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ABSTRACT

Ultra-diffuse galaxies (UDGs) in the Coma cluster have velocity dispersion profiles that are in full agreement with the predictions of
modified Newtonian dynamics (MOND) in isolation. However, the external field effect (EFE) from the cluster seriously undermines
this agreement. It has been suggested that this could be related to the fact that UDGs are out-of-equilibrium objects whose stars have
been heated by the cluster tides or that they recently fell onto the cluster on radial orbits; thus, their velocity dispersion may not reflect
the EFE at their instantaneous distance from the cluster centre. In this work, we simulated UDGs within the Coma cluster in MOND,
using the Phantom of Ramses (POR) code. We show that if UDGs are initially at equilibrium within the cluster, tides are not sufficient
to increase their velocity dispersions to values as high as the observed ones. On the other hand, if they are on a first radial infall onto
the cluster, they can keep high-velocity dispersions without being destroyed until their first pericentric passage. We conclude that in
the context of MOND, and without alterations (e.g. a screening of the EFE in galaxy clusters or much higher baryonic masses than
currently estimated), we find that UDGs must be out-of-equilibrium objects on their first infall onto the cluster.

Key words. methods: numerical — galaxies: dwarf — galaxies: evolution — galaxies: general — galaxies: clusters: individual: Coma —

galaxies: kinematics and dynamics

1. Introduction

The need for an additional component in the matter sector,
beyond the one described by the standard model of particle
physics, is backed by a plethora of observations at scales rang-
ing from galaxies to the whole observable Universe — in the
context of general relativity (GR) and its weak-field Newtonian
counterpart. However, it was also suggested four decades ago
(Milgrom 1983a,b; Bekenstein & Milgrom 1984) that, at least
on galactic scales, phenomena attributed to this additional mat-
ter component could also be attributed in principle to new grav-
itational degrees of freedom instead of new particles. This con-
cept, known as modified Newtonian dynamics (MOND; see
Famaey & McGaugh 2012; Milgrom 2014; Banik & Zhao 2022,
for extensive reviews) postulates that weak-field deviations from
Newtonian dynamics occur in systems with accelerations below
Milgrom’s constant ap ~ 1.2 x 107m/s?> ~ 3.9 pc/Myr?
(Begeman et al. 1991; Gentile et al. 2011; Desmond et al. 2024).
Well below this threshold, and until the external gravitational
field dominates over the internal one, the gravitational accelera-
tion would become g = +/g,.a,, where g, is the Newtonian grav-
itational acceleration. This simple prescription automatically
predicts the asymptotic flatness of galaxy rotation curves, but
also makes several important non-trivial predictions. In par-
ticular, it predicts a relation between the total baryonic mass
and the asymptotic circular velocity of rotationally-supported
disc galaxies, with no dependence of the residuals on the sur-
face density of the discs, a power-law slope of 4, and no
change of slope at high masses. This relation, known as the

* Corresponding author; togerenagesh@unistra. fr

baryonic Tully-Fisher relation (BTFR) has been repeatedly
confirmed for rotationally-supported galaxies (McGaugh et al.
2000; Lelli et al. 2019; Di Teodoro et al. 2023). Even more non-
trivially, MOND predicts that BTFR ‘twins’ (i.e. disc galaxies
sharing the same baryonic mass and asymptotic circular veloc-
ity) ought to display very different rotation curve shapes as a
function of surface density. In fact, this is precisely what is seen
in observations (e.g. de Blok & McGaugh 1997; Swaters et al.
2009). Interpreted in the dark matter context, this would mean
that disc galaxies should display a variety of cold dark matter
(CDM) halo density profiles as a function of the surface density
of the baryons, which remains very surprising today in the stan-
dard ACDM context (Oman et al. 2015; Ghari et al. 2019). In
summary, this observed dependence of rotation curve shapes on
baryonic surface density, together with the surprising indepen-
dence of the BTFR on that same baryonic surface density, is the
main argument behind adopting MOND in earnest as a plausible
alternative to CDM. This phenomenology is encapsulated into
the observational radial acceleration relation for disc galaxies
(RAR, McGaugh 2016; Lelli et al. 2017; Stiskalek & Desmond
2023), which connects the radial dynamical acceleration inferred
from kinematics with that predicted from the observed baryonic
distribution.

Stellar systems that have low internal gravitational accel-
erations (g < ap) are, in principle, an ideal testing ground
for MOND. Ultra-diffuse galaxies (UDGs; Fosbury et al. 1978;
Sandage & Binggeli 1984; Karachentsev et al. 2000) are low-
surface-brightness (LSB) objects with a typical central surface
brightness of u,o > 24 mag/arcsec?, optical luminosities rang-
ing from 107-10% Lo, and large effective radii (as compared to
other dwarfs) of R.g > 1.5kpc, indicating that their internal
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accelerations are very low. Overall, UDGs have been observed
both in the field (Leisman et al. 2017; Roman & Trujillo 2017,
Prole et al. 2019; Bautista etal. 2022) and in galaxy groups
and clusters (van Dokkum et al. 2015a,b; Janowiecki et al. 2015;
Mihos et al. 2015, 2017; Yagietal. 2016; Kodaetal. 2015;
Martinez-Vazquez et al. 2015; Venhola et al. 2017; Miiller et al.
2018; Marleau et al. 2021).

For example, in the Coma cluster, there are ~10° detected
UDGs (e.g. Bautista et al. 2023). Multiple scenarios for their
formation in the standard ACDM context have been proposed
(e.g. van Dokkum et al. 2015b, 2016; Amorisco & Loeb 2016;
Beasley & Trujillo 2016; Di Cintio et al. 2017; Greco et al.
2018; Tolobaetal. 2018; Jiang et al. 2019; Freundlich et al.
2020a,b). However, no consensus has been reached and a
broad uncertainty over their dark matter content still per-
sists (van Dokkum et al. 2016, 2018, 2019; Wasserman et al.
2019; Nusser 2019; Emsellem et al. 2019; Haslbauer et al. 2019;
Miiller et al. 2021).

In the context of MOND, Freundlich et al. (2022) investi-
gated a sample of 11 UDGs (van Dokkum et al. 2015a, 2016,
2017, 2019; Chilingarian et al. 2019), with measured stellar
velocity dispersion profiles in the Coma cluster and noted
that those UDGs seem to be in-line with the MOND pre-
diction if these galaxies were isolated (see also Bilek et al.
2019a; Haghi et al. 2019a). However, the non-linear nature of
MOND gravity should imply that the dynamics of a sys-
tem is regulated by the total gravitational field (both its
internal field, g, and the external one, g,, in which it is
embedded). If g < g¢., as is the case for UDGs in the
Coma cluster, the system should experience an ‘external field
effect’ (EFE; Milgrom 1983a; Bekenstein & Milgrom 1984;
Famaey & McGaugh 2012; McGaugh & Milgrom 2013), which
would damp the rotational velocities or velocity dispersions
compared to those predicted by MOND in isolation (e.g.
McGaugh & Milgrom 2013; Pawlowski et al. 2015; Hees et al.
2016; Famaey et al. 2018; Kroupa et al. 2018; Bilek et al. 2018;
Haghi et al. 2019a; Miiller et al. 2019; Chae et al. 2020, 2021;
Oria et al. 2021). The EFE is also an observational necessity in
the MOND context to explain certain phenomena such as the
escape velocity curve of the Milky Way (Famaey et al. 2007,
Banik & Zhao 2018; Oria et al. 2021). Therefore, UDGs inside
clusters should be entirely EFE-dominated in the MOND con-
text, meaning that the result of Freundlich et al. (2022) seems to
either (i) contradict MOND or (ii) could indicate that the EFE is
screened inside the Coma cluster for some deep theoretical rea-
sons related to the yet-to-be-found fundamental theory underpin-
ning the MOND paradigm. However, in the context of classical
modified gravity theories of MOND, other possible explanations
might be that UDGs are out-of-equilibrium objects (iii) whose
stars have been heated by the cluster tides or (iv) that recently
fell onto the cluster on radial orbits, such that their velocity dis-
persion may not reflect the EFE at their instantaneous distance
from the cluster centre.

The present work is focussed on testing these two last
hypotheses (iii) and (iv), via detailed N—body simulations using
the POR patch of the RAMSES code. The article is structured as
follows. Section 2 describes the numerical methods as well as the
simulations setups, Section 3 discusses the results of the simula-
tions, and Section 4 presents our conclusions.

2. Methods

In principle, MOND can be formulated as a modification of
Newton’s second law, but such formulations cannot be consid-
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ered as fully-fledged theories at present (Milgrom 1994, 2022).
On the other hand, theories based on adding new gravitational
degrees of freedom to GR have been well-developed over the
last four decades, including approaches in scalar-tensor form
(Bekenstein & Milgrom 1984) and later in tensor-vector-scalar
form to account for gravitational lensing (Bekenstein 2004).
Their latest versions even managing to reproduce cosmolog-
ical observables in the linear regime of structure formation
(Skordis & Ztosnik 2020; Blanchet & Skordis 2024). Such the-
ories are typically calibrated to reproduce a generalised clas-
sical Lagrangian for gravity in the weak-field limit, associated
with a non-linear MOND Poisson equation. Two main classi-
cal Lagrangians of this sort have been proposed: one known
as the aquadratic Lagrangian (AQUAL) theory, developed by
Bekenstein & Milgrom (1984) and the other is the quasi-linear
MOND (QUMOND) developed by Milgrom (2010). These for-
mulations enable the application of MOND to systems that
deviate from spherical symmetry, where the algebraic rela-
tion g = +/g,a, in the weak-field regime cannot be precise
(see e.g. Bekenstein & Milgrom 1984; Brada & Milgrom 1995;
Famaey & McGaugh 2012).

Both of these classical formalisms have been numerically
implemented and tested on diverse scenarios. For example,
AQUAL was implemented in a N-body code developed by
Brada & Milgrom (1999), which was used to study the stabil-
ity of disc galaxies. Furthermore, Tiret & Combes (2008b) later
developed a multi-grid Poisson solver to study the evolution
of spiral galaxies using pure stellar discs and gas dynamics
using a sticky particle scheme (Tiret & Combes 2008a). The
N-body code (Londrillo & Nipoti 2009) was also developed in
order to study dynamical questions such as the radial orbit insta-
bility in the AQUAL context (Nipoti et al. 2011). Two main
N-body and hydrodynamical codes have been developed as
patches of the adaptive mesh refinement (AMR) code RAMSES
(Teyssier 2002). RAMSES is equipped with a Newtonian Pois-
son solver for gravitational computations, and a second-order
Godunov scheme with a Riemann solver for the Euler equa-
tions, which allows us to run both N-body and hydrodynamical
simulations with star formation. The RAYMOND patch has both
AQUAL and QUMOND implemented and it has, for instance,
been used to run cosmological simulations (Candlish et al.
2015). The phantom of ramses (POR patch, Liighausen et al.
2015; Nagesh et al. 2021) is a publicly available patch' numer-
ically implementing the QUMOND Poisson equation within
the RAMSES Poisson solver, which has been widely used over
the last decade to test QUMOND predictions in a plethora
of systems (Liighausen et al. 2013; Thomas et al. 2017, 2018;
Bilek et al. 2018, 2022; Renaud et al. 2016; Banik et al. 2020,
2022; Wittenburg et al. 2020; Eappen et al. 2022; Nagesh et al.
2023; Wittenburg et al. 2023). Several other independent codes
have also been used to test cosmology in the context of MOND
(Llinares et al. 2008; Angus et al. 2011, 2013).

The simulations presented here are carried out using POR.
With MOND gravity turned on, the field equation for the gravi-
tational potential, @, is expressed as:
V) = -V.g = —V-(vgN), €))
where g and g are the Newtonian and MONDian gravitational
acceleration vectors, respectively. The function v has g, /ap as its

! The POR package, extraction software, and other relevant algo-
rithms are available at bitbucket.org/SrikanthTN/bonnPoR/
src/master/, along with a POR manual to setup, run, and analyse iso-
lated disc galaxy simulations in MOND (Nagesh et al. 2021).
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argument and it is the MOND interpolating function that dictates
the transition between Newtonian and MONDian regimes, for
which we used the so-called ‘simple’ form (Famaey & Binney
2005; Famaey & McGaugh 2012). At each step, POR computes
g, from the baryon density p, by solving the standard Poisson
equation, then it uses the interpolating function to compute the
new source term on the right-hand side of Eq. (1) and solves the
standard Poisson equation a second time to find the QUMOND
potential @.

The UDGs used in our simulations were initially modelled
as Sérsic spheres, following Bilek et al. (2022). We assumed a
total mass Mypg = 6 X 107 My, an effective radius Reg =
1.5kpc, and a Sérsic index n = 1. These parameters are
approximately chosen to be the median of the observed UDG
sample analysed in Freundlich et al. (2022), with the excep-
tion of DF44 and DFX1. We de-projected the two-dimensional
(2D) Sérsic light profile, using the semi-analytical approxima-
tion proposed by Lima Neto et al. (1999), with an update from
Marquez et al. (2000). In comparison, Freundlich et al. (2022,
Section 3.1.2), numerically inverted the corresponding enclosed
mass profile,and sample positions of particles from the result-
ing inverted cumulative distribution function. For a particle at a
given radius, the speed, v, is drawn from a Gaussian distribution
with standard deviation given by the velocity dispersion, which
is obtained from the Jeans equation (Eq. 4.125 of Binney 2008)
assuming isotropy. Random numbers are drawn from a N(0, 1)
Gaussian distribution for v,, vy, v;, normalised by the total speed

\JVi + v +vZ. We used a mass resolution of 600 My and

10° particles for each UDG.

We modelled the Coma cluster, where the UDGs evolve
through an analytic density profile representing the dynami-
cal mass of the cluster in MOND, stemming from hydrostatic
equilibrium of the X-ray emitting gas. MOND has long been
known to underpredict the deviation from GR needed to explain
observations on galaxy cluster scales (e.g. Sanders 1999, 2003;
Angus et al. 2008; Bilek et al. 2019b), possibly implying a resid-
ual missing mass in clusters. We stress that the current cluster
model includes both the baryonic component and this residual
missing mass. The density, p,n,, is assumed to be spherically
symmetric and computed following Reiprich (2001) and Sanders
(2003), as explained in Freundlich et al. (2022, Section 4.1).
To highlight the importance of this analytic profile, the Coma
cluster was also modelled using 10° static particles distributed
in spherical symmetry, which caused a spurious dissolution of
the UDGs upon close encounter with the cluster particles. To
avoid this effect a new patch, implementing an analytic den-
sity profile of the Coma cluster, was developed within the POR
context?. Similarly, Candlish et al. (2018) implemented analytic
density profiles for the Coma and Virgo clusters in the RAY-
MOND context. In the MOND framework, the gravitational field
within the UDG is a combination of the external field from
the galaxy cluster and the self-gravity of the UDG. Thus, for
a UDG at equilibrium within the cluster, before being poten-
tially heated up by tides, it is important to take into account
the external field from the cluster when generating the ini-
tial conditions for the UDG. Several analytic approximations
exist for this (Famaey & McGaugh 2012; Famaey et al. 2018;
Miiller et al. 2019; Haghi et al. 2019b). Here, we chose the one

V=

2 This patch implements an analytic density profile of the Coma clus-
ter in both MOND and Newtonian framework, and is available here:
github.com/SrikanthNagesh/Coma_analytic_density_PoR

20.04

d=1.8 Mpc —
d=1.6 Mpc _—
d=1.4 Mpc

Isolated d=1.2 Mpec |[
d=1.0 Mpc

Newtonian |[

=== d=10.0 Mpc
- = d=2.0 Mpc

o [km/s|
S o =@ O
S & o oo

=
ot

o
o

o
ot

1 [kpc]

Fig. 1. Initial equilibrium velocity dispersion profile of the simulated
UDG, computed by solving Jeans equation and taking into account the
external field at the launch radius. For comparison, the solid black line
corresponds to MOND in isolation, while the dotted light gray line
shows the Newtonian prediction. The EFE decreases the velocity dis-
persion from the isolated MOND prediction, making the profile closer
to the Newtonian prediction.

proposed by Freundlich et al. (2022, Sect. 4.2, Eq. 25, cf. also
Oria et al. 2021). We ran two sets of simulations:

1. To test whether cluster tides can heat up UDGs in the
MOND context, we first ran 36 simulations with UDGs
placed at distances R; = 1,1.2,1.4,1.6,1.8,and 2.0 Mpc
from the cluster centre, respectively. At each R;, the UDGs
were launched on orbits with different eccentricities: e =
0,0.2,0.4,0.6,0.8,0.99. Their velocity components are set
to be vy = vee, and vy = v, V1 — €2, where v, is the MOND
circular velocity of the galaxy cluster at a given R;. They
were not launched at apocentre, but instead at fixed dis-
tances, R;, in the direction of the cluster centre. For this set
of simulations, a box-size of 8 Mpc, level_min = 8§, and a
level_max = 15 was used. The level_min sets the size of
coarse grid cell, and level_max sets the size of the maxi-
mum resolved grid cell, given as box_length/Zlma", which
in our case was 244 pc. The simulated UDGs were advanced
for 5 Gyr with 100 Myr time-intervals. To check for the ade-
quacy of the chosen resolution, we also ran a few compar-
ison simulations by doubling the spatial resolutions (most
resolved grid cell of 122 pc) and increasing the mass resolu-
tion (and number of particles) by a factor of 10. The results
were the same within 1%, justifying our resolution choice.

2. Then, to test whether UDGs on a first infall could retain the
memory of their velocity dispersion in isolation, an addi-
tional set of simulations was then run with R;, varying from
10-14Mpc and e = 0.99. In this second set of simula-
tions, a box-size of 22 Mpc, and level_max = 16 was used.
These simulations are run for 7 Gyr with outputs at 100 Myr
interval. The positions, velocities, and mass of the UDG
particles are extracted from the output of POR using the
EXTRACT_POR software (Nagesh et al. 2021).

3. Results
3.1. Heating by tides?

For our first set of simulations with different initial radii and
eccentricities, Fig. 1 shows the equilibrium velocity dispersion
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Fig. 2. Tidal susceptibility, 7, derived from Eq. (2) as a function of dis-
tance from the cluster centre. The solid black points mark the tidal sus-
ceptibility at the distances where the UDGs were launched. Points above
the horizontal = 0.5 line are expected to be at least partially affected
by tides.

profiles at launch, taking into account the EFE at the initial
radius with Eq. 25 of Freundlich et al. (2022). It can be seen
clearly that the MOND EFE due to the cluster potential low-
ers the self-gravity of UDGs. This renders them more sus-
ceptible to tidal forces (Brada & Milgrom 2000; Asencio et al.
2022) that could play an important role in enhancing the veloc-
ity dispersion of these systems>. Signatures of tidal interactions
such as tidal streams (Mihos et al. 2015; Wittmann et al. 2017,
Bennet et al. 2018), elongation (Koch et al. 2012; Merritt et al.
2016; Toloba et al. 2016; Venhola et al. 2017; Lim et al. 2020),
and gas kinematics (Scottetal. 2021), have indeed been
observed in UDGs of the Coma cluster.

In order to understand the effect of tides, we first calculated
the tidal susceptibility as:

r

n=—-=, 2
m

where r,,, =~ (4/3)R, is the de-projected half mass radius and r,

is the Roche lobe radius perpendicularly to the axis linking the
centre of the cluster and the UDG. The latter radius, r,, is calcu-
lated using the inner Lagrange point, r;, which is itself obtained
by numerically solving the equation equating the UDG internal
gravity with the tidal force (see Appendix B of Freundlich et al.
2022 for a complete derivation). For simulated UDGs as a func-
tion of distance from the centre of the cluster, Fig. 2 shows 7,
which is significant at small cluster-centric radii (<2 Mpc).

In Freundlich et al. (2022), the measured line-of-sight (los)
velocity dispersions of Coma cluster UDGs were found to be in
relatively good agreement with the MOND prediction in isola-
tion. Therefore, we chose to compare the los (along the z-axis
of the cluster) velocity dispersions, 05, of the simulated UDGs
with the prediction of MOND in isolation. After extracting all
the output particle data using EXTRACT_POR, we subtracted the
barycentre in position and velocities of all the particles at each
snapshot. This subtraction allows us to calculate quantities in
the rest frame of the UDGs and reduces the effect of numerical

3 For a UDG on a circular orbit at 10 Mpc from the cluster centre,
where the tidal heating is negligible, the velocity dispersions remain
very close to the initial setup after launching the simulation, thereby
validating the adopted EFE formula at equilibrium.
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drift. At each snapshot, we constructed annuli of 0.25 kpc up to
a projected radius of 5 kpc, which corresponds approximately to
the distance of the furthest velocity dispersion measurement in
DF44 (van Dokkum et al. 2019). However, we note that the typ-
ical radius in the observed sample within which we have data
for most UDGs of the Coma cluster is of the order of 2 kpc or
less. The los velocity dispersion is calculated in each bin with
the unbiased estimator of the standard deviation:

N 1 (N 2
Z Visi — 7 2 Vios,i
S lst o NS

N-1 ’

Olos = 3)
where N is the total number of particles in a given bin. For the
UDGs to completely experience the effect of tides, we let them
make at least one pericentric passage on their orbit. We also con-
sidered the UDGs at apocentres since they spend a longer time
close to apocentre than to pericentre, except for the case of circu-
lar orbits where we analysed the last snapshot of the simulation.
The theoretical los velocity dispersion in the MOND con-
text was derived from Sérsic fits of the surface density maps
in the (x,y) plane using GALFIT (Peng et al. 2010) to emulate
observational studies such as that of Freundlich et al. (2022). To
compute mass throughout our simulations, we generated surface
density maps along the (los) z-axis of the cluster at each snap-
shot, we computed the isodensity contours, corresponding to a
g-band surface brightness of 29.5 mag arcsec™2, in the surface
brightness using M = M, + 21.572 — 2.51log;o(Lo/pc?); here,
M,, and L are the absolute g-band magnitude and luminosity
of the Sun. We adopted a mass-to-light ratio of 1 to convert
the luminosity into mass. The 29.5 mag arcsec™ is motivated
by possible upcoming surveys with the Euclid Visual instru-
ment (Borlaff & Gémez-Alvarez 2022). It is important to note
that the mass of the UDG varies along the simulation, since
we only considered the mass enclosed within the 29.5 surface
brightness contour. In Figs. 3 and 4, we illustrate the typical
evolution of UDGs along the simulation in terms of projected
surface density maps and los velocity dispersion. We note that
in all surface density maps, the observable parts of the galaxies
within the 29.5 mag arcsec™? threshold look relatively relaxed,
implying that that our current observational view of such galax-
ies may be limited due to sensitivity; however, future deeper
images may reveal that the outer parts of UDGs are severely
tidally distorted. We deprojected the 2D best-fit Sérsic profile,
as indicated in Section 2, using the semi-analytical approxima-
tion by Lima Neto et al. (1999) and the update by Marquez et al.
(2000). We then computed the radial velocity dispersion from
the Jeans equation assuming isotropy and converted it into the
expected los velocity dispersion by projecting the velocity ellip-
soid along the los (cf. Freundlich et al. 2022, Section 3.2.1, as
well as Binney & Mamon 1982 and Mamon & tokas 2005).
We derived the theoretical los velocity dispersion both in iso-
lation (hereafter, os,) and in the presence of an external field,
ogre. Figure 5 shows the ratio of the simulated 07,5, measured
with Eq. (3), to the isolated MOND theoretical prediction, ois,-
The main result here is that the 045 profiles of UDGs on all orbits
remain significantly below the isolated MOND prediction, indi-
cating that tides do not increase the oo from their initial equilib-
rium values (within the external field from the cluster) up to the
isolated MOND prediction. Nevertheless, UDGs launched from
1 and 1.2 Mpc have rising o, profiles that become steeper as
a function of eccentricity, indicating that the outskirts are sig-
nificantly affected by tides, but not enough to reach the isolated
MOND prediction. To check how much heating is produced with
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Fig. 3. Projected surface density maps of simulated UDGs. Left: UDG launched from R = 1 Mpc with an eccentricity e = 0 after 0.1 Gyr. Middle:
Same UDG after 5 Gyr, with tidal tails. Right: UDG launched from R = 1.4Mpc with e = 0.99 after 3.1 Gyr. In all panels, the blue contour

corresponds to a surface brightness threshold of 29.5 mag arcsec™2.
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Fig. 4. Evolution of the los velocity dispersion (o7,s) of the two simulated UDGs shown in Fig. 3. Left: UDG launched from R = 1 Mpc on a
circular orbit with an eccentricity e = 0. Right: UDG launched from R = 1.4 Mpc on a radial orbit with e = 0.99.

respect to the equilibrium prediction within the external field
of the cluster, ogpg, the ratio oos/0gpg is plotted in Fig. 6. In
all cases, the latter ratio in the inner parts of the UDG remains
close to 1, especially for low-eccentricity orbits (this also justi-
fies a posteriori our chosen analytical prescription for the inter-
nal gravitational field in the presence of an EFE). This shows
that the inner part of the UDG is in equilibrium within the EFE,
while the outer parts are not, due to tides, although not enough
compared to observations.

3.2. First infall onto the cluster?

Our second set of simulations of UDGs launched from 10—
14 Mpc on radial orbits is meant to test whether UDGs on their
first infall may not have time to equilibrate themselves with the
EFE and could thus retain the velocity dispersion they had in iso-
lation. As can be seen in Fig. 1, the velocity dispersion in equi-
librium at 10 Mpc is indeed close to that expected in isolation,
reaching 90% of the isolated MOND velocity dispersion in the
central parts. Since it takes ~6 Gyr for a UDG to fall towards the

central 3 Mpc, we estimate that ~166 UDGs have to be accreted
per Gyr to reach the number of observed UDG candidates in
the Coma cluster (~103 Bautista et al. 2023; Zaritsky et al. 2019;
Yagi et al. 2016; Koda et al. 2015). Figure 7 shows the evolution
of one such UDG, while Fig. 8 shows the ratio of oos/050 and
O0s/0gpg at different times for a UDG launched from 10 Mpc
on a radial orbit with an eccentricity e = 0.99. It shows that from
launch to pericentre the velocity dispersion decreases, especially
towards the outskirts, but not sufficiently to be in equilibrium
with the EFE; close to pericentre, the velocity dispersion reaches
more than four times its equilibrium value under the EFE. After
pericentre, the UDG undergoes tidal heating with an increase
of the velocity dispersion, especially at its centre, and it starts to
equilibrate with the EFE in the outskirts. We note that this central
increase of the velocity dispersion may be precisely in line with
some of the velocity dispersion profiles of Coma cluster UDGs
reported by Chilingarian et al. (2019, cf. also Freundlich et al.
2022, Fig. 4). Consequently, UDGs on their first infall could
retain the relatively high velocity dispersion they had in isola-
tion, but they equilibrate with the EFE after pericentre passage.
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Fig. 5. Ratio between the line-of-sight velocity dispersion (o,s) of the simulated UDGs at apocentre and the corresponding expected isolated
MOND prediction (o) as a function of radius. The six panels are arranged in the order of increasing eccentricity of the orbits of the launched
UDG:s, and the six different curves are colored based on the initial launch distance of the UDGs. The horizontal black line corresponds to o5 =
0iso- The stellar velocity dispersion of observed Coma cluster UDGs are generally within 30% of o, given their uncertainties (cf. Table 1 and
Fig. 4 of Freundlich et al. 2022), a regime that no simulated UDG reaches.

If cluster UDGs are indeed on their first infall, their observed
distribution places relatively strong constraints on their assembly
history. A possibility would be that they fell together onto the
cluster along cosmic filaments, as suggested by several obser-
vations (van Dokkum et al. 2019; Zaritsky et al. 2019). To illus-
trate this scenario, we considered a population of UDGs falling
onto the cluster from 10-14 Mpc with an initial inward radial
velocity of 100km/s, which corresponds to the lower bound of
average kinetic bulk flow velocities in cosmic filaments (e.g.
Kraljic et al. 2019). We then followed this population as it falls
towards the cluster centre. Figure 9 displays the evolution of
this UDG population, whose initial distribution was specifically
chosen so that its final distribution would be comparable to the
observed one. It shows that with an initial cylindrical density
distribution within filaments that would be almost flat, with a
slight increase towards the cluster centre, such an accretion event
almost 8 Gyr ago would allow for the recoverery of a distribu-
tion very similar to that of the observed Coma cluster UDGs;
notably, indicating whether they came together from a cosmic fil-
ament. However, the observed distribution of UDGs is isotropic
and would require at least a few such filamentary accretions at a
roughly similar time for this scenario to work. This radial infall
scenario is therefore the only viable scenario for explaining the
kinematics of UDGs in MOND, if they do indeed have baryonic
masses, as estimated observationally.
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4. Conclusion

Ultra-diffuse galaxies (UDGs) in clusters provide a testing
ground for modified Newtonian dynamics (MOND) and its
external field effect (EFE) given their low internal gravita-
tional acceleration and the presence of an external field. Pre-
vious works have shown that the velocity dispersion of Coma
cluster UDGs are in line with the MOND prediction in iso-
lation, but in tension with the EFE (Freundlich et al. 2022).
This result may either contradict MOND or point towards a
yet-to-be found theory underpinning the MOND phenomenol-
ogy, in which the EFE would be screened inside clusters. In
the classical MOND context, the tension could however be
alleviated if the Coma cluster UDGs had much higher bary-
onic mass than currently estimated, if these UDGs were heated
by tides, or if they fell recently onto the cluster such that
they retained part of the high velocity dispersion they had in
isolation.

Here, we investigated the latter two possibilities by run-
ning N-body simulations of UDGs in a cluster potential
using the ‘Phantom of Ramses’ (POR; Liighausen et al. 2015;
Nagesh et al. 2021) patch of the adaptive mesh refinement code
RAMSES (Teyssier 2002). In order to eliminate spurious noise
due to discrete cluster particles, we implemented an analytical
external density within the POR context for the first time, which
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UDG:s are affected by tides but not enough to reach o,.
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Fig. 7. Projected surface density maps of a UDG launched from R = 10 Mpc on a radial orbit with an eccentricity of e = 0.99 at different times.
As in Fig. 3, the blue contours correspond to a surface brightness threshold of 29.5 mag arcsec™2.

is publicly available here®. First, to test whether tides could heat
up UDGs in the MOND context, we simulated UDGs on dif-
ferent orbits with initial radii between 1 and 2Mpc from the

* This patch implements an analytic density profile of the Coma clus-
ter in both MOND and Newtonian framework, and is available here:
github.com/SrikanthNagesh/Coma_analytic_density_PoR

cluster centre. We show that if UDGs are initially at equilib-
rium within the cluster external field, tides are not sufficient
to increase their velocity dispersions to values as high as those
observed (Section 3.1).

Then, to test whether UDGs on first infall could retain
their high velocity dispersion, we simulated UDGs falling
on radial orbits towards the cluster centre from distances of
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Fig. 9. Evolution of a UDG population launched between 10 and
14 Mpc with an inward velocity of 100km/s, which approximately
recovers the observed UDG distribution after 7.7 Gyr.

10-14 Mpc. We show that such UDGs on their first radial
infall onto the cluster may retain their high velocity disper-
sions without being destroyed until their first pericentric passage
(Section 3.2). Hence, without alterations such as a screening of
the EFE in galaxy clusters or higher baryonic mass, UDGs must
be out-of-equilibrium objects on their first infall onto the cluster
in the MOND context.

We stress that this work relies on different assumptions and
simplifications. In particular, we only considered tidal forces
from a smooth cluster potential, while actual clusters host sub-
structures and other galaxies that can also influence the dynam-
ics of UDGs and contribute to increasing their velocity disper-
sion or to accelerate their disruption. We further assumed initial
conditions where the galaxies were already ultra-diffuse, while
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UDGs can in principle form through tidal heating in clusters
(e.g. Jiang et al. 2019) or ram-pressure striping of gas-rich dwarf
(e.g Grishin et al. 2021). The expansion of the stellar distribu-
tion is however expected to be accompanied by a decrease of
the velocity dispersion during the relaxation phase if energy is
conserved. We relied on the QUMOND formalism, as imple-
mented in POR, and estimated the EFE with an analytical for-
mula derived and tested in this context. Finally, we carried out
pure N-body simulations without taking into account any pos-
sible gaseous component, including the effect of ram-pressure
stripping in the radial infall scenario. It is also important to note
that our simulation setup does not consider Hubble expansion
of the Universe or mass growth of the Coma cluster with time,
which can slow down the infall of the UDGs and moderate the
EFE. However, both effects are not expected to affect the qual-
itative conclusions of the present work. Modelling this scenario
would require a reliance on a specific formalism, such as the
spherical top-hat collapse model of Malekjani et al. (2009) or
on cosmological simulations in the MOND context. Finally, the
framework developed in the current work could also be applied
in the future to dwarf spheroidal satellites in the Local Group.
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