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1 INTRODUCTION

ABSTRACT

We use the [llustrisTNG simulations to study the demographics and properties of jellyfish
galaxies in the full cosmological context. By jellyfish galaxies, we mean satellites orbiting in
massive groups and clusters that exhibit highly asymmetric distributions of gas and gas tails.
In particular, we select TNG100 galaxies at low redshifts (z < 0.6) with stellar mass exceed-
ing 105 M, and with host halo masses in the range 103 < Mgo./ Mg < 10146, Among
more than about 6 000 (2 600) galaxies with stars (and some gas), we identify 800 jellyfish
galaxies by visually inspecting their gas and stellar mass maps in random projections. Namely,
about 31 per cent of cluster satellites are found with signatures of ram-pressure stripping and
gaseous tails stemming from their main luminous bodies. This is a lower limit: the random
orientation entails a loss of about 30 per cent of galaxies that in an optimal projection would
otherwise be identified as jellyfish. Furthermore, jellyfish galaxies are more frequent at in-
termediate and large cluster-centric distances (r/Ragoc =, 0.25), in more massive hosts and
at smaller satellite masses, and they typically orbit supersonically. The gaseous tails usually
extend in opposite directions to the galaxy trajectory, with no relation between tail orientation
and position of the hosts center. Finally, jellyfish galaxies are late infallers (< 2.5 — 3 Gyrs
ago, at z = () and the emergence of gaseous tails correlates well with the presence of bow
shocks in the intra-cluster medium.

Key words: methods: numerical — galaxies: evolution — galaxies: clusters: general — galaxies:
groups: general — galaxies: clusters: intracluster medium — cosmology: theory

mental). Internal processes are mostly related to those interactions

The study of the evolutionary transformations of galaxies, particu-
larly with large samples, has the promise to shed light on the past
and fate of both the Universe as a whole, on the largest scales,
as well as of our Milky Way and local neighborhood, on smaller
scales. Despite the inherent complexity and multitude of relevant
physical mechanisms, it has been recognized for several decades
that the processes that transform galaxies broadly fall into two cat-
egories: internal (also known as secular) and external (or environ-
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among a galaxy’s constituents that happen inside a galaxy itself,
e.g. feedback from the central supermassive black holes or active
galactic nuclei (AGN), explosions of supernovae (SNe), star for-
mation and stellar winds, stellar radial migration, etc. On the other
hand, external processes occur because galaxies do not generally
form and evolve in isolation, but can interact with other galaxies
and with the cosmic dark matter and gas that permeates their sur-
roundings. Examples of environmental processes are galaxy-galaxy
mergers (Toomre & Toomre 1972), ram-pressure and tidal stripping
(Gunn & Gott 1972; Dressler & Gunn 1983), harassment (Moore
et al. 1995), and starvation or strangulation (Larson et al. 1980).



2  Yunetal

Many environmental processes are typically in action in the
high-density environments that can be found within the gravita-
tional potential wells of massive groups and clusters of galaxies,
by which we generally mean gravitationally-collapsed structures
with total mass exceeding about 10'® M. The pervasive gas of
the intra-group and intra-cluster volumes and the proximity to other
galaxies, especially the massive brightest cluster galaxies that dom-
inate the potential, affect the lives and properties of satellite galax-
ies that orbit within such massive haloes. For instance, vigorous en-
vironmental interactions have been observationally suggested to re-
sult in dramatic morphological transformations, producing for ex-
ample the density-morphology relation of cluster galaxies (Dressler
1980), for which the fraction of spheroidal-like galaxies is higher
towards cluster centers rather than in their outskirts. Overall, modi-
fications to the morphology, star formation activity, color, and stel-
lar mass and gas content of group and cluster galaxies in com-
parison to similar galaxies in the field has been observed both in
small samples of well-resolved galaxies (e.g. Haynes et al. 1984;
Couch & Sharples 1987; Ellingson et al. 2001; Boselli & Gavazzi
2006; Jaffé et al. 2015) as well as in statistical samples of large sur-
veys like the Sloan Digital Sky Survey (SDSS, Kauffmann et al.
2004; Peng et al. 2010) and the Galaxy And Mass Assembly survey
(GAMA, Alpaslan et al. 2015).

Among observations at high spatial resolution, extreme ex-
amples of galaxies undergoing transformations because of the in-
teraction with their environment have been identified, mostly in
galaxy clusters and at low redshifts. In particular, galaxies exhibit-
ing highly asymmetric distributions in the continuum or in the gas
or clear signatures of ram-pressure stripping have been called ‘jel-
lyfish’ galaxies (Ebeling et al. 2014; Fumagalli et al. 2014, via ob-
servations with the Hubble Space Telescope, HST, and the Multi
Unit Spectroscopic Explorer, MUSE, respectively) because of the
extended gaseous ‘tails’, ‘wakes’ or ‘fentacles’ stemming from
their main luminous bodies. In fact, transitional galaxies in the act
of being stripped of their gas had been observed across a wide
range of wavelengths and gas phases: in HI (e.g. Vollmer et al.
1999; Kenney et al. 2004; Chung et al. 2007; Jaffé et al. 2015), Ha
(e.g. Yoshida et al. 2002; Yagi et al. 2010; Vulcani et al. 2015; Fos-
sati et al. 2016; Sheen et al. 2017), in cold and molecular gas (e.g.
Vollmer et al. 1999; Jachym et al. 2014, 2017), in X-ray (Forman
etal. 1979; Randall et al. 2008; Su et al. 2017), and also in the opti-
cal and UV (e.g. Owen et al. 2006; Cortese et al. 2007; McPartland
et al. 2016; Poggianti et al. 2016; Vulcani et al. 2018).

More recently, ambitious programs like GASP (GAs Strip-
ping Phenomena in galaxies with MUSE, Poggianti et al. 2017)
and VESTIGE (the Virgo Environmental Survey Tracing Ionised
Gas Emission, with the MegaCam at the Canada-France-Hawaii
Telescope, Boselli et al. 2018) are returning unprecedentedly-large
samples of tens of jellyfish galaxies detected in ionized gas. Such
observations are convincingly showing that ram-pressure stripping
and the hot and dense intra-cluster medium (ICM) are mainly re-
sponsible for the formation of jellyfish galaxies, a hypothesis sup-
ported by theoretical studies (Gullieuszik et al. 2017).

Theoretical works based on numerical simulations (e.g.
Roediger & Briiggen 2007; Bekki 2009; Tonnesen & Bryan 2010;
Smith et al. 2013; Bekki 2014) have enabled detailed and exten-
sive studies of the formation of jellyfish galaxies that are otherwise
infeasible with observations. For instance, wind-tunnel simulations
have clearly shown that a fast-moving and dense medium can strip
the gas from a galaxy’s body, hence producing gaseous tails similar
to those seen in observations, for both disk and elliptical galax-
ies (e.g. Tonnesen & Bryan 2010; Hel & Springel 2012; Roediger

et al. 2015a,b; Steinhauser et al. 2016). The ram pressure generated
by the moving medium operates as a pressure force that causes the
gas bounded by the potential well of the galaxy to move out and
to be stretched asymmetrically in one direction. Simulations have
shown that environmentally-driven interactions can play a signifi-
cant role in deforming the distribution of gas in a galaxy, the details
also possibly dependent on the magnetisation of both the medium
and galaxy gas (Tonnesen & Stone 2014).

Wind-tunnel tests have become progressively more sophisti-
cated in both numerical resolution and in the physical mechanisms
included within their test galaxies; furthermore, they guarantee a
high-level control and fine-grained manipulation of the physical
processes at play. However, they are inevitably constrained by their
limited initial and boundary conditions, i.e. setups that cannot prac-
tically reproduce the enormous variety of galaxy properties, ICM
properties, orbital configurations, and evolving conditions of group
and cluster galaxies that are observed in the Universe. To overcome
these limitations, cosmological simulations that develop from the
initial conditions left just after the Big Bang and Inflation and that
follow the coevolution of hundreds and thousands of galaxies in
different environments are of the essence.

Modern hydrodynamical simulation campaigns of large cos-
mological volumes like Illustris (Vogelsberger et al. 2014a,b; Genel
et al. 2014), EAGLE (Evolution and Assembly of GalLaxies and
their Environments, Schaye et al. 2015; Crain et al. 2015), and
earlier GIMIC (Galaxies — Intergalactic Medium Interaction Cal-
culation, Crain et al. 2009), have been used to investigate and inter-
pret the statistical properties of galaxies in different environments
and to contrast properties of satellites vs. central galaxies. How-
ever, such studies (e.g. Sales et al. 2015; Mistani et al. 2016; Genel
2016; Bahé et al. 2012, 2013; Bahé & McCarthy 2015; Jung et al.
2018) have mostly focused on integral properties of group and clus-
ter galaxies, without providing insight about their structural mor-
phologies. Others, instead, have examined lower-mass halo hosts,
including studies based on zoom-in simulations of Milky-Way like
galaxies (e.g. with NIHAO, Auriga or APOSTLE; Buck et al. 2018;
Simpson et al. 2018; Fattahi et al. 2018). With this paper we aim to
fill this gap and use the IllustrisTNG simulations (Illustris-The Next
Generation, Pillepich et al. 2018b; Naiman et al. 2018; Nelson et al.
2018a; Marinacci et al. 2018; Springel et al. 2018) to provide the
first comprehensive numerical study of jellyfish galaxies in groups
and clusters in the full cosmological context.

MustrisTNG is a suite of simulations that includes gravity,
magneto-hydrodynamics (MHD) and baryonic processes and that
hence model the formation and evolution of galaxies within the
ACDM paradigm. As extensively quantified in Pillepich et al.
(2018b), the highest-resolution run that is currently available,
TNG100, samples thousands of well-resolved galaxies orbiting in
hundreds of massive group- and cluster-size haloes, hence provid-
ing a rich set of simulated galaxies — spanning a wide range of
properties and orbital configurations — to study the effects of high-
density environments and stripping phenomena.

Among the questions we aim to address are the follow-
ing. What is the frequency of satellite galaxies that exhibit
highly-asymmetric gas distributions? Do jellyfish galaxies natu-
rally emerge in the full-physics cosmological simulations and, if
so, what are the physical processes responsible for their formation?
What is their distribution and incidence in terms of satellite and
host mass and as a function of cluster-centric distance? How does
their frequency evolve with redshift? What physical conditions are
needed to have such strongly ram-pressure stripped galaxies? i.e.
is the interstellar medium (ISM) and/or the circumgalactic medium
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(CGM) of satellite galaxies stripped? And what are the orbital con-
ditions for satellite galaxies to exhibit gas tails at the time of obser-
vations (e.g. satellite speed, infall times, and physical properties of
the surrounding ICM)?

This paper attempts to answer these questions and is struc-
tured as follows. In §2, details of the cosmological simulation used
in this study are provided together with the criteria adopted to se-
lect our simulated galaxy samples. We also describe the operational
measurement of relevant physical quantities, like the Mach number
of the satellite motions through the ICM, the ram pressure they
experience, and the characterization of their gaseous asymmetries
or tails. The visual identification of jellyfish galaxies in TNG100
is extensively described in §3, together with a number of galaxy
stamps depicting gas density and stellar mass projections extracted
from our cosmological volumes. In §4, we demonstrate four main
results about jellyfish galaxies: their demographics in redshift and
in satellite and host mass, their distributions in the cluster phase-
space and Mach number vs. ram pressure diagrams, and the fun-
damental characteristics of their tail directions. In §5, we discuss
our findings and expand upon them by quantifying the limitations
of random orientation for jellyfish-galaxy identification and by un-
covering an observationally-viable connection between supersonic
motions and bow shocks in the ICM. Finally we summarize and
conclude in §6.

2 SIMULATIONS, METHODS, AND DEFINITIONS
2.1 The IustrisTNG simulations

To search for and study jellyfish galaxies we use the outcome of the
TNG100 simulation, one of the three flagship simulations of the
IustrisTNG project (llustris-The Next Generation, Nelson et al.
2018a; Marinacci et al. 2018; Springel et al. 2018; Pillepich et al.
2018b; Naiman et al. 2018).

MMustrisTNG' is a suite of gravity and magneto-
hydrodynamical simulations of uniform large volumes, of
varying size and resolution, run with the moving-mesh code
AREPO (Springel 2010) within the framework of a ACDM
cosmological model (with the following parameters: mat-
ter density O = Qam + Qb = 0.3089, baryonic density
Qy, = 0.0486, cosmological constant 24 = 0.6911, Hubble con-
stant Hyp = 100h kms™! Mpcf1 with h = 0.6774, normalization
og = 0.8159 and spectral index ns, = 0.9667).

They follow the co-evolution of cold dark matter (DM), cos-
mic gas, and magnetic fields from high redshift to the current time,
while including many physical processes that lead to the forma-
tion of galaxies and their co-evolution. These include gas density-
threshold star formation; evolution of stellar populations repre-
sented by star particles; chemical enrichment of the interstellar
medium (ISM) and the tracking of nine different chemical elements
(H, He, C, N, O, Ne, Mg, Si, Fe); gas cooling and heating; feed-
back from supernovae in the form of galactic winds; seeding and
growth of supermassive black holes and the injection of energy and
momentum from them into the surrounding gas. The IllustrisTNG
galaxy-formation model (see Weinberger et al. 2017; Pillepich et al.
2018a, for details) is an updated version of the Illustris one (Vogels-
berger et al. 2013; Torrey et al. 2014).

In these calculations, the hierarchical growth of haloes and
galaxies, galaxy mergers, cosmic gas accretion into haloes, tidal

1 www.tng-project.org
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and ram-pressure stripping, and dynamical friction all occur nat-
urally, following from the solution of the equations of gravity
and hydrodynamics in an expanding Universe with gravitationally-
collapsing structures. The AREPO code combines both the Galilean-
invariance typical of Lagrangian codes with high-order flux cal-
culations typical of Eulerian methods: it hence leads to a more
numerically-accurate treatment of the interactions between fast-
moving fluids and of shocks. The improved handling of fluid in-
stabilities in AREPO, compared to e.g. classical smoothed particle
hydrodynamics codes, ensures a better description of the generation
of entropy due to mixing, of vorticity in curved shocks and leads
to more efficient and realistic gas stripping from infalling substruc-
tures (Sijacki et al. 2012; Hef} & Springel 2012).

The choices underlying the feedback schemes in IllustrisSTNG
are such that basic, fundamental, observed galaxy properties and
statistics are reproduced to a reasonable degree of accuracy, e.g.
the galaxy stellar mass function, the total gas mass content within
the virial radius of massive haloes, and the stellar mass — size re-
lation, all at z = 0 (see Pillepich et al. 2018a, for a full list and
discussion). In fact, the IllustrisTNG model has been shown to re-
turn reasonable, observationally consistent results beyond the ones
adopted to develop the model, both from a statistical perspective
as well as in the galaxy structures: e.g. the emergence of a popula-
tion of quenched galaxies (Weinberger et al. 2018), the shapes and
widths of the red sequence and the blue cloud as compared to SDSS
galaxies (Nelson et al. 2018a), the spatial clustering of both red and
blue galaxies separately from tens of kpc to tens of Mpc separations
(Springel et al. 2018), the stellar sizes of low and intermediate mass
galaxies up to z ~ 2 (Genel et al. 2018), the distribution of metals
in the intra-cluster plasma (Vogelsberger et al. 2018), the evolution
of the gas-phase metallicity vs. galaxy mass relation (Torrey et al.
2018), the OVI content of the circumgalactic media around galaxies
(Nelson et al. 2018b), and even the observed fraction of cool core
clusters (Barnes et al. 2018). This makes the IllustrisTNG simula-
tions ideal tools to further investigate specific galaxy-evolutionary
scenarios, like the loss of gas in orbiting group and cluster galaxies.

In this study, we mainly focus on the results of the TNG100
simulation, a 111 Mpc box with a gas-cell and stellar-particle mass
resolution of 1.4 x 10° Mg, kept fixed at all studied redshifts.
In TNGI100, the average gas cell size within the star-forming re-
gions of galaxies is of a few hundreds of parsecs and the gravita-
tional softening length of all resolution elements is at most 755
pc, kept constant in the z = 0 — 1 range (see Appendix A of
Nelson et al. 2018b, for more details on the resolution character-
istics of the TNG100 run). This was run with the same resolu-
tion and initial conditions (except for small changes in the cos-
mological parameters) as the original Illustris simulation (Vogels-
berger et al. 2014a,b; Genel et al. 2014) but with updated as-
pects of the galaxy-physics model, chiefly the modelling of mag-
netic fields, the inclusion of black-hole driven winds, and modi-
fications to the galactic-scale winds driven by supernovae. At the
current epoch, TNG100, contains ~ 10 Virgo-sized galaxy clus-
ters (Ma2ooc ~ 1 —4 x 10 Mg ) and about 2 000 Milky Way-mass
haloes as centrals, in addition to thousands of less-massive galaxies,
both satellites of larger objects as well as in the field (see Pillepich
et al. 2018a for an overview of the most massive objects and their
stellar mass contents in TNG100).
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2.2 The galaxy sample and definitions

Distinct haloes, and the subhaloes which inhabit them, are identi-
fied with the Friends-of-Friends (Davis et al. 1985) and SUBFIND
(Springel et al. 2001) algorithms, respectively.

For each FoF host halo, we define a ‘virial’ radius, R20oc, as
the radius within which the total mean density is equal to a factor of
200 times the critical density of the Universe, centred at the posi-
tion of the most-bound resolution element within the FoF. The total
mass enclosed within this radius is denoted as MESst. We call, in-
terchangeably, groups or clusters of galaxies or massive hosts those
(FoF) haloes with total mass exceeding 10*® Mg. At z = 0 alone,
TNG100 samples 182 hosts above such total-mass limit, the most
massive one reaching 3.8 x 10" M, (Pillepich et al. 2018b).

Within each FoF halo, subhaloes identified by the SUBFIND
algorithm contain all the resolution elements (gas cells, stellar par-
ticles, DM particles, etc.) which are gravitationally bound to the
subhalo: these elements are by extension members of the FoF host
halo as well. In our framework, galaxies are subhaloes with non
vanishing stellar mass: throughout this paper, a galaxy stellar mass
is the sum of all stellar particles within twice the stellar half-mass
radius (ry/2). The position of a galaxy is the position of the most-
bound resolution element in the subhalo which, often but not al-
ways, corresponds to the center of the galactic stellar distribution.

As we are interested in examining the environmental pro-
cesses acting on satellite galaxies within massive groups and clus-
ters, we limit our study to a sample of galaxies found in host FoF
haloes of mass 10*® M, or greater, and at a distance of no more
than one virial radius (Rz200c) from the host center: these are called
satellite galaxies and we exclude from this analysis central galax-
ies, namely those subhaloes whose position coincides with the FoF
center. We consider only well-resolved galaxies in our sample, i.e.
galaxies that are resolved by at least about 3 000 stellar particles (in
addition to gas and DM elements): this corresponds to a lower limit
on the stellar mass of 10%-° M,

However, to search for galaxies with signatures of gas strip-
ping, we will restrict the sample to a sub-sample of galaxies which
contain at least some gas within the galactic radius (twice the stellar
half-mass radius).

In what follows and to summarize, we define a sample of ‘all
satellites’ containing all the TNG100 satellite galaxies which obey
the following criteria:

(i) Msgse > 10" Mg
(i) Galaxy position within host < Ragoc (in 3D)
(iii) Mstars > 1092 M.

In addition, a sub-sample ‘all satellites with gas’ is defined as
TNG100 galaxies which satisfy the above conditions and in addi-
tion

(IV) Mgas/Mstars > 001,

where Mg, is the mass of gas found within twice the stellar half
mass radius of the satellite, at any given time. For the adopted
stellar mass limit, this corresponds to a minimal amount of about
3 x 107 Mg, of gas in a galaxy.

We focus on four snapshots of the simulation at redshifts of
z = 0,0.2,0.4, and 0.6, and enforce the above criteria on each
snapshot separately. We report the sample sizes for each snapshot
in Table 1, top two rows, and Figure A1l. Though it stands to reason
that a substantial number of the galaxies in a high-redshift snapshot
are the progenitors of galaxies found at lower redshifts, we ignore
any such links between the galaxies across the snapshots and treat

TNG100: # of galaxies z=0 0.2 0.4 0.6  Total
All satellites 1707 1584 1507 1268 6066
All satellites with gas 511 641 746 712 2610
Jellyfish galaxies 196 193 214 197 800
Jellyfish / all satellites 0.11 0.12 0.14 0.16 0.13

Jellyfish / all satellites with gas ~ 0.38 03 029 028 031

Table 1. The galaxy sample used in this study. Shown are the total number
of ‘all satellites’ which pass the sample criteria listed in section 2.2, the
sub-sample of satellites which contain gas within the galactic radius, and
the number of confirmed jellyfish galaxies, for the 4 redshifts studied in this
paper. In the bottom two rows we show the fractions of jellyfish galaxies
with respect to all satellites, and to all satellites with gas.

each snapshot as an independent sample of galaxies, much as an
observer would. Cumulatively, from these four snapshots the simu-
lation provides a sample of 6 066 galaxies, of which 2610 contain
some gas.

It is important to note that the two samples (all satellites vs. all
satellites with gas) have different distributions in stellar mass, host
mass and redshifts: see Fig. Al. Over all host masses, satellites with
gas are slightly less frequent (relatively to the whole population)
at lower redshifts than at high redshifts, at fixed minimum galaxy
stellar mass. At all times, the number fraction of satellites with gas
with respect to the whole satellite sample is a strongly decreasing
function of host mass and is a non monotonic function of a galaxy’s
stellar mass or satellite-to-host total mass ratio.

2.3 Property measurements

In the following sections, we identify jellyfish galaxies from the
population of satellites with gas and study their properties in the
context of their environment. To this end, we calculate three physi-
cal properties that can shed light on the relationships between satel-
lite galaxies, their gas content, and their immediate environment:
the Mach number of the galaxy motion within the medium (M),
the ram-pressure exerted by the medium on the gaseous component
in the galaxy, and the orientation of a gaseous tail (if one is present)
emanating from the galaxy.

2.3.1 Satellite gas, medium gas, and relative velocities

Throughout the text, and unless otherwise noted, we define ‘satel-
lite gas’ as the ensemble of all gas cells that are gravitationally
bound to a satellite subhalo based on the SUBFIND algorithm.

We define the ‘medium gas’ around a given satellite as all the
gas cells that are part of the host halo, based on the FoF classifi-
cation, found within 20 times the satellite’s stellar half mass radius
(r1/2) and that are not gravitationally bound to any subhalo (be-
sides the central one) within the FoF under consideration. From the
medium budget, we hence exclude both the satellite gas as well as
the gas of any neighboring galaxy within the considered aperture.
This medium gas represents the local ICM through which a satel-
lite is moving: for the typical galaxy in our sample, the 20 x ry /o
aperture corresponds to ICM patches of about 100 kpc of diame-
ter, within hosts that extend for many hundreds of kpc, but it can
be larger for the more massive and extended galaxies. On the other
hand, the ‘satellite gas’ includes all gas that is found within twice
the galaxy’s stellar half mass radius and beyond. We will comment
on the impact of these particular choices in the following sections.

MNRAS 000, 1-22 (2018)



In general, a subhalo moves through the ICM with a certain
speed. We define the galaxy bulk (or systemic) velocity of a satellite
as the mass-weighted mean velocity of all its SUBFIND resolution
elements: we use this in sections 4.2.1 and 4.3. Furthermore, this
can be evaluated in the reference system of the whole FoF host (e.g.
with respect to the velocity of the central galaxy, in turn obtained as
the mass-weighted velocity of its gravitationally-bound resolution
elements, as in Fig. 5) or in the reference system of the surrounding
medium gas (see below).

Importantly, for the calculations of Mach numbers and ram
pressure, we use the relative velocity between the satellite gas
(Usatellite gas) and the medium gas. We define the typical velocity
of the medium gas, Vmedium, by finding, for each velocity compo-
nent separately, the median value of all medium gas cells around a
satellite, i.e. the FoF gas cells within 20 times the stellar half mass
radius of the satellite (see above). As the gas cells are forced to have
similar masses within a factor of two, this choice is quantitatively
very similar to a mass-weighted mean.

The scalar magnitude of the relative velocity of the gaseous
component of a satellite with respect to its surrounding medium is
measured as follows:

-
Urel = Mode (lvsatcllitc gas mcdium') . (1)

Namely, for all satellite gas cells we take the norm of their relative
velocities with respect to the typical medium velocity and for the
resulting distribution, we take the mode. These choices are dictated
by the fact that both medium and satellite gas are characterized by
distributions of values for their velocities from which we need to
distill a single, characteristic value. To do so, we elect to use the
‘mode’ of the distribution, which is defined to be the most com-
mon value, i.e. the peak of the histogram for the distribution. The
advantage of using this measure when dealing with distributions of
gas quantities, rather than the mean or median, is that it is the value
that best represents the majority of the gas cells and is not sensitive
to distributions which are possibly heavily skewed or multi-modal.
We have verified the mode values used in this work to be stable
against binning choices.

2.3.2  Mach number

The Mach number (M) is an important indicator of the interaction
between a galaxy and the medium through which it is travelling.
Galaxies moving at supersonic velocities, i.e. M > 1, will pro-
duce discontinuous features in the fluid such as shocks and contact
discontinuities, whereas for subsonic motions, M < 1, the sonic
waves that travel ‘downstream’ allow for smooth changes in the
properties of the medium. In general, the Mach number is defined
as the ratio between the speed at which an object moves relative to
a fluid and the sound speed of the fluid,

M= et @)
Cs

where the sound speed is given by

_|ap P kT
S=ENBy TV, T ) €))
Pl p pmy

where P, p, and T are the pressure, density, and temperature re-
spectively. The second and third equalities are valid for an ideal
gas equation of state, which is used in our simulation with an adi-
abatic index of v = 5/3 for a mono-atomic gas. The factor kg is
the Boltzmann constant and pum,, ~ 0.59 m,, is an average particle
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mass appropriate for the ICM (m, being the proton mass). In these
estimates of the gas Mach number, we ignore the modifications due
to magnetic fields.

To calculate the Mach number of the gas in a satellite galaxy
we must identify the velocity of said gas with respect to the ambient
gas and determine the sound speed of the medium. We take the
relative velocity as defined in eq. (1). In addition, we also calculate
the sound speed for each gas cell in the medium by means of eq. (3).
The definition of the Mach number in our study is therefore

— Urel
= )
Mode (Cs,medium)

@

where we again take the ‘mode’ of the distribution of the sound
speed of the gas cells in the medium surrounding a satellite,
Cs,medium- We adopt the same operational definition of sound speed
in eq. (3) whether the gas is star forming or not: in fact, our defi-
nition of medium gas is such that essentially no star-forming gas is
included in the measurement of the sound speed of the medium.

2.3.3  Ram pressure

The physical process for gas removal most commonly linked to the
formation of jellyfish galaxies is stripping due to the ram-pressure
exerted by ICM due to the motion of the galaxy within the medium.

‘We obtain a measure for the ram pressure acting on the galax-
ies in the simulation based on the equation (Gunn & Gott 1972):

Pram = Mode (pmedium) X vzela (5)

where pmedium 1S the density of the medium gas cells and the rela-
tive velocity is defined above. Once again we use the ‘mode’ of the
density and velocity distributions to find a representative value for
these parameters.

2.3.4  Orientation of the gaseous tails

One of the defining characteristics of a jellyfish galaxy is an ex-
tended gaseous ‘tail’ emanating from the galaxy. In our analysis
we wish to compare the tail orientation to other ‘vector directions
of interest’, e.g., the direction of the satellite motion, the direction
to the host, the galaxy spin orientation etc. (see §4.3). In fact, any
asymmetric gas distribution can be characterized by an orientation
vector, even if a pronounced tail is not present.

We hence define the orientation of gas tails or asymmetries by
considering, for any given galaxy, the satellite gas in a shell be-
tween four and twenty times its stellar half mass radius and calcu-
lating its density-weighted mean position with respect to the galaxy
center:

Tpail = Z pifz'/ Z Piy (6)

|Z;]1€[4,20]ry /2 |Z;|€[4,20]ry /2

where p; and Z; denote the density and position of individual gas
cells, respectively. Since the gas stripped from a galaxy is usually
much denser than the medium, this measure provides a good esti-
mate of the orientation of a tail. We have also considered different
choices, as for example by increasing the minimum boundary for
the tail from 2 x 71 /5 to a larger multiple and by weighting the aver-
age differently: we will comment on these in the following sections.
Furthermore, we have decided to consider only the gravitationally-
bound gas for the tail-direction measurement. Gaseous tails may
include material that is not (anymore) gravitationally-bound to the
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Figure 1. A sample image of one of the simulated galaxies used for the visual inspection and representing a poster-child jellyfish galaxy. The left-hand image
shows the gaseous column density (color-map) and stellar column density (black contours), projected along a randomly selected direction. The right-hand
image shows the same galaxy with the background density subtracted. The image size is 40 times the stellar half mass radius. Black contour lines show the
85, 80, 75, and 70 per cent levels of the maximal stellar column density. The radius of the dashed cyan circles is twice the stellar half mass radius, the dashed
green circles denote the twice gas half mass radius, and the white dashed circles have a radius of 30 kpc (comoving) from the center of the galaxy. The virial
mass of the host, Mzhé’gg, the stellar and gas mass of the galaxy are shown in the top-left corner while the redshift and information on the simulation snapshot
and ID numbers of the host and galaxy in the simulation catalogues are shown on the bottom-left.

satellite they stem from; nevertheless, we find, through visual veri-
fication, that the estimates of the tail direction are more stable and
meaningful if only the gravitationally-bound gas is considered in
eq. (6). Finally, it is important to note that, even in the absence of
a tail, the above measure may give a non-zero result since this can
occur only for a perfectly-spherical density distribution around the
satellite. For almost-symmetric gas distribution, the “tail” vector
will essentially assume a small value with random orientation.

3 JELLYFISH VISUAL IDENTIFICATION

We identify jellyfish galaxies via a visual inspection of galaxy im-
ages produced for each object in the ‘all satellites with gas’ sample
(see §2.2).

Here the meaning of what a jellyfish galaxy is should be inter-
preted loosely: in practice, we are interested in galaxies with strong
signatures of ram-pressure stripping i.e. gas distributions that are
clearly asymmetric in one direction around a galaxy. Moreover, we
want to mimic what an observer would do, by inspecting the dis-
tribution of the gas in a random projection after having identified
a satellite galaxy possibly via optical imaging, i.e. via its stellar
light. This is why our parent sample comprises satellite galaxies
with a non-vanishing stellar mass. However, in what follows, we
will consider all gas, without distinguishing between cold, cool, or
star-forming gas, as would be the case for molecular, HI or Ha
observations, respectively. Note that visual inspection is common
practice in observational astronomy and there are no reasons not
to attempt it with simulation data. Visual classifications of optical
galaxy features have been successfully applied to thousand-strong

galaxy samples (e.g. with the Galaxy Zoo project?) and it is thus
far the main identification approach for jellyfish galaxies in obser-
vational data, e.g. within the GASP and VESTIGE programs (see
Introduction).

For each galaxy in the sample, we extract a box of 40 times
the stellar half-mass radius on a side, centered on the galaxy, and
create color-maps of the gas column density, overlaid with contours
representing the stellar density (85, 80, 75, and 70 per cent of peak
stellar density), by projecting these values along the z-axis of the
simulation box — hence a random projection for each galaxy. The
host and galaxy mass, as well as information on the ID numbers of
the host and galaxy in the simulation catalogues is also shown. Each
image consists of 800 x 800 pixels and thus each pixel size for the
average galaxy in our sample corresponds to about 0.25 — 0.35
kpc a side (in comoving units, as throughout the paper). The gas
density field, sampled by point-like mass elements with coordinates
placed at the Voronoi mesh-generating points, is smoothed via a
convolution with a simple Gaussian kernel whose size is linearly
proportional to the mean radius of the gas cells over the closest
10 pixels. In practice, the spatial resolution of the galaxy images
is adaptive and depends on the imaged density field and galaxy’s
extent. However, the choices are implemented unchanged across
redshifts and the above-mentioned pixel size of about 0.25 — 0.35
comoving kpc represents a fixed “rest-frame” spatial resolution of
the images at both = = 0 and z = 0.6. We hence put ourselves in
the best possible conditions to identify jellyfish galaxies, without
mimicking any possible bias affecting observational studies across
redshifts.

2 http://zool.galaxyzoo.org/Project.aspx
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Figure 2. Gallery of some of our simulated galaxies, arranged in columns according to scores of 5, 4, 2, and 0, from left to right, according to our visual
inspection. The images are all un-subtracted maps of the gas column density, overlaid with stellar density contours as shown in the left-hand side of Fig. 1,
with identical designation of lines and circles. The galaxy score shows how many independent Inspectors deemed the galaxy to be a jellyfish galaxy ba
the visual classification criteria described in §3.
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Fig. 1 shows an example of what we consider a poster-child
jellyfish galaxy in TNG100, with a gaseous disk out of which a
tail longer than 50 — 60 kpc is clearly manifest with an otherwise
unperturbed stellar body. In Fig. 2 other examples of galaxies that
went through the visual classification are given.

In addition to images in which we show all the gas in the vol-
ume (Fig. 1, left) we also produce images in which the background
density is subtracted (Fig. 1, right). This is done by subtracting
from the image the mean gas column density for all gas cells in
the box found beyond twice the gas half mass radius (shown as a
green circle in Fig. 1). As can be seen in the figure, the gas strip-
ping features are much more prominent in the subtracted image,
and in some cases the subtraction reveals features which would be
otherwise indiscernible in the un-subtracted images.

Perusal of the thousands of galaxies in our sample reveals
a wide variety of gaseous features of different shapes and sizes.
Galaxies with prominent stripping features and ‘tails’ are easily
identified as jellyfish galaxies, as can be seen in the leftmost col-
umn of Fig. 2, while galaxies which lack any such features can
easily be excluded from the jellyfish sample (rightmost column of
Fig. 2). However, visual inspection by its nature is subjective and
depends on a given Inspector®, and thus there are many galaxies
in which the jellyfish classification is not straightforward and may
be subject to Inspector bias (middle columns of Fig. 2). In fact, in
the chaotic environment of groups and clusters of galaxies, com-
plex gas distributions are very frequent and here the aim is to avoid
those cases where the gas is stripped because of tides rather than
the ram pressure or where the satellite gas distribution is caused by
an ongoing merger or a companion.

To overcome this issue and achieve a classification not prone
to bias from a single Inspector, all galaxies were inspected by 5 dif-
ferent Inspectors, who performed the classification independently
and gave each galaxy in the sample a score of 1 (jellyfish) or 0
(non-jellyfish). Before classifying the galaxies, a set of general cri-
teria were established for giving to a galaxy the label “jellyfish™:

e An asymmetric gas distribution stretched in one preferred di-
rection is manifest in the stamp.

e Gas tails/wakes (i.e. portions of asymmetric gas) should be
“attached” to the main body of the galaxy.

e No galaxy companion within the field of view is obviously
interacting with the subject.

In addition, a few test cases were discussed jointly by the Inspectors
to achieve a common baseline for the classification.

For each galaxy, the final score was obtained by adding up the
classification score of the 5 Inspectors, resulting in a score ranging
between 0 for a galaxy which none of the Inspectors judged to be a
jellyfish galaxy, and 5 for a galaxy that was unanimously identified
as a jellyfish galaxy. In all the quantitative analysis that follows,
the term ‘jellyfish galaxy’ or ‘jellyfish sample’ refers to the 800
galaxies (out of the 2610 galaxies in the sample) which have a
score of 5, i.e. deemed to be a jellyfish galaxy by all Inspectors.

In Table 1 we report the number of jellyfish galaxies at each of
the 4 redshifts we analyzed as well as the fraction of jellyfish galax-
ies compared to the ‘All satellites’ sample and the ‘All Satellites
with gas’ sample. In Fig. 3, we show the distribution of scores for
the entire sample of ‘All satellites with gas’, spanning all 4 redshifts
considered here and peaking at the lowest and highest scores. The
bimodal distribution shows that there is general consensus (among
the Inspectors) on what constitutes a jellyfish galaxy and also what
does not. Indeed, this evident bimodal distribution shows that we
call jellyfish galaxies those galaxies which are unequivocally asym-

metric on scales larger than the visible bulk stellar mass or gas mass
distribution. Yet, much of the bimodality is the result of some of the
choices we imposed a priori, e.g. the exclusion of ongoing interac-
tions and mergers and of those cases where the distribution of gas
within and around a satellite was too confused or disturbed. How-
ever, there is a considerable number of galaxies (about 30 per cent,
cumulatively) of intermediate scores, which attest to the complex
and subjective nature of visual classifications, when performed by
humans. Interestingly and reassuringly, we have found that no sin-
gle Inspector is particularly biased in finding asymmetric gaseous
tails or distributions.

In Fig. 2 we present 20 representative examples of galaxies
of various scores to highlight the choices and challenges associated
with the visual classification. The images are arranged in 4 columns
of score 5, 4, 2, and 0, from left to right. All the images in the left-
most column, of score 5, show well-defined tails which extend out
from the galaxy’s main body. In the images in the second from left
column, of score 4, while some of the galaxies do show tail-like
features, it is hard to determine whether they are indeed tails or
irregular features as in the top and bottom images. In some cases
there is more than one tail-like feature (second from top) while in
some, the features are small or appear to be disconnected from the
main body of the galaxy (third and fourth from top). In the images
in the third column from the left, of score 2, one still finds asym-
metric gas features but one would be hard put to define a direction
of motion based on them. The right-most column, of score 0, shows
galaxies with either a largely symmetric gas distribution which at-
test that external forces are not disturbing the gas, or with galaxy
companions that hence have been excluded by construction, or even
with a very small, negligible gas content for which no spatial distri-
bution is manifest. The galaxy on the top right panel of Fig. 2 is, for
example, a possibly controversial case. In our approach, it does not
satisfy the second criterion, i.e. the need for the asymmetric tails
to be “attached” to the main body of the galaxy: indeed, none of
the visual Inspectors has dubbed it jellyfish. However, we note that
several such examples in the literature have been commonly called
jellyfish galaxies. This attests at the complexity of visual classifica-
tions and possibly suggests that the criteria adopted here are more
conservative than others in the literature.

Additional examples of jellyfish galaxies from TNG100 (i.e.
score = 5 galaxies) can be found in Figs. B1 and B2. Note that we
do not make any distinction based on a galaxy (stellar) morphol-
ogy, and indeed our jellyfish sample contains both disk-like (e.g. in
Fig. 2 and Fig. B1, bottom row, first and third stamp from the left)
and seemingly spheroidal galaxies (Fig. B1, right column, second
and third from the top). Note, moreover, that jellyfish galaxies ex-
hibit very different gaseous morphologies: for example, in our sam-
ple we include both galaxies with thin tails that extend far beyond
the main galaxy body, for many times the gaseous or stellar size of
the galaxy (e.g. Fig. B1, top row, middle two galaxies); as well as
disk galaxies where the gaseous wakes depart from the main galaxy
body like a table cloth: e.g. in Fig. B1, top right stamp.

MNRAS 000, 1-22 (2018)
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Figure 3. Histogram of the ‘jellyfish’ scores for the 2610 galaxies in the
sample that we denote ‘All satellite with gas’, i.e. with at least 1 per cent
gas mass fraction and spanning the four redshift snapshots analyzed in this
paper. The scores represent the number of Inspectors who visually classified
a given galaxy as a jellyfish galaxy, for a total of five Inspectors. Throughout
the paper, “jellyfish” galaxies are those with score equal to 5. The peaks
at score 5 (jellyfish galaxies) and O (certainly not-jellyfish galaxies) show
a general consensus among the Inspectors as to what does and does not
constitute a jellyfish galaxy.

4 RESULTS
4.1 TNG jellyfish galaxies: basic demographics

With a catalogue of jellyfish galaxies in hand (defined by our vi-
sual classification scheme), we now study the demographics of the
jellyfish galaxy population in our sample. In Table 1 we show the
number and fraction of jellyfish galaxies in the 4 chosen redshift
bins. We find that there is little evolution of the jellyfish fraction
with redshift, with 38 per cent of all satellites with gas identified as
jellyfish galaxies at z = 0, and a 28 — 30 per cent fraction at the
higher redshifts up to z ~ 0.6. Of the entire sample of galaxies, re-
gardless of their gas content, the fraction remains roughly constant
with time at 11 — 16 per cent.

We extend our analysis by dissecting the jellyfish fraction into
bins of redshift, host mass, stellar satellite mass, and satellite-to-
host total mass ratio, and show the results in Fig. 4. Here we give
the fraction of jellyfish galaxies within the sample of ‘All satellites
with gas’, including error bars estimated via binomial statistics.

We find that the consistency of the jellyfish fraction across
redshift remains largely valid even when examined in different host
masses, as can be seen in the top left panel of Fig. 4: as a reminder,
this is the case for satellites and hosts sample that are both mass
limited. The exception to this finding is that, in high-mass hosts of
10™ Mg < MIS5E < 105 Mg, the fraction of jellyfish galaxies
increases from roughly 50 per cent in the high-redshift snapshots to
62 percent at z = 0. In fact, the median host mass within our large
host-mass bins changes slightly at different redshifts (see the host
halo mass functions at the four studied redshifts in Fig. A3). Be-
ing extracted from a fixed comoving volume and the most massive
haloes assembling more recently, the median host mass becomes
larger at progressively lower redshifts, even within a bin. For exam-

3 Even for a given Inspector, the classification of a galaxy may be affected
by different factors such as the time of day, number of galaxies previously
inspected, classification experience, etc.
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ple, at z = 0, the median (maximum) host mass in the highest bin is
2.1x10" (3.8x10') Mg, while itis 1.7x 10'* (2.7 x 10'*) Mg,
at z ~ 0.2. If the ram-pressure stripping effects are more pro-
nounced in more massive hosts (see subsequent Sections), this pop-
ulation change across redshifts may suffice to explain the increase
in jellyfish fraction at recent times and should be taken into account
when interpreting the redshift trends in general.

Conversely, the jellyfish fraction in our mass-limited satellite
sample is a strong function of the host mass, at all redshifts, in-
creasing from about 20 to 40 per cent from groups to clusters at
eg. z ~ 0.6 and up to ~ 60 per cent in the 10'*° My clus-
ters at z = 0 (top right). This hints at the possibility that, due to
the stronger environmental effects, high-mass hosts are more ef-
ficient in converting satellites into jellyfish galaxies. This indeed
may come as no surprise since, due to the higher density of the
medium in these systems and the higher typical velocities of satel-
lites, which are set by the deeper potential well, the ram pressure
exerted on these galaxies is stronger (eq. (5) — see following Sec-
tions). The counterpart to this finding is shown in the bottom left
panel of Fig. 4, where we find that the jellyfish fraction increases
with decreasing satellite mass — smaller galaxies, with shallower
potential wells, are more susceptible to the environmental stripping
processes.

We define a mass ratio between the total mass (dark matter,
stars, gas, etc.) within twice the stellar half mass radius of the satel-
lite and the host virial mass M2q0,c, and plot the dependence of
the jellyfish fraction on this mass ratio in the bottom right panel of
Fig. 4. Similarly, we find that, overall, jellyfish fractions increase
with decreasing mass ratios at all redshifts, except in the lowest
bin of mass ratio of 10™% at z = 0 (red) and z = 0.2 (blue). In
this mass ratio bin, our sample is incomplete in low mass hosts of
> 10'® Mg, since we only considered galaxies with stellar mass
above 10°5 M. This shows that less massive galaxies are more
likely to be jellyfish galaxies, especially in high-mass hosts, which
stands to reason since their gravitational binding energy is lower,
making them more susceptible to ram-pressure stripping.

Importantly, these trends are not the same when one considers
all satellite galaxies. As shown in Fig. A2, the frequency of jelly-
fish galaxies within the population of all satellites is not a mono-
tonic function of host mass nor of mass ratio. This is because the
population of all satellites with some gas is already a biased popu-
lation (in redshift, satellite mass, and host mass) with respect to the
more numerous population of all luminous satellites, as is demon-
strated explicitly in Fig. Al. It is important to keep this in mind
when comparing jellyfish fractions across different simulation and
observation compilations.

Instead, similar qualitative trends as in Fig. 4 are found even
when only more massive satellites are selected, e.g. for Mgtars >
10'® M. In this case, the frequency of jellyfish galaxies is slightly
lower: for example, at z = 0, about 30 per cent instead of the 38
per cent jellyfish galaxies with our lower fiducial minimum stellar
mass.

4.2 Environmental properties
4.2.1 Location in phase-space within the hosts

We study here the kinematic and spatial distributions of jellyfish
galaxies compared to the general population of satellite galaxies.
Fig. 5 shows a sub-sector of the satellite phase-space defined by
the 3D cluster-centric distance and the 3D bulk velocities of the
satellites in all hosts of 10'® My and above from the 4 redshift
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left), and mass ratio between the total mass enclosed within twice the stellar half mass radius and the virial mass M. host

200¢ of the host (bottom right), for four

redshifts. Here we only consider satellite galaxies with stellar mass larger than 109-> M, that are located within the virial radius of their host with total mass
larger than 1012 Mg . Error bars are estimated via binomial statistics. There is no strong trend in the jellyfish fraction as function of redshift in all three bins
of the cluster host mass, whereas the jellyfish fraction increases with increasing host mass and decreasing satellite stellar mass and satellite-to-host total mass

ratio, at all redshifts.

snapshots, cumulatively. Accompanying the phase-space plot are
histograms detailing the separate distributions of the cluster-centric
distance (top) and the 3D velocity (right). The histograms for the
jellyfish galaxies (red) are compared to those of the whole sample
(“All satellites”, black solid), of the sample of galaxies which con-
tain gas (“All satellites with gas”, dash-dot black) and those galax-
ies that are surely not jellyfishes (“score = 0 galaxies”, black dashed
histograms).

In general, satellites are distributed evenly in cluster-centric
distance within the host. Jellyfish galaxies also follow this distri-
bution except in the central regions of the hosts, within 0.25R2¢0c,
where a dearth of jellyfish galaxies is apparent compared to the
general population. While they account for 17 per cent of all satel-
lites beyond half the virial radius, jellyfish galaxies only make up
10 percent of satellites found within 0.5R200c. In fact, the distri-
bution of jellyfish galaxies seems to peak slightly at intermediate

cluster-centric distances and at small cluster-centric distances only
satellites with very high velocities can be jellyfishes.

The absence of jellyfish galaxies in the inner regions suggests
that, indeed, ram-pressure stripping rather than tidal stripping is the
process responsible for their formation since tidal stripping is only
effective at small radii due to its strong radial dependence. Both
stripping mechanisms, in fact, are generally more effective in the
inner regions: ram-pressure stripping due to the higher density of
the ICM (see eq. (5)), and tidal stripping since the tidal forces de-
pend on distance from the potential center as o< . Possibly, the
stripping mechanisms may have already depleted the gas from the
galaxies that are found at the time of observation at small cluster-
centric distances. This can be seen in the top panel of Fig. 5. While
score = () galaxies have a more similar distribution in cluster-centric
distance to the whole population of luminous galaxies, in general
satellites that still contain some gas are biased towards larger dis-
tances from the host center: see black, dash-dot histogram. Namely,
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Figure 5. The distribution of the jellyfish galaxies (red circles) and the entire satellite population (‘All satellites’, with or without gas: black dots) from all
four redshift snapshots in the 3D bulk velocity and 3D cluster-centric distance plane. The distance is shown in units of the host virial radius R200c and the
bulk velocity of each satellite is normalized by its host velocity dispersion. A histogram of the distribution of 3D cluster-centric distance is given for a number
of sub-populations in the top panel: jellyfish galaxies in red, all satellite galaxies in solid black, all satellites with gas in dash-dot black, and galaxies that are
certainly not jellyfish galaxies (score = 0) in dashed black stairs histograms. All histograms are shown as a fraction of the total number of objects in each
sub-sample. The percentage in white corresponds to the fraction of jellyfish galaxies of all galaxies found in the regions < 0.5R200c and > 0.5R200c (left
and right, respectively). To the right of the main panel, the 3D velocity distribution for the jellyfish and the entire sample is shown (mid panel) alongside the
distribution for the jellyfish and the satellites with gas sample (rightmost panel). The histograms show the fraction of the population in each sub-sample. The
percentage of jellyfish galaxies out of all infalling satellites (radial velocity v, < 0) and all outgoing satellites (radial velocity v, > 0) are shown in white
for the two sample histograms. There is a relative deficiency of jellyfish galaxies in the central regions of the host < 0.2 — 0.25R200c, and overall, jellyfish
galaxies travel faster than the global population. In addition we find there is a small overabundance of jellyfish galaxies on outgoing trajectories, i.e. positive
radial velocities.

satellites in the central regions are found not to retain their gas as
frequently as they retain their stars, and this bias may in itself ex-
plain the lack of jellyfish galaxies at small cluster-centric distances.

When examining the distribution of the velocities of satellite
galaxies, we normalize the satellites’s bulk velocities by the (3D)
velocity dispersions of their host, calculated as the standard devia-
tion of the bulk velocities of all subhaloes in that FoF halo (lumi-
nous and dark, with at least 32 resolution elements), in the refer-
ence system of their host. We find that jellyfish galaxies typically
have larger velocities than the general population, in qualitative
agreement with observational findings based on projected veloci-
ties and distances (see Jaffé et al. 2018, their Fig. 7). This is true
at all cluster-centric distances both for galaxies on infalling (radial
velocities, v, < 0) and outgoing (v; > 0) trajectories.

When considering infalling and outgoing galaxies separately,
we find slightly more infalling jellyfish galaxies: about 53 per cent
of all the jellyfishes are on an infalling orbit. When we extend this
division and compare infalling vs. outgoing jellyfish to their parent
samples, we find jellyfish galaxies constitute a higher fraction in the
outgoing population. This is more evident when comparing to the
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‘All satellites with gas’ sample, where nearly a third of all galaxies
on outward trajectories are jellyfish galaxies compared to a fraction
of less than a fourth of all infalling galaxies. In other words, a satel-
lite which manages to retain its gas after (at least) one pericentric
passage is more likely to be a jellyfish galaxy (see §5).

We explored the phase-space distribution of satellites for the 4
redshift bins separately and found that the above trends hold at all
studied times. The same is true when examining the distribution in
separate host-mass bins and when restricting the stellar mass of the
satellites to be greater than 10*° M.

4.2.2  Properties of the satellite gas vs. the ICM gas

To link the jellyfish galaxies to the environmental processes which
form them, we examine the Mach number of the galaxies, defined
in §2.3.2, and calculate the ram pressure exerted on them, as de-
tailed in §2.3.3, and plot the results in Fig. 6. The full sample of
galaxies which contain gas (for which the Mach number and ram
pressure can be calculated) is shown as black dots and the jelly-
fish galaxies in this sample are further marked with colored circles,
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Figure 6. The distribution of jellyfish galaxies (colored circles) and all satellite galaxies which contain some gas (black dots) in the ram pressure vs. Mach
number (M) plane. The jellyfish galaxies are color-coded according to three bins of host mass. The 2D histogram of the entire satellite population in the plot is
shown in shaded gray, with darker gray denoting larger number densities of galaxies. On the top and to the right of the main panel we show the corresponding
histograms of Mach numbers and ram pressures for the jellyfish galaxies — blue and red for infalling and outgoing satellites, respectively, — the population of
satellites with gas (dash-dot black), and the galaxies that are not classified as jellyfishes (score = 0, dashed black). All histograms are shown as a fraction of the
total number of galaxies in each sub-sample. Jellyfish galaxies are more likely to be supersonic (M > 1) and also experience stronger ram pressure. Jellyfish

galaxies in more massive hosts experience stronger ram pressure on average.

where the colors correspond to the virial mass of the host. His-
tograms of the distribution of the Mach number and ram pressure
are shown above and to the right of the main plot, respectively. The
histograms of jellyfish galaxies are separated into infalling (red)
and outgoing (blue) trajectories while the distribution of the en-
tire sample is plotted in dash-dot black and the subset of score = 0
galaxies in black dashed.

Higher Mach numbers correspond to larger ram pressure,
which one would expect since both properties depend on the veloc-
ity of the satellite (egs. (2) and (5)). When examining the jellyfish
galaxies, we find that satellites which reside in more massive hosts
experience, on average, stronger ram pressure since the ICM is
denser and the typical velocities are higher in these hosts. In terms
of Mach numbers, we find a weak dependence of the Mach num-
ber distributions on host mass, with more massive clusters host-
ing satellites with Mach number distributions shifted towards larger
values.

The distribution of Mach numbers shows that jellyfish galax-
ies have higher Mach numbers than the general population with
gas or than galaxies that are decisively not jellyfish galaxies (score

= 0). For jellyfish galaxies, the Mach number distribution peaks at
values of about M ~ 1.2 — 1.4, while all satellites (and score=0
galaxies) peak at Mach numbers of about M ~ 0.7. A significant
fraction of jellyfish galaxies (73 per cent) travel supersonically in
the ICM, but not all of them and there are also satellites with su-
personic motion that have not been classified as jellyfish galaxies
(33 per cent). Interestingly, the Mach distributions of the infalling
and outgoing satellites are quite different, with larger values for
the bulk of the galaxies falling in, but a more pronounced tail for
satellites on outbound orbits at the high end of the Mach number
range. We speculate that such high Mach numbers are related to the
fact that galaxies in outgoing orbits are effectively traveling against
the gas flow that may arise because of the ongoing gravitational
collapse of their massive hosts or because of gas inflows from the
large scale structure. As we will expand upon later, it turns out that
satellite galaxies in outbound orbits and with high Mach numbers
are in fact so-called fly-bys, i.e. galaxies that are not directly falling
towards the host center or may not be gravitationally-bound to the
host but have very large impact parameters and/or travel on very
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circular orbits in the cluster outskirts, further supporting the above
interpretation.

Jellyfish galaxies experience higher ram pressure than non-
jellyfish galaxies, as one would expect, with infalling and outgo-
ing jellyfish galaxies having indistinguishable distributions in ram
pressure values.

An interesting finding of this plot is that while the upper-right
regions of the plot are dominated by jellyfish galaxies, one can still
find satellites with high Mach numbers and that experience strong
ram pressure, but are not classified as jellyfish galaxies. This could
be due to the challenges of the visual classification of the satel-
lites. A misclassification by even one of the Inspectors can result in
tagging satellite as non-jellyfish since we based our identification
on an unanimous vote from all visual Inspectors (§3). In addition,
since we based our examination on images created in a random
viewing angle, misclassification can occur when a jellyfish satel-
lite is viewed from a direction that obscures its characteristic fea-
tures (see discussion of this in §5.4). The complementary question
— why are there jellyfish galaxies with low values of ram pressure —
is also an interesting one, albeit one which is easier to answer. One
must bear in mind that the extent of gas stripping in a satellite is
determined by the balance between the ram pressure and the grav-
itational binding force. It is therefore quite possible for a satellite
with a shallow potential well to experience extended stripping due
to weak ram pressure, a line of analysis that will be pinned down
in future work. Finally, we also find a number of galaxies with low
Mach numbers but large values of ram pressure that are not classi-
fied as jellyfish (top-left corner in the main plot of Fig. 6).

We have checked all these cases and we find that, as men-
tioned above, galaxies with high ram pressure and high Mach num-
ber that are not jellyfish galaxies are often either fly-bys or on cir-
cular orbits at large cluster-centric distances: half of these (half a
dozen in total) have actually a non-zero score, i.e. a score between
2 and 4, and therefore could possibly be dubbed as misclassifica-
tions. On the other hand, the majority of those galaxies with high
ram pressure but low Mach number and that are not jellyfish galax-
ies has indeed a score of O; i.e. all Inspectors think they are not
jellyfish galaxies. Upon individual inspection, we find them close
to the cluster centers or to other more massive galaxies (hence the
high ram pressure values) but with complicated and very disturbed
gas distributions in their surroundings that have led them not to be
classified as jellyfishes.

Now, in the main panel of Fig. 6, we find that for more mas-
sive hosts, jellyfish galaxies progressively occupy regions at higher
values of ram pressure and Mach numbers: see trends in Fig. 6,
with colors shifting towards the top-right corner of the panel for
more massive hosts. Are such trends distinctive features of jelly-
fish galaxies compared to all satellites with gas? To confirm this,
we compare (albeit do not show) the histograms of the Mach num-
ber and the ram pressure of both jellyfish galaxies and all satellites
with gas in distinct bins of host mass. For both subpopulations of
satellites, the range of ram pressure and Mach number values in-
creases with increasing host mass. Importantly, however, such an
enhancement is more pronounced for jellyfish galaxies: the devia-
tions between the medians of the distribution of the two subpop-
ulations increase with increasing host mass. This implies that as
the mass of host increases, the jellyfish galaxies have a tendency to
possess higher Mach numbers and experience larger ram pressures
in comparison to the general population of satellites, hence mak-
ing them effectively more prone to be ram-pressure stripped. This
also confirms that the physical conditions in more massive hosts
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are responsible for the higher fractions of jellyfish galaxies in more
massive hosts that we see in top right panel of Fig. 4.

Finally, the results shown thus far may depend somewhat on
the choices we make when determining the Mach number and ram
pressure (sections §2.3.2 and §2.3.3). To explore this issue, we vary
these choices and repeat our analysis in a number of ways, as we
describe below.

(i) Definition of the medium: We change the definition of the
medium so that medium properties are defined by the gas that is not
gravitationally bound to the satellite subhalo and is found within 10
times the stellar half mass radius rather than 20 times in the fiducial
analysis. This affects the typical velocity of the medium Vinedium.
the typical sound speed cs medium as well as the typical density of
the medium pmedium. Employing such a reduced physical aperture
to determine the medium properties results in a smaller velocity dif-
ference between satellite and medium which in turn leads to a shift
towards lower values of Mach number and ram pressure (egs. (4)
and (5) ), but does not affect the qualitative conclusions reported
above.

(ii) Definition of the medium: In the fiducial analysis, the
medium gas is cleaned of all gas elements that are gravitationally
bound to any subhalo within a given aperture, either the satellite it-
self under analysis or any neighboring one. Alternatively, we could
have allowed the medium gas to include the gas of other galax-
ies in the same FoF host that might have occasionally be placed
within the medium aperture: such galaxy gas would necessarily ex-
hibit very different properties from those of the surrounding ICM.
Through a one-to-one comparison of the Mach numbers and ram
pressures of galaxies with such different operational definitions of
medium gas, we find negligible differences: in fact, only a handful
of satellites show deviations of up to 25 per cent while the majority
of galaxies are labeled with Mach number and ram pressure values
that are consistent to sub-percent accuracy. This is thanks to the fact
that, even if large-density gas cells are included erroneously in the
medium, the value of the ‘mode’ for the medium properties (typical
velocity, sound speed, and density) remains the same.

(iii) Definition of the satellite velocity: In the fiducial choice,
the satellite gas velocity is determined with respect to the typical
velocity of the surrounding medium gas. We have checked a plau-
sible alternative: i.e. we assume the typical velocity of the medium
to be zero and simply use the satellite velocity in the frame of ref-
erence of the central galaxy in the host. The choice of the central
galaxy frame of reference, rather than the host medium, is made
in an attempt to mimic what observations can achieve and what is
usually done in phase-space diagrams as the one in Fig. 5 4. Un-
der this assumption, the satellite velocities are found to be greater
than in the fiducial choice, leading to higher Mach numbers and
ram pressure values. For example, the fraction of jellyfish galaxies
that move in supersonic motion changes from about 70 per cent in
the fiducial case to about 90 per cent. We hence note that observer-
friendly estimates are destined to overestimate the Mach numbers
of orbiting satellites. However, also in this case, the distributions of
jellyfish galaxies in comparison to all satellites with gas or score=0
galaxies are clearly different.

4 Note that, exploring the relation between the center-of-mass velocity of
central galaxies and their host halo, we find that while most central galaxies
indeed move with their host haloes, a significant fraction (~ 13 per cent
at z = 0) have a velocity difference with their host halo greater than 10
per cent. This is the case for which the most massive galaxy of a FoF is
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In summary, the trends we uncover in Fig. 6 are preserved un-
der different operational definitions for the measurements of the
physical conditions: jellyfish galaxies exhibit higher Mach num-
bers and experience higher ram pressure than the rest of the satel-
lite population. However, statements concerning what fractions of
galaxies are sub- or super-sonic can change considerably according
to the frame of reference and the way the medium is defined.

4.3 Orientation of the tails

In this section, we study the orientation of the gaseous tails (or
asymmetric gas portions) that emanate from a galaxy with respect
to both the direction of the satellite motion and the direction to
the center of the host halo, all in the 3D space. To do so we use
our definition of the tail vector as defined in §2.3.4. As detailed in
section 2.3, the bulk velocity vector of a satellite is defined to be the
center-of-mass velocity of all matter in the subhalo, in the frame of
reference of the central galaxy in the host. The vector pointing from
the satellite to the host center is defined as the direction to the host
center.

We calculate the angles subtended by the tail vector and the
velocity vector for all satellites, and show the distribution in Fig. 7
(left), separated into the jellyfish galaxies (red), the entire satel-
lite population with gas (dash-dot black), and non-jellyfish galax-
ies (score = 0, dashed black). These are true angle distributions, i.e.
projection independent. The ratio between the first two classes is
also plotted (in blue, corresponding to the right-hand y-axis). Val-
ues of < 90° imply an alignment between the two vectors and val-
ues of > 90° signify anti-alignment.

The distribution of the jellyfish galaxies is markedly skewed
to larger angles, with about 94 per cent of jellyfish galaxies pos-
sessing angles greater than 90°, clearly favoring a gas tail which is
anti-aligned with the satellite’s velocity vector. This result is con-
sistent with ram-pressure stripping being the physical mechanism
that produces galaxies with asymmetric gas distributions, i.e. jel-
lyfish galaxies. In the general population of satellites with gas, a
similar trend is also present but in a much weaker fashion, further-
ing the finding that this is a strong feature of the jellyfish galaxy
population alone. Indeed, for score=0 galaxies, the distribution is
flat, consistent with a random orientation of the gas (almost sym-
metric, with gas orientation vector with very small module) with
respect to the direction of the motion.

Though very few in number, we do find some jellyfish galaxies
with gaseous tails that are somewhat aligned with the velocity vec-
tor. Upon closer study, we find that some of them show very low
velocity even at large cluster-centric distance, implying that they
are at the apocenter from their host. Upon further study of their tra-
jectories, we find that the rapid change of the velocity direction at
the apocenter is the cause for which the angle between the velocity
vector and the previously-formed tails are small.

An alignment of the tail in the direction of the host centre
would point to the influence of the gravitational field of the host
on the tail direction. In Fig. 7 (right), we find that values of the
orientation angles with respect to the cluster centers are distributed
fairly evenly and similarly so for all the various sub populations.
This is evident by the nearly flat blue line which denotes the ratio
between jellyfish and all satellites with gas.

not dubbed the central, as it is not located at the absolute minimum of the
potential.

5 DISCUSSION AND IMPLICATIONS
5.1 On the physical conditions that produce jellyfish galaxies

In the previous Sections, we have shown that a non-negligible frac-
tion of simulated satellite galaxies that orbit in massive galaxy
groups and clusters exhibit markedly asymmetric distributions of
gas, or tails. We have dubbed them “jellyfish”, following the tradi-
tion in the observational and theoretical literature. We associate this
phenomenon with ram-pressure stripping, a working hypothesis
that has been confirmed by a series of findings, chiefly: 1. jellyfish
galaxies are more frequent at intermediate and large cluster-centric
3D distances (in comparison to a stellar mass- i.e. magnitude-
limited sample of galaxies); 2. on average they move at higher
speeds and with larger Mach numbers in comparison to the general
satellite population with the same minimum stellar mass; 3. they
experience on average slightly larger ram pressures; and 4. their
tails are generally oriented opposite to the direction of motion (i.e.
at about 180° angles), with no connection between the orientation
of the tails and the position of the host centers.

From visual inspection, we tentatively state that it is the in-
terstellar medium that is stripped into the highly asymmetric gas
distributions or tails of the jellyfish galaxies (consistent with the
findings of Zinger et al. 2018; Bahé et al. 2016). The gaseous tails
exhibit surface densities larger than 10557 kpc™2 Mg, (see im-
ages), decreasing without obvious discontinuities from surface den-
sities in excess of 107°~8 kpc ™2 M, within the innermost regions
of the depicted galaxies, i.e. in their interstellar medium. In fact, in
this paper we consider only satellites found within the virial bound-
ary of group and cluster hosts and Zinger et al. 2018 has shown
that the galaxy gas is stripped from satellites predominantly lo-
cated inside the virial radius. Future studies will explore stripping
in galaxies also at larger cluster-centric distances. Furthermore, we
find jellyfish galaxies with a broad range of stellar morphologies,
both well-defined disks as well as spheroidal and rounder stellar-
mass distributions.

For observational programs, we hence suggest that, for a par-
ent sample of satellite galaxies selected at fixed magnitude limit in
stellar light, jellyfish galaxies should be searched at intermediate
cluster-centric distances and in more massive hosts. We expand on
these ideas in what follows.

In the previous Sections, we have uncovered a relative deficit
of jellyfish galaxies in the innermost regions (< 0.25R200c in 3D
clustercentric distances) of clusters: such deficit is to be intended in
comparison to a stellar mass- i.e. magnitude-limited control sam-
ple of satellites and we think we understand it. In general, satellites
that retain their gas (and hence can still appear as jellyfish) are pref-
erentially found at larger distances in comparison to the entire pop-
ulation of luminous satellites, suggesting that by then the gas has
been removed efficiently. In fact, regions at small cluster-centric
distances and small velocities are preferentially occupied by satel-
lites that fell into the current host a long time ago, possibly many
Gyrs before the time of observation (see Rhee et al. 2017, their Fig.
2). On the other hand, in more massive hosts, satellites experience
larger ram pressures because the ambient gas (the host ICM) is, on
average, denser than in low-mass hosts and because galaxies move
overall faster.

Importantly, we find that our result for higher probabilities of
having jellyfish galaxies at intermediate and large cluster-centric
distances also holds when the phase-space diagram of the satel-
lite population (Fig. 5) is studied in 2D projected cluster-centric
distance. The fractions of jellyfish galaxies at small 2D projected
distance are slightly higher (7.4 per cent) than those in 3D cluster-
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Figure 7. The distribution of angles between the vector of the gas tail of a galaxy (or more generally of the asymmetric gaseous distribution of a galaxy) and
the vector of its bulk velocity (left) and the vector pointing towards the host center (right). The three histograms show the distribution of jellyfish galaxies
(red), all satellites with gas (dash-dot black step histogram), and score = 0 galaxies (dashed back) as a function of the angles. The values below 90° signify
alignment between the two vectors and values above 90° show anti-alignment. The fraction of jellyfish galaxies to all satellites with gas for each bin is shown
as a blue line with values indicated by the right-hand y-axis. As always, in each histogram the normalization is made by accounting for all galaxies in the
given sub-sample. These are “true” angle distributions, i.e. projection independent. The skewness of the jellyfish distribution to higher angles in the left panel,
as compared to the general population, shows that the gaseous asymmetries of most jellyfish galaxies are anti-aligned with the velocity vector of the satellite.
Conversely, there seems to be no connection between tail and host center in the jellyfish galaxies when compared to the general population of satellites.

centric distance (4.1 per cent), in both cases for regions within
0.25R200c and in comparison to all luminous satellites in our
parent sample. These fractions correspond to samples of jellyfish
galaxies of the order of more than 100 jellyfish examples within
< 0.25R200c: namely, although there is a relative deficit, we do
still find jellyfish galaxies in the cluster cores. On the other hand,
Jaffé et al. 2018 find the jellyfish galaxies with the longest gas tails
to reside very near the cluster centers, namely within 0.5R200c in
projection. Unfortunately, a comparison of the frequency of jelly-
fish examples with that work is not straightforward, as the parent
sample of galaxies studied within the GASP program is different
from ours, with e.g. different stellar-mass cuts. However, we have
checked whether also in our simulations we find the most striking
stripped tails to reside at small projected cluster-centric distances.
Based on a visual inspection of jellyfish galaxies within and out-
side 0.5R200c, we find exceptionally long and clear ram-pressure
stripped tails both near (< 0.5R200c) as well as far (> 0.5R200c)
from the host centers, in similar fractions. Understanding such dis-
crepancy requires, in our view, an automated classification of jel-
lyfish galaxies, identically applied to both observed and simulated
galaxies.

Interestingly, we find that satellites in outgoing trajectories
present slightly larger fractions of jellyfishes than those in infalling
orbits. Clearly, the former must have passed at least once through
pericenter. Furthermore, jellyfish galaxies in outgoing orbits can
reach larger Mach number values than their infalling counterparts
(see Fig. 6, top panel, blue vs. red histograms): this difference how-
ever does not hold in the bulk of the two populations — the median
Mach numbers of the red and blue distributions are essentially in-
distinguishable — but only in the high-Mach number tails. A similar
description applies to the Mach-number distributions of satellites
with gas that are falling in and going out, not just jellyfish galaxies
(not shown). All these considerations make an argument based on
the different velocities for falling-in vs. outgoing-in jellyfish galax-
ies a not viable culprit. Instead, we find that timing arguments are
the interpretation key.
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In Fig. 8, we show the distributions of the infall times of all the
z = 0 satellite galaxies. Here infall is defined as the moment when
a satellite crosses the virial radius of its current host for the last time
(Rodriguez-Gomez et al. 2015; Chua et al. 2017). Firstly, all satel-
lites in our parent samples (both black and green curves, left panel)
have somewhat bimodal distributions of infall times, separated at
about the value of 3 Gyrs ago. This bimodality is highly reduced
if we were to include also back-splash satellites, i.e. satellites that
have already fallen into the z = 0 hosts in the past, but are at the
moment beyond their virial radius and hence are not part of our
samples. They would fill up the distribution of ancient and inter-
mediate (> 3 Gyrs ago) infallers. Secondly, the satellites with gas
are biased compared to all satellites in the sample: 95 per cent of
satellites identified at z = O to have some gas have fallen into their
current clusters more recently than 6 Gyrs ago and overall their
infall-time distribution is skewed towards more recent infall than
the general population. This means that gas is efficiently stripped
within the first 3-4 Gyrs of life in the dense environments, on av-
erage, and at least for our mass-limited satellite sample (see also
Donnari et al. in prep). Thirdly, and importantly, jellyfish galaxies
are markedly recent infallers, and more so than any of the parent
samples: there are very few jellyfish galaxies that have started to
orbit in their current host more than 2.5 Gyrs ago. Very similar re-
sults have also been inferred from observations (Jaffé et al. 2018).
In contrast, we find that the distribution of infall times for score=0
galaxies is indistinguishable from that of all satellites.

Finally, the bulk of the jellyfish galaxies on outgoing trajec-
tories are on average orbiting in massive hosts for about 1 Gyr
longer than their in-falling peers (red and blue shaded histograms in
Fig. 8). The longer (but not too long) permanence in massive hosts
is not however the reason for which outgoing satellites have higher
jellyfish fractions. In fact, in the right panel of Fig. 8, we com-
pare the infall-time distributions of all galaxies with gas (not just
jellyfish ones) by distinguishing between in-going and out-going
satellites: thick red vs. thick blue empty histograms. The formers
(red empty histogram) exhibits a more populous tail at ancient in-
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fall times (longer than 3 Gyrs ago) °. These correspond to galaxies
that, selected at z = 0, have by now gone through multiple peri-
center passages. Of those, only a negligible fraction are jellyfish,
as it can be seen by comparing the red empty vs. the red shaded
histograms: this makes the overall fraction of jellyfish galaxies in
incoming trajectories smaller than for satellites on outgoing orbits.

5.2 On the effects of numerical resolution

So far, we have studied satellite galaxies in only one [llustrisTNG
box realization: the ~ 100-Mpc on-a-side volume at its best resolu-
tion and we have prevented dramatic resolution issues by selecting,
a priori, only satellite galaxies that are sufficiently massive to host
more than e.g. 10°-5 M, in stars, i.e. with more than about three
thousand stellar particles in total per galaxy. How are our results
affected by numerical resolution?

We have repeated the visual inspection of z = 0 satellites
with gas (same selections as in the fiducial case, only one Inspec-
tor) for the lower resolution versions of the flagship simulation,
TNG100-2 and TNG100-3, at respectively 8 and 64 times worse
particle mass resolution than TNG100. In TNG100 and TNG100-
2 the trends of the fractions of jellyfish galaxies with host mass,
stellar mass, and satellite-to-host mass ratio are remarkably simi-
lar to one another, with on average a fraction of 1.3 — 1.5 more
jellyfish galaxies (here dubbed with score = 1, given the single in-
spector) in the lower resolution version. This is reasonable as lower
resolution implies, among other effects, shallower mass distribu-
tions, that are hence more prone to stripping than at better resolu-
tion. This is also consistent with the fact that at lower resolution the
fractions of quenched satellites is larger than at higher resolutions
(see Donnari et al. in prep.). However we note that the fractions of
jellyfish galaxies are not always higher at lower resolution. If we
compare the jellyfish fraction with a more conservative mass cut
(i.e. Myars > 101%° Mg) so that also for TNG100-2 galaxies are
resolved with at least a thousand stellar particles, then the fractions
from both TNG100 and TNG100-2 are well within the 1-sigma sta-
tistical error bars of Fig. 4.

On the other hand, the findings for TNG100-3 are very diffi-
cult to interpret, as the gas distributions are sampled with just too
few cells for the gaseous projections and the visual inspection to be
reliable. We believe that the TNG100 vs. TNG100-2 comparison
reasonably suggests that the qualitative (and quantitative) findings
of this paper are not (dramatically) affected by numerical resolu-
tion. An ultimate resolution test of the findings of this paper will
be achieved with the upcoming TNG50 volume, at about 15 (2.5)
times better mass (spatial) resolution than TNG100.

5.3 On the effects of magnetic fields and galaxy-physics
model

The TNGI100 box adopted throughout this analysis is a
magneto-hydrodynamical simulation, for which ideal magneto-
hydrodynamics allows us to follow the coevolution of gas and mag-
netic fields starting from a small magnetic field seed in the initial
conditions (see Pillepich et al. 2018b for details). Suggestions have

5 This population discrepancy between in-going and out-going satellites
can be largely attributed to back-splash galaxies that preferentially replenish
the number of in-going satellites. The majority of back-splash galaxies that
go back into the host cluster are more likely to be classified as z = 0 in-
going satellites because of their infalling trajectories.

been made that the survival of ram-pressure-stripped tails may be
different if magnetic fields are included or not.

‘We anticipate that MHD is not a pre-requisite for the presence
of jellyfish galaxies, as in fact many galaxies with extended gaseous
tails can be found also in the original Illustris simulation®. Illustris
is the realization of the same patch of synthetic universe as TNG100
but with a different underlying galaxy-physics model and in partic-
ular, among other differences, without MHD and with a different
implementation of the BH feedback at low-accretion rates.

We have analyzed the z = 0 galaxies in Illustris with the same
procedure and selection as done for TNG, but with only one vi-
sual Inspector. It turns out that the fraction of galaxies being ram-
pressure stripped at z = 0 is lower in Illustris compared to TNG100
(24 per cent vs. 38 per cent at z = 0) but the trends with the host-
to-satellite mass ratio and the virial mass are similar in both simula-
tions. In Ilustris, quenching mechanisms are less efficient for both
centrals as well as satellites in groups and clusters (Donnari et al. in
prep). The original Illustris simulation is affected by a lack of gas
within the virial radii of massive groups and clusters (Genel et al.
2014; Pillepich et al. 2018a, their Fig. 8) because of the effects of
the violent AGN feedback. These findings are all consistent with
the idea that the intra-group and intra-cluster media in [llustris and
TNG are different, namely, the gas content of the ICM is lower in
Illustris. The deficit of the ICM in turn influences the effectiveness
of ram-pressure stripping and overall leads to a lower number of
satellites that exhibit tails of stripped gas, i.e. jellyfish morpholo-
gies.

To isolate the possible effects of MHD alone, we have com-
pared the outcome at z = 0 of two smaller simulations of the
same cosmological volume (25 h~! Mpc on a side) at the same
TNG100 resolution, with and without magnetic fields. The statis-
tics is necessarily very limited, just about 30 satellite galaxies with
gas in a handful of group-like hosts, admitting as low as one gas
cell per galaxy. We find that the fraction of jellyfish galaxies (upon
visual classification of two Inspectors) is about 25 — 30 per cent in
both cases, similar to the fiducial results if the gas condition was
modified to Mgas > 0. We also find that the overall trends of in-
creasing (decreasing) jellyfish frequency with host mass (satellite-
to-host mass ratio) are reproduced in both cases. However, a more
detailed comparison of analog galaxies across the two simulations
and of their gaseous morphologies needs to be postponed to a tar-
geted study as it is beyond the scope of this paper.

5.4 On the effects of orientation for jellyfish identification

So far we have analyzed the demographics and properties of jelly-
fish galaxies that have been identified in random projections in the
simulation box, i.e. by replicating the situation an observer would
be facing, with galaxies and their tails in random projections on the
sky. However, in Fig. 7, we have demonstrated that ram-pressure
stripped gas asymmetries and tails are preferentially oriented in op-
posite direction with respect to the galaxy’s bulk velocity. This sug-
gests that favorable configurations exist for gaseous asymmetries
and tails to be more easily identified. Here we therefore study the
impact of the projection effects on our statistical results by studying
TNG galaxies in optimal projections.

In practice, we now project the gas column densities of our
simulated galaxies on a plane that enhances the appearance of pos-
sible gaseous tails. Namely, we rotate the view direction in order to

6 E.g. by simply inspecting the Explorer at www.illustris-project.org.
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Figure 8. Distributions of the infall times of various subsets of satellite galaxies selected at z = 0. Here by infall we mean the moment when a satellite crosses
the virial radius (R200c) of its current host for the last time. In both panels, jellyfish galaxies ‘IN” (red filled histograms) and ‘OUT’ (blue filled histograms)
denote score=5 galaxies that are infalling or going away from their host center based on the sign of their radial bulk velocity. We note that the great majority
of jellyfish galaxies are recent infallers (< 2.5 Gyrs ago); instead 95 per cent of satellites with gas have fallen into their last host up to 6 Gyrs ago.

make the galaxy’s bulk velocity vector lie on the image plane. Ex-
amples of the comparison between random and optimal projections
are given for four galaxies in Fig. 9. Each pair of stamps represents
one TNG satellite, in random (left) and optimal (right) projection,
i.e. in the latter case, with the velocity vector perpendicular to the
line-of-sight. In each panel, on the lower left corner, three vectors
are represented in their respective projections: the satellite’s bulk
velocity (white), the satellite tail direction (yellow), and the pointer
to the host center (cyan). The thick and thin dashed white circles
represent the 100 and 50 per cent of the 3D norm of each vectors.
As one can notice, in the randomly-projected images (left column),
the vectors are smaller than their 3D 100 per cent norm would indi-
cate, whereas in the optimal projections the velocity vector (white
arrow) always extends in the plane of the image for 100 per cent of
its 3D norm, as per construction.

The re-orientation of the galaxies clearly uncovers gaseous
asymmetries and tails that might have gone unnoticed in the ran-
dom projections. In particular, the top two galaxies of Fig. 9 are ac-
tually examples of satellites that none or only one Inspector would
have labeled as jellyfish in the random projections (scores = 0 or
1). The bottom two are cases of scores between 2 and 4 in the
random visual inspection. In all these examples, the optimal ori-
entation would have obviously brought the observed galaxies to be
considered highly asymmetric, i.e. jellyfish.

By repeating the visual analysis (one Inspector) in the optimal
orientation, we find that the fraction of jellyfish galaxies increases
from 38 to 55 per cent between the random- and optimal-projection
approach. In other words, 30 per cent of actual jellyfish galaxies are
missed or mis-classified because of the limitations of random ori-
entations. Hence, all the numbers quoted thus far in the paper with
the random orientations shall be considered lower limits, that can
be corrected by a factor of about 1.4 to get true values. This applies
in similar terms to any straightforward demographic statistic about
asymmetric gas distributions that could be produced observation-
ally. Importantly, we find that the vast majority of galaxies that are
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jellyfish in the optimal orientation but are not in the random one are
those with high random-projection scores. In fact, only a handful of
galaxies that are originally labeled as score = 0 galaxies are in fact
jellyfish galaxies.

Interestingly, the trends in jellyfish fractions as function of
host total mass, satellite-to-host total mass ratio, and satellite stellar
mass are all consistent with those shown in §4.1. Projection effects
do not impact in any biased way our ability to determine general
demographics and environmental dependencies. In other words, the
mechanisms that drive the formation of gaseous tails depend suffi-
ciently strongly on the environmental interactions and galaxy prop-
erties that the effects of random orientations can not wash them
out, at least on a statistical sense and given a large-enough sample
of galaxies. Yet, small effects can be noticed in the Mach number
and ram pressure distributions: the jellyfish galaxies that are newly
discovered in the optimal projections occupy regions of the param-
eter space that extend to lower values of Mach numbers and ram
pressures. The visual classification that uses random projections is
destined to miss mild or weak gaseous asymmetries as those that
could be caused by mild or weak environmental configurations. On
the other hand, among those galaxies with gas and with supersonic
motions at z = 0 that have not been tagged as jellyfish in the ran-
dom projection, only 49 have been recovered as jellyfish galaxies
in the optimal projection. Namely, our recovery fraction for galax-
ies with Mach number larger than 1 is about 37 per cent and many
satellites with supersonic speeds are not-jellyfish galaxies, regard-
less of orientation and probably because they are fly-bys (see sec-
tion 2.3.3). In fact, among the satellites that move supersonically,
the fraction of jellyfish galaxies goes from about 67 per cent (see
section 4.2.2) in random orientations to about 80 per cent in the
optimal configuration.
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Figure 9. Four examples of TNG100 satellite galaxies (from top to bottom)
depicted in random (left panels) and optimal (right panels) projections. As
in Fig. 2, we show both the gas column densities along the line of sight as a
color map and the stellar mass density contours in black solid curves. The
optimal projection is defined as the one where the bulk satellite velocity and
the gas tail vectors both lie in the plane perpendicular to the line of sight. In
each panel, in the left-bottom corner, the projected vectors of the satellite
velocity (white), of the gaseous tail (yellow), and of the direction to the
host center (cyan) are shown in relation to one another. The thick-dashed
and thin-dashed white circles provide a measure of the 100 and 50 per cent,
respectively, of the 3D norm of each vector.

5.5 On the role of supersonic motion: bow shocks

In the previous Sections, we have demonstrated that jellyfish galax-
ies exhibit larger 3D velocities and hence higher Mach numbers
than the general population of satellites. More than 70 per cent of
jellyfish galaxies move at supersonic motions (Mach numbers > 1)

with respect to their surrounding intra-cluster medium. This is not
anecessary condition. However, supersonic motions are usually as-
sociated with the formation of bow shocks in front of the moving
body. How are jellyfish galaxies connected with the presence of
bow shocks?

To answer this question, we have constructed images of the
spatial distribution of the Mach numbers of individual gas cells in
and around the satellite galaxies in our sample. In particular, we
have adopted the same field of view and choices of the gas-density
projections of Figs. 1, 2, B1 and B2 (random projection) and we
have projected the line-of-sight mass-weighted mean of the Mach
numbers of the gas cells, with a pixel size fixed to 1 comoving kpc
per side and without any smoothing kernel. To do so we use the out-
put of the shock finder algorithm implemented in AREPO in Schaal
& Springel 2015 and applied in post processing to e.g. the Illus-
tris simulation in Schaal et al. 2016. After finding hydrodynamical
shocks in the cosmic gas, the shock finder (applied now on-the-fly
on the TNG data) labels each gas cell with a Mach number value,
with respect to surrounding gas.

Beautiful examples of these projections can be found in
Fig. 10, for both the gas in a 10** Mg, cluster as well as in the
zoomed-in stamps of some of its satellite galaxies and others.
Strong gas discontinuities can be identified in the spatial projec-
tions of the gas-cell Mach numbers in and around jellyfish galaxies:
these are effectively bow shocks, sometimes visible also in the gas
mass density projections. The spatial extent of such bow shocks
is remarkable, as they often appear larger than any other satellite
feature, as can be appreciated in the zoomed-out cluster images
(top panels of Fig. 10). Note that the Mach numbers in the bow
shocks are never, on average, supersonic. This is due to the fact that
the speed of the gas within the bow shocks is significantly lower
than the sound speed due to its high temperature: bow shocks are
stationary-wave fronts where the transferred hydrodynamical quan-
tities are stacked, so that the speed decreases whereas the pressure
and temperature increase accordingly. However, interestingly, im-
portant discontinuities (higher Mach numbers of the gas) can be
found also within the gaseous tails themselves, where the Mach
numbers are higher than in the bow shocks: something to be fur-
ther investigated in future works.

To quantify the incidence of bow shocks, images like the ones
in Fig. 10 have been created for all satellites with gas and hence
dubbed, by one Inspector, as exhibiting clear bow shocks or not,
without prior knowledge about the presence of a tail from the gas
maps — here we use random projections. The results of this inves-
tigation are summarized in Fig. 11. We find that, among the snap-
shots studied at z < 0.4, in 63 per cent of the cases, satellites with
bow shocks are also jellyfish galaxies, i.e. have extended gaseous
tails. Conversely, jellyfish galaxies (score = 5 galaxies in Fig. 11)
exhibit bow shocks only in about 25 per cent of the cases. This
is a smaller fraction, indeed, than the fraction of jellyfish galax-
ies that move through the ICM with super-sonic speeds (as from
Fig. 6). In fact, the longevity of the bow shocks is probably shorter
than the survival of the gaseous tails behind the direction of mo-
tion of a satellite, the former being more directly dependent on the
instantaneous properties of the gas as it is compressed in the front
by the satellite motion. Hence, it could be that galaxies dubbed as
jellyfish galaxies but without evidence for a bow shock have, nev-
ertheless, gone through a bow-shock phase in the recent past. At
the same time, a few satellites that exhibit bow shocks are score =
0 (1 <score<4) galaxies in 6 (31) per cent of the cases. These rare
cases may indicate misclassification or simply a wrong timing in
the physical process.

MNRAS 000, 1-22 (2018)



Jellyfish galaxies in TNG 19

Maooc = 1.09 x 10%Mo Raooc = 1007kpe  Maooe = 1.09:5 10! S : Raooc = 1007Kpc

\ g
Snap = 099, z = 0.0 Log Column Density [Mokpc—?] Snap = 099, P

Hést FoF ID = 015 e o eesm— Host FOF ID = 015

MESE. = 1.09 x 101M,, 271 30kpe A MSst = 1.09 x 101Mo 71 30kpc
MZ3t = 3.35 x 10'1Mo 2R} =7.5kpc M§2t = 3.56 x 1011M, 2R} =16.9kpc
M3 2s = 1.60 x 101°M, 2Rf?=40.3kpc M gy = 9.88 x 10°Mo 2R§*=34.6kpc

.
"
.t
Snap = 099, z = 0.0 Log Column Density [Mokpc=2] Log Mean Mach Number Snap = 099, z = 0.0 Log Column Density [Mokpc~2] Log Mean Mach Number

Host FoF ID = 015 R | Host FoF ID = 015
Sat Subfind ID = 00121869 50 55 60 —050=025 000 025 050 075 Loo|SatSubfind ID = 00121871 50 55 60 65 70 75 80 -0.50 -0.25 0.00 0.25 075 1.00)

MESEE = 1.00 x 1014M, 30kpc C Mest = 1,09 x 1014M 30kpe
Mt =2.37 x 10 Mo 2R}=7.0kpc MS2E =2.76 x 101 M, 2R} =8.6kpc
M3 =1.11x10M, 2R§**=30.6kpc M3 jps = 8.79 x 10°M, 2R§**=95.8kpc

L

Snap = 099, z . Log Column Density [Mokpc~2] * tog Meah Mach Number Snap = 099, z = 0.0 Log Column Density [Mokpc 2]
Host FoF 015 | Host FoF ID = 015 ]
Sat Subfind ID = 00121872 50 55 60 65 Z050 %025 08 025 050 075 Loo| Sat Subfind ID = 00121873 50 55 60 65 7.0 75 80

6.31x 101°M, 1 30kpc MEESE = 9.44 x 101°M, 3 3 30kpc
1.31x1012M, “1 2Rj=18.1kpc M$3t = 4.16 x 1011 M, 57 2Rj=15.4kpc

=7.75x10'°M, 2R7**=32.6kpc . M3, ors = 4.39 X 10°M, 2R§*=69.4kpc

Snap = 099, z = 0.0 Log Column Density [Mokpc=2] Log Mean Mach Number

. :
Snap = 099, z = 0.0 Lag Column Density [Mokpc=2] + Log Mean Mach Number
ost Fol = lost Fol =

Host FoF ID = 016 SN |Host FoF ID = 019

Sat Subfind ID = 00125031 50 55 60 65 7.0 15 80 -0.50 -0.25 0.00 50 o. Sat Subfind ID = 00134852 50 55 60 65 70 8.0 5 000 025 0.
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Figure 11. Numbers of all satellites with gas (in blue) vs. numbers of satel-
lites with gas and with manifest bow shocks in their surroundings (in ma-
genta), as a function of jellyfish score, from the visual classification based
on five Inspectors. Jellyfish galaxies are those with score equal to 5. Here
we only include three of the four snapshots studied so far, because at the
highest redshift snapshot data has not been saved at the particle level to
identify bow shocks. The majority of galaxies that exhibit a bow shock are
score = 5 galaxies, i.e. jellyfishes.

In fact, if we repeat the same study not with randomly-
projected galaxy images but in the optimal configurations (see Dis-
cussion in section 5.4), we find that both the total number of identi-
fied bow-shocks as well as the number of jellyfish galaxies that also
exhibit a bow shock increase (by 60 and 40 per cent respectively).
The optimal projection favors the identification of bow-shock fea-
tures, especially in satellites that in a random configuration would
have not been labeled as jellyfish otherwise.

In any case, in practice, if an observer was capable of iden-
tifying bow shocks in observed gas distributions, such bow shocks
would, with very high probability, be accompanied by gaseous ram-
pressure-stripped tails. While the latter could be harder to identify,
bow shocks could be more easily identified via specific signatures,
for example in spectroscopic gas-line ratios in the region occupied
by the bow shock in front of the orbiting satellite or more directly
in X-rays: this has been the case for bow shocks in the the hot
intra-cluster medium of merging clusters (Markevitch et al. 2002),
albeit admittedly at possibly different densities and thermodynam-
ical properties of the affected intra-cluster gas.

6 SUMMARY AND CONCLUSIONS

A growing number of intriguing galaxies that clearly undergo the
effects of environmental gas stripping and hence are dubbed ‘jel-
lyfish’ due to their extended trailing gas structures, have been re-
ported in recent years. In this work we have performed, for the first
time, a quantitative study of such galaxies, their demographics in
the general population of satellites, and their physical properties
in the framework of a large-scale, uniform-volume, cosmological,
gravity+MHD simulation.

We have used the highest-resolution 111 Mpc box from the II-
lustrisTNG project to study the satellite galaxies in massive groups
and clusters of 1013 < Msooc/ Mg < 10146 Mg (about 180 hosts
in total e.g. at z = 0). We have examined four snapshots at redshift

z=20,0.2,0.4, and 0.6 to accumulate a sample of 6 066 satellites
of stellar mass > 10°-° Mg, 2610 of which contain some gas (see
sample selection in section 2.2).

To identify jellyfish galaxies, a visual inspection was carried
out by 5 independent Inspectors who classified images in random
projections of the gaseous and stellar densities of the galaxies
based on a set of pre-determined criteria. The main goal was to
identify satellite galaxies with clear signatures of ram-pressure
stripped gas, i.e. with markedly asymmetric distributions of
the projected gas in and around a galaxy, excluding cases of
galaxy-galaxy interactions. No distinction has been made as to
the gas phase for the inspection: all gas (hot, warm, ionized and
star-forming) has been considered. The determinations of the
Inspectors were tallied and those galaxies, 800 in number, which
were unanimously agreed upon were classified as ‘jellyfish’.

Our quantitative findings from TNG100 can be summarized
as follows:

o Within our sample, for satellites with galaxy stellar mass
larger than 10°° Mg in hosts more massive than 10'* Mg at
z < 0.6, we predict a non-negligible fraction of satellites to exhibit
strong evidence for ram-pressure-stripped gas, namely about 13
(31) per cent of all luminous satellites (of satellites still containing
gas; see Table 1). Such evidence can be found in general in both
disk-like as well as spheroidal-like galaxies, The stripped gas
morphology can be either in the form of thin gas tails that extend
to very large distances in comparison to the extension of the galaxy
body or of multiple wakes that depart perpendicularly to a stellar
and gaseous disk.

e For our stellar mass-limited sample of satellite galaxies,
the fraction of jellyfish galaxies increases with host mass, due
to stronger environmental forces, and increases with decreasing
satellite mass, as a result of the weaker gravitational binding within
the satellites. This naturally leads to a decrease in jellyfish fraction
with increasing satellite-to-host mass fraction. No strong trends
for the jellyfish fraction with redshift have been found, except for
a slightly larger fraction of ram-pressure stripped galaxies at the
current epoch in the most massive hosts (Fig. 4).

e Jellyfish galaxies are found at nearly all radii within the
host, but with a notable relative deficiency in the central regions
< 0.2R200c. Jellyfish galaxies exhibit higher velocities than the
general population of satellites. There are roughly equal numbers
of jellyfish galaxies on infalling and outgoing trajectories, but of
the outgoing satellites with gas, a larger fraction are found to be
jellyfish galaxies (Fig. 5).

e TNG galaxies identified as ‘jellyfish’ exhibit higher Mach
numbers and experience stronger ram pressures than the gen-
eral population of satellites with gas. The bulk values of these
properties do not depend on whether the jellyfish galaxy is on an
infalling or outgoing trajectory, while satellites in more massive
hosts experience larger ram pressures than those in smaller hosts
(Fig. 6). The majority of jellyfish galaxies move at supersonic
speeds through the intra-cluster medium.

e The ‘tails’ of jellyfish galaxies tend to be oriented opposite to
the direction of motion (i.e. extend at about 180° with respect to

the satellite’s velocity), and do not favor the direction towards the
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center of the host (Fig. 7).

e Upon inspection of the time-line of each individual galaxy,
we find that jellyfish galaxies are very recent infallers, with infall
times that essentially never occur more than 2.5 — 3 Gyrs in the
past. In this respect, jellyfish galaxies are a very special subset of
the general satellite populations: satellites that fell into their last
host more than 8 Gyrs ago never retain their gas for such a long
time (Fig. 8).

e About 30 per cent of actual jellyfish galaxies are missed or
mis-classified because of the limitations of the random orientation,
as we determine by inspecting the simulated galaxies in an optimal
orientation, namely with the satellite bulk velocity vector lying on
the plane of the image. Therefore, all numbers quoted in the paper
via the random-projection analysis and any observationally-based
estimates are lower limits of the population of galaxies undergoing
ram-pressure stripping.

e Finally, we find that bow shocks in front of satellite galaxies
are good predictors for the presence of gaseous tails and wakes:
among the studied galaxies with gas, 63 per cent of those that
exhibit a bow shock in their surrounding gas in random projections
are also jellyfish galaxies.

In conclusion, we have demonstrated that galaxies that orbit in
massive galaxy groups and clusters and exhibit markedly asymmet-
ric distributions of gas, or tails, develop naturally in cosmological
hydrodynamical simulations. Following the tradition in the obser-
vational and theoretical literature, we have dubbed them “jellyfish”
and we have associated their emergence with ram-pressure strip-
ping. Such a working hypothesis has been confirmed by a series of
findings, chiefly: 1. jellyfish galaxies are more frequent at interme-
diate and large cluster-centric distances; 2. on average they move at
larger speeds and with higher Mach numbers in comparison to the
general satellite population with the same minimum stellar mass:
they are mostly supersonic; 3. they experience on average larger
ram pressures; and 4. their tails are generally oriented opposite to
the direction of motion, with no connection between the orientation
of the tails and the position of the host centers. We have also found
that the presence of gaseous tails correlates well with the presence
of a bow shock in front of the observed galaxy: even if observations
could not spatially resolve the ram-pressure stripped structures, the
potential for identification based on emission line ratios expected
for shock excitation could be used to find candidate jellyfish galax-
ies. Based on our simulation and analysis, the expected number of
jellyfish galaxies within the virial radius of Virgo-like and Fornax-
like clusters is on average 3.6 and 2 jellyfish galaxies per cluster,
respectively”. Such estimate can vary between 1 and 6 or 7 jellyfish
examples, respectively, due to host-to-host variations.

We anticipate that this is the first paper in a series of jellyfish
investigations with TNG. Future directions will include automatic
classifications of jellyfish galaxies and characterization of the gas
asymmetries; extension to the TNG300 and TNGS50 simulations,
with more massive hosts, higher redshifts, larger distances, and bet-
ter resolved galaxies. Particularly, enhanced spatial and mass reso-

7 The imposed constraints for these predictions read: 1.4 x 10 <
Ma200c/ Mg < 4 x 10 and 3 x 1013 < Magpe/ M@ < 7 x 1013
for the total halo mass of Virgo and Fornax-like hosts; satellites stellar mass
exceeding 109-> Mg, in stars.
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lutions (e.g. with TNG50) will enable us to study the properties of
the stripped gas, e.g. whether it is still gravitationally bound to the
satellite and its star-forming, density, and temperature states; the
morphologies of the stripped satellites; the balance between inter-
nal pressure and gravitational binding forces against the ram pres-
sure that leads to gas removal; the quantification of observational
biases and comparisons and predictions for observations via mock
observations in specific gas phases (e.g. HI, molecular or ionized
gas), and ultimately the general implications for the overall picture
of satellite quenching in high-density environments.
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APPENDIX A: DEMOGRAPHICS OF OUR SIMULATED
SAMPLES

In Fig. A1, we spell out the demographics of all the samples of
simulated galaxies extracted from the TNG100 simulation and dis-
cussed in the paper. Histograms of all satellites, all satellites with
gas, and jellyfish galaxies are provided, as a function of redshift,
host mass, satellite stellar mass, and satellite-to-host mass ratio. Of
particular interest are the deviations between the distributions of
all satellites vs. all satellites with gas, of which we comment in
the main text. Fig. A2 provides the frequency of jellyfish galaxies
from the parent sample of all satellite galaxies (i.e. objects with
non-vanishing stellar mass) irrespective of their gas content. These
fractions are obtained from the ratios between the histograms of
jellyfish and of all satellites of Fig. Al. The jellyfish fractions with
respect to all satellites are different from those with respect to all
satellites with gas that are shown in Fig. 4. Fig. A3 shows the cu-
mulative number distribution of hosts in bins of redshift. The dis-
tribution of host total mass overall shifts to larger numbers of more
massive hosts at lower redshifts: namely, the number of hosts with
mass larger than 10'* M, is generally higher at lower redshifts and
itis highest at z = 0.

APPENDIX B: JELLYFISH GALAXY

A random set of TNG galaxies dubbed as ‘jellyfish’ (score = 5
galaxies) is showcased in Fig. B1 and Fig. B2, in random projec-
tions. The color maps denote gas column densities with the config-
urations adopted and described in section 3.
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Figure Al. Distributions of all satellites (gray), all satellites with gas (blue), and jellyfish galaxies (magenta) in our TNG100 sample. Jellyfish galaxies are
those with score = 5 according to our visual classification. In all panels, unless otherwise stated we include all galaxies in our sample, with stellar mass larger
than 109-5 M@, in hosts with total mass larger than 1013 Mg and smaller than ~ 10146 M@, and at all the four snapshots considered, i.e. z >~ 0.0,0.2,0.4,
and 0.6. Trends are shown as function of redshift, host mass, host-to-satellite total mass ratio, and satellite stellar mass, from left to right.
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Figure A2. The fractions of jellyfish with respect to the whole parent sample, i.e. all satellites with at least 109-> M, in stars, irrespective of their gas content.
This is analogous to Fig. 4, but there the fractions are given within the sample of satellites with at least 1 per cent of gas fraction. Trends are shown as a
function of redshift, host mass, host-to-satellite total mass (< 21y /) ratio, and satellite stellar mass, from left to right. No monotonic trends in the jellyfish
fractions can be seen as function of host mass and host-to-satellite mass ratio, in contrast to the case where the fraction is taken by considering only galaxies
with at least some gas as in Fig. 4.
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Figure A3. Cumulative distribution of hosts as function of their total mass.
Vertical dashed lines identify the bins of host mass adopted e.g. in the
top-left panel of Fig. 4 and in the left-most panel of Fig. A2. As we are
working with a volume-limited simulation, the number of massive hosts
increases with decreasing redshift, as it is apparent when comparing the
z = 0.6 and z = 0 host mass functions, especially at the highest-mass end

(> 10" Mgp).
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Figure B1. Gallery of a selection of our jellyfish galaxies, i.e. satellite galaxies as determined in this work, in random projections.
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