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Abstract

Context. Ram pressure stripped galaxies are rare cases of environmental evolution in action. However, our ability to understand these transforming galaxies is limited by the small number of identified galaxies experiencing ram pressure stripping (RPS).

Aims. Our aim is to explore the efficacy of citizen science classifications in identifying ram pressure stripped galaxies, and use this to aid in motivating new potential samples of ram pressure stripped candidates.

Methods. We compiled a sample of over 200 known ram pressure stripped galaxies from the existing literature, with morphological classifications obtained from Galaxy Zoo. We compared these galaxies with magnitude and redshift-matched comparison cluster and field galaxies. Additionally, we created a sample of SDSS cluster galaxies, with morphological classifications similar to known ram pressure stripped galaxies, and compared the fraction of potential new RPS candidates against control samples.

Results. We find that ram pressure stripped galaxies exhibit a higher proportion of ‘odd’ and ‘irregular’ morphological classifications compared to field and cluster comparison samples. This trend is particularly pronounced in galaxies displaying strong optical ram pressure stripping features, but absent from galaxies with only radio tails. We find that SDSS galaxies with Galaxy Zoo classifications consistent with the known RPS galaxies have a higher fraction of visible ram pressure stripping features (19%) compared with other cluster galaxies (12%) when classified by experts. We identify 101 new ram pressure stripping candidate galaxies through these expert classifications.

Conclusions. We demonstrate that indirect morphological classifications from citizen science projects can increase the efficiency with which new stripping candidates are found. Projects such as Galaxy Zoo can aid in the identification of ram pressure stripped galaxies that are key to understanding galaxy evolution in clusters.
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1. Introduction
There is increasing evidence that ram pressure stripping (RPS) is one of the main drivers of galaxy transformations in dense environments, such as galaxy clusters (e.g. Boselli & Gavazzi 2006; Cortese et al. 2021; Boselli et al. 2022) and perhaps even in lower density groups (e.g. Rasmussen et al. 2006; Vulcani et al. 2018a, 2021; Roberts et al. 2021a, 2022a; Kolcu et al. 2022). As a galaxy enters a group or cluster, the gas within the galaxy experiences pressure due to the intracluster medium. This pressure, first described in Gunn & Gott (1972), can heat up and strip the gas within infalling galaxies, thus removing the gas from the galaxies and preventing star formation. The hydrodynamic removal of the gas from the infalling galaxy can occur within a cluster crossing time (e.g. Jaffé et al. 2015, 2018; Smith et al. 2022) and even as fast as a few hundred million years (e.g. Vollmer et al. 2004; Bekki 2009; Boselli et al. 2016), which eventually leads to a full quenching of star formation in dense environments (e.g. Vulcani et al. 2020, 2022; Cortese et al. 2021; Boselli et al. 2022).
There are many ways to observe a galaxy that is experiencing ram pressure stripping. Trails of gas and dust are stripped from the galaxy, with visible deformation seen in the HI gas (e.g. Gavazzi et al. 1984, 1995; Crowl et al. 2005; Chung et al. 2007, 2009). In some cases, this stripped gas can condense and form stars behind the galaxy as it moves through the cluster, which can be seen in UV and optical imaging (e.g. Smith et al. 2010; Abramson et al. 2011; Merluzzi et al. 2013; Poggianti et al. 2016; Fossati et al. 2016). This star formation, as well as shock heating, excite the surrounding gas in the wake of the galaxy, producing bright Hα tail-like features (e.g. Gavazzi et al. 2001; Sun et al. 2007; Yagi et al. 2007, 2010; Merluzzi et al. 2013; Poggianti et al. 2017a; Gavazzi et al. 2017).
Gas can also be compressed along the leading edge of the galaxy, leading to visible star formation on one side of the galaxy (e.g. Vogt et al. 2004; Rasmussen et al. 2006; Poggianti et al. 2019; Ramatsoku et al. 2019, 2020; Vulcani et al. 2022; Roberts et al. 2022b). Cosmic rays from the resultant supernovae can also be stripped from the galaxy, leading to asymmetric radio continuum morphologies analogous to the optical tails (e.g. Roberts et al. 2021a,b, 2022a). The most spectacular and dramatic galaxies experiencing RPS are often known as jellyfish galaxies for the long trails of gas and star formation (e.g. Chung et al. 2009; Smith et al. 2010, see also Bekki 2009), with features that can often be seen across multiple wavelengths (e.g. Crowl et al. 2005; Sun et al. 2007; Crowl & Kenney 2008; Merluzzi et al. 2013; Poggianti et al. 2019).
Detailed studies of these galaxies have uncovered a wealth of information about the transformations that occur while a galaxy experiences RPS. For example, ram pressure stripped galaxies are likely to have a short-term burst in star formation before quenching (e.g. Bekki & Couch 2003; Kapferer et al. 2009; Vulcani et al. 2018b; Roberts & Parker 2020; Cortese et al. 2021), and a higher than average efficiency of converting HI into H2 (e.g. Moretti et al. 2020; Villanueva et al. 2022, see also Brown et al. 2023; Watts et al. 2023). Stripped galaxies also contain highly ordered magnetic fields (Müller et al. 2021), and potentially have a high likelihood of hosting an active central black hole (e.g. Poggianti et al. 2017b; George et al. 2019; Ricarte et al. 2020; Peluso et al. 2022). However, these effects are not seen across all ram pressure stripped galaxies (e.g. Boselli et al. 2022, see also discussions from Cattorini et al. 2023).
While analysis of many of these ram pressure stripped galaxies has greatly improved our knowledge of this process, we are still limited to studies of relatively small samples of the order of tens of galaxies (e.g. Smith et al. 2010; Yagi et al. 2010; McPartland et al. 2016; Ebeling & Kalita 2019; Roberts & Parker 2020; Gullieuszik et al. 2020). There are few examples of studies that have examined hundreds of galaxies experiencing RPS (e.g. Poggianti et al. 2016; Roberts et al. 2021b; Durret et al. 2021; Roman-Oliveira et al. 2021; Boselli et al. 2022), with only ∼1000 RPS candidate galaxies currently known across all studies in the published literature. While we have learned a great deal about many individual galaxies, only a large statistical sample of ram pressure stripped galaxies will enable us to understand the properties of ram pressure stripped galaxies as a population.
The limitation to creating such samples of stripped galaxies is the difficulty in identifying such a population. The features of ram pressure stripped galaxies are often very faint, and the tails, gas compressions, and warping of gas can have a variety of shapes across different wavelengths in galaxy imaging. Several studies have used a combination of CAS parameters (Conselice 2003), Gini and M20 values (Lotz et al. 2004), shape asymmetry (Pawlik et al. 2016), star formation asymmetry, and centroid offsets to identify RPS candidates (McPartland et al. 2016; Roberts & Parker 2020; Troncoso-Iribarren et al. 2020; Roberts et al. 2021a,b; Bellhouse et al. 2022; Liu et al. 2021; Krabbe et al. 2024). However, visual identification of RPS features is still one of the primary and most reliable methods of identifying such galaxies.
There has been some success with neural networks in classifying morphological features in galaxies, including disks, spirals arms, and bars (e.g. Dieleman et al. 2015; Huertas-Company et al. 2015; Domínguez Sánchez et al. 2018; Walmsley et al. 2020, 2022; Bekki 2021). However, the low numbers of known ram pressure stripped galaxies means potential training sets could suffer from overfitting (e.g. Dieleman et al. 2015; Huertas-Company et al. 2015). Additionally, the diversity of RPS features that have been observed means neural networks may not yet be the best tool for finding such rare and diverse objects (see e.g. Lambrides et al. 2021, for similar discussions on merging galaxies). It is problems such as these where citizen science may hold the answer to finding these rare and visually distinctive objects.
One well-known example of a morphological citizen science project is the Galaxy Zoo project (e.g. Lintott et al. 2008; Willett et al. 2013). The Galaxy Zoo project and subsequent follow-up programmes have facilitated the study of visual morphological features of galaxies for hundreds of thousands of objects. This includes investigations into the arms of spiral galaxies (e.g. Hart et al. 2017, 2018), the presence and lengths of bars (e.g. Melvin et al. 2014; Simmons et al. 2014), and probing the dynamics of mergers (e.g. Darg et al. 2010a,b; Holincheck et al. 2016). These projects have also found rare extra-galactic objects that would likely be missed in automated classifications. These include Green Peas (e.g. Cardamone et al. 2009), the ionised clouds near AGN (such as Hanny’s Voorverp, Keel et al. 2012), and other rare objects found through Galaxy Zoo talk forums, which have since been further investigated with the Hubble Space Telescope (e.g. Keel et al. 2022).
While the relationship between environment and galaxy morphology has been explored with Galaxy Zoo (e.g. Bamford et al. 2009; Darg et al. 2010a; Skibba et al. 2012; Smethurst et al. 2017), and ram pressure stripping galaxies have been identified using citizen science for simulated galaxies (Zinger et al. 2024), to date there has been very little investigation into identifying observed galaxies experiencing RPS. Ideally, citizen scientists could be tasked with identifying the features, such as tails, compressions, and spiral deformations, that are consistent with RPS. While such studies are forthcoming, we aim to investigate whether existing Galaxy Zoo classification can separate galaxies experiencing RPS from other galaxies.
This study analyses the morphological classifications of known ram pressure stripped galaxies, to determine whether general citizen science programmes can be used to better select ram pressure stripped galaxies. Several previous studies have identified likely RPS candidates in clusters that are within the footprint of the Galaxy Zoo projects (e.g. Smith et al. 2010; Yagi et al. 2010; Poggianti et al. 2016; Roberts & Parker 2020; Roberts et al. 2021b). If these galaxies have systematic morphological differences to other galaxies, it may be true that new candidates can be found by selecting galaxies with such morphological parameters. We can then use expert classifications to test whether such Galaxy Zoo morphology motivated samples contain new RPS candidates, and analyse them in more detail.
The outline of this manuscript is as follows. In Sect. 2 we describe the sample properties, including sourcing known ram pressure stripped galaxies. In Sect. 3 we compare the morphological classifications of these ram pressure stripped galaxies to comparison samples of galaxies. We then use these morphological classifications to motivate a new potential sample of ram pressure stripped galaxies in Sect. 4. We discuss our results in Sect. 5, before concluding in Sect. 6. Throughout this manuscript, unless otherwise stated, we use AB magnitudes, 1σ binomial confidence interval uncertainties, and assume a concordance cosmology for all luminosity distances, absolute magnitudes, and cluster R200 values, with Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.
2. Sample
2.1. Galaxy Zoo 2
In order to investigate the ability of citizen science classifications in characterising RPS features, we needed a large homogeneous citizen science dataset from which to draw our sample. The Galaxy Zoo project (Lintott et al. 2008) was a large project tasked with classifying the morphologies of over 200 000 galaxies in Data Release 6 of the Sloan Digital Sky Survey (SDSS, Adelman-McCarthy et al. 2008). The initial project used a very simple classification scheme, intended on separating galaxies into spirals and ellipticals. This was extended in Galaxy Zoo 2 (Willett et al. 2013), which involved a more detailed classifications of a subset of the SDSS Data Release 7 (Abazajian et al. 2009). This sample has a brighter magnitude limit, but involves a much more extensive morphological classification, including questions asking about the presence of a bar, whether the galaxies have a certain number of spiral arms, and if there are any odd features in the galaxy (see Willett et al. 2013, for the full question description). This last question is the most critical to this study, as ram pressure stripped galaxies tend to have very visually distinct morphologies.
We took the Galaxy Zoo 2 classifications (hereafter GZ2, Willett et al. 2013), and used the debiasing of Hart et al. (2016), which contains the most up-to-date methodology for debiasing voter fractions for changes in redshift. This was done to account for the lower resolution of high redshift galaxies, where less detailed features can be seen. This method debiases vote fractions using analytic functions based on a low redshift sample of Galaxy Zoo classified galaxies, and can more effectively debias classifications in multiple response questions compared to previous methods (see Hart et al. 2016, for details). This dataset contains morphological analysis of ∼240 000 galaxies within the SDSS survey above a magnitude limit of r = 17.0, up to a redshift of z = 0.25. These were matched with redshift and photometric information from SDSS DR7 (Abazajian et al. 2009) for each galaxy for use in this study.
2.2. Local ram pressure stripped galaxy sample
In this study we are investigating the morphologies of known ram pressure stripped galaxies to determine whether they are different to other galaxy populations. Therefore, we require a large sample of known ram pressure stripped galaxies from the literature to form our ram pressure stripped galaxy sample. We draw our sample from over ∼30 studies that visually identify RPS features in cluster and group galaxies. These studies all identify features such as tails of debris and star formation, and unilateral asymmetries to identify galaxies experiencing RPS. The full list of studies from where our sample is drawn is shown in Table 1. All of these studies list galaxies that have been visually identified to contain features consistent with ram pressure stripping, and thus form the basis of this sample.
Table 1. 
Studies from which ram pressure stripped candidates are sourced in this study.

These galaxies have been found in a variety of ways, including broadband optical data, UV imaging, Hα emission, HI gas, and 144 MHz radio continuum. The combined catalogue contains a sample of > 900 ram pressure stripped galaxies, which was used to match with morphological data, and will be published in a follow-up study. We note that this catalogue contains any visually identified galaxy with signatures consistent with RPS. This includes galaxies where the cluster membership may not be known, as well as galaxies with small visual disturbances and hard to determine origins. Some of the galaxies used in this study may not be true ram pressure stripped galaxies, but have an appearance consistent with RPS. We therefore note that these galaxies are ram pressure stripping candidates (or RPS candidates), and for many sources, further validation is required to unambiguously confirm that ram pressure stripping is the dominant process.
A subset of this sample contains morphological data from GZ2. This includes many of the galaxies seen in Poggianti et al. (2016), as well as those in studies from Roberts & Parker (2020), Roberts et al. (2021a,b). Many of these galaxies have been identified as having ram pressure stripping features with deeper imaging than is available to those in Galaxy Zoo, and as such may not have been classified in Galaxy Zoo. The full list of references are shown in Table 1.
A total of 212 galaxies were found to match a GZ2 counterpart, and are considered in this sample. While many more galaxies fall within the SDSS footprint and redshift range, several galaxies (especially those in the Virgo cluster) do not contain GZ2 morphological classifications. The matched sample includes galaxies with Hα tails, visible B and R band trails of star formation, filaments of CO and dust emission, as well as asymmetries in 144 MHz radio continuum emission (see Table 1 for details). We use all of these galaxies for analysis in the following sections.
In ∼100 cases in our sample, no assessment of RPS in the optical bands has been conducted. In such cases, two of the co-authors (JC and YJ) inspected the optical morphology using grz colour images from the DESI Legacy Imaging Surveys (hereafter Legacy Survey, Dey et al. 2019). This included giving a ranking on a scale of 1−5 of the strength of the stripping features, assessing how obvious any potentially stripped features appear, and how confident a classifier is of the presence of RPS (as done in Poggianti et al. 2016). While using broadband optical imaging does not always give a full picture of potential RPS, it does allow a reasonable assessment of optical deformations in ram pressure stripped galaxies (e.g. Poggianti et al. 2016; Durret et al. 2021; Vulcani et al. 2022, see also Kolcu et al. 2022).
The sample of known RPS candidates, along with associated cluster and redshift information, GZ2 morphologies, and photometric data from SDSS DR7 form our primary sample for use in Sect. 3. These galaxies span a redshift range of 0.011 < z < 0.12 with a median of z = 0.035, and an approximate absolute magnitude range of −22.82 < Mr < −16.81 with a median of Mr = −20.38.
3. Morphologies in Galaxy Zoo
3.1. Creating matched comparison samples
In this study we aim to compare the morphologies of known ram pressure stripped galaxies to other (non-stripped) galaxies in GZ2. However, this comparison is likely affected by many biases – GZ2 galaxies are based on a magnitude limited SDSS sample, while many of the ram pressure stripped candidates are often large, high surface brightness galaxies, where detailed features of RPS can be seen. We need to ensure we do not compare large, bright stripped galaxies to faint and small cluster or field galaxies.
Therefore, we created samples of comparison galaxies to mitigate differences in redshift and magnitude between the ram pressure stripped galaxies and the general GZ2 sample. We created two separate comparison samples, one consisting of similar magnitude galaxies within clusters, and another consisting of similar magnitude galaxies in the field. Each galaxy in these two comparison samples was matched in both absolute r band magnitude and redshift to a single galaxy in the known RPS sample. We describe the selection of these samples below.
The cluster comparison sample is comprised of Galaxy Zoo galaxies that lie close to known cluster centres from Tempel et al. (2014). We used the centroid positions of all clusters and calculate on-sky and velocity differences to Galaxy Zoo galaxies. We defined a GZ2 galaxy as being a cluster member if it was within 4R200 and 4σ of the cluster velocity dispersion from any cluster centre (similar to the cluster membership criteria of the known RPS sample). Galaxies that were associated with more than one cluster centre are assigned to the nearest centre on the sky. In this process we only considered galaxies that are within clusters of mass > 1014 M⊙, and thus did not consider small groups of galaxies.
Galaxies must only be within the 4R200 and 4σ radius and velocity limits – strict membership within the catalogue of Tempel et al. (2014) is not required. This approach aims to best select galaxies that lie within cluster cores as well as infall regions, where features of RPS may be expected. Selecting galaxies from only the cluster cores would likely miss many infalling galaxies similar to the known RPS galaxies, which could potentially bias our results (e.g. Vollmer et al. 2001; Bellhouse et al. 2017; Rhee et al. 2017; Jaffé et al. 2018).
As a second comparison, we created a sample of field galaxies that are not associated with any group or cluster in the catalogue of Tempel et al. (2014). A GZ2 galaxy was defined as a field galaxy if it was not within 5R200 and 5σ velocity offset from a group or cluster centre with mass > 1012 M⊙ in Tempel et al. (2014). In this way galaxies considered to be field are not likely associated with a cluster or group. Galaxies in this field sample act as a baseline, to determine whether any morphological properties are common in cluster galaxies, or specific to those experiencing RPS.
To make our comparison samples, we found eight galaxies that match the absolute r magnitude and redshift of each known RPS galaxy, within a small ΔMr and Δz. In cases where more than eight galaxies are found within these limits, we selected the eight galaxies that have the smallest ΔMr to their respective known RPS galaxy. Each cluster comparison galaxy matches the corresponding known RPS galaxy within |ΔMr|< 0.45 and |Δz|< 0.1. The field comparison galaxies have magnitudes and redshifts that are within |ΔMr|< 0.06 and |Δz|< 0.01 of each respective known RPS galaxy. The different ΔMr and Δz values between the two comparison samples is due to a smaller number of galaxies within large clusters compared with field galaxies. We note that as there is a high number of known RPS candidates found in local clusters, a large Δz has been used. Both comparison samples contain a total of 1696 galaxies (212 × 8, see Table A.1 for an overview of these samples).
Cumulative distributions of the absolute r magnitude and redshift for the known RPS, cluster comparison, and field comparison samples are shown in Fig. 1. The full Galaxy Zoo sample is included for reference. While best efforts have been made to match the three samples in both redshift and absolute magnitude, there is a significant difference between the known RPS galaxy sample and both of the comparison samples in the distribution of redshifts. This is due to the known RPS sample containing many galaxies within the Coma Cluster at a redshift of z = 0.0029. As there are few galaxies within this redshift range, the known RPS sample has a sharp rise at very low redshift, which cannot be perfectly replicated in the comparison samples. However, while there is a difference in the distribution, the analysed redshift range is small enough that there is no significant difference in the surface brightness in these samples, suggesting the three samples do not significantly differ in their properties due to redshift evolution.
	[image: thumbnail]	Fig. 1. Cumulative distributions of the absolute r band magnitude (top) and redshift (bottom) for the known RPS sample (magenta), field comparison sample (blue), and cluster comparison sample (red). The full Galaxy Zoo dataset is shown in black. The distributions are largely similar between the comparison samples and the known RPS sample; however, there is a lack of low redshift objects to match with Coma Cluster RPS candidates.



We note that no effort is made to match the colour of the RPS candidate sample to the comparison samples. While the comparison samples have similar absolute r band magnitude distributions, the comparison samples include many red galaxies, which are generally absent in the RPS candidate sample. We discuss the effect of controlling for colour in Sect. 5.3.4. Additionally, our principal findings are unchanged if we consider a similar cluster comparison sample of galaxies within 1.5R200 and 2σ of a cluster core, instead of 4R200 and 4σ.
3.2. Morphologies of known RPS galaxies
With suitable control samples defined for each of our known RPS candidates, we now compare the morphologies of the known RPS candidates with the two comparisons samples, based on the vote distributions in GZ2.
We first investigate the overall morphology of the samples, based on responses to the Galaxy Zoo 2 question “Is the galaxy simply smooth and rounded, with no sign of features or a disk?”. We show in panel a of Fig. 2 the fraction of votes for each galaxy to exhibit ‘features or disk’ morphologies in GZ2. These fractions have been debiased to account for differences in redshift (see Hart et al. 2016, for details). A higher debiased vote fraction indicates a higher proportion of people thought that a given galaxy had features or a disk (denoted as pdisk). We see that galaxies in the known RPS sample have a higher fraction of disk-dominated and featured galaxies, compared with the two comparison samples. In the known RPS sample 72 ± 3% of galaxies have pdisk > 0.5 compared with the field and cluster comparison samples of 57 ± 1% and 51 ± 1% respectively. Additionally, the vote distribution of the known RPS galaxies is significantly different to either comparison sample, with Kolmogorov–Smirnov test (K-S test), finding a significant difference with a p-value < 1 × 10−10. This is not unexpected, as the known RPS sample is selected from galaxies with trails of gas and star formation present, which are more common in spiral galaxies (e.g. results from Poggianti et al. 2016; Roberts & Parker 2020; Kolcu et al. 2022). We also see that both the cluster and field comparisons have similar distributions of galaxies with features or disk morphologies. This is potentially due to the cluster comparison sample containing galaxies in cluster infall regions, with some tidal and lenticular galaxies considered to have features or disk, despite potentially being a traditional early-type galaxy.
	[image: thumbnail]	Fig. 2. Galaxy Zoo 2 vote fractions for the known RPS sample and two comparison samples. (a) Debiased fraction of votes that consider a galaxy to have features or a disk. Compared to the cluster and field comparison samples, the known RPS candidates have a much higher proportion of disk galaxies, in line with expectations. (b) Debiased fraction of votes for a galaxy to be considered odd. Compared to the group comparison sample, the known RPS candidates have a much higher proportion of odd candidates. (c) Debiased fraction of votes for galaxies to have irregular, disturbed, or other features, for galaxies with podd > 50%. (d) Debiased fraction of votes for galaxies to have merger features, for galaxies with podd > 50%. Compared to either the group or field comparison samples, the ram pressure stripped galaxies are considered to be disturbed or irregular, and are not considered to be mergers. All counts are normalised such that the area under each curve is equal to one.



In panel b of Fig. 2 we compare the distribution of votes for each galaxy in response to the GZ2 question “Is there anything odd?”. We see that the known RPS galaxy sample has a higher fraction of galaxies with high odd vote fractions compared with the comparison samples. While the field and cluster comparisons have 14 ± 1% and 11 ± 1% galaxies with podd > 50%, the known RPS sample has over 23 ± 3%. The distributions are also significantly different, with the K-S test finding a p-value < 1 × 10−8. This shows that the trails of ram pressure induced star formation are potentially being noticed as an odd feature by galaxy zoo volunteers, despite the shallow SDSS imaging.
We show the breakdown of odd feature classifications for all galaxies with podd > 50% in panels c and d of Fig. 2. Voters can select from several different odd feature possibilities, including ‘ring’, ‘disturbed’, ‘irregular’, ‘merger’, and ‘other’ (see Willett et al. 2013, for the full list). A high fraction of known RPS candidates are considered disturbed, irregular, and other, with 82 ± 6% of the known RPS candidates with podd > 50% having pirregular + disturbed + other > 50% (see panel c of Fig. 2). This contrasts the field and cluster comparison samples, which have significantly smaller irregular + disturbed + other fractions for galaxies with podd > 50% (58 ± 3% and 49 ± 4% respectively). Additionally, we see in panel d of Fig. 2 that no galaxy in the known RPS sample is considered to be undergoing a merger, highlighting the ability of galaxy zoo classifiers to distinguish these ram pressure features as different from merger features.
Previous studies have observed that galaxies experiencing RPS can have a possible unwinding effect on galaxies, with an apparent teasing out of spiral arms as they infall (e.g. Bellhouse et al. 2021; Vulcani et al. 2022). While this is not confirmed to be a ram pressure stripping driven phenomenon, we can test whether the known RPS sample appears to have a population of unwinding arm galaxies. GZ2 contains information to quantify the tightness of the spiral arms in the GZ2 question “How tightly wound do the spiral arms appear?”, with responses being either ‘tight’, ‘medium’, or ‘loose’. This can be used as a proxy to test the possible unwinding of spiral arms seen in galaxies experiencing RPS. Masters et al. (2019) defines an arm winding score, based on the debiased vote fractions to this question. The arm winding score is defined as
[image: thumbnail](1)
where parms medium and parms tight are the debiased vote fractions for the responses medium and tight respectively. For this analysis, we only consider galaxies in each of the three samples which have pdisk > 0.43, phas spiral arms > 0.619, and pnot edge − on > 0.715, as per Willett et al. (2013) and Masters et al. (2019).
In Fig. 3 we show the breakdown of the spiral arm winding, wavg, for all non edge-on galaxies that are considered spiral. The known RPS candidates have a significantly lower average arm winding, compared with either the cluster or field comparison samples, with a K-S test p-value of ∼0.005. This lower winding score is indicative of a more loosely wound spiral arm pattern. It may be that this is a manifestation of the unwinding phenomenon described in Bellhouse et al. (2021) and Vulcani et al. (2022). We discuss this result, and unwinding spiral arms in clusters in more detail in Sect. 5.2.
	[image: thumbnail]	Fig. 3. Spiral arm winding, wavg, for all face-on spiral galaxies, calculated from Equation (1). Compared to the comparison samples, the known RPS candidates have lower average arm winding, indicating a looser spiral arm pattern.



A recent study by Sánchez-García et al. (2023) finds a link between the central star formation in ram pressure stripped galaxies with the existence of a galaxy bar, and find that the highest enhancement in star formation occurs predominantly in barred ram pressure stripped galaxies. It may be that the star formation enhancements seen in ram pressure stripping might be more easily observed in barred galaxies. We compare the fraction of known ram pressure stripped galaxies that contain a bar based on the response to the question ‘Is there a sign of a bar feature through the centre of the galaxy?’. For this we only consider face-on spiral galaxies, with pdisk > 0.43, and pnot edge − on > 0.715 as per Willett et al. (2013).
We find there is no significant increase in the fraction of barred galaxies between the known RPS sample and the two comparison samples. The fraction of known RPS galaxies with a strong bar, defined as pbar > 0.5 (e.g. Skibba et al. 2012), is 23 ± 4%. This value is very similar to the field comparisons with a bar fraction (25 ± 2%) and on average lower than the cluster comparison sample (32 ± 2%), with a K–S test having a difference of p-value of 0.03.
These values are largely consistent with Skibba et al. (2012), who found a bar fraction of 25.3 ± 0.4% in their Galaxy Zoo sample. If we consider a more generous criterion of pbar > 0.2 we find bar fractions of 53 ± 4%, 52 ± 2% and 62 ± 2% for the known RPS, field comparisons, and cluster comparisons respectively. The results show a lower bar fraction in the known RPS galaxies compared to the cluster comparison sample, but a similar fraction to other field galaxies. Therefore, we do not find evidence that this sample of RPS galaxies is more likely to host a bar than our magnitude matched cluster and field comparison galaxies, and in fact may be lower than that of similar magnitude cluster galaxies.
3.3. Strong ram pressure stripping candidates
The sample used in the previous section considers all possible cases of RPS. This includes those with only mild stripping features as well as galaxies identified with CO disk deformations and asymmetries in the 144 MHz radio continuum emission. While many of these galaxies may also have optical signatures of RPS, there is not necessarily a one-to-one overlap (see Sect. 3.4 for details). Therefore, we rerun the previous results considering only the RPS cases which are known to have optical RPS features. Where appropriate, we also remove galaxies that exhibit low RPS strength.
Defining the strength of RPS is an inherently subjective task, so we caution that what constitutes ‘strong’ RPS will differ from study to study, and classifier to classifier. We note that the sample used in this study does not necessarily constitute a definitively pure strong RPS sample. However, it is still useful to compare the results from the previous section to galaxies that have the most prominent and obvious RPS features.
We then restricted our sample to only include galaxies that have previously been identified with optical features. In cases where a strength of RPS was given, we only include galaxies that have a higher strength of RPS (typically ≥3 on a 5 point scale; e.g. Poggianti et al. 2016). In studies where the optical/UV RPS strength was not measured, the strength classifications described in Sect. 2.2 were used, and only the galaxies with a strength value ≥3 were considered. This leaves a sample of 58 known RPS candidates. We therefore only consider the corresponding comparison galaxies in each of the comparison samples, such that there are 464 cluster and 464 field comparison galaxies.
We find qualitatively similar results to Sect. 3.2 when we consider only strong optical RPS galaxies. The strong optical RPS galaxies tend to be more disk-dominated, are likely to have odd features, and have loose spiral arm winding when compared with either cluster or field comparisons. However, we notice that many of the trends are much stronger than those seen in Sect. 3.2. For example, we find 53 ± 7% of the strong known RPS galaxies have podd > 50%, compared with 17 ± 2% and 10 ± 1% for their respective field and group comparisons. The distribution is seen in Fig. 4, and is different from either comparison sample with a p-value < 1 × 10−10. The difference between the samples represents a factor of ∼2.3 increase in the number of objects with podd > 50% compared to the full known RPS sample.
	[image: thumbnail]	Fig. 4. Galaxy Zoo 2 vote fractions for the known strong RPS sample and respective comparison samples. Top: Debiased vote fraction for strong ram pressure galaxies displaying odd features. The strong known RPS galaxies have a higher fraction of odd features compared to the comparison samples. Bottom: Debiased vote fraction for galaxies having irregular, disturbed, or other features, considering only strong ram pressure stripped galaxies with podd > 50%. These galaxies are more likely to have these morphological classifications compared to the matched comparison samples. The counts are normalised such that the area under each curve is equal to one.



Additionally, the fraction of known RPS candidates described as being disturbed or irregular also increases. The lower panel of Fig. 4 shows the fraction of objects with podd > 50% which are considered to be either disturbed, irregular, or other. We find that 90 ± 5% of the odd, strong known RPS galaxies have (pdisturbed + pirregular + pother) > 50%, compared with 59 ± 6% and 65 ± 7% in the field and cluster comparison samples respectively. The K-S test shows the distributions are different with a p-value = 0.002. While the trends are similar to those seen in the previous section, we find that there is a much higher fraction of odd candidates when only considering candidates that display strong ram pressure features, suggesting that citizen scientists can better notice ram pressure stripping features in expert defined strong ram pressure stripping galaxies.
3.4. Morphologies of radio-only RPS galaxies
The previous results show that on average our sample of ram pressure stripped galaxies have different morphologies compared with non-stripped field and cluster comparisons. This includes many galaxies with Hα tails and/or optically visible debris, as well as galaxies with HI, CO or radio continuum asymmetries. However, investigating only the latter class of RPS galaxy might yield different results to the full sample.
For example, Roberts et al. (2021a,b) find asymmetries in the 144 MHz radio continuum of LOFAR galaxies to identify RPS candidates. These galaxies are not selected on their optical morphology, and may not share the same morphological traits as other ram pressure stripped galaxies. As gravitational perturbations are unlikely to produce a radio continuum asymmetry without a corresponding optical deformation, these galaxies may represent a more pure sample of ram pressure stripped objects. These galaxies may also be in a different stage of stripping compared to galaxies that also have an optical deformation. Here we investigate the optical morphologies of the known ram pressure stripped galaxies that have been identified using non-optical data.
We selected 134 known ram pressure stripped galaxies from our original 212, taking only those which are detected at 144 MHz, and compared these with their respective field and cluster comparison galaxies. As in Sect. 3.2, we find an excess disk fraction in the radio-identified RPS galaxies compared with the comparison samples. However, unlike the previous results, we see a smaller enhancement in the odd fractions of radio ram pressure stripped galaxies. The radio-identified RPS candidates have only 21 ± 4% of objects with podd > 50%. While still larger than the cluster and field comparison samples (13 ± 1% and 10 ± 1% respectively), the difference is much smaller. Additionally, we do not see a large enhancement in the disturbed or other types of odd galaxies compared with the field and cluster comparisons.
We note that many of these galaxies with radio RPS signatures also have RPS features that are visible in optical imaging. For example, many of the galaxies with ram pressure stripped features in the 144 MHz band from Roberts et al. (2021b) also have RPS features in other bands including UV, Hα, and optical (from Smith et al. 2010; Yagi et al. 2010; Roberts & Parker 2020, respectively). Many other radio selected RPS galaxies had optical RPS features identified through the classifications described in Sect. 2.2.
However, there remains a significant fraction of radio-identified ram pressure stripped galaxies without any optical signatures of RPS. In our sample there are 75 galaxies with no optical signatures reported either in other studies, or by our internal classification. This represents 35% of our sample, indicating that many galaxies are likely experiencing RPS without displaying obvious optical RPS features (see Table A.1 for a comparison of samples).
We repeated our GZ2 classifications analysis only considering the 75 galaxies without optical RPS features. We find that the number of galaxies where podd > 50% is now lower in the radio RPS sample than the comparisons. These radio only RPS galaxies have a podd > 50% fraction of 6 ± 3%, which is lower than both of the field and cluster comparisons (11 ± 2% and 11 ± 1% respectively). This difference has a small significance, with a K-S test p-value of 0.06. This would suggest that galaxies without optical RPS features may look odd less frequently than other field or cluster galaxies.
This result is unsurprising, given each galaxy was individually inspected to not have any ram pressure features in optical imaging. However, as the expert classification only considered RPS features, it could be possible that the galaxy has a different odd feature (from a tidal interaction, merger, etc.). Given the fraction of odd objects greatly drops when optical RPS features are excluded, it is potential indirect evidence that the GZ2 classifiers are primarily noticing the RPS features when denoting an object as odd. This result also shows that galaxies without obvious optical trails of star formation can still be undergoing RPS, and a single wavelength study is unlikely to find the full population of ram pressure stripped galaxies.
4. Citizen science to identify ram pressure stripping
4.1. Galaxy Zoo motivated sample
In the previous section, we found that known ram pressure stripped galaxies have morphologies that are distinct from other cluster and field galaxies. These traits, while not unique to RPS galaxies, are distinct when compared to galaxies of a similar magnitude and redshift. Therefore, it may be possible to use these morphological characteristics to identify new samples of disturbed galaxies, including potential new ram pressure stripped galaxy candidates. Selecting galaxies that have a combination of these morphological features may help narrow down the search for new RPS candidates, compared with simply visually inspecting all galaxies around clusters.
To test this hypothesis, we created a sample of galaxies from GZ2, with GZ defined morphological features consistent with the known RPS galaxies. We selected Galaxy Zoo classified galaxies with at least 20 classifications, that a were within 1.5R200 of any cluster with mass > 1014 M⊙ from Tempel et al. (2014). We adopted a smaller radius than in Sect. 3 to better search in cluster centres, where ram pressure stripped galaxies are commonly found (e.g. Jaffé et al. 2018). Additionally, we required that they have a cluster velocity offset of v/σ < 4. We also considered only galaxies with a blue optical colour, satisfying (g − i) < 1.05, which corresponds to the reddest (g − i) colour in the known RPS sample.
With these blue cluster galaxies selected, we then restricted this sample to have morphological parameters that match the known RPS galaxies. We selected galaxies with the following debiased vote fractions:

	
pdisk > 0.5 AND



	
podd feature merger < 0.1 AND



	
pnot edge − on > 0.5 AND



	
parms loose > 0.2 OR



	
parms loose + parms medium > 0.72.




We also considered galaxies with

	
pdisk > 0.5 AND



	
podd > 0.5 AND



	
podd merger < 0.1 AND



	
podd irregular + podd disturbed > 0.5.




These values were chosen to reflect the results of Sect. 3.2, selecting galaxies with the strongest odd disturbed and irregular features, as well as loose wound spiral arms, whilst ensuring a sample size appropriate for visual expert morphological classifications. Selecting galaxies using these morphological features yielded 319 morphologically selected galaxies out of 1237 blue disk dominated cluster galaxies. We call this new sample ‘GZ-selected’ galaxy sample, to denote this sample of cluster galaxies with morphological classifications described above, as our primary sample for further analysis.
4.2. Non-GZ selected control sample
In order to make a comparison with this new GZ-selected galaxy sample, we created a control sample of cluster galaxies. These control galaxies have the same constrains in cluster membership, and (g − i) colour as the GZ-selected sample in Sect. 4.1. Additionally, all of these controls have pdisk > 0.5. However, unlike the GZ-selected sample, none of the controls fulfil the criteria listed in Sect. 4.1. In this way, we can compare whether using specific morphological criteria can boost the fraction of RPS galaxies found using expert classifications.
In order to match the GZ-selected sample, we selected 319 galaxies that are matched within |ΔMr|< 0.35 and |Δz|< 0.12; one control for each of the GZ-selected candidates (see Table A.1 for reference). In this way, we have even numbers of GZ-selected and non-GZ-selected cluster galaxies. This will allow us to determine whether specific Galaxy Zoo based morphological classifications can more efficiently identify new ram pressure stripped galaxies than other spiral galaxies.
4.3. GZ-field sample
Ram pressure stripping requires a dense intergalactic medium, and as such only affects galaxies in dense environments such as galaxy clusters and groups. Any morphological deformations in galaxies outside of these dense environments are unlikely due to ram pressure stripping. Therefore, creating a sample of galaxies away from clusters can give an estimate of the contribution of ‘false positive’ ram pressure stripped galaxies detected via this method.
We created a sample of field GZ2 galaxies as an extra comparison sample. We selected Galaxy Zoo galaxies that were > 5R200 and 5σ velocity offset from a group or cluster centre of any mass in Tempel et al. (2014, analogous to Sect. 3.1). From this we only consider galaxies that have GZ2 classifications that match those in Sect. 4.1. This gave a sample of ∼9700 field galaxies, with GZ2 classification consistent with the results of Sect. 3 to create a field sample.
We then created a matched sample of 319 galaxies, analogous to the controls in Sect. 4.2. These galaxies are all matched to respective GZ-selected galaxies within |ΔMr|< 0.02 and |Δz|< 0.05. We call this sample the GZ-field sample.
In addition to these three samples of cluster galaxies, we also selected 100 galaxies from the known RPS sample with optical ram pressure stripping features to use as an upper limit. The four samples: the GZ-selected cluster sample, the non-GZ control cluster sample, the GZ-field sample, and the known RPS sample are all taken for expert visual classification. To avoid confusion, we use the phrase “expert classifiers” and “expert classifications” to distinguish these from Galaxy Zoo classifications.
4.4. Visual expert classification of candidate samples
With these samples created, expert classifiers individually analysed each galaxy in the GZ selected sample, the non-GZ-selected controls, the known optical RPS galaxies, and the GZ-field sample using colour images from Legacy Survey (Dey et al. 2019). The layout for this expert classification is described in Table A.2. We note that these Legacy Survey images are deeper than the SDSS images of the original GZ2 dataset. There will therefore be some features visible that were not able to be identified by the GZ classifiers. However, we assume that almost all features identified in the GZ imaging will be visible in the Legacy Survey images.
This questionnaire was uploaded into the Zooniverse project creator1 to facilitate classifications. This project was then sent to expert classifiers, who are all familiar with RPS morphologies, features, and identification. The galaxies were assessed based on whether they appeared to have visible signatures of ram pressure stripping. The primary discriminator for a galaxy to be considered ram pressure stripped is the first question listed in Table A.2. This question directly asks the expert classifier if the galaxy has a morphology consistent with a galaxy experiencing ram pressure stripping. The features that the expert classifiers identified include one-sided tails/debris trails, compression of gas, or knots of potential star formation along one side of the galaxy (e.g. McPartland et al. 2016; Poggianti et al. 2016; Roberts & Parker 2020; Roman-Oliveira et al. 2021; Durret et al. 2021; Kolcu et al. 2022; Roberts et al. 2022a, see Table A.2 for details). Additionally, the expert classifiers were also asked to consider whether there is an unwinding of the spiral arms, similar to the search conducted by Vulcani et al. (2022).
If a galaxy was considered to be experiencing ram pressure stripping, it was then further classified according to the observed features. The strength of the ram pressure stripping was also measured, analogous to the Jclass seen in Poggianti et al. (2016). If a tail/direction of motion was able to be estimated, the classifier was also asked to draw the estimated direction of motion with a line.
Each galaxy was then classified by several experts, in order to determine whether these galaxies are potential ram pressure stripping candidates. Each galaxy was classified a minimum of three times, with a median of five classifications and a maximum of ten classifications. The histogram of the number of expert classification per galaxy is shown in Fig. 5.
	[image: thumbnail]	Fig. 5. Number of votes a galaxy received during the expert classification. Each galaxy was observed a minimum of three times, with a median of five experts classifying any individual galaxy.



In Fig. 6 we compare the fraction of expert classifier votes that considered a galaxy to be experiencing ram pressure stripping. The initial question asks whether there is an unusual feature present in the galaxy. The top panel shows the distribution of votes for the response “It looks like the galaxy has tails caused from ram pressure stripping”. We see that the GZ-selected sample and the non-GZ-selected sample both have similar distributions, with only 33 and 26 objects in each respective samples having more than 50% of expert votes suggesting a given galaxy is experiencing ram pressure stripping (hereafter denoted fRPS > 0.5 to separate the expert vote fraction compared with Sect. 3.2). This is not a significant difference, with a confidence interval difference < 1σ, and a K–S test not finding a difference to 1σ.
We see that very few of the GZ-field sample have fRPS > 0.5, with only 11 objects considered as such. This is not unexpected, as these galaxies are not in dense cluster regions, and thus are not expected to be experiencing RPS. Interestingly, there are also very few of the known RPS galaxies that have a vote fraction above fRPS > 0.5 (27%). The low fRPS is likely due to a combination of factors. Firstly, there are limitations of using a single three colour cutout image of the galaxies when conducting an expert classification. In many of the past studies, deeper imaging was used (e.g. Kenney et al. 2015; Roberts & Parker 2020) or a more detailed inspection of each galaxy was conducted (e.g. Poggianti et al. 2016). Faint features seen in a deep narrow band fits image may not be seen in a 3-colour cutout. A second factor is the inclusion of a combination of tidal/RPS, and for cases where the origin is ambiguous. Some classifiers may prefer these options when dealing with cases of RPS that are not completely obvious.
In the lower panel of Fig. 6 we show the distribution of votes considering three responses that could indicate RPS. In this figure we combine the fraction of votes for RPS, RPS with a tidal interaction simultaneously, and a feature that the classifier is unsure (denoted fRPS/tidal/unsure). When we use fRPS/tidal/unsure, we see a small increase in the fraction of galaxies with 97 objects with fRPS/tidal/unsure > 50% in the GZ-selected sample compared with 76 in the non-GZ-selected controls. This is also true of the GZ-field sample, with 55 galaxies with fRPS/tidal/unsure > 50%. The K–S test suggests this difference is around 1σ, so while stronger than the pure RPS fraction, the difference in this distribution alone does not show a significant difference.
	[image: thumbnail]	Fig. 6. Expert classification vote fractions for the GZ-selected, non-GZ control, known RPS, and GZ-field galaxy samples. Top: Fraction of votes considering a galaxy to be affected by RPS. Based on expert classifications, a low number of both the GZ-selected and non-GZ controls have clear RPS features. Bottom: Fraction of votes for RPS, both RPS and tidal features, or features of undetermined origin. The known RPS galaxies have a higher fraction of objects that are considered to have RPS features when considering the three categories, compared to only RPS (see top panel). Using this metric, the GZ-selected sample (green) contains more galaxies with a high fraction of RPS votes, compared with the non-GZ controls (orange), or the GZ-field (cyan). All counts are normalised such that the area under each curve is equal to one.



Additionally, 63 out of 100 known RPS galaxies have high fRPS/tidal/unsure, suggesting that many of the expert classifiers may have been unsure of the origin of a morphological deformation. This highlights that even for known RPS galaxies, there can be cases of ambiguity as to whether the morphological features in optical images are ram pressure stripping.
4.5. Expert classified new candidates
In the previous section, experts classified the morphologies of different samples of galaxies, in order to identify potential ram pressure stripping features. Here we define the metric for new ram pressure stripping candidates using the expert classifications, in order to test whether the use of GZ2 classifications in preselection can more efficiently find possible RPS galaxies. We also test the false positive rate of finding RPS features using the field sample.
Using the tallied expert classifications, we created a sample of new RPS candidates from the subsamples. We adopted a set of criteria based on fRPS and fRPS/tidal/unsure for the voted galaxies in the GZ-selected, non-GZ control, and GZ-field samples. As seen in Fig. 6, the known RPS galaxies were often found to have an ambiguous deformation, or combination of RPS as well as a tidal interaction. We therefore created our sample considering both of these possibilities. The galaxies in this sample of “expert classified RPS candidates” are defined as galaxies with at least three expert votes, and the fraction of expert votes such that

	
fRPS > 0.5 OR



	
fRPS/tidal/unsure > 0.75.




This classification scheme prioritises galaxies where more than half of the expert classifiers thought the galaxy has visual signatures of ram pressure stripping. Additionally, it also considers galaxies to have ram pressure stripping in cases where over three quarters of experts have classified galaxies as either ram pressure stripping, a combination of ram pressure stripping and tidal interactions, or the classifier is unsure of the origin of any morphological deformation. Our criteria include both of these fractions as many of the known RPS galaxies have a low fRPS, but a high fRPS/tidal/unsure (see Fig. 6). We discuss changes to these values in Sect. 5.3.5. We note that while these galaxies are expert classified, they are purely candidates, and further investigation of a combination of the ionised Hα emission, the HI gas, local orbital dynamics, and/or stellar population modelling of the tails would be required to confirm if the morphologies of these galaxies are predominantly due to ram pressure stripping.
Figure 7 shows examples of the new candidates found through this method. The images are example candidates from the GZ-selected sample, the non-GZ controls, and the GZ-field sample. These galaxies all have different features, with tails, unwinding spiral arm patterns, and star forming regions that are consistent with ram pressure stripping. Additional examples are also included in Fig. A.1.
	[image: thumbnail]	Fig. 7. Legacy Survey 3 colour images of several expert classified RPS candidates found in this study, including galaxies from the GZ-selected sample, the non-GZ control sample, and the GZ-field candidates. The fRPS value is shown if fRPS > 0.5, and the fRPS/tidal/unsure is shown if fRPS ≤ 0.5. The average Jclass value, [image: equation], value is also shown. Further examples are also included in Fig. A.1.



In addition to classifying whether a galaxy was experiencing ram pressure stripping, the expert classifiers also characterised any potential RPS seen, and what types of RPS features were present. The classifiers rated the strength of any potential RPS on a scale of 1−5 (denoted Jclass, see Poggianti et al. 2016 for details), with one being indicative of a minor disturbance, and five being typical of the most striking and impressive jellyfish galaxies in the literature (e.g. Poggianti et al. 2016, see also Sect. 2.2). We define a sub-sample of strong RPS candidates as candidates which satisfy the previous criteria, but also have [image: equation], where [image: equation] is the mean Jclass value taken from all the classifiers. Examples of both strong candidates with [image: equation], and candidates with [image: equation] are displayed in Fig. 7 with several extra examples in Fig. A.1.
Using the definitions of ram pressure stripping previously described, we find a total of 101 expert classified RPS candidates (see Table A.1). This includes 62 candidates from the GZ-selected sample, as well as 39 candidates in the control sample. 24 of these are considered strong candidates with [image: equation], and 77 candidates that have [image: equation].
Additionally, we find 19 galaxies in the GZ-field sample that meet the same criteria as the expert classified RPS candidates. This also includes 10 galaxies with [image: equation]. Examples of these galaxies are included in Figs. 7 and A.1.
In the subsequent analysis, we compare these GZ-field galaxies to both the GZ-selected and non-GZ control samples to place a limit on likely contamination from other morphological features. However, as these galaxies are not considered close to a known SDSS group/cluster, we do not include this sample in the total number of new RPS candidates, or include these in Table A.1).
4.5.1. Ram pressure stripping fraction
With the expert classified RPS candidate sample created, we can now assess whether Galaxy Zoo morphological classifications can more efficiently find galaxies that are likely to be experiencing ram pressure stripping. We show in Fig. 8 the fraction of expert classified RPS candidates (circles) and new strong RPS candidates (triangles) for the four samples created in Sect. 4.1. We see that, as expected, the known RPS sample has a significant fraction of galaxies that are considered to be strong RPS candidates by this metric. However, we note that not all of the known RPS candidates are classified as RPS galaxies by our metric. This is due to differences in the imaging used in this study. While the 3-colour Legacy Surveys imaging is deep, does not always allow the faint deformations to be seen as found in WINGS or the Canada-France-Hawaii telescope (Poggianti et al. 2016; Roberts & Parker 2020).
	[image: thumbnail]	Fig. 8. Fraction of galaxies considered to be expert classified RPS candidates in each of the three samples defined in Sect. 4.1. The fraction of expert classified RPS is shown with a circle, while the fraction of new strong candidates, with [image: equation], is shown with a triangle. Binomial one-sigma confidence intervals are also shown. We see that known ram pressure stripped candidates have the highest fraction. Additionally, the GZ motivated sample contains a higher fraction than the control sample.



When we compare the RPS fraction of the GZ-selected and the non-GZ control samples, we find that the GZ-selected sample has a significantly higher fraction of expert classified RPS candidates. As seen in Fig. 8, 19 ± 2% of the GZ-selected sample are expert classified RPS candidates, 1.5 times higher than the non-GZ control candidates (12 ± 2%). This represents a > 2σ confidence interval increase in the fraction of RPS candidates in the GZ sample, when compared to the control sample. This shows that using Galaxy Zoo morphological features can be a helpful approach to more efficiently find RPS candidates. We note that while the GZ-selected sample has been designed to have morphologies consistent with known RPS galaxies, the non-GZ control sample still has an RPS fraction of 12%, despite these galaxies not having citizen science morphologies consistent with known RPS galaxies. This suggests that while using citizen science classifications to help in searching for new RPS candidates can increase the purity or efficiency when creating a new RPS sample, any preselection may miss other potential RPS candidates, potentially reducing completeness.
We also see an increase in the number of strong RPS candidates with 5% of the GZ-selected samples, compared to 2% for the non-GZ controls. However, due to the small numbers of galaxies in this sample, is not statistically significant.
We see the GZ-field sample has an RPS fraction of 6 ± 1%, significantly lower than the GZ selected sample (> 4σ confidence interval difference) and the non-GZ selected controls (> 2σ difference). We see that non-cluster galaxies are significantly less likely to have observed features consistent with ram pressure stripping. We also see a drop in the number of strong RPS candidates compared with the GZ-selected sample. Interestingly, we see a similar value (3 ± 1%) compared with the controls. However, the low numbers mean any difference is not statistically significant.
Previous studies that have performed visual searches for ram pressure stripping galaxies vary in the RPS fraction, which can depend on several factors. When considering all galaxies in a group or cluster above log(sSFR) >  − 11, the RPS fraction is typically 2 − 5% (e.g. Poggianti et al. 2016; Roberts et al. 2021a; Kolcu et al. 2022), which also depends on the mass of the groups and clusters considered. However, the RPS fraction has been found to be as high as ∼16% when considering all Hα emitting galaxies in a merging cluster system (e.g. Roman-Oliveira et al. 2021).
Given our RPS fraction of 19% without a cut in star formation rate, our results show that using the Galaxy Zoo morphologies can yield a higher fraction of potential RPS candidates in clusters than using only a colour or SFR preselection. Our fraction of RPS galaxies in the GZ-selected sample is also similar to that seen in Vulcani et al. (2022), who remove passive galaxies, interacting galaxies, and non-spirals from their sample. This suggests that using using morphological criteria such as we have, as well as cuts in star formation rate or colour, will likely increase the fraction of galaxies detected with RPS features.
Our results are similar to that of McPartland et al. (2016), who identified potential RPS candidates using a combination of morphological parameters, including concentration, asymmetry, and M20. From a morphologically reduced sample of 1263 galaxies, they find 211 potential stripping cases from expert classification, with an RPS fraction of ∼17%. However, only three of these galaxies were considered new strong jellyfish candidates, with a further 103 considered likely candidates. While RPS galaxies are found to have unique morphological parameters (see also Roberts & Parker 2020), it is difficult to isolate RPS galaxies solely using these parameters. Incorporating multiple methods, including automated and citizen science morphologies, will likely increase the efficiency of finding new RPS candidates.
We note that these RPS fractions use different sources of imaging, with different depths and instruments. Additionally, RPS fractions use different populations as a baseline for comparison, sometimes comparing to star forming galaxies, blue cluster galaxies, or all cluster galaxies, (see e.g. Kolcu et al. 2022, for further discussion). Comparing the fraction of RPS galaxies found between studies will often depend on these factors, as well as the subjective interpretations of visual RPS features in galaxies. If a study uses a more permissive definition of ram pressure stripping, then this would artificially increase the RPS fraction. The RPS fraction of 6% in the GZ-field sample demonstrates that our expert classifications may contain false positives, but this is difficult to compare across studies. While our sample has a higher fraction of RPS candidates than many other studies, we cannot attribute all of this increase to the use of GZ morphologies.
4.5.2. Morphological features in the expert classified RPS candidates
With our sample of expert classified RPS candidates defined, we can investigate the properties of these galaxies, based on the feedback of the expert classifiers. Expert classifiers were asked what RPS features are visible in the galaxy. These include features such as tails, star formation from potential gas compressions, and asymmetries in the spiral structure (see Table A.2 for details). We find that most of the expert classified RPS candidates have at least two features present, with many having three or four RPS features. We do not see any difference across the four samples, suggesting that citizen scientists do not preferentially pick out galaxies with more or less features. This is true for both the entire new candidate sample as well as new strong candidates, which suggests that the strength of ram pressure stripping in these galaxies is not necessarily correlated with the number of different types of features seen for these samples.
However, we find that fewer classifiers were able to see a visible tail in the field sample. The fraction of expert classifiers who could determine a tail or direction of ram pressure stripping was similar across the three cluster samples (an average of 73% could determine a tail), but was lower in the GZ-field sample (48%). This is also true for the strong candidates across the three cluster samples (83%), compared with (54%) for the GZ-field sample.
We further investigate the features seen in the new sample of ram pressure stripping candidates. We find that the GZ-selected candidates have a slight excess in the fraction of expert classified RPS candidates with tails. Conversely, the GZ-field candidates have a much lower fraction of tail features.
Additionally, we find a higher fraction of unwinding features in the GZ-field sample. This may be due to the unwinding pattern not being a specific feature of ram pressure stripping. However, these trends are subject to large uncertainties, and do not have a high significance. However, further work may show that tails are a prominent feature that can be often identified and flagged by citizen scientists, and are more commonly associated with cluster specific processes. By comparison, an unwinding spiral arm pattern appears to be common with the field sample, and may not be a good tracer of ram pressure stripping.
5. Discussion
5.1. Ram pressure stripping in citizen science
In Sect. 3.2 we compared the morphological properties of known ram pressure stripping candidate galaxies with magnitude matched cluster and field galaxies. The results show that galaxies undergoing ram pressure stripping are visually different when assessed by citizen scientists, compared with other galaxies of similar brightness. The known RPS candidates had a higher fraction of disks, as well as more odd visual features compared to both cluster and field counterparts. Despite the shallow SDSS imaging data presented to each classifier, citizen scientists were able to identify morphological features that were inconsistent with the general galaxy population.
We saw in Fig. 4 that these effects were most pronounced in galaxies with strong optical RPS features. While this fact may seem obvious, the correlation of ram pressure stripping feature strength, and the fraction of odd votes shows that the classifiers were likely picking out the RPS features. This was further confirmed in Sect. 3.4, where galaxies without optical RPS features had a significantly lower fraction of galaxies with podd > 50%. Additionally, the citizen scientists were able to distinguish the ram pressure stripping features from merging and close companion systems. Panel d of Fig. 2 shows that very few of the ram pressure stripped candidate galaxies were classified as potential mergers.
These results demonstrate that that citizen scientists can identify rare morphological features in galaxy populations. Such examples have already been seen from results in past Galaxy Zoo studies (Cardamone et al. 2009; Keel et al. 2012, 2022; Zinger et al. 2024). Our results demonstrate this also applies to observed galaxies with optical signatures of ram pressure stripping.
In Sect. 4.1 we use these results to motivate a new sample of ram pressure stripped candidates. When classifying images of cluster galaxies, we find that galaxies with galaxy zoo flags such as odd and irregular were more likely to have ram pressure stripping features than other cluster galaxies. We find that galaxies which are considered to be odd, with odd features such as irregular and disturbed morphologies are the best tracers of potential ram pressure stripping. New ram pressure stripped candidates could be more easily identified by selecting galaxies based on these and other citizen science morphological parameters.
All of our results have used an indirect method to infer that citizen scientists can identify ram pressure stripping. In the GZ2 questionnaire, there are no questions regarding tail features, or debris that is consistent with ram pressure stripping. Our results have used indirect tracers, including a galaxy being odd, and having loosely wound spiral arms as proxies based on known ram pressure stripped galaxies. We discuss the limitations of this further in Sect. 5.3.6.
5.2. Unwinding spirals
In Sect. 3.2 we found that the ram pressure stripped galaxies have a significantly lower than average arm winding compared to either of the comparison samples. This result is interesting, as it matches results from Bellhouse et al. (2021) that showed that the Hα emission in spiral arms of ram pressure stripped galaxies may appear to be unwinding as the galaxy infalls. Such galaxies have since been subject to further investigation in Vulcani et al. (2022), who found example candidate unwinding galaxies to have similar properties to other ram pressure stripping galaxies when controlling for mass.
It is very possible that this effect is being seen in our results, whereby the known ram pressure stripped galaxies have been experiencing this unwinding or broadening of the spiral arms as they infall. However, this is not the only scenario that can explain our result. When inspecting the SDSS images of some of the loosely-wound spiral galaxies, we find that it is possible that classifiers have interpreted some of the debris as a separate spiral arm. This would give the illusion of a more loose spiral arm winding pattern. Additionally, the GZ-field sample described in Sect. 4.3 reported a higher fraction of unwinding features when classified by experts, albeit with a large uncertainty. So while the result from Sect. 3.2 may match the scenario described in Bellhouse et al. (2021), we cannot rule out biases in the classifications.
We further investigate the prevalence of these unwinding spiral galaxies in clusters by comparing the incidence of these unwinding spiral arm patterns in our cluster and field Galaxy Zoo samples. We took all the cluster and field galaxies in GZ2 using the definitions in Sect. 3.1, and selected from these samples galaxies that are face-on and have visible spiral arms. This yielded 1928 face-on cluster spirals and 18 380 field spirals. When comparing the wavg from Equation (1) for these samples, we find a very similar distribution of arm winding in both samples. Figure 9 shows the distributions of wavg for both the cluster and field spiral samples. We see the distributions are closely related, with a K-S test unable to distinguish these samples at a 1σ level. We additionally see the fraction of galaxies with wavg < 0.5 is ∼26% in both the cluster and field sample. This would suggest that there is not an excess of loosely wound spirals in cluster environments.
	[image: thumbnail]	Fig. 9. Histogram comparing the wavg for cluster and field face-on spiral galaxies. We do not see a difference in the fraction of loosely wound spiral arms (low wavg values) in clusters compared to the field, when considering all field and cluster galaxies.



Finally, the study of Casteels et al. (2013) found a link between loose winding arms in spiral galaxies and tidal pair interactions, highlighting another mechanism which is known to cause loosely wound spiral arms. These results combined suggest that the unwinding morphologies seen in many ram pressure stripped galaxies may not be a ram pressure specific phenomenon. Instead, it is likely that several processes, including ram pressure stripping, and tidal interactions are able to cause this deformation.
Interestingly, we find that for spirals with a loose spiral arm winding (wavg < 0.5), there is an increase in the fraction of galaxies with podd > 0.5. Both the loose spiral arm galaxies in clusters, as well as in the field show a ∼10% increase in the fraction of galaxies with podd > 0.5 compared to their tighter wound counterparts (defined as wavg > 0.75). Therefore, combined with the results of the GZ-field sample in Sect. 4.5.2, it is likely that several processes, both present in and out of clusters, are responsible for the appearance of loosely wound spiral arms.
5.3. Biases and caveats
This study has investigated for the first time whether citizen scientists can identify galaxies experiencing RPS using existing data from GZ2, which was not intended to directly investigate ram pressure stripping. While this dataset provides some of the most comprehensive morphological analyses available, there are some limitations in applying these classifications to finding ram pressure stripping. We explore several of these here.
5.3.1. Shallow imaging
The imaging used in the Galaxy Zoo 2 classifications was from SDSS DR 7. This imaging is typically shallower than the imaging used to identify the features seen in the known ram pressure stripped sample. While several features are visible in the Legacy Survey optical imaging, only the brightest and most obvious features are visible in the SDSS imaging. We expect that this would make our results an underestimate of the fraction of odd/disturbed features seen in the ram pressure stripped galaxy sample. Recent citizen science surveys using deeper data such as Legacy Surveys and Hyper Suprime Cam (e.g. Walmsley et al. 2023; Tanaka et al. 2023), as well as neural network classifications (Walmsley et al. 2022) will help overcome this issue in future citizen science projects searching for ram pressure stripped galaxies.
5.3.2. Ram pressure stripping candidate sample
In this work we compiled a very heterogeneous sample of known RPS candidates for analysis. This includes many candidates that were only identified by their HI or radio continuum emission, as well as many galaxies that are not confirmed to be cluster members. Additionally, several galaxies have been flagged as potentially experiencing tidal interactions. This means while the sample is quite large, it is not necessarily a pure sample of ram pressure stripped galaxies.
However, several of these issues have been mitigated. For example, all radio detected ram pressure stripping candidates without an optical classification were classified by two authors (JC and YJ) for any optical ram pressure stripping features (see Sect. 2.1). In this way, the entire known RPS sample will have been analysed for optical RPS signatures. Galaxies without optical features were also compared separately, so that conclusions from optical deformations and radio tails can be drawn separately.
A small minority of galaxies in the known RPS sample do not have the necessary spectroscopic redshifts to be confirmed as cluster members, meaning the morphological deformations may not be due to RPS if they are foreground or background galaxies. However, this study only requires that experts see possible ram pressure stripping, which can be compared with what is seen by citizen scientists. It is only required that these galaxies have morphological features consistent with ram pressure stripping, as determined by expert classifications, to compare with citizen science classifications. There have been cases of galaxies with features that appear like ram pressure stripping, but are found to be due to other processes (e.g. Moretti et al. 2018; Vulcani et al. 2018a, 2021). A more detailed analysis, incorporating spatially resolved Hα emission, kinematics, and/or HI gas is likely required to confirm if RPS is the dominant cause of any morphological disturbance (but may not always confirm a single scenario, see discussions by e.g. Lee-Waddell et al. 2018; Serra et al. 2023).
5.3.3. Tidal interactions and the limitations of visual classifications
In this study we have visually identified morphological features such as tails, disk compressions, and other deformations that are consistent with ram pressure stripping. Studies from the GASP survey find that ram pressure stripping candidates identified using broadband optical morphologies are confirmed in over 80% of cases using spatially resolved Hα (see discussions in Lourenço et al. 2023). However, there are several examples of galaxies where the deformations are more likely caused by tidal interactions (e.g. Vulcani et al. 2018a; Serra et al. 2023).
In Sect. 3, all galaxies included in the known RPS sample were previously considered to be consistent with RPS by their respective studies. We note that this includes some candidates with ambiguous features within this sample (e.g. GMP4060, GMP4555, NGC 3860b). We choose to include these galaxies in the sample, but we note that the results from Sect. 3 remain the same if we exclude these galaxies.
In Sect. 4, galaxies were classified by expert astronomers to determine whether ram pressure stripping was present. In addition to classifying each galaxy as experiencing RPS, the expert classifiers could categorise a galaxies as experiencing a merger or tidal interaction. We can use these classifications to define a sample of tidally disturbed galaxies, analogous to Sect. 4.5, in order to measure the contribution from tidally disturbed galaxies in citizen science created samples. We define tidal candidates from the expert classified galaxies as

	
ftidal > 0.5 OR



	
fRPS/tidal/unsure > 0.75.




Using this, we calculate the fraction of galaxies that experts classified as experiencing a tidal interaction. Figure 10 shows the fraction of tidal galaxies in each subsample. We see that approximately 8% of cluster galaxies have tidal features in our samples, which increases to 16% in our GZ-field sample. This suggests that when using GZ2 flags such as disturbed or irregular, approximately 8% of galaxies are likely experiencing a tidal interaction. We find this trend is seen even with changes to the ftidal or fRPS/tidal/unsure values (similar to Sect. 5.3.5).
	[image: thumbnail]	Fig. 10. Fraction of galaxies considered to be expert classified tidal candidates in each of the four samples defined in Sect. 5.3.3. The GZ-selected sample has a slightly higher tidal fraction compared to the control sample; the GZ-field sample has a higher fraction than all the other samples.



This figure shows that the use of citizen science classifications will not give a pure sample of ram pressure stripped galaxies, and when inspected by experts, will have contamination from tidal interactions. Using GZ2 classifications to select galaxies will result in an increase in the fraction of RPS candidates (see Fig. 8), but will also give a slightly higher fraction of tidally disturbed galaxies as well. This is despite selecting galaxies with GZ2 classifications consistent with a non-merger. While this method improves the incidence of ram pressure stripping, gravitational interactions will also be selected using this method, and need to be accounted for. Including additional information (such as a pair separation or close companions Ellison et al. 2010; Casteels et al. 2013; Patton et al. 2016) may help in further distinguishing asymmetric features as caused by tidal interactions.
5.3.4. Colour-matched comparisons
In Sect. 3.1 we generated magnitude and redshift matched comparison galaxies to compare with the known ram pressure stripped galaxies. We noted that the ram pressure stripped galaxies had significantly bluer (g − i) colours compared with both the field and the cluster comparison sample. While this was done to remain agnostic as to the star formation properties of the comparison galaxies, a high number of red elliptical galaxies may not be seen as a fair comparison sample.
We therefore repeat the analysis in Sect. 3, with a comparison sample designed to also match in (g − i) colour. For each known RPS galaxy, we select five matched field comparison galaxies within |ΔMr|< 0.07, |Δz|< 0.05 and |Δ(g − i)| < 0.06. We also create five matched cluster comparison galaxies within |ΔMr|< 0.45, |Δz|< 0.135 and |Δ(g − i)| < 0.12, as per Sect. 3.1.
When we compare the GZ2 morphologies with colour matched comparisons, we find that the known RPS galaxies no longer have an excess in the disk vote fraction, with pdisk = 72% in the known RPS sample, compared with pdisk = 66% for the two comparison samples. This is true both considering the whole known RPS sample, and only the strong optical RPS galaxies. The strong RPS sample has pdisk = 78%, and the group and field comparison samples have pdisk = 73% and pdisk = 74% respectively. This is likely because galaxy optical colour and morphology are known to correlate, such that selecting only blue galaxies will likely remove mostly non-disk dominated galaxies from being included in potential comparison samples.
However, the known RPS galaxies, as well as the strong optical known RPS galaxies still show a significant difference in many parameters, with a higher fraction of odd objects, with the full RPS sample having podd = 23% compared with podd = 16% in the group comparison sample, and podd = 53% for strong RPS galaxies, compared with the group comparison fraction of podd = 26%. We find the average arm winding score wavg is 0.07 lower for the known RPS galaxies compared with the group controls for both the whole sample and for strong RPS. We conclude that while ram pressure stripped galaxies may not be more likely to contain a disk than blue field or cluster comparisons, they are still more likely to have odd features and loose spiral arms as seen by GZ classifiers.
5.3.5. Expert classified RPS candidate selection
In Sect. 4 we created a new sample of galaxies using GZ2 classifications, to test whether this can increase the fraction of RPS galaxies using expert classifications. Both the selection of the GZ-selected sample in Sect. 4.1, and the subsequent selection of expert classified RPS candidates in Sect. 4.5 were completed using arbitrary vote fractions.
The GZ-selected sample was created using generous debiased vote fractions in order to maximise the sample size, and thus number of potential new candidates. To ensure our results do not depend on this selection, we rerun the analysis with a more restrictive sample of GZ-selected candidates. We find the difference between the samples persists when changing the selection, and thus do not believe that the specific values chosen for the GZ-sample are a major influence in our results.
Additionally, in Sect. 4.5, the expert classified RPS candidates were selected with a combination of fRPS and fRPS/tidal/unsure vote fractions. The values chosen in this instance were intended to be quite conservative, and only consider galaxies which would be considered genuine RPS candidates for use in future studies. To ensure this selection does not affect our results, we recalculate our RPS fraction considering a more generous fRPS and fRPS/tidal/unsure value (0.4 and 0.65), as well as a more restrictive fRPS and fRPS/tidal/unsure (0.6 and 0.85 respectively). We find that a more generous selection results in an increased RPS fraction across all samples, and a more restrictive selection results in a decreased RPS fraction. However, the difference between the GZ-selected sample and the non-GZ controls is present in both cases. Therefore, we do not consider the choice of fRPS and fRPS/tidal/unsure values to be biasing our results.
5.3.6. Indirect classifications
The sample used in Sect. 2.2 is comprised of galaxies that have been been visually classified in previous studies to have visible optical features that are consistent with ram pressure stripping (see Table 1). This gives us a reasonable confidence that any dominant morphological features seen by classifiers would be due to the ram pressure stripping features. However, as there are no questions in the Galaxy Zoo 2 questionnaire that ask specifically about features such as tails or one-sided debris, we cannot know for sure that the features seen by citizen scientist classifiers are the same ones seen in previous studies. Instead, other morphological features of the galaxy may have been seen by citizen scientists.
While we assume that this scenario is unlikely across the whole sample, we cannot estimate how frequently this may occur. Future projects from the Galaxy Zoo collaboration include updated questions about morphological disturbances, including both “major disturbance” and “minor disturbance” options. These new questions could also be useful isolate RPS features. However, we rely on the assumption that a classifier is labelling a ram pressure stripped galaxy as odd due to RPS features, and not something else.
The current Galaxy Zoo projects include a forum for classifiers to add additional comments where necessary. A search for the term ‘#jellyfish’ yields many potential subjects, including several known ram pressure stripped galaxies from Poggianti et al. (2016), as well as many new RPS candidates with spectacular features. This shows that classifiers can recognise jellyfish-like features, and categorise galaxies accordingly. The feedback through the Zooniverse talk forum could allow for additional RPS candidates to be found, and studied to further our knowledge of ram pressure stripping. We will present many of these candidates in a forthcoming publication.
As seen by the #jellyfish comments, it is not unreasonable for citizen scientists to identify ram pressure stripping features directly. Asking if a classifier is able to see features such as a tail, or debris on one side of the galaxy is likely a more efficient route to finding RPS candidates with citizen science. This is currently being undertaken by several citizen science projects specifically attempting to directly find ram pressure stripping candidates. Zinger et al. (2024) have used the Zooniverse platform to find simulated jellyfish galaxies in imaging from illustris TNG50 and TNG100. Additionally, Bellhouse et al. (in prep.) is using the same platform to search for ram pressure stripping in observational legacy survey data2.
6. Conclusion
In this study we investigated whether citizen science projects can identify the unique morphologies seen in galaxies undergoing ram pressure stripping. We analysed Galaxy Zoo 2 morphological classifications for a large sample of known RPS candidates and compared them to control samples. Our findings are as follows:

	
Known RPS candidates have morphological properties that are significantly divergent from similar galaxies in either cluster or field environments. This is seen through a higher disk fraction and a higher fraction containing odd features.



	
The odd features seen in these known RPS candidates are generally consistent with a disturbed or irregular morphology, most prevalent in strong ram pressure stripping candidates.



	
35% of our sample contain no optical deformations, despite radio features consistent with RPS. These galaxies also do not contain an excess of odd features compared to the comparison samples.



	
We find that known RPS galaxies have a lower arm winding score compared with field or cluster comparisons. This may provide evidence of the unwinding phenomenon seen in Bellhouse et al. (2021) and Vulcani et al. (2022), although it may also be due to confusion between RPS features and spiral arms in citizen science classifications.



	
Selecting cluster galaxies with certain Galaxy Zoo 2 classifications yields a higher fraction of ram pressure stripped galaxies (19%) than other disk galaxies in clusters (12%).



	
Using a sample of non-cluster galaxies, we find a false-positive RPS fraction of 6%. While significantly smaller than the two cluster samples, this highlights the difficulties in using broadband imaging to create a pure sample of RPS galaxies.




These results together suggest that citizen scientists are able to recognise RPS features in galaxies, and classify them accordingly, even despite a lack of knowledge of RPS or the use of deep imaging often required to best identify these structures. The use of these classifications has already allowed the identification of 101 new candidates. However, care should be taken to account for tidal interactions, which can also have similar features in citizen science classifications.
Our work shows that citizen science projects such as Galaxy Zoo can be used to aid in the search for new RPS candidates. This is already being investigated in a follow-up work, with an ongoing public Galaxy Zoo search for new RPS candidates underway2. Future wide-field imaging surveys, such as LSST, may be able to employ such citizen science techniques to allow the study of cluster infall and ram pressure stripping in ways that are not yet possible due to the small numbers of galaxies found to be experiencing visible ram pressure stripping.

[bookmark: S29]Data availability
A table containing the SDSS names, sky positions, and [image: equation] of all new RPS candidate galaxies found in this study is available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/694/A204


1 https://www.zooniverse.org/lab


2 https://www.zooniverse.org/projects/cbellhouse/fishing-for-jellyfish-galaxies
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	[image: thumbnail]	Fig. A.1. Legacy Survey 3 colour images of several additional example expert classified RPS candidates found in this study, similar to Fig. 7.
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	[image: thumbnail]	Fig. 1. Cumulative distributions of the absolute r band magnitude (top) and redshift (bottom) for the known RPS sample (magenta), field comparison sample (blue), and cluster comparison sample (red). The full Galaxy Zoo dataset is shown in black. The distributions are largely similar between the comparison samples and the known RPS sample; however, there is a lack of low redshift objects to match with Coma Cluster RPS candidates.
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	[image: thumbnail]	Fig. 2. Galaxy Zoo 2 vote fractions for the known RPS sample and two comparison samples. (a) Debiased fraction of votes that consider a galaxy to have features or a disk. Compared to the cluster and field comparison samples, the known RPS candidates have a much higher proportion of disk galaxies, in line with expectations. (b) Debiased fraction of votes for a galaxy to be considered odd. Compared to the group comparison sample, the known RPS candidates have a much higher proportion of odd candidates. (c) Debiased fraction of votes for galaxies to have irregular, disturbed, or other features, for galaxies with podd > 50%. (d) Debiased fraction of votes for galaxies to have merger features, for galaxies with podd > 50%. Compared to either the group or field comparison samples, the ram pressure stripped galaxies are considered to be disturbed or irregular, and are not considered to be mergers. All counts are normalised such that the area under each curve is equal to one.
In the text



	[image: thumbnail]	Fig. 3. Spiral arm winding, wavg, for all face-on spiral galaxies, calculated from Equation (1). Compared to the comparison samples, the known RPS candidates have lower average arm winding, indicating a looser spiral arm pattern.
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	[image: thumbnail]	Fig. 4. Galaxy Zoo 2 vote fractions for the known strong RPS sample and respective comparison samples. Top: Debiased vote fraction for strong ram pressure galaxies displaying odd features. The strong known RPS galaxies have a higher fraction of odd features compared to the comparison samples. Bottom: Debiased vote fraction for galaxies having irregular, disturbed, or other features, considering only strong ram pressure stripped galaxies with podd > 50%. These galaxies are more likely to have these morphological classifications compared to the matched comparison samples. The counts are normalised such that the area under each curve is equal to one.
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	[image: thumbnail]	Fig. 5. Number of votes a galaxy received during the expert classification. Each galaxy was observed a minimum of three times, with a median of five experts classifying any individual galaxy.
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	[image: thumbnail]	Fig. 6. Expert classification vote fractions for the GZ-selected, non-GZ control, known RPS, and GZ-field galaxy samples. Top: Fraction of votes considering a galaxy to be affected by RPS. Based on expert classifications, a low number of both the GZ-selected and non-GZ controls have clear RPS features. Bottom: Fraction of votes for RPS, both RPS and tidal features, or features of undetermined origin. The known RPS galaxies have a higher fraction of objects that are considered to have RPS features when considering the three categories, compared to only RPS (see top panel). Using this metric, the GZ-selected sample (green) contains more galaxies with a high fraction of RPS votes, compared with the non-GZ controls (orange), or the GZ-field (cyan). All counts are normalised such that the area under each curve is equal to one.
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	[image: thumbnail]	Fig. 7. Legacy Survey 3 colour images of several expert classified RPS candidates found in this study, including galaxies from the GZ-selected sample, the non-GZ control sample, and the GZ-field candidates. The fRPS value is shown if fRPS > 0.5, and the fRPS/tidal/unsure is shown if fRPS ≤ 0.5. The average Jclass value, [image: equation], value is also shown. Further examples are also included in Fig. A.1.
In the text



	[image: thumbnail]	Fig. 8. Fraction of galaxies considered to be expert classified RPS candidates in each of the three samples defined in Sect. 4.1. The fraction of expert classified RPS is shown with a circle, while the fraction of new strong candidates, with [image: equation], is shown with a triangle. Binomial one-sigma confidence intervals are also shown. We see that known ram pressure stripped candidates have the highest fraction. Additionally, the GZ motivated sample contains a higher fraction than the control sample.
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	[image: thumbnail]	Fig. 9. Histogram comparing the wavg for cluster and field face-on spiral galaxies. We do not see a difference in the fraction of loosely wound spiral arms (low wavg values) in clusters compared to the field, when considering all field and cluster galaxies.
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	[image: thumbnail]	Fig. 10. Fraction of galaxies considered to be expert classified tidal candidates in each of the four samples defined in Sect. 5.3.3. The GZ-selected sample has a slightly higher tidal fraction compared to the control sample; the GZ-field sample has a higher fraction than all the other samples.
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	[image: thumbnail]	Fig. A.1. Legacy Survey 3 colour images of several additional example expert classified RPS candidates found in this study, similar to Fig. 7.
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      Table 1. 

      Studies from which ram pressure stripped candidates are sourced in this study.

      
        


	Study
	Cluster
	Detection method
	No. of RPS candidates with GZ2 data



	
	
	(instrument)
	(total including doubles)





	Gavazzi et al. (1984)
	Abell 1367
	1.4 GHz (VLA)
	1



	Conselice & Gallagher (1998)
	Coma
	Optical (WIYN)
	1



	Yagi et al. (2007)
	Coma
	Hα (Suprime-Cam)
	1



	Smith et al. (2010)
	Coma
	UV (Galex)
	6 (10)



	Yagi et al. (2010)
	Coma
	Hα (Suprime-Cam)
	10 (13)



	Kenney et al. (2015)
	Coma
	Optical (Hubble)
	1



	Poggianti et al. (2016)
	Wings Clusters
	Optical (WINGS)
	37



	Poggianti et al. (2016)
	PM2GC Groups
	Optical (MGC)
	24



	Gavazzi et al. (2017)
	Abell 1367
	Hα (Suprime-Cam)
	1



	Roberts & Parker (2020)
	Coma
	Optical (CFHT)
	20 (41)



	Roberts et al. (2021b)
	Various clusters
	144 MHz (LOFAR)
	63 (66)



	Roberts et al. (2021a)
	Various groups
	144 MHz (LOFAR)
	47





      

      
Notes. The values in the final column denote how many galaxies have corresponding Galaxy Zoo 2 data. The values in brackets indicate the number of galaxies, including duplicates, where a galaxy is present in multiple studies.



    

  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Cumulative distributions of the absolute r band magnitude (top) and redshift (bottom) for the known RPS sample (magenta), field comparison sample (blue), and cluster comparison sample (red). The full Galaxy Zoo dataset is shown in black. The distributions are largely similar between the comparison samples and the known RPS sample; however, there is a lack of low redshift objects to match with Coma Cluster RPS candidates.

      

    

  
    
      Fig. 2. 
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        Galaxy Zoo 2 vote fractions for the known RPS sample and two comparison samples. (a) Debiased fraction of votes that consider a galaxy to have features or a disk. Compared to the cluster and field comparison samples, the known RPS candidates have a much higher proportion of disk galaxies, in line with expectations. (b) Debiased fraction of votes for a galaxy to be considered odd. Compared to the group comparison sample, the known RPS candidates have a much higher proportion of odd candidates. (c) Debiased fraction of votes for galaxies to have irregular, disturbed, or other features, for galaxies with podd > 50%. (d) Debiased fraction of votes for galaxies to have merger features, for galaxies with podd > 50%. Compared to either the group or field comparison samples, the ram pressure stripped galaxies are considered to be disturbed or irregular, and are not considered to be mergers. All counts are normalised such that the area under each curve is equal to one.

      

    

  
    
      Fig. 3. 
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        Spiral arm winding, wavg, for all face-on spiral galaxies, calculated from Equation (1). Compared to the comparison samples, the known RPS candidates have lower average arm winding, indicating a looser spiral arm pattern.

      

    

  
    
      Fig. 4. 
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        Galaxy Zoo 2 vote fractions for the known strong RPS sample and respective comparison samples. Top: Debiased vote fraction for strong ram pressure galaxies displaying odd features. The strong known RPS galaxies have a higher fraction of odd features compared to the comparison samples. Bottom: Debiased vote fraction for galaxies having irregular, disturbed, or other features, considering only strong ram pressure stripped galaxies with podd > 50%. These galaxies are more likely to have these morphological classifications compared to the matched comparison samples. The counts are normalised such that the area under each curve is equal to one.

      

    

  
    
      Fig. 5. 
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        Number of votes a galaxy received during the expert classification. Each galaxy was observed a minimum of three times, with a median of five experts classifying any individual galaxy.

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Expert classification vote fractions for the GZ-selected, non-GZ control, known RPS, and GZ-field galaxy samples. Top: Fraction of votes considering a galaxy to be affected by RPS. Based on expert classifications, a low number of both the GZ-selected and non-GZ controls have clear RPS features. Bottom: Fraction of votes for RPS, both RPS and tidal features, or features of undetermined origin. The known RPS galaxies have a higher fraction of objects that are considered to have RPS features when considering the three categories, compared to only RPS (see top panel). Using this metric, the GZ-selected sample (green) contains more galaxies with a high fraction of RPS votes, compared with the non-GZ controls (orange), or the GZ-field (cyan). All counts are normalised such that the area under each curve is equal to one.

      

    

  
    
      Fig. 7. 
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        Legacy Survey 3 colour images of several expert classified RPS candidates found in this study, including galaxies from the GZ-selected sample, the non-GZ control sample, and the GZ-field candidates. The fRPS value is shown if fRPS > 0.5, and the fRPS/tidal/unsure is shown if fRPS ≤ 0.5. The average Jclass value, [image: equation], value is also shown. Further examples are also included in Fig. A.1.

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        Fraction of galaxies considered to be expert classified RPS candidates in each of the three samples defined in Sect. 4.1. The fraction of expert classified RPS is shown with a circle, while the fraction of new strong candidates, with [image: equation], is shown with a triangle. Binomial one-sigma confidence intervals are also shown. We see that known ram pressure stripped candidates have the highest fraction. Additionally, the GZ motivated sample contains a higher fraction than the control sample.

      

    

  
    
      Fig. 10. 
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        Fraction of galaxies considered to be expert classified tidal candidates in each of the four samples defined in Sect. 5.3.3. The GZ-selected sample has a slightly higher tidal fraction compared to the control sample; the GZ-field sample has a higher fraction than all the other samples.

      

    

  
    
      Fig. A.1. 
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        Legacy Survey 3 colour images of several additional example expert classified RPS candidates found in this study, similar to Fig. 7.

      

    

  
    
      Table A.1. 

      Names of galaxy samples used in this study

      
        


	Sample name
	No. of
	Section
	Description
	Other notes



	
	galaxies
	
	
	





	Known RPS candidates
	212
	Sect. 3.2
	A compilation of known ram pressure stripping candidates that overlap with Galaxy Zoo 2 data
	Sources given in Table 1. A subset of 100 of these are used in Sect. 4



	Known strong RPS candidates
	58
	Sect. 3.3
	Known RPS candidates that only have optical features and a high RPS strength
	Includes known RPS sample galaxies classified in Sect. 2.2 for this study



	Known Radio RPS candidates
	134
	Sect. 3.4
	Known RPS candidates that have radio features
	Includes galaxies that have optical features



	
	
	
	
	



	Known radio only RPS candidates
	75
	Sect. 3.4
	Known RPS candidates that only have radio features
	No optical features reported in other studies or from classification in Sect. 2.2



	Field comparison sample
	1696
	Sect. 3.1
	A sample of galaxies that are magnitude and redshift matched to the known RPS sample that are away from clusters
	Cut to match strong and radio-identified RPS samples where appropriate



	Cluster comparison sample
	1696
	Sect. 3.1
	A sample of galaxies that are magnitude and redshift matched to the known RPS sample that are around cluster cores
	Cut to match strong and radio-identified RPS samples where appropriate



	GZ-selected sample
	319
	Sect. 4.1
	GZ2 classified disk galaxies that have properties consistent with the known RPS sample in clusters
	



	Non-GZ control sample
	319
	Sect. 4.2
	A sample of disk galaxies around cluster cores that are magnitude and redshift matched to the GZ-selected sample, but do not have unwinding and odd morphologies consistent with the GZ selected sample.
	



	GZ-field sample
	319
	Sect. 4.3
	GZ2 classified disk galaxies that have properties consistent with the known RPS sample, but are not in clusters.
	



	Expert classified RPS candidates
	101
	Sect. 4.5
	A combined subsample of the GZ-selected sample and the non-GZ control sample that have been classified by experts as being ram pressure stripped
	Table of candidates is available online





      

    

  
    
      Table A.2. 

      Questionnaire given to expert classifiers for identifying ram pressure stripping features.

      
        





	 Question/task
	Response





	 Do you see any unusual features in this galaxy?
	– Merger/Tidal interaction - It looks like the galaxy is merging or has been affected by gravitational interactions



	
	– Ram Pressure - The galaxy has tails or other features (such as unwinding spiral arms) indicative of ram pressure stripping



	
	– Unsure - It appears that something is disturbing the galaxy, but I can’t tell if it is ram pressure stripping or something else



	
	– Ram Pressure + Tidal - Both ram pressure stripping + tidal interaction could be at play



	
	– Something Else/Nothing - This galaxy doesn’t appear to have any unusual features, or there are features



	
	which are not described above



	




	†What ram pressure stripping features do you see? (select all that apply)
	– Tails (faint diffuse extra-planar material and/or extra-planar knots of star formation)



	
	– Star formation on one side of the disk indicative of gas compression in the leading edge / shock front (may be C-shaped)



	
	– Spiral-arm asymmetries or deformations



	
	– Something else (please note this in the comment section)



	




	†On a scale of 1 to 5, how strong would you describe the strength of the ram pressure stripping?
	– 5 - This galaxy contains very clear and obvious ram pressure signatures (spectacular cases of jellyfish)



	
	– 4 - This galaxy contains clear ram pressure features



	
	– 3 - This galaxy contains probable ram pressure features that are visible in the image



	
	– 2 - This galaxy might contain some features consistent with ram pressure stripping, but it is hard to be certain



	
	– 1 - There is something unusual about this galaxy, which may be consistent with ram pressure stripping, but it is not very clear



	
	– 0 - On closer inspection, maybe I don’t see ram pressure features any more



	




	†Can you estimate the tail direction, or the direction of the ram pressure wind?
	– Yes, I can give an estimate of the tail direction



	
	– No, I can’t tell which direction the ram pressure is acting



	




	†‡Draw in the direction of the tail/ram pressure stripping (i.e. opposite to the projected direction of motion of the galaxy). Start your line in the centre of the image.
	– (Classifier draws in the tail direction or direction of the ram pressure wind)



	




	If there is anything interesting about this galaxy you wish to note, write it below
	– User open for comments





      

      
Notes. ( † ) requires the classifier to answer question 1 with Ram Pressure, Unsure, or Ram Pressure + Tidal to receive this question. ( ‡ ) requires the classifier to answer question 4 with Yes to receive this question.
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