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Resumen / Presentamos trabajo preliminar asociado a la identificacién de posibles escenarios de formacién para
las denominadas Galaxias Ultra Difusas (UDGs, por sus siglas en inglés) y sus sistemas de cumulos globulares
(GCs, por sus siglas en inglés). Para ello, ajustamos la funcién de luminosidad de los GCs, la cual se espera
sea afectada por varios escenarios de formacion. También presentamos nuestro plan de profundizar en el pasado
colisional de las UDGs, estudiando las escalas de tiempo de friccién dindmica para acotar el tiempo transcurrido
desde una posible interaccion galaxia-galaxia. Por dltimo, presentamos trabajo actualmente en desarrollo relacio-
nado a la detecteccién de UDGs a la distancia del ciimulo de galaxias de Fornax en imégenes de la colaboracién
S-PLUS.

Abstract / We present preliminary work constraining possible formation scenarios for the formation of Ultra
Diffuse Galaxies (UDGs) and the unique Globular Cluster (GC) populations some UDGs have. For this, we fit
the GC luminosity function which is expected to be affected by several formation scenarios. We also present our
plans to further delve into the collisional past of the UDGs, studying the GC dynamical friction timescale to
constrain the time elapsed since a galaxy-galaxy interaction if this one occurred. We finally present our ongoing
work attempting to detect UDGs at the Fornax cluster distance in images obtained by the S-PLUS collaboration.

Keywords / galaxies: dwarf — galaxies: star clusters: general — galaxies: formation — galaxies: luminosity
function, mass function — galaxies: kinematics and dynamics
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1. Introduction

Ultra diffuse galaxies (UDGs), as characterized by van
Dokkum et al. (2015a), exhibit a distinctive combina-
tion of traits: low surface brightness (pu. = 24 — 28 mag
arcsec” 2) akin to dwarf galaxies, coupled with signifi-
cantly larger effective radii (1.5 — 5 kpc). They have
been extensively observed across various environients,
including galaxy clusters such as Coma and Virgo, as
well as in groups and the field (van Dokkum et al.,
2015a.,b; Yagi et al., 2016; Koda et al., 2015; Mihos et al.,
2015; Gonzélez et al., 2018; Jones et al., 2023). These
galaxies, characterized by old stellar populations and
minimal ongoing star formation, typically reside on the
red sequence of the color-magnitude diagram, with stel-
lar masses ranging from 107 to 10 M, (Koda et al.,
2015).

"The origins of UDGs falls into two broad categories:
in-situ and ex-situ processes. In the case of in-situ pro-
cesses there’s been numerous mechanism proposed such
as stellar feedback and gas outflows Di Cintio et al.
(2017); Chan et al. (2018), high momentum rotation of
their haloes (Amorisco & Loeb, 2016; Benavides et al.,
2023). Conversely, ex-situ mechanisms, predominant in
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dense environments like galaxy clusters, involve exter-
nal forces such as ram-pressure stripping and tidal in-
teractions, which strip galaxies of their gas reservoirs
(Martin et al., 2019). Other scenarios propose UDGs
to be "failed galaxies” with Milky Way-like dark mat-
ter haloes but stellar masses corresponding to the dwarf
galaxy range (e.g. Janssens et al., 2022; Toloba et al.,
2023).

Carleton et al. (2019) proposed that the tidal strip-
ping of dwarf galaxies with cored halos better repro-
duces observed UDG properties, particularly in cluster
environments. However, discrepancies remain, particu-
larly in explaining extremely large UDGs and those ex-
periencing significant mass loss. Recent studies, includ-
ing those by van der Burg et al. (2017) and Carleton
et al. (2021), suggest an increase in UDG abundance
with host cluster mass, indicative of a correlation with
environment. Notably, observations of globular clusters
in UDGs like NGC1052-DF2 and NGC1052-DF4 (here-
after DF2 and DF4) support a top-heavy GC Luminos-
ity Function (GCLF) in various environments.

Our study aims to bring hints to which formation
mechanism is more likely to create UDGs by studying
their GCs populations in different environments. We
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present an initial sample from diverse environments and
outline our methodology for studying GC populations.
Additionally, we discuss the implications of our work
in the broader context of the S-PLUS Fornax Project
(S+FP; Smith Castelli et al., 2024).

2. Methodology and Results

We use publicly available catalogs of GCs in the UDGs
and properties of the host galaxies reported in the lit-
erature, such as effective radius, stellar mass, Sérsic in-
dex and mean surface brightness in the F814W filter to
perform our analysis in the GCs populations. This pa-
rameters are listed in Table 1. All the other parameters
are derived or estimated as explained in the subsequent
sub-sections. In Section 2.1 we show the fit of skewed
gaussian functions to the GCLF of the UDGs. In Sec-
tion 2.2, we calculate the radial profiles for mass, density
and velocity dispersion fitting observable parameters to
theoretical functions. In Section 2.3 we estimate the ef-
fective mass-to-light ratio using a function dependent in
log o and log I, (see Zaritsky & Behroozi 2022). Finally,
in Section 2.4 we calculate dynamical friction timescales
for all GCs in the UDGs.

2.1. Globular Cluster Luminosty Function

The GCLF has been historically described as a gaussian
with a near universal peak at My ~ —7.5 Harris & van
den Bergh (1981) First, we fit skewed Gaussian func-
tions to the GCLF histograms of each UDG. For this, we
build a kernel density estimation of the data using the
python package SCIKIT-LEARN (Pedregosa et al., 2011),
opting for a Gaussian kernel. After this, we retrieve the
parameters for a skewed Gaussian probability density
function (sCIpY;Virtanen et al. 2020) using the negative
log-likelihood function. Most UDGs like those in the
Coma cluster and DGSAT-I show a turnover magnitude
(M{) consistent with the Universal peak Mg ~ —8.4
mag described by Harris & van den Bergh (1981). DF2
and DF4 are the only outliers to this universal prop-
erty pointing to the idea that they should have a forma-
tion scenario completely different from other UDGs. We
summarize the skewed Gaussian parameters in Table 2.

2.2. Radial profiles

To calculate the dynamical friction timescales for all
GCs in our UDGs, first we need to compute numeri-
cally the mass, density and velocity dispersion profiles.
The mass enclosed within a radius r is required to cal-
culate the density and velocity dispersion profiles. This
is done by fitting observational parameters such as the
Sérsic index, n, and the effective surface brightness, I..
Following Leigh & Fragione (2020) and Terzié¢ & Gra-
ham (2005), we define:

NZd
4R,

where T is the mass-to-light ratio. The variables b and

po = ~—ToIb"1 7P, (1)

p are approximated as:
b=1.9992n — 0.3271 (2)
0.6097  0.055
: (3)
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The mass profile is equation (A2) from Terzi¢ & Graham
(2005):

M(r) = 4mpo RInb" P~ *(n(3 — p), 2) (4)
For the density profile, we assume an isotropic and
spherical distribution of mass:

M(r)
= . 5
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Finally, the velocity dispersion profile follows equation

(A5) from Terzi¢ & Graham (2005) which is the numer-
ical solution of:
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2.3. Mass-to-light ratio estimation

The mass-to-light ratios are estimated using the follow-
ing equation, with parameters ¢ = 0.198, b = 0.140,
c = 0192, d = —0.923, e = —0.108 and f = 1.306
obtained by Zaritsky & Behroozi (2022) from fitting
elliptical and dwarf elliptical galaxies, UDGs, dwarf
spheroidal and ultra-faint satellites of the Milky Way
and M31, and compact dwarf galaxies:

log Y. = a(logo)? +blogo + c(log I.)*
dlogl. +elogl.logo + f. (7)

2.4. Dynamical friction timescales

Following the treatment performed by Leigh & Fragione
(2020) for DF2 and DF4, we study the past collisional
evolution of observed GC populations, starting with the
calculation of the dynamical friction (DF) timescales of
each GC. DF timescales shorter than a Hubble time
will motivate formation scenarios where the GC pop-
ulations have had sufficient time to have their orbits
become more centrally concentrated. The present-day
positions of the GCs are in such cases not where they
formed in their host galaxy.

The DF timescale (rpp) assuming circular orbits
is given by (Binney & Tremaine, 1987; Gnedin et al.,
2014):

TDF = ————— (8)

As seen in Fig. 1, all GCs within » £ 3 kpe for the
UDGs in the sample, display DF timescales shorter than
a Hubble time. Janssens et al. (2022) found the GC sys-
tem of DGSAT-I to be more compact than the galaxy
Rac/Re = 0.7. The compact GC system of DGSAT-1 is
congistent with what we find. This could be explained
by the low DF timescales, such that the spatial distri-
bution of the GC population in DGSAT-1 was normal
at birth, in comparison to the ones of other galaxies in
our sample.
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Table 1. UDGs parameters obtained from the literature.Column (2) present the filters in which the UDGs were observed,
column (3) shows the number of GCs in each UDG, column (4) presents the stellar mass in solar masses, in column (5) we
show the effective radius, column (6) lists the effective surface brightness in magnitudes per arcsecond, and columns (7) and
(8), the Sérsic index and the environment where the UDG is located, respectively. * indicates that the galaxy is located in
the outskirts of the Coma cluster. ** indicates that the galaxy is located in a filament of the Pisces-Perseus Supercluster,
but isolated from groups or clusters. The references from which the listed values were obtained are shown in column (9)
and are as follows: (a)Montes et al. (2021),(b) van Dokkum et al. (2018), (c) Montes et al. (2020), (d)van Dokkum et al.

(2019), (e)Saifollahi et al. (2022), (f) Janssens et al. (2022).

Galaxy Filters Ngc M. Te < 4 >e,F814W n Env. ref
Mg) (kpc)  (magarcsec™ )

1) (2) 3) (4) (5) (6) (7) (8) 9)
NGC1052-DF2 F606W, F814W 14 2.0 x 105  2.20 25.24 0.55 Group (a),(b)
NGC1052-DF4 F606W, F814W 11  1.5x 10® 1.60 25.06 0.79 Group (¢),(d)

DF07 F475W, F814W 17 2.8 x 10% 3.74 24.69 0.81 Cluster (e)
DF08 F475W, F814W 10 0.6 x 10%  3.07 25.61 0.88 Cluster (e)
DF17 F475W, F814W 24 1.4 x10%  3.75 25.34 0.65 Cluster (e)
DF44 F475W, F814W 22 2.1 x 108 4.21 25.08 0.77 Cluster (e)
DFX1 F606W, F814W 19 1.5 x 10%  3.73 25.10 0.92 Cluster (e)
SMDG1251014 F475W, F814W 30 4.9 x 10°  5.06 25.20 1.01  Cluster* (e)
DGSAT-I F606W, F814W 12 3.3 x10% 4.70 25.00 0.38 Isolated** (f)
Table 2. Results from fitting a skewed Gaussian function + DF2
to the GCLF of the UDGs in the sample presented in Ta- 131 DF4
blel. Columns (2), (3) and (4) are the skewed Gaussian A DGSAT-
parameters obtained from the fitting of the GCLF in the o DFO7
filter F814W. They are, from left to right, the peak magni- 124 © DFo8
tude, the standard deviation and the skewness parameter, o DF17
respectively. O DFa4
T O DFX1
Galaxy My o @ 111 SMDG1251014
[mag] 7y —— Hubble time
(1) 2) (3) (4) ©
210!
DF2 -9.32+0.01 0.774+0.20 1.13 c
DF4 —9.33+0.00 0.80+0.24 1.29 i
DFO07 —8.61+£0.03 0.924+0.22 -0.30 :1,3 00
DF08 —8.16+0.02 0.69+0.22 -0.18 5 E di
DF17 —7.99+0.02 0.84+0.17 -2.50 o g
DF44 —7.65+0.03 1.134+0.24 -5.18 or @
DFX1 —8.12+0.03 0.65+0.15 -1.19 8
SMDG1251014 —8.34+0.03 0.90+0.17 -1.90 o%
DGSAT-I —8.22+0.06 1.334+0.38 -2.81 ) N
740
3. Ultra Diffuse Galaxies in the Fornax o

Cluster using S-PLUS

In order to better constrain our previous results, we
look for significantly enlarge our sample of GCs in
UDGs placed in dense environments. To that aim, we
have been able to detect UDGs, previously observed in
the context of the Systematically Measuring Ultra Dif-
fuse Galazies (SMUDGes) project (Zaritsky et al. 2019,
2023), in S-PLUS images that are being analyzed as part
of the S-PLUS Fornax Project (S+FP; Smith Castelli
et al. 2024) (Fig.2). The S+FP aims at studying the
galaxy and GC populations in the Fornax cluster and its
surroundings, using 106 S-PLUS fields (1.4 x 1.4 deg?)
which cover an area of &~ 208 deg®. With this coverage,
the S+FP reaches up to 5 X Ryj, in RA. Previous stud-
ies focused on low surface brightness (LSB) galaxies and
UDGs in Fornax, such as those performed by the Next
Generation Fornax Survey (NGFS; Muiioz et al. (2015))
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Fig. 1. DF timescales (in years) as a function of projected
galactocentric distance (in kpc). Circles represent GCs in
UDGS in the Coma cluster, triangles represent GCs in the
isolated UDG DGSAT-I and stars show GCs in NGC1052-
DF2 and NGC1052-DF4. The solid horizontal line depicts a
Hubble time.

and the Fornax Deep Survey (FDS; Venhola et al. 2017,
2022), have mostly been concentrated in the inner region
of the cluster (=~ 1 Ryi;). However, SMUDGes, encom-
passing ~ 14,000 deg? of the sky, provides us with UDG
candidates covering, in projection, all S+FP fields. The
well-populated sample of already known UDGs in For-
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nax, will allow us to significantly extend our study of
the UDGs’ GC systems in a rich nearby cluster. It is
worth noticing that S-PLUS will only allow us to study
the bright end of the GCLF (see Section 3.11.1 in Smith
Castelli et al. 2024). However, considering that for most
UDGs (with exception of DF2 and DF4) the GCLF is
consistent with the expected reuniversal GCLF, at least
in peak magnitude, we will still be able to reconstruct,
their GCLF. We are starting to deepen in such an anal-
ysis and we expect to submit a paper with the results
soon.

SMDG0343231-344144

SMDG0409090-324801
-

SMDG0316567-302415

Fig. 2. Three UDGs previously identified by SMUDGes
in the Fornax cluster, that have been recently detected with
SExtractor in S-PLUS images. The left panel shows the
galaxy images obtained from the DESI Legacy Imaging Sur-
vey and, the right panel, the detection by SExtractor using
RUN 2 from Haack et al. (2024)
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