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Abstract

Jellyfish galaxies, which exhibit tails of gas opposite to their direction of motion, are a galaxy population
showcasing the most extreme effects of ram pressure stripping (RPS). We present the emission line properties of a
preliminary sample of five jellyfish galaxies in the Coma cluster, observed with the WEAVE Large-IFU as part of
the Coma Legacy IFU Survey (CLIFS). When complete, CLIFS will form a sample of 29 jellyfish galaxies in
Coma, selected based on the presence of one-sided tails in the radio continuum, enabling a comprehensive picture
of the effects of ram pressure on galaxies in the Coma cluster. We extract emission line properties and confirm
consistency between disk fluxes measured from WEAVE and MaNGA for galaxies with overlapping disk
coverage between surveys. Comparing resolved radio and Hα-based star formation rates, we find that, in contrast
to the disk, the dominant source of tail emission is not star formation. We find evidence for diffuse ionized gas
excited by RPS-driven shocks in the tails, as indicated by: (1) LINER-like tail emission with the [O I]/Hα
Baldwin-Phillips-Terlevich diagnostic; (2) enhanced [O II]/Hα ratios in the tails relative to the disks; and (3)
similarly elevated emission line velocities and velocity dispersions in the tails with respect to the disks. These
results demonstrate that ram pressure driven shocks dominate the ionized emission in jellyfish galaxy tails.

Unified Astronomy Thesaurus concepts: Galaxies (573); Galaxy evolution (594); Galaxy clusters (584); Galaxy
environments (2029); Galaxy infall (599)

1. Introduction

Galaxies are a largely bimodal population in their observed
properties, with either high star formation rates (SFRs), blue
colors, and late-type morphologies, or low SFRs, red colors,
and early-type morphologies (e.g., I. Strateva et al. 2001;
J. Brinchmann et al. 2004; I. K. Baldry et al. 2006;
M. R. Blanton & J. Moustakas 2009; Y.-j. Peng et al. 2010).
Galaxies transform from one population to the other by
quenching (from active to passive) or more rarely, rejuvenat-
ing (vice-versa). As galaxies undergoing the transition process,
known as green valley galaxies, are infrequently observed, it is
assumed that this phase is relatively short lived
(S. Salim 2014).

Galaxies in dense environments are more commonly
quenched at fixed stellar mass than galaxies in the field,
suggesting there are additional quenching mechanisms at work
in dense environments (e.g., A. Dressler 1980; M. Postman &
M. J. Geller 1984; Y.-j. Peng et al. 2010). The fraction of star-
forming galaxies is suppressed by ∼2× in massive galaxy
clusters (e.g., A. R. Wetzel et al. 2012).

One quenching mechanism specific to dense environments
is ram pressure stripping (RPS), which can remove star-

forming gas from galaxies falling into groups and clusters
(e.g., J. E. Gunn & J. R. I. Gott 1972; V. Quilis et al. 2000).
The strength of RPS scales with the density of the intracluster
medium (ICM) and the square of the relative velocity between
the galaxy and the ICM, making it most effective in galaxy
clusters where the velocity dispersion and ICM density are
highest. The circumgalactic medium (CGM) and outer atomic
and ionized gas are stripped first, followed by a fraction of the
inner molecular gas (N. Zabel et al. 2022; T. Brown et al.
2023; A. B. Watts et al. 2023). The existing stellar content
remains unaffected by RPS (A. Boselli et al. 2022).

An extreme class of galaxies known as jellyfish have one-
sided tails of stripped gas and debris, exhibiting clear evidence
of RPS. These tails are most often observed in Hα (e.g.,
B. M. Poggianti et al. 2017a; A. Boselli et al. 2018), H I (e.g.,
J. D. P. Kenney et al. 2004; A. Chung et al. 2007), and the
radio continuum (e.g., G. Gavazzi & W. Jaffe 1987;
I. D. Roberts et al. 2021), but are detectable across the
electromagnetic spectrum (e.g., G. Gavazzi et al. 2001; M. Sun
et al. 2006, 2010; S. Sivanandam et al. 2010; R. J. Smith et al.
2010; P. Jáchym et al. 2014, 2017). Jellyfish galaxies offer a
unique laboratory for the study of RPS, as they are the most
extreme examples of galaxies affected by RPS, and the only
galaxies which we know to be experiencing strong, ongoing
ram pressure. In addition to gas stripping, enhanced star
formation has been observed on the leading edge of jellyfish
disks (e.g., G. Gavazzi et al. 2001; M. G. Lee & I. S. Jang
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2016; P. Troncoso-Iribarren et al. 2020; K. M. Hess et al.
2022; J. Zhu et al. 2024), where RPS compresses the
interstellar medium (ISM), enabling more efficient star
formation due to higher molecular gas densities (e.g.,
S. Schulz & C. Struck 2001; A. Moretti et al. 2020a, 2020b;
W. J. Cramer et al. 2021). However, this does not seem to be a
generic feature of infalling galaxies (e.g., L. M. Foster
et al. 2025).

Jellyfish tails have shown signs of ongoing star formation
(e.g., H. Ebeling et al. 2014; M. Fossati et al. 2016;
B. M. Poggianti et al. 2017a), but many previous studies
identified jellyfish based on the presence of extraplanar star-
forming knots, possibly introducing a selection bias. These
existing samples allow for detailed studies of the interplay
between gas stripping, ICM mixing, and eventual gas cooling,
but do not provide robust constraints on the prevalence of star
formation in RPS tails. A sample of galaxies selected without
the requirement of a clearly star-forming tail is needed to truly
understand what fraction of jellyfish host extraplanar star
formation, and what physical conditions are required for such
star formation to occur. If tail emission is not entirely due to
star formation, this approach can also help reveal the
contribution of other physical processes such as evolved
stellar populations, shocks, or ISM-ICM mixing (e.g.,
N. Flores-Fajardo et al. 2011; K. Zhang et al. 2017;
H. Poetrodjojo et al. 2018; B. M. Poggianti et al. 2019a;
N. Tomičić et al. 2021).

The Coma cluster provides an ideal environment for
studying the effects of ram pressure, as it is the closest
(z= 0.024) massive (M > 1015M⊙) galaxy cluster and contains
an unusually high fraction of jellyfish galaxies (I. D. Roberts
et al. 2021). Coma has a large halo mass, not only increasing
the likelihood of galaxies becoming jellyfish, but also enabling
more massive galaxies to do so. However, this also means
Coma quenches galaxies efficiently, resulting in a low spiral
fraction compared to other massive clusters (T. Weinzirl et al.
2014) and therefore fewer galaxies available to become
jellyfish. Ongoing subgroup merger activity in Coma (e.g.,
M. Fitchett & R. Webster 1987; A. Bonafede et al. 2010;
S. Brown & L. Rudnick 2011; N. Lyskova et al. 2019;
E. Churazov et al. 2023) further amplifies the strength of ram
pressure via enhanced ICM motions and velocity dispersion.
RPS tails have been identified at a range of wavelengths in the
Coma cluster, including optical and UV continuum
(R. J. Smith et al. 2010; I. D. Roberts & L. C. Parker 2020),
narrowband N II and Hα (M. Yagi et al. 2010), atomic gas
(D. C. Molnár et al. 2022), and the radio continuum (H. Chen
et al. 2020; I. D. Roberts et al. 2021; D. V. Lal et al. 2022).
However, a key gap in the literature is extensive integral field
unit (IFU) spectroscopy of Coma galaxies undergoing RPS.
I. D. Roberts et al. (2022) used MaNGA (K. Bundy et al. 2015)
spectroscopy to present evidence for enhanced star formation
on the leading half of a sample of jellyfish galaxies, including
16 galaxies in the Coma cluster. However, this study focused
only on the 16 of 29 known Coma jellyfish galaxies with
available MaNGA data, and the limited MaNGA field of view
did not capture the full extent of their stripped tails.

In this work, we present IFU observations of five jellyfish
galaxies in the Coma cluster, three of which have MaNGA
coverage out to 1.5re. These galaxies are a subset of those
identified as undergoing active RPS based on the presence of
one-sided tails in LOFAR radio continuum imaging in

I. D. Roberts et al. (2021). These observations are a part of
a larger survey that will observe all 29 star-forming galaxies in
Coma with radio continuum tails in the LOFAR Two-meter
Sky Survey (LoTSS; T. W. Shimwell et al. 2017, 2019, 2022),
as well as a sample of undisturbed star-forming Coma
galaxies, using the William Herschel Telescope (WHT)
Enhanced Area Velocity Explorer (WEAVE; G. Dalton et al.
2012; S. Jin et al. 2024).

The complete sample of Coma jellyfish forms an unbiased
dataset, as evidence for extraplanar star formation was not a
necessary selection criterion: low-frequency (<1 GHz) radio
continuum tails trace stripped cosmic ray electrons (e.g.,
A. Ignesti et al. 2022; I. D. Roberts et al. 2024a), which do not
necessarily imply extraplanar star formation in the tail.
However, this sample is likely missing jellyfish on the low-
mass end, due to LoTSS sensitivity limits. It may also be
missing galaxies that are more ancient infallers, as LoTSS only
detects tails with ages ≲100 Myr, given the synchrotron
radiative lifetimes at LOFAR frequencies. With this prelimin-
ary sample, we examine SFR distributions and emission
properties across disks and tails using the MaNGA Data
Analysis Pipeline (DAP; F. Belfiore et al. 2019; K. B. Westfall
et al. 2019), to constrain the physical processes driving
extraplanar emission.

The outline of this paper is as follows: in Section 2, we
describe the IFU data and survey design. In Section 3, we
describe our data reduction methods, how disk and tail regions
are defined, and how SFRs are estimated, and in Section 4 we
compare emission properties across disks and tails. In Section 5
we discuss the significance of these results, and in Section 6
we summarize our findings and outline the next steps for the
complete survey. We adopt a flat ΛCDM cosmology with
H0 = 70 km s−1Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.

2. Data

2.1. The Coma Legacy IFU Survey

The Coma Legacy IFU Survey (CLIFS) is an ongoing
survey that aims to target all 29 Sloan Digital Sky Survey
(SDSS) star-forming galaxies in the Coma cluster with radio
continuum tails as identified in I. D. Roberts et al. (2021), as
well as a number of undisturbed star-forming galaxies. The
complete sample covers a wide range of stellar masses and
SFRs, and covers the entire spatial extent of the cluster
(Figure 1), allowing us to probe a diverse range of galaxy
types, environments, and stages of RPS. Our current sample is
biased toward regions of strongest ram pressure: at high
relative line-of-sight velocity near the cluster center. Basic
properties of our preliminary sample of five are provided in
Table 1.

The WEAVE Large-IFU (LIFU; G. Dalton et al. 2012;
S. Jin et al. 2024) is well suited for this survey, as the large
field of view (FOV) of 90″× 78″ (∼44 kpc× 38 kpc at Coma)
covers the entire extent of each galaxy—including its tail—
with a single pointing, with the exception of NGC 4848, which
will require two pointings. In addition, the 2.6 diameter fibers
and 3.4 center-to-center fiber spacing probes physical scales of
1–2 kpc at the distance of the Coma cluster (z= 0.024). Each
LIFU pointing was observed for a single 1 hr block consisting
of three 18 minute science exposures, using the low-resolution
blue+red mode (LIFU LR), which provides a spectral
resolution of R ∼ 2500.
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2.2. The LOFAR Two-meter Sky Survey

We use radio continuum imaging from the LOFAR
(M. P. van Haarlem et al. 2013) Two-meter Sky Survey
(LoTSS; T. W. Shimwell et al. 2017, 2019, 2022) to identify
tail regions as described in Section 3.2, and to compute radio-
based SFRs as described in Section 3.3. LoTSS is an ongoing
survey that will ultimately image the entire northern sky using
the LOFAR High Band Antenna (HBA) at 120–168 MHz, with
an angular resolution of 6″ (∼3 kpc at Coma) and a median
noise level of 95 μJy beam−1. The large primary beam size of
∼4° at 144 MHz allows for the entirety of most low-redshift
clusters to be observed with a single 8 hr pointing, reaching a
typical depth of ∼100 μJy beam−1. For further survey details,
we refer the reader to T. W. Shimwell et al. (2017) for the
observing strategy, and T. W. Shimwell et al. (2019) and
T. W. Shimwell et al. (2022) for the first and second data
releases, respectively.

3. Methods

3.1. Data Cube Reduction and Analysis

We obtain Level 1 reduced data products (CASUVERS
v0.91) from the WEAVE Operational Repository.10 For each
galaxy, this includes stacked data cubes for the blue and red
arms of the WEAVE LIFU. For both spectrograph arms, we
apply the flux calibration stored in the SENSFUNC extension
of the data files. We then downsample both the spatial and
spectral axes to pixel widths of 1″ and channel widths of 1 Å,
with the 1″ pixel size still oversampling the 2.6 fiber diameters
in the LIFU. Next, we stitch together the blue and red arm
cubes with inverse-variance weighting. This gives a single,
final data cube with continuous (outside of two chip gaps)
spectral coverage between 3700 and 9400 Å.

The final CLIFS sample will include a mix of both WEAVE
and MaNGA data cubes, which necessitates that the WEAVE

and MaNGA products be analyzed in a similar fashion. We use
the MaNGA DAP (F. Belfiore et al. 2019; K. B. Westfall et al.
2019) to extract stellar and emission-line properties from the
WEAVE data cubes; here, we do not comment on the specifics
of the pipeline, and instead refer the reader to F. Belfiore et al.
(2019) and K. B. Westfall et al. (2019). Our data closely match
the MaNGA spectral and spatial resolution, allowing for direct
comparison between datasets.

We run the MaNGA DAP with the HYB10-MASTARHC2-
MASTARSSP analysis scheme. As in MaNGA data, stellar
kinematics maps are Voronoi binned to have signal-to-noise
(S/N) ∼10 in the g-band, but emission-line fits are performed
on individual spaxels. For Voronoi binning, we only include
pixels that have an average per-channel S/N of at least two in
the g-band, while MaNGA uses a cut of one. However, we find
that reducing the cut to an S/N of one does not affect our
results. We account for pixel covariance by using the
“calibrate” option in the MaNGA DAP. This method
parameterizes the correction factor, fcovar, needed to rescale
noise vectors computed without accounting for covariance
(see, e.g., R. García-Benito et al. 2015; K. B. Westfall et al.
2019), as

f N1 log , 1covar ( )= +

where N is the number of pixels in a bin and α is a free
parameter determined from the data. We measure fcovar by
comparing the noise level directly measured from the stacked
spectrum within a bin to the noise determined by propagating
from the IVAR extension in the data cubes under the
assumption of no covariance. In Figure 2 we show an example
of this calibration for our data with a best-fit α of ∼1.8 without
strong variation from galaxy to galaxy. We refer the reader to
R. García-Benito et al. (2015) and K. B. Westfall et al. (2019)
for details on the procedure for fitting to Equation (1).

To ensure that the error spectra contained in the final science
cubes are reliable, we consider the difference between the
observed (Oλ) and best-fit model (Mλ) spectra, normalized by

Figure 1. Left: SFR versus stellar mass from the GALEX-SDSS-WISE Legacy catalog (GSWLC-M2; S. Salim et al. 2016, 2018), derived using UV/optical/midIR
spectral energy distribution fitting. Apertures used likely do not contain the full extent of the RPS tails. Undisturbed Coma cluster galaxies are shown with blue Xs,
LOFAR-identified Coma jellyfish are shown with light purple triangles, and the five jellyfish described in this paper are shown with dark purple stars. Right:
projected phase space distribution of Coma cluster galaxies. The virial radius r180 = 1.85 Mpc and velocity dispersion σ = 834 km s−1 of the Coma cluster are
calculated using Equations (5) and (6) in X. Yang et al. (2007), adopting a halo mass of 1015M⊙.

10 http://casu.ast.cam.ac.uk/weave/
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the error spectrum (ελ). In Figure 2 we show the resulting
distribution, which is well described by a best-fit Gaussian
distribution centered on 0.06 with a standard deviation of 0.98,
nearly identical to the expectation for random, uncorrelated
noise. Finally, in Figure 3 we show an example of the MaNGA
DAP fit to the WEAVE spectrum for the central spaxel of
CLIFS 219 (KUG1257+278).

As the DAP is known to have difficulty modeling low S/N
Hα emission due to underlying stellar absorption (F. Belfiore
et al. 2019), which is central to our analysis of faint tail
emission, we tested several preprocessing strategies prior to
running the data through the pipeline. We found that spectral
smoothing did not affect the measured fluxes in either the disk
or tail regions. Spatial smoothing, both with and without
Nyquist resampling, increased the measured tail flux but led to
loss of critical spatial information. Moreover, the origin of the
additional flux is ambiguous, as it may reflect contamination
from disk emission that was smoothed into the tail region,
rather than a genuine tail signal.

We also tested spectral stacking in the disk and tail regions
separately, fitting two composite spectra per galaxy. This
method recovers Hα fluxes consistent within uncertainties of
those obtained from the standard spaxel-by-spaxel fitting
described above, and we find that variance weighting and/or
smoothing the composite spectra does not significantly
increase the recovered flux. We note that while smoothing
the stacked spectra improves the fit in the low S/N tail regions,
it does not result in a significant change in recovered flux. As
none of these efforts improved our measured fluxes, we do not
preprocess the data prior to input to the DAP.

16 of the 29 radio tail galaxies have existing IFU
spectroscopy from the MaNGA survey; however, these
observations cover only the inner ∼1.5re, preventing analysis
of tail emission. We compare the disk fluxes of Baldwin-
Phillips-Terlevich (BPT) emission lines (Hβ (4862Å), [O III]
(5008Å), [O I] (6302Å), Hα (6564Å), [N II] (6585Å), [S II]
(6718,6732Å); J. A. Baldwin et al. 1981) for the three of five
galaxies in the current sample with MaNGA data in Figure 4.
The mean ratio between WEAVE and MaNGA disk fluxes is
1.1 with a scatter of 0.1. So, while the WEAVE fluxes are
typically higher, the two surveys are in general agreement. We
note that while the differences in [O I] fluxes are higher in
CLIFS 82 and 219, these discrepancies arise from the outer
disk; at small radii, the flux values are in good agreement. We
show SDSS gri images, Hα maps, and LOFAR radio
continuum maps in Figure 5.

3.2. Defining Disks and Tails

We define galaxy disks using ellipses centered on the galaxy
SDSS coordinates with ellipticities and position angles taken
from the r-band Sérsic parameters provided in Table 3 of the
L. Simard et al. (2011) morphology catalog. We define
semimajor axes of twice the effective radii in the r-band,
chosen to encompass the full stellar disk while minimizing
contamination from extraplanar emission. In the case of CLIFS
82, the L. Simard et al. (2011) Sérsic fit is aligned with a
possible outflow feature oriented perpendicular to the main
disk, evident in the SDSS image (Figure 5) and confirmed by
the MaNGA stellar rotation map. We instead use
imfit (P. Erwin 2015) to fit a Sérsic profile to the SDSS r-
band image ourselves, restricting the position angle to be
approximately perpendicular to that in the L. Simard et al.
(2011) catalog.

As the sample was selected based on having well-defined
radio tails, we use LOFAR radio continuum maps to define the
tail regions. We first smooth the radio image using a Gaussian
kernel with a standard deviation of 2 pixels, and mask the disk
region defined above. We then use photutils to detect
sources at 1σ above the mean in the smoothed version of the
image, masking only the disk and other bright sources in the
image. This threshold was chosen to fully encompass the tails
while minimizing background contamination. Any region of
the detected tail that overlapped with the predefined disk
region is excluded from the final tail region. Due to the
outflow-like in CLIFS 82, we instead define a more
conservative elliptical tail region by eye in the LOFAR image
(shown in Figure 5).

3.3. Star Formation Rates

We convert Hα and radio continuum fluxes in the disks and
tails to star formation rates (SFRs) using established empirical
calibrations. Prior to computing the Hα-based SFR, we correct
the Hα flux for dust attenuation using the Balmer decrement,
taking the intrinsic ratio between Hα and Hβ to be 2.86 for
Case B recombination, suitable for star-forming regions
(T= 104 K, electron density ne = 104 cm−3; D. E. Osterbrock
& G. J. Ferland 2006). We correct each disk and tail pixel
individually, as using a global value for the Hα/Hβ flux ratio
has been shown to underestimate the dust-corrected Hα flux in
MaNGA-like observations (N. Vale Asari et al. 2020). We
make a S/N cut of 3 on both lines, and if the Hβ flux does not
satisfy this criterion in a given spaxel, we do not dust correct

Table 1
Galaxy Sample Coordinates and Basic Properties

CLIFS ID Name R.A. Decl. *M Mlog [ ]a MlogSFR yr 1[ ]a θ b,c i b Hubble Typed

(deg) (deg) (deg)

39 NGC 4858 194.758636 28.1157 10.160 0.557 28 0.81 SBb
82 KUG1255+275 194.577606 27.3108 9.702 −0.092 51* 0.54* Im
151 D100 195.038086 27.8665 9.262 −0.076 −8 0.71 SBa
219 KUG1257+278 194.915863 27.5765 9.071 −0.663 −25 0.76 SBm
247 LEDA83749 195.139786 27.5041 8.964 −0.542 47 0.67 Im

Notes.
a From the GSWLC-M2 (S. Salim et al. 2016, 2018).
b From L. Simard et al. (2011), unless starred.
c Position angle in degrees CCW from the +x-axis.
d From the NASA/IPAC Extragalactic Database.
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the Hα in that spaxel. We assume:

F F e 2H ,em H , obs ( )=

where FHα,em is the emitted Hα flux, FHα,obs is the observed,
dust attenuated Hα flux, and τ is the optical depth at Hα, given
by:

q

F F

F F

1

1
ln 3H ,obs H ,obs

H ,int H , int
( )/

/
=

where q= 1.38 is the value of the attenuation curve at Hβ
(D. Calzetti et al. 2000), and FHα,int/FHβ,int = 2.86 is the
intrinsic Balmer decrement described above.

To derive the SFR from the dust-corrected Hα emission, we
adopt the R. C. Kennicutt & N. J. Evans (2012) relation
(C.-N. Hao et al. 2011; E. J. Murphy et al. 2011):

LSFR 5.4 10 4H
42

H ( )= ×

where LHα is the Hα luminosity of the galaxy in erg s−1,
yielding an SFR in units of M⊙ year−1.

To compute the radio-based SFR, we use the G. Gürkan
et al. (2018) calibration for LOFAR 144 MHz imaging:

SFR 10 5L
144 MHz

log 22.06 1.0710 144 MHz ( )( ( ) )/=

where L144 MHz is the monochromatic radio luminosity of the
galaxy in W Hz−1, also yielding an SFR in units of M⊙ year−1.
We note that G. Gürkan et al. (2018) use the G. Chabrier
(2003) initial mass function (IMF), while R. C. Kennicutt &
N. J. Evans (2012) use the P. Kroupa & C. Weidner (2003)
IMF; however, their SFR calibrations are effectively identical
when converted to a G. Chabrier (2003) IMF (R. C. Kennicutt
& N. J. Evans 2012). We also test the L. Wang et al. (2019)
and D. J. B. Smith et al. (2021) calibrations, and find that they
provide nearly identical results to the G. Gürkan et al. (2018)
calibration. When computing SFR144 MHz, we mask pixels with
a S/N less than 3.

4. Results

4.1. SFR Comparison

We first compare galaxy SFRs derived from Hα
emission to those from the radio continuum (Figure 6).
Hα traces recent star formation on timescales of ≲20 Myr
by probing ionized H II regions around high-mass stars
(R. C. Kennicutt 1998). The 144 MHz radio continuum
originates from synchrotron emission from cosmic ray
electrons accelerated by supernovae, and thus also traces
recent high-mass star formation (G. Gürkan et al. 2018),
although the electrons can radiate for ∼100 Myr at LOFAR
frequencies. However, if cosmic rays are accelerated by
some other means, such as RPS, the radio-derived SFR may
exceed that inferred from Hα. The same effect can also
emerge if the SFR declines on a timescale shorter than the
cosmic ray electron cooling time (A. Ignesti et al. 2022;
H. W. Edler et al. 2024). The RPS scenario can also be
confirmed using spectral indices: the majority of jellyfish
tails show progressively steeper spectral indices as distance
from the disk increases, consistent with aging cosmic ray
electrons being stripped from the galaxy disk (B. Vollmer
et al. 2004; A. Müller et al. 2021; T. Venturi et al. 2022;
A. Ignesti et al. 2023; I. D. Roberts et al. 2024b).

We do not consider SFR uncertainties, as the intrinsic
scatter of the empirical calibrations far exceeds the measure-
ment errors on the fluxes themselves. Distinct linear fits to disk
and tail data are computed using scipy.optimize.
curve_fit, and are given in Figure 6. We find that disk
SFRs are approximately consistent with a 1: 1 relation with an
offset between indicators. In contrast, tail SFRs are system-
atically higher in the radio than Hα (∼6–20×), indicating a
significant contribution from some process other than star
formation. However, the slope is subunity, meaning that as the
SFR increases, the indicators reach better agreement: when the
Hα SFR is low, the radio emission and thus the radio “SFR” is
dominated by aged cosmic ray electrons stripped from the
disk, but as the Hα SFR increases, star formation becomes a
more significant contributor. These results, coupled with the

Figure 2. Left: covariance calibration factor as a function of bin size (see text for details). Data points correspond to median values, and the error bars span between
the 16th and 84th percentiles, with colors distinguishing the five galaxies in this work. Right: residuals between the observed (Oλ) and best-fit model spectrum (Mλ),
for each wavelength (λ) and spaxel (k) with g-band S/N greater than 3, with all five galaxies included. Residuals are normalized by the error spectrum (ελ). The
dashed line shows the best-fit Gaussian distribution.
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spectral index results of I. D. Roberts et al. (2024b), provide
strong evidence that the synchrotron emission in RPS tails
primarily originates from the galaxy disk, rather than in situ
star formation.

4.2. Characterizing Tail Emission

In Figure 7, we show the [O III]/Hβ versus [O I]/Hα BPT
diagrams (J. A. Baldwin et al. 1981) for each galaxy, overlaid
with the classification boundaries defined in L. J. Kewley et al.
(2001; AGN versus star-forming) and L. J. Kewley et al. (2006;
Seyfert versus LINER). We also show galaxy maps with spaxels
colored according to their classifications in this diagram; the
equivalent figures for the [N II] and [S II] diagrams are given in
the Appendix. A S/N cut of 2 is made on the BPT lines present in
the diagram (for Figure 7: Hβ, [O III], [O I], Hα); spaxels that do
not meet this criterion in any emission line are discarded, limiting
the number of tail spaxels we can use for analysis in some of the
galaxies in our sample. However, we note that our results are
robust against the choice of S/N cut within the range 1–3.

In Figure 7, we see that disk emission is dominated by star
formation, while tail emission is dominated by LINER-like
emission. The [O I] BPT diagnostic is unique in this respect,
with the [N II] and [S II] diagrams indicating that tails are
either dominated by star formation or composite emission. We
emphasize that here we highlight the [O I] simply because the
results are an anomaly compared to those from the [N II] and
[S II] diagrams (see Appendix): the tail emission is dominated
by LINER emission only in the [O I] diagnostic.

Figure 3. Example observed spectrum (black) and errors (gray regions) and best-fit model (purple) for the central spaxel of CLIFS 219. The top panel shows the full
spectrum, with shaded regions marking empty areas in the spectrum from chip gaps. Key emission and absorption features are highlighted in the lower panels: [O II]
in the center left, Hβ and [O III] in the center right, [N II], Hα, and [S II] in the bottom left, and the Ca II triplet in the bottom right.

Figure 4. Ratio of disk flux measurements between WEAVE and MaNGA for
BPT emission lines. Point shapes and colors distinguish the three galaxies with
both CLIFS and MaNGA data. Errors on the ratios are included, but are
smaller than the points in most cases. The dashed horizontal line at unity
indicates where flux measurements are equivalent between the two surveys.
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Following A. Moretti et al. (2022), we examine logged
resolved [O II]/Hα flux ratios in Figure 8, making an S/N cut
of 2 on each line, where negative values indicate the region is
dominated by Hα emission and hence star formation. Positive
values indicate that [O II] is dominant, which is atypical for

normal star-forming regions (e.g., C. L. Martin 1997). As the
[O II] lines (3737 Å and 3729 Å) lie near the edge of our
spectral range (beginning at 3660 Å), the S/N in the tails is
poor (average S/N ∼ 1.2), resulting in limited coverage of
these regions in some galaxies. However, in the galaxies with
sufficient numbers of pixels with S/N > 2 (CLIFS 29, 82,
247), we see that the disks are dominated by Hα emission,
while the tails show significantly higher [O II]/Hα ratios,
confirmed statistically with the two-sample Kolmogorov–
Smirnov and Anderson–Darling tests. Our values in both the
tails and disks are comparable to those reported by A. Moretti
et al. (2022) for a sample of 13 jellyfish in Abell 2744 and
Abell 370 using MUSE data.

4.3. Velocity Maps

Finally, in Figure 9 we show the stellar velocity, emission-
line velocity, and Hα velocity dispersion maps, with a S/N cut
of 2 applied to each measurement. We also apply a S/N cut of
2 on Hα flux for the emission-line velocity and emission-line
velocity dispersion maps. The MaNGA DAP sets all emission-
line velocities equal in its fitting process, resulting in a single
emission-line velocity map (see F. Belfiore et al. 2019).
Velocity dispersions, however, are fitted independently for
each line; here we show the Hα dispersion map, though results
are consistent across all BPT lines. We note that due to the

Figure 5. Top row: RGB images of each galaxy in the CLIFS sample created using SDSS g, r, and i-band images and astropy.visualization.
make_lupton_rgb. Middle row: WEAVE Hα flux maps, obtained from the MaNGA DAP for the same fields of view. Overlaid are the MaNGA FOVs for the
galaxies with both MaNGA and WEAVE coverage. Bottom row: LOFAR radio continuum flux maps for the same fields of view. Overlaid are the tail regions defined
in Section 3.2.

Figure 6. Radio-based SFR versus dust-corrected Hα-based SFR for the
galaxies in our sample. Circles represent galaxy disks, triangles represent
galaxy tails, and colors represent individual galaxies. The black dashed line
shows the 1:1 relation, the purple dotted line shows the fit to the galaxy disks,
and the blue dashed–dotted line shows the fit to the galaxy tails, with equations
given in the legend.

7

The Astrophysical Journal, 999:164 (13pp), 2026 March 10 Foster et al.



R = 2500 spectral resolution, spaxels with velocity dispersions
less than 50 km s−1 have been excluded from analysis.

In the disk regions, the magnitude of the emission-line
velocities per spaxel is typically higher than stellar velocities
by a factor of ∼1.7. RPS is expected to increase gas velocities
relative to the stellar component, with the increase aligned
with the stripped tail and redshifted or blueshifted depending
on the galaxy’s direction of motion relative to the line of sight.
Distinguishing gas that has been accelerated by RPS from
undisturbed disk gas requires structural analysis of each galaxy
(e.g., H. J. Souchereau et al. 2025), which we defer to future
work with the full CLIFS sample.

In the tail regions, stellar velocity maps are generally empty,
indicating there is no significant stellar population in this area,
consistent with RPS leaving existing stellar populations largely
unaffected. CLIFS 247 exhibits high stellar velocities in the
tail region, however we note that this originates from the DAP
fitting the Voronoi-binned continuum emission of many low-
signal spaxels that are associated with faint, extended spiral
arm features around the galaxy. Emission-line velocities and
Hα velocity dispersions are elevated in the tails relative to the
disks, especially at their edges, corresponding to the most
recently stripped gas. ISM-ICM interactions can further
accelerate the gas in the stripped tail by injecting turbulence
down to subkiloparsec scales (Y. Li et al. 2023; A. Ignesti
et al. 2024). We again confirm that the absolute values of the
emission-line velocity and Hα velocity dispersion distributions
in the tails versus disks are statistically distinct using the two-
sample Kolmogorov–Smirnov and Anderson–Darling tests.

5. Evidence for Shock-driven Emission

Figure 6 indicates that processes other than just star formation
are taking place in the tails of Coma cluster jellyfish galaxies, as
the radio SFRs exceed those derived from Hα, whereas in the
disks, the two SFRs agree. The diagnostics presented in Section 4
collectively suggest that diffuse ionized gas (DIG), likely produced
by shocks driven by ram pressure, is the dominant contributor to

the observed radio continuum and line emission in the tails, as
discussed in Sections 5.1–5.3.

5.1. Elevated [O I]/Hα Ratios

First, we examined the spatially resolved emission-line ratios
using standard BPT diagnostics. In particular, the [O I]/Hα
diagram indicates that tail regions are LINER-like, consistent
with emission from nonstellar sources. Although the origin of
LINER emission remains debated, it is commonly attributed to
ionization from evolved stars, low-luminosity AGN, and/or
shocks (e.g., T. M. Heckman 1987; A. V. Filippenko 1992;
M. A. Dopita & R. S. Sutherland 1995; R. Singh et al. 2013),
where shocks are the most likely contributor for RPS tails. In
any case, this suggests that star formation is not the dominant
ionization source in the stripped tails.

Our findings are consistent with results from other jellyfish
galaxy studies. B. M. Poggianti et al. (2019b) found that the
BPT classification of jellyfish tails varies significantly depend-
ing on the diagnostic used. In their sample of 16 cluster galaxies
with extended Hα tails in the GAs Stripping Phenomena
(GASP; B. M. Poggianti et al. 2017a) survey, LINER-like
emission was found to be more prominent in the [O I] diagram
than in the [N II] or [S II] diagrams. While the fraction of
LINER-classified spaxels varies from galaxy to galaxy and
across the classification diagram considered, 3/16 galaxies in
their sample have significantly high [O I]/Hα ratios.

Building on B. M. Poggianti et al. (2019b), N. Tomičić et al.
(2021) analyze the BPT emission of a larger sample of 41
GASP galaxies across various stages of RPS. They introduce a
metric to quantify the offset from the L. J. Kewley et al. (2001)
star-forming/LINER dividing line in BPT space. They find
that galaxy tails are dominated by diffuse ionized gas emission
(92% DIG), whereas galaxy disks are divided between dense
and diffuse emission (60%). They also find that DIG regions in
the tail are largely LINER-dominated, whereas DIG regions in
the disk are more evenly divided between star-forming and

Figure 7. Top row: resolved [O I]/Hα BPT diagram for each galaxy in the sample. Disk pixels are represented by light purple circles, and tail pixels are represented
by dark purple triangles. A S/N cut of 2 has been applied to each line (Hβ, [O III], [O I], Hα), excluding pixels that do not meet this criterion in any emission line.
Overlaid are the classification boundaries defined to separate AGN from star-forming sources (lower LHS; L. J. Kewley et al. 2001), and to distinguish Seyfert
emission from LINER emission (upper and lower RHS respectively; L. J. Kewley et al. 2006). Bottom row: galaxy maps colored according to the BPT classification
above, with x- and y-axes denoting arcseconds from the SDSS center of the galaxy, and black contours outlining the disk and tail regions. Star-forming, Seyfert, and
LINER pixels are colored blue, light purple, or dark purple, respectively. Galaxy tails contain fewer pixels as the emission lines typically have lower S/N ratios.
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LINER. The dense gas emission in both regions is indicative of
star formation, as expected.

Similar studies using MUSE have also found elevated [O I]/
Hα ratios: in a case study of an extreme jellyfish (M. Fossati et al.
2016), an Hα/X-ray orphan cloud (C. Ge et al. 2021), and a
sample of seven jellyfish galaxies in the Leo cluster (A1367;
A. Pedrini et al. 2022). Several other jellyfish galaxy studies use
BPT diagnostic diagrams to distinguish between emission sources
(e.g., B. M. Poggianti et al. 2017b; G. Peluso et al. 2022),
although these are limited to the [N II] and [S II] BPT diagnostics
due to spectral range constraints, or focus exclusively on jellyfish
hosting central AGN, making poor comparisons for our sample.

5.2. Elevated [O II]/Hα Ratios

The enhanced [O II]/Hα ratios observed in the tails further
support the presence of emission driven by sources other than star
formation. High [O II]/Hα ratios can be interpreted as arising from
low gas densities (C. L. Martin 1997), and/or heating of the ISM
through interactions with the hot ICM or shocks (B. M. Poggianti
et al. 2019a; M. G. Campitiello et al. 2021). Although such
enhancements have been observed in higher-redshift jellyfish
galaxies (z∼ 0.3–0.4; A. Moretti et al. 2022), our work provides
the first clear evidence of this behavior at low-redshift. A. Moretti
et al. (2022) were unable to distinguish between the DIG and hot
ICM interaction scenarios as the dominant origin of the elevated
ratios, due to the lack of data required to do so.

5.3. High Emission-line Velocities and Dispersions

In tail regions, we observe minimal or no stellar emission,
confirming the absence of a stellar population in these regions.
In contrast, the tail emission-line velocities and velocity
dispersions are significantly elevated relative to the disk values,
particularly along the edges of the tails. We see the same or
more extreme velocity dispersion trends in the other emission
lines studied in this paper, with the mean velocity dispersion
across all lines in the tail being 1.8 ± 1.1× higher than the mean
in the disk. Shock modeling predicts high emission-line
velocities, coupled with emission-line velocity dispersions on
the order of the shock velocity (e.g., M. A. Dopita &
R. S. Sutherland 1995; M. G. Allen et al. 2008; J. A. Rich
et al. 2011; R. S. Sutherland & M. A. Dopita 2017), in
agreement with our average measured emission-line velocities
of ∼45 and ∼150 km s−1 in the disk and tail, respectively, and
corresponding average dispersions of ∼85 and ∼125 km s−1.

Our measured tail velocities (∼150 km s−1) are weakly
supersonic compared to the typical ISM sound speed of
∼10–100 km s−1 (assuming ideal gas and Milky Way ISM
temperatures), consistent with low-Mach shocks seen in radio
spectral indices. In a study of 25 jellyfish galaxies in the Coma
cluster, with some overlap with our sample, I. D. Roberts et al.

(2024b) find radio spectral indices indicative of low-Mach
number shocks or long electron-acceleration timescales. They
also find that the bulk gas velocities in the tails are on the order
of several hundred kilometers per second, consistent with our
emission-line measurements. We note that both measurements
are line-of-sight/projected velocities and are therefore lower
limits on the true 3D velocities.

In a study of seven jellyfish galaxies in GASP, M. Radovich
et al. (2019) find similarly elevated emission-line velocities,
including one galaxy with a high [O I]/Hα ratio and [N II]/Hα
and [S II]/Hα ratios consistent with star formation. This
galaxy, JO175, is well described by their shock model and is
the only galaxy in their sample that does not host a central
AGN, in line with the properties of our sample.

Taken together, our observations favor a shock-ionization
scenario for the ionized gas in radio-identified jellyfish galaxy
tails in the Coma cluster. While LINER-like emission and high
[O II]/Hα ratios can each arise from varying mechanisms, the
consistent presence of elevated velocity dispersions and the
spatial coincidence of these features in the tails denote shocks
as the most likely common driver. The full CLIFS sample will
enable statistical constraints on the incidence and strength of
RPS-driven shocks across the Coma cluster.

6. Summary and Conclusions

In this work, we analyze a preliminary sample of five
jellyfish galaxies in the Coma cluster using WEAVE LIFU
data from the CLIFS survey. Emission-line properties were
extracted using the MaNGA Data Analysis Pipeline, allowing
us to compare disk and tail regions to investigate the physical
processes responsible for ionized gas in the tails.

We first compared SFRs derived from Hα and from 144 MHz
radio continuum emission, finding agreement in disk regions but
significantly elevated radio “SFRs” in tail regions. This, coupled
with spectral index work (I. D. Roberts et al. 2024b), suggests
that processes other than star formation alone are exciting the
gas in the tails. Emission-line diagnostic diagrams further
support this interpretation: tail spaxels are typically classified as
star-forming in the [N II] and [S II] BPT diagrams, but are
classified as LINER emission in the [O I] diagram, consistent
with excitation by shocks driven by ram pressure stripping. This
scenario is further supported by enhanced [O II]/Hα ratios, as
well as systematically elevated emission-line velocities and
velocity dispersions in the tails relative to the disks.

Once complete, the CLIFS survey will provide an unbiased
sample of 29 jellyfish galaxies in the Coma cluster, selected
without the requirement of detectable Hα tail emission. The
primary goals of the CLIFS survey are to: (1) constrain the
fraction of LOFAR-selected radio tails that show cospatial Hα
emission, and (2) spatially resolve both the star formation

Figure 8. [O II]/Hα flux ratio maps for each galaxy in the sample, with a S/N cut of 2 applied to both lines. Black contours outline the disk and tail regions, and
darker colors indicate the region is dominated by [O II] emission.
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histories and the 144 MHz radio luminosity versus SFR relation
across the star-forming disks. Using a sample of LOFAR
jellyfish, including 16 in the Coma cluster (I. D. Roberts et al.
2022), found evidence for star formation on the leading halves
of the disks. The complete CLIFS sample will enable us to
extend this analysis to the entirety of the Coma cluster and
compare against CLIFS and MaNGA observations of undis-
turbed star-forming Coma cluster galaxies as a control.
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Appendix
BPT Diagrams

Here we provide the [N II] (Figure 10) and [S II] (Figure 11)
BPT diagnostics for our sample.

Figure 10. Top row: resolved [N II]/Hα BPT diagram for each galaxy in the sample. Colors and cuts are the same as in Figure 7. Here, the solid and dashed lines are
those defined by L. J. Kewley et al. (2001) and G. Kauffmann et al. (2003), respectively, to distinguish between star formation (left), composite (center), and AGN
(right) as emission sources. Bottom row: galaxy maps colored according to the BPT classification above, with axes and contours as in Figure 7. Star-forming,
composite, and AGN pixels are colored blue, light purple, or dark purple, respectively.

Figure 11. Top row: resolved [S II]/Hα BPT diagram for each galaxy in the sample. Colors, cuts made, and classification boundaries are the same as in Figure 7.
Bottom row: galaxy maps colored according to the BPT classification above, as in Figure 7.
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