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ABSTRACT

We explore the morphometric properties of a group of 73 ram-pressure stripping candidates in the A901/A902 multicluster
system, at z ~ 0.165, to characterize the morphologies and structural evolution of jellyfish galaxies. By employing a quantitative
measurement of morphometric indicators with the algorithm MORFOMETRYKA on Hubble Space Telescope (F606W) images
of the galaxies, we present a novel morphology-based method for determining trail vectors. We study the surface brightness
profiles and curvature of the candidates and compare the results obtained with two analysis packages, MORFOMETRYKA and
IRAF/ELLIPSE on retrieving information of the irregular structures present in the galaxies. Our morphometric analysis shows
that the ram-pressure stripping candidates have peculiar concave regions in their surface brightness profiles. Therefore, these
profiles are less concentrated (lower Sérsic indices) than other star-forming galaxies that do not show morphological features of
ram-pressure stripping. In combination with morphometric trail vectors, this feature could both help identify galaxies undergoing

ram-pressure stripping and reveal spatial variations in the star formation rate.
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1 INTRODUCTION

Previous research shows that dense environments influence the evo-
lution of galaxies (Dressler 1980; Butcher & Oemler 1984). Passive
elliptical galaxies are more frequently found in the centre of galaxy
clusters and star-forming disc galaxies are more common as satellite
galaxies (Bamford et al. 2009). This is linked to transformations
in both morphology and galaxy properties, such as colours and
star formation rates. What is yet not clear is the impact of the
several external galaxy evolution drivers concurrently at play in
such environments, e.g. stripping through tidal (Barnes 1992) and
ram-pressure interactions (Gunn & Gott 1972), galaxy harassment
(Moore et al. 1996), mergers (Barnes 1992; Bekki 1999), starvation
or strangulation (Larson, Tinsley & Caldwell 1980). In this work, we
explore the relationship between the ram-pressure stripping effect in
galaxies and their evolution in galaxy clusters.

Ram-pressure stripping is an efficient mechanism in removing
gas from orbiting galaxies in clusters. It occurs when there is a
hydrodynamic friction between the interstellar medium in a galaxy
and the intracluster medium (ICM) as the galaxy falls into a
galaxy cluster. Jellyfish galaxies are the most representative example
of galaxies undergoing ram-pressure stripping, these are rare and
extreme cases of galaxies with extensive tails that can be identified
throughout many wavelengths (Poggianti et al. 2019). Many studies
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over the past decade provide important information on the origins,
distribution and physical properties of ram-pressure stripped galaxies
(Smith etal. 2010; Ebeling, Stephenson & Edge 2014; Poggianti et al.
2016). Recently, there have been new statistically significant studies
on the properties of large samples of jellyfish galaxies such as the
GaSP collaboration (Poggianti et al. 2017), the McPartland et al.
(2016) sample in massive clusters and the rich population of ram-
pressure stripping candidates found in the Abell 901/2 system as
part of the OMEGA survey (Roman-Oliveira et al. 2019) that are the
targets of this study.

The efficiency of the stripping is linearly dependent on the density
of the ICM and quadratically on the relative velocity between the
galaxy and the environment (Gunn & Gott 1972). There are two
triggering mechanisms, that can act simultaneously, in the stripping
of an infalling galaxy: a significant increase in the ICM density
(e.g. approaching the centre of a cluster) and/or a high relative
velocity between the galaxy and the surrounding medium (e.g. the
region between merging clusters). The latter has been thoroughly
investigated for the case of Abell 901/2 system in Ruggiero et al.
(2019) where they find regions in the system where ram-pressure
stripping could be enhanced due to a possible merger between the
substructures, explaining the spatial distribution and the large number
of candidates of the observed sample of ram-pressure stripping
candidates. This would confirm previous tentative results that suggest
that jellyfish galaxies can be more commonly found in galaxy cluster
interactions (Owers et al. 2012; McPartland et al. 2016).
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Recent research also finds that although the star formation quench-
ing and the morphological transformation both happen to galaxies as
part of their evolution, there is a time-delay between these processes
(Cortese et al. 2019; Kelkar et al. 2019). Investigating morphological
characteristics of galaxies that are currently going through a major
change both in their star formation rates and overall structure can
provide insight on whether both changes are linked and how they
take place.

So far, very little attention has been paid to the morphological
analysis of galaxies with irregular properties, such as jellyfish
galaxies. One study by McPartland et al. (2016) analyses a set of
jellyfish galaxies from a morphometric point of view with the main
goal of finding a larger sample of ram-pressure stripping candidates.
None the less, this analysis can be extremely useful to assess the
physical changes that these galaxies are undergoing.

In this paper, we set out to investigate the morphological features of
candidate galaxies undergoing ram-pressure stripping in a sample of
73 ram-pressure stripping candidates in A901/A902 at z ~ 0.165. We
direct the reader to find more information on the sample in Roman-
Oliveira et al. (2019), where we describe the selection and its main
properties, and in Ruggiero et al. (2019) that further explores the
origin of the possible ram-pressure stripping events. Our goal is to
understand how the ram-pressure stripping mechanism is modifying
their structure and its contribution to the scenario of quenching
and morphological evolution in dense environments. We perform
the morphometric analysis using the MORFOMETRYKA algorithm
(Ferrari, de Carvalho & Trevisan 2015) to measure trail vectors,
surface brightness profiles and other morphometric quantities.

This work is organized as follows: In Section 2, we detail the data,
sample and methods used; in Section 3, we show the results of the
morphometric analysis for trail vectors, surface brightness profiles
and curvature; and in Section 4, we summarize our conclusions. We
adopt a Hy = 70 kms™'Mpc~!, Q5 = 0.7, and Qy = 0.3 cosmology
through this study.

2 DATA AND METHODS

2.1 Abell 901/2

Abell 901/2 is a multicluster system at z ~ 0.165 composed of
four main sub-cluster structures and filaments. It has been intensely
studied by the STAGES collaboration (Gray et al. 2009) and, more
recently, by the OMEGA survey (Chies-Santos et al. 2015; Rodriguez
del Pino et al. 2017; Weinzirl et al. 2017; Wolf et al. 2018; Roman-
Oliveira et al. 2019) in many different wavelengths. It is a particularly
interesting system because of its large galaxy population and diverse
environments, making it suitable for detailed studies of galaxy
evolution through a vast range of stellar masses and environments.

2.1.1 Sample

In this study, we make use of Hubble Space Telescope (HST) obser-
vations in the ACS/F606W passband of the Abell 901/2 multicluster
system where a sample of 73 ram-pressure stripping candidates has
been previously selected through visual inspection as part of the
OMEGA survey. Along with the HST imaging, we use a model point
spread function (PSF) obtained with Tiny Tim (Krist 1993).
Although the jellyfish galaxy tails are not as visible in optical bands
as in X-rays or He, the stellar disc shows a disturbed morphology that
can be evidence of more extreme disturbances in other wavelengths
(Poggianti et al. 2019). This can be used to select samples of
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ram-pressure stripping candidates, like the ones used in this paper.
Searching for ram-pressure stripping features on optical images is
an efficient and economic method of finding ram-pressure stripping
candidates that have been employed on many works through visual
inspection (Owers et al. 2012; Ebeling et al. 2014; Rawle et al.
2014; Poggianti et al. 2016). The disturbed morphologies of these
candidates can be due to ram-pressure stripping, however, samples
selected this way also have some degree of contamination by minor
mergers or tidal interactions. Therefore, only follow-up studies in
other passbands could rightly confirm the origin of the stellar disc
disturbance.

The F606W passband has an effective wavelength midpoint (Lefr)
around 5777 A; at z ~ 0.165 we are thus covering the rest-frame
R band around 6730 A. This interval covers intermediate/old stellar
populations that contribute to the continuum emission in this red
part of the spectrum and to some extent young stellar populations
by encompassing the Ho emission. In this range of wavelengths, the
presence of dust can significantly obscure star formation in nearly
edge-on galaxies (Wolf et al. 2018), which composes a minority of
the sample. Besides, the morphometric measurements of the stellar
disc should be mostly unaffected.

The sample was selected in Roman-Oliveira et al. (2019) and the
selection method was conducted mirroring the works of Poggianti
et al. (2016) and Ebeling et al. (2014). This is the largest sample up
to date for a single system containing galaxies with morphological
signatures linked to ram-pressure stripping effects, such as tails and
bright knots of star formation. The galaxies are selected in different
categories according to the prominence of the ram-pressure stripping
features in their morphologies. The strongest candidates are grouped
in JClass 5, the weakest candidates in this sample are grouped in
JClass 3 and the intermediate candidates are grouped in JClass 4. For
further details on the selection and eligibility criteria and basic phys-
ical properties of the sample refer to Roman-Oliveira et al. (2019).

2.2 Morphometric analysis

Several techniques have been developed to quantify the physical
structures of galaxies in measurable ways. One example is the
CASGM non-parametric system that measures concentration, asym-
metry, smoothness, Gini coefficient, and M20 parameters (Abraham
et al. 1994; Conselice, Bershady & Jangren 2000; Lotz, Primack &
Madau 2004)

Our work is based on the MORFOMETRYKA algorithm that estab-
lishes a new method dedicated to morphology classification from a
physical standpoint. It includes the parameters cited above as well
as entropy (H) and spirality (o) as new parameters (Ferrari et al.
2015). The most recent version of MORFOMETRYKA also provides
the curvature of the brightness profile with KURVATURE (Lucatelli &
Ferrari 2019), which is a powerful tool for probing the presence of
multiple components in galaxies. An example of the performance
of MORFOMETRYKA for one of our galaxies displaying signatures of
ongoing ram-pressure stripping can be seen in Fig. 1.

3 RESULTS

3.1 Morphometric trail vectors

3.1.1 Definition and use as an asymmetry measurement

Within MORFOMETRYKA, we implement an automatic way to define
the direction of motion. As jellyfish galaxies fall into the galaxy
cluster they leave a trail of material behind. This trail hints at the
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Figure 1. MORFOMETRYKA analysis of three galaxies with the strongest ram-pressure stripping features in A901/A902. Left-hand column: original HST image.
The outer dotted ellipse represents twice the Petrosian region, the dashed inner ellipse represents twice the effective radius of the Sérsic model. The solid line
is the segmented region. The black headed arrow shows the morphometric trail vector and the white headed arrow shows the visually assigned trail vector. The
peak of light is represented by a blue cross and the centre of light is represented by a red cross. Middle column: two-dimensional Sérsic model. The bottom-left
square shows the HST/F606W PSF modelled with Tiny Tim. The galaxy ID and Sérsic index are noted in the top left-hand corner. Right-hand column: residual
image with its respective colourbar. The contours show regions that have values 3o above the sky background, for the negative value the contours are represented

in black and for positive values, the contours are represented in white.

projected motion around the system. This method has been adopted
so far mainly through visual inspection in a number of works (Smith
et al. 2010; Ebeling et al. 2014; Roman-Oliveira et al. 2019), but
most recently Yun et al. (2019) measured trail vectors for 800 ram-
pressure stripping candidates in the Illustris TNG by defining the
direction of a vector between the density-weighted mean to the galaxy
centre positions. Here, we perform something similar to Yun et al.
(2019) from the standpoint of observations in which we measure
a trail vector (x) from the position of the centre of light to the
peak of light. The peak of light is correlated to the centre of the
galaxy and should remain the same before and after undergoing ram-
pressure stripping. The centre of light is a density-weighted mean
of the light distribution that is highly affected by perturbations in
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the morphology. We measure the morphometric trail vector with
MORFOMETRYKA following: x = (xo, Y0)peak — (X0, Yo)coL. For more
details on how these components are measured, we refer the reader
to Ferrari et al. (2015).

Not only does this method give a quantifiable measurement of
the orientation of the projected motion of the galaxies, it is also
more sensitive to slight perturbations in the structure that visual
inspection cannot account for. The offset between the two points can
also be considered a proxy for asymmetry, since the peak of light and
centre of light coincide in an axisymmetric structure with a surface
brightness profile that decays with increasing radius, such as a pure
disc component. In Fig. 2, we show a comparison between the trail
vector length (TVL) and two morphometric asymmetry parameters,
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Figure 2. Asymmetry versus TVL in ram-pressure stripping candidates and
star-forming galaxies in A901/A902. In the left-hand panel, we show the
asymmetry parameter Al, defined in Abraham et al. (1996), and in the right-
hand panel, we show the parameter A2, defined in Ferrari et al. (2015) that is
less sensitive to the sky.

Table 1. Statistics of the Pearson correlation between TVL and asymmetry
parameters Al and A2 for ram pressures stripping candidates (RPS) and
star-forming galaxies (SF).

Pearson coefficient p-value
RPS, TVL, and Al 0.478 2e-05
RPS, TVL, and A2 0.505 Se-06
SF, TVL, and A1 0.564 3e-11
SE, TVL, and A2 —0.05 0.6

Al and A2. We test this both for the trail vectors measured for
the ram-pressure stripping candidates and for a control sample of
star-forming galaxies that do not show morphological features of
ram-pressure stripping as for our selection. The galaxies that form
this control sample were selected as star-forming galaxies based on
their Ho emission as detailed in Rodriguez del Pino et al. (2017). Al
and A2 are parameters determined by the summation of the residual
of an image with its rotated counterpart. Al is measured as defined
by Abraham et al. (1996), by subtracting the rotated galaxy image
(Irt) from the original galaxy image (/) within the Petrosian radius
and without subtracting the sky, following:
abs(I — I;)

A== §

While A2 is measured as defined in Ferrari et al. (2015) and uses a
Pearson correlation coefficient (()) to avoid contamination from the
sky, following:

Ay =1—r(, I). 2)

The main difference between A1 and A2 is that A1 is sensitive to the
sky background while A2 is unaffected by it. We measure a Pearson
correlation for the TVL with Al and A2. In Table 1, we show the
resulting Pearson coefficients and respective p-values. We find that
for the ram-pressure stripping candidates they are related with great
certainty (p-values of 2e-05 and 2e-06). However, for the other star-
forming galaxies we find a correlation of the TVL with A1, but no
correlation between TVL and A2. Many star-forming galaxies have
low Al values and high A2 values. This can be due to the fact that
although A2 is unaffected by the sky background, it tends to be more
sensitive than A1 to small perturbations inside a galaxy, for example,
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spiral arms or a clumpy disc. Therefore, galaxies that do not have a
very asymmetric morphology, but have these perturbations will not
follow a correlation with TVL. Another important scenario is that
some galaxies may have large A1 or A2 values but not be unilaterally
asymmetric, in which case the TVL will be relatively small for
the asymmetry parameters measured, breaking up the correlation
between each other. The correlation between TVL and both the
asymmetry parameters probed suggests that the morphometric trail
vectors are a good parameter for measuring unilateral asymmetries.
This method vectors can be applied to large data sets and aid the
analysis and identification of new ram-pressure stripping candidates,
which is a large improvement over visually assigned trail vectors.

3.1.2 Comparison to the visually assigned trail vectors

In Fig. 3, we compare the visually assigned trail vectors from Roman-
Oliveira et al. (2019) with the morphometric trail vectors presented in
this work by calculating the angular difference between both vectors.
We are considering 45° as the threshold to which we consider as a
good agreement between the vectors since it would still point towards
the same general direction and it is comparable to the disagreement
between the vectors suggested by different inspectors during the
visual assignment. Similarly, we consider an angular difference of
135° or more to be a good agreement in direction, although it is
suggesting an opposite pointing. We find that about half of the
galaxies can be considered in good agreement by these standards.
However, if we restrict this comparison to only the galaxies that have
a TVL of at least five pixels, which at z ~ 0.165 is around 0.6 kpc,
about three quarters of the galaxies considered are in good agreement.
This suggests that the direction of the morphometric trail vectors are
more reliable for higher TVLs and should be considered carefully
for galaxies with less prominent morphological disturbances. In
Fig. 4, we show the spatial distribution of the ram-pressure stripping
candidates with the new morphometric trail vectors. Similarly to
what was found with the visually assigned trail vectors, we see no
correlation between the direction of the projected motion of the
candidates in the system.

Besides, there is an intrinsic bias on measuring the coordinates
of the peak of light, in the case of galaxies that do not have a
definitive centre or when the peak is found in a bright star-forming
region outside the centre. As for measuring the centre of light, the
coordinates are most sensitive to the shape selected to represent the
morphology of the galaxy. In the case of MORFOMETRYKA we are
calculating the centre of light inside the segmented region — this
region is shown in Fig. 1. The MORFOMETRYKA segmentation selects
a region that has a significant intensity above the background sky
— the region is selected through applying histogram thresholding on
a filtered image to avoid sharp edges (see Ferrari et al. 2015 for
more details). This segmentation is sensitive to the size of the image
analysed, which is why it is important to have an image stamp large
enough to cover the structures of interest, but small enough that it
will not introduce contamination from nearby sources.

Lastly, besides the scenarios we commented, in some cases, the
disagreement between the morphometric and the visually assigned
trail vectors can be due to the morphometry being more sensitive to
disturbances that are too small for the inspectors to correctly assign
a vector, in which case the morphometric trail vector is superior to
the visually assigned one. We emphasise that this method has its
limitations regarding projection effects and it works best for edge-
on/inclined galaxies. In the case of face-on galaxies, it may still
be able to provide an accurate orientation of the trail vector but it
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Figure 3. Histogram of the angular difference between morphometric and visually assigned trail vectors. Left-hand panel: for all the ram-pressure stripping
candidates. Right-hand panel: for ram-pressure stripping candidates with a trail vector length of at least 3 and Spx (~0.4 and ~0.6 kpc at z ~ 0.165, respectively).

The vertical dashed lines mark angular differences of 45° and 135°.

might underestimate the TVL. This discrepancy can be better seen
in Yun et al. (2019), where trail vectors were estimated in a similar
way for jellyfish galaxies in the Illustris TNG simulations. Some
galaxies show clear extended jellyfish tails when seen edge-on, but
do not look as disturbed when face-on. Additionally, the reader can
visualize all the results in Appendix A, where we show the galaxy
stamps, segmented areas, and morphometric and visually assigned
trail vectors.

3.2 Surface brightness profiles

3.2.1 morrFOMETRYKA and Sérsic indices distribution

With MORFOMETRYKA, we model the surface brightness profiles of
the ram-pressure stripping candidates with a single two-dimensional
Sérsic Law (Sersic 1968) to investigate the light distribution proper-
ties. It is important to note that this does not model the distorted tails,
but it does give an overall assessment of the light concentration in
the galaxies. In Fig. 1, we showcase the MORFOMETRYKA models and
residuals for three example galaxies with Sérsic indices that represent
three groups of surface brightness: disc-like (n ~ 1), more concen-
trated than a disc (n > 1) and less concentrated than a disc (n < 1).
The galaxies chosen (IDs 45301, 42713, and 20056) were classified
in Roman-Oliveira et al. (2019) as JClass 5, which means they have
the strongest features of ram-pressure stripping among the sample.

We first analyse the distribution of Sérsic indices of the modelled
profiles of the ram-pressure stripping candidates and compare it to
the other star-forming galaxies in the system. In this, we find that the
Sérsic indices distribution for the ram-pressure stripping is centred
around n ~ 1, with a median 72 = 1.06. We account also for the
dependency of stellar mass with Sérsic index by considering two
separate bins of mass below and above M, = 10°° M. We chose this
threshold as it lies in between the median mass of both the candidates
and the control sample. In Table 2, we show the parameters measured
for the distribution of Sérsic indices for both samples and bins. Both
distributions are similar, the main difference seems to be that the ram-
pressure stripping candidates are more tightly distributed around the
mean and that the division in stellar mass bins does not affect the
distribution.

MNRAS 500, 40-53 (2021)

3.2.2 ELipse and surface brightness curvature profiles

We find from the Sérsic distribution that the overall surface brightness
profile of the ram-pressure stripping candidates can be approximated
by discs. However, MORFOMETRYKA cannot fit most of the details
that stem from the irregular structure. To further investigate the
light distribution of the sample, we use the IRAF/ELLIPSE task
(Jedrzejewski 1987). ELLIPSE achieves a more accurate measurement
of the brightness profile by fitting several ellipses of increasing semi-
major axes and different position angles, being more sensitive to
irregular structures of galaxies. In Fig. 5, we show the results from
ELLIPSE for the same galaxies we analyse in Fig. 1. We maintain
the same contrast used in the previous figure to allow the reader to
visually compare the results obtained from the two algorithms.

We assess the quality of both models by evaluating the residuals
from the contours shown in the right-hand panels of Figs 1 and 5.
The contours highlight the regions 3 standard deviations below (black
contours) or above (white contours) the sky background. Therefore,
the black contours show regions that are being overfitted by the model
and the white contours show clumpy star-forming regions, arms or
irregular structures not represented in the model. We calculate ratios
of residual to the original image and we found that neither codes
tend to overfit the galaxies, as the ratios of the black contoured
regions to the original are around 0.03 for all galaxies — except for
MORFOMETRYKA fitting the galaxy 20056 with a ratio of 0.2. As for
white contours, ELLIPSE has a much better performance with ratios or
residual to original of 0.06 for all three galaxies, effectively covering
most of the emission of the galaxy even for the irregular components.
In that aspect, MORFOMETRYKA ranges in ratios of 0.08 (ID 20056),
0.14 (ID 45301) to 0.35 (ID 42713).

In Fig. 6, we show the surface brightness profiles measured with
MORFOMETRYKA and ELLIPSE for the three galaxies as well as the
best-fitting Sérsic models. In all the three cases, we see a large-scale
structure that has a concave shape in the surface brightness profile.
However, even though ELLIPSE retrieves the light distribution of the
galaxy, a single Sérsic fit does not represent well all the features we
see in the surface brightness profile, this is especially true for the case
of ID 20056 that has extended emission in comparison to its effective
radius. These galaxies seem to have multiple structural components
and a single Sérsic fit can only fit one of these components. In the case
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Figure 4. The spatial distribution of the ram-pressure stripping candidates and their morphometric trail vectors tracing their projected motion on the sky. The
centres of each subcluster is marked with a diamond symbol according to the legend. The ram-pressure stripping candidates are represented with ellipses with
the measured position angles and their colours match the subcentre that they are closest to in projected distance. The red coloured markers identify the galaxies
with TVL smaller than 3 px. The arrows represent the measured trail vectors and the length is proportional to the distance between the centre and the peak of
the light distribution. The continuous lines show the expected region where ram-pressure stripping would be triggered in response to the merging clusters as
detailed in Ruggiero et al. (2019). The dotted circles represent the virial radius (Rpo0) of each subcluster used in Ruggiero et al. (2019).

Table 2. Distribution of Sérsic indices for the ram-pressure stripping can-
didates (RPS) and star-forming galaxies (SF) in A901/A902. We show the
values for the full samples and for bins of stellar mass above and below M, =
1093 Mg . The columns show the number of galaxies (V), median (i), mean
(n) and standard deviation (o) of the Sérsic indices.

N 17} n on
RPS 73 1.06 1.18 0.61
RPSiowmass 22 1.03 1.04 0.35
RPShighmass 51 1.08 1.24 0.69
SF 112 1.03 1.48 2.14
SFiowmass 89 0.98 1.51 2.37
SFhighmass 23 1.12 1.34 0.73

of ID 20056, the Sérsic fit best represents the inner region, but not
the more extended concave profile. A similar situation occurs for the
other two galaxies in both MORFOMETRYKA and ELLIPSE measured
profiles. For evaluating these structures, we take advantage of the tool
KURVATURE (Lucatelli & Ferrari 2019) which measures the curvature
of a surface brightness profiles by calculating its concavity. The
concave shapes we find are related to a negative curvature which is
related to low concentrated of light in surface brightness profiles,
such as Sérsic fits with n < 1.

To better understand curvature measurements, in Fig. 7 we show
the relation between Sérsic indices and the curvature of surface
brightness profiles. Sérsic profiles with high Sérsic indices (n >
1) have positive curvature profiles, while low Sérsic indices (n
<1) have negative curvature profiles and pure discs (n = 0) have

MNRAS 500, 40-53 (2021)
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Figure 5. ELLIPSE analysis of the same three galaxies from Fig. 1. Left-hand column: original HST image. The dashed circle represents twice the effective
radius of the model. Middle column: ELLIPSE model. The ID and Sérsic index fitted are noted in the top left-hand corner. Right-hand column: residual image
and its respective colourbar. The contours and contrast are the same as those in Fig. 1.

null curvature. This is a powerful tool to assess the concentration
of light distribution and discriminate between different structural
components in a galaxy without depending on a parametric model.
Therefore, a negative curvature profile is directly related to a region
of low concentration of light in the surface brightness profile, the
area of the curvature profile also correlates with Sérsic index. It
is important to note that the negative areas are unlikely to be due
to noise. Curvature measurement is sensitive to transitions between
two regions with different brightness profiles. Hence, the transition
between a decreasing brightness profile of a galaxy meeting the
constant background noise would be interpreted by KURVATURE with
a positive curvature. In the cases where the curvature diverges in
outer regions, most are in the positive direction. Following this same
reasoning, concave regions could be associated with regions that lack
light in respect to their surroundings, such as in ring or bar structures.

MNRAS 500, 40-53 (2021)

Perhaps regions with high dust extinctions can also contribute to the
phenomenon. However, the ram-pressure stripping candidates we are
probing do not necessarily contain more dust than the star-forming
galaxies in the control sample, therefore, the presence of dust affects
both samples in similar ways.

We quantify the presence of concave features by measuring
the cumulative negative area in the surface brightness profiles of
the ram-pressure stripping candidates and the control sample of
star-forming galaxies. To avoid contamination from galaxies with
weak signatures of ram-pressure stripping, we are considering only
the JClass 4 and JClass 5 ram-pressure stripping candidates (N
= 35). We show the cumulative histograms in Fig. 8§ where we
compare both groups of galaxies with a KS test across 2 Petrosian
radii (Rp) and in four different radial bins. We neglect the central
values in r < 0.1 R, due to the curvature profile being unstable
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Figure 6. Surface brightness profiles for the three galaxies show in Figs 1 and 5. The vertical dotted lines mark twice the effective radius, this relates to the
dashed circles in Fig. 5. The black square and grey circle markers show the ELLIPSE (E) and MORFOMETRYKA (M) surface brightness profile, respectively. The
black solid and dashed lines are the best single Sérsic fit for ELLIPSE and morfometryka, respectively. The Sérsic indices for both fits are noted in each panel.
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Figure 7. Curvature (k(R)) for Sérsic profiles of different Sérsic indices.
Negative curvature profiles are associated with structures of low Sérsic
indices, a null curvature profile represents a pure disc and positive curvature
profiles are associated with high Sérsic indices that follow light distributions
more concentrated than a pure disc.

in the inner regions. We find that both samples are significantly
different when looking at the full radius range and the outer radial
bins (r > 0.5 R,,), with the ram-pressure stripping candidates always
having more negative area than the star-forming galaxies. This
is more prominent for the radial bins above 1.0 R,. In this plot,
we consider all galaxies JClass 4 and 5 regardless of their TVL,
however, we perform the same test considering only the JClass 4 and
5 galaxies with TVL > 3 px and with TVL > 5 px and the results are
unaffected.These results suggest that ram-pressure stripping may
systematically alter the galaxy morphology by broadening the surface
brightness profiles effectively creating galaxies that have the stellar
component less concentrated than a pure disc in the outer regions
(05R, >r<20R)).

Concave features in surface brightness profiles are not unique
to the ram-pressure stripping candidates analysed here, but seem
to be present more often in our ram-pressure stripping candidates
than in normal star-forming galaxies. These concave features, when
seen in normal disc galaxies, are usually associated with structural
components such as rings or bars, which are not prominent in our
sample. However, these features can also be associated with an
overall low concentration light distribution, such as seen in the
surface brightness profiles of some dwarf galaxies (Ludwig et al.
2012) or ultradiffuse galaxies (Liao et al. 2019).

4 CONCLUSIONS

Following the studies on the star formation rates and spatial distri-
bution of the ram-pressure stripping candidates at the A901/A902
multicluster system (Roman-Oliveira et al. 2019; Ruggiero et al.
2019), we attempt to use their morphological structure as a probe
to expand our understanding of their evolution. We perform a
morphometric analysis using the MORFOMETRYKA algorithm (Ferrari
et al. 2015) and the IRAF task ELLIPSE (Jedrzejewski 1987) for
independent surface brightness profiles measurements. Our two main
results are as follows:

(1) We define a robust morphometric method for measuring trail
vectors in jellyfish galaxies based on the spatial difference between
the peak and centre of the light distribution in galaxies. This can also
be used as a proxy of morphological asymmetry.

(i1) Our analysis of the surface brightness profiles finds a sig-
nificant presence of low concentration regions that can be seen
as concavities in the surface brightness profiles, we quantify these
regions by measuring the curvature (Lucatelli & Ferrari 2019). When
these are compared to the normal star-forming galaxies in the same
system, the ram-pressure candidates show larger areas of negative
curvature in the outer regions of their surface brightness profiles.
This suggests that the extreme ram pressure that produces jellyfish
features also serves to broaden the surface brightness profiles creating
regions that are less concentrated than pure discs.

The findings reported here shed new light on the possible next
steps in the morphological evolution of galaxies undergoing ram-
pressure stripping in dense environments. We suggest that, at least
temporarily, extreme events of ram-pressure stripping may affect
the morphology by broadening the surface brightness profiles of
galaxies. Additionally, the implementation of morphometric trail
vectors is an important step towards systematic selection and analysis
of projected motions of new ram-pressure stripping candidates, as
well as another useful tool to quantify asymmetry.

These are preliminary findings on the morphological transforma-
tion of ram-pressure stripping candidates. The details on how ram-
pressure stripping could alter the morphology of the stellar disc are
still largely unknown. A further investigation of the morphometric
properties of these galaxies in a different passband can retrieve
information on how the morphology of different physical tracers
is being affected. Particularly, applying the same morphometric
analysis on the OMEGA Hea emission and building Ho morphology
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Figure 8. Cumulative distribution of the total negative area in the curvature profiles, within a given radius, measured with MORFOMETRYKA tool KURVATURE
for the ELLIPSE brightness profiles for JClass 4 and 5 ram-pressure stripping candidates (N = 35) as a solid line and star-forming galaxies as a dashed line in
the A901/A902 system. The left-hand panel accounts the surface brightness up to 2Ry, the following panels are divided into radial bins of 0.5R,. The p-values

shown are calculated with a KS test.

profiles (Koopmann & Kenney 2004) can unveil the extent and
concentration of the star formation spatially, whether it is being
enhanced or suppressed in different regions of the galaxies and if it
is related to the concave regions we see in the F606W passband.
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APPENDIX: ATLAS

In this section, we show in Figs Al, A2 and A3 the HST F606W
stamps for the ram-pressure stripping candidates with the segmented

1D 9524

ID 11827

Morphometry of jellyfish galaxies 49
region shown as white contours, the morphometric trail vectors
shown as red arrow and the visually assigned trail vectors shown

as white arrows. As in Fig. 1, the peak of light is represented by a
blue cross and the centre of light is represented by a red cross.
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Figure Al. JClass 5.
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Figure A2. JClass 4.
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Figure A3 - continued

This paper has been typeset from a TEX/IATEX file prepared by the author.

MNRAS 500, 40-53 (2021)

220z Aieniga4 60 uo 1senb Aq ¥/5826S/0%/1/00S/211le/seluw/woo dno olwapese//:sdiy Woll papeojumo(]



