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ABSTRACT

Motivated by the discovery of peculiar dwarf galaxies inside galaxy clusters such as blue candidates (BCs), dark galaxies, and ultra-
diffuse galaxies (UDGs), we present hydrodynamic simulations of galaxy mergers in cluster environments. We vary the viscosity
and stellar feedback prescriptions, realistically modeling possible conditions for hydrodynamic drag and fluid instabilities, as well as
internal destabilization through stellar feedback-driven heating and gas loss. We find that long-lived tidal dwarf galaxies (TDGs) can
form throughout all viscosity values applicable to galaxy clusters if stellar feedback is moderate. Our results expand on studies of
cloud-crushing simulations, investigating the entrainment problem in the intracluster medium ambience. The smallest clouds have gas
masses on the order of 𝑀gas ∼ 107 M� and reach relatively low final drift velocities of ∼ 100 km/s. The lowest possible Reynolds
number acting on this class of clouds is 𝑅𝑒 ∼ 1 for a full Spitzer viscosity. Almost all TDGs display elevated star formation rates of
0.01 − 0.1 M�/yr, which are stable across several gigayears. Based on their matching properties, we support that BCs observed in the
Virgo cluster are likely stripped TDGs. Similar features are also found in comparison with dark galaxies and baryon-dominated UDGs,
implying that a subsample of these objects are also long-lived TDGs. This work provides evidence that stripping from galaxy mergers
is a viable formation channel for a subgroup of dark-matter-deficient galaxies and stable cold gas clouds observed in galaxy clusters.

Key words. Galaxies: interactions – Galaxies: formation – Galaxies: dwarf – Galaxies: starburst – Galaxies: clusters: intracluster
medium

1. Introduction

The number of peculiar dwarf galaxies with high baryonic mass
fractions observed in the local Universe is steadily rising. Such
objects have been found across all kinds of environments, ap-
pearing as completely isolated dwarfs (e.g., Guo et al. 2020), as
spheroidals nearby a larger galaxy (e.g., Hammer et al. 2020),
and inside massive galaxy clusters. In particular, a subsample of
ultra-diffuse galaxies (UDGs), which are characterized by an usu-
ally low surface brightness for their stellar size (e.g., van Dokkum
et al. 2015; Koda et al. 2015; Mihos et al. 2015; Román & Trujillo
2017; Forbes et al. 2023; Gannon et al. 2024; Zöller et al. 2024),
has been found to host significant HI content, while also display-
ing lower star formation efficiencies than other dwarf galaxies
with similar gas masses (e.g., Leisman et al. 2017; Jones et al.
2018; Kado-Fong et al. 2022). In some cases, high-resolution
spectroscopic measurements allowed an analysis to be under-
taken of their underlying gravitational potentials, which surpris-
ingly revealed cases of UDGs that are dark-matter-deficient or
even entirely baryon-dominated (e.g., van Dokkum et al. 2018;
Toloba et al. 2018; van Dokkum et al. 2019; Mancera Piña et al.
2019; Buzzo et al. 2025). We refer to Gannon et al. (2026) for
a comprehensive overview of observed UDGs and their varying
properties.

Another class of odd objects has been observed inside the
Virgo cluster, where its vicinity enabled the detection of very
small star-forming dwarf galaxies with stellar masses of around

104 − 105 M�, appropriately called blue candidates (BCs) or
“blue blobs.” They have distinct clumpy morphologies, are metal-
rich, and have elevated star formation rates (SFRs) compared to
other dwarf galaxies in their stellar mass range (e.g., Jones et al.
2022b; Bellazzini et al. 2022; Jones et al. 2022a; Dey et al.
2025). Curiously, it has been found that BCs can have quite large
HI reservoirs, which became apparent from two cases of dark
galaxies that turned out to actually host a small stellar component
and were successively reclassified as BCs (e.g., Adams et al.
2015; Bellazzini et al. 2015; Cannon et al. 2015; Sand et al.
2017; Junais et al. 2021). Dark galaxy candidates, i.e., dwarfs
found exclusively though the 21 cm line without a counterpart in
the optical or UV, lately started to be found in wide radio surveys,
though the sky has not yet been entirely mapped (e.g., Minchin
et al. 2005; Bílek et al. 2020; Leisman et al. 2021; Wong et al.
2021; Józsa et al. 2022; Xu et al. 2023; O’Beirne et al. 2024;
Kwon et al. 2025; Monaci et al. 2026). What the origin of these
HI-dominated galaxies is, and why they show so little evidence
for star formation, is an unsolved question.

Tidal dwarf galaxies (TDGs), i.e., dwarfs that are formed in
the tidal tails of a galaxy merger event have been proven to dis-
play small dark matter fractions in both observations (e.g., Duc
& Mirabel 1998; Gray et al. 2023; Rakhi et al. 2023) and simu-
lations (e.g. Barnes & Hernquist 1992; Williamson et al. 2016;
Ploeckinger et al. 2018; Haslbauer et al. 2019). We recently in-
vestigated the evolution of TDGs inside cluster environments
through a series of simulations (Ivleva et al. 2024, from now

Article number, page 1 of 17

Article published by EDP Sciences, to be cited as https://doi.org/10.1051/0004-6361/202660734

http://publications.edpsciences.org/
https://doi.org/10.1051/0004-6361/202660734


A&A proofs: manuscript no. output

referred to as Paper I) and found that the drag induced by the in-
tracluster medium (ICM) is causing significantly more TDGs for
each merger event. This leads to a lower mass limit for long-lived
TDGs than was predicted in the pioneering study by Bournaud &
Duc (2006), which did not include environmental influences. The
resulting dwarfs then become independent systems after detach-
ing from tidal tails, and thus contribute to the dwarf population
inside galaxy clusters. However, this result may change depend-
ing on the properties of the ICM, in particular its ability to mix
with the cold gas from the galaxy. This aspect is very sensitive to
the viscosity treatment in the simulation code, which defines the
range of Reynolds numbers that one can resolve. So far, it is still
unclear which range of Reynolds numbers, 𝑅𝑒, is applicable for
galaxy clusters, which makes it difficult to infer their viscosity
value. X-ray measurements of hot bubbles in static ICM imply
values between 𝑅𝑒 = 62−400, depending on the temperature one
assumes for the medium (Robinson et al. 2004; Reynolds et al.
2005), suggesting that the system is turbulent. However, these
flows are characterized by length scales that are several orders
of magnitude larger than in the case of dwarf-sized gas clouds
moving through a galaxy cluster. Their dynamics might therefore
be characterized by much smaller Reynolds numbers, allowing
them to persevere through the lack of violent turbulence.

In fact, extensive efforts have been made during the past 20
years in order to constrain the criteria that define stable config-
urations between fluids, in the effort to explain a number of dif-
ferent observed astrophysical phenomena involving multiphase
gas. Early works mostly focused on the behavior of hot, active
galactic nucleus (AGN)-inflated bubbles in the ICM, finding that
a fraction of the Spitzer value as the effective viscosity coeffi-
cient can already quench Rayleigh-Taylor and Kelvin-Helmholtz
instabilities, while magnetic fields can additionally stabilize the
fluid interface (e.g., Brüggen & Kaiser 2001; De Young 2003;
Reynolds et al. 2005; Sijacki & Springel 2006; Roediger et al.
2007). A similar effect was found in the confinement efficiency
of cold, ram-pressure-stripped gas clumps in the wake of jelly-
fish galaxies, which can develop long, star-forming filaments that
stay connected to the disk galaxy while moving through an ICM
(e.g., Ruszkowski et al. 2014; Tonnesen & Stone 2014; Roediger
et al. 2015; Kraft et al. 2017; Marin-Gilabert et al. 2024; Sparre
et al. 2024). Later on, multiphase mixing between separate cold
or hot clouds and hot ambient medium became an active field of
research, driven by the discovery of outflows in galaxies and high-
velocity clouds around the Milky Way (Wakker & van Woerden
1991; Thom et al. 2008). Often referred to as “cloud-crushing”
simulations, these studies revealed the immense complexity of
the entrainment problem, to which still no consistent solution
has been found explaining the observed stability of gas clouds
(e.g., Gronke & Oh 2018; Li & Bryan 2020; Kanjilal et al. 2021).
Also here magnetic fields were found to stall destructive turbu-
lence (Hidalgo-Pineda et al. 2024; Kaul et al. 2025; Sparre et al.
2020). Interestingly, the outcome may also differ when consider-
ing a loosely associated group instead of a single cloud, which can
lead to stabilization through multi-cloud shielding (Melioli et al.
2005; Forbes & Lin 2019; Alūzas et al. 2012). As pointed out in
a recent review by Gronke & E. Schneider (2026), these works
mostly focus on the problem of outflowing clouds, while infalling
scenarios have been studied in far less detail, though such circum-
stances may lead to more destructive conditions (e.g., Heitsch &
Putman 2009; Afruni et al. 2019; Grønnow et al. 2022; Heitsch
et al. 2022; Tan et al. 2023). In addition, these simulations pri-
marily focused on environments applicable to the interstellar and
circumgalactic medium. The behavior in ICM-like atmospheres
such as in this work is still widely unexplored.

In this paper, we investigate the evolution and stability con-
ditions for cold gas clouds and baryon-dominated dwarf galax-
ies inside galaxy clusters by running a series of targeted, high-
resolution radiative hydrodynamic simulations. The paper is
structured as follows: we abridge the setup in Sect. 2 and outline
the relevant subgrid modules used in the simulation. In Sect. 3
we present our results, focussing on the general mixing trends
across varying physical realizations, before examining the emerg-
ing dwarf galaxy populations and their evolution in mass, SFR,
and appearance. We discuss the consequences of our findings by
comparing to recent results in cloud-crushing studies and finally
by proposing analogs to observed dwarf galaxies. We summarize
our conclusions in Sect. 5.

2. Numerical setup
We initialized a major merger with a mass ratio of 2:1 between two
late-type galaxies inside a galaxy cluster, where the more massive
galaxy has a Milky Way-like mass of𝑀200,c = 1012 M�. The bulk
motion of the galaxies was set to correspond to an elliptical orbit
inside the cluster, where their initial drift velocity is taken to be
the cluster’s virial velocity (= 670 km/s, corresponding to a virial
mass of 𝑀200,c = 1014 M�). The initial distance of the galaxies
to the cluster center is two times its virial radius, such that a
galaxy encounter is still realistic due to relatively low dispersion
velocities outside the galaxy cluster. The cluster is modeled by
dark matter and ICM particles, where the latter are in hydrostatic
equilibrium, while their resolution is 𝑚dm = 3.2 · 106 M� and
𝑚gas = 6.6 · 105 M� for dark matter and baryons, respectively.
The initial conditions are identical to simulation C45 presented
in Paper I and we refer to its Section 2 for the detailed description
of the setup.

The dwarfs quickly form a clear boundary with respect to the
surrounding ICM in their gas and stellar distribution after they
detach from the merger’s tidal tail. This allows one to define the
total stellar (gas) component by selecting all stellar (gas) particles
within a sphere encapsulating the associated components, where
the appropriate radius is evaluated through visual inspection. This
approach was favored over using structure finding algorithms,
because it allows one to find baryon-dominated halos as spatially
coherent structures early in their evolution while they are still
gas-dominated, which standard algorithms struggle to recognize.
Later-on, the majority of our found dwarfs are indeed formally
classified as bound structures by SubFind (Springel et al. 2001;
Dolag et al. 2009) when their stellar component becomes large
enough, and the inferred masses are equivalent (cf. Paper I, sec.
4.1).

2.1. Baseline subgrid physics

The simulations were carried out with the cosmological code
OpenGadget3, which utilizes a smoothed particle hydrodynam-
ics (SPH) scheme to model gas dynamics and a Tree solver for
gravity (release paper by Dolag et al. in prep.). Its infrastructure
is based on its predecessor Gadget2 (Springel 2005) but employs
major improvements in the gravity solver (Ragagnin et al. 2016)
and SPH implementation (Beck et al. 2016; Pakmor et al. 2012).
We used the Wendland C4 function as the kernel to reconstruct
the local hydrodynamic properties of the simulated fluid based
on the position and smoothing length of the simulated parti-
cles (Wendland 1995). We included spatially varying conduction
modeling heat exchange (Beck et al. 2016), and second-order
terms in velocity gradient estimations, which significantly im-
proves convergence between SPH and grid codes in turbulent
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flows. The code takes into account cooling for an optically thin,
primordial composition gas in ionization equilibrium with a UV
background (Katz et al. 1996) and a multiphase model for star
formation based on the effective equation of state for the star-
forming gas particles (Springel & Hernquist 2003).

2.2. Varied subgrid physics

Even when modeling an ideal fluid, SPH implementations usu-
ally include an additional term in the Euler equations, which can
be interpreted as bulk viscosity of the medium and is commonly
referred to as artificial viscosity (Balsara 1995; Cullen & Dehnen
2010). Its purpose is to stabilize the code numerically and prop-
erly capture the behavior at shock interfaces, which otherwise
would be incorrect due to the entropy-conserving formulation of
SPH. Outside of shocks, the additional term should decay to zero
when modeling an ideal fluid. We test two realizations of artifi-
cial viscosity in this work, which we refer to as “classical” and
“improved” SPH. Both versions rely on a built-in shock finding
scheme, which boosts the local bulk viscosity coefficient for an
interacting SPH particle pair when a shock is detected. However,
it has been established that the effective bulk viscosity in “classi-
cal” SPH tends to be non-vanishing even outside shock regions,
effectively modeling a viscid fluid. “Improved” SPH therefore
includes an additional time-depending moderator in the artificial
viscosity term, which efficiently decays the effective viscosity
after a shock has passed, returning to an ideal fluid representa-
tion. This way, low Reynolds numbers are reached only in shock
regions, while high Reynolds numbers are resolved elsewhere
(Price 2012).

In addition we also tested the effect of physically motivated
viscosity, i.e., when the fluid is in fact nonideal and represented by
the Navier-Stokes equations, including non-vanishing shear vis-
cosity (Marin-Gilabert et al. 2022). Additional artificial viscosity
is still necessary in this regime for accurate shocks capturing via
bulk viscosity (Sijacki & Springel 2006). We used full Spitzer
viscosity as the maximum shear viscosity coefficient1.

Two feedback modes are included by the star formation model
used in our simulations. A star-forming gas particle has an asso-
ciated cold and hot phase, which can transfer mass and energy
between each other (for a detailled description, see Springel &
Hernquist 2003). In particular, it includes a heating rate moti-
vated by canonical supernova release energies, which can also
be interpreted as isotropic “thermal” feedback on the surround-
ing gas via conduction. Additionally, it is possible to switch on
“kinetic” feedback, which in its original implementation is sup-
posed to capture galactic winds, and thus account for starbursts
and associated outflows observed in galaxies. It should be noted,
however, that the parameters associated with this subgrid module
have been gauged for galaxies that are in at least the Milky Way
mass regime, not for dwarf galaxies. Hence, the effective galactic
wind modeled by the “kinetic” feedback mode should be inter-
preted as the result of extreme starburst episodes that may occur
in a dwarf galaxy, while the “thermal” mode is representative of
more moderate stellar feedback.

3. Results
We implement four different realizations in total, which cover
the feasible parameter space of both the (i) mixing behavior of
multiphase gas in cluster atmospheres by varying the viscosity

1 𝜂 = 6 · 10−17𝑇 [𝐾]5/2 g
cm s , assuming a Coulomb logarithm of

lnΛ = 37 (Spitzer 1965).

prescription and (ii) feedback-induced gas heating and ejection
through different stellar feedback mechanisms. Table 1 summa-
rizes the differences between the simulations, where the meaning
of each column was introduced in Sect. 2. Simulations A and D
represent a very viscous ICM, which they achieve by setting a
high bulk viscosity (A, numerically motivated) or high shear vis-
cosity, given by the full Spitzer value (D, physically motivated).
Opposite to that are setups B and C, which model a practically in-
viscid ICM, where simulation C resolves additional kinetic stellar
feedback. Thermal feedback is included in all four setups.

3.1. General gas behavior

Fig. 1 shows a comparison of all four simulations, which illus-
trates the qualitative differences in the evolution of the merger
remnant, ram-pressure-stripped gas, and TDGs. At the moment
of this figure, the coalescence event was ∼1.3 Gyr ago. In each
case we display both the face-on and edge-on view of the merger
orbit in the top and bottom panel of each quadrant, respectively.
The background in red and yellow indicates the integrated surface
density of the ICM along the line of sight, while the blue areas
represent ram-pressure-stripped gas from the merging galaxies.
In order to visualize the qualitative behavior, we determined the
surface density of the ram-pressure-stripped component sepa-
rately from the ICM, since the density contrast would otherwise
be too low to distinguish them. This is the reason for the spot-like
appearance in places where the stripped gas density is very low,
encompassing the size of the smoothing kernel of the respective
SPH particle. The two inset images in each simulation display
a zoom-in on the merger remnant (left) and an example dwarf
galaxy (right), where the side lengths of the images are 35 kpc
and 5 kpc, respectively. For reference, we plot a scale in the top
left corner of each merger zoom-in image representing 5 kpc,
while the scale in the top left of the figure indicates a size of
500 kpc (= 0.5𝑅200,c, where 𝑅200,c is the galaxy cluster’s virial
radius). The zoom-in images were created with the ray-tracing
visualization software Splotch (Dolag et al. 2008) and in this
case render gas in blue, while stars are shown in orange.

While the viscous realizations (A and D) display a relatively
narrow ram-pressure-stripped gas tail, B and C exhibit wider
trails – already indicating that mixing between the cold galactic
gas and hot ICM is occurring on faster timescales there. This ef-
fect is further enhanced when kinetic feedback is switched on in
simulation C, where efficient stellar winds are acting as an addi-
tional channel to expel gas from the galactic disk apart from ram
pressure. A look at the zoom-in of the merger remnant confirms
that the gaseous disk is still struggling to find an equilibrium after
the merger due to the strong feedback, while the disks in the other
simulations have already settled. However, while A and B main-
tained a relatively large gas reservoir, the remnant in simulation
D is left with a much smaller disk with about half the radius.
This is caused by the interplay of two circumstances: (i) setup
D includes an explicit shear viscosity coefficient that rises with
sharp velocity gradients, which supports gas stripping through
Kelvin-Helmholtz instabilities. The formulation of the numerical
viscosity in setups A-C, on the other hand, is coupled to velocity
divergence, representative of bulk viscosity. (ii) The disk edge
displays high viscosity coefficients in simulation D, driven by
the strong temperature dependence on the Spitzer value and ker-
nel averaging over cold disk and hot ICM particles. Meanwhile,
the appearance of the dwarf galaxy is remarkably similar when
comparing A and D, whereas the dwarf’s gas component in the
inviscid simulations (B and C) is more diffuse, leading to less
effective star formation, and hence a lower surface brightness.
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Table 1: Overview of the implemented subgrid physics in the different runs compared in this work.

stellar feedback artificial viscosity Physical
Sim thermal kinetic classical improved viscosity Comment

A 3 7 High effective numerical viscosity; thermal feedback
B 3 7 Inviscid outside shocks; thermal feedback
C 3 3 7 Inviscid outside shocks; thermal + kinetic feedback
D 3 7 3 High effective physical viscosity; thermal feedback

Notes. Crosses mark a switch chosen between mutually excluding options per category, while checks are placed where the respective subgrid
physics is optional.

A
5 kpc35 kpc

500 kpc

B
5 kpc35 kpc

C
5 kpc35 kpc D

5 kpc35 kpc

Fig. 1: Qualitative comparison of ram-pressure-stripped gas in different subgrid physics in face-on and edge-on projection (top and
bottom panel of each quadrant, respectively). The letter in the bottom left of each quadrant indicates the respective simulation (see
Table 1). The red-yellow background represents the surface density of the ICM, while light blue traces the gas stripped from the
merging galaxies. Two inset images in each simulation enhance on the merger remnant and an example dwarf galaxy. The scale in
the top left of each merger inset image indicates a size of 5 kpc.

3.2. Shock and mixing behavior in the ICM

Different subgrid implementations, intended to capture different
astrophysical circumstances, may lead to varying properties and
dynamics across different scales. Before investigating these dif-
ferences in the evolution of dwarf galaxies formed in our simula-
tions in the following sections, we focus first on the consequences
on the ICM. In particular, we investigate the buildup and strength

of the various pressure waves triggered by the galaxies moving
through the cluster, as well as the emerging mixing behavior be-
tween the cold gas phase stripped from the galaxies and the hot
surrounding medium. In particular, the mixing regime, and hence
the timescales at which turbulence can disrupt structures, heavily
affects the appearance and evolution of gaseous dwarf galaxies.
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A B 500 kpc

R200, c

C D

10 1 10 2 10 3 10 40 10 4 10 3 10 2 10 1

Pressure excess p

A B 500 kpc

C D

10 1 10 2 10 3 10 40 10 4 10 3 10 2 10 1

Entropy excess S

Fig. 2: Pressure (left) and entropy (right) excess for all four simulations analyzed in this work. The letter in the bottom left corner
of each panel indicates the setup (see Table 1). The scale in panel B denotes 500 kpc, while the dashed line indicates the virial
radius, 𝑅200,c, of the galaxy cluster. The merger remnant as well as the most massive and fastest dwarf galaxies drive a pressure wave
through the cluster. The ram-pressure-stripped gas tails in simulations A and D (viscous) are relatively stable, while mixing in B and
C (inviscid) quickly destroys them.

In order to pinpoint these features, we need to find the posi-
tion of pressure and entropy jumps in the ICM, which indicates
the interfaces of shocks and mixing layers, respectively. For this
purpose, we used unsharp masking of property maps, as this
technique has now proven to be an effective tool to visualize dis-
continuities (e.g., Fabian et al. 2003; Dolag et al. 2005; Sijacki &
Springel 2006; Sommer et al. 2024; Ivleva et al. 2026). The pro-
cess is the following: starting from a property map, X(𝑥, 𝑦), we
smoothed the image by applying a 2D Gaussian kernel function,
𝐺 (𝑥, 𝑦) ∝ exp[−(𝑥2 + 𝑦2)/(2𝜎2)], to each pixel of the original
image, which yields a blurred version, X̃(𝑥, 𝑦). By subtracting
the original map from the smoothed variant, sharp value jumps
remain, while features that are larger than the smoothing kernel𝜎
cancel out. Note that this only works if the features one is looking
for are characterized by a sufficiently large value contrast with
respect to the background, as the smoothing kernel attenuates
these jumps. Lastly, the contribution of each pixel is normalized
by the local value of the blurred image, simply to ensure that all
edge features appear equally strong in the resulting map, no mat-
ter the contrast. The final discontinuity map of a property, 𝛿X, is
therefore given by 𝛿X = (X − X̃)/X̃, where X is pressure, 𝑝, or
entropy, 𝑆, tracing shock and distinct mixing layers, respectively.
Local pressure is evaluated by 𝑝 ∝ 𝜌 · 𝑇 , while entropy is taken
to be 𝑆 ∝ 𝑇/𝜌2/3, where 𝜌 and 𝑇 are the density and tempera-
ture integrated along the line of sight, respectively. Due to the
normalization of 𝛿X, simply the proportionality on density and
temperature is already sufficient for creating the excess maps.

Fig. 2 presents the pressure and entropy excess map for each
simulation on the left and right side, respectively, where the letter
in the bottom left corner of each panel is specifying the simulation
(see Table 1). The time is the same as in the overview in Fig. 1
(1.3 Gyr after merger event), while the scale in the bottom right of
configuration B indicates a length of 500 kpc for each simulation.
For reference, the dashed line marks the virial radius, 𝑅200,c, of
the galaxy cluster, of which the center is apparent as the dark spot
in the bottom of each panel. The system is shown in its face-on
projection, i.e., the merger orbit is lying in the sky plane. We used

a Gaussian smoothing kernel with a size of 𝜎 = 5 pixel in these
maps.

3.2.1. Pressure excess, 𝛿𝑝, tracing sound waves

The merger remnant, clear as the strong disturbance near the left
border of each panel, has already undergone its pericenter passage
at this stage and has just moved outside the cluster boundary of
𝑅200,𝑐 . The cone around the remnant is a consequence of its
relatively high velocity with respect to the ICM. It leads to the
buildup of a pressure (sound) wave at the front of the galaxy,
which then further propagates through the whole cluster. The
red and blue pattern of the cone is evidence of this, signifying
a depression (blue) versus excess (red) of pressure compared to
the background, which is the ICM in hydrostatic equilibrium.
We note that, although this looks similar to a shock wave, the
pressure jump is not large enough to qualify as a shock.

As a matter of fact, the merger remnant is not the only object
here that is able to leave such a footprint in the ICM. Some of
the stripped TDGs, which are moving in the wake of the merger
remnant and are clearly visible in the pressure excess map, are
actually also accompanied by a cone, as well as an additional
compression at their front. Note that it is not symmetric, but
instead elongated toward the cluster outskirts, because the dwarfs
tend to move on a hook-like orbit, whereby they are quickly
decelerated by ram pressure and continue to move on increasingly
radial orbits. The reason why these dwarf galaxies display such
a pressure wave is because they maintain the highest velocities
with respect to the ICM, while also having high enough masses to
disturb the medium. In fact, this also correlates to their position
in the cluster, as these dwarfs are closer to the cluster center in
both simulations A and B. When they were stripped during the
merger event, these dwarf galaxies had the highest gas mass out
of their sample. They quickly lost their angular momentum while
simultaneously converting a large portion of their gas reservoir
into stars, leading to relatively radial orbits, but still had large
velocities because they continued to move as stellar-dominated
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objects, and thus were not susceptible to hydrodynamic drag
anymore.

Thus, it is an interesting observation that the dwarf galaxies
in simulation D do not display such a pressure wave, though they
are in a similar mass range to the dwarfs with such a feature in
simulations A and B (cf. Sect. 3.3.2). It turns out that although
the intrinsic properties of these dwarf galaxies are similar, their
dynamical features with respect to the cluster are different. While
also representing a viscous fluid as in simulation A, the ICM in
setup D slows down the dwarf galaxies on faster timescales. Fig-
uratively speaking, star formation is not outrunning deceleration
by ram pressure and turbulent drag anymore (discussed in more
detail in Sect. 4.1), and thus the dwarfs’ orbit in the cluster is
affected longer by interaction with ICM. Their velocity with re-
spect to the cluster is hence smaller than of the sample in A
and B, leading to the lack of a pressure signature. The dwarfs
in simulation C, on the other hand, actually have relatively high
velocities. However, they have much lower total masses than the
galaxies in the other samples (A, B, and D), and are accordingly
not able to disturb the ICM.

3.2.2. Entropy excess, 𝛿𝑆, tracing mixing

Moving on toward the right side of Fig. 2, we now focus on the
mixing behavior of the different gas phases inside the galaxy
cluster, evident by the entropy excess map. Here, depression or
excess with respect to the background indicate where the medium
contains inhomogeneities, leading to locally varying entropy val-
ues across the different gas phases. In other words, orange and
violet features appear at locations where turbulence has not yet
caused stripped gas to fully mix with the ICM.

When comparing the four different simulations, it immedi-
ately becomes clear that the merger remnant galaxies in setups
A and D display the most pronounced ram-pressure-stripped gas
tails. It is particularly persistent in simulation D, stretching across
the whole cluster. This is a clear signature of viscosity acting in
these simulations, which is impeding turbulent mixing in sim-
ulation A, and even effectively confining the “jellyfish tail” in
simulation D. In fact, this finding aligns well with the behav-
ior of AGN-driven bubbles found by Scannapieco & Brüggen
(2008), who investigated the evolution of buoyant, underdense
bubbles in an ICM. They found that the introduction of viscos-
ity can actually impede the fragmentation of a cloud by creating
turbulent mixing layers around the structure, which effectively
confines the bubble during its rising motion.

In the meantime, the setups that realize low effective vis-
cosities behave quite differently. Simulation B displays only very
weak entropy excess features in the merger remnant trail, while
simulation C lacks them entirely. Though these two simulations
incorporate the same artificial viscosity subgrid model, this dif-
ference is caused by the additional kinematic stellar feedback in
C, which aids mixing by expelling gas further out with respect to
the line drawn by the merger orbit, leaving little opportunity for
the gas tail to stabilize itself against turbulence.

Curiously, one can even see the tails of some dwarf galaxies,
which indicates their gas loss due to ram pressure stripping,
in particular for the dwarfs toward the center of the panel in
simulation B and D. Still, the slower mixing behavior in D is also
evident here by the longer trail.
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Fig. 3: Upper panel: Star formation rate (SFR) vs. time, 𝑡, of
simulated dwarf galaxies. Vertical dotted lines indicate events,
where the dwarf was suddenly quenched. Lower panel: SFR vs.
stellar mass, 𝑀∗. The vertical dashed line indicates a threshold
of five stellar particles in the simulation, while the four colored
lines are fits to the dwarfs from the respective simulation. The
black line shows the star-forming main sequence observed inside
the Virgo cluster by Boselli et al. (2023). Black markers indicate
dwarfs at high redshift by Karman et al. (2017), green triangles
are HI-rich UDGs by Kado-Fong et al. (2022), and light blue
markers are BCs by Jones et al. (2022b) and Dey et al. (2025).

3.3. Properties of simulated dwarf galaxies

Having analyzed the global behavior and dynamics of the emerg-
ing dwarf galaxy population inside the cluster, we now focus on
their internal properties. The simulations A, B, C, and D pro-
duced eight, seven, five, and seven dwarfs, respectively. In the
following, we analyze their SFR and mass evolution, before de-
termining the dwarf galaxy type based on observational criteria.
The respective time-dependent properties of all dwarfs are pro-
vided in Appendix C.

3.3.1. Star formation rate

Fig. 3 demonstrates the SFR of the simulated dwarf galaxies
against time, 𝑡 (upper panel), and stellar mass, 𝑀∗ (lower panel).
The four simulations are distinguished by different colors and
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symbols – blue circles for A, yellow triangles for B, red squares
for C, and purple stars for D (see Table 1 for the differences in
subgrid physics between the setups). The dwarfs’ properties were
traced over the course of 4 Gyr in steps of 0.5 Gyr, starting from
the moment when the merger has just occurred and stripping of
its TDGs is beginning to take place. For reference, this is 1.3 Gyr
before the moment when we analyzed the global gas behavior in
Sects. 3.1 and 3.2. In order to make the figure more accessible,
we fit splines to the data points for smooth evolution lines in
the upper panel. Therefore, the exact course of the lines between
the markers is not necessarily representing the actual evolution,
but rather intended to guide the eye between the tracing times
highlighted by the markers. The lower panel shows the location
of the simulation dwarfs with respect to the star-forming main
sequence, taken at the same time steps as in the SFR evolution
above. The vertical gray line indicates a threshold of five particles
contained by a simulated dwarf galaxy (3.3 · 106 M�), while the
dash-dotted black line with the associated shaded gray region is
the main sequence for dwarf galaxies observed inside the Virgo
cluster by Boselli et al. (2023). Additionally, we compare to
several “unusual” dwarf galaxy types: the black markers represent
a high-redshift (3 < 𝑧 < 6) star-forming dwarf survey by Karman
et al. (2017), the light green triangles are HI-rich UDGs by Kado-
Fong et al. (2022), and the light blue crosses and pluses are BCs
by Jones et al. (2022b) and Dey et al. (2025).

Overall, the simulated dwarfs display remarkably stable SFRs
over the whole tracing period. Occasional cases of abrupt quench-
ing (vertical dashed lines in upper panel of Fig. 3) are due either
to disruption, or to sudden stripping of the dwarf’s gas compo-
nent (cf. Sect. 3.3.2). Setup B, however, displays rising SFRs
over time, which is surprising considering the efficient mixing
of the merger remnants gas tail (Fig. 2). But these dwarf galax-
ies are relatively stable and display delayed star formation with
respect to the other simulations. Indeed, this aligns well with
findings by Marin-Gilabert et al. (2026), who found that the local
cooling efficiency is relatively constant despite varying viscosity
coefficients, with a tendency toward more effective cooling in
very viscous fluids. Moving on to the bottom panel of Fig. 3,
it becomes apparent that the simulated dwarf galaxies display a
systematically elevated SFR compared to the star-forming main
sequence observed in the Virgo cluster by about one order of
magnitude. Meanwhile, the viscous setups (A and D) notably
show a lower SFR for a given mass than in B and C. Interestingly,
the slope of simulation D with physically motivated viscosity
is very similar to the observed main sequence, while the runs
with artificial viscosity only – introduced to capture shocks in
the simulation – all have a shallower slope.

While the observed main sequence was derived from the
mean of the overall cluster population, the dwarfs analyzed in
this work are naturally not represented by such a sample due to
their peculiar origin. Regular galaxies – i.e., ones established via
hierarchical structure formation – inside clusters typically already
spent a significant time exposed to mechanisms regulating their
star formation behavior, in particular preprocessing prior to being
accreted by the cluster. Stripped TDGs, on the other hand, are
deposited directly into the cluster environment and are naturally
gas-rich in the beginning. Suddenly exposed to ram pressure,
these objects therefore display high SFRs, which are significantly
elevated compared to those of dwarfs with a “cosmological”
origin.

Despite having large gas reservoirs, Kado-Fong et al. (2022)
found that the UDGs in their sample have lower star formation
efficiencies than other low-surface-brightness galaxies with the
same HI content. Still, they mostly lie on the main sequence,

though some cases display elevated SFRs, becoming compara-
ble to our simulated galaxies from setups A and D. Dwarfs at
high redshift, on the other hand, display a significantly elevated
SFR for a given stellar mass, similar to what has been already
found for more massive galaxies. They lie above our simulated
sample, though still exhibiting a small overlap at the low SFR
end. Finally, we observe a remarkable agreement between our
simulated sample and BCs, when extrapolating our results be-
yond our resolution limited lower mass end toward ∼105 M�.
This is particularly driven by the viscous realizations A and D,
which overlap nicely with these highly star-forming clumps that
are observed inside the Virgo cluster.

3.3.2. Mass evolution

Fig. 4 presents the mass evolution of all dwarf galaxies from
each simulation in the four columns, while the upper, middle,
and lower rows show their total mass, 𝑀tot, stellar mass, 𝑀∗,
and gas mass, 𝑀gas, respectively. Note that the dwarfs are almost
entirely baryon-dominated; their total mass can therefore be ap-
proximated by 𝑀tot ≈ 𝑀∗ + 𝑀gas. The shaded gray region in all
panels indicates a threshold of less than five particles contained
by the dwarf galaxy in the simulation. As in Fig. 3, we fit splines
to the data points, in order to better visualize their trend.

Interestingly, the overall evolution of their total mass is very
similar for most dwarf galaxies across the simulations – the only
exception being setup C, where the objects are rapidly declining
in mass within the first 1.5 Gyr. In contrast to that, the dwarf
galaxies from the other three simulations (A, B, and D) exhibit
relatively constant halo masses for 4 Gyr, although displaying a
slight decline, which is due to continuous stripping of gas and
stars through hydrodynamic drag and tidal torques, respectively
(see Fig. A.1 for a comparison between the total stellar mass
buildup due to star formation and the actual stellar content re-
duced by stripping). Some dwarfs exhibit more rapid mass loss
after some time; for example, one from simulation D, where its
mass is declining from 4 · 108 M� to 108 M� after 𝑡 = 1.5 Gyr.
These dwarfs are close to the galaxy cluster center at this point,
where they are efficiently shredded by the cluster potential.

While the total mass stays relatively constant, the gas content
of the dwarfs in simulations A and D is continuously converted
into stars, as becomes apparent when comparing the middle and
right panel in Fig. 4. When comparing A with D, the stellar
and gas mass of these dwarfs increases and decreases at similar
paces, respectively. It is worth pointing out two outliers from
this behavior in simulation D, where the dwarf galaxies’ gas
mass drops dramatically around 𝑡 = 1.5 Gyr. These are two very
interesting cases, where the gas body was suddenly stripped from
the stellar core by the ICM – in line with the very effective gas
stripping from the merger remnant that is visible in Fig. 1. This
happens, in fact, to the two most massive objects in this sample.
One of them manages to steady itself despite losing a significant
portion of mass that builds its gravitational potential, which is
necessary in order to stabilize against tidal forces in the cluster.
It continues to persist for the following gigayear, maintaining a
stellar (total) mass close to 109 M�. The remaining mass of the
other dwarf, on the other hand, is not sufficient for such self-
shielding, and it begins to develop stellar streams, progressively
decreasing the dwarf’s stellar content after peaking with 𝑀∗ =

3 · 108 M� at 𝑡 = 2 Gyr. In this regard it is indeed curious to see
that the aforementioned stripped gas content does not dissolve
in the ICM; instead, these clouds stay confined and continue to
move as independent dwarf galaxies, as a quiescent gas cloud
(𝑀∗ = 1.3 · 106 M� and 𝑀 = 6 · 107 M� at 𝑡 = 1.5 Gyr) in one

Article number, page 7 of 17



A&A proofs: manuscript no. output

0 1 2 3 46

7

8

9

To
tal

 M
as

s l
og

M
to

t[
M

]
A

0 1 2 3 46

7

8

9
B

0 1 2 3 46

7

8

9
C

0 1 2 3 46

7

8

9
D

0 1 2 3 46

7

8

9

St
ell

ar
 M

as
s l

og
M

[M
]

0 1 2 3 46

7

8

9

0 1 2 3 46

7

8

9

0 1 2 3 46

7

8

9

0 1 2 3 4
Time t [Gyr]

6

7

8

9

Ga
s M

as
s l

og
M

ga
s

[M
]

0 1 2 3 4
Time t [Gyr]

6

7

8

9

0 1 2 3 4
Time t [Gyr]

6

7

8

9

0 1 2 3 4
Time t [Gyr]

6

7

8

9

Fig. 4: Mass evolution for dwarf galaxies in the tested subgrid implementations over 4 Gyr. The three rows show the total mass, 𝑀tot,
stellar mass, 𝑀∗, and gas mass, 𝑀gas, respectively, while the four columns represent the different simulations. The horizontal dashed
line indicates a threshold of five particles. The viscous simulations A and D produce dwarf galaxies with relatively constant total
masses, where their gas content is continuously converted into stars. The objects in simulation B experience delayed star formation
bursts after a few gigayears of existing as quiescent dark galaxies. The additional winds in simulation C efficiently destabilize and
destroy the dwarfs during the first 2 Gyr.

case and a new star-forming dwarf galaxy (𝑀∗ = 1.5 · 107 M�
and 𝑀 = 108 M� at 𝑡 = 2 Gyr) in another. These two examples
are an engaging demonstration of the interesting details in dwarf
galaxy evolution inside galaxy clusters when viscosity is not
negligible, smoothing out turbulent modes, and thus allowing for
low-surface-brightness galaxies in much lower mass regimes. We
return to this aspect in the discussion (Sect. 4.1).

The inviscid simulations B and C, however, display a very
different behavior compared to A and D. As established above,
the dwarfs in setup C are very unstable and disassemble quickly
after being initiated by the galaxy merger. On the other hand,
the objects in simulation B also struggle to form stars in the
beginning, since they arise from overdensities in the tidal tail that
are more diffuse than in cases A and B. The only exception from

this general behavior in simulation B is the most massive halo,
which kickstarts star formation at the same pace as in simulation
A and D. But after a few gigayears, they surprisingly also become
star-forming after having orbited as almost purely gas-dominated
(dark) galaxies. Thus, turbulence in simulation B is strong enough
to delay collapse and subsequent star formation, but not powerful
enough at the relevant scales to disrupt the gas cloud. This fickle
equilibrium is disturbed by the additional stellar winds acting
on the dwarf galaxies in simulation C and finally causing them
to break apart after their gas content is expelled. We note that,
strictly speaking, the stellar wind prescription used in simulation
C has been tuned for more massive galaxies in the Milky Way
regime, not for dwarf galaxies. Therefore, these results should
not be interpreted such that stellar winds always destroy dwarf
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Fig. 5: Stellar half-mass radius, 𝑟∗,1/2, vs. absolute (V-band) magnitude, 𝑀𝑉 , of dwarf galaxies. The colored markers show the
simulated objects, where the shade indicates the time between 𝑡 = 0 − 1.6 Gyr that has passed after the stripping event in the
simulations. Gray circles display an observational sample by Brodie et al. (2011) of giant, compact, and dwarf ellipticals (gEs, cEs,
and dEs), dwarf spheroidals (dSphs), ultracompact dwarfs (UCDs), as well as globular and extended clusters (GCs and ECs). The
pluses indicate the cE and UCD sample published by Norris et al. (2014). The gray triangles and stars refer to UDGs in the Coma
cluster by van Dokkum et al. (2015) and Zöller et al. (2024), respectively.

galaxies. Rather, these results hold if the star-forming episode
of a dwarf is violent enough to justify rapid and efficient gas
evacuation.

3.3.3. Emerging dwarf galaxy types

Finally, we analyze what kind of dwarf galaxies are formed in the
different simulations. Since the dwarfs’ sizes and masses vary
drastically, it is beneficial to regard them in the stellar half-mass
radius, 𝑟∗,1/2, versus luminosity, 𝐿𝑉 , plane, as done in Fig. 5.
Following the same procedure as in Paper I, we compare obser-
vational samples of dwarf galaxies (gray) with our simulated ob-
jects (colored), where the circles show the extensive catalogue by
Brodie et al. (2011) that spans many different dwarf galaxy types,
while the triangles and stars display UDGs in the Coma cluster by
van Dokkum et al. (2015) and Zöller et al. (2024), respectively.
The luminosity of the simulated dwarf galaxies was estimated by
applying age-dependent mass-to-light ratios provided by Sextl
et al. (2023) for each stellar particle in the simulation. In this
figure, we only include objects from the simulations, which host
at least five stellar particles at the given time. As in the SFR
and mass evolution comparison (Figs. 3 and 4), the dwarfs from
different simulations are distinguished by different markers and
colors (blue circles for A, yellow triangles for B, red squares for
C, and purple stars for D). Note, however, that we now show the
dwarfs’ evolution over a course of 1.6 Gyr and in more detail,

where subsequently darker shades of the respective color indi-
cate time steps of 200 Myr for the dwarf population in the given
simulation.

As already elaborated Paper I, the population in simulation A
covers a wide range of dwarf galaxy types. Starting from an initial
stellar size in the order of a kiloparsec, they evolve from diffuse,
low-surface-brightness dwarfs to compact ellipticals over a time
span of a few 100 Myr (see Fig. B.1 for the dwarfs’ mass evo-
lution including their stellar size, 𝑟∗,1/2). We already stated in
Sect. 3.3.2 that the sample from A and D experience very similar
mass evolutions and star formation histories, yet it is validating to
see that both setups of high effective viscosity give rise to similar
dwarf types, in particular producing dwarf spheroidals (dSphs)
and compact elliptical dwarfs (cEs). Nevertheless, though the
qualitative behavior is the same, the different subgrid implemen-
tations still lead to subtle differences here. While the gas masses
of the objects are similar in setups A and D (see right panel in
Fig. 4), the dwarf’s star-forming gas component is more extended
in D, which automatically reflects in their stellar radius, leading
to a systematic shift toward larger stellar sizes 𝑟∗,1/2 in Fig. 5 for
simulation D.

In contrast to that, simulations B and C almost exclusively
populate the diffuse dwarf galaxy regime (yellow triangles and
red squares). The almost vanishing viscosity acting on the dwarf
galaxies here leads to more efficient mixing between the objects’
boundary layers and the ICM (cf. Sects. 3.1 and 3.2). Similar
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to simulation D, these dwarfs become quite extended in their
stellar size. However, they cannot confine their gas component as
efficiently against environmental influences, preventing them to
accumulate the dense stellar core, which is characteristic for the
samples in A and D after about a gigayear.

Comparing the position of the dwarfs in B, C, and D to the
location of observed dwarf types in Fig. 5, it is quite intriguing
to see that these simulated objects are now clearly overlapping
with UDGs. This conformance is especially persistent for setups
B and C, i.e., for the realizations of an inviscid ICM. We discuss
further similarities and other possible observational counterparts
in Sect. 4.2.

4. Discussion
Our conducted simulation campaign allows for a unique analysis
of the possible gas cloud behaviors and stability trends inside
an ICM, while simultaneously granting the possible evolution-
ary tracks of baryon-dominated dwarf galaxies inside a cluster
environment. We discuss both aspects in the following sections.

4.1. Comparison to cloud-crushing studies

As established in the introduction, investigating the conditions for
cold cloud entrainment in a hot surrounding medium is a large
and active field of research in its own right. A multitude of semi-
analytical and simulational works have been conducted so far, in
the effort to describe the dynamics and entrainment conditions
of cold clouds. These studies consider in varying complexity the
plethora of circumstances that may influence the cloud’s evolu-
tion (e.g. presence of tubulent flows, radiative cooling, magnetic
fields etc., for a comprehensive review of this field we refer to
Gronke & E. Schneider 2026). No consensus regarding the sta-
bility criteria for cold clouds in hot diffuse media has been found
yet. Curiously enough, the majority of these studies have been
exclusively performed assuming interstellar and circumgalactic
medium-like conditions, leaving the parameter space appropri-
ate for galaxy cluster environments that are largely unexplored
as of yet. The simulations presented in this work hence provide a
novel probe of possible mixing behaviors in ICM environments.
In particular, these simulations are inherently self-consistent in
the regard that we were not forced to use common simplifications
such as, for example, constant or vertically stratified background
densities or single cloud injections. Instead, our setup “automat-
ically” models realistic conditions by injecting cold clouds nat-
urally through fully resolved merger and stripping processes, as
well as using a cosmological code with its radiative cooling and
star-forming prescriptions, which have already been exhaustively
tested on their consistency in galaxy formation simulations.

So far, only a few studies have considered inflowing gas dy-
namics (appropriate for our setup), rather than outflowing gas
clouds, which might require differing frameworks. In this regard,
Tan et al. (2023) have recently explored cold clouds exposed to
external gravitational fields. As they pointed out, maintaining
cloud stability is even more difficult under such circumstances.
This is because an outflowing cloud eventually becomes comov-
ing by the hot wind, quenching destructive shear instabilities,
while infalling clouds keep accelerating until they reach their
terminal velocity with respect to the surrounding medium. Only
when a cloud can withstand instabilities at these given velocities
will it survive. They conclude that the commonly used stability
criterion, 𝑡cool,mix/𝑡cc < 1 (i.e., the cooling or mixing timescale,
𝑡cool,mix, needs to be smaller than the cloud-crushing timescale,
𝑡cc), established in outflowing cloud studies is not valid in the

infalling gas regime. Instead they formulate a different survival
threshold in case if the cloud is able to accrete hot halo gas onto
its core, which is appropriate for high cooling efficiencies of the
“warm” gas in the outer turbulent layers. This mass flux then
implies a terminal velocity of

𝑣Tan+2023 =
𝑀

¤𝑀
𝑔, (1)

where 𝑀 , ¤𝑀 , and 𝑔 are the gas cloud’s mass, accretion rate, and
gravitational acceleration, respectively. Tan et al. (2023) argue
that this value will generally be lower than the drag-induced
terminal velocity, decreasing the amount of instability a cloud
has to endure.

Most dwarf galaxies in our simulations are massive enough
to maintain angular momentum with respect to the cluster and
have not reached terminal velocities before becoming stellar-
dominated. However, in all three long-term setups setups, A, B,
and D, we find one low-mass dwarf where such a state is reached
and they start drifting with near constant speed. These dwarfs
display slowly declining gas masses in Fig. 4, which may be a
convolution of gas depletion due to star formation, as well as
potential gas loss or accretion. We have checked for these two
candidates the respective contribution by estimating

𝑥 =
Δ𝑀

SFR · Δ𝑡 , (2)

where Δ𝑀 is the mass loss during a time span of Δ𝑡 (= 0.5 Gyr
according to our tracing time steps) and SFR is the dwarf’s star
formation rate2. For the clouds in setups A and B, this value
ranges between 𝑥A,B = 1 − 2, meaning that there is additional
gas stripping contributing to the gas mass loss apart from star
formation, and Eq. 1 by Tan et al. (2023) is not applicable. For
the dwarf in simulation D, this value is lower, around 𝑥D =

0.8 − 1, indicating that mass loss is mostly balanced by star
formation, though minor gas accretion is occurring. If we now
interpret this relative mass gain as the accretion rate, ¤𝑀 , we
would arrive at a mass accretion-limited terminal velocity of
𝑣Tan+2023 ≈ 4500 km/s.

In order to compare this to the drag limited terminal velocity,
let us consider force balance between gravity and drag, i.e.,

𝑀𝑔 − 1
2
𝜌ICM𝐶𝐴𝑣

2 − Πeff = 0, (3)

where 𝜌ICM is the density of the surrounding hot medium, and
𝐶 the geometric drag coefficient, while 𝐴 and 𝑣 are the cross
section and velocity of the cloud. The term Πeff encapsulates
complementary drag forces apart from the classical geometric
drag. If Πeff = 0, the terminal drag velocity will be

𝑣drag =

√︂
8𝜒𝑅𝑔

3𝐶
, (4)

where 𝑅 is the radius of the spherical cloud and 𝜒 = 𝜌cold/𝜌ICM
its density contrast with respect to the ICM. The value of 𝐶
strongly depends on the Reynolds number, 𝑅𝑒, of the flow and is
equal to 𝐶 = 1−20 for 𝑅𝑒 = 100−1 in the case of a fluid around
a sphere (cf. Fig. 34 by Landau & Lifshitz 1966). For reference,
we estimated the typical Reynolds number, 𝑅𝑒 = 𝑣𝑅𝜌/𝜂, for the
mentioned dwarf galaxy in our simulation, using the Spitzer value
as the shear viscosity coefficient, 𝜂, where the ambient density is

2 We could use that the SFR is relatively constant across several gi-
gayears, cf. upper panel in Fig. 3.
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𝜌ICM = 4 · 10−28 g/cm3 and the initial velocity of the cloud is on
the order of the merger parent drift velocity inside the cluster, 𝑣 ∼
1000 km/s. For typical temperatures of between𝑇 = 1−2 ·107 K,
the minimal Reynolds number in simulation D is therefore 𝑅𝑒 =
6 − 1, while higher 𝑅𝑒 are applicable to dwarfs in less viscous
realizations (simulation B+C). At the dwarf’s distance from the
cluster (∼510 kpc), we computed the gravitational acceleration
by the cluster to be 𝑔 = 3 · 10−9 cm/s2, while the density contrast
is 𝜒 = 2500 with a cloud radius of 𝑅 ∼ kpc. Hence, the terminal
drag velocity will be 𝑣drag = 560 − 2500 km/s for 𝑅𝑒 = 1 − 100.
We measure the actual final drift velocity of the dwarf galaxy to
be 𝑣𝑑 ≈ 150 km/s. Hence, it is drifting significantly slower than
both the mass-accretion limited velocity, 𝑣Tan+2023, and terminal
drag velocity estimate, 𝑣drag, even for extremely viscous flows
with 𝑅𝑒 ∼ 1. The former issue is no surprise, considering the low
overall mass accretion rate of the dwarf, which would translate
into a very high mass doubling timescale of 𝑡grow = 𝑀/ ¤𝑀 ∼
5 Gyr. Thus, this effect is acting much slower than any other
relevant process such as the variability of the background density
and temperature, or of the cloud’s internal properties, for example
its shape and SFR.

Hence, if mass accretion onto the cloud is not driving the
lower final drift velocity of the cloud, a different process must be
responsible for its deceleration and, ultimately, its survival in our
simulations. Neglecting further drag terms, Πeff , is valid only in
the case of flows around rigid bodies, captured by the second term
in Eq. 3. Mass accretion onto the cold cloud can be interpreted as
such an effective drag term, Πeff , since it is causing momentum
transfer from the cold to the hot medium (ICM gas initially at rest
starts comoving with the cloud). But apart from that, the rigid
body approximation is certainly not true for gas clouds, which
are susceptible to deformation. Additionally, shear instabilities at
the envelope can increase the effective cross section of the cloud,
translating into significantly larger drag coefficients. We point
out that we measured a similar final drift velocity for the viscous
(A+D) and invscid (B) setup, indicating that the gas compres-
sion caused by the dwarf’s motion is strong enough to trigger
the artificial bulk viscosity scheme in simulation B, effectively
causing it to behave similar as in the fully viscous realizations.
We did not include magnetic fields in our simulations, but they
have already been shown in multiple studies to balance the cloud
against instabilities if the field strengths are large enough (e.g.,
Hidalgo-Pineda et al. 2024; Kaul et al. 2025). Hence, our results
can be interpreted as the “worst case” outcome for cloud stability.

In summary we conclude that giant gas clouds and gas-rich
dwarf galaxies are remarkably stable inside the ICM due to rela-
tively low terminal velocities in the cluster potential, induced by
hydrodynamic drag. They can easily survive for several gigayears
if they have initial masses of at least 𝑀gas & 107 M�. Our tested
values for effective viscosity cover the whole physically feasible
range from practically inviscid (setup B) to a full Spitzer value
(setup D). Therefore, our stability prediction holds for any galaxy
cluster no matter its effective viscosity, though we note that the
lower mass limit for stable gas clouds in invscid ICM is higher
by about a factor of 2 (Fig. 4). We shall test whether our inferred
mass threshold is due to resolution limitations in future work.

4.2. Analogs to unusual dwarf galaxies in observations

According to basic classification in terms of their stellar size and
luminosity, long-lived TDGs evolve into a large variety of dwarf
galaxy types across all tested subgrid implementations for viscos-
ity and feedback (Fig. 5). Meanwhile, they all have in common
an elevated SFR with respect to the star-forming main sequence.

Since we perfomed idealized simulations, the inferred results are
not bound to a particular cosmic epoch. As such, our qualita-
tive predictions can be applied at varying cosmic times, under
the condition that the relevant circumstances are realistic for the
respective redshift. These are in particular (i) gas-rich merger
events and (ii) the presence of a massive enough galaxy group or
cluster, which can exert ram pressure. While the former condition
is more often met in the early Universe, the latter is not satisfied
when going to too high redshifts, since structure formation there
has not progressed far enough to form galaxy clusters yet. In this
regard we note that, while having systematically lower SFRs than
the high redshift dwarfs in Fig. 3, there is still an overlap between
our simulated sample and these observed galaxies, indicating the
universality in redshift of the formation channel tested in this
work. It should be noted, however, that the quantitative results
are expected to be sensitive to a variety of redshift-dependent
factors, such as differences in galaxy gas fractions and metallici-
ties, consequent cooling rates or ICM properties, which remains
to be tested in future work.

We stress that the simulated dwarf galaxies here are surely
not counterparts to normal dwarf galaxies. On the other hand, the
examined formation scenario recovers key properties of some pe-
culiar dwarf galaxies found in low-surface-brightness surveys and
as blind radio searches. Many of these observations point toward
potentially important cluster influences through ram pressure and
tidal torques. In this work, we conducted a simulation campaign
that is the first of its kind, whereby we self-consistently tested the
influence of clusters on the dynamics of dwarf galaxies in high
spatial and time resolution. In the following we discuss possible
analogs from our simulations to such peculiar observed galaxy
types; namely, BCs, dark galaxies, and UDGs.

4.2.1. Blue candidates

Blue candidates (BCs) are characterized by their clumpy mor-
phology with very small stellar masses (typically between
104 − 105 M�) and they seem to appear in associations inside the
galaxy cluster, while being separated from any other larger galaxy
by at least a few hundred kiloparsecs (Dey et al. 2025). Their el-
evated SFR and metallicity with respect to the star-forming main
sequence and mass-metallicity relation for dwarf galaxies indi-
cates that they are not normal galaxies, i.e., they do not seem to
have formed early on in the Universe according to hierarchical
structure formation. Instead, two formation scenarios have been
proposed by Jones et al. (2022b), which interpret BCs as ei-
ther ram-pressure-stripped gas from larger galaxies or long-lived
TDGs. Considering the former possibility, many wind tunnel sim-
ulations have demonstrated that star-forming clumps can form in
jellyfish-like gas filaments behind galaxies, which in principle
could later on detach and fashion small clusters of blue dwarfs.
However, Jones et al. (2022b) points out that the objects produced
by this channel display gas masses that are at least an order of
magnitude lower than the HI content measured in BCs (usually
≥ 107 M�, Dey et al. 2025). The apparent isolation of BCs inside
the cluster with respect to larger galaxies would be difficult to
reconcile as well.

Long-lived TDGs, on the other hand, should have masses of
at least 108 M� according to the merger simulations by Bournaud
& Duc (2006), and thus be too massive compared to observed
BCs. Apart from that, the large separation between BCs and
possible parent galaxies could not be recovered with typical ro-
tational velocities of the parent (taken as the ejection velocity of
stripped TDGs) and the stellar age of BCs. However, we have
recently demonstrated in Paper I that a cluster environment dras-
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tically increases the TDG production rate and reduces the mass
end for long-lived TDGs compared to the isolated setup by Bour-
naud & Duc (2006) due to ram-pressure-assisted stripping from
the parent. Additionally, the relative velocity between the parent
galaxy and stripped TDGs is better described by the drift velocity
of the parent inside the cluster, since the gas-dominated dwarfs
are quickly decelerated by fluid drag. Therefore, they can easily
reach distances of several hundred kiloparsecs with respect to the
merger remnant in ∼100 Myr (cf. Figure 8 in Paper I), while re-
maining in loose associations with each other, agreeing with the
apparent isolation of BCs. Though they are below the resolution
limit in our simulations, our sample produces a similarly ele-
vated SFR with respect to the star-forming main sequence, with
remarkable agreement between the extrapolation of the simu-
lated SFRs toward lower stellar masses and observed BCs (see
Sect. 3.3.1). Moreover, some dwarf galaxies in our sample – in
particular from setup B – display similarly large gas to stellar
mass ratios between 𝑀gas/𝑀∗ ≈ 100 − 160, agreeing well with
BC estimates; for example, 𝑀gas/𝑀∗ ≈ 150 for SECCO 1 (Jones
et al. 2022b). Their location inside the phase space diagram (line
of sight velocity vs. projected distance to cluster center) in in-
termediate infall time regions despite their young stellar age is
compatible with our simulated objects as well (Ivleva et al. in
prep.). We shall push the simulation toward a higher resolution
in future work, finalizing the confirmation of the hypothesis by
Jones et al. (2022b), according to which BCs can be interpreted
as long-lived TDGs.

4.2.2. (Almost) dark galaxies

There might be an interesting overlap between BCs and dark
galaxy candidates, i.e., objects that seem to be entirely gas-
dominated without a detected counterpart in the optical or UV.
Some objects previously classified as dark galaxies turned out to
actually host a small stellar component that was not previously
visible with the sensitivity at hand (e.g., Adams et al. 2015; Bel-
lazzini et al. 2015; Cannon et al. 2015; Jones et al. 2022a,b).
Indeed, we also find several large gas clouds in our simulations,
which display a very low number of stars early on after the strip-
ping event. In particular, Gray et al. (2023) has recently explored
almost-dark galaxies from the ALFALFA survey and concluded
that two candidates are likely TDGs based on their low dark
matter content. These galaxies are not in close association to
any larger galaxy, as is the case for our simulated objects. Also
their inferred stellar and gas masses fit well with our simulated
dwarf sample, particularly from setup B. This combination sup-
ports that our tested formation channel indeed contributes to the
variety of dwarf galaxies in the local Universe.

We note that the evolutionary pathway examined in this work
requires a stripping agent in the form of a galaxy cluster’s ICM
or a massive galaxy group environment with an assembled hot
halo, which can remove gas from infalling galaxies. Systematic
searches across the sky for dark galaxy candidates in blind HI sur-
veys are still underway. Thus, it cannot be concluded yet whether
dark galaxies appear in specific environments, though Kwon et al.
(2025) report a slight tendency toward underdense regions (cf.
their figure 7). As such, our tested formation pathway should only
be interpreted as one possible channel for forming dark galaxies
in overdense environments, while clearly additional mechanisms
must contribute in void regions. Upcoming data releases might
clarify tentative environmental trends.

4.2.3. Dark-matter-deficient UDGs

We have demonstrated in Sect. 3.3.3 that all of our setups pro-
duced objects resembling UDGs according to the standard stellar
size and surface brightness criterion. While being currently qui-
escent, recent spectroscopic follow-up observations on UDGs
have inferred bursty star formation histories through metallicity
abundances, where their stellar masses seem to have been formed
just in a single episode in some cases (e.g., Ferré-Mateu et al.
2023; Gannon et al. 2026). Inferring their respective peak SFR
is difficult due to lacking time resolution in the reconstructed
histories. Yet, observations have been published on several cur-
rently star-forming, HI-rich UDGs that report SFRs comparable
to main sequence dwarfs (Kado-Fong et al. 2022). When com-
paring them to the simulated dwarfs, we see that our objects
tend to have higher SFRs; however, there is a noticeable over-
lap with the most star-forming instances of the observed UDG
sample and setup D (see lower panel in Fig. 3). Considering that
this simulation also recovers many UDG-like dwarfs in Fig. 5,
we propose that a peculiar subsample of such UDGs could be
long-lived TDGs, if they are found in cluster environments and
display a dark matter deficiency.

We note that the inviscid simulation B also developed a rela-
tively large number of UDG-like dwarfs, which persevere in such
a state for a longer time, whereas most galaxies from setup D
turn into compact dwarfs during the first few gigayears of their
evolution (Fig. 5). However, these dwarfs from setup B also
displayed higher SFRs than observed in currently star-forming
UDGs (Fig. 3). Future spectroscopic studies on quiescent UDGs
might reveal clearer time evolutions that will allow one to infer
their peak SFRs in the past and test agreement with our predicted
SFRs for such dwarfs. Additionally, it should be pointed out that
the coverage of most currently available studies on UDGs in
galaxy clusters does not reach beyond ∼0.5 Rvir, while a major
prediction of the tested channel is that gas-rich, dark-matter-
deficient UDGs can be expected in the cluster outskirts between
0.5 − 1 Rvir.

5. Summary and conclusion

We have conducted four high-resolution galaxy merger simula-
tions inside a realistic cluster environment, in which we have
varied the stellar feedback and viscosity treatments across the
physically feasible parameter space. Thus our simulations bracket
the extremes of possible circumstances. We modeled both a prac-
tically inviscid and very viscous ICM, which has major conse-
quences for multiphase mixing applicable to cold gas clouds and
baryon-dominated dwarf galaxies inside cluster environments.
Different stellar feedback implementations allowed us to investi-
gate the impact of low versus high effective feedback on dwarf
galaxies.

We confirm our previous result from Paper I and verify that
stripping can efficiently remove TDGs from the merger remnant
in all realizations. The resulting gas clouds and dwarf galaxies
are remarkably stable across all simulations, except when strong
stellar feedback is acting. With moderate stellar feedback, all se-
tups produce dwarfs with similar total masses ranging between
𝑀tot = 107 −109 M�. Low viscosities generally lead to more dif-
fuse and gas-dominated objects, while dwarfs in high-viscosity
ICM display higher stellar to gas mass ratios, turning into com-
pact, stellar-dominated dwarf galaxies after a few gigayears.

The smallest gas clouds in the viscous representations reached
terminal drift velocities inside the cluster of 𝑣𝑑 ∼ 100 km/s. This
is significantly slower than values motivated by geometric drag
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even for extremely viscous flows, and thus quenches disruptive
surface instabilities. The minimal Reynolds number that is appli-
cable for these gas clouds is 𝑅𝑒 ∼ 1.

All dwarf galaxies display elevated SFRs with respect to the
main sequence of dwarfs inside clusters. For the viscous real-
izations, the SFRs stay relatively stable across several gigayears
around 0.01−0.1 M�/yr. Clouds in the inviscid regime are more
quiescent in the beginning, but display rising SFRs after ∼1 Gyr,
before converging on the same value as in the viscous scenarios.

Based on their properties in SFR, stellar and gas mass, stellar
size, and luminosity, we propose that a subset of peculiar galaxies
observed inside galaxy clusters – namely BCs, dark galaxies, and
dark-matter-deficient UDGs – are stripped, long-lived TDGs. The
elevated SFR of our simulated galaxies is also compatible with
observed dwarfs at high redshift (3 < 𝑧 < 5), indicating that this
formation channel was active at early cosmic times as well.
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Appendix A: Cumulative stellar mass growth
Fig. A.1 presents the cumulative stellar mass growth of the simu-
lated dwarfs separately for the four samples (A-D) in each panel
with the colored lines. Each dwarf is normalized on its peak mass,
i.e., the maximum stellar mass it ever acquired. As described in
Sect. 3.3.1, the evolution between the tracing times (shown by
the markers) is indicated by a fit spline. The black lines show the
stellar mass expected from the dwarf’s SFR. While the viscous
setups A and D lose at most twice their total stellar body due to
stripping, the inviscid realizations B and C display much more
stripping, which leads to pronounced tidal streams.

Appendix B: Mass evolution with stellar size
In Fig. B.1 we show the same as in Fig. 4, but include information
about the dwarf’s stellar half-mass radius here, indicated by the
color of the marker at a given tracing time. As time passes,
the dwarfs from setup A and D gradually evolve from diffuse to
compact galaxies. The most massive object from setup B displays
the same behavior. The other dwarfs from this sample, however,
maintain mostly gas-dominated with low-mass, compact stellar
components. Simulation C destroys its dwarfs efficiently due to
high effective stellar feedback after 1.5 Gyr.

Appendix C: Dwarf data
The four subtables in Table C.1 list the properties of the identified
dwarf galaxies of each of the four simulations (A-D), respectively.
The properties are the gas mass,𝑀𝑔, stellar mass,𝑀∗, stellar half-
mass radius, 𝑟∗,1/2, SFR, and V-band luminosity, 𝐿𝑉 , and are
given for the full tracing period of 4 Gyr (1.5 Gyr for simulation
C) with a time step of 0.5 Gyr. An entry of “–” means the dwarf is
not present yet or anymore at the given timestep, while “n.a.” (i.e.,
not applicable) in the columns for 𝑟∗,1/2 and SFR denotes cases
where the object has less than five stellar particles (log𝑀∗/M� <
6.52) or a vanishing SFR, respectively.

We only list the first three dwarf galaxies from each setup
here, the full tables are available at the CDS. The simulations
A, B, C and D produced eight, seven, five and seven dwarfs,
respectively.
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Fig. A.1: Cumulative stellar mass over time, normalized by the dwarfs’ peak stellar mass. The colored lines show the actual evolution,
while the black lines indicate the galaxies’ stellar body expected from its SFR. It becomes apparent that tidal stripping is far more
efficient in the inviscid setups B and C.
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Fig. B.1: Mass evolution correlated with stellar size. We show the same as in Fig. 4, but here the markers at the tracing times are
colored according to the galaxy’s stellar half-mass radius. Black color means that the dwarf has less than six stellar particles.

Article number, page 16 of 17



A. Ivleva et al.: Merge and Strip II: Viscosity shaping dwarf galaxies in clusters

Table C.1: Evolution of galaxy properties from all four simulations A-D (cf. Table 1).

(a) Simulation A

ID 1 2 3 →

𝑡 log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 ) log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 ) log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 )
Gyr [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�] [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�] [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�]
0.0 – – – – – 8.79 7.65 -0.12 -1.02 7.78 8.48 7.02 0.12 -1.44 7.14
0.5 8.39 6.66 0.30 -1.61 6.71 8.76 8.00 -0.32 -0.84 8.02 8.52 7.42 -0.17 -1.18 7.38
1.0 8.43 7.18 0.20 -1.45 7.13 8.71 8.20 -0.54 -0.85 7.94 8.49 7.60 -0.09 -1.17 7.42
1.5 8.42 7.34 0.10 -1.41 7.45 8.66 8.32 -0.69 -0.87 8.11 8.46 7.70 -0.26 -1.25 7.66
2.0 8.37 7.60 0.05 -1.40 7.53 8.56 8.44 -0.70 -0.85 8.14 8.40 7.91 -0.38 -1.21 7.59
2.5 8.34 7.63 0.00 -1.38 7.32 8.47 8.49 -0.83 -0.83 8.13 8.35 8.03 -0.40 -1.14 7.68
3.0 8.30 7.68 -0.09 -1.35 7.31 8.35 8.55 -0.95 -0.85 8.15 8.26 7.54 -0.33 -1.03 7.34
3.5 8.23 7.75 -0.16 -1.26 7.66 8.19 8.59 -1.10 -0.91 8.13 – – – – –
4.0 – – – – – 7.95 8.60 -1.23 -1.07 8.08 – – – – –

(b) Simulation B

ID 1 2 3 →

𝑡 log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 ) log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 ) log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 )
Gyr [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�] [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�] [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�]
0.0 8.87 6.82 0.54 -1.30 7.30 8.19 6.30 n.a. -2.60 6.60 – – – – –
0.5 8.90 7.22 0.36 -1.03 7.43 8.22 6.30 n.a. -1.87 6.64 8.20 6.12 n.a. -1.96 6.25
1.0 8.94 7.43 0.29 -0.88 7.84 8.20 6.12 n.a. -1.87 6.47 8.13 n.a. n.a. -2.08 n.a.
1.5 8.91 7.71 -0.03 -0.69 7.96 8.18 5.82 n.a. -1.68 6.31 8.54 6.12 n.a. -1.48 6.39
2.0 8.84 7.86 -0.43 -0.59 7.85 8.14 6.12 n.a. -1.69 6.45 8.52 6.86 0.06 -1.32 7.44
2.5 8.73 8.12 -0.80 -0.56 8.15 8.11 5.82 n.a. -1.61 6.22 8.48 6.90 0.00 -1.17 7.09
3.0 – – – – – 7.90 7.32 -0.36 -1.16 7.50 8.27 7.78 -0.27 -0.71 7.95
3.5 – – – – – 7.73 7.48 -0.77 -1.35 7.30 7.99 8.00 -0.41 -0.86 7.95
4.0 – – – – – 7.66 7.30 -0.95 n.a. 6.88 – – – – –

(c) Simulation C

ID 1 2 3 →

𝑡 log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 ) log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 ) log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 )
Gyr [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�] [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�] [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�]
0.0 8.36 7.05 0.22 -1.61 7.36 8.72 7.74 0.44 -0.83 7.95 – – – – –
0.5 8.60 7.31 0.56 -0.90 7.44 – – – – – 7.96 6.60 0.09 -2.08 6.68
1.0 8.35 7.14 0.14 -0.95 7.60 – – – – – 7.82 5.82 n.a. -1.88 5.38
1.5 8.02 6.77 -0.06 -1.27 7.16 – – – – – – – – – –

(d) Simulation D

ID 1 2 3 →

𝑡 log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 ) log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 ) log(𝑀g) log(𝑀∗) log(𝑟∗) log(SFR) log(𝐿𝑉 )
Gyr [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�] [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�] [M�] [M�] [kpc] [M� yr−1] [L𝑉 ,�]
0.0 8.84 8.55 -0.13 -0.20 8.54 8.63 7.85 0.16 -0.71 7.90 8.10 7.12 -0.11 -1.22 7.27
0.5 8.41 8.76 -0.80 -0.35 8.55 8.54 8.15 -0.14 -0.63 8.10 7.99 7.35 0.09 -2.96 7.21
1.0 8.24 8.95 -0.97 -0.10 8.78 8.40 8.35 -0.36 -0.68 8.21 8.59 7.83 0.39 -1.27 7.65
1.5 7.34 8.99 -0.96 n.a. 8.44 8.20 8.49 -0.91 -0.87 8.15 8.56 7.92 0.30 -1.32 7.59
2.0 6.42 8.96 -0.90 n.a. 8.27 7.39 8.48 -0.98 n.a. 7.92 8.52 7.99 0.33 -1.12 7.68
2.5 5.82 8.93 -0.89 n.a. 8.13 7.27 8.35 -0.95 n.a. 7.64 8.44 8.12 0.16 -0.97 7.89
3.0 5.82 8.92 -0.80 n.a. 8.04 6.60 8.19 -1.04 n.a. 7.38 8.32 8.23 0.17 -0.98 7.95
3.5 6.12 8.91 -0.74 n.a. 7.97 6.42 7.97 -0.82 n.a. 7.08 8.21 8.25 0.13 -1.02 7.93
4.0 7.05 8.90 -0.67 n.a. 7.92 – – – – – 8.08 8.21 -0.00 -0.99 7.95

Notes. Only the first three dwarfs from each setup are shown (the continuation of the table is indicated by “→”), the full tables are available at the
CDS.
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