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ABSTRACT

We present the discovery of a 100 kpc low-frequency radio tail behind the nearby group galaxy, NGC 2276. The extent of this tail is
a factor of ten larger than previously reported from higher-frequency radio and X-ray imaging. The radio morphology of the galaxy
disc and tail suggest that the tail was produced via ram-pressure stripping, cementing NGC 2276 as the clearest known example of
ram-pressure stripping in a low-mass group. With multi-frequency imaging, we extract radio continuum spectra between ∼50 MHz
and 1.2 GHz as a function of projected distance along the tail. All of the spectra are well fit by a simple model of spectral ageing due
to synchrotron and inverse-Compton losses. From these fits we estimate a velocity of 870 km s−1 for the stripped plasma across the
plane of the sky, and a three-dimensional orbital velocity of 970 km s−1 for NGC 2276. The orbital speed that we derive is in excellent
agreement with the previous estimates from an X-ray shock analysis, despite the completely independent methodology.

Key words. galaxies: groups: individual: NGC 2300 – galaxies: individual: NGC 2276 – galaxies: magnetic fields – galaxies: spiral –
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1. Introduction

The NGC 2300 galaxy group is a well-studied system for two,
likely interconnected, reasons. It was the first low-mass group
(M200 ' 3 × 1013 M�), outside of compact groups, to have
detected diffuse X-ray emission from the intra-group medium
(Mulchaey et al. 1993). Secondly, it hosts the star-bursting satel-
lite galaxy NGC 2276, which was among the first known exam-
ples of ongoing ram-pressure stripping in a group environment
(e.g. Condon 1983; Mulchaey et al. 1993).

The peculiar optical morphology of NGC 2276 was noted
by Arp (1966) and further detailed by Shakhbazyan (1973) who
identified a number of compact star-forming regions confined
to the western edge of the disc. In addition, compressed radio
continuum emission on the western edge and a short radio tail
to the east were observed at 1.4 GHz by Condon (1983). This
suggests a scenario where NGC 2276 is moving from east-
to-west across the plane of the sky leading to ram-pressure-
induced star formation on the western edge and the formation
of a tail from the stripped interstellar medium (ISM) to the
east. This framework is supported by more recent observations
that have identified an accompanying X-ray tail the to the east
of NGC 2276 (Rasmussen et al. 2006), increased star forma-
tion efficiency and an unusually large number of ultralumi-
nous X-ray sources along the western edge (Wolter et al. 2015;
Tomičić et al. 2018; Fadda et al. 2023), as well enhanced [Cii]
emission due to shocks from ram pressure (Fadda et al. 2023).
Thus NGC 2276 is a clear example of a nearby star-forming
galaxy [SFR ' 10 M� yr−1, Wolter et al. 2015 (X-ray emission),
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Tomičić et al. 2018 (Hα and FUV+22 µm)] experiencing ram-
pressure stripping, and as such is an excellent laboratory in order
to probe the impact of the more modest group environment on
star formation quenching.

This is relevant in the broader context as the majority of
galaxies in the low-z Universe are found in galaxy groups,
far outnumbering galaxies in massive clusters (Geller & Huchra
1983; Eke et al. 2005; Robotham et al. 2011). This, combined
with the fact that the quenched fraction for group galaxies is
significantly larger than that for field galaxies (e.g. Wetzel et al.
2012), demonstrates that a substantial amount of environmental
quenching must occur in these lower-mass groups. The impor-
tance of understanding environmental quenching in groups is
furthered when one considers that a significant fraction of galax-
ies on the cluster red sequence at z = 0 were not quenched
in a cluster-mass halo, but instead were ‘pre-processed’ in a
lower mass group prior to cluster infall (e.g. McGee et al. 2009;
De Lucia et al. 2012; Bahé et al. 2013; Roberts & Parker 2017;
Jung et al. 2018; Oxland et al. 2024).

In galaxy clusters, some consensus has emerged on envi-
ronmental quenching being primarily driven by ram-pressure
stripping (e.g. Vollmer et al. 2001; Boselli & Gavazzi 2006;
Brown et al. 2017; Poggianti et al. 2017; Roberts et al. 2019,
2021a; Werle et al. 2022). Either by directly removing the atomic
and/or molecular ISM, or by stripping the circumgalactic medium
and therefore removing the supply for future gas condensation
onto the disc (often referred to as ‘starvation’, see Cortese et al.
2021; Boselli et al. 2022 for recent reviews). Given the lower
X-ray luminosities (tracing the intra-group/cluster medium) and
velocity dispersions in groups relative to clusters, ram pressure
(which scales as ρICM v2) will be weaker in these lower-mass

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A22, page 1 of 13

https://doi.org/10.1051/0004-6361/202450672
https://www.aanda.org
http://orcid.org/0000-0002-0692-0911
http://orcid.org/0000-0002-0587-1660
http://orcid.org/0000-0002-9325-1567
http://orcid.org/0000-0003-1581-0092
http://orcid.org/0009-0004-2049-7701
mailto: iroberts@strw.leidenuniv.nl
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Roberts, I. D., et al.: A&A, 689, A22 (2024)

environments, and thus it is less clear whether it is strong enough
to serve as the primary quenching mechanism. Roberts et al.
(2021a) find a number of radio continuum ‘jellyfish galaxies’
(with one-sided radio tails likely due to ram-pressure stripping) in
low-z clusters. The long radio-continuum tails observed in clus-
ter galaxies implies that the stripped ISM transports non-thermal
components, such as magnetic field and cosmic rays, which lose
energy via synchrotron radiation. These stripped cosmic rays orig-
inate from supernova shock acceleration in the galaxy disc, and
are subsequently transported along the tail via ram pressure. Thus
the radio emission in the tail is tracing past star formation from
the galaxy, not current star formation in the tail (e.g. Roberts et al.
2024). Roberts et al. (2021b) show that similar galaxies are also
found in groups, though at a reduced frequency relative to clusters
– especially for low-mass groups comparable to the NGC 2300
system. Thus, NGC 2276 is a rare example of clear ram-pressure
stripping in a low-mass group and therefore studying this object
represents a unique opportunity to constrain the process in a sparse
environment.

This work is the first of a series of papers using new multi-
frequency observations of NGC 2276 (X-ray, UV, optical imaging
and spectroscopy, sub-mm, and low-frequency radio) to constrain
the impact from environment on star formation in this extreme
galaxy. In this work we present new radio continuum observa-
tions across a range of low frequencies (50 MHz−1.2 GHz). Given
the vicinity of NGC 2276 (D ∼ 30 Mpc), we reach very low
surface brightness and sub-kiloparsec spatial resolution, allow-
ing us to map in detail the radio continuum emission and spectral
index across the galaxy disc and stripped tail. This in turn con-
strains the speed at which material is being removed from the
disc as well as the three-dimensional speed of NGC 2276 rela-
tive to the intragroup medium. We note that this work presents the
lowest frequency observations ever of a ram-pressure stripped tail
(∼50 MHz) – either in a group or a cluster.

The outline of this paper is as follows. In Sect. 2 we describe
the observations and reduction of the multi-frequency radio data
used in this work. In Sect. 3 we present our new multi-frequency
radio continuum imaging of NGC 2276 and its stripped tail,
including spectral index maps. In Sect. 4 we extract radio con-
tinuum spectra in slices along the tail. We then fit those spec-
tra with a synchrotron ageing model in order to infer plasma
ages and estimate the speed at which material is transported
down the tail. Finally, in Sects. 5 & 6 we discuss and summa-
rize the main results from this work. Throughout the paper we
assume H0 = 75 km s−1 Mpc−1 and a distance to NGC 2276 of
36.8 Mpc (Tully 1988). At this distance 1′′ ' 180 pc. The radio
synchrotron spectrum is described as S ν ∝ να, where S ν is the
flux density, ν is the frequency, and α is the spectral index.

2. Data

This work makes use of multi-frequency radio continuum imag-
ing from the Low Frequency Array (LOFAR, van Haarlem et al.
2013) and the upgraded Giant Metrewave Telescope (uGMRT).
Below we briefly describe the data calibration and imaging pro-
cedures for each of the frequency bands.

2.1. LOFAR

2.1.1. High-band antenna

The LOFAR 144 MHz high-band antenna (HBA) data used in
this work were taken from the LOFAR Two-metre Sky Sur-
vey (LoTSS, Shimwell et al. 2019, 2022). At a declination of

+85 deg, the LoTSS data for NGC 2276 are not part of the three
LoTSS public data releases to date. That said, observations of the
NGC 2276 field were already taken and processed with the stan-
dard LoTSS pipelines. Full details on the observation, calibra-
tion, and imaging strategy for LoTSS are given in Shimwell et al.
(2019), Tasse et al. (2021), Shimwell et al. (2022). These data
will be made publicly available in a future LoTSS data release.

NGC 2276 falls within the primary beam of LoTSS pointing
P113+87 at an offset of 1.13 deg from the pointing centre. As is
standard for LoTSS, P113+87 was observed for an 8 h integra-
tion time. Its prominent radio continuum tail is clearly visible in
the LoTSS pipeline-processed image; however, in order to max-
imize image quality we extracted and reprocessed a 30′ × 30′
region centred on NGC 2276 from the larger LoTSS image.
This extraction and self-calibration procedure for LOFAR tar-
gets is described in detail in van Weeren et al. (2021). Lastly, we
applied a factor of 1.7 in order to align the dataset with the NVSS
flux-scale. The method used to derive this flux-scale correction
factor is described in Shimwell et al. (2022).

2.1.2. Low-band antenna

The data for NGC 2276 at 54 MHz were taken from the
wide-area survey for the LOFAR low-band antenna (LBA),
the LOFAR LBA Sky Survey (LoLSS, de Gasperin et al. 2021,
2023). Similar to the HBA, the LBA data for NGC 2276
are not part of the current public data releases for LoLSS
(de Gasperin et al. 2021, 2023), but will be made public in a
future date release.

NGC 2276 falls within the primary beam of three dis-
tinct LoLSS pointings: P098+84, P113+87, and P125+85,
each observed for a 3 h integration. Each pointing was pro-
cessed individually with the Pipeline for LOFAR LBA (PiLL1,
de Gasperin et al. 2023). We extracted and self-calibrated a 50′×
50′ region around NGC 2276 for each of the LBA pointings,
again following the methodology of van Weeren et al. (2021).

For both the HBA and the LBA, the largest recoverable angu-
lar scale (LAS) is >1 deg, far larger than the source extent of
NGC 2276 and its stripped tail (∼10′ × 2′, see Fig. 2). Thus we
are confident that we did not resolve out any flux at these fre-
quencies.

2.2. uGMRT

The uGMRT data for bands three (300−500 MHz), four
(550−750 MHz), and five (1020−1420 MHz) were obtained on
2023-11-25 (observation no. 16101), 2023-11-26 (observation
no. 16106), and 2023-11-27 (observation no. 16111), respec-
tively (P.I. Roberts). On-source times for bands three, four,
and five were 3.9 h, 7.5 h, and 4.8 h, respectively, bracketed by
∼10 min flux calibrator observations.

The data were downloaded from the GMRT online archive2

and calibrated using the Source Peeling and Atmospheric Mod-
eling pipeline (SPAM, Intema et al. 2009), following the wide-
band GMRT workflow3. The band three observation was split
into six 33 MHz sub-bands, the band four into four 50 MHz
sub-bands, and the band five into six 66 MHz sub-bands. Each
of these sub-bands were then processed with the main SPAM

1 https://github.com/revoltek/LiLF
2 https://naps.ncra.tifr.res.in/goa/data/search
3 https://www.intema.nl/doku.php?id=
huibintemaspampipeline#experimentalprocessing_ugmrt_
wideband_data
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Table 1. Radio image parameters for low-resolution and high-resolution (in parentheses) images.

Band tsource ν ∆ν Robust bmaj bmin PA rms δcal
(2)

h MHz MHz ′′ ′′ deg µJy bm−1

LOFAR LBA 9.0 (1) 54 24 0 (−1) 24.2 (11.8) 20.0 (10.7) 127 (73) 2.2 (2.9) × 103 0.10
LOFAR HBA 8.0 144 48 0 (−1) 11.9 (4.9) 8.2 (4.3) 125 (106) 5.9 (8.0) × 101 0.10
uGMRT B3 3.9 400 200 0.5 (−1) 17.8 (11.3) 7.4 (3.7) 22 (27) 3.9 (3.1) × 101 0.05
uGMRT B4 7.5 650 200 0.25 (−1) 8.0 (3.9) 4.8 (2.5) 37 (38) 0.8 (1.1) × 101 0.05
uGMRT B4 low 7.5 600 100 0.25 (−1) 8.8 (4.2) 5.2 (2.7) 41 (40) 1.0 (1.5) × 101 0.05
uGMRT B4 high 7.5 700 100 0.25 (−1) 7.4 (3.7) 4.4 (2.3) 33 (35) 0.9 (1.6) × 101 0.05
uGMRT B5 4.8 1230 333 0.25 (−0.5) 6.9 (4.6) 4.2 (2.7) 113 (112) 2.5 (3.8) × 101 0.05

Notes. (1)This is the combined on-source time for the three LoLSS pointings covering NGC 2276. For all three, NGC 2276 is offset from pointing
centre and therefore the effective on-source time, factoring in the diminishing primary-beam response, is certainly <9 h. (2)The relative calibration
uncertainty on the flux-scale.
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Fig. 1. Noise in our radio maps as a function of frequency for the radio
continuum images used in this work. The grey markers correspond to
the low-resolution images and the white markers correspond to the high
resolution images. The marker size scales with the size of the major
axis of the restoring beam. For reference, lines corresponding to spectral
indices of −1 and −2 are shown through our lowest frequency band.

pipeline. We note that for band five we excluded the highest
frequency sub-band as it contains the H i 21 cm line. We left
an analysis of the atomic hydrogen content of NGC 2276 for a
future work. Given that this sub-band is at the edge of the band-
width response function, this exclusion did not strongly impact
the final RMS noise that we reached for the band five image.

The LAS that the uGMRT is sensitive to is ∼30′ for band
three, ∼20′ for band four, and ∼10′ for band five. Comparing this
to the ∼10′ × 2′ angular size of NGC 2276 and its stripped tail at
LOFAR frequencies, we should be sensitive to emission from the
full tail in both bands three and four. For band five the theoreti-
cal LAS is roughly the same size as the largest source dimen-
sion, though in practice the LAS is likely somewhat smaller.
Thus we may be missing some large-scale flux in band five;
however, we also note that due to the shorter synchrotron life-
times of cosmic-ray electrons at higher frequencies, we expect
that the tail will be intrinsically shorter at ∼gigahertz frequen-

cies than ∼megahertz frequencies. Roughly speaking, for a sim-
ple model of synchrotron ageing, the tail should be a factor of
∼three shorter at 1.2 GHz than 144 MHz (Ignesti et al. 2022b;
Roberts et al. 2024), which would bring it within the LAS of
band 5.

2.3. Imaging

All calibrated measurement sets were imaged with WSCLEAN
(Offringa et al. 2014; Offringa & Smirnov 2017). For the LBA
data we imaged together the three extracted and re-calibrated
LoLSS pointings. For the uGMRT, we imaged together the mea-
surement sets for each of the sub-bands to produce a full-band
image for each of the observing bands. For band four, given
the high S/N of this dataset, in addition to the full-band image
we also split the wide-band into two images (one centred on
600 MHz, ‘uGMRT B4 low’, and one centred on 700 MHz,
‘uGMRT B4 high’). We used the full-band image for the spectral
index maps shown in Sect. 3.1 and the split-band images for the
rest of the paper.

For all frequency bands we produced both a low- and high-
resolution image. The low-resolution image was optimized for
analysis of the extended, diffuse emission in the stripped tail and
the high-resolution image was used to optimize the spatial reso-
lution for analysis of the galaxy disc. The details of all images,
including imaging parameters, synthesized beam shapes, and
achieved sensitivity, are listed in Table 1 and the RMS noise as
a function of observing frequency is shown in Fig. 1. Relative
to the 54 MHz image, we reached an equivalent sensitivity for
a spectral index of <−1 for all frequency bands, and for 144,
400, 600, and 700 MHz we reached an equivalent sensitivity for
a spectral index of −2.

3. Radio images

3.1. Low-resolution images

In Fig. 2 we plot the low-resolution radio continuum images of
NGC 2276 ranging from 54 MHz to 1230 MHz. For reference,
we also show a near-UV image of the disc of NGC 2276 from
the Hubble Space Telescope (F336W, P.I. Sell).

Most striking in Fig. 2 is the ∼100 kpc (in projection) tail
extending to the east of NGC 2276. This emission is tracing
synchrotron radiation from cosmic-ray electrons accelerated by
supernovae in the disc and subsequently stripped off to the
east. The tail is an order of magnitude longer than previously
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Fig. 2. Radio images used in this work, increasing in frequency from left to right and top to bottom. Images are shown with an Asinh stretch set to
highlight the extended tail, detailed images of the galaxy disc are shown in Fig. 4. Contour levels begin at 3× rms and increase by factors of three.
Each panel shows the restoring beam shape in the bottom-right corner (see Table 1 for specfic values). For reference, we also show a near-UV
image of the galaxy disc from the Hubble Space Telescope (F336W, PI Sell), highlighting the strong star formation on the western edge of the
disc. The apertures shown in the bottom-left panel are used to extract radio spectra along the tail (see Sect. 4)

observed at gigahertz and X-ray frequencies (Condon 1983;
Rasmussen et al. 2006). The tail is most prominent at the lowest
frequencies and becomes progressively shorter towards higher
frequencies. This is qualitatively consistent with the simple age-
ing of cosmic-ray electrons as they are transported along the tail,
a framework that we explore in quantitative detail in the subse-
quent sections.

In Fig. 3 we show spectral index maps from the low-
resolution products. We considered a low-frequency spec-
tral index map, between 54 MHz and 144 MHz, and a high-
frequency spectral index map, between 144 MHz and 650 MHz4.
In both cases we smoothed the higher resolution image to match
the synthesized beam shape of the lower resolution image.

4 Here we use the full 200 MHz bandwidth image from uGMRT band
four.

To ensure uniform S/N across the spectral index maps we
used Voronoi binning (Cappellari & Copin 2003). For the low-
frequency spectral index maps we Voronoi binned according to
the 54 MHz image (which is shallower than the 144 MHz image)
and for the high-frequency spectral index map we binned accord-
ing to the 650 MHz image. In both cases we set a target of
S/N = 15 for each bin and only included pixels which have
S/N > 2 in each of the two frequencies contributing to the spec-
tral index map.

The low- and high-frequency spectral index maps are shown
in Fig. 3. Given the relatively high S/N of the Voronoi
bins, the uncertainty on the spectral indices is dominated by
the flux-calibration uncertainties (see Table 1). For the low-
frequency spectral index map this corresponds to an uncer-
tainty of 0.14 and for the high-frequency map an uncertainty
of 0.07.
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Fig. 3. Spectral index maps at low- and high-frequency for NGC 2276 and its stripped tail. Both maps are Voronoi binned (Cappellari & Copin
2003) to a target of S/N = 15. In the upper left of each panel we list the uncertainty on the spectral index derived from the individual flux-calibration
uncertainties (which is the dominant source of uncertainty given the high S/N from the Voronoi binning).

For the low-frequency spectral index map (Fig. 3, left) the
galaxy disc is highlighted by relatively flat emission (−0.7 . α .
−0.5) typical of recent acceleration from supernovae (the same
is indeed true for αhigh). We defer a comprehensive study of the
radio emission and star formation within the disc of NGC 2276
to a future paper. Broadly speaking, αlow steepens with increas-
ing distance from the galaxy disc, reaching αlow < −1 at the
eastern terminus of the tail.

For αhigh, the spectral index also steepens along the tail
reaching αhigh . −1.6 at the tail end. This highlights the depth
of the uGMRT band four data which allow us to probe these
regions of ultra-steep spectral index. Comparing the maps for
αlow and αhigh (which are on the same colour scale), there appears
to be positive curvature in the spectrum along the tail with αlow >
αhigh. Though given the uncertainties, roughly 0.14 and 0.07 on
αlow and αhigh respectively, this curvature is only marginally sta-
tistically significant at the ∼2σ level.

3.2. High-resolution images

In Fig. 4, we show our high-resolution radio images of NGC
2276, zoomed in on the galaxy disc region. We only briefly make
use of these high-resolution products in this paper, but they will
be used extensively in future papers in the series focusing on
star formation and cosmic-ray transport within the disc, where
they will be combined with optical images (HST and optical inte-
gral field spectra; Tomičić et al. 2018, Matijević et al. in prep.).
For the 144, 600, 700, and 1230 MHz images we were able to
achieve sub-kiloparsec resolution. At 400 MHz the resolution is
limited by poor u−v coverage due to the short observations, lead-
ing to a highly elliptical beam shape. For the LOFAR LBA at
54 MHz, such high angular resolution would only be possible by
incorporating the international LOFAR stations and by default
LoLSS does not record data from the international stations.

With the exception of the 54 MHz image, all high-resolution
images show a sharp drop-off in flux at the western edge of
the disc (opposite to the tail direction). The lack of the sharp
edge in the 54 MHz image is likely related to the poor spa-
tial resolution. We quantify the drop in flux density along the
western edge in Fig. 5 where we plot surface brightness pro-
files for each frequency measured as a function of azimuthal
angle in wedges spanning between the galaxy centre and the
edge of the disc. The size of the disc is given by R25 = 1.1′
(HyperLeda Database). We set the opening angle of the wedges
such that the arc length at R = 0.5 × R25 was equal to 1.5× the
FWHM of the beam major axis. This ensured that the pixels in

54 MHz 144 MHz

400 MHz 600 MHz

7h29m00s 00s 00s

85◦47′

46′

45′

44′

R.A.

D
ec

l.

700 MHz 1230 MHz

Fig. 4. High-resolution radio images from 54 to 1230 MHz showing the
galaxy disc of NGC 2276. Images are displayed with an Asinh stretch.
We show the FWHM beam shape in the lower left of each panel.

neighbouring wedges were roughly independent and also meant
that the number of azimuthal wedges varied with observing fre-
quency. The 54 MHz image with the lowest spatial resolution
will have coarser azimuthal resolution (11 wedges) compared
to the 700 MHz image with the highest spatial resolution (36
wedges). For each azimuthal wedge, we made surface brightness
profiles with radial steps equal to 1× the FWHM of the beam
major axis. The apertures used to extract surface brightness pro-
files are shown overlaid on the radio images in Appendix A.
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Fig. 5. Radial surface brightness profiles as a function of azimuthal angle. Each panel corresponds to a different frequency band. Each solid line is
a radial surface brightness profile measured within a wedge that is oriented at a specific azimuthal angle (∆θ, see text for details).

Fig. 5 shows a separate panel for each frequency band and
within each panel the surface brightness profiles are coloured
according to the difference in azimuthal angle relative to the tail
direction (∆θ). The tail direction is taken to be directly east, and
thus for our convention, ∆θ = 0 deg corresponds to the tail direc-
tion and ∆θ = 180 deg corresponds to west (i.e. opposite to the
tail direction). The sharp decline in flux over the western edge
of the disc noted by-eye in Fig. 4 is confirmed quantitatively in
Fig. 5. Namely, the steep decline of the yellow and orange lines
relative to the black and purple lines. This is clearest in the 144,
400, 600, and 700 MHz images, and is likely due to ram-pressure
driven compression and truncation of the ISM within the disc.
There is also a small increase in surface brightness just past 5 kpc
prior to the steep decline. This is either due to the increased
star formation along the leading edge of the disc (as noted by
Tomičić et al. 2018), increased radio emission due to the com-
pression of magnetic field lines, or a combination of both. Dis-
criminating between these possibilities will be addressed in a
future paper in this series.

4. Spectral ageing and plasma speed

In this section we explore synchrotron ageing in more detail by
extracting radio continuum spectra along the tail with our full
suite of continuum imaging. We then fit these spectra with a
simple ageing model in order to estimate plasma ages and the
stripped plasma bulk velocity.

4.1. Measurement of the radio continuum spectra

We measured flux densities at six frequencies along the stripped
tail of NGC 2276. Flux densities were measured within rectan-
gular apertures where the height was set to encompass the north-
south extent of the main tail and the width was set to 25′′, just
larger than the beam major axis for the LOFAR LBA image. The
set of apertures used is shown in Fig. 2 (bottom left).

For each frequency band, flux densities were summed within
each aperture. We estimated the noise-based uncertainty (σnoise)

on the aperture flux (S ap
ν ) by measuring ‘sky’ fluxes, within

equally-sized apertures, from blank regions around the galaxy
and tail. We then calculated σnoise as the standard deviation of
these sky flux measurements. We considered an aperture to have
detected radio flux if S ap

ν /σnoise ≥ 3. When quoting our final
aperture flux-density values we also included a contribution from
the calibration uncertainty in the error bar. The relative calibra-
tion uncertainties (δcal) that we assumed for each band are listed
in Table 1, and the total flux-density uncertainty is calculated as

σtot =

√
σ2

noise +
(
S ap
ν δcal

)2
. (1)

For apertures with non-detections we quoted upper limits equal
to 3σtot. We measured aperture flux densities at the native reso-
lution for each low-resolution image as listed in Table 1. We also
tested measuring flux densities for all frequencies at a matched
beam size of 25′′ × 25′′ and found that this did not alter any
of the conclusions from this work. We also masked any bright
background sources that overlapped with the stripped tail in pro-
jection.

Measured flux densities as a function of position along the
tail and frequency are listed in Table 2. We note that for all fre-
quency bands we have assumed that the radio continuum emis-
sion is entirely due to non-thermal, synchrotron radiation with
no contribution from thermal, free-free emission. This is most
relevant at 1.2 GHz where free-free emission can make a non-
zero contribution to the radio continuum flux density. Typically,
the ‘thermal fraction’ at ∼1 GHz is . 10% (e.g. Condon 1992;
Niklas et al. 1997; Tabatabaei et al. 2017; Ignesti et al. 2022a),
therefore this is likely a reasonable approximation even for our
highest frequency band.

4.2. Spectral model

Given multi-frequency flux densities measured along the
stripped tail, we defined a spectral model which we fit to the
synchrotron spectra in order to constrain plasma ages as a func-
tion of distance from the galaxy disc. For each distance aperture,
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Fig. 6. Radio continuum spectral-fitting results. Top: radio continuum spectra as a function of distance along the stripped tail. Spectra are extracted
from the apertures shown in Fig 6, and distance along the tail increases in each panel from left-to-right and top-to-bottom. Measured flux densities
are shown with the black data points and the best-fit spectral model is shown by the solid black line. Red shading shows the 68, 95, and 99.7 per cent
model credible regions. Bottom: best-fit JP model parameters (normalization and break frequency) as a function of distance along the tail.

we fit the low-frequency radio spectrum with a Jaffe & Perola
(1973) model (‘JP model’) describing a population of cosmic-
ray electrons subject to synchrotron and inverse-Compton losses.
The JP model comes with three free parameters: the dimen-

sionless spectral normalization (S 0), the injection spectral index
(α0), and the location of the exponential break in the spectrum
(νb). We assumed a fixed value for the injection spectral index
of α0 = −0.6, which is consistent with the spectral index at
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Table 2. Tail flux densities.

` [kpc] S ν [mJy]
54 MHz 144 MHz 400 MHz 600 MHz 700 MHz 1230 MHz

0 134.8 ± 14.2 59.8 ± 6.0 25.1 ± 1.3 15.6 ± 0.8 12.9 ± 0.7 4.4 ± 0.6
4 85.2 ± 9.6 38.4 ± 3.9 11.6 ± 0.7 7.4 ± 0.4 5.8 ± 0.4 3.3 ± 0.6
9 68.8 ± 8.1 27.9 ± 2.8 7.8 ± 0.5 4.9 ± 0.3 4.1 ± 0.3 2.3 ± 0.6
13 49.3 ± 6.6 22.6 ± 2.3 5.8 ± 0.4 3.0 ± 0.3 2.5 ± 0.2 <1.5
18 50.4 ± 6.6 17.3 ± 1.8 4.7 ± 0.4 2.8 ± 0.2 2.3 ± 0.2 <1.5
22 32.9 ± 5.4 15.3 ± 1.6 3.1 ± 0.3 2.2 ± 0.2 2.0 ± 0.2 <1.5
27 35.3 ± 5.6 13.0 ± 1.4 2.8 ± 0.3 1.8 ± 0.2 1.8 ± 0.2 <1.5
31 28.7 ± 5.2 13.0 ± 1.4 2.5 ± 0.3 1.8 ± 0.2 1.2 ± 0.2 <1.5
36 31.1 ± 5.3 9.8 ± 1.1 1.4 ± 0.3 1.5 ± 0.2 0.7 ± 0.2 <1.5
40 26.2 ± 5.1 9.3 ± 1.1 1.5 ± 0.3 1.4 ± 0.2 0.6 ± 0.2 <1.5
45 24.0 ± 4.9 8.2 ± 1.0 1.3 ± 0.3 0.9 ± 0.2 0.0 ± 0.2 <1.5
49 24.6 ± 5.0 8.3 ± 1.0 1.1 ± 0.3 0.6 ± 0.2 0.7 ± 0.2 <1.5
54 22.4 ± 4.9 7.1 ± 0.9 0.9 ± 0.3 0.6 ± 0.2 0.8 ± 0.2 <1.5
58 24.8 ± 5.0 8.0 ± 0.9 1.4 ± 0.3 0.8 ± 0.2 0.8 ± 0.2 <1.5
62 28.5 ± 5.2 7.6 ± 0.9 <0.9 0.7 ± 0.2 <0.6 <1.5
67 28.0 ± 5.2 8.7 ± 1.0 1.4 ± 0.3 0.9 ± 0.2 <0.6 <1.5
71 31.5 ± 5.4 8.3 ± 1.0 1.7 ± 0.3 1.1 ± 0.2 0.8 ± 0.2 <1.5
76 31.4 ± 5.3 9.3 ± 1.1 1.3 ± 0.3 0.9 ± 0.2 0.6 ± 0.2 <1.5
80 21.9 ± 4.8 6.7 ± 0.8 1.3 ± 0.3 0.7 ± 0.2 <0.6 <1.5
85 15.3 ± 4.6 5.9 ± 0.8 1.1 ± 0.3 <0.6 <0.6 <1.5
89 23.7 ± 4.9 6.2 ± 0.8 1.0 ± 0.3 0.7 ± 0.2 <0.6 <1.5
94 17.5 ± 4.7 5.7 ± 0.8 0.9 ± 0.3 <0.6 <0.6 <1.5
98 18.9 ± 4.7 5.7 ± 0.8 <0.9 <0.6 <0.6 <1.5
103 13.9 ± 4.5 4.8 ± 0.7 <0.9 <0.6 <0.6 <1.5

low-frequency within the stellar disc of NGC 2276 (see Fig. 3).
The spectral normalization and break frequency were then deter-
mined by fitting a JP model to the observed spectrum for each
distance bin. This approach is similar to the ageing models used
by Ignesti et al. (2023) and Roberts et al. (2024), though given
the larger number of frequency bands and higher image quality
in this work, we were able to use a model with fewer constraints,
a priori.

In practice, we followed Roberts et al. (2024) and imple-
mented the JP models with the synchrofit Python package
(Turner et al. 2018; Turner 2018) in order to compute theoretical
synchrotron spectra given values for S 0, α0 (fixed at −0.6), and
νb. The fitting was performed using the emcee Markov-chain
Monte Carlo package (Foreman-Mackey et al. 2013) to ensure
that we had robust measurements of the uncertainties on the best-
fit parameters. For cases where one or more of the frequency
bands had a flux-density non-detection, we included 3σ upper
limits in our likelihood function following Sawicki (2012).

4.3. Spectral fitting results and orbital speed

In Fig. 6 we show the radio continuum spectra as a function of
distance along the tail, `. We note that ` = 0 does not correspond
to the galaxy centre, but instead to just off of the stellar disc to
the east (see Fig. 2). The distance along the tail increases for each
panel from left-to-right and top-to-bottom. The best-fit JP model
spectrum is shown in each panel with the solid black line and the
red shading corresponds to the 68%, 95%, and 99.7% credible
regions. In the bottom row of Fig. 6 we also directly show the
best-fit normalizations and break frequencies as a function of
the distance along the tail.

The JP model provides an excellent fit to the data for every
aperture. In each panel we list the best-fit normalization and

break frequency. Outside of the first few apertures, the best-fit
normalization remains constant at 1−2×106 across all distances.
This is consistent with a relatively steady-state framework where
the rate of plasma being removed from the galaxy disc and trans-
ported along the tail is constant, at least over the cosmic ray life-
times that we are sensitive to at these frequencies (∼hundreds of
megayears).

NGC 2276 clearly displays an ongoing starburst on the
western edge of the disc (Fig. 2, e.g. Shakhbazyan 1973;
Tomičić et al. 2018), thought to be induced by ram pressure. It is
possible that the source of the large spectral normalization just
off of the galaxy disc is due to increased production of cosmic-
ray electrons from this increased star formation. Below we con-
vert the derived break frequencies from Fig. 6 to radiative ages
of the plasma. Fig. 7 shows that the typical age for the apertures
with the smallest offset from the galaxy is ∼100 Myr, which is on
the same order as the expected timescale associated with the star
formation visible in the near-UV image in Fig. 2. Another pos-
sibility is that there is a gradient in the magnetic field strength,
such that it is higher near the galaxy disc.

As expected given the spectral index maps in Fig. 3,
the best-fit break frequencies broadly move to lower fre-
quency as the distance along the tail increases. This intro-
duces curvature and steepening to the spectra. While the
decrease in νb with distance is not formally monotonic,
given the measurement uncertainties, the data are still well
described by a model of steadily decreasing νb. Quantita-
tively, the relationship between ` and νb has a Spearman
correlation coefficient of −0.90, indicating a strong, negative
correlation.

Given a value for the magnetic field strength in the stripped
tail, the break frequencies determined in Fig. 6 can be converted
to radiative ages for the plasma using the following relation
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Fig. 7. Radiative age versus offset from the galaxy disc for the plasma in
the stripped tail. Solid line shows the best-fit linear relationship (trad =
m × ` + b) and the shaded regions show 1× and 2× the best-fit scatter.
We also list the projected plasma velocity determined from the slope
of the relation. Radiative ages are estimated assuming a minimum-loss
magnetic field strength.

(Miley 1980)

trad ' 3.2 × 104

√
B

B2 + B2
CMB

1
√
νb(1 + z)

Myr, (2)

where z is the source redshift, B is the magnetic field strength
in µG, and BCMB is cosmic microwave background equivalent
magnetic field given by BCMB = 3.25(1 + z)2 µG. In Fig. 7 we
show the derived radiative ages as a function of distance along
the tail. Given that there are no constraints on the magnetic field
strength in the NGC 2276 tail, we calculate radiative ages assum-
ing a minimum-loss magnetic field strength (Bmin = BCMB/

√
3 '

1.9 µG) but note that this is the major uncertainty in this part
of the analysis (see Ignesti et al. 2023; Roberts et al. 2024 for a
more detailed discussion).

In Fig. 7 we also show the best-fit linear relationship between
trad and `. The (inverse) slope of this relationship gives the best-
fit velocity of the stripped plasma across the plane of the sky.
For our best-fit slope, assuming a minimum-loss magnetic field,
this gives a projected velocity of 874+93

−78 km s−1. Given the error-
bars, the data in Fig. 7 are well described by a linear relation-
ship, and there is no suggestion that a quadratic relationship
would provide a better fit. This indicates that cosmic-ray elec-
trons are transported along the tail through advection and not dif-
fusion, in agreement with previous works (Murphy et al. 2009;
Vollmer et al. 2013; Müller et al. 2021; Ignesti et al. 2022a;
Roberts et al. 2024).

5. Discussion

5.1. Constraints on the orbital speed of NGC 2276

The plasma ageing analysis in Sect. 4 constrains the speed of
the stripped tail along the plane of the sky. Typically this tan-
gential component (vt) is the more difficult to constrain observa-
tionally, as line-of-sight velocities are relatively easily measured
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Fig. 8. Total galaxy velocity as a function of, assumed, line-of-
sight galaxy speed. The result from this work is shown in purple,
which is compared to the galaxy speed for NGC 2276 derived by
Rasmussen et al. (2006) (in red). We show both our ‘best’ estimates
of the total velocity assuming ∆vr = 420 km s−1 (Rasmussen et al.
2006) (data points) as well as the 1σ band for a range of assumed
∆vr (shaded regions). The two data points are artificially offset from
∆vr = 420 km s−1 to improve readability. One, two, and three times the
group velocity dispersion (Finoguenov et al. 2006) are marked, assum-
ing that σv =

√
3 × σ1D.

through Doppler shifting. Thus measuring ages along stripped
tails from radio-continuum data provides a unique opportunity
to estimate full, three-dimensional orbital speeds in concert with
line-of-sight velocity estimates.

In Sect. 4 we estimate a projected velocity across the plane
of the sky for the stripped tail of vt = 874+93

−78 km s−1. We make
the simplifying assumption that this velocity for the stripped
tail is equal to the velocity of the galaxy across the sky (see
Ignesti et al. 2023 for a more detailed discussion of this point).
We do not precisely know the line-of-sight velocity component
for NGC 2276; however, we can approximate it as the difference
in radial velocity between NGC 2276 and NGC 2300 (the central
galaxy in the group). This assumes that NGC 2300 is at rest rel-
ative to the centre of the group potential. We note that the diffuse
X-ray peak is spatially coincident with the location of NGC 2300
on the sky, and is roughly 6′ to the southeast of NGC 2276. The
radial velocity difference is ∆vr ' 420 km s−1 (Rasmussen et al.
2006), therefore our best-estimate for the three-dimensional
velocity for NGC 2276 is v = 968+93

−78 km s−1.
To gauge the plausability of this value, consider that the

radial velocity dispersion for the NGC 2300 group is σ1D '

278 km s−1 (Finoguenov et al. 2006). Assuming isotropy, this
gives a three-dimensional velocity dispersion of σv =

√
3σ1D '

480 km s−1, and thus our best-estimate velocity for NGC 2276
would be offset from the group centroid by ∼2 × σv. This is
within the range of plausibility, especially given that NGC 2276
has a small (projected) radial offset from the group centre of
∼60 kpc ' 0.18 R500, which allows relatively large velocity off-
sets while still remaining within the gravitationally-bound region
of phase space.

Rasmussen et al. (2006) also estimate a value for the orbital
velocity of NGC 2276, using a completely independent method
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to the analysis in this work. Rasmussen et al. find evidence for a
mild shock front on the western edge of NGC 2276 with Chan-
dra X-ray data. Their estimated Mach number ofM ' 1.7 and
sound speed of cs ' 500 km s−1 translate to a shock (and thus
galaxy) speed of 865 ± 120 km s−1. Taken at face value, the tan-
gential velocity that we derive from the radio continuum spectra
confirms that NGC 2276 is travelling at a supersonic speed since
v ≥ vt > cs.

The velocity estimate from Rasmussen et al. (2006) is
remarkably similar to the estimate that we derive, indeed the
two are equal within uncertainties. This supports the fact that
NGC 2276 is orbiting with a velocity of ∼900 km s−1. We re-
stress that these two velocity estimates are derived from inde-
pendent methodologies. In Fig. 8 we show a graphical summary
of this discussion. The best-estimate velocities for NGC 2276
(assuming vr = 420 km s−1) are shown with the data points for
this work (purple) and Rasmussen et al. (2006) (red). Given that
there is still some uncertainty around the true radial velocity for
NGC 2276, relative to the group potential, we also show predic-
tions from this work and Rasmussen et al. (2006) for a range of
assumed ∆vr. Regardless of the assumed ∆vr (over a reasonable
range), the two estimates agree well.

5.2. Magnetic field strength in the tail

The dominant uncertainty on the derived plasma velocity, and
subsequently the galaxy orbital velocity, is the magnetic field
strength in the tail. Given the lack of constraints we assume a
minimum-loss magnetic field strength (∼1.9 µG for NGC 2276),
but it is certainly possible that the true magnetic field strength
differs from this value5. By using the minimum-loss magnetic
field strength, the plasma velocity that we estimate in Sect. 4.3
is formally a lower limit. Given Eq. (2) for the radiative age of
the plasma, we can instead parameterize our estimated plasma
velocity as

vt ' 874 km s−1
(

N2 + 3

4
√

N

)
, (3)

where N = B/Bmin. If one takes the derived plasma velocity as
reliable, then Eq. (3) can be used alongside the group velocity
dispersion (σv) to derive some rough constraints on the average
magnetic field strength in the tail. This relies on the fact that a
velocity greater than 3×σv is unlikely for a bound group member
(e.g. Rines et al. 2003; Serra et al. 2011), therefore N in Eq. (3)
can only be so large.

In Fig. 9 we plot the normalized three-dimensional veloc-
ity (v/σv, again assuming ∆vr = 420 km s−1) as a function of
magnetic field strength as given by Eq. (3). Requiring v/σv < 3
implies 0.5 . B . 5.0 µG. This is broadly in line with the small
number of prior observational constraints on the magnetic field
strength in ram pressure tails (Müller et al. 2021; Vollmer et al.
2021; Ignesti et al. 2022b).

One can also estimate an equipartition magnetic field
strength, though this approach is hampered by significant geo-
metric uncertainties relating to the three-dimensional shape and
filling factor of the emitting plasma. We use Eqs. (25) and (26)
from Govoni & Feretti (2004), with k = Φ = α = 1 and assum-
ing a cylindrical geometry. This gives an equipartition field
strength of Beq ' 1.5 µG, though again we note that uncertainties
on k (the ratio of the energy in relativistic protons to electrons)
and Φ (the volume filling factor) are substantial.

5 We also assume that the field strength is constant along the tail, which
may or may not be true in reality.
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Fig. 9. Normalized orbital velocity as a function of magnetic field
strength, as derived from Eq. (3) (red line). The hatched region corre-
sponds to v/σv > 3, extreme velocity osets that are not likely for bound
satellite galaxies in groups/clusters.

Here we have derived some rough constraints on the average
magnetic field strength in the tail through indirect measures, the
results of which suggest that the field strength is likely less than
5 µG. Stronger constraints could be derived moving forward by
measuring polarized flux within the tail (Müller et al. 2021).

5.3. The extreme stripped tail

This work makes clear the existence of a 100 kpc ram-pressure
stripped tail behind NGC 2276, though the question of why such
an extreme tail is associated to a galaxy in such a low-mass group
still remains. At 144 MHz, the NGC 2276 tail is longer than all
ram-pressure tails previously imaged by LOFAR (Roberts et al.
2021a,b; Ignesti et al. 2022a,b; Roberts et al. 2022; Ignesti et al.
2023; Hu et al. 2024), including those for galaxies in massive
clusters. The longest tail from the Roberts et al. (2021a) sam-
ple is NGC 4848 with a projected tail length of ∼40−50 kpc
measured from the edge of the stellar disc (CGCG 97-073 and
97-079 in Abell 1367 have similar tail lengths, though both are
embedded in the northwest radio relic making it difficult to mea-
sure a reliable tail size). At a distance of ∼100 Mpc, Coma is
roughly a factor of three more distant than NGC 2276, thus for
an equal noise level (in Jy) we are sensitive to a fainter radio
luminosity by nearly a factor of ten for NGC 2276 compared
to NGC 4848. That said, extrapolating the exponential tail pro-
file for NGC 4848 (Roberts et al. 2024) fainter by a factor of ten
only extends the tail length by ∼20 kpc. Therefore the outlier tail
length for NGC 2276 does not seem to be solely due to its vicin-
ity, though this may still be a contributing factor.

The high SFR of NGC 2276 may play a role, in the sense
that this would imply a large population of cosmic-ray elec-
trons available to be stripped from the disc. Though the SFR
for NGC 2276 is certainly high, it is not unprecedented (within
2−3σ of the star-forming main sequence, e.g. Speagle et al.
2014; Chang et al. 2015). Tying back to the previous paragraph,
NGC 4848 also has an SFR of ∼10 M� yr−1 (derived from opti-
cal+IR SED fitting, Salim et al. 2016, 2018), also with an ongo-
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ing starburst along the leading edge. We note that NGC 2276
and NGC 4848 also have very similar stellar masses (Salim et al.
2016, 2018; Tomičić et al. 2018).

It is possible that we are simply catching NGC 2276 at an
opportune moment prior to the diffuse outer parts of the tail mix-
ing with the intra-group/cluster medium. Given the direction of
the stripped tail and the location of the diffuse X-ray peak of
the NGC 2300 group (Mulchaey et al. 1993; Finoguenov et al.
2006), NGC 2276 is likely at (or very near) peak ram pres-
sure. The less extreme intra-group/cluster medium conditions in
a low-mass group compared to a massive cluster may allow such
a tail to persist longer prior to mixing, though this still does not
explain why no tails of comparable length (even within a fac-
tor of two) were detected in the group survey from Roberts et al.
(2021b).

Lastly, the general picture for these non-thermal ram-
pressure tails is that frozen-in magnetic fields are stripped along
with the ISM, thereby allowing for extra-planar synchrotron
radiation. If this scenario is correct, then we also would expect a
similar tail tracing the thermal ISM. A short (∼10 kpc) X-ray tail
has been detected (Rasmussen et al. 2006), but no where near
the extent of the low-frequency radio continuum tail (though
those observations are limited by the sensitivity of current X-ray
facilities to faint and diffuse soft X-ray emission). Previous Hi
observations do not show much emission beyond the stellar disc
(Davis et al. 1997). In a future work we will further probe any
potential Hi tail with our uGMRT band five data, though given
our noise level and limited sensitivity to &5−10′ scales, we do
not expect to detect an Hi tail on the same scale as the radio
continuum tail. NGC 2276 is too far north to be observable
by MeerKAT, but deep VLA observations with compact con-
figurations (C or D) could in principle detect an extended Hi
tail. Even then the LAS (16′ for C- and D-configuration6) is
comparable to the source extent in the radio continuum (10′).
A number of ram-pressure stripped tails are Hα bright (maybe
all given deep enough observations), which provides another
approach for detecting a corresponding thermal tail. This could
be probed photometrically using narrowband imaging from a
host of northern observatories. It is also well suited to the large
FOV of the large IFU mode of the WEAVE spectrograph on
the William Herschel Telescope. The Hα surface brightness of
ram pressure tails in low-z cluster galaxies are on the order of
21−26 mag arcsec−2 (Yagi et al. 2010; Boselli et al. 2018). This
sensitivity can be achieved by a number of northern telescopes
with observations on the order of hours (or less for the bright
end). Moving forward, these avenues for detecting a thermal
component to the stripped tail will be pursued.

6. Conclusion

In this work we have presented new multi-frequency radio con-
tinuum imaging of the nearby group galaxy, NGC 2276. With
these data we give new constraints on the impact of ram-pressure
stripping and environmental quenching in the NGC 2300 galaxy
group. The main results from this work are the following:

– We show that NGC 2276 hosts a 100 kpc radio continuum
tail at low frequencies. This is a factor 10 larger than pre-
vious measurements of the tail size. To our knowledge this
represents the longest ram-pressure stripped radio continuum
tail ever observed.

6 https://science.nrao.edu/facilities/vla/docs/
manuals/oss/performance/resolution

– With sub-kiloparsec imaging of the galaxy, we show that
there is a sharp drop-off in radio continuum surface bright-
ness along the western edge of the disc. This is consistent
with compression from ram pressure.

– Spectral index maps and radio continuum spectra extracted
along the tail are consistent with a framework where cosmic
rays are removed from the disc via ram pressure and then age
as they move along the tail due to synchrotron and inverse-
Compton losses.

– We estimate the plasma velocity across the plane of the sky
to be 874+93

−78 km s−1 and the three-dimensional orbital veloc-
ity for NGC 2276 to be 968+93

−78 km s−1. This orbital veloc-
ity estimate shows excellent agreement with previous work
from Rasmussen et al. (2006) while using an independent
methodology.

Subsequent papers in this series will explore the connection
between radio continuum emission and star formation within the
disc, constrain cosmic-ray transport in this extreme system, as
well as search for extra-planar star formation in the stripped
tail. The data presented in this work, combined with exist-
ing and forthcoming UV (HST, UVIT/Astrosat), optical (HST,
PMAS/PPAK IFU), IR (Spitzer, SOFIA), Hi (VLA, uGMRT),
and CO/dense gas (NOEMA) data of the galaxy disc and/or tail,
form an extremely rich dataset with which to constrain strong
impacts of environmental perturbations in such a sparse group.
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Appendix A: Galaxy azimuthal apertures

In Fig. A.1 we show the wedge apertures that are described in
Sect. 3.2. These apertures are used to extract surface-brightness
profiles as a function of azimuthal angle from the images of NGC
2276 at different frequencies. The colouring of the apertures in
Fig. A.1 corresponds to the colouring of the surface brightness
profiles in Fig. 5.
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7h28m30s 27m30s00s26m30s
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Fig. A.1. Same as Fig. 4 but with the wedge apertures used for the
surface-brightness profiles in Fig. 5 overlaid. The radius of the wedges
corresponds to the isophotal size, R25, for NGC 2276.
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