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ABSTRACT

It has long been known that, in the absence of a dark matter (DM) halo, galaxy discs tend to develop global gravitational
instabilities that strongly modify their initial structure. The recent discovery of gas-rich ultra diffuse galaxies (UDGs) that seem
to live in DM haloes with very low concentrations, a very atypical configuration in the standard cosmological framework, poses
therefore a crucial question: is the small contribution from such DM haloes sufficient to stabilize the UDG discs? In this work
we investigate this question, focusing on the extreme UDG AGC 114905, which previous works found to be unstable. Here, we
revisit these studies, using idealised numerical simulations with AREPO of a system composed by a stellar disc, a gas disc and a
DM halo in initial equilibrium with each other and with properties based on slightly revised observational data of AGC 114905.
We explore different scenarios for the DM halo and we run our simulations for 5 Gyr. We find that in all cases the stellar and the
gas discs are stable and that their initial density distributions and kinematic properties remain unchanged during the course of
the simulation. We discuss how the apparent discrepancy with previous works (where the UDG developed instabilities) is due
to our discs being dynamically hotter and living in slightly more massive DM haloes, in accordance with the new observational
constraints, previously unavailable. Our findings demonstrate that AGC 114905 (and likely other similar UDGs) can evolve

unperturbed in haloes that challenge current cosmological models.

Key words: methods: numerical — galaxies: dwarf — galaxies: evolution — galaxies: haloes —dark matter.

1 INTRODUCTION

The persistence of a galactic disc against global gravitational insta-
bilities that could dramatically modify its initial structure (generally
leading to the formation of a prominent central bar), has been inves-
tigated for more than five decades, both through linear perturbation
analyses (e.g. Toomre 1981; Efstathiou, Lake & Negroponte 1982)
and with numerical simulations (e.g. Hohl 1971; Sellwood 2016;
Tepper-Garcia et al. 2021). While the subject is extremely complex
(see e.g. Romeo, Agertz & Renaud 2023), a robust result of these
stability analyses is that an additional stabilizing mass component,
like a dark matter (DM) halo, is generally needed to keep the galactic
disc from developing global instabilities. This has actually been one
of the first and most striking indications of the presence of DM in
the Universe (Ostriker & Peebles 1973).

It is therefore intriguing to study whether galaxies that appear
to have very low DM contents can actually be stable against
global instabilities. One remarkable science-case is related to ultra
diffuse galaxies, or UDGs. These objects were originally defined
by van Dokkum et al. (2015, but see also Impey & Bothun 1997;
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Conselice 2018; Chamba, Trujillo & Knapen 2020) as low surface
brightness galaxies (i s = 24 mag/arcsec?) with unusually large
sizes (effective radii larger than about 1.5kpc) and due to their
unique properties they have been an intensive subject of study in
the last decade both from an observational (e.g. Romédn & Trujillo
2017; Mancera Pifna et al. 2018; van Dokkum et al. 2018) and a
theoretical (e.g. Di Cintio et al. 2017; Chan et al. 2018; Benavides
et al. 2023) point of view. Of particular interest for this work is a
subclass of UDGs which appear to host large amounts of neutral
hydrogen (HI, e.g. Leisman et al. 2017; Janowiecki et al. 2019).
This HI-rich UDGs generally live in isolated environments and
both unresolved (e.g. Spekkens & Karunakaran 2018; Hu et al.
2023) and resolved HT data (e.g. Mancera Pifia et al. 2019) have
shown that they appear to be rotating with velocities lower than
what one would expect for objects of this size. To explain such
peculiar kinematics, rotation curve decomposition analyses have
been carried out showing that these galaxies reside in DM haloes
with unexpectedly low concentrations and therefore with very low
inner densities (e.g. Mancera Pifia et al. 2019; Sengupta et al. 2019;
Shi et al. 2021; Kong et al. 2022). Despite the effort put in the last
years into analysing and interpreting these data, UDG observations
remain challenging and the parameters of the recovered DM haloes
are necessarily uncertain. Studying whether both the stellar and the
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gas discs of these UDGs can survive in such low-density haloes
against global gravitational instabilities is therefore necessary and
could represent an independent way to confirm the observational
results listed above. This is the main motivation for the present study.

The most extreme example of these HI-rich UDGs is
AGC 114905, which was originally analysed in detail in Mancera
Pifia et al. (2022a). These authors found that, within the uncertainties,
the galaxy’s rotation curve could be explained just by taking into
account the gravitational potential of its baryonic components.
Hence, in the context of cold dark matter (CDM), only an extremely
atypical halo could be fitted (but see also Lelli 2024), with masses
that would imply a much higher baryon fraction (at least of the order
of the cosmological average, fi,r = 0.16, see Planck Collaboration
VI 2020) than in typical dwarfs (~0.1-0.2 fy,, e.g. Read et al. 2017;
Mancera Pifa et al. 2022b) and concentrations that would be more
than 100 below the expectations of the concentration—mass relation
(Dutton & Maccio 2014), extreme values that are unheard of in CDM
cosmological simulations (e.g. Kong et al. 2022; Nadler, Yang & Yu
2023).

The stability of this extreme galaxy has recently been investigated
by Sellwood & Sanders (2022, hereafter SS22). They performed N-
body numerical simulations of a system composed of two collision-
less discs (one representing the stellar and one the gas component),
with initial properties resembling the observations of Mancera Pifia
et al. (2022a). They explored both a case without DM halo and a
case with an atypical DM halo with a low concentration (the one
proposed by Mancera Pifia et al. 2022a for AGC 114905). In both
cases, they found that the two discs of stars and gas get quickly (within
a Gyr) disrupted by global gravitational instabilities, dramatically
modifying the initial surface densities and kinematics of the UDG.
Given that the H1 observations of AGC 114905 show a rather regular
velocity pattern typical of a stable disc galaxy, the main conclusion of
SS22 was that this UDG needs a more significant DM halo that would
stabilize it. They proposed as likely explanation that the inclination
of the UDG had been overestimated by Mancera Pifia et al. (2022a):
a lower inclination would indeed imply larger rotational velocities
and therefore the need for a stronger contribution from the DM halo.
However, SS22 also noted that a slightly more massive halo than
what they employed in their fiducial simulations, combined with a
larger velocity dispersion of the two discy components, could bring
the galaxy much closer to stability.

Very recently, Mancera Pifia et al. (2024, hereafter MP24), have
revisited the findings of Mancera Pifia et al. (2022a) on AGC 114905.
Thanks to new and unprecedentedly deep optical data these authors
have independently confirmed the estimate of the UDG’s inclination
(which is crucial to eventually determine the galaxy’s DM halo),
which was previously based only on the HI data. Moreover, an
updated kinematic modelling (see Section 2 for more details) led
MP24 to find slightly larger values of the mass of the DM halo
(although still with extremely low concentrations) and of the H1
velocity dispersion. These findings therefore imply that a revision
of the stability analysis of SS22, and of their main conclusions
outlined above, is needed. A linear stability analysis (Bacchini et al.
2024) has already shown that, considering the updated observational
constraints of MP24, AGC 114905 appears to be stable against local
gravitational instabilities, but a full new numerical investigation of
the global stability of this UDG, in light of the new observational
data, is still missing. Such investigation represents the main goal of
the present study. We stress here that proving the global stability of
this galaxy would show that the observational data are dynamically
plausible, further implying the possible existence in the Universe of
DM haloes that can currently hardly be explained in the usual CDM
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framework and can hence be used to provide clues on the nature of
DM itself (e.g. Nadler et al. 2023).

This paper is organized as follows: in Section 2, we summarize
the main characteristics of the observational data on which we base
our simulations and the results of the rotation curve decomposition
of MP24; in Section 3, we describe the procedure used to build
the initial conditions of our numerical experiments and the main
features of the code used for our analysis; in Section 4, we show the
main results of our fiducial simulations of the UDG AGC 114905; in
Section 5, we compare our findings with previous works, focusing
in particular on SS22 and on the results of previous linear local
and global stability analyses, and we discuss the implications of our
results regarding the formation of UDGs and alternative DM theories;
finally, in Section 6, we summarize the main results of this work and
we outline our conclusions.

2 OVERVIEW OF THE DATA

The observational constraints that we use in this study are based
on the work of MP24, who studied the stellar optical emission
of AGC 114905 by analysing ultradeep images in the g, r, and
i bands, obtained using the Optical System for Imaging and low-
Intermediate-Resolution Integrated Spectroscopy (Cepa et al. 2000)
imager of the 10.4-m Gran Telescopio Canarias. The H1 data were
instead originally obtained by Mancera Pifia et al. (2022a) and consist
of a data cube given by the combination of observations with the
Karl G. Jansky Very Large Array using the D-, C-, and B-array
configurations. We refer to MP24 and to Mancera Pifia et al. (2022a)
for additional details on the data acquisition and reduction of both the
optical and H1 data, while here we summarize the main properties
of AGC 114 905 resulting from their analysis.

Through both isophotal fitting and a custom version of the modified
Hausdorff distance method (e.g. Montes & Trujillo 2019), MP24 first
estimated the galaxy position angle, P.A. = (78 £ 5)°, and inclina-
tion, i = (31 &£ 2)°, confirming the previous estimates obtained with
H1data (Mancera Pifia et al. 2022a). They then extracted the surface
brightness and colour profiles from the images in the three bands.
Finally, by converting the surface brightness profile into physical
units (see Cimatti, Fraternali & Nipoti 2019) and adopting the mass-
to-light ratio relations of Du & McGaugh (2020), they obtained the
stellar mass surface density profile ¥,(R), which we show in the
top panel of Fig. 1 (orange data points).

The distance D = 78.7 & 1.5 Mpc was estimated from the galaxy
systemic velocity extracted from the global profile and the kinematic
modelling (see below) of the H1 data. The observed H1 surface
density profile X, is shown in the first panel of Fig. 1 (blue points).
The kinematic modelling of the H1 data was performed using the
software SPBAROLO (Di Teodoro & Fraternali 2015), which allows
to fit the H1 datacube directly in 3D and it is therefore not affected
by beam smearing effects. In the present work, we use the results of
MP24, who improved the kinematic modelling of Mancera Pifia et al.
(2022a), by considering the updated position angle and inclination
obtained with the analysis of the new optical images (see above) and
including also faint H1 emission that was previously masked. The
best-fitting circular velocity v and velocity dispersion o profiles
are shown respectively in the second and third panels of Fig. 1 (grey
and blue data points), with the values of the circular velocity obtained
from the best-fitting rotational velocity vy, through:

Ea(paz)
p OR

2 2

circ = Vrot

, 1
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Figure 1. Comparison between the observational data points from MP24
(see Section 2) and the initial conditions of our two main models (Case 1
depicted by dashed curves and Case 2 by solid curves, respectively) produced
with AGAMA (see Section 3). Properties of the stellar disc are shown in
orange and of the gas disc in blue. Top panel, surface density profiles; Central
panel, total circular velocities of the system (model in red and data in grey),
with respective contributions from the baryonic and the DM (black curves)
components; bottom panel, radial component of the velocity dispersion (the
other two components have very similar values and are not shown for clarity).
Models and data are (by construction) in good agreement with each other.
Note that the gas surface density profile is slightly more extended than the
rotation curve and the velocity dispersion, since these require a higher signal
to noise ratio. The small amount of gas at R > 10kpc is not enough to
constrain the H1 kinematics.

where R is the cylindrical radius, p is the density of either the gas
or the stellar component and the second term is the square of the so-
called asymmetric drift (e.g. Binney & Tremaine 2008; Iorio et al.
2017; MP24), which corrects the rotational velocities for pressure
support.

We finally note that, with respect to the previous modelling of
Mancera Pifia et al. (2022a), the updated v, and o are respectively
10 percent and 40 percent higher on average (with o being sig-
nificantly higher especially for R < 5kpc), with possibly important
consequences regarding the galaxy stability, as we will see below
(Section 4).

2.1 Decomposition of the rotation curve

MP24 utilized the observed H I kinematics to constrain the properties
of the DM halo of AGC 114905, under the assumption that the
circular velocity v, is a direct tracer of the total gravitational
potential of the system (e.g. Binney & Tremaine 2008).
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In order to do this, they first fitted the stellar and the gas surface
densities respectively with a poly-exponential disc of fourth degree
and with a function that describes an exponential disc with a
depression in the inner regions (see also Oosterloo, Fraternali &
Sancisi 2007). Once the surface densities were determined, they
computed numerically the corresponding potentials, to infer the
contribution of the baryonic components to the total gravitational
potential. They then assumed a functional profile for the DM halo, in
particular a CORENFW profile (Read, Agertz & Collins 2016a; Read
et al. 2016b):

nfr N1 = 1)
4mr2r,
where n is fixed to be equal to 1, f = tanh (r/r.) is a function that

creates a core of size r. in the usual NFW profile, described by a
density (Navarro, Frenk & White 1996)

Peorenrw () = f" pnew (1) + Myew(r) , 2

4ps

(r/r)d +r/r?
and a mass profile Mypw(r). In equation (3), ps = pnrw(7s), With 7
being the scale radius, also used to define the halo concentration,
€200 = r200/7s, Where g0 is the radius inside which the average
density is 200 times the critical density of the Universe. By fitting the
circular velocity with such a profile and assuming a CDM framework,
MP24 found two possible best-fitting models, which they denote as
Case 1 and Case 2 (see their fig. 9, and their table 1). The main
difference between the two cases is a more stringent prior in the halo
mass for Case 2, such that the baryon fraction can not be higher than
the cosmological value. As aresult, in Case 1 the DM halo has a lower
mass (log(Mp/Mg) = 9.36), so that the baryon fraction is about
4 times larger than the cosmological value, while in Case 2 (where the
cosmological baryon fraction is set as an upper limit), the halo mass is
slightly larger (log(M»00/Mg) = 10.06). As already mentioned, the
main result in both cases is that the resulting concentration (cy99 =
2.76 and 1.2, respectively) is too low compared to the expectations
from CDM models (Dutton & Maccio 2014) for haloes of this mass.
This implies that this UDG seems to reside in a very low-density DM
halo (see also Kong et al. 2022), which might have implications for
its stability, which we will investigate in this study.

MP24 discussed how the model of Case 2 seems to be a more
realistic representation of the DM halo of AGC114905, given that
a baryon fraction larger than the cosmological value, as in Case 1,
is hard to justify physically (see their Section 5.2). We will come
back to this point in Section 5.2, but for the rest of the paper we
will investigate equally both models, in order to see whether their
behaviour is different, at least from a stability point of view.

3

PNEW(r) =

3 METHODS

The scope of this work is to develop numerical simulations (using
the code AREPO, see below) of idealised galaxies whose properties
resemble those of the observations outlined above, with the final goal
of investigating whether the galaxy AGC 114905 is stable against
global gravitational instabilities. In this Section, we describe in detail
how we build the initial configurations of our models and we outline
the main features of our numerical experiments.

3.1 Initial conditions

We build the initial conditions of our idealised simulations through
a distribution function (DF) based approach, using the Action-based
GAlaxy Modelling Architecture library (AGAMA, Vasiliev 2019).
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While the following approach is strictly valid only for a collisionless
system, we will extend it to a system that includes also a disc of gas,
as we will describe in detail in Section 3.2.1.

A collisionless system with a sufficiently large number of particles
can be fully described by a one-particle DF, which in a steady state
depends only on the integrals of motion, in the approach of AGAMA,
actions J. We first create a system of three components, two discs
(one resembling the stellar and one the ‘gas’ disc) and one spherical
DM halo, each of them specified by its DF. AGAMA allows the user
the create different types of DF with different methods, for both discy
and spherical components.

3.1.1 Dark matter halo

We assume that the DM halo is described by a CORENFW profile
[see equation (2)] and we fix its parameters to the values found by
MP24 for Case 1 and Case 2 (see Section 2.1), investigating both
cases separately. Once the DM density profile and its corresponding
potential are defined, we use AGAMA to build an ergodic DF with
the Eddington inversion formula (Eddington 1916). Given that in a
spherical potential the energy is a function of the actions, this DF
is action-based (see e.g. Posti et al. 2015) and is defined as ‘quasi-
isotropic’ in AGAMA. It can indeed be used also with a potential ®(r)
that is not necessarily the one giving rise to the original DM density
profile and can also be not spherical.

3.1.2 Disc components

As for the disc components, we assume two quasi-isothermal DFs in
AGAMA. In order to create such a DF, one needs to assume the values
of the three input functions (R), 5r(R), and 0, (R). Note that these
functions are defined for z = 0 (mid-plane) and are only used to build
the DF, from which the actual surface density and velocity dispersion
profiles can later be generated, without being necessarily the same as
the input ones (see Vasiliev 2019, their equation 20 and section 4.3).

For simplicity, we assume an input disc surface density given by
an exponential form:

Ti(R) = B gexp(—R/Rq) , (4)

where X; o and Ry; are the central surface densities and scale radii
of the i-th component (stars or gas). We also assume an exponential
vertical profile, so that

~ = 1
pi(R,2) = Zi(R) x 2 exp(—lzl/hi) . (&)

where £; is the scale height of the i-th component. We finally define
the input vertical and radial velocity dispersions of both discs to be
exponentially declining with radius:

ox.i(R) = oxi0eXp(—R/Rox.i) » (6)

with X = R, z. We tune the values of the free parameters in equations
(4)—(6) in order to obtain final density (X(R)) and velocity dispersion
(the three components of o (R, z)) profiles for both stars and gas
in agreement with our observational constraints (Section 2), as we
explain below.

3.1.3 Self consistent model

Given a number of components, AGAMA allows to build a self
consistent, equilibrium model, by iteratively solving a system of three
equations until convergence: (i) the mapping of the actions J(x, v),
which depend on the potential ® and is done through the Stickel
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Table 1. Properties of the initial N-body realizations of each component
for Case 1 and Case 2, which are used to create the initial conditions of
the simulations both with and without hydrodynamics. (1) Model name; (2)
type of component; (3) total mass of the respective component (note that
the total DM mass is Mpm(< 2ryir), within which we extracted the particle
realization); (4) number of particles used for each component; (5) particle
mass.

€] (@) 3 “ 5

Model Component log AI\’,’I—‘S #Hpart Mpart/Mo

Case 1 Stars 7.97 10° 927
Gas 9.1 1.3 x 106 974
DM 9.9 8 x 10° 993

Case 2 Stars 8.0 10° 1071
Gas 9.1 1.3 x 10° 971
DM 10.57 3.5 x 107 1016

fudge method (Binney 2012); (ii) the density of each component,
which is given by the integral of the respective DF; (iii) the Poisson
equation that relates the total density and potential. We apply this
method on our three-component system, obtaining converged models
after approximately five iterations. We use a trial and error approach
in order to choose the best values of the parameters defining the
DFs, to find a converged model that is the closest possible to the
data, focusing in particular on the observed surface density profiles
of stars and gas, on the circular velocity (extracted from the HI
rotation curve) and on the H I velocity dispersion. The stellar velocity
dispersion is unknown from the observations. Therefore, we choose
a profile that would most closely resemble the gas velocity dispersion
in order to have a comparable scale height between gas and stars.
The adopted value is also similar to what is found in nearby gas-rich
dwarf galaxies (e.g. fig. 2 in Mancera Pifia et al. 2021, and references
therein). We have tested that using a lower stellar velocity dispersion
(and therefore a lower stellar scale height) would not impact the
results of this work (see also Section 5.1).

We repeat the same procedure for both DM haloes described in
Section 3.1.1. The final profiles of stars and gas for both models
(dashed lines for Case 1 and solid lines for Case 2), as well as their
comparison with the data, are shown in Fig. 1. By construction, both
models lead to densities and kinematic properties that are consistent
with the observations. For clarity, we report only one component of
the gas and star velocity dispersion (specifically the radial component
or): the other two components have indeed very similar values, as
we construct models with velocity dispersions close to isotropic (see
Appendix B for more details).

Note that the profiles obtained with the iterative procedure ex-
plained above do not have an analytical form and do not exactly
coincide with the surface density profiles used by MP24 for the stellar
and the gas disc (see Section 2.1). Indeed, rather than reproducing
exactly their results, we focus here on creating models that are self
consistent and in an initial equilibrium state (which does not mean
that the galaxy will be also stable against perturbations), with the only
requirement of being in agreement with the available observational
data. The total masses of the three components (calculated with
AGAMA by integrating the 3D density profiles) for the two different
models are consistent with the estimates from MP24 and are shown
in Table 1.!

ITable 1 shows the DM mass within 2rvi, while log M2pp /Mg = 9.59, 10.13
for respectively Case 1 and Case 2. These values are slightly higher,
but consistent within the uncertainties with the estimates of MP24. The
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3.2 Numerical simulations

We run our simulations using the moving-mesh, magnetohydrody-
namical N-body code AREPO (Springel 2010; Weinberger, Springel
& Pakmor 2020), a multiporpose code that has been used for a large
variety of astrophysical problems, from cosmological simulations of
galaxy formation and evolution (e.g. Vogelsberger et al. 2014) to
accretion discs (Fiacconi, Sijacki & Pringle 2018). The gravitational
forces between the particles in the simulation domain are calculated
using a TreePM algorithm (Bagla 2002) and the time integration is
performed through a second-order leapfrog scheme. The (magneto)
hydrodynamics equations are instead solved by discretizing the fluid
quantities on a moving, adaptive Voronoi mesh. The fluxes between
the cells are calculated using an exact Riemann solver and the fluid
quantities are evolved with a second-order finite-volume scheme
(Pakmor et al. 2016). For additional details on the implementation
and the functionalities of AREPO, see Weinberger et al. (2020).

In this work, we use AREPO to run idealised simulations of the UDG
AGC 114905, starting from the initial conditions of the two models
presented in Section 2.1 (Case 1 and Case 2). For both models we run
two different simulations: we first assume that the models are entirely
collisionless, so that also the gas disc is treated in the same way as
the stars and the DM halo; we then include also the hydrodynamics,
without including cooling, star formation and feedback (or any other
type of baryon physics) as their implementation would be outside the
scope of this work. While the second approach is more appropriate,
we explore both cases in order to have a more direct comparison with
the work of SS22.

The first step necessary to run the simulations is to extract N-
body realizations of the three components that constitute our self-
consistent galaxy model. This can be done in AGAMA, by sampling the
DFs with N particles using an adaptive multidimensional rejection
sampling algorithm. The number of particles used for each compo-
nent and the corresponding particle masses (approximately 10° M)
are reported in Table 1. Given that the total mass of a halo described
by equation (2) would be infinite, we define a truncation radius r, =
2rvir, Where ry;; is the virial radius, which sets the initial boundaries of
the DM halo, over which we extract the distribution of DM particles.
Note that this approach is different from the one used by SS22, who
assumed for the DM halo a static contribution to the gravitational
potential, while we utilize a live halo that will evolve with our
simulations (see also Appendix A). Earlier work has shown this might
favour the formation of a central bar, making the galaxy less stable
than in the static case (e.g. Athanassoula 2002; Sellwood 2016).

The combination of the N-body distributions of the three com-
ponents corresponds to the initial snapshot that we can directly use
to start the collisionless simulations in AREPO. In all cases (also for
the simulations including the hydrodynamics, see below) we adopt
a three-dimensional box with a size of 400 kpc and a gravitational
softening length of 8 pc, following the procedure of Dehnen & Read
(2011). In particular the softening length is set to be equal to the mean
value of the stellar and gas softening, both obtained by dividing the
respective system’s size (which we take to be equal to the disc scale
length?) by the square root of the respective number of particles.

differences are due to the creation of the self-consistent model with AGAMA,
which tends to slightly modify the initial input DM density profile.

2The final density profiles shown in Fig. 1 do not have an analytical form,
therefore we fit directly the observed surface density profiles of stars and gas
with an exponential profile and we use the best-fitting disc scale length to
estimate an appropriate softening length. We have anyway tested that varying

MNRAS 538, 60-75 (2025)

3.2.1 IC for the hydrodynamical simulations

In order to include the gas treatment, we need to convert our N-body
realizations of the gas particles obtained with AGAMA into appropriate
initial conditions (see also Deg et al. 2019; Tepper-Garcia et al. 2024,
for other examples). To this purpose, we first assume that the gas
obeys the ideal gas law:

Pgas = (V - l)pgasUints @)

where y = 5/3 is the politropic index for an adiabatic gas and Uiy
is the gas specific internal energy. In our approach, we define this
quantity as:
2
V(R 5y = 202 gy ®)
r—>

where 0, (R, z) is the gas vertical velocity dispersion obtained with
AGAMA and B is an arbitrary factor that defines how much of the
vertical support against the gravitational field is given by internal
energy (the rest will be due to the actual particle velocity dispersion).
We also modified the initial velocities of the gas particles in order to
take into account the additional support along the radial direction
given by the pressure gradient, according to the equation (see
Springel, Di Matteo & Hernquist 2005):

s e (20, 1 P o
Poes T TR T pu OR )

The final step is to make our initial conditions suitable for the
grid-based calculations that AREPO uses for the hydrodynamical
quantities. To this purpose, AREPO allows to generate a grid with
properties that follow as closely as possible the initial gas particle
distribution, extended with an additional coarse background grid that
fills the entire computational domain (see Weinberger et al. 2020, for
more details). We apply this procedure to the Ny, particles describing
the gas disc. We note that creating the grid tends to lower the original
velocity dispersion of the particles created with AGAMA, while
leaving the average rotational and radial velocities unchanged. We
checked that the ratio between the velocity dispersion after and before
introducing the grid is equal to about 0.27, without any dependence
with the radius R. Hence, we assume that the factor B in equation
(8) is equal to 0.27, so that the ‘remaining’ dispersion increases the
internal energy Uiy. This procedure ensures that the total velocity
dispersion, given by the sum in quadrature of the internal and the
particle dispersions (which effectively represent respectively the gas
thermal and turbulent dispersion), is equal to the original dispersion
of the particles in the N-body distribution created with AGAMA and
in turn to the observed velocity dispersion of the gas. The above
procedure defines the initial conditions for our hydrodynamical
simulations. We additionally assume an adaptive softening length for
the gas particle with a minimum value of 4 pc (half of the value of the
gravitational softening length of collisionless particles). Finally, we
point out that we use a refinement scheme in AREPO that keeps the
mass of the gas cells approximately constant during the evolution of
the simulation (within a factor 2 from the particle masses specified in
Table 1).

4 RESULTS

We evolve the idealised galaxy models described above (see Sec-
tions 3.1 and 3.2) for 5 Gyr, in order to investigate whether they

this value within a factor of two does not impact the evolution of our simulated
galaxies.
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t = 5.0 Gy

Figure 2. Zoom-in on the face-on density distributions of the gas (top panels) and the stellar (bottom panels) discs of the Case 2 model with hydrodynamics
included, at three different times in the simulation evolution (¢t = 0.5, 2.5, 5 Gyr). Both discs do not seem to develop global gravitational instabilities and their

structure remains essentially unaltered with time.

would develop or not global gravitational instabilities at any point
during the course of the simulation. We will explore in this Section the
results of our four main simulations, i.e. the models resulting from
the choice of Case 1 and Case 2 for the DM halo (see Sections 2.1 and
3.1.1), both with and without the inclusion of the hydrodynamics.

4.1 Density distribution
4.1.1 Face-on view

In order to first qualitatively assess the stability of our galaxy
model, we show in Fig. 2 three snapshots at three different times
(t = 0.5, 2.5, 5Gyr) of the 2D density distributions of the gas (top)
and stellar (bottom) discs, seen face-on, for the simulation of Case
2 with hydrodynamics included. The snapshots for the other three
cases do not show any significant differences and therefore we do
not include them here, but we encourage the reader to visit this link,
where full videos of the gas and stellar discs of all the simulations
run for this study can be found.

What is immediately apparent by looking at the snapshots is that
both discs do not develop any instabilities and maintain their initial
shape up until the end of the simulation. There is a slight hint of
spiral arm features appearing in the gas disc towards the end of the
simulation (such features are not present in the collisionless case,
but the difference is minimal), but the overall distribution remains
unchanged and the discs appear overall stable. This result can be seen
also more quantitatively in the four panels of Fig. 3, where we plot
the surface density of the two discs (gas in blue and stars in orange),
as a function of the cylindrical radius R, at the beginning, at 2.5 Gyr

and at the end of the four simulations. For each snapshot, the profiles
are calculated by computing the surface density over concentric rings
with AR >~ 0.7 kpc. We can see how in all cases both profiles evolve
very slightly (if at all) up until the end of the simulation. In the
cases with hydrodynamics (second and fourth panel), the gas surface
density slightly increases in the central regions, but this change does
not seem significant and the evolution is entirely consistent with
the collisionless cases and, most importantly, with the observational
data. The above results therefore point towards the main conclusion
of this work: the UDG AGC 114905 is stable and does not develop
global gravitational instabilities for several Gyr, contrary to what
previously found in SS22.

4.1.2 Edge-on view

In Fig. 4, we show the same snapshots of Fig. 2, seen from an edge-
on view. Also from this view, it is immediately clear how the discs
do not evolve significantly with time, implying that the galaxy is
not affected by global instabilities and it maintains its initial gas
and stellar distributions. More quantitatively, the vertical shape of
the two discs is visible in Fig. 5. Here, we plot the scale height of
the discs in the four simulations, by calculating, for each ring over
which we computed the surface density shown in Fig. 3, the standard
deviation of the z distribution of the gas and star particles.? Looking

3In the case of the gas disc in the simulations with hydrodynamics, this
quantity (and all the other quantities involving averages) is weighted by the
mass of the gas cell. Indeed, while in the initial N-body distribution all the
particles have the same mass, generating the grid for the gas initial conditions
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Case 1 — Nbody Case | — Gas Case 2 — Nbody Case 2 — Gas

6

Starsg

—_— Gas

0 10 20 0 10 20 0 10 20 0 10 20
R (kpe) R (kpc) R (kpe) R (kpe)

Figure 3. One-dimensional surface density profiles of the stellar (orange) and gas (blue) discs in the four main simulations analysed in this work (‘Nbody’
columns are for the collisionless simulations, while ‘Gas’ columns are for the simulations with hydrodynamics), at = 0, 2.5, 5 Gyr. The profiles are calculated
by dividing the disc into concentric rings wit AR =~ 0.7 kpc. The points show the corresponding observational data from MP24. All the simulated profiles are
consistent with the data and do not exhibit any significant evolution with time.

t = 5.0 Gyr

Figure 4. Same as Fig. 2, but for the gas (top) and stellar (bottom) discs seen edge-on.

at the gas profiles (blue curves), we can see how the disc reaches
a maximum of about 1 kpc before declining at R = 5 kpc, reaching

(see Section 3.2.1) slightly modifies the mass distribution. We anyway exclude scale heights of about 0.5 kpc in its external regions. By construction,
cells with masses significantly lower than (less than 1 per cent) the values the stellar disc also exhibits a similar trend in its scale height (orange
reported in Table 1. Most of these excluded cells belong to the background profiles), given that we built models in which stars and gas have
grid and are located far from the centre of the computational box (where the a similar velocity dispersion profile. Note that the stellar thickness
galaxy is).
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Figure 5. Similar to Fig. 3, but for the stellar (orange) and gas (blue) scale height profiles obtained at = 0, 2.5, 5 Gyr from the four main simulations analysed

in this study.

quickly drops to zero at R & 12 kpc, which represents the outer edge
of the stellar disc: no star particles are present in our simulations
beyond this radius. In all simulations, both stars and gas show little
to no evolution in their scale height profiles between the start and the
end of the simulation. The only noticeable differences are present at
R Z Tkpc for the stellar discs and at R 2> 15kpc for the gas disc,
where the densities are very low and very few particles determine
the scale heights of the two discs.

Note that the vertical disc structure has a peculiar shape: while
discs are expected to be flared (e.g. Romeo 1992; Yim et al. 2014;
Marasco et al. 2017; Bacchini et al. 2019; Mancera Pifia et al.
2022b) as an effect of vertical hydrostatic equilibrium, with the scale
height increasing going to larger R, the scale height of this simulated
gas disc remains approximately constant up to a few kpc and then
declines outwards. Even though this behaviour is not common, it is
consistent with previous estimates of the thickness of the H1 disc of
AGC 114905 based on hydrostatic equilibrium (Bacchini et al. 2024;
MP24). The reason is likely due to the drastic drop of the velocity
dispersion in the outer parts, leading to a pressure not strong enough
to support the flaring.

4.2 Disc kinematics

We have seen above that both the vertical and radial density
distributions do not change during the course of the simulation.
In this Section, we focus instead on the kinematics of both the gas
and the stellar disc, in order to further confirm whether the galaxy
is stable or not. Fig. 6 shows the rotational velocities (top panels)
and the velocity dispersions (bottom panels) of gas (blue curves)
and stars (orange), for the same simulations and at the same times
analysed above. All the profiles are extracted by taking the average
quantities of the particles belonging to the same rings utilized for the
plots in Figs 3 and 5.

From the top panels of Fig. 6, we can see how the gas rotates
initially (by construction) at the same speed of the observations
and how this rotational motion does not change as the simulation
evolves, again indicating stability [note that in the simulations with
hydrodynamics in the second and fourth columns, the gas disc has a
slightly lower rotational velocity compared to the collisionless cases,
due to the additional correction of the radial pressure gradient, see

equation (9)]. The only sign of evolution can be seen at R 2 10kpc,
where the gas rotational velocity is 1 or 2kms~! lower by the end
of the simulation. This is due to the evolution of the DM halo, as
we discuss more in detail in Appendix A. This effect is however
negligible and does not affect at all the region of the galaxy where
observational constraints are available. As for the stellar disc, there is
to date no observational evidence of its kinematics in AGC 114905,
but we can see how in all cases the simulated stellar discs also rotate
with the same velocity during the course of the simulation (except for
the very external rings that contain a negligible amount of particles)
and therefore appear stable.

The top panels of Fig. 6 also show how the rotation of the stellar
disc is more strongly affected by the asymmetric drift [see equation
(1)], given that the slope of the stellar surface density profile is much
steeper with respect to that of the gas disc. The stellar component
tends therefore to rotate much slower than the gas: this prediction
of our model, if true, implies that (i) the stellar kinematics of these
galaxies will be very challenging to measure, given the very low
rotational velocities, in current and future observational surveys, and
(ii) that even if a low rotational velocity is observed in the stellar
kinematics of a dwarf galaxy, the gas disc could still rotate at a
significantly higher speed.

The bottom panels of Fig. 6 show instead the gas and stellar
velocity dispersion at the beginning and at the end of the simulation.
In the collisionless cases, we can see how the velocity dispersion
(for clarity we show again here the radial component oy only, but the
other two components are very similar, as shown in Appendix B,
and therefore any of these components can be used to compare
with the observations) exhibits almost no evolution during the 5 Gyr
of the simulation. For the simulations with hydrodynamics (second
and fourth columns) we plot separately the total velocity dispersion
(blue), given by the sum in quadrature of thermal and turbulent
motions, and the particle (or turbulent) velocity dispersion (light-
blue) of the gas disc.* We can see how the total velocity dispersion

4As for the collisionless cases, we show here only the radial component of
the velocity dispersion of the cells, but the other components have the same
trend (and the same is valid for the total dispersion, given that the internal
dispersion is isotropic).
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Figure 6. Kinematic properties of the stellar (orange) and the gas (blue) discs of the four main simulations analysed in this study, with the corresponding data
points from MP24. The top panels show the rotational velocities and the bottom panels the radial component of the velocity dispersion. For the two cases with
hydrodynamics (second and fourth column), we show both the turbulent (light blue) and the total (darker blue, thermal plus turbulent) velocity dispersion. Note
that the most external rings where the stellar kinematics is calculated, which exhibit a very noisy behaviour, contain a negligible amount of particles.

is constant with time and is always consistent with the observational
constraints, while the turbulent dispersion, that since the start of
the simulation is not dominant, decreases with time getting to values
very close to zero by the end of the simulation. This is because, being
the gas a collisional component (and since we are in the absence of
radiative cooling), the kinetic energy due to turbulence is quickly
dissipated into internal energy. We have checked that, using different
values of 8 [see equation (8)], the kinetic, turbulent energy of the gas
particles is almost completely dissipated into internal, thermal energy
within 1Gyr, with the simulations showing very similar results.
Finally, the orange profiles show how also the stars maintain the
same velocity dispersion throughout the simulation.

To conclude, the (absence of) evolution of both the rotational
velocity and the velocity dispersion confirms how AGC 114 905 does
not develop global gravitational instabilities throughout its evolution,
assuming any of the two DM haloes (Case 1 and Case 2) explored in
this work.

5 DISCUSSION

5.1 Comparison with previous work

The main point of comparison for the present study is the recent work
of SS22. As already discussed in Section 1, using similar simulations
to those presented here, they found that the gas and stellar discs
of AGC 114905 are not globally stable, contrary to our findings.
Below, we discuss the main differences and similarities between
our works, in addition to those already addressed in the previous
sections.

Differently from this study, SS22 based their simulations on the
data of Mancera Pifia et al. (2022a), the only available at the time. This
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results in slight discrepancies between our surface density profiles
of gas and stars (which should however not dramatically change the
evolution and the stability of the UDG) and most importantly in
different circular velocities and velocity dispersions. First, the lower
(about 15-20 per cent with respect to the values of MP24) circular
velocities found by Mancera Pifia et al. (2022a), led SS22 to simulate
a system composed by only two discs and no spherical DM halo, or
with a DM halo with a lower mass compared to what we utilize here:
within 10 kpc, the halo of SS22 contains about 6.6 x 10% M, while
we use Mpy(< 10 kpe) ~ 9.2 x 108 Mg and Mpy(< 10 kpc) ~
1.1 x 10° Mg, for respectively our Case 1 and Case 2 (see also
Table 2). Additionally, they then employed a velocity dispersion
of about 5kms~! in both discs, consistently with the findings of
Mancera Pifia et al. (2022a), while we use a velocity dispersion that
goes from about 14kms~' in the centre down to about 5kms™!
at R = 10kpc, following the updated observational constraints of
MP24 (see Fig. 1). We attribute the difference in our findings mainly
to the different DM halo and velocity dispersion employed in our
model.

To demonstrate the above statement, we run an additional set of
simulations, modifying the velocity dispersion and the DM halo
in order to be more comparable with those used by SS22. To
compare with their first simulation, where they investigated the
stability of AGC 114 905 in the absence of a DM halo, we design an
initial equilibrium system with AGAMA assuming a DM halo with a
very low mass (Mpy(< 2ryi) ~ 2 x 10° Mg and Mpy(< 10kpe) ~
2.3 x 10® My), so that the baryonic component largely dominates
the gravitational potential everywhere. We additionally lower the gas
velocity dispersion (and also the stellar one accordingly) to 5 kms™!,
roughly constant with radius. We simulate such system (which we
call ‘No DM’) twice, both with and without the inclusion of the
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Table 2. Summary of the main properties related to the stability of
AGC 114905, for all the simulations performed in this study. (1) Simulation
Id; (2) DM halo mass within 10 kpc (if the DM halo is not massive enough
the disc tends to be unstable); (3) average (radial) velocity dispersion for
1 < R < 10kpc in the gas disc (if the disc is not sufficiently dynamically
hot it tends to be unstable); (4) time in which the global instability starts
to develop (hot discs in equilibrium with a sufficiently massive DM halo
do not develop global instabilities); (5) average Toomre parameter Q for
1 < R < 10kpc within the gas disc (models with Q > 1 are expected to
be stable against local instabilities, see Safronov 1960; Toomre 1964); (6)
& parameter (collisionless and collisional models with respectively £ < 1.1
and £ < 0.9 are expected to develop a global bar instability, see Efstathiou
et al. 1982; Christodoulou, Shlosman & Tohline 1995).

)] () 3) “) (5) (6)
Sim. Id Mpm(< 10kpe) <0 > tinst < Q> &
Mo kms™! Gyr

Case 1 — Nbody 9.2 x 108 9.5 - 1.95 1.12
Case 1 — Gas 9.2 x 108 9.5 - 2.08 1.12
Case 2 — Nbody 1.1 x 10° 95 - 1.97 1.31
Case 2 — Gas 1.1 x 10° 9.5 - 2.10 1.31
No DM — Nbody 2.3 x 108 45 0.7 0.85 0.77
No DM - Gas 2.3 x 108 45 0.7 0.91 0.77
Case 3 — Nbody 1.1 x 10° 4.6 32 1.11 1.28
Case 3 — Gas 1.1 x 10° 4.6 - 1.19 1.28

hydrodynamical effects for the gas disc and we let the simulations
run for 5 Gyr, as in our fiducial cases. The results of such experiments
are shown in Figs 7 (top panels) and 8 (cyan and blue curves).
Both from the density snapshots and from the radial profiles of
surface density, rotational velocity and velocity dispersion we can
see that, after 5 Gyr, the system has developed strong gravitational
instabilities that completely destroyed its initial shape. These results
are in excellent agreement with those of SS22. The evolution of
the gas discs is also similar (see the full videos at this link) to
what previously found, with the disc rapidly developing a central
depression and then being fragmented in multiple structures. The
inclusion of the hydrodynamics seems to affect the evolution of the
discs, but the two simulations produce qualitatively similar results.
We finally estimate the time when the instability seems roughly to
first take place, which we arbitrarily define as the time #,, when the
average relative difference between the initial and the current radial
profile of at least one of the properties of the gas disc (¥, vy, and
or) is larger than 20 percent (this time generally also agrees well
with the time when major deviations from the initial gas distribution
appear in the 2d videos of the simulations). We find that in both
cases tingt & 0.7 Gyr (see also Table 2), meaning that the instabilities
develop very quickly and the galaxy is largely unstable. As already
discussed by SS22, we conclude that AGC 114 905 needs a significant
contribution from the DM halo (with a DM mass within 10 kpc of at
least 210° My,) in order to be stable. Note that we do not show the
observational data points in Fig. 8, as the rotational velocities and
especially the velocity dispersions of this model would be too low
and not consistent with the data from MP24.

As an additional test, we create a system where we lower the
velocity dispersion of gas and stars to Skms~!, using the DM halo
of our Case 2 model, in order to investigate how much the velocity
dispersion alone is responsible for the different outcomes between
our simulations and those from SS22. Such a model (which we once
again simulated for 5 Gyr, with and without hydrodynamical effects)
is directly comparable with the ‘Case 3’ model explored in SS22,
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No DM

t = 5.0 Gyr
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No DM — Nbody t = 5.0 Gyr

t = 5.0 Gyr

Figure 7. Face-on views of the gas disc at the end of the simulation for the
four models discussed in Section 5.1 (see the main text for more details).
Top panels: ‘No DM’ models, where the adopted DM halo has a significantly
lower mass with respect to our fiducial cases and the velocity dispersion is
approximately 5kms~!. Bottom panels: ‘Case 3’ models, where the DM
halo is the same as in ‘Case 2’ and the velocity dispersion is again Skms~!.
Three out of the four simulations develop global gravitational instabilities
that dramatically deform the initial disc structure. This is in agreement with
the results of SS22.

where they employed a more massive DM halo, more similar to the
one adopted here. The collisionless case (see bottom left panel of Fig.
7 and violet profiles in Fig. 8) confirms the results of SS22, as we
find that the gas disc (and similarly the stellar disc) develops global
instabilities (with fis, &~ 3.2 Gyr) that leave the galaxy strongly
perturbed by the end of the simulation, although in a less dramatic
fashion with respect to the case with a very small amount of DM.
This result proves that, as expected (see Section 5.1.1), if the stellar
and the gas discs were dynamically too cold (o < 5kms™!) they
would tend to develop global instabilities within a few Gyr. Such a
low velocity dispersion seems however to be incompatible with the
observations of MP24.°

Interestingly, the ‘Case 3’ simulation with hydrodynamics seems
instead to not show strong deviations from its initial configuration
(see bottom right panel of Fig. 7 and red curves in Fig. 8): as for
our fiducial cases shown in Section 4, none of the gas properties
differ, at any time in the simulation, by more than 5 per cent from
their initial values. We therefore mark this model as stable. While
this may sound surprising, one possible explanation of this result
is that the gas collisional effects have a stabilizing influence on
this particular galaxy model. For example, using a linear analysis,
Rafikov (2001) found that a system composed by two gas collisional
discs has a larger stable region compared to a system with a stellar
(collisionless) and a gas disc, implying that collisional effects might
have an effect in damping local instabilities. Analytical works on

SWe checked that models with intermediate velocity dispersions (o ~
8kms~!), potentially in agreement within the uncertainties with the ob-
servational data, are instead stable, as previously found also by SS22.
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Figure 8. Properties of the gas disc in the four models presented in
Section 5.1 at the beginning (solid curves) and at the end (dashed curves) of
the simulations. Surface densities on top, rotational velocities in the central
panel and velocity dispersions at the bottom. Only the ‘Case 3’ simulation
with hydrodynamics remains stable for 5 Gyr, while in the other three cases
all three properties drastically change due to global instabilities, in agreement
with the results of SS22. Note that the rotational velocities of the ‘No DM’
models (as well as the velocity dispersions of all the models presented in
this figure) are too low to be consistent with the data reported in MP24, but
would be in agreement within the uncertainties with the previous estimates
from Mancera Pifia et al. (2022a).

global instabilities (Efstathiou et al. 1982; Christodoulou et al. 1995,
see also discussion below) have also shown that stellar discs seem to
be more susceptible to the development of bar instability with respect
to gas discs. We stress that here we performed adiabatic simulations
and the inclusion of baryon physics (using for example a model like
SMUGGLE; Marinacci et al. 2019) would most likely affect the
overall stability of a model so close to being unstable. The last result
must therefore be taken with caution and more simulations will be
needed to possibly confirm it. However, this shows how the various
galaxy components must be properly modelled in order to accurately
study the system’s stability.

Overall we conclude that, if the DM halo is sufficiently massive
and the gas and stellar discs sufficiently hot, the UDG AGC 114 905
is stable against global instabilities and can survive unperturbed for
several Gyrs, even for haloes with extremely low concentrations.
Models with colder discs and/or a significantly lower mass DM halo
could possibly lead the galaxy to be unstable (as in SS22), but are
excluded given that they have properties not in agreement with the
latest observational data.
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5.1.1 Local and global instability

As discussed by SS22, global stability is likely related to the onset of
local instabilities (e.g. Lin & Shu 1964): a disc that is locally unstable
across the majority of its extension, would also be globally unstable.
The most common parameter that has been used to investigate the
local stability of a disc is the Toomre parameter (Toomre 1964):

_ KO
T 3.36G% ]

where « is the epicycle frequency, G is the gravitational constant, o
is the velocity dispersion along the radial direction and X is the gas
or stellar surface density. Note that equation (10) is strictly valid for
a stellar, collisionless disc, while a collisional fluid would require the
factor 7 instead of 3.36 and the sound speed c; instead of the velocity
dispersion o (see Safronov 1960; Rafikov 2001; Binney & Tremaine
2008), but the differences are minimal. Regions of the disc with
0O < 1 are expected to grow local instabilities. We calculated this
parameter for the gas disc (the stellar discs have always Q > 1 due to
the low stellar densities) in all the simulations performed in this work
(using the factor 3.36 for the simulations without hydrodynamics and
7 for those with the inclusion of the hydrodynamical effects), in the
region of the disc that is covered by observational data (1 < R <
10kpc). The average value of Q across this region is reported in
Table 2. We find that all our fiducial simulations (Section 4) have
Q that is largely higher than 1 everywhere in the disc, consistently
with their stable evolution. The simulations with a lower velocity
dispersions have instead values much closer to 1, with the ‘No DM’
cases (which have lower mass DM haloes, implying lower values of
k) having Q < 1, in agreement with our findings of instability shown
above (Figs 7 and 8).

From the first definition more than six decades ago, more
sophisticated versions of the Q parameter have been developed,
taking into account effects like the disc thickness (e.g. Romeo
1992, 1994), which makes the disc more stable (as also found
for AGC 114905; see MP24), or the presence of multicomponent
systems (e.g. Jog & Solomon 1984; Rafikov 2001; Romeo & Falstad
2013). The most recent and accurate criterion is given by a three-
dimensional Q parameter, Qsp, that self-consistently takes into
account the vertical structure of a disc in hydrostatic equilibrium
with a certain gravitational potential (Nipoti 2023), also derived
for a system composed of two responsive thick disc components
(Nipoti, Caprioglio & Bacchini ). As mentioned in Section 1, the
single-component Q3p has in particular been calculated for the case
of AGC 114905, based on the observations of MP24, by Bacchini
et al. (2024). These authors found that Q3;p > 1 everywhere in the
disc, indicating stability, in excellent agreement with the findings of
the present study.

The global instability of a disc has also been investigated for
decades, both with numerical simulations (e.g. Hohl 1971; Ostriker
& Peebles 1973) and linear perturbation analyses. Toomre (1981)
introduced a criterion for the onset of a global instability called
swing amplification, a process that tends to increasingly amplity the
disc’s spiral patterns. He first introduced the parameter X, defined
as:

o (10)

k>R
"~ 2nGEm’
where m = 2. A disc is usually expected to be subjected to strong
swing amplification factors if X is not significantly larger than 1 and
if Q is close to unity, so that the disc is relatively stable, but responds
efficiently to gravitational perturbations. We calculate the value of
X for the four models analysed in this study (Case 1, Case 2, No
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DM, and Case 3) and we find that in all our setups 1 < X < 3 almost
everywhere for 1 < R < 10kpc, without any significant differences
between the various models. By combining these values with the O
values reported in Table 2, our results seem to be in agreement with
the expectations, with the models closer to local instability (Q ~ 1)
being also more influenced by the swing amplification instability
(see the simulation snapshots in Figs 2 and 7).

Another type of global instability is the bar instability, which
has been classically studied through the parameter £, defined by
Efstathiou et al. (1982) as:

vmax
£ (szdisc/Rdisc)l/2 ’ (12)
where v,y is the maximum rotational velocity, M ;. is the disc mass
and Rgisc 18 the disc scale length. We report the derived values of
& for all our simulations in Table 2. Efstathiou et al. (1982) found
that a bar instability will develop in stellar discs with £ < 1.1, while
this criterion becomes £ < 0.9 for a gas disc (Christodoulou et al.
1995). These predictions seem to work well for the majority of
our simulations, given that the ‘Case 1’ and ‘Case 2’ models have
&€ > 1.1 and the ‘No DM’ model, the only one strongly unstable,
has £ < 0.9. However, while the slightly different criteria between
a gas and a collisionless disc could explain the different outcomes
of the two ‘Case 3’ simulations with and without hydrodynamics,
looking at the values reported in Table 2 we can see that in principle
we would expect both simulations to be stable. We conclude that, for
galaxies that are potentially close to instability, such a criterion is
likely too simplistic to determine whether or not a global instability
(leading to the formation of a bar) would take place, as previously
found by Romeo et al. (2023). In these cases, numerical simulations,
like those performed in this work, remain necessary in order to study
disc stability.

5.2 Implications for UDG formation

The results of this paper are focused on a single galaxy, AGC 114905.
However, recently various HI-rich UDGs have been observed with
DM halo properties similar to the galaxy analysed here (see Sec-
tion 1). Kong et al. (2022) found that the haloes of seven UDGs
(including AGC 114905, being the most extreme of their sample)
have lower concentrations with respect to what expected from CDM
models. Of these galaxies, the two with the highest H 1-data resolution
are AGC 114905 and AGC 242019, first analysed in Shi et al. (2021).
To follow up our findings, we additionally run one simulation whose
initial conditions are calibrated on AGC 242019. In particular, we
create a three-component system (stars, gas and DM), following the
same procedure explained in Section 3° to reproduce the observations
of Shi et al. (2021) for the stellar and gas surface density, the HI
rotational velocity and velocity dispersion (shown also as data points
in Fig. 9). For the DM halo, described again by equation (2), we
use the best-fitting parameters found in Kong et al. (2022). We
also consider hydrodynamical effects in the same way explained in
Section 3.2.1. In Fig. 9, we show the properties of the gas disc during
the course of this simulation: as for AGC 114905, we find that this
galaxy (the stellar disc exhibits a similar behaviour) does not evolve
significantly and therefore is stable against global instabilities. This
test, together with the fact that AGC 114905 is the most extreme of

SFor this galaxy, to create the discy DFs we use as (R) an exponential disc
with a depression in the inner regions (see for example Oosterloo et al. 2007;
MP24), rather than equation (4), given that the former produces a significantly
better fit to the data.
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Figure 9. Properties of the gas disc in the model presented in Section 5.2
for the UDG AGC 242019, at the beginning (solid curves), at 2.5 Gyr (dotted
curves), and at the end (dashed curves) of the simulation. Surface densities
on top, rotational velocities in the central panel and velocity dispersions at
the bottom. The data points are taken from Shi et al. (2021). Except for
the innermost (uncertain) estimate of the velocity dispersion in the bottom
panel, the initial simulated profiles are (by construction) consistent with the
observations. As for AGC 114905, the simulated gas disc does not show
any sign of instability (the same is true for the stellar disc) and does not
significantly evolve with time. This result confirms that the findings of this
paper can likely be applied to a broader class of gas-rich UDGs living in
low-density DM haloes.

the currently known HI-rich UDGs, points towards a generalization
of the conclusion that gas-rich UDGs are generally stable.

Having confirmed that these UDGs can survive in atypical DM
haloes with very low concentrations, the main question remains
how can these galaxies (and haloes) form. Kong et al. (2022) found
that haloes with concentrations as low as those derived for their
galaxy sample are present in the TNGS50-1-Dark, dark matter-only
simulations from the IllustrisTNG project (Nelson et al. 2019), as
a class of haloes that formed with a high spin and at a late stage
(z ~ 0.5) of the Universe. Despite this similarity, Kong et al. (2022)
also found that the derived central DM densities of both AGC 114905
and AGC 242019 are significantly lower than the corresponding
simulated haloes, highlighting the difficulty of producing such
peculiar haloes in a CDM Universe.

Accounting for baryon physics seems to be able to produce cored
DM haloes through stellar feedback (e.g. Sales, Wetzel & Fattahi
2022), but it is not clear whether such effects would be substantial
enough in galaxies with very low star formation densities (see e.g.
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Leisman et al. 2017) and currently hosting a large amount of gas,
with baryon fractions that are at least comparable to the cosmological
average. While some hydrodynamical simulations, like NIHAO (Di
Cintio et al. 2017) and FIRE (Chan et al. 2018), are able to reproduce
gas-rich UDGs, the simulated haloes in which these galaxies reside
exhibit much larger densities with respect to the observations (see
Kong et al. 2022).

Given the struggles of CDM in reproducing these observations
(even when considering feedback processes), alternative DM theories
have been proposed to explain the formation of these haloes (see
MP24; for a more exhaustive discussion). Here we focus briefly
on self-interacting dark matter (SIDM, see Tulin & Yu 2018; for a
review), which seems to be one of the most promising candidates.
In SIDM, DM nparticles can interact between themselves with a
probability given by a certain cross-section. This process tends to
thermalize the inner halo, where the densities are higher and the
collisions are therefore more frequent, and can lead to the natural
creation of DM cores, which are possibly in a better agreement with
the observations analysed in the current work. Using the analytical
expressions derived in Yang et al. (2024), MP24 provided an SIDM
fit to the rotation curve of AGC 114905, finding halo parameters that
are as extreme as for the CDM model, but with the advantage that the
low inner DM densities could be, in this scenario, naturally explained
by the DM self interactions. Nadler et al. (2023) have indeed shown
that SIDM simulations can more easily produce, with respect to
CDM, haloes with inner densities as low as those inferred from the
observations of these UDGs. We are currently developing similar
simulations to those presented in this paper, but including the DM
self-interactions, with the plan of investigating whether these will
lead to stable disc galaxies like AGC 114905, naturally producing at
the same time low-density haloes consistent with the observations.
These results will be presented in a future paper.

Regardless of the formation of these haloes, note that our findings
imply that even a disc with a baryon fraction higher than the
cosmological average (our ‘Case 1’) would not develop global
instabilities. As discussed in depth in MP24, such a scenario could
be due to different mechanisms related to a strong influence from the
environment or to an atypical accretion history that would lead this
galaxy to accrete more gas (previously expelled by nearby galaxies)
with respect to the average. Given the isolation of AGC 114905 and
the absence of such large baryon fractions in current cosmological
simulations, this scenario was deemed (and remains) unlikely.
However, our stability analysis shows that such galaxies could exist
in the Universe and therefore implies that these formation scenarios
should not be ruled out and need to be investigated further.

6 SUMMARY AND CONCLUSIONS

In this study, we performed idealised N-body simulations, using
the code AREPO (see Weinberger et al. 2020), of the HI-rich UDG
AGC 114905. We created a system composed of a stellar disc, a gas
disc and a DM halo, initially in equilibrium with each other and with
properties that resemble the recent observations of MP24. We mainly
investigated four simulations, assuming two different DM haloes of
different masses (having very different baryon fractions but both
leading to circular velocities consistent with the observations), with
and without the inclusion of hydrodynamics. The scope of this work
was to revisit the simulations from SS22 and to study whether a UDG
with the physical properties as determined in MP24’s observations
could or not be stable against global gravitational instabilities.
Our main findings are the following:

MNRAS 538, 60-75 (2025)

(i) for the four main simulations analysed in this study, we
found that both the gas and stellar discs of AGC 114905 are stable
against global instabilities and evolve unperturbed inside low-density
DM haloes. Even a model with a baryon fraction larger than the
cosmological average leads to a stable galaxy;

(ii) the apparent discrepancy with the results of SS22 is due to
the fact that our gas and stellar discs are hotter and are embedded
in slightly more massive DM haloes, in agreement with the data
from MP24. Models with a less significant contribution from the DM
halo (Mpy(< 10kpc) <« 10° M) and with dynamically colder discs
(0 ~ 5kms~") would lead to the development of global instabilities,
as found by SS22. Such models would however be in disagreement
with the data from MP24;

(iii) intermediate models that include a DM halo with Mpy(<
10 kpc) > 10° Mg, but have dynamically colder discs, are stable
when hydrodynamics is included and develop instead global insta-
bilities in the collisionless case. While this result must be confirmed
by future simulations including also baryon physics, it points out
how the proper modelling of these discs is crucial to understand their
stability;

(iv) our results are generally in agreement with previously derived
local and global instability criteria. We show however that, for
galaxies close to instability, simple analytical criteria may be not
accurate and numerical simulations are needed.

The results of this paper show that AGC 114905 (and most likely
also other similar, less extreme UDGs, as we found for AGC 242019)
can survive and be stable inside a DM halo that observations suggest
having very atypical properties in the context of the standard CDM
framework (see Kong et al. 2022; Mancera Pifia et al. 2022a, MP24).
While the lack of stability has been evoked in the past as a reason
for inconsistencies in the observational data (SS22), we find that the
stability of these UDGs is not an issue, removing doubts about the
validity of the data and therefore confirming that such low-density
DM haloes, albeit very rare, can exist in the Universe. The next
challenge will be to investigate how these peculiar haloes (and
galaxies) can form, by potentially exploring also alternative DM
candidates, providing clues on the properties of DM itself.
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APPENDIX A: DARK MATTER EVOLUTION

In Fig. A1, we show the evolution of the density profile of the DM
halo extracted from the ‘Case 2’ simulation with hydrodynamics,
at the beginning, at 2.5 Gyr and at the end of the simulation. The
DM evolution in the other simulations is analogous to what shown
here. We can see that at the start of the simulation the DM profile
is truncated at a radius r = 2ry;; = 136 kpc, which is necessary
to generate the initial DM particle realization, as explained in
Section 3.2. As the simulation evolves, the DM particles tend to
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Figure A1l. DM density profile extracted from the simulation ‘Case 2’ with
hydrodynamics, at the beginning (solid curve), at 2.5 Gyr (dotted curve) and
at the end of the simulation (dashed curve). The halo is initially truncated
at r = r; and as the simulation evolves the particles tend to redistribute
themselves and to flow at » > r;. The vertical band marks the region where
observational data are available.

naturally redistribute and to flow to larger radii, slightly lowering
the densities below 7. At later times, some particles flow out of the
computational domain (whose limit is defined in Fig. A1 by the end

Case 1 — Nbody Case 1 — Gas

of the plot x —axis, at 200 kpc), lowering the total mass of the halo.
This effect is however almost negligible, given that we chose a large
enough simulation box. In the region of interest for this study (shown
by the vertical band, corresponding to the region where observational
data are available), the changes in the DM profile are negligible and
do not affect the circular (and hence rotational) velocity of the galaxy
(see Fig. 6). Some minimal effects can be seen at about 20 kpc from
the centre, where the change in DM density tends to reduce the gas

rotational velocity by 1 or 2kms™!.

APPENDIX B: COMPONENTS OF THE
VELOCITY DISPERSION

In Fig. B1, we show the ratios between the three components of
the stellar (orange) and gas (blue) velocity dispersion in the four
main simulations analysed in this study (see Section 4 and Figs 2—
6). As discussed in Section 3.1.3, with AGAMA we built models in
which both the stellar and the gas discs have velocity dispersion
profiles that are roughly isotropic. This is shown by the solid lines in
Fig. B1, which represent the initial ratios of the velocity dispersion
along the radial and vertical components (top panels) and along the
radial and azimuthal components (bottom panels), for the ‘Case 1’
(first two columns) and ‘Case 2’ models (last two columns). Both
discs exhibit velocity dispersion profiles that are nearly identical
along the radial and vertical components. The azimuthal velocity
dispersion has instead a slightly different profile with respect to the
other two components, but the value of o, is within ~20 per cent
that of or and o, everywhere in both discs in all simulations (except
for R 2 15kpc in the gas disc of the two collisionless simulations,

Case 2 — Nbody Case 2 — Gas
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Figure B1. Ratios of the velocity dispersion of the stellar (orange) and the gas (blue) discs of the four main simulations analysed in this study, at the beginning
(solid curves), at 2.5 Gyr (dotted curves) and at the end (dashed curves) of the simulation. The top panels show the ratios between the radial and the vertical
components, while the bottom panels show the ratios between the radial and the azimuthal components. For the two cases with hydrodynamics (second and
fourth column) we show, for the gas disc, the ratios of the three components of the total (thermal plus turbulent) velocity dispersion. In all simulations, the

velocity dispersion of the stellar and the gas disc is nearly isotropic at all times.
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where the densities are very low and there are very few particles).
Note that for the simulations with hydrodynamics (second and fourth
columns) the gas velocity dispersion is dominated by the thermal
velocity dispersion, which is by construction isotropic, and therefore
the ratios are almost exactly equal to 1 everywhere.

Finally, Fig. B1 also shows that there is almost no evolution
in the velocity dispersion ratios as the simulations evolve. This
demonstrates how the velocity dispersion of both stars and gas (see

© 2025 The Author(s).
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also Fig. 6) remains isotropic for the entire simulation time, in line
with the absence of strong gravitational instabilities (see Section 4).
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