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Abstract

Context. Cosmic rays may be dynamically very important in driving large-scale galactic winds. Edge-on galaxies give us an outsider’s view of radio haloes, and of their extra-planar cosmic-ray electrons and magnetic fields.

Aims. We present a new radio continuum imaging study of the nearby edge-on galaxy NGC 4217. We examine the distribution of extra-planar cosmic rays and magnetic fields. We observed it with both the Jansky Very Large Array (JVLA) in the S band (2–4 GHz) and the LOw Frequency ARray (LOFAR) at 144 MHz.

Methods. We measured vertical intensity profiles and exponential scale heights. We re-imaged both the JVLA and LOFAR data at matched angular resolution in order to measure radio spectral indices between 144 MHz and 3 GHz. Confusing point-like sources were subtracted prior to imaging. We then fitted intensity profiles with cosmic-ray electron advection models, using an isothermal wind model that is driven by a combination of pressure from the hot gas and cosmic rays.

Results. We discover a large-scale radio halo on the north-western side of the galactic disc. The morphology is reminiscent of a bubble extending up to 20 kpc from the disc. We find spectral ageing in the bubble, which allowed us to measure the advection speeds of the cosmic-ray electrons, which accelerate from 300 to 600 km s−1. Assuming energy equipartition between the cosmic rays and the magnetic field, we estimate the bubble may have been inflated by a modest 10% of the kinetic energy injected by supernovae over its dynamical timescale of 35 Myr. While no active galactic nucleus (AGN) has been detected, such activity in the recent past cannot be ruled out.

Conclusions. Non-thermal bubbles with sizes of tens of kiloparsecs may be a ubiquitous feature of star-forming galaxies, and if so this would demonstrate the influence of feedback. Determining possible contributions by AGN feedback will require deeper observations.
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1. Introduction
Galaxies in the radio continuum observed at gigahertz frequencies show the presence of cosmic-ray electrons (CREs) and star formation. CREs are related to the presence of massive stars that end their lives as supernovae, thereby accelerating these electrons to relativistic energies. Because the CREs can travel, the resulting radio continuum image looks like a smeared out version of the star formation distribution (Murphy et al. 2008; Vollmer et al. 2020). This becomes particularly noticeable in the case of edge-on galaxies, where we see galaxies from the side. Instead of a thin disc, we see a thick radio disc with a scale height of ∼1 kpc, far in excess of the 100 pc or so gaseous scale heights of thin star-forming discs (Heesen et al. 2009a, 2016, 2018; Krause et al. 2018). This extra-planar emission is referred to as a ‘radio halo’ and should not be confused with similarly named structures in clusters of galaxies. What makes the study of radio haloes so worthwhile is that they provide us a unique opportunity to study the transport of CREs and the structure of magnetic fields. Both are important to understanding galaxy evolution but are difficult to study, both in simulations and in observations (see Heesen 2021; Ruszkowski & Pfrommer 2023, for reviews).
In order to improve the situation on the observational side, the Continuum HAloes in Nearby Galaxies – an EVLA Survey (CHANG-ES) project was initiated (Irwin et al. 2012, 2024). CHANG-ES is a radio continuum survey of 35 nearby galaxies that includes L- (1–2 GHz) and C-band (4–6 GHz) data with full polarisation. This project has led to the realisation that radio haloes in star-forming galaxies are ubiquitous. In the 35-galaxy CHANG-ES sample, at least 17 galaxies show thick radio discs with scale heights of order 1 kpc (Krause et al. 2018; Miskolczi et al. 2019; Mora-Partiarroyo et al. 2019; Schmidt et al. 2019; Stein et al. 2019, 2020; Heald et al. 2022; Stein et al. 2023). The remaining galaxies are either merging or have strong nuclear activity, so the origin of a radio halo cannot be clearly distinguished. Nevertheless, it is becoming clear now that for star-forming galaxies a radio halo seems to be the norm, at least for those cases where the star formation activity is sufficiently concentrated in the disc (Vasiliev et al. 2019).
Radio haloes show the presence of extra-planar CREs and magnetic fields. The CREs either diffuse out of the thin gaseous disc (with scale heights of the order of 100 pc) into the halo or are advected in a galactic wind. In addition, cosmic rays can stream along magnetic field lines at the Alfvén speed (Zweibel 2013). Realistic models for galactic winds should ideally take all these effects into account (Yu et al. 2020). The shape of radio haloes is sometimes rather boxy (Heald et al. 2022), with the halo extending vertically above and below the star-forming mid-plane. Their structure is clearly different from that of the conical outflows from nuclear starbursts and bubble-like features. In fact, radio haloes usually show no edge-brightening at all in the total power radio continuum. In contrast, starburst galaxies often have biconical, limb-brightened outflows visible in H α emission (Veilleux et al. 2005). They can be difficult to distinguish from the kiloparsec-scale radio-emitting outflows that approximately half of Seyfert-type galaxies show (Gallimore et al. 2006). The galaxy NGC 6764 has both an active galactic nucleus (AGN) and a circumnuclear starburst; it is possibly the best example of limb-brightened radio bubbles driven by a combination of the two feedback mechanisms (Hota & Saikia 2006). AGN feedback is indistinguishable from that by star formation if no jet-, lobe-, or bubble-like features are seen in radio continuum images (see also Condon 1992).
Some of the most notable structures in radio haloes are large-scale magnetic fields. Radio polarisation studies at centimetre wavelengths show that the large-scale magnetic field is parallel to the galactic planes in inner discs but rises up from the mid-plane and outwards in the outer discs, suggesting an X-shape structure in the halo (Krause 2009; Heesen et al. 2009b; Soida et al. 2011; Stein et al. 2020; Krause et al. 2020). Such a magnetic structure should also be traced in the total power radio continuum emission. Surprisingly though, no mirroring structure has been detected directly in total intensity maps at high frequencies, where most polarisation studies have been carried out. Possibly because high-frequency observations trace only higher electron energies, only younger CREs in discs and star-forming regions are observed. However, magnetic fields in the haloes can best be detected in synchrotron emission from old CREs emitting at low-radio frequencies. With new S-band data (2–4 GHz) from deep polarimetric C-configuration observations, we are enriching the CHANG-ES survey with the aim of covering a broad range of galaxy properties and thus strengthening our overall analysis. Polarised emission in the S band is the best probe for magnetic fields in galaxies’ faint haloes because the frequency is at the transition between Faraday-thin and Faraday-thick regimes; also, spectral ageing is less severe than in the C band. Recent promising results have been obtained in the S band in nearby galaxies, including NGC 628 (Mulcahy et al. 2017) and M 51 (Kierdorf et al. 2020).
In this work we present a first look at the CHANG-ES S-band data using NGC 4217 as an example. This galaxy was studied in detail by Stein et al. (2020), who used radio continuum data in the L (1–2 GHz) and C bands (4–6 GHz) as well as low-frequency data from the LOw Frequency ARray (LOFAR; van Haarlem et al. 2013) at 144 MHz. They found strong hints of outflows: an active disc–halo interface with many bubbles of a few hundred parsecs in size and X-shaped magnetic fields in the halo. This galaxy was also studied by Alton et al. (2000), who searched for galactic winds and found ‘dust chimneys’ in an optical absorption study (see also Howk & Savage 1999). Yet observations at other wavelengths have not found any indication of outflows along the minor axis. No extra-planar neutral hydrogen has been detected in the form of H I emission (Zheng et al. 2022). Also, H α emission has only been found in the form of two faint plumes on the south-western side of the disc, indicating the presence of diffuse ionised gas (Rand 1996; see also Stein et al. 2020, who find a plume on the north-eastern side as well). Hodges-Kluck et al. (2016) found extra-planar ultraviolet emission using GALEX, but this emission is not associated with outflows or extra-planar ionised gas and hence is likely a reflection nebula created by dust. Similarly, X-ray observations of NGC 4217 show no significant extra-planar diffuse X-ray emission from hot gas (Li & Wang 2013).
In this paper we present the discovery of a new large-scale radio halo that had until now evaded detection. This galaxy shows no current AGN activity, neither a nuclear source (Irwin et al. 2019) nor any associated variability (cf. Irwin et al. 2015, where such a case is found in the CHANG-ES galaxy NGC 4845). Nonetheless, the presence of AGN activity cannot be ruled out conclusively, particularly not in the recent past. In fact, there are several examples of galaxies discussed in the literature that possess radio bubbles, such as NGC 6764 (Hota & Saikia 2006), NGC 3079 (Duric et al. 1983), and the Circinus galaxy (Elmouttie et al. 1998) These bubbles range in size from less than a kiloparsec to tens of kiloparsecs (see also Gallimore et al. 2006), and all of them have been found to have an AGN at the centre. NGC 4217 is potentially a unique case in which a minor-axis radio bubble has been detected but does not show any sign of an AGN. However, given this rarity and considering the well-known episodic nature of jetted Seyfert galaxies, it is at least possible that the bubble is a relic of AGN jet activity rather than created by galactic wind from star formation.
This paper is organised as follows: Section 2 presents our observations and data reduction. In Sect. 3 we present our results, with our main discovery being a new large-scale radio bubble. In Sect. 4 we discuss the nature and origin of the bubble. We conclude in Sect. 5. We have assumed a distance to NGC 4217 of 20.6 Mpc (Wiegert et al. 2015).
2. Data
2.1. Observations and data reduction
Observations were taken with the Jansky Very Large Array (JVLA) in the S band in the frequency range of 2–4 GHz using full polarisation. We used the C configuration, which provides us with a nominal resolution of around 7″ using Brigg’s robust weighting. The field of view is given by the diameter of the primary beam, which is 15′. The largest angular scale that we can image is [image: equation]. Observations were taken in standard fashion with 2048 channels of 100 kHz bandwidth each.
Our data are reduced with the Common Astronomy Software Applications (CASA; CASA Team 2022) version PIPELINE 6.4.12. For Stokes I we used the VLA calibration pipeline version 43130 (PIPELINE-CASA56-P2-B) without any further calibration or data flagging except for self-calibration. The data were imaged with WSCLEAN version 2.9 using a multi-scale CLEAN algorithm (Offringa et al. 2014). The S-band data have a field of view of 15′, so we made maps with a size of approximately 1.8 times the primary beam extent. We then performed one self-calibration in phase only before creating final maps. We created one map with 7″ angular resolution using robust = 0.5 and one with 20″ angular resolution using robust = 1.5 and an additional Gaussian taper of 10″ width. Final maps were restored with Gaussian CLEAN beams using 7″ and 20″ full width at half maximum where the size is closely matched to the native angular resolution. We also applied the primary beam correction with WSCLEAN. The rms map noise values are 3.5 and 5 μJy beam−1 at 7″ and 20″ resolution, respectively. This is only 10% higher than the thermal noise level as estimated from the VLA exposure calculator with consideration of the flagged data fraction (30%).
2.2. Radio spectral indices and polarisation
In order to measure radio spectral indices, we also re-imaged the LOFAR 144 MHz data at identical angular resolutions with WSCLEAN. These data were already presented in Heesen et al. (2022) and derive from the LOFAR Two-metre Sky Survey Data Release 2 (LoTSS-DR2; Shimwell et al. 2022). Radio spectral indices were then calculated in the usual fashion with the corresponding uncertainties (e.g. Heesen et al. 2022). In order to avoid the influence of point-like background sources, we subtracted them before making the low resolution maps. This was done by fitting Gaussian functions to the high-resolution maps using PYBDSF (Mohan & Rafferty 2015) and then subtracting them from the (u, v) data. We also created another low-resolution LOFAR map using robust = 0.35 in order to boost specifically extended emission, again at an angular resolution of 20″; this map has a rms noise of 100 μJy beam−1, which is reasonably good for LOFAR at this frequency and resolution (Heesen et al. 2022). We used the LOFAR low-resolution map only for illustrative purposes in order to show the weak extended halo emission. The reason is that while the sensitivity to diffuse emission is high, the elevated side-lobe levels for positive values of the robust parameter make a reliable deconvolution of LOFAR data with the CLEAN algorithm very hard (Seethapuram Sridhar 2018). We subtracted the thermal contribution using a combination of H α and mid-infrared emission as described in Stein et al. (2023), which is based on the prescription by Vargas et al. (2018). The thermal contribution from free–free emission is estimated to be less than 20% at 3 GHz within ≈2 kpc of the mid-plane and less than 10% in the halo (Stein et al. 2019). At 144 MHz, the thermal fraction is even lower.
For polarisation, we performed standard data calibration. In brief, we inserted polarisation models of our primary polarisation calibrator 3C 286 and adjusted our polarisation angle accordingly (Perley & Butler 2013). The instrumental polarisation was calibrated with the help of the unpolarised calibrator J1407 + 2827. The (u, v) data were then imaged with a Brigg’s robust weighting of robust = 1.5 resulting in a synthesised beam size of [image: equation] (position angle of [image: equation]). We did not use any self-calibration as this was not necessary with the rms noise values 2.3 μJy beam−1 in the Stokes Q and U maps. These maps are then converted into linear polarised intensity, correcting for positive Ricean bias as described in Wardle & Kronberg (1974). We also calculated the polarisation angle of the E vectors. Galactic rotation measure was estimated as 8.1 ± 4.0 rad m−2 using the model from Hutschenreuter & Enßlin (2020). Polarisation angles were corrected accordingly subtracting a constant angle of [image: equation], equivalent to the rotation at a wavelength of 10 cm. In order to obtain the orientation of the magnetic field, we rotated the polarisation angle of the E-vectors by 90°. These angles are not corrected for internal Faraday rotation.
3. Results
3.1. Morphology of the radio halo
The total power radio continuum distribution is presented in Fig. 1. We found that already the high-resolution 7″ map showed a distinctive extension in the north-west at 3 GHz. However, this component is very diffuse and hence shows better in the low resolution maps. The contour lines shows that the distribution at 20″ angular resolution at 144 MHz shows a horn-like structure but is also extended on the north-western halo. This gives us confidence that we have detected a real structure. Using the LOFAR 20″ map with the short baselines boosted we detect this structure even further out to approximately 200″ from the galactic mid-plane, equivalent to a projected distance of 20 kpc (Fig. 1, right panel).
	[image: thumbnail]	Fig. 1. Radio continuum emission in the halo of NGC 4217. Left: JVLA 3 GHz radio continuum emission at 7″ angular resolution, shown as the grey-scale background map. Contour lines show the 2, 3, and 5σ levels at 144 MHz (red, green, and blue) observed with LOFAR at 20″ angular resolution (indicated by the filled circle in the bottom-left corner). Confusing background sources have been subtracted from the 20″ map. Right: LOFAR radio continuum emission at 144 MHz imaged with enhanced diffuse extended emission at 20″ angular resolution (for details see Sect. 2.2). The contour line is at 320 μJy beam−1 with a resolution of 40″, equating to 0.8σ. Confusing background sources have been subtracted. The coloured emission displays polarised intensity at ≈9″ resolution at 3 GHz observed with JVLA, and the corresponding vectors show the orientation of the magnetic field (the vector length is proportional to the polarised intensity). Thick grey lines show the assumed shape of the CRE transport in the superbubble (Sect. 3.4).



The morphology of the radio continuum emission at 144 MHz (Fig. 1, right panel) is reminiscent of a bubble. The emission is boosted along the bubble walls with a slight depression in the centre of the bubble. The north-eastern edge of the bubble is in particular prominent and image seems to indicate the potential presence of a shell on this side. This emission and the horn-like structure suggests that there is some sort of real edge on the north-eastern side of the bubble.
3.2. Vertical radio intensity profiles
We constructed vertical intensity profiles as described in Stein et al. (2023). For this we used the BOXMODELS of NOD3 (Müller et al. 2017). We chose three strips that approximately cover the width of the bubble with a strip width of 50″ each, sampling the intensity every 10″ from the mid-plane. The position of the strips is shown in Fig. 2. We restricted the analysis to the north-eastern side of the superbubble as the intensity measurements have the highest signal-to-noise ratio (highlighted in white in Fig. 2).
	[image: thumbnail]	Fig. 2. Position of the vertical intensity profile of the superbubble in NGC 4217 overlaid on the LOFAR map with boosted extended emission. We use the top-left strip for the analysis (highlighted in white). We are probing the potential shell on the north-eastern side of the superbubble (cf. Fig. 1, right panel).



The vertical intensity profiles shown in Fig. 3 reveal a new, distinct halo component, the purported radio superbubble. The break in the intensity profiles occurs at approximately 5 kpc where the slope of the profiles flatten significantly. The scale heights of the bubble component are 5.9 ± 1.1 and 2.9 ± 0.3 kpc, at 144 MHz and 3 GHz, respectively. These scale heights are a factor of a few larger than the typical scale heights of ≈1 kpc in edge-on galaxies (Krause et al. 2018).
	[image: thumbnail]	Fig. 3. Vertical intensity profiles of the superbubble in NGC 4217. Black-filled data points show 144 MHz emission, and unfilled blue data points show 3 GHz emission. Dashed lines show two-component exponential fits that account for the limited angular resolution.



	[image: thumbnail]	Fig. 4. Radio spectral index between 144 and 3000 MHz as a false-colour representation at 7″ angular resolution. The colour-code is adopted from English et al. (2024).



3.3. Magnetic fields
NGC 4217 presents a prominent example of the so-called X-shaped magnetic fields that are sometimes seen in edge-on galaxies (Krause et al. 2020). This was already found with data at 5 GHz (Stein et al. 2020) and is confirmed with the new S-band data as shown in Fig. 1 (right panel). The polarised emission and the orientation of the magnetic fields partially align with the purported base of the radio bubble. Such an alignment can be caused by magnetic fields being concentrated in the walls of the bubble. The magnetic field structure is in part also reminiscent of the polarisation of the Fermi bubbles in the Milky Way observed in the S band (Carretti et al. 2013). Analytical models as well as simulations of galactic winds show that field lines wind up in a helical fashion with the field lines anchored in the disc (Ptuskin et al. 1997; Thomas et al. 2023).
Stein et al. (2020) estimated the magnetic field strength using energy equipartition with the revised equipartition formula of Beck & Krause (2005). The central region of the galaxy shows total magnetic field strengths of 11.0 μG; the mean disc field strength is 9.0 μG; and the halo magnetic field is roughly constant at a value of 7.4 μG. These values are in good agreement with the values of other spiral galaxies (Beck et al. 2019).
3.4. Cosmic-ray electron transport
In order to study the transport of CREs in the superbubble, we used the vertical radio spectral index profile between 144 MHz and 3 GHz. As the superbubble shows up as distinct component in the intensity profiles with a large scale height (Sect. 3.2), we first subtracted the thick radio disc. The resulting intensity profiles in the radio bubble together with the spectral index profile are shown in Fig. 5. We can see that the radio spectral index gradually steepens between the disc and edge of the halo. The outer edge is here shown at a distance of 16 kpc, where the last significant detection is made at 3 GHz. The gradual, almost linear, steepening can be well fitted with a cosmic-ray advection model for the electrons implemented in SPINNAKER (SPectral INdex Analysis of K(c)osmic-ray Electron Radio-emission; Heesen et al. 2016, 2018). We used the flux tube model described in Heald et al. (2022) that assumes a helical magnetic field in the outflow (see also Stein et al. 2023).
	[image: thumbnail]	Fig. 5. Radio continuum emission and radio spectral index in the superbubble. The thick disc component has been subtracted. We present the LOFAR 144 MHz (top graph, black) and S-band 3 GHz (top graph, blue) intensity profiles as well as the corresponding radio spectral index profile (bottom graph). Best-fitting SPINNAKER wind models are shown as dashed lines.



The flow of the plasma is governed by the Euler equation:
[image: thumbnail](1)
where P = Pgas + PCR is the combined gas and cosmic-ray pressure, g the gravitational acceleration, and ρ the gas density. Here we assume PCR = 1/3uCR and Pgas = 2/3ugas, where uCR and ugas are the energy densities of the cosmic-ray and thermal gas, respectively. We assume uCR = 4.8 × 10−12 erg cm−3 (in equipartition with the magnetic field in the disc at z = 0, so uCR = uB with uB = B02/(8π) with B0 = 11 μG) and [image: equation]. Li & Wang (2013) studied the thermal gas energy density in galactic haloes and found that it is equivalent to a hot gas with a temperature of 0.5 keV and a number density of 2 × 10−3 cm−3. The same authors found in their 70 ks Chandra observation of NGC 4217 that the total 0.5–2 keV luminosity from hot gas is 2 × 1039 erg s−1 and the vertical scale height is ≈4 kpc. This suggests an electron scale height of approximately 8 kpc.
We assume the following functional term for the cross-sectional area (parallel to the disc):
[image: thumbnail](2)
where z is the distance to the disc (assuming cylindrical symmetry). This form describes an expanding flow, which has been used previously in semi-analytic 1D wind models (e.g. Breitschwerdt et al. 1991). Here A0 = πr02 is the area in the mid-plane and z0 is the flux tube scale height. The parameter β describes the shape of the flux tube, where β = 2 means the flux tube has a constant opening angle, so that its shape can be described as a conical frustum. We assume an initial outflow radius of r0 = 2 kpc.
We also require an equation that governs the magnetic field strength:
[image: thumbnail](3)
where B0 is the magnetic field strength in the galactic midplane, and r0 and v0 are the midplane flow radius and advection speed, respectively. This is the expected behaviour for radial and toroidal magnetic field components in an axisymmetric, accelerating, quasi-1D flow (Baum et al. 1997).
Then we can write the Euler equation in the following way:
[image: thumbnail](4)
This equation contains only the velocity v and the density ρ. The density can be eliminated with the continuity equation vaρ = const. and using the definition of the composite sound speed vc2 = P/ρ. The wind velocity is equivalent to the composite sound speed in the critical point. CREs are injected in the disc plane with a power-law in number density N ∝ E−γ as function of the CRE energy, E, where γ is the injection spectral index. Spectral ageing of the CREs is then created by a combination of synchrotron and inverse Compton losses.
The best-fitting advection model is shown in Fig. 5 as solid lines, and the best-fitting parameters are summarised in Table 1. We find that the wind speed rises from approximately 300–600 km s−1 at the edge of the bubble. This is approximately equivalent to the escape velocity vesc ≈ 3vrot (Veilleux et al. 2020), where vrot = 188 km s−1 is the rotation speed (Heesen et al. 2022). The best-fitting parameters are presented in Table 1. In Fig. 6 we show vertical profiles of the relevant physical parameter of the wind. The advection speed within the bubble implies a dynamical timescale of 35 Myr if the bubble expands as fast as the CREs. We find tentative evidence of cosmic-ray re-acceleration at approximately 14 kpc from the disc, visible as spectral flattening. This would mean our advection timescale is a lower limit. The magnetic field strength decreases from 11 μG in the mid-plane to ≈3 μG at the edge of the bubble.
	[image: thumbnail]	Fig. 6. Wind model in NGC 4217. We show the vertical profiles of the relevant parameters: wind velocity (top left), cross-section of the flux tube (top right), magnetic field strength (bottom left), and thermal electron density (bottom right). The estimate for the escape velocity is shown as a solid line (in the top-left panel). In bottom-right panel, we also show a possible profile of the electron density from X-ray data using a scale height of 8 kpc with arbitrary scaling.



Table 1. 
Best-fitting wind solution for the superbubble.

4. Discussion
4.1. The nature of the radio bubble
The apparent starburst-driven radio bubble on multiple kiloparsec scales we have discovered is, to our knowledge, a unique feature in an external, star-forming, edge-on galaxy. However, we should keep in mind that such structures may occur in other galaxies too but may be hidden in the general radio halo. If the bubble were a factor of only two to three smaller, it would be hard to distinguish from the radio halo. Across a (5 kpc)2 region we measure a spectral luminosity of ∼1020 W Hz−1, which is about 1% of the typical 144 MHz luminosity of a star-forming galaxy (Smith et al. 2021). Hence, these bubbles are rather difficult to detect. There are, however, a few other galaxies with an extended third component with scale heights of a few kiloparsecs, for example in NGC 4631 (Stein et al. 2023, and M. Stein, priv. comm.). Of course there are galaxies that have extended lobes in their haloes, such as M 106 (see Zeng et al. 2023) and NGC 3079 (e.g. Veilleux et al. 1994), but these may be due to a combination of star formation and AGN activity. NGC 4217 does not currently host an active AGN (Irwin et al. 2019). On the other hand, an AGN may be intermittent only and the lack of a present AGN in the galaxy alone cannot be used to conclude that the radio bubble is due to a starburst. In addition to the argument of the energetics, the morphology of the bubble may be more useful: it resembles the radio halo in NGC 3079, which probably contains the most well-defined bubbles not necessarily produced by an AGN.
Following the discovery of polarised emission from the Fermi bubbles in the centre of the Milky Way (Carretti et al. 2013), there arose the question whether such structures may ever be detected in external galaxies. We note that in the Milky Way there is no clear detection of radio continuum emission from the Fermi bubbles, possibly because of confusion with the foreground or background. However, it may be worth mentioning that there are some smaller-scale analogues in the Galactic centre where such radio bubbles are discovered with MeerKAT (Heywood et al. 2019). Therefore, the external view on NGC 4217 may be a unique opportunity to study radio continuum emission from such a feature. What is clear in NGC 4217 is that both CREs and magnetic fields must be present inside the bubble in order for us to detect radio continuum emission.
The magnetic field structure we propose, helical fields, are found to be a common result of dynamo action in galaxies as summarised in Henriksen & Irwin (2021). An application of the theory to NGC 4631 is found in Woodfinden et al. (2019) where some evidence was found for helical magnetic fields. Henriksen & Irwin (2021) studied the separate effects of stellar turbulence, halo winds, and halo lags on the dynamo field. They found that it is difficult to get a helical field that develops into a geometric X-field without winds. Halo lags accentuate the winding of the helix, which is likely to isotropise the synchrotron radiation. The field can be wound into flat helices near the disc. An important feature of the theory is that it is scale-invariant, at least between the stellar scale and the intergalactic scale. This means that it can be applied to kiloparsec-sized bubbles, taking the axis to be centred on the bubble. The same kinds of magnetic fields should develop.
4.2. Bubble energy and formation
We can now compute how much energy is needed to inflate the bubble. If the bubble is assumed to be spherical with a radius of 10 kpc the volume is 3.9 × 1067 cm3. Expanding against a typical external pressure of [image: equation], the energy to inflate the bubble can be estimated as 5/2 PextV ≈ 1.6 × 1056 erg. Now we can check whether the star formation activity is enough to inflate the bubble over its dynamical timescale of 35 Myr estimated from the advection time; This is a lower limit as the propagation speed of the bubble may be lower than the CRE transport speed. With a star formation rate of 4.61 M⊙ yr−1 we expect a core-collapse supernova rate of 0.053 yr−1 (Murphy et al. 2011). With a canonical 1051 erg of kinetic energy per supernova injected, the energy injection rate is 1.7 × 1042 erg s−1. Hence, the total energy injected over the course of 35 Myr is 1.8 × 1057 erg, which would be easily sufficient to inflate the bubble. Of course, not all the kinetic energy can be used to inflate the bubble; a large fraction may be radiated away.
What might help inflate the bubbles are cosmic rays. As 10% of the kinetic energy injected by supernovae goes into the acceleration of cosmic rays (a conservative estimate, see Grenier et al. 2015), this energy alone would suffice. Again, one might argue that not all cosmic-ray energy is funnelled into the bubbles, as the galaxy has also a normal radio halo. But what seems to be clear is that the energy from star formation is easily able to inflate the bubble and that no AGN is needed. The average energy density of cosmic rays in the bubble is 15% of the value in the disc, equating to 0.15B02/(8π) or 6 × 10−13 erg cm−3. This includes the energy of the protons, which dominate. Hence, the cosmic rays are able to provide a fair fraction (40%) of the total energy that is needed to inflate the bubble.
One peculiarity is, of course, why did the bubble form only on one side of the galaxy? One hint as to why that might be comes from observations in X-rays and in the far-infrared. In X-ray emission hot gas is only detected in the south-eastern halo (i.e. the one without a radio bubble), but not in the north-western halo (Stein et al. 2020). Although the X-ray data’s signal-to-noise ratio is too low to map the intensities, the large-scale X-ray enhancements in the north-western halo seem apparent, consistent with the large 95% scale height. In contrast, there is extra-planar dust emission at 350 μm as shown in Fig. 7 only in the north-western halo. The far-infrared image is from the HERschel Observations of Edge-on Spirals (HEROES; Verstappen et al. 2013) project. Such an asymmetry can arise, for instance, if by happenstance there is a larger column of dense gas between the locus of star formation close to the midplane and the north-west hemisphere than between the star formation and the south-east hemisphere. In this case, star-formation-heated plasma will escape down the steepest density gradient (into the south-east) while, in contrast, ion-neutral damping means that cosmic rays actually escape fastest via streaming (Kulsrud & Pearce 1969; Everett & Zweibel 2011) through the neutral gas on the north-west side. Furthermore, as thermally driven winds tend to be hotter than cosmic-ray-driven winds (Girichidis et al. 2018), it seems consistent that dust grains can survive transport to large scale heights in the putatively cooler, cosmic-ray-supported wind in the north-western halo while they are destroyed on the south-eastern side. We note that while this scenario seems self-consistent, there do apparently need to be patches of sufficiently low column to allow the escape of sufficient ultraviolet emission to illuminate the dust grains on the north-west side (cf. Hodges-Kluck & Bregman 2014).
	[image: thumbnail]	Fig. 7. Overlay of radio continuum contours on far-infrared emission. Contours show 144 MHz emission and are at 2σ, or 200 μJy beam−1 (compare with Fig. 1, left panel). The grey-scale image shows the Herschel 350 μm emission.



4.3. Radio haloes and galactic winds
The shape of radio haloes is sometimes referred to as dumbbell-shaped, with the maximum extent not in the centre of galaxies but rather in the outskirts. A prominent example is NGC 253 (Heesen et al. 2009a; Kapińska et al. 2017), and other examples include NGC 891 (Mulcahy et al. 2018), NGC 4217 (Stein et al. 2020), and possibly a few other galaxies (Wiegert et al. 2015). One interpretation of such a structure was that the CREs suffer higher synchrotron losses in the centre of the galaxy and thus are not able to get out as far as in the galactic outskirts (Heesen et al. 2009a). However, in light of our new finding of the superbubble, it appears that the ‘horns’ of the dumbbell are indeed just the walls of the superbubble that are brighter due to limb brightening. This limb brightening requires a lateral density gradient of the magnetic fields and cosmic rays. Such a density gradient was suggested by early hydrodynamical simulations of starburst-driven superwinds (Heckman et al. 2000). They suggested that the coolest densest gas is associated with the swept-up shell of interstellar medium that propagates laterally in the plane of the galaxy. This process can be enhanced by entrainment and stripping of cool dense gas into the wind flowing out of the disc (through Kelvin–Helmholtz instabilities. Indeed early X-ray observations found such horns in NGC 253 (Pietsch et al. 2000) later to be shown part of a more extended structure (Bauer et al. 2007). What was missing until now was the connection with the radio halo, where such filled structures had evaded detection. Hence, it appears likely that the horns of the dumbbell-shaped radio haloes are indeed the walls of superbubbles where hot thin gas is hard to detect in the radio continuum.
Alternatively, instead of a wind-driven bubble, we next considered AGN-driven outflows. This was motivated by observations where, starting from early examples of a few objects showing radio bubbles (Hummel et al. 1983) to a later representative sample of ten objects with radio bubbles (Hota & Saikia 2006), some AGN influence is at least likely. NGC 4217 and possibly the Milky Way are the only examples of radio bubbles without visible AGN feedback. Nevertheless we note, an AGN can quickly dominate feedback in galaxies once active. While the morphology of the radio continuum emission does not reveal a jet in NGC 4217, this also not the case in other galaxies with radio bubbles that have an AGN (such as NGC 3079, the Circinus galaxy, and NGC 6764). Therefore, the lack of any jet emission is not enough to conclusively rule out AGN feedback. More observations of radio bubbles in galaxies without AGNs are needed in order to establish the case for purely wind-driven radio bubbles.
5. Conclusions
We present new observations of the CHANG-ES galaxy NGC 4217 in the S band (2–4 GHz), which we combined with archival LoTSS-DR2 data at 144 MHz. This galaxy was known to have a radio halo extending to about 5 kpc from the star-forming disc with a prominent X-shaped magnetic field in the halo (Stein et al. 2020). With the new, much more sensitive S-band data, we detected a conspicuous extension of radio continuum emission in the north-western halo (Fig. 1, left panel). This prompted us to search again for extended emission in the previously studied LOFAR data. We found a very extended faint component that had previously evaded detection. This component has the morphology of an edge-brightened bubble that extends out to a distance of 20 kpc from the star-forming disc (Fig. 1, right panel). Such a structure is reminiscent of the Fermi bubbles in the Milky Way, although it is 2–3 times larger in size (length) than the one in our Galaxy.
Radio haloes reveal the presence of CREs and magnetic fields and thus have been suspected of being indicative of galactic winds and outflows (e.g. Heesen 2021). However, the morphology is mostly different from what galactic wind simulations predict, namely bubbles along the minor axis of the galaxy. In fact, radio haloes have a boxy shape that extends over the star-forming disc (e.g. Heald et al. 2022). With this discovery we show that, in at least one case, bubbles of cosmic rays can be explained by the star formation in the disc, and thus that such bubbles may be good indicators of galactic winds. In other cases there are hints of bubble-like structures in both the radio continuum and other wavelengths. For instance, in the iconic starburst galaxy NGC 253, prominent bipolar X-ray bubbles were observed (Pietsch et al. 2000). In NGC 253, the radio continuum has a dumbbell-shaped radio halo with an X-shaped magnetic field tangentially aligned with the edge of the superbubbles in the halo (Heesen et al. 2009a,b). However, in contrast to NGC 4217, in NGC 253 no bubbles are detected in the total power radio continuum emission. As Stein et al. (2020) have shown, NGC 4217 is also a dumbbell-shaped galaxy with extended emission at 144 MHz along the edges of the bubble (their Fig. 1). Yet another example with a possible bipolar outflow in the X-rays and X-shaped magnetic fields is NGC 5775 (Heald et al. 2022). Although a well-defined bubble is only detected on one side of the galactic disc, there are signatures of bubble-like features on the other side. The magnetic field and the H α emission may trace the walls of the superbubble (Li et al. 2008, their Fig. 8).
In light of our new findings, we propose that the horns of dumbbell-shaped radio haloes are the edge-brightened boundaries of bipolar radio outflows. Cosmic rays are transported in these starburst-driven galactic winds, streaming along X-shaped magnetic field lines (Krause 2009). While the outflow in NGC 4217 may be purely star-formation-driven, the well-defined outer boundary suggests that it is an episodic outflow event and that the cosmic rays have not yet diffused away. This would favour an AGN-driven outflow, which agrees with the observed lack of gas in the halo. On the other hand, jet-driven bubbles often have a random orientation to the disc (e.g. in NGC 3801; Hota et al. 2012)3, hindering the formation of bipolar outflows. We need deeper observations to discover a sample of purely starburst-driven radio bubbles. Thanks to the excellent sensitivity of LOFAR, such discoveries are possible and show that, for instance, galaxy-sized jets are common (Webster et al. 2021). Until then, AGN feedback will remain at least a distinct possibility that cannot be ruled out.
In summary, the radio superbubble in NGC 4217 reveals an ingredient in the observations of radio haloes that had been missing until now. It is not clear why there are not more of such bubbles detected elsewhere, but clearly spectral ageing plays an important role. With future observations at 50 MHz with LOFAR (de Gasperin et al. 2021) it may become possible to see more of these structures. What seems clear is that bipolar outflows of cosmic rays may be commonplace in star-forming galaxies. They would fit nicely into what is predicted by theories of stellar feedback and may be a signature of cosmic-ray-driven galactic winds (e.g. Thomas et al. 2023). In the future, XMM-Newton follow-up observations can be used to search for the extended hot halo of NGC 4217 despite it not being well detected in a 70 ks Chandra observation (Li & Wang 2013).
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	[image: thumbnail]	Fig. 1. Radio continuum emission in the halo of NGC 4217. Left: JVLA 3 GHz radio continuum emission at 7″ angular resolution, shown as the grey-scale background map. Contour lines show the 2, 3, and 5σ levels at 144 MHz (red, green, and blue) observed with LOFAR at 20″ angular resolution (indicated by the filled circle in the bottom-left corner). Confusing background sources have been subtracted from the 20″ map. Right: LOFAR radio continuum emission at 144 MHz imaged with enhanced diffuse extended emission at 20″ angular resolution (for details see Sect. 2.2). The contour line is at 320 μJy beam−1 with a resolution of 40″, equating to 0.8σ. Confusing background sources have been subtracted. The coloured emission displays polarised intensity at ≈9″ resolution at 3 GHz observed with JVLA, and the corresponding vectors show the orientation of the magnetic field (the vector length is proportional to the polarised intensity). Thick grey lines show the assumed shape of the CRE transport in the superbubble (Sect. 3.4).
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	[image: thumbnail]	Fig. 2. Position of the vertical intensity profile of the superbubble in NGC 4217 overlaid on the LOFAR map with boosted extended emission. We use the top-left strip for the analysis (highlighted in white). We are probing the potential shell on the north-eastern side of the superbubble (cf. Fig. 1, right panel).
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	[image: thumbnail]	Fig. 3. Vertical intensity profiles of the superbubble in NGC 4217. Black-filled data points show 144 MHz emission, and unfilled blue data points show 3 GHz emission. Dashed lines show two-component exponential fits that account for the limited angular resolution.
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	[image: thumbnail]	Fig. 4. Radio spectral index between 144 and 3000 MHz as a false-colour representation at 7″ angular resolution. The colour-code is adopted from English et al. (2024).
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	[image: thumbnail]	Fig. 5. Radio continuum emission and radio spectral index in the superbubble. The thick disc component has been subtracted. We present the LOFAR 144 MHz (top graph, black) and S-band 3 GHz (top graph, blue) intensity profiles as well as the corresponding radio spectral index profile (bottom graph). Best-fitting SPINNAKER wind models are shown as dashed lines.
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	[image: thumbnail]	Fig. 6. Wind model in NGC 4217. We show the vertical profiles of the relevant parameters: wind velocity (top left), cross-section of the flux tube (top right), magnetic field strength (bottom left), and thermal electron density (bottom right). The estimate for the escape velocity is shown as a solid line (in the top-left panel). In bottom-right panel, we also show a possible profile of the electron density from X-ray data using a scale height of 8 kpc with arbitrary scaling.
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	[image: thumbnail]	Fig. 7. Overlay of radio continuum contours on far-infrared emission. Contours show 144 MHz emission and are at 2σ, or 200 μJy beam−1 (compare with Fig. 1, left panel). The grey-scale image shows the Herschel 350 μm emission.
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        Radio spectral index between 144 and 3000 MHz as a false-colour representation at 7″ angular resolution. The colour-code is adopted from English et al. (2024).
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        Radio continuum emission and radio spectral index in the superbubble. The thick disc component has been subtracted. We present the LOFAR 144 MHz (top graph, black) and S-band 3 GHz (top graph, blue) intensity profiles as well as the corresponding radio spectral index profile (bottom graph). Best-fitting SPINNAKER wind models are shown as dashed lines.
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        Wind model in NGC 4217. We show the vertical profiles of the relevant parameters: wind velocity (top left), cross-section of the flux tube (top right), magnetic field strength (bottom left), and thermal electron density (bottom right). The estimate for the escape velocity is shown as a solid line (in the top-left panel). In bottom-right panel, we also show a possible profile of the electron density from X-ray data using a scale height of 8 kpc with arbitrary scaling.
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	Parameter
	Wind





	B0 (μG) (a)
	11.0



	vc (km s−1) (b)
	
[image: equation]



	z0 (kpc) (c)
	
[image: equation]



	β(d)
	
[image: equation]



	γ(e)
	
[image: equation]



	χν2(f)
	1.2





      

      
Notes.

(a) Total magnetic field strength in the disc (fixed).


(b) Wind speed at the critical point.


(c) Scale height of the flux tube (see Eq. (2)).


(d) Power-law index for the flux tube (see Eq. (2)).


(e) CRE injection spectral index.


(f) Reduced χ2.
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        Overlay of radio continuum contours on far-infrared emission. Contours show 144 MHz emission and are at 2σ, or 200 μJy beam−1 (compare with Fig. 1, left panel). The grey-scale image shows the Herschel 350 μm emission.
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