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The longest known tails of ram-pressure-stripped star-forming galaxies are caused by an intracluster medium shock in Abell 1367
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Abstract

Context. The environment plays an important role in shaping the evolution of cluster galaxies through mechanisms such as ram pressure stripping (RPS), whose effect may be enhanced in merging clusters.

Aims. We investigate a complex of three galaxies – UGC 6697, CGCG 097−073, and CGCG 097−079 – that are currently undergoing extreme RPS, as is evident from their multiwavelength-detected tails. The galaxies are members of the nearby (d = 92 Mpc) merging cluster Abell 1367 and are located in proximity to an intracluster medium (ICM) shock that is traced by X-ray observations and the presence of a radio relic.

Methods. We analyzed LOFAR and MeerKAT observations at frequencies of 54, 144, 817, and 1270 MHz to perform a detailed spectral analysis of the tails.

Results. We found that all three tails are significantly more extended than in previous radio studies, with lengths of ≥70 kpc. For UGC 6697, we detected a tail of 300 kpc, making it the longest known RPS tail of a star-forming galaxy at any wavelength. The length and spectral variations of the tail cannot be explained purely by the spectral aging of stripped cosmic rays. We constructed a model of the tail that includes compression and reacceleration due to the encounter with the nearby ICM shock, which can plausibly account for the extreme RPS as well as the length and spectral variation of the tail. We further discovered a radio plume at the leading edge of UGC 6697 that connects to a narrow filament. These sources exhibit extremely steep (α ≈ −1.7) and highly curved spectra. We speculate that this emission arises from cosmic rays reenergized by UGC 6697’s rapid infall that propagate along magnetic filaments in the cluster center.

Conclusions. Our findings represent direct evidence of a cluster merger shock impacting the evolution of member galaxies. Furthermore, we report the first tentative detection of particle acceleration at the leading edge of an infalling galaxy.
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1. Introduction
Galaxy clusters form at the nodes of the cosmic web and are the most massive virialized structures in the Universe. The bulk of baryonic matter in galaxy clusters is confined in a hot (T > 107 K), low-density (ρ ∼ 10−27 g cm−3) plasma known as the intracluster medium (ICM). A smaller fraction of the baryons are in the form of stars, dust, and gas in the cluster galaxies, and cosmic rays from active galactic nuclei (AGNs). Galaxies that are members of a cluster are found to have systematically different physical properties compared to those inhabiting less dense cosmological environments. They show a reduced star formation rate (SFR; e.g., Gavazzi et al. 1999) and lower neutral hydrogen gas contents (e.g., Haynes et al. 1984) compared to galaxies of the same mass and morphological type outside of clusters. These differences are caused by effects related to the environment, i.e., gravitational or hydrodynamical interactions that take place in clusters and affect the hydrogen content of the galaxies, which is the reservoir fueling star formation. For massive clusters, the dominant mechanism responsible for quenching the SFR is thought to be ram pressure stripping (RPS; Gunn & Gott 1972; Boselli et al. 2022). In this process, the hydrodynamical drag forces due to the relative motion between galaxies and the ICM are sufficient to displace (part of) the interstellar medium (ISM) of infalling galaxies. The ram pressure scales as P ∝ ρv2 and is thus strongest in massive clusters with high ICM densities, ρ, and for galaxies moving at a high velocity, v, relative to the ICM. Ongoing RPS events can be observed by the presence of one-sided asymmetric distributions of the neutral and/or ionized gas (traced by the H I and Hα lines, respectively; e.g., Scott et al. 2018; Poggianti et al. 2025), the hot gas (traced in the X-rays, e.g., Sun et al. 2021), or the cosmic ray electrons (CRe; traced by the radio continuum, e.g., Gavazzi 1978), which are all affected by the ram pressure. The stellar component in such galaxies is not significantly affected by the process because of their high mass and small cross section.
In the process of cluster formation, shock fronts are driven into the ICM, heating the thermal gas. Part of the shock energy is also dissipated into nonthermal components, namely relativistic particles and magnetic fields. Radio relics (e.g., Jones et al. 2023) are diffuse sources colocated with cluster shocks where relativistic electrons are believed to be reaccelerated via diffusive shock acceleration (DSA, Brunetti & Jones 2014), generating the synchrotron emission. Due to ICM shocks and increased galaxy velocity dispersion, cluster mergers may increase the efficiency of RPS and thereby accelerate the evolution of galaxies in merging clusters. While it should, in general, lead to a quenching of the SFR, the compression of the ISM due to ram pressure may lead to a temporary phase of enhanced star formation (e.g., Roberts et al. 2022). Stroe et al. (2015, 2017) found an enhancement of Hα emitters in clusters with merger shock waves in the ICM, which they speculate traces enhanced star formation that is triggered by the merger activity. Conversely, Roberts (2024) found a statistically enhanced quenched fraction in clusters that host radio relics, which are a direct tracer of ICM shocks and thus cluster mergers. Similarly, Lourenço et al. (2023) found a mildly enhanced RPS fraction in interacting clusters. Further studies are required to understand the conditions under which and timescales in which the cluster dynamical state triggers or quenches the SFR of its member galaxies.
Abell 1367 (hereafter A1367) is a relatively low-mass (M200 = 3.8 × 1014 M⊙) nearby (d = 92.2 Mpc) galaxy cluster with a virial radius of r200 = 1.18 Mpc (Rines et al. 2003; Boselli et al. 2022). It is currently undergoing a major merger, as is evident from its elongated and bimodal ICM distribution (Donnelly et al. 1998), non-Gaussian galaxy velocity distribution (Cortese et al. 2004), and the presence of a shock in the X-rays (Ge et al. 2019) that corresponds to diffuse radio emission (Gavazzi 1978) that was classified as a radio relic by Ensslin et al. (1998), Farnsworth et al. (2013).
In addition to the radio relic, the cluster hosts further complex and peculiar radio sources, likely connected to the ongoing merger. Among them is the radio galaxy 3C 264 in the east of the cluster, which shows a prominent head-tail morphology (Gavazzi 1978). The cluster also hosts a number of star-forming (SF) galaxies that are known to be undergoing RPS, as is evident by tails in the radio continuum and at other wavelengths. Three of them are located in the vicinity of the relic. The most spectacular case is the galaxy UGC 6697, a starburst galaxy that was the first case of the detection of an RPS tail behind a SF galaxy (Gavazzi 1978; Gavazzi & Jaffe 1987). The extent of the tail is reported to be ∼30 kpc at 1.5 GHz (Gavazzi et al. 1995). It is coincident with a 120 kpc long tail of hot gas traced in the X-rays (Sun et al. 2021), a tail of ionized gas that shows an extent of 100 kpc in MUSE observations (Consolandi et al. 2017) and an H I-tail of at least 70 kpc (e.g., Scott et al. 2010). The other two galaxies in the relic region, CGCG 097−079 and CGCG 097−073, hereafter referred to as C 079 and C 073, also show remarkably long radio and Hα tails (Gavazzi 1978; Gavazzi et al. 1995; Roberts et al. 2021).
The complex including the three tailed galaxies and the radio relic in A1367 is a tentative example of a direct interaction between a large-scale ICM shock and RPS of SF galaxies. The three highly peculiar SF galaxies show long multiwavelength tails with a similar orientation (their position angles are within 40°). Their tails are mostly in the propagation direction of the shock and they are starburst galaxies, with strong star formation taking place in particular at their leading edge (Consolandi et al. 2017; Pedrini et al. 2022). This makes the scenario of an interaction highly plausible.
In this paper, we present an analysis of LOw-Frequency ARray (LOFAR, van Haarlem et al. 2013) observations of the A1367. The high sensitivity of this telescope at low and ultralow frequencies allows us to be sensitive to the steep-spectrum emission that is expected in stripped tails (e.g., Roberts et al. 2024a). We further present the analysis of MeerKAT (Jonas 2009) data, allowing us to constrain radio spectra in A1367 accurately.
In this work, we assume a flat Λ cold dark matter (ΛCDM) cosmology with Ωm = 0.3 and H0 = 70 km s−1 Mpc−1. At the distance of the cluster, 1 arcmin corresponds to 27 kpc. This paper is arranged as follows: in Sect. 2, we list the radio observations, data reduction, and image analysis, in Sect. 3, we discuss the emission of the three galaxies individually, and in Sect. 4, we present a detailed analysis and modeling of the UGC 6697 tail. The radio filaments are covered in Sect. 5, while we discuss our findings in Sect. 6. We conclude in Sect. 7.
2. Data reduction and analysis
In this paper, we analyze a multifrequency radio dataset. We use radio observations with the LOFAR low-band antenna (LBA; 42−68 MHz), LOFAR high-band antenna (HBA; 120−168 MHz), MeerKAT ultra-high frequency (UHF; 580−1015 MHz), and MeerKAT L-band (900−1670 MHz). Details about the observations can be found in Table 1.
Table 1. 
Observations.

2.1. LOFAR LBA
Two observations of 6 h each were conducted on January 2 and March 17, 2020, in the frequency range 42−68 MHz. As a primary calibrator source, 3C 295 was observed during the whole observation in parallel. Processing was carried out using the Library for Low-frequencies1 (LiLF), the standard calibration framework for LOFAR LBA. Initially, the data were downloaded and averaged to 4 s time and 49 kHz frequency resolution. The instrumental systematic effects were calibrated on 3C 295, which was observed during the whole observation with a parallel beam, and applied to target field dataset. Then, we proceeded with the direction-independent self-calibration of the target field as described in de Gasperin et al. (2020), with one modification: the original strategy derives direction-independent calibration solutions for the full target field in two self-calibration iterations. We instead carried out the second self-calibration cycle only on the central bright source 3C 264, after subtracting the rest of the field with the solutions found in the first cycle. 3C 264 is sufficiently bright to obtain robust calibration solutions and is part of the A1367 cluster, so we optimize solutions for the region of the field in which we are interested. After correcting the data for the ionospheric solutions toward 3C 264, we carry out wide-field direction dependent calibration according to the strategy described in Edler et al. (2022). In this way, direction-dependent calibration solutions are obtained across the field of view (FoV). These are then applied on-the-fly during imaging to individual facets. We use the facet-imaging mode of the WSClean imager (Offringa et al. 2014; Offringa & Smirnov 2017) to create the final wide-field corrected image.
For the A1367 region, this image still shows significant calibration artifacts due to the bright radio galaxy 3C 264. Thus, we employ the scheme of source extraction and re-calibration, originally described in van Weeren et al. (2021). For this, we subtract all sources in the FoV except for our region of interest, a 1° ×1° square region centered on the A1367 cluster. We then perform iterations of direction-independent self-calibration of this area. We solve for scalar-phases on time intervals of 8 s, constraining the solutions to be smooth on scales of a 3 MHz Gaussian kernel. After five cycles, we perform a final self-calibration cycle where we additionally solve for scalar amplitudes on a 8 s time interval and a full-Jones matrix on 128 s time intervals. This procedure strongly mitigates the artifacts originating from 3C 264. At this point, the dominant systematic effects in the data are direction-dependent ionospheric effects within the extraction region, which is larger than the coherency scale of the ionosphere. Thus, after applying the solutions found for the A1367 region to the data, we perform three more rounds of direction-dependent scalar-phase calibration, using 3C 264 and three other bright sources in the field as direction-dependent calibrators.
2.2. LOFAR HBA
Four observations of 8 h each were considered for this work, three of which target the cluster center (project LC13_024), the fourth one is centered on 3C 264 (LC11_016). Initial calibration followed the standard LOFAR HBA calibration routine, using the pipelines LINC (de Gasperin et al. 2019) and ddf-pipeline (Tasse et al. 2021). Then, we again carried out the extraction and re-calibration procedure described above using a 0.9° square region of interest. In this step, sources outside the region of interest were subtracted and the measurement sets were phase-shifted to the cluster center. Then, it was solved for scalar phases at 16 s time resolution. After three iterations, we additionally carried out a scalar amplitude solve on a 3 min timescale. In both of these solves, a frequency resolution of 0.39 MHz was used, but the effective degrees of freedom were reduced by enforcing spectral smoothness using a Gaussian kernel of 5 MHz width. Finally, after six iterations, we also solved for a full-Jones matrix every 11 min and 1.95 MHz for three more iterations. Then, after applying the solutions of the direction-independent extraction procedure, we again carried out direction-dependent calibration toward the four brightest sources in the region of interest and solving for scalar phases on a time-resolution of 64 s and enforcing spectral smoothness with an 8 MHz kernel.
2.3. MeerKAT
MeerKAT observations were taken as part of projects SCI-20210212-MH-01 (L-band; PI M. Hoeft) and SCI-20230907-MH-01 (UHF-band; PI M. Hoeft). The observations were calibrated following standard procedures, the details of the data reduction will be described in an accompanying paper (Hoeft et al., in prep.). The final MeerKAT images were corrected for the primary beam effect using katbeam2.
2.4. Image analysis
All radio maps in this work were imaged using WSClean and were corrected for the primary beam attenuation. The final LOFAR maps, created with a robust weighting parameter of −0.5, are shown in Fig. 1. We investigated the astrometry of our images to ensure there are no offsets which affect our analysis. For this, we employed PyBDSF (Mohan & Rafferty 2015) to create source catalogs at each frequency. Using only point sources and with the HBA map as reference, we determined a flux-weighted offset of ΔRA = −2.8″; ΔDec = 3.3″ for the LOFAR LBA, ΔRA = −0.3″; ΔDec = 0.1″ for the MeerKAT UHF and ΔRA = −0.9″; ΔDec = −0.6″ for the MeerKAT L-band image. For the LBA, the offset is approximately a third of the point-spread function (PSF), while for the MeerKAT, it is below a tenth of the PSF. We shifted the images to correct for this offset.
	[image: thumbnail]	Fig. 1. Top panel: Northwest of A1367 at 54 MHz, radio sources discussed in the text are highlighted. White and cyan regions were used to measure the total and disk flux densities, respectively. Bottom panel: Same region at 144 MHz, also displaying the XMM-Newton X-ray contours of Ge et al. (2019), contours are [5, 10, 20, 40] counts s−1 deg−2. The purple region marks the detected ICM shock.



In Fig. 1, we mark the radio sources that are the subjects of this work. The elliptical galaxy NGC 3842 and the connected filaments are a secondary subject of our study and will be discussed in Sect. 5. The three SF galaxies UGC 6697, C 079, and C 073 and their continuum tails are clearly visible. The diffuse emission of the radio relic is partly superimposed on the emission of the tails. Based on the LOFAR HBA map at 21″ resolution, we manually defined the regions corresponding to the three tailed galaxies by outlining the elongated area of high surface brightness behind the galaxies. These manual regions are shown as white contours in Fig. 1.
2.4.1. Subtraction of the radio relic emission
For the analysis of the stripped tails, the co-spatial diffuse emission of the radio relic could impose biases. Thus, we considered two different scenarios: first, we did not subtract the diffuse relic emission from the tail, assuming that it can be neglected in comparison to the tail emission. Secondly, we attempted to model and subtract the diffuse relic emission from the tails, assuming that it is fully independent of those and can be reasonably interpolated from the emission surrounding them. To model the emission of the radio relic, we first created images based on visibilities from which compact background sources were subtracted to allow for an accurate interpolation of the diffuse emission. For this, we created a model of the compact background sources in our region of interest by imaging the data at high angular resolution using a robust weighting of −1.0 and an inner uv cut of 2000λ while applying a clean-mask containing the background sources. We then predicted the visibilities corresponding to the compact source model, corrupted them with the direction-dependent calibration solutions (for LOFAR data), subtracted those from the data, and imaged the subtracted data.
Based on these compact-source subtracted maps, we modeled the emission of the relic, using rectangular regions which are 40″ × 350″ wide (40″ × 200″ for C 079) and spaced evenly along the tail, perpendicular to it. For UGC 6697, we display these regions in Appendix A. For each region, we calculate the mean surface brightness, excluding the area that overlaps with the tail. This interpolation of the relic surface brightness is then used to create a model of the diffuse background emission. It is then convolved with a Gaussian kernel (σsmooth = 20″) to obtain a smooth model. As an example, one such model is shown in Appendix A. This model is then subtracted from the image, this procedure is carried out for all four frequencies. For C 073, it is less clear which part of the emission is related to the tail or the radio relic. Since the radio relic emission is anyway significantly fainter at the location of this galaxy, no background subtraction was attempted. In Fig. 2, we display the UGC 6697 tail after subtracting the relic emission at all four frequencies. The tail remains as a well-defined morphological feature.
	[image: thumbnail]	Fig. 2. UGC 6697 at 21″ resolution after subtracting the radio relic model. Gray areas show masked sources. For display purposes, the images are rotated by 40°.



Table 2. 
Spectral fit results.

2.4.2. Flux density and spectral index measurements
To measure the integrated flux densities of the RPS galaxies, we used the source regions defined previously and displayed in Fig. 1. The values were measured using the same source regions at all frequencies and using images convolved to a circular PSF of 21″. For measurements of the emission from the stellar disks, we defined the disk regions using the r-band isophotal diameter at a reference level of 25 mag arcsec−2 (Adelman-McCarthy et al. 2007). The emission from the disks was measured using the high-resolution maps with a PSF of 14″ × 10″ to allow for a better separation of the radio emission in the disk and the tail. The flux density of the tails was calculated as the difference between the total flux density of the galaxies and the flux density of the disk. We estimated integrated spectral index values α and spectral curvature values β by fitting a second-order polynomial in log10–log10-space (hereafter log-parabola) to the four observed frequencies according to:
[image: thumbnail](1)
where ν0 = 300 MHz. We assumed a systematic flux density scale uncertainty of 10% for the LBA and the HBA maps (Shimwell et al. 2022; de Gasperin et al. 2023), and a 5% uncertainty for the flux density calibration in MeerKAT (Knowles et al. 2022). The best-fitting values are listed in Table 2. We plot the log-parabola fits together with the measurements in Fig. 3. For all three galaxies, we find integrated spectra with spectral indices (including the tail emission) between −0.72 ± 0.07 and α = −1.00 ± 0.07, steeper than normal SF galaxies in the nearby Universe ([image: equation], Heesen et al. 2022). For all three galaxies, the tail spectra are steeper than the disks, in agreement with the findings of Ignesti et al. (2023); Roberts et al. (2024a). The spectra of the disks alone are within the scatter of the spectral indices of SF galaxies. The spectra of the galaxies do not significantly deviate from a power-law spectrum; however, the high uncertainty on β means we cannot exclude the presence of moderate spectral curvature.
	[image: thumbnail]	Fig. 3. Radio spectrum of UGC 6697 (blue), C 079 (orange), and C 073 (green). The lines are log-parabolic fits to the data, where the solid lines were fit to the total flux density, and the dotted and dashed ones to the flux in the tail and disk, respectively. In red, we also show the filaments close to NGC 3842 discussed in Sect. 5.



We also measured the flux density trend along the tails from the 21″ resolution images. We decomposed the regions covering the tails in segments spaced by one PSF, corresponding to a projected distance of 9.45 kpc, as displayed in Fig. 4. For each of these regions, we measured the flux densities at the four frequencies and fit Eq. (1) to the measured values. To ensure that spectral trends along the tail are not driven by contamination from the radio relic, we repeated this procedure using the radio-relic-subtracted maps. The resulting plots for UGC 6697 are shown in Fig. 5; for C 079 and C 073, they are displayed in Appendix A.
	[image: thumbnail]	Fig. 4. Regions used to measure the flux density along the tails, spaced at 21″, identical to the resolution of the background map at 144 MHz. Beige regions are masked background sources.



2.4.3. Spectral index maps
To create spectral index maps, we started from the radio maps with a harmonized uv coverage by applying an inner cut of 150λ. Then, we convolved the maps at all frequencies to a common resolution of 21″ × 20″. Next, we re-gridded the images to align them on the same pixel grid. For pixels that are above 3σrms in all images, we fit Eq. (1) to retrieve the flux density at ν0 = 300 MHz, the spectral index, the spectral curvature, and the corresponding uncertainties. The resulting spectral parameter maps are displayed in Fig. 6, the corresponding uncertainty maps can be found in Appendix B.
	[image: thumbnail]	Fig. 5. Flux density (top panel), SFR (top panel, right y axis), spectral index (mid panel), and spectral curvature (bottom panel) as a function of projected distance along the UGC 6697 tail. The vertical purple line shows the location of the ICM shock.



	[image: thumbnail]	Fig. 6. Top panel: Map of the spectral index, α. Bottom panel: Map of the spectral curvature, β. The angular resolution of the maps is 21″ × 20″.



3. The radio emission of the stripped galaxies
Our LOFAR images in Fig. 1 reveal that the radio tails behind the three stripped SF galaxies UGC 6697, C 079, and C 073 in the west of the cluster are all significantly more extended than reported in previous studies using higher frequency and/or lower sensitivity radio data (e.g., Gavazzi & Jaffe 1987; Gavazzi et al. 1995; Farnsworth et al. 2013; Roberts et al. 2021). Here, we compare their radio emission to other SFR tracers, followed by a discussion of the radio morphology, spectra, and the general properties of the three objects.
3.1. Radio-SFR relation
We calculated the total SFR for the galaxies using the far-UV (FUV) emission, which we dust absorption-corrected with the mid-infrared (MIR). The SFR of the galaxies likely had significant recent variation given their infall onto A1367. The FUV emission is primarily due to stars formed ∼100 Myr ago, similar to the lifetime of the synchrotron emitting CRes below 1 GHz (Hao et al. 2011). Thus, FUV and 144 MHz continuum trace SFR on comparable timescales. We measured the FUV luminosities LFUV from GALEX images (Bai et al. 2015; Bianchi et al. 2017). These were corrected for dust extinction using the 22 μm WISE band 4 images (Cutri et al. 2012). The SFR was calculated for the initial mass function of Kroupa (2001) following Hao et al. (2011). The galaxies have a total SFR of 7.8, 1.9, and 1.2 M⊙ yr−1 for UGC 6697, C 079, and C 073, respectively. Within the (old) stellar disk, as defined by the r-band isophotes, the SFR is 5.7, 1.3, and 0.9 M⊙ yr−1. In Fig. 5, we display the SFR in 9.5 kpc spaced regions along the disk and tail of UGC 6697. Star formation is also taking place outside of the disk along the initial part of the tail. For the other two galaxies, star formation takes place only in the direct vicinity of the stellar disk and does not extend into the tails for more than 10 kpc.
In Fig. 7, we plot the 144 MHz luminosity against the SFRFUV + 22 μm and compare to relations from the literature. The total continuum luminosity of the three galaxies is a factor ∼20−30 higher compared to relations found for normal galaxies in the nearby Universe (Heesen et al. 2022). Similarly, Gavazzi et al. (1995) found the three galaxies to be a factor of ten more radio luminous than expected given their infrared emission, which also traces the SFR. While RPS galaxies are known to have excess radio emission compared to normal galaxies (Chen et al. 2020), even compared to relations for RPS galaxies of Roberts et al. (2021), Edler et al. (2024), all three galaxies are still a factor of 5−6 more radio luminous. This reduces to an offset of ∼3 when considering the relic-subtracted radio maps described in Sect. 2.4. Considering only the stellar disk, we still find an excess compared to other RPS galaxies that ranges from 1.6 for C 079 to 5.1 for C 073. Thus, the excess radio emission does not just originate from the tails. Our results further suggest a trend in which objects which are experiencing more extreme RPS (such as the three galaxies considered here) show a stronger radio excess compared to the general population of RPS galaxies (e.g., Roberts et al. 2021; Edler et al. 2024). A plausible explanation of the enhanced radio emission is a higher magnetic field strength due to the ISM turbulence and compression caused by the RPS, furthermore, variable SFR can play a role (Ignesti et al. 2022; Edler et al. 2024).
	[image: thumbnail]	Fig. 7. Luminosity at 144 MHz (y axis) compared to FUV-MIR derived SFR (x axis). The lines show radio-SFR relations from the literature, Heesen et al. (2022) (red) is derived for normal (non-RPS) galaxies using total infrared as tracer, Roberts et al. (2021) and Edler et al. (2024) are derived for RPS galaxies using spectral energy density fitting and FUV+MIR, respectively.



3.2. UGC 6697
UGC 6697 is a large (Mstar = 2 × 1010 M⊙) irregular starburst galaxy known to host multiwavelength tails (Consolandi et al. 2017; Sun & Vikhlinin 2005). Our LOFAR images reveal that the total extent of UGC 6697 is 365 kpc (14.6′), the final 310 kpc of which are the emission of the tail. This means that the radio tail is considerably more extended than the ≈30 kpc found in previous works (Gavazzi et al. 1995). This makes UGC 6697 by far the SF galaxy with the longest known tail, more than a factor of three longer than the largest previously known radio tail (NGC 2276 with 100 kpc, Roberts et al. 2024b) and also surpassing the current record holder across all wavelengths, NGC 4569’s tail of 230 kpc in the Hα (Sun et al. 2026). While the tail is partly superimposed on the diffuse relic emission, the radio morphology clearly suggests that it is a well-defined feature and not just blending in with the general relic emission. This is particularly evident in the maps we obtain after subtracting a model of the relic emission in Fig. 2. In addition, as already noted, UGC 6697 is also extremely radio-luminous compared to its SFR, being a factor ≈13 above the radio-SFR relation for normal nearby SF galaxies of Heesen et al. (2022) (see orange circle and red line in Fig. 7).
In the central panel of Fig. 5, we show the spectral index trend along the tail for UGC 6697 as a function of the projected distance. In the disk, the spectral index is α = −0.70 ± 0.07, in line with the expectation for SF galaxies. Until r ≈ 80 kpc, the spectrum quickly steepens toward a value α ≈ −1.4. Afterward, it stays approximately constant until r ≈ 200 kpc, after which the spectrum begins to gradually flatten to α ≈ −1.1. The reason for this spectral behavior will be investigated in Sect. 4.
3.3. CGCG 097–079
In this galaxy, Scott et al. (2015) found that the ISM is perturbed even in the molecular phase, which is more deeply embedded in the gravitational potential well. They attributed this to the ram pressure, possibly in combination with a past tidal interaction with C 073. They find evidence for a burst of SF ∼100 Myr ago. The galaxy also hosts long tails in the Hα (Boselli & Gavazzi 2014; Pedrini et al. 2022), X-ray (Sun et al. 2021), and the radio continuum. The radio continuum tail was found to have an extent of ≈50 kpc (Gavazzi et al. 1995; Roberts et al. 2021). In our observations, we measure its size to be 135 kpc, making it the second-longest known next to UGC 6697. The disk spectral index is α = −0.71 ± 0.08. The spectrum quickly steepens to α ∼ −1.1 outside of the galaxy, and then stays roughly constant until it flattens again to ≈ − 0.8 after ∼80 kpc, in a region that also shows a re-brightening (as shown in Appendix B).
3.4. CGCG 097–073
This galaxy shows long tails in the ionized gas and the radio continuum, the latter was found to have an extent of at least 75 kpc in the literature (Gavazzi et al. 1995; Boselli & Gavazzi 2014; Roberts et al. 2021; Pedrini et al. 2022). Due to the lower surface brightness of the tail and the blending with the diffuse emission of the relic and a bright background radio galaxy, the true extent of this tail remains unclear from LOFAR observations. Notably, the main component of the tail appears offset to the west from the primary component of the ionized gas tail (Gavazzi et al. 2001; Boselli & Gavazzi 2014; Yagi et al. 2017; Pedrini et al. 2022). A filament-like structure in the radio maps, best visible in the MeerKAT UHF band observation displayed in Fig. 8, may be interpreted as a continuation of the radio tail toward the north. This is also in agreement with the most distant section of the tail observed in the Hα (Scott et al. 2015).
	[image: thumbnail]	Fig. 8. MeerKAT 817 MHz map of C 097 and C 073 at 13″ resolution. The yellow line guides the eye along the tail of C 073 and its speculative northern extension.



The disk of C 073 has a spectral index of −0.60 ± 0.08, the spectrum of the tail is only slightly steeper, with α = −0.77 ± 0.08. For this galaxy, there is only a mild spectral steepening visible along the tal, followed by a flattening after 50 kpc. It is by far the flattest tail of the three, even in the more distant, tentative extension of the tail, α ≥ −1.0.
4. Spectral analysis of the tails
In SF galaxies, the emission at frequencies of several gigahertz is dominantly due to synchrotron emission. At ∼1 GHz and below, the contribution of thermal emission is ≤10% (Condon 1992). The radiating CRe are primarily injected at supernova shocks with a power-law energy distribution following an energy index of δ ≈ −2. This corresponds to synchrotron radiation with a spectrum of α ≈ −0.5 (Drury 1983). In the absence of further acceleration processes, the energy distribution of the injected CRe is modified only by energy loss processes: in the presence of magnetic and photon fields, synchrotron and inverse-Compton losses will more efficiently deplete high-energy CRes emitting at high frequencies leading to a steepening of the spectrum known as spectral aging (e.g., Harwood et al. 2013). In the dense ISM, energy losses via Bremsstrahlung and ionization are also relevant (see e.g., Basu et al. 2015). Within the disks, the balance of these processes typically leads to spectral indices ∼ − 0.6, with more massive galaxies showing steeper spectra (e.g., Heesen et al. 2022; Edler et al. 2024).
Spectral aging models are commonly employed to determine the radiative age of the synchrotron-emitting plasma of radio galaxies, where loss processes with the thermal gas or galaxy radiation field can be ignored for the approximately giga-electronvolt electrons that we probe in the radio band (e.g., Kardashev 1962; Longair 2010; Harwood et al. 2013, 2015; Edler et al. 2022). This should also hold for the low-density tails of ram pressure-stripped galaxies in cases where there is no star formation, as argued by Ignesti et al. (2023). This justifies recent approaches to model the synchrotron tails of RPS galaxies in an analogous way (Ignesti et al. 2023; Roberts et al. 2024a,b). Typically, it is found that the tails are well modeled by the classical spectral aging model of Jaffe & Perola (1973) (hereafter JP-model). This model assumes that CRe in a certain region were all injected in a single instantaneous burst with some injection electron index δinj and subsequently, experienced synchrotron and inverse Compton losses in a uniform magnetic and radiation field. The JP model assumes that the CRe isotropize rapidly due to frequent scattering, such that all CRe effectively synchrotron-radiate with an isotropic pitch angle distribution. Given the lifetime of the observed CRe of t > 107 yr, frequent scattering is expected, making the model more realistic compared to the models of Kardashev (1962), Pacholczyk (1970) which assume constant pitch angles across the CR lifetime. In the JP-model, energy losses introduce a spectral break in the CRe spectrum and consequently, in the observed synchrotron emission. The connection between the break frequency νb, the age t, and the magnetic field strength B is given by the following equation (e.g., Murgia et al. 1999):
[image: thumbnail](2)
where B is measured in μG and νb in megahertz. Here, inverse Compton scattering is assumed to be only with the cosmic microwave background (CMB), and BCMB ≈ 3.25(1 + z)2 μG is the magnetic field strength equivalent to the CMB energy density.
For the spectral-aging model of the tails to hold, the injection of fresh CRe into the tail due to star formation needs to be negligible compared to the stripped CRe. While C 073 and C 079 show no signs of star formation in the tails (Pedrini et al. 2022), UGC 6697 shows trails of H II regions in the initial ≈40 kpc of the tail, extending beyond the stellar disk, as we show in Fig. 5 (Consolandi et al. 2017). There are no clear morphological or spectral features in the radio maps corresponding to the location of the H II regions. However, we cannot exclude the possibility that for this first, shorter section of the tail right behind the stellar disk, star formation partly contributes to the observed radio emission. Nevertheless, there are no signs of star formation taking place in the final 280 kpc of the tail.
4.1. The pure-aging scenario
If the spectrum of the tails is shaped only by radiative losses, the spectral index is expected to steepen monotonically along the tail away from the disk. For UGC 6697, this is the case only for the initial part of the tail; afterward, the spectral index displayed in Fig. 5 stays constant and even increases again (corresponding to a flattening of the spectrum) beyond r = 200 kpc. Also for the other two galaxies, this monotonic steepening is not observed, as can be seen in Appendix A.
Spectral aging should also lead to a characteristically curved spectrum due to the quicker depletion of high-energy electrons. In Appendix B, we show the color-color diagrams αij versus αkl for the three galaxies. They were created based on the four frequencies considered in this work and using the regions of Fig. 4. We also compare them to the JP aging model, which we generated using synchrofit3 (Quici et al. 2022). In these plots, the initial data points close to the galactic disks, at distances of a few 10 kpc, are in agreement with the JP-model (within uncertainties). However, further along the tail, where the spectrum steepens, the data points disagree with the model. In particular, for UGC 6697, where we have the most data points, the spectrum does not show the expected curvature, but a more even steepening across all observed frequencies.
Lastly, the extent of the longest tail, UGC 6697, is challenging to explain in a scenario with only energy losses, as we argue in the following: the radiative lifetime, trad, in Eq. (2) takes its maximum value for the minimum loss magnetic field [image: equation]G. Therefore, assuming B = Bmin allows us to place an upper limit on trad. The frequency of the spectral break, νb, reaches the central frequency of our highest observed band of 1.27 GHz after trad ≈ 80 Myr. Thus, for the most distant part of the tail at r = 300 kpc to be stripped 80 Myr ago, the galaxy would need to travel at a projected velocity of ≥3660 km s−1.
We compare this to a dynamical estimate of the maximum possible projected velocity for UGC 6697: assuming the galaxy is gravitationally bound to the cluster, its velocity in three dimensions cannot exceed the escape velocity: v3D ≤ vesc(r). The escape velocity at a distance, r, from the cluster center can be calculated according to
[image: thumbnail](3)
in the case of a spherical cluster mass distribution, M(r). Here, G is the gravitational constant. Approximating the mass distribution using the profile of Navarro et al. (1996) as fit for A1367 by Rines et al. (2003), we get (Łokas & Mamon 2001)
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with the concentration parameter c = 16.9. The distance between the hierarchical cluster center determined by Rines et al. (2003) and UGC 6697 is at least the projected distance of 446 kpc, yielding vesc ≤ 2075 km s−1. Given the 491 km s−1 difference in line-of-sight velocity compared to the northwestern brightest cluster galaxy (BCG) NGC 38424, the infall velocity of UGC 6697 in the plane of the sky should not exceed 2017 km s−1, in conflict with the minimum velocity estimate of ≥3660 km s−1 obtained from the size of the observed tail. If there are substantial bulk motions within the ICM and it is not at rest with respect to the cluster center, this discrepancy may decrease; see the discussion in Sect. 6.
In the following, we consider several scenarios that can explain the observed non-monotonous spectral trends and the extreme linear size of the UGC 6697 tail. The aim of this is to investigate which physical processes can boost the observed emission of the distant part of the tail while also flattening the observed synchrotron spectrum and reducing the observed spectral curvature.
4.2. The shock-compression scenario
The first scenario that we consider that could boost the observed emission while also leading to a spectral flattening is the amplification of the tail magnetic field by compression due to the large-scale ICM shock reported in Ge et al. (2019). This scenario is also motivated by the fact that the end of the UGC 6697 tail is in close proximity to the ICM shock (the same holds for C 079). To model this scenario, we assumed that the galaxy falls radially toward the cluster center with a velocity on the order of its escape velocity vgalaxy = −2000 km s−1, leaving behind a tail that is quickly decelerated to be at rest with respect to the ICM and cluster center. The shock front moves in the opposite direction with vshock = 2000 km s−1, approximately the velocity corresponding to the radio Mach number [image: equation] and the speed of sound of cs = 840 km s−1 (Ge et al. 2019). Here, we assumed the radio Mach number, since using the smaller Mach number ℳx = 1.6 measured from the X-rays, the compression will only have a weak effect. The discrepancy between ℳx and ℳr can be explained with the X-ray measurement being affected by projection effects and by the two wavelengths tracing different parts of the Mach-number distribution (Botteon et al. 2020; Wittor et al. 2021). For simplicity, we assumed the shock and galaxy velocities to be constant. The ICM was modeled to follow a β-model (Cavaliere & Fusco-Femiano 1976) with β = 2/3 and a critical radius of rc = 500 kpc. The magnetic field at the critical radius was assumed to be Bc = 3 μG and to scale with the ICM density as B0 ∝ n1/2 (Bonafede et al. 2010). At present time, the start of the tail is at rgalaxy = 200 kpc and the shock front is at rshock = 480 kpc. At a radius r, the galaxy passed a time of tgalaxy = (r − rgalaxy)/vgalaxy ago, while the shock passed at tshock = (r − rshock)/vshock. This situation, together with the magnetic field model, is displayed in Fig. 9.
	[image: thumbnail]	Fig. 9. Time since the galaxy (blue) and shock (green) passed at a radius of r (left y axis). The right y axis shows the magnetic field (orange) as function of radius. The sketch below highlights the present situation, with the galaxy propagating to the left and the shock front to the right. Regions A, B, and C correspond to those defined in Sect. 4.2.



The impact of the shock on the tail in our model is twofold. Firstly, the passage of the shock with Mach-number ℳ compresses the magnetic field, B, in the tail. For the compression of an unordered magnetic field, B ∝ n2/3. Thus, the magnetic field compression factor, fB, can be derived from the density jump, C, of the Rankine-Hugoniot jump conditions for a monoatomic gas (Landau & Lifshitz 1959):
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according to fB = C2/3. Secondly, we assume that the adiabatic invariant p⊥2/(Bme) is conserved across the shock, where me is the electron mass and p⊥ the momentum. This would cause the CRe to be heated according to the model of Enßlin & Gopal-Krishna (2001) (see also Markevitch et al. 2005), effectively shifting the spectrum to higher energies by E ∝ B1/2. If this is indeed the case will depend on the exact properties of the shock and ICM. Both of these effects can increase the synchrotron brightness and flatten the observed spectrum, since we would observe the CRe spectrum at lower energies, where it is less curved. This model leads to three distinct regions along the tail:

	
A: 
In the regime where tgalaxy < tshock, the CRe spent their full life in the compressed magnetic field and were never heated by the passing shock.



	
B: 
In the region tgalaxy > tshock & tshock ≧ 0, the electrons spent part of their lifetime in the uncompressed magnetic field, thereby aging less quickly, and were then spun up in energy by the shock.



	
C: 
Lastly, the region that the shock did not yet pass (tshock < 0), such that the CRe radiate only in the uncompressed magnetic field and were never spun up in energy.




These regions are also marked in Fig. 9. We model the tail CRe spectrum N(E) by evolving the following simplified Fokker-Planck equation numerically for the time, tgalaxy, at each radius, r:
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Here, the loss term b(E, t, r) captures losses due to synchrotron and inverse Compton with the CMB is given by
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The time dependency in B(r, t) is due to the shock compression of the magnetic field at a time of tshock. Our model neglects CR diffusion and losses due to the adiabatic expansion of the tail. The adiabatic heating of the CRe is implemented by implicitly shifting the energy spectrum to higher energies by E ∝ B1/2 at the time, tshock, where the shock passes at r. We assume the initial electron distribution to follow a power law with an energy index of δ = −2.6, corresponding to the observed synchrotron slope of α ≈ −0.8 observed at the trailing edge of the galaxy. The synchrotron emission of N(E) in the magnetic field, B(r), was calculated using standard synchrotron equations. More details of the model are reported in Appendix C.
We evaluate the synchrotron emission of the models at the four observed frequencies and then fit Eq. (1) to those values around the central frequency ν0 = 300 MHz to obtain the flux density, spectral index, and spectral curvature. We compare the observed data of UGC 6697 to the model without a shock and without compression, the model with only magnetic field compression and to the model with magnetic field compression and adiabatic CR heating in Fig. 10. We did not attempt to model the contribution of the ISM magnetic field, which is required to accurately describe the emission of the disk and the initial tens of kiloparsecs of the tail.
	[image: thumbnail]	Fig. 10. Comparison between the observations and our model assuming aging without compression or acceleration (gray), only magnetic field compression (orange), magnetic field compression and adiabatic heating (green), and magnetic field compression and shock reacceleration (red). The top panel shows the flux density fit at 300 MHz, the center panel the spectral index, and the bottom panel the spectral curvature.



Clearly, shock compression of the magnetic field can increase the brightness, flatten the spectral index and bring the curvature closer to the power-law case β = 0 for the distant part of the tail. If the CRe are also adiabatically heated by the shock, this effect is amplified. However, even with the adiabatic heating and assuming the higher radio Mach number instead of the lower X-ray one, the model cannot explain the observed spectrum in region B, which is both rather flat α ∼ −1.0 and straight (in log-space, i.e., a power law) or even convex. We could not find any reasonable combination of model parameters that closely matches the observed flattening.
4.3. The diffusive shock acceleration scenario
In addition to the compression, the shock front could also reaccelerate the CRe via DSA or turbulent (Fermi-II) reacceleration processes, with the stripped CRe in the tail being the seed population. Such scenarios are also employed to explain the peculiar spectral properties of a number of tailed radio galaxies in clusters (e.g., Lusetti et al. 2024). Here, we only consider DSA as an acceleration mechanism, given its stronger theoretical foundation and the presence of the radio relic, which is a signature of shock-acceleration in the ICM.
Diffusive shock acceleration enters Eq. (6) as acceleration term a(E) = dE/dt = E/tacc(r, t), leading to the following modified equation:
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Effectively, for each radial cell, we use a finite tacc only during the time interval in which the shock propagates through that cell; otherwise, the term vanishes. We assumed a value of tacc = 5 Myr, compared to a time of 4.3 Myr the shock takes to cross a radial cell. The curve corresponding to the DSA scenario is shown in Fig. 10. More efficient acceleration leads to a drastic increase in surface brightness for the shocked part of the tail, which is not seen in the observed data to that extent.
Overall, the model with standard DSA reproduces the main features of the observed radio emission and is well motivated by the presence of the X-ray shock and the radio relic. Our concrete choice of model falls only slightly short in reproducing the observed curvature. Independent of the parameters, it cannot reproduce the slightly convex spectrum observed in some regions of the final part of the tail, with values of β > 0.
We note that our models do not aim to reproduce the rapid initial decline in surface brightness observed in the transition from the disk to the tail. This is likely due to the stronger magnetic field within the disk ISM, which is not included in our simplistic model. Nonetheless, our analyses indicates that the observed surface brightness increase farther along the tail, and subsequent flattening of the spectrum, can be explained by the passage of a shock.
5. The radio filaments surrounding NGC 3842
NGC 3842, the BCG of the northwestern subcluster, shows a double-lobed morphology of 20 kpc extent with a typical radio galaxy spectral index of α ≈ −0.7. Beyond this central emission, the galaxy is surrounded by two parallel tails, as shown in Fig. 11. Only the southern source is connected to NGC 3842, initially starting as a bifurcated filament starting from the two lobes of NGC 3842, which then transforms into a single one 30 kpc to the east. The largest linear size of the emission is 140 kpc, the narrowest part of the filaments appears to be below 4 kpc in size. The filament appears to show even narrower filamentary sub-structures.
	[image: thumbnail]	Fig. 11. Optical image of NGC 3842 and surroundings from the DESI Legacy Survey DR 10 (Dey et al. 2019). Overlaid in red are the LOFAR HBA contours, taken from an image with a PSF of 6″ × 4″. The contours are [4, 8, 16, 32, 64]×σrms, where σrms = 77 μJy beam−1.



The radio spectrum of the filaments is highly peculiar, being both ultra-steep and strongly curved (see Fig. 3). The spectrum steepens from [image: equation] at LOFAR frequencies to [image: equation] at MeerKAT frequencies. The spectrum is also remarkably uniform across the source (see Fig. 6). Both the morphology of the filaments and the spectrum do not resemble typical radio galaxies. It does, however, share properties with a number of filamentary radio sources, typically connected to the radio lobes of BCGs (Ramatsoku et al. 2020; Rudnick et al. 2022; Macgregor et al. 2024), discovered in recent years. A possible explanation for this was recently raised by Churazov et al. (2026), suggesting that such structures are magnetic filaments, along which CRe are able to propagate significantly faster along pressure gradients compared to if they were bound to the thermal gas. To add to the puzzle, the northern filament ends in a plume directly, at least in projection, in front of the stellar disk of UGC 6697. The plume is separated from the contact discontinuity on the leading edge by approximately 5 kpc, as measured from the high-resolution LOFAR HBA map. The plume itself could be interpreted as compression of the filament by the infalling UGC 6697. If the filaments both originate from NGC 3842, it appears unlikely for one of them to end exactly toward the infalling direction of UGC 6697.
If the mechanism proposed by Churazov et al. (2026) is indeed responsible for the observed filaments, a possible scenario, also able to explain the apparent connection to UGC 6697, would resemble the following: the central part of the NGC 3842 subcluster contains multiple magnetic filaments that are oriented approximately in the east-west direction, possibly due to former AGN activity. Along the southern filament, CRe initially accelerated by the central AGN can move rapidly. They mix with CRe populations of various radiative ages, yielding the observed spectrum. Similarly, the northern filament could be explained by CRe originating from the plume at the leading edge of UGC 6697 that are radio-brightened at the Mach cone of the galaxy by DSA and/or compression and then transported east. While this scenario is highly speculative, it could explain the enigmatic connection between the northern filament and UGC 6697.
6. Discussion
The three galaxies that are subject of this work and their tails are examples of extreme RPS in multiple ways: they show the longest known radio continuum tails, they have a strong radio excess given their SFR, and their tails show peculiar, non-monotonic spectral trends. This raises the question of why three objects in close proximity to each other show these peculiarities that distinguish them from the general population of RPS galaxies. The likely explanation for this lies in the ICM shock that (at least in projection) must have crossed all three galaxies. The ICM shock can explain the extreme RPS by introducing a density jump and ICM bulk motion. It is further supported by the similar orientation of the tails, which approximately follow the propagation direction of the shock. The increase in density given by Eq. (5) would be in the range of 𝒞 ≈ 1.8 − 2.7 when considering the X-ray and radio Mach number, respectively. Approximating the ICM as an ideal gas, the velocity of the bulk motion following the shock is given by
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The resulting velocity of the bulk motion will be 614 − 1323 km s−1 based on the Mach number assumption. Depending on the geometry and the infall velocity, the ICM bulk motion may temporarily increase the relative velocity between the infalling galaxy and the ICM by a factor of 1 + Δv/vinfall. For UGC 6697 and C 079, the propagation direction of the shock is antiparallel to the projected velocity of the galaxies, making this scenario likely. The resulting increase in ram pressure, P ∝ ρv2, would be a factor of 𝒞(1 + Δv/vinfall)2. For ℳ = 2.5 and vinfall = 2000 km s−1, the temporary increase in ram pressure would be a factor of up to 7. Thus, the encounter with an ICM shock is able to substantially enhance RPS. At the same time, it can also explain the peculiarities of the radio tails, as we argued in Sect. 4.3.
Clusters with radio relics, tracers of ICM shocks, are moderately frequent (e.g., ∼10% occurrence rate in the sample of Botteon et al. 2022) with many tens of examples known from radio and X-ray studies. If the extreme stripping events and radio tails in A1367 are caused by the ICM shock, that raises the question of why such interactions are not observed in other clusters with shocks. Due to the limited angular resolution of current large-area surveys, known radio tails behind SF galaxies are mostly limited to low-redshift systems of z ≲ 0.05. Conversely, only very few systems with ICM shocks fall into this range – none out of the 309 clusters in the sample of Botteon et al. (2022). Among the few examples other than A1367 are Coma (A 1656), A 3376, and A 3667. For Coma and A 3376, no direct interactions between SF galaxies and shocks are known. However, Coma shows an unusually large number of galaxies with prominent stripped tails (Roberts et al. 2024a), and A 3376 hosts a population of post-starburst galaxies, possibly originating from past interactions with the shock (Kelkar et al. 2020). For A 3667, a visual inspection of deep MeerKAT images (de Gasperin et al. 2022, Benati+ in prep.) indeed revealed a connection between the jellyfish galaxy WISEA J201014.69−563830.1 and the western radio relic. This galaxy has an outer ring that mostly contains stars formed in the last 500 Myr. An encounter with the ICM shock may reasonably have been the trigger. Such a scenario was already suggested by Moretti et al. (2018). Thus, interactions between ICM shocks and SF galaxies may be understood as a more important trigger of RPS and as a source of seed electrons giving rise to diffuse radio emission in merging clusters once higher resolution radio surveys become available with telescopes such as LOFAR 2.0 and the SKA.
Next, we want to highlight certain limitations of our model for the tail of UGC 6697 and discuss its applicability to C 073 and C 079. One factor of uncertainty is the magnetic field structure in the disk and tail. We did not attempt to model the contribution of the ISM magnetic field, which is necessary to explain the initial 50 kpc of the emission, particularly within the disk. Also, if the tail magnetic field is strongly aligned with the tail, as is suggested by the magnetic draping scenario (Müller et al. 2021, and references therein), the compression factor of the tail magnetic field may be less compared to the unordered field that we assumed. Furthermore, our model assumes that all radio emission at a certain distance from the galaxy originates from CRe that were injected at a single time. In practice, since CRe are injected in an extended region in the disk and the initial 30 kpc of the tail, aged CRe that were injected at earlier times close to the leading edge of the galaxy will be advected along the disk and tail where they will mix with more recently injected CRe. This mixing may reduce the observable spectral curvature. Lastly, when connecting the infall velocity of the galaxy with respect to the cluster center to the relative velocity between the galaxy and the ICM, we assumed that ICM bulk motions are negligible. Especially in a merging cluster and behind the shock front, such bulk motions may be considerable, as we argued earlier in this section. Thus, the relative velocity between the ICM and the galaxy may be greater than its infall velocity onto the cluster. This may weaken our point on the maximum allowed relative velocity of the galaxy of Sect. 4.1.
Lastly, we briefly want to discuss how our model for UGC 6697 applies to the other two RPS galaxies in the relic region. For C 079, given its similar (projected) direction to UGC 6697, the model could be applied in an analogous way to explain the lack of spectral steepening and in particular the spectral flattening in the final section of the tail. For C 073, the encounter between the shock and the tail may have been closer to perpendicular, meaning that reacceleration along the tail might have taken place more recently across a shorter time frame. This is in agreement with the observed flat spectrum of the tail.
7. Conclusions
In this work, we presented novel LOFAR and MeerKAT observations of the nearby merging cluster A1367, focusing on three RPS galaxies (UGC 6697, C 073, and C 079) located near an ICM shock and radio relic. The relic itself is the subject of an accompanying work (Hoeft et al., in prep.). A secondary subject of our study is a newly detected, enigmatic filamentary source at the leading edge of UGC 6697.
Our findings are:

	
The radio tails are significantly longer than previously reported. UGC 6697 shows a 300 kpc tail, the longest known for a SF galaxy at any wavelength.



	
The tails are morphologically distinct from the diffuse radio relic emission, as we confirmed by subtracting a model of the relic emission.



	
The integrated disk spectral indices are in the typical range for SF galaxies (α = −0.6 to −0.7), while the tails are significantly steeper (α = −0.8 to −1.2).



	
We confirm that the radio luminosity of the galaxies is far in excess of the extrapolation from their SFR based on scaling relations for normal SF galaxies.



	
For UGC 6697, the tail exhibits an unexpected re-brightening and spectral flattening after 150 kpc. Further, the extreme tail length requires galaxy velocities significantly larger than the escape velocity estimates. Thus, we rule out a pure-aging scenario. Similar non-monotonous spectral variations are observed for C 073 and C 079.



	
We present a model for UGC 6697 that includes an encounter between the stripped tail and the ICM shock. Via magnetic field compression and diffusive shock reacceleration of the stripped cosmic ray electrons, this can explain the length, the re-brightening, and the spectral flattening of the tail.



	
We discover two narrow (≤4 kpc), ultra-steep (α = −1.74 ± 0.07), and extremely curved (β = −0.6 ± 0.26) filamentary structures. One of them terminates in a plume at UGC 6697’s leading edge; this may represent the first tentative detection of particle energetization at a galaxy’s bow shock. The filaments may trace magnetically dominated structures in the cluster center.




These results represent direct evidence that ICM shocks in merging clusters affect the properties of their member galaxies, while simultaneously reenergizing stripped cosmic rays. Future high-resolution radio surveys with LOFAR 2.0, MeerKAT+, and SKA will reveal how common such shock-galaxy interactions are and what role they play in accelerating galaxy evolution in cluster environments.
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Appendix A:  Radio relic emission model
	[image: thumbnail]	Fig. A.1. Left: UGC 6697 at 54 MHz after subtracting the contribution of the radio relic emission from the tail. The areas inside the gray rectangular boxes but outside the green tail region were used to estimate and subtract the emission of the relic region. Right: Subtracted model, with surface brightness ranging from 5 mJy/beam (white) to 1.2 mJy/beam (black).



	[image: thumbnail]	Fig. A.2. Flux density (top panel), SFR (top panel, right y axis), spectral index (mid panel), and spectral curvature (bottom panel) as a function of projected distance along the C 079 tail (left), and C 073 tail (right). The vertical purple line shows the location of the ICM shock.




Appendix B:  Color-color plots and uncertainty maps
	[image: thumbnail]	Fig. B.1. Color-color plots showing [image: equation] vs. [image: equation] (left column), [image: equation] vs. [image: equation] (mid column), and [image: equation] vs. [image: equation] (right column) for the three galaxies (rows). The color of the points corresponds to the projected distance along the tails. The black line shows the power-law scenario and the dotted blue line the JP aging model.



	[image: thumbnail]	Fig. B.2. Uncertainty of the spectral index (top panel) and spectral curvature (bottom panel) maps presented in Fig. 6. Flux density scale uncertainties are taken into account.




Appendix C:  Cosmic ray model
[image: thumbnail](C.1)
Our toy model consists of a series of closed-box models at different radii r. For each individual step, equation Eq. 6, a simplified form of the Fokker-Planck equation Eq. C.1, is evolved for the time tgalax since the galaxy passed. In practice, we solve the equation numerically employing the method of Chang & Cooper (1970) as implemented in the pychangcooper library5. The energy grid is logarithmically spaced between 1 MeV and 100 GeV, and time steps of 10 kyr were used. We tested our model on two cases: A) We verified that the maximum lifetime for synchrotron emission is indeed obtained with the minimum aging magnetic field Bmin ≈ 1.9 μG. B) We compared the aging-only spectrum after 100 Myr to the ones obtained with identical parameters from the codes synchrofit and BRATS (Harwood et al. 2013). We found less than 10% deviation between the different codes.


All Tables
Table 1. 
Observations.
In the text

Table 2. 
Spectral fit results.
In the text

All Figures
	[image: thumbnail]	Fig. 1. Top panel: Northwest of A1367 at 54 MHz, radio sources discussed in the text are highlighted. White and cyan regions were used to measure the total and disk flux densities, respectively. Bottom panel: Same region at 144 MHz, also displaying the XMM-Newton X-ray contours of Ge et al. (2019), contours are [5, 10, 20, 40] counts s−1 deg−2. The purple region marks the detected ICM shock.
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	[image: thumbnail]	Fig. 2. UGC 6697 at 21″ resolution after subtracting the radio relic model. Gray areas show masked sources. For display purposes, the images are rotated by 40°.
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	[image: thumbnail]	Fig. 3. Radio spectrum of UGC 6697 (blue), C 079 (orange), and C 073 (green). The lines are log-parabolic fits to the data, where the solid lines were fit to the total flux density, and the dotted and dashed ones to the flux in the tail and disk, respectively. In red, we also show the filaments close to NGC 3842 discussed in Sect. 5.
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	[image: thumbnail]	Fig. 4. Regions used to measure the flux density along the tails, spaced at 21″, identical to the resolution of the background map at 144 MHz. Beige regions are masked background sources.
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	[image: thumbnail]	Fig. 5. Flux density (top panel), SFR (top panel, right y axis), spectral index (mid panel), and spectral curvature (bottom panel) as a function of projected distance along the UGC 6697 tail. The vertical purple line shows the location of the ICM shock.
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	[image: thumbnail]	Fig. 6. Top panel: Map of the spectral index, α. Bottom panel: Map of the spectral curvature, β. The angular resolution of the maps is 21″ × 20″.
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	[image: thumbnail]	Fig. 7. Luminosity at 144 MHz (y axis) compared to FUV-MIR derived SFR (x axis). The lines show radio-SFR relations from the literature, Heesen et al. (2022) (red) is derived for normal (non-RPS) galaxies using total infrared as tracer, Roberts et al. (2021) and Edler et al. (2024) are derived for RPS galaxies using spectral energy density fitting and FUV+MIR, respectively.
In the text



	[image: thumbnail]	Fig. 8. MeerKAT 817 MHz map of C 097 and C 073 at 13″ resolution. The yellow line guides the eye along the tail of C 073 and its speculative northern extension.
In the text



	[image: thumbnail]	Fig. 9. Time since the galaxy (blue) and shock (green) passed at a radius of r (left y axis). The right y axis shows the magnetic field (orange) as function of radius. The sketch below highlights the present situation, with the galaxy propagating to the left and the shock front to the right. Regions A, B, and C correspond to those defined in Sect. 4.2.
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	[image: thumbnail]	Fig. 10. Comparison between the observations and our model assuming aging without compression or acceleration (gray), only magnetic field compression (orange), magnetic field compression and adiabatic heating (green), and magnetic field compression and shock reacceleration (red). The top panel shows the flux density fit at 300 MHz, the center panel the spectral index, and the bottom panel the spectral curvature.
In the text



	[image: thumbnail]	Fig. 11. Optical image of NGC 3842 and surroundings from the DESI Legacy Survey DR 10 (Dey et al. 2019). Overlaid in red are the LOFAR HBA contours, taken from an image with a PSF of 6″ × 4″. The contours are [4, 8, 16, 32, 64]×σrms, where σrms = 77 μJy beam−1.
In the text



	[image: thumbnail]	Fig. A.1. Left: UGC 6697 at 54 MHz after subtracting the contribution of the radio relic emission from the tail. The areas inside the gray rectangular boxes but outside the green tail region were used to estimate and subtract the emission of the relic region. Right: Subtracted model, with surface brightness ranging from 5 mJy/beam (white) to 1.2 mJy/beam (black).
In the text



	[image: thumbnail]	Fig. A.2. Flux density (top panel), SFR (top panel, right y axis), spectral index (mid panel), and spectral curvature (bottom panel) as a function of projected distance along the C 079 tail (left), and C 073 tail (right). The vertical purple line shows the location of the ICM shock.
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	[image: thumbnail]	Fig. B.1. Color-color plots showing [image: equation] vs. [image: equation] (left column), [image: equation] vs. [image: equation] (mid column), and [image: equation] vs. [image: equation] (right column) for the three galaxies (rows). The color of the points corresponds to the projected distance along the tails. The black line shows the power-law scenario and the dotted blue line the JP aging model.
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	[image: thumbnail]	Fig. B.2. Uncertainty of the spectral index (top panel) and spectral curvature (bottom panel) maps presented in Fig. 6. Flux density scale uncertainties are taken into account.
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      Table 1. 

      Observations.

      
        


	Freq. band
	Obs. date
	Time
	Freq.
	Bandwidth



	
	
	[h]
	[MHz]
	[MHz]





	LBA
	02 Jan. 2020
	6
	54
	24



	
	13 March 2020
	6
	54
	24



	




	HBA
	04 Nov. 2019
	8
	144
	48



	
	13 March 2020
	8
	144
	48



	
	10 Oct. 2020
	8
	144
	48



	
	11 Oct. 2020
	8
	144
	48



	




	UHF-band
	25 Feb. 2024
	4
	817
	410



	




	L-band
	06 June 2020
	3.3
	1270
	778



	
	10 June 2020
	3.3
	1270
	778



	
	13 June 2020
	3.3
	1270
	778





      

    

  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Top panel: Northwest of A1367 at 54 MHz, radio sources discussed in the text are highlighted. White and cyan regions were used to measure the total and disk flux densities, respectively. Bottom panel: Same region at 144 MHz, also displaying the XMM-Newton X-ray contours of Ge et al. (2019), contours are [5, 10, 20, 40] counts s−1 deg−2. The purple region marks the detected ICM shock.

      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        UGC 6697 at 21″ resolution after subtracting the radio relic model. Gray areas show masked sources. For display purposes, the images are rotated by 40°.

      

    

  
    
      Table 2. 

      Spectral fit results.

      
        


	
	S​300 [Jy]
	α
	β





	U6697
	0.500 ± 0.044
	−1.00 ± 0.07
	−0.00 ± 0.25



	U6697 disk
	0.205 ± 0.018
	−0.70 ± 0.07
	−0.13 ± 0.25



	U6697 tail
	0.289 ± 0.026
	−1.19 ± 0.07
	−0.01 ± 0.25



	C079
	0.083 ± 0.007
	−0.91 ± 0.07
	−0.10 ± 0.25



	C079 disk
	0.017 ± 0.002
	−0.71 ± 0.08
	−0.05 ± 0.27



	C079 tail
	0.066 ± 0.006
	−0.96 ± 0.07
	−0.13 ± 0.25



	C073
	0.105 ± 0.009
	−0.72 ± 0.07
	−0.05 ± 0.25



	C073 disk
	0.037 ± 0.003
	−0.60 ± 0.08
	−0.20 ± 0.26



	C073 tail
	0.068 ± 0.006
	−0.77 ± 0.07
	0.01 ± 0.25



	Filament
	0.164 ± 0.015
	−1.74 ± 0.07
	−0.60 ± 0.26





      

      
Notes. Column S​300 refers to the fit flux density at 300 MHz, and α and β are the spectral index and curvature as defined in Eq. (1).



    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Radio spectrum of UGC 6697 (blue), C 079 (orange), and C 073 (green). The lines are log-parabolic fits to the data, where the solid lines were fit to the total flux density, and the dotted and dashed ones to the flux in the tail and disk, respectively. In red, we also show the filaments close to NGC 3842 discussed in Sect. 5.

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Regions used to measure the flux density along the tails, spaced at 21″, identical to the resolution of the background map at 144 MHz. Beige regions are masked background sources.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Flux density (top panel), SFR (top panel, right y axis), spectral index (mid panel), and spectral curvature (bottom panel) as a function of projected distance along the UGC 6697 tail. The vertical purple line shows the location of the ICM shock.

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Top panel: Map of the spectral index, α. Bottom panel: Map of the spectral curvature, β. The angular resolution of the maps is 21″ × 20″.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Luminosity at 144 MHz (y axis) compared to FUV-MIR derived SFR (x axis). The lines show radio-SFR relations from the literature, Heesen et al. (2022) (red) is derived for normal (non-RPS) galaxies using total infrared as tracer, Roberts et al. (2021) and Edler et al. (2024) are derived for RPS galaxies using spectral energy density fitting and FUV+MIR, respectively.

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        MeerKAT 817 MHz map of C 097 and C 073 at 13″ resolution. The yellow line guides the eye along the tail of C 073 and its speculative northern extension.

      

    

  
    
      Fig. 9. 

      
        [image: thumbnail]
      

      
        Time since the galaxy (blue) and shock (green) passed at a radius of r (left y axis). The right y axis shows the magnetic field (orange) as function of radius. The sketch below highlights the present situation, with the galaxy propagating to the left and the shock front to the right. Regions A, B, and C correspond to those defined in Sect. 4.2.

      

    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        Comparison between the observations and our model assuming aging without compression or acceleration (gray), only magnetic field compression (orange), magnetic field compression and adiabatic heating (green), and magnetic field compression and shock reacceleration (red). The top panel shows the flux density fit at 300 MHz, the center panel the spectral index, and the bottom panel the spectral curvature.

      

    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
        Optical image of NGC 3842 and surroundings from the DESI Legacy Survey DR 10 (Dey et al. 2019). Overlaid in red are the LOFAR HBA contours, taken from an image with a PSF of 6″ × 4″. The contours are [4, 8, 16, 32, 64]×σrms, where σrms = 77 μJy beam−1.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Left: UGC 6697 at 54 MHz after subtracting the contribution of the radio relic emission from the tail. The areas inside the gray rectangular boxes but outside the green tail region were used to estimate and subtract the emission of the relic region. Right: Subtracted model, with surface brightness ranging from 5 mJy/beam (white) to 1.2 mJy/beam (black).

      

    

  
    
      Fig. A.2. 

      
        [image: thumbnail]
      

      
        Flux density (top panel), SFR (top panel, right y axis), spectral index (mid panel), and spectral curvature (bottom panel) as a function of projected distance along the C 079 tail (left), and C 073 tail (right). The vertical purple line shows the location of the ICM shock.

      

    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
        Color-color plots showing [image: equation] vs. [image: equation] (left column), [image: equation] vs. [image: equation] (mid column), and [image: equation] vs. [image: equation] (right column) for the three galaxies (rows). The color of the points corresponds to the projected distance along the tails. The black line shows the power-law scenario and the dotted blue line the JP aging model.

      

    

  
    
      Fig. B.2. 

      
        [image: thumbnail]
      

      
        Uncertainty of the spectral index (top panel) and spectral curvature (bottom panel) maps presented in Fig. 6. Flux density scale uncertainties are taken into account.
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