrons.
Equation (A.2) can be used to compute the spectral index between two frequencies k1 and k2:
[image: thumbnail](A.3)
From Eq. (A.3), one obtains the break frequency as a function of α and Γ:
[image: thumbnail](A.4)
Therefore, Eq. (A.1) becomes:
[image: thumbnail](A.5)
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	[image: thumbnail]	Fig. 1.
A3670 maps obtained with BRIGGS 0.5 weighting parameter. In all panels, the contour levels are −3σ, 3σ, 6σ, 12σ, 24σ, 48σ, … Top left: 1.7 GHz map at a resolution 9.9″ × 9.0″ (RMS noise is 0.067 mJy beam−1). Top right: 5.5 GHz map at a resolution 3.8″ × 2.7″ (RMS noise is 0.012 mJy beam−1). Bottom left: 6 GHz map at a resolution 14.7″ × 6.8″ (RMS noise is 0.047 mJy beam−1). Bottom right: 9 GHz map at a resolution 2.5″ × 1.7″ (RMS noise is 0.007 mJy beam−1).
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	[image: thumbnail]	Fig. 2.
Spectral index map between 5.5 and 9 GHz at resolution 3″ × 2″ (left) and associated error map (right). Contour levels are those of the lower frequency radio map. The core has an inverted spectral index α ≃ −0.5. Jets have 0.5 ≤ α ≤ 1. Primary lobes have α ≃ 1.5. The inner regions of the wings have 1.5 ≤ α ≤ 2.5.
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	[image: thumbnail]	Fig. 3.
Spectral index map between 1.7 and 6 GHz at resolution 12″ × 7″ (left) and associated error map (right). Contour levels are those of the lower frequency radio map. Primary lobes have 0.5 ≤ α ≤ 0.8. Wings have 1 ≤ α ≤ 1.6.
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	[image: thumbnail]	Fig. 4.
Spectral index map between 1.7 and 9 GHz at resolution 9.5″ × 6.5″ (left) and associated error map (right). Contour levels are those of the lower frequency radio map. Near the core α ≤ 0.6. The jets have 0.7 ≤ α ≤ 0.9. The inner parts of the wings have 1.0 ≤ α ≤ 1.6.
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	[image: thumbnail]	Fig. 5.
Radiative age (left) and associated error (right) maps obtained from the fit of a Tribble model with B = 1.8 μG and Γ = 0.55. The radiative age increases from the centre to the outer regions: the jets are 10 ≤ trad ≤ 20 Myr old, the primary lobes are 20 ≤ trad ≤ 30 Myr old, and the inner parts of the wings are 30 ≤ trad ≤ 40 Myr old. Typical errors are < 5 Myr.
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	[image: thumbnail]	Fig. 6.
Top: sampling of the spectral index map between 1.7 and 6 GHz (left) and age map (right) with beam-size (12″ × 7″) elliptical regions along the lobes and wings. The region “0” indicates the centre of the source. Middle: spectral index profile along the wings (left) and primary lobes (right) derived from the sampling above. The index α steepens in both the directions, from the centre to the outer regions. Bottom: radiative age profile along the wings (left) and the primary lobes (right). The red points represent the analytical age (Eq. (2)), the green points represent the values derived from the age map (BRATS). We note that they are consistent within 1σ errors. The age increases towards the outer parts of the source and we estimate a difference Δt = 22 ± 7 Myr between the ages of the wings and lobes.

In the text



	[image: thumbnail]	Fig. 7.
Top: A3670 optical image (R-band, DSS) with overlaid 9 GHz radio contours. The primary and secondary optical nuclei are indicated with “A” and “B”, respectively. No radio emission associated with the secondary nucleus is detected. Bottom: A3670 optical image (R-band, DSS) with overlaid 1.7 GHz radio contours. The white lines indicates the direction of the optical axes. The major axis is aligned with the primary lobes, while the minor one is nearly aligned with the wings.
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	[image: thumbnail]	Fig. 8.
A3670 9 GHz map obtained with the UNIFORM weighting parameter (resolution is 2.0″ × 1.2″, RMS noise is 0.012 mJy beam−1; contour levels are 30σ, 35σ, 40σ, 45σ). The northern jet is at first deflected at ≃10 kpc from the centre of the galaxy.
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Radiative age (left) and associated error (right) maps obtained from the fit of a Tribble model with B = 1.8 μG and Γ = 0.55. The radiative age increases from the centre to the outer regions: the jets are 10 ≤ trad ≤ 20 Myr old, the primary lobes are 20 ≤ trad ≤ 30 Myr old, and the inner parts of the wings are 30 ≤ trad ≤ 40 Myr old. Typical errors are < 5 Myr.
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Top: A3670 optical image (R-band, DSS) with overlaid 9 GHz radio contours. The primary and secondary optical nuclei are indicated with “A” and “B”, respectively. No radio emission associated with the secondary nucleus is detected. Bottom: A3670 optical image (R-band, DSS) with overlaid 1.7 GHz radio contours. The white lines indicates the direction of the optical axes. The major axis is aligned with the primary lobes, while the minor one is nearly aligned with the wings.
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