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"Where must we go, we who wander this wasteland, in search of our
better selves?"

— The First History Man

A mi familia y amistades.
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ABSTRACT

We present the Coma Cluster Core PrOject (C3PO), a deep, high res-
olution and contiguous mosaic survey of the inner ~ 150 square
arcminutes of the core of the Coma Cluster. The region was tiled
by 21 HST/WFC3 pointings and was observed in F336W from the
UVIS channel, and F160W from the IR channel. Using this data, and
combining this with archival data in F475W and F814W taken previ-
ously in programs led by some of our team members, we study the
compact stellar systems of said cluster. We separate those systems
from background galaxies and foreground stars guided by a near-
UV /visible/near-IR colour-colour diagram, obtaining more than gooo
objects. From our selection, we study the globular cluster luminos-
ity function in our available bands, finding values of the turn-over
magnitude of 26.2 mag for F814W, 27.3 mag for F475W, and 25.8 in
F160W. We recover the blue and red GC populations found by Peng
et al. [138], finding similar relative abundances and spatial distribu-
tion. We do not recover the colour distribution found by Madrid et al.
[119] because their extremely red objects are not present in our data,
most likely due to the inclusion of the u band. For the first time with
such diagnostic power, age and metallicity are derived for distant
GCs. 60% of our GC sample falls inside the range of our SSP models,
finding an age-metallicity relation that does not correlate with any
single colour, but is rather dependant on pairs of colours. The age
and metallicity also do not correlate strongly with spatial distribu-
tion or environment. Colour-colour relations with visible (g7) colours
show differences with varying environment, which may indicate dif-
ferences in star formation history and chemical enrichment history.
The dataset also contains a large number of UCDs, and the method
can be easily expanded to also find NSCs.

vii
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INTRODUCTION

Massive galaxy clusters are regions of various galaxy evolution pro-
cesses and provide rich laboratories for studying a wide variety of
baryonic structures, from globular clusters (GCs), to giant galaxies.
GCs, associated with both individual galaxies and with the intra-
cluster medium, are one example of the several compact stellar sys-
tems (CSSs) that inhabit the galaxy cluster ecosystem, where we can
also find ultra-compact dwarf galaxies (UCDs), especially numerous
in rich, dense clusters, and nuclear star clusters (NSCs) that are found
in the centres of many dwarf galaxies. Their characteristics, and in
particular their relation to the galaxy population, are a vital piece
of information to the understanding of the history of the mass as-
sembly of the cluster since these are the only baryonic components
which scale proportionally with the mass of the galaxies” dark mat-
ter haloes [22, 78, 91]. Studying the relative brightnesses, sizes, and
location of these objects in the cluster environment requires deep
imaging with a high spatial resolution that is currently only pro-
vided by the Hubble Space Telescope (HST). Several earlier investiga-
tions have concentrated on nearby galaxy clusters observed with the
Advanced Camera for Surveys [ACS, 164], like in Virgo [83, 139, 64],
Fornax [127, 98], and Coma [35, 149, 120, 138, 53, 54]. While these
studies are extensive in area coverage and sample size, they all have
the limitation of the available (typically, only two) passbands in ACS,
covering only a part of the visible spectrum. Limited spectral cover-
age means limited information on the star formation histories and
metallicities of the CSSs present in the studied galaxy clusters. Our
team was already involved in a survey in the Coma cluster core with
ACS, the HST/ACS Coma Cluster Treasury Survey (HST Program
GO-10861, PI: David Carter), and its results were published in Carter
et al. [35], from now on Co8, and several other papers in a series. We
will refer to this survey as the Coma Treasury Survey throughout this

paper.
1.1 THE COMA CLUSTER OF GALAXIES

The Coma galaxy cluster [Abell 1656, 1] is a dense galaxy superclus-
ter, among the closest to Earth in the Abell et al. [2] catalogue, and
the nearest class-2 richness cluster. It contains over a thousand galax-
ies, from two massive elliptical galaxies, NGC 4874 and NGC 4889,
passing through regular massive galaxies, mostly elliptical in the cen-
tre, and transitioning to a relatively higher spiral fraction towards
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the outskirts [7], to dwarfs, like dwarf ellipticals [dEs, 53, 105] or
ultra-compact dwarfs [UCDs, 38]. Coma is located where several fila-
ments, including the Great Wall [77], intersect [see figure 1 of Co8]. In
fact, the Great Wall connects Coma with the near, equally rich cluster
Abell 1367. Despite having two massive elliptical galaxies near its cen-
tre, the multi-wavelength emission of the intergalactic medium (IGM)
radiation points to NGC 4874 being the true cD galaxy [see 13, and
references therein], which is also hinted by the intra-cluster globular
cluster distribution [138, but also see section 2.1 below]. The Coma
cluster is a natural extension of the Fornax and Virgo cluster in terms
of distance, size, mass, and density. We summarise the main struc-
tural properties in table ??, and we explicitly use R0, the radius of a
sphere of mean density 200 times the critical density of the Universe,
and not Ry given that neither Virgo [19], nor Coma (see below) are
truly virialised structures, while the massive galaxies in Fornax follow
a virialised phase-space distribution [60, 58]. Its density and relative
proximity make the Coma cluster a popular zero-redshift laboratory
for a series of astronomical tests’, with photometric observations in
all possible wavelengths, from the high-energy end of the electromag-
netic spectrum in y-rays [4, 3], X-rays [159, 74], UV [84, 121], visi-
ble [among many others, the HST/ACS Coma Cluster Treasury Sur-
vey, Co8], infrared [94, 103, 169], microwaves [143, 102], to the low-
energy radio wavelenghts [75, 25, 27], taking into account observa-
tions only from the last ~ 10 years. Several multi-object spectroscopic
surveys in the Coma area have been conducted [30, 129, 47, 40, 38, 150,
76, 61, 173, 99, 5, 65], most of them being focused on observations of
large galaxies, due to technical limitations present at the time of ob-
servation preventing massively targeting dim and small (CSSs), or
extended and low-surface-brightness (ultra-diffuse galaxies) objects.
The evidence of Coma being dynamically active traces back to Bah-
call [12], who noted an anisotropy on the galaxy distribution of the
Coma cluster, with galaxies preferably oriented in the East-West di-
rection. This is the axis on which the two cD galaxies are aligned (see
figure 2), and the intracluster light (ICL) mostly follows this align-
ment [95]. This idea was later contrasted with the opposite point of
view of Coma being quite symmetric and compact [101], or more
recently, that the core temperature profile (that is to say, the region
probed in this study), as measured by X-ray Iron K-lines, indicates a
fairly relaxed state [161]. The spectral energy distribution (SED) of the
ICL in Coma, as studied by Jiménez-Teja et al. [95] also shows pho-
tometric evidence of recent (~ 1 Gyr) stirring and dynamical activity,
as per Jiménez-Teja et al. [96]. The distribution of galaxies, while sit-
ting mainly on the E-W axis, shows subclumps and overdensities, as

Note that Pimbblet et al. [142] gave a word of warning concerning the usage of
Coma as an archetype cluster, arguing that, while kinematically ‘typical’, its galaxy
population is not typical for clusters of similar mass.
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Cluster DISTANCE Rz200 Ma00 P200
(MPC) (mrc)  (10"¥Mg) (10"3Mg mpc3)
Coma 100[Co8]  2.94[108] 27.73[108] 2.6
Virgo 16.5[124] 1.55[63] 4.2[63] 2.7
Fornax 20[21] 1.4[60] 0.7[60] 0.6

Table 1: Coma cluster properties compared to other nearby clusters.

shown by Fitchett and Webster [67], which is also observable when
studying the velocity dispersion of the galaxies [125, 184, 46]. Coma
also has an unusually high X-ray temperature, when compared to
clusters of similar mass [as compiled by 142], and in the same spectral
range, shows elongation towards the south-west, where NGC 4839
lies =~ 0°56 away from NGC 4874. Recent work presented in Lyskova
et al. [118] also supports this scenario. This all adds to the idea pro-
posed by Burns et al. [29] that Coma is a post-merger cluster, rather
than a pre-merger or currently merging one, proposed by White et al.
[179] and later by Neumann et al. [132]. In fact, Burns et al. [29] con-
cluded that the NGC 4839 group already passed through the cen-
tre of the potential well ~ 2 Gyr ago, a factor of two longer than
what Jiménez-Teja et al. [95] found. Burns et al. also argue, show-
ing hydrodynamical simulations, that the large radio halo found in
Coma is due to this merger. Despite these differences, the studies
cited above all agree that the perturbed state in which Coma is is a
result of a merging process, with this south-west group (associated
with NGC 4839) being dragged into the bottom of the potential well.

1.2 OBSERVING COMA

Two observational factors help with analysing the Coma cluster’s
photometric data: low extinction, and low foreground stellar con-
tamination. As for extinction, our calculations using the Schlafly and
Finkbeiner [162] extinction maps and the Fitzpatrick [68] reddening

law give median values for A of ~ 0.043 mag for the F336W HST/WFC3

UVIS filter, and ~ 0.005 for F160W HST/WEFC3 IR, when taking into
account the projected rectangle that encompasses our survey area.
We show our calculated extinction map for the u33¢ filter in Figure 1.
Note that the areas with larger extinction (A, > 0.05) that skew off
the distribution are off northwest (top-left corner) of the main survey
footprint, and therefore not affecting our data. On the other hand, the
Besangon model of stellar population synthesis of our Galaxy [156]*
predicts a stellar surface number density of ~ 9500 stars deg*2 for the
Coma Cluster position in the celestial sphere, not taking into account

2 http://model2016.0bs-besancon.fr/
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Az (mag)

195.20 195.15 195.10 195.05 195.00 194.95 194.90 194.85
a (deg)

Figure 1: A extinction map of the area around the footprint of our survey.
Values are calculated for the F336W HST/WEFC3 UVIS filter follow-
ing Fitzpatrick [68] law and the map of Schlafly and Finkbeiner
[162]. Median A throughout this rectangular field is ~ 0.043 mag.

any magnitude or colour cuts (that is, considering the worst-case sce-
nario), which translates to ~ 19 stars for each HST/WFC3 UVIS tile
(=~ 7.3 arcmin?). There is also no Galactic halo substructure in the
direction of Coma, as compiled in the library used by the Python
package GALSTREAMS [122]3.

In accordance with the Coma Treasury Survey results, we adopted
a distance of 100 Mpc to the Coma Cluster, which is equivalent to
a distance modulus m —M = 35 mag. This value is in good agree-
ment with the measured redshift of z = 0.023 [52], even though with
the recent cosmological values of Hyp = 67.4 km sec™* Mpc™*, and
Q. = 0.315 obtained by Planck Collaboration et al. [145], we obtain
a slightly greater luminosity distance D ~ 110 Mpc. At 100 Mpc,
one arcsecond corresponds to roughly 0.5 kpc.

3 https://github.com/cmateu/galstreams
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2.1 INTRACLUSTER GLOBULAR CLUSTER POPULATION IN COMA

Peng et al. [138] discovered ~ 47,000 intra-cluster GC (IGC, a popula-
tion of globular clusters bounded to the gravitational potential of the
galaxy cluster rather than to the potential of a particular galaxy) can-
didates in the inner ~ 0.2R¢¢ [i.e. ~ 270 kpc or ~ 9’ for Rypp = 2 h!
Mpc and h = 0.678, 108, 144] of Coma, from which ~ 20% had
ga75 — Ig14 colours as red as GCs which belong to massive ellipti-
cals, instead of finding a mostly blue population, as early simula-
tions suggested [16, see below]. More recently, Madrid et al. [119]
found an even redder GC colour distribution when studying a sam-
ple more spatially extended than the one used by Peng et al.: sepa-
rating the sample at g475 —Ig14 = 1.5, they found that 52% of their
GC candidates are red, and 48% are blue. This discrepancy comes
most likely because of the extended spatial coverage used by Madrid
et al., including a few extra fields around large galaxies, including
secondary ¢cD NGC 4889. Opposed to this, the simulations of Bekki
and Yahagi [16] show a single metal-poor peak for the metallicity
distribution of GCs, which translates to mostly only blue GCs. On
the other hand, more recent results in smaller scale haloes (a Virgo-
like cluster) find similar fractional numbers, with fractions as high as
40% of red IGCs [151], more consistent even with the nearly 50/50
red/blue separation found by Madrid et al.. They also find that the
fraction of subhaloes merged with the main galaxy cluster halo, to the
total of subhaloes, is nearly independent of the subhalo mass. Given
that the number of GCs in a halo (and therefore, the number of GCs
candidates to be stripped from it) is proportional to the host subhalo
mass [91, 69], they conclude that massive haloes are the main IGCs
progenitors, almost independently of the GC colours. This result is
opposite to the idea that the IGC population cannot solely originate
in and around dwarf galaxies, generating only GCs with low metal-
licities and blue colours, as previous studies suggested [117, 165]. We
will collect evidence to support one of these views with the data from
our survey, using the fossil record provided by the GCs. Since the
typical physical size of these systems, as measured by their effective
radius T, is of the order of reg < 10 pc, which corresponds to an
angular size of T < 0702, or half of a pixel of HST/WFC3 in the
UVIS channel in the case of Coma, it is safe to assume that GCs are
unresolved at Coma distances. Hence, and with no option of doing
massive multi-object spectroscopy, it is hard to distinguish them from
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foreground stars or compact background galaxies, even with two op-
tical passbands. Adding UV and NIR data to the existing optical in-
formation allows the usage of multi-wavelength selection tools (see
section 3.2 below), which are not magnitude dependent (or, at least,
depend only on photometry errors), as opposed to what has been
done in previous, similar work, which has been mainly carried out
using ACS, therefore relying only on a single colour as the selection
tool [see, in the case of the Coma cluster, 138, 44, 114]. Having a more
robust selection method for GC (and other CSS) candidates will lead
to a better understanding of the baryonic systems in the Coma cluster.

2.2 NUCLEAR STAR CLUSTERS IN COMA

A large fraction of galaxies in the local Universe, across all morpho-
logical types, are occupied by compact sources at their centres, as
compiled by Boker [23] from several sources. Several HST studies con-
clude that these sources have a stellar origin [34, 24]. These nuclear
star clusters (NSCs) are as compact as GCs but have larger masses
and luminosities, with typical dynamical masses of 10° — 10" M, re-
gardless of host galaxy size [175, 134] and around 40 times more
luminous than a typical Milky Way (MW) GC". Studies in the con-
text of the ACS Virgo Cluster Survey [48] estimated that around
~ 70 — 80% of its early-type galaxies, with luminosities as low as
Mg ~ —16 mag, host NSCs, regardless of the galaxy being dwarf
or giant [49], while the Next Generation Fornax Survey [NGFS, 131]
found that for bright galaxies (Mg, < 16 mag), the nucleation frac-
tion reaches values of > 90%, dropping to zero at magnitudes fainter
than Mg, ~ 10 mag [134]. Also in the Virgo Cluster, it was found that
the masses of NSCs Mnsc, just like the masses of supermassive black
holes (SMBHs) M,, correlate with the bulge mass of their host galaxy
Mpul (64, but see also 32 for a generalisation to other clusters and en-
vironments) with a ratio of NSC to bulge mass of Mysc/Mpy ~ 0.2%.
This correlation has been observed regardless of galaxy mass, over
four orders of magnitude [177], a correlation also found in NSCs in
Fornax dwarfs by Ordenes-Bricefio et al. [134], albeit instead of bulge
mass, it was total galaxy mass My, since dwarves were being stud-
ied, and it was detected over a reduced mass range. The main differ-
ence between SMBH and NSC studies, which also turns out to be an
advantage, is that the stellar populations of the latter can be examined
to trace their evolutionary link with the galaxy in which they reside.
Their luminosities and colours are tightly correlated, as found by the
studies mentioned above in Fornax and Virgo, and there are indica-
tions of a wide range of ages in their stellar populations, evidence of
recent star formation, and chemical enrichment being driven by inter-
nal mechanisms [158]. Following a selection and analysis procedure

1 For a comprehensive review of NSCs, refer to Neumayer et al. [133]
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similar to Ordenes-Bricefio et al. [134], we will detect and measure
the stellar populations’ properties (colours, ages, and chemical com-
position) of NSC, in order to derive stellar masses, and therefore test
the Mnsc/Mg, relation in Coma. That way, we will put in perspective
the properties of stellar populations in the NSC, the host galaxy, and
the galaxy GC population, especially its mass. Combining the mass
function of the GC population (via its proxy, the luminosity function)
with the individual residuals of the fit to the Mnsc/Mga relation [134,
figure 10], that means, whether there is a relative excess or lack of
galactic mass compared to the average, will give us key information
about the relative importance of in-situ formation mechanism of NSC,
versus the GC infall formation scenario. Our survey is deep enough
to get to the turnover of the GC luminosity function, so we will be
able to test these scenarios with our data.

Davies et al. [51] studied the nuclear stellar populations around eight
active galactic nuclei (AGNs) observed with SINFONI, and found that
in the central < 10— 100 pc, those radiating at low efficiency, for exam-
ple, L < 0.1Lgqq, are associated with young (~ 50 — 100 Myr) starburst,
while older starburst ages are measured in more efficient AGNs. This
essential piece of information can lead to predictions about the con-
nection between the star formation (SF) processes in the centres of
galaxies with the AGN activity, and this can be studied via the age
gradient near NSCs as a function of galactocentric radius, using multi-
colour gradients as a proxy. Different scenarios predict different gra-
dients: on the one hand, a positive (youngest ages towards the centre)
to flat age gradient can be generated by a delay between the onset of
SF and AGN activity and an accumulation of gas towards the AGN;
on the other hand, a negative (oldest ages towards the centre) age
gradient will be generated if the AGN activity quenches the SE. The
latter case is shown in massive galaxies, as given by models that pre-
dict that these gradients scale predominantly with the galaxy mass,
from strongly negative metallicity gradient (of inverse symbol with
respect to the age gradient) in massive galaxies, to almost nonexis-
tent in dwarf galaxies (see Tortora et al. 168, and den Brok et al. 53
for Coma Treasury Survey results) since in these environments it is
stellar feedback (OB winds and supernovae ejecta) that constitutes the
dominant internal mechanism of SF regulation. For dwarfs, especially
the ones found in clusters, we also have ram pressure stripping, strip-
ping the gas preferentially in the galaxies” outer regions first and in
the very centre last, thus creating a positive age gradient. Finally, the
GC infall scenario mentioned above can lead to negative gradients:
as the GCs spiral towards the core, they begin losing stars, making
the area around the centre look old in colours [8, 9]. These formation
mechanisms are also reviewed by Renaud [153, §9.1], which adds the
critical component of kinematics.
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We can test all of these cases in galaxies down to the dwarf regime
of Mga1 ~ 10" Mg, measuring their colour distributions at high spatial
resolutions, identifying the various feedback sources to study their in-
fluence and relative importance on the environment of NSCs, aided
by our panchromatic information to break the age-metallicity degen-
eracy. The extended wavelength coverage will also help reconstruct
the star formation histories (SFH) of NSC host galaxies, and their
connection to the feedback mechanisms mentioned earlier.

2.3 ULTRA-COMPACT DWARFS IN COMA

Ultra-Compact Dwarfs [UCDs, 141] are key to our understanding
of star cluster formations, the missing satellite problem, and galaxy
evolution and assembly, but are overall poorly understood objects,
with unclear and disputed origins (see below). These objects have
been found mainly in dense environments, and indeed a large pop-
ulation is present in the major nearby galaxy clusters, like Virgo
[83, 97, 182], Fornax [89, 57, 126], and Coma [149, 120, 38], and it
has been found that the number of UCDs scales with the mass of
the host system [115], very much as the GC system, as was discussed
above. UCDs [or dwarf-globular transition objects, DGTOs, 83] oc-
cupy a parameter space between the most massive GCs and compact
dwarf ellipticals when taking into account their optical magnitudes,
colours and their structural parameters. Therefore, at the moment,
their formation has been explained both as giant GCs [70, but see
also Chiboucas et al. 39], or as remnant nuclei after tidal stripping
of nucleated dwarf ellipticals [140, 183]. However, a few other alter-
native mechanisms have been proposed, like merging of star clusters,
to form “superclusters” [107, 28], or collapse of monolithic, super-
giant molecular clouds [80], all of which are consistent with the dense
environments in which UCDs reside. Another mechanism was pro-
posed by Drinkwater et al. [59], which proposes that UCDs are actual
compact dwarf galaxies, formed in the smallest peaks of primordial
dark matter fluctuations, based on the spatial distribution of UCDs
in Fornax: UCDs follow a much more concentrated distribution than
nucleated dwarf ellipticals (dENs), that, since stripping would not
change the orbital parameters of objects dramatically, is inconsistent
with the tidal stripping scenario. This result has since been disputed
by Zhang et al. [182] in the case of the Virgo cluster, arguing that
the radially biased orbital structure for large galactocentric distances
is, in general, in agreement with the stripping scenario. It has been
found that UCDs have similar metallicities, internal velocity disper-
sions, and colour-magnitude relationships to those of CSSs. For in-
stance, most M87 UCDs have colours similar to blue GCs and NSCs,
which also show a colour-magnitude relation, with the most lumi-
nous (massive) UCDs also being the reddest [115]. This reinforces the

[ April 28, 2021 at 11:09 — classicthesis |



2.4 ULTRA-DIFFUSE GALAXIES IN COMA

tidal stripping scenario. A crucial, yet still not known, aspect of UCDs,
which may solve this problem, is their ages, particularly whether or
not they are as old as GCs. So far, the optical colours used in UCD
studies are not enough to discriminate between the old, metal-poor,
and the young, metal-rich populations, due to the age-metallicity de-
generacy presented in optical colours. Therefore, the inclusion of UV
and NIR photometry will allow us to answer the question regarding
the formation scenario of UCDs.

2.4 ULTRA-DIFFUSE GALAXIES IN COMA

Ultra-diffuse galaxies [UDGs, 172] are extended, low-surface bright-
ness systems, having sizes of giants, but luminosities of dwarfs, with
van Dokkum et al. [172] finding L ~ 2 x 108Ls, Re ~ 3.5 kpc, and
i ~ 25 mag arcsec 2. It is been determined that these galaxies are
old and metal poor [ages of ~ 9 Gyr, and metallicites of [Fe/H]~
—1, as measured by 81]. They are most likely dark matter domi-
nated systems [172, 15]. They have been discovered in the nearby
Virgo [128], Fornax [131, although these are smaller galaxies], and
Coma [172, 104, 6] clusters, and in several other clusters with redshifts
around two or three times the redshift of Coma [170]. Due to their
characteristics, they are most efficiently discovered and characterised
in deep, high-resolution imaging HST observations. Recently, spec-
troscopic observations have targeted these objects [173, 99, 5, 65, 81],
confirming cluster membership, besides studying their stellar pop-
ulation properties and dynamics, and its disputed origin: both van
Dokkum et al. [172] and Koda et al. [104] suggested that UDGs are
‘failed’ L* galaxies, with quenched star formation at infall by gas strip-
ping, whereas the spectroscopic study by Ferré-Mateu et al. suggest,
besides failed primordial galaxies, an alternative scenario, with field
dwarfs becoming quenched by infalling into the denser cluster en-
vironment. It must be stressed that, in order to explain their data,
they need both scenarios. A third scenario is proposed, supported by
simulations, in which gas outflows in isolated environment generates
UDGs [55, 36]. With our dataset, we can apply an similar analysis
to Amorisco et al. [6] to the UDGs in our field of view to accurately
determine their stellar populations and estimate their star formation
histories, testing the formation scenarios mentioned above.
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Observations were carried out as part of HST program GO-14182 (PI:
Thomas H. Puzia, Co-PI: P. Goudfrooij), which consisted of 63 orbits
in HST Cycle 23, tiling the central field of the Coma cluster with
21 HST pointings. Observations were done between December 25th,
2015, and April 17th, 2017, using the Wide-Field Camera 3 (WFC3)
in both the UVIS and the IR channels, in the F336W (from now on,
u336) and F160W (H1ep) filters. Each tile was observed during three
orbits: two for the uz3¢ image, and one for the Hjgo image, yielding
an effective exposition time of 5073 s for u3zze, and 2806 s for Hjgp.
Besides, we took advantage of parallel imaging using the Advanced
Camera for Surveys (ACS) fields while observing with WFC3 and
captured information in the F475W (g475) and F814W (Ig14) filters,
in order to complement previous observations in such wavelengths,
like the Coma Treasury Survey. The parallel fields” exposure times are
4454 s for ga7s5, and 2396 s for Ig14. The u3z36 data for each pointing
was split into 6 dithered long exposures of 820 s, plus two shorter
exposures to avoid bright objects’ saturation. We applied a post-flash
illumination of 12 e~ to each u33s exposure to optimize the charge
transfer efficiency of the CCD detectors in the UVIS channel of WFC3
[see 56, and references therein]'. The g475 exposures were taken in
parallel with the u33¢ exposures. The Higo data were obtained using
the near-infrared channel of WFC3, featuring a 1024 x 1024 HgCdTe
array with 0”13/ pixel. The H; 60 exposures were taken using a 2-point
dither pattern with spatial offsets designed to improve the sampling
of the point spread function (PSF). Each Hiep exposure used the
SPARS100 up-the-ramp sampling sequence with 15 samples per ex-
posure, resulting in effective exposure times of 1403 s. Ig14 exposures
were obtained in parallel with the Hjgo exposures, taking two 648-s
Ig14 exposures at each of the two dither positions. A summary of the
observation dates, positions, and internal denominators, as well as
some other complementary details, is presented in tables 2 and 3.

3.1 FIELD COVERAGE

Figure 2 shows the spatial coverage of our survey (filled tiles), com-
pared to archival data (open tiles), obtained with HST/ACS of similar
photometric quality and spectral coverage, from the aforementioned

http://www.stsci.edu/hst/wfc3/documents/handbooks/currentIHB/wfc3_cover.
html
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VISIT X2000 82000 TARGET START TIME (UT) END TIME (UT)
01 13hoom37.4664s +27d55m43.4227s TILE-o01 2015-12-25 00:26:33  2015-12-25 02:48:21
03 13hoom12.8834s +27d55m45.023s TILE-03 2015-12-29 22:09:43 2015-12-30 00:30:16
06 12h59m35.9678s +27d55m41.1828s TILE-06 2016-01-01 18:35:09 2016-01-01 20:55:24
oy 12h59m23.7522s +27d55m40.3828s TILE-07 2016-01-01 23:21:39 2016-01-02 01:41:51
05 12h50m48.331s  +27d55m47.4728s TILE-o5 2016-01-04 21:22:00 2016-01-04 23:43:29
08 13hoom38.403s  +27d58m25.9527s TILE-08 2016-01-10 00:07:49 2016-01-10 03:43:39
04 13hoomoo.6243s +27d55m53.3145s TILE-o04 2016-03-03 14:17:19 2016-03-03 16:40:02
18 12hsom31.407s  +28doim33.556s TILE-18 2016-03-04 12:33:10 2016-03-04 14:55:59
15 13hoom39.4741s  +28do1mo9.4813s TILE-15 2016-05-23 13:11:53 2016-05-23 15:35:24
16 13hoomz27.2337s  +28do1mo9.7614s TILE-16 2016-05-24 09:51:45 2016-05-24 12:15:16
17 13hoom15.0234s +28doim11.0414s TILE-17 2016-05-25 11:17:49 2016-05-25 13:41:14
20 13hoom28.2279s  +28do3m52.5414s TILE-20 2016-05-27 08:34:53 2016-05-27 11:47:00
21 13hoom15.9952s +28do3ms53.2801s TILE-21 2016-05-28 04:27:56  2016-05-28 08:06:29
19 TILE-19 2016-05-31 06:14:38 2016-05-31 09:33:49
02 13hoom25.2228s  +27d55m44.9891s TILE-02 2016-11-11 17:12:14 2016-11-11 20:54:32
14 12h59m24.8176s +27d58m23.3561s TILE-14 2016-11-16 03:30:39 2016-11-16 05:53:18
12 12h590m49.3848s +27d58m29.8114s TILE-12 2016-11-18 03:12:39  2016-11-18 05:34:30
11 13hoomo1.6439s +27d58m30.7314s TILE-11 2016-11-18 17:57:03 2016-11-18 21:28:21
13 12h59m37.0917s  +27d58m23.7719s TILE-13 2016-11-20 01:19:42 2016-11-20 03:40:48
09 13hoom26.16125 +27d58m27.7342s TILE-o09 2016-11-24 00:46:18 2016-11-24 03:06:33
10 13hoom13.8628s +27d58m27.1673s TILE-10 2017-01-06 10:01:45 2017-01-06 14:51:10
59 13hoomo2.8047s +28do1im13.8966s TILE-19-COPY 2017-04-17 13:16:03 2017-04-17 15:39:32

Table 2: Summary of observations of the C3PO survey, us3¢ data. Positions cited are similar for the Higo data, and times, similar for the g475 data.

[ April 28, 2021 at 11:09 — classicthesis |



17

3.1 FIELD COVERAGE

‘ejep 0911 ayj I0J ILIWIS ‘SaWI) pue “ejep SZY6 au) J10J Je[TUIIS 318 PajId SUOHISO ] “eyep V18] Aoamns OJ¢D a3 JO SUOBAISS]O Jo Areurwung :€ d[qer,

zqerily Li-vo-Lioe  1¥:STigr Li-Vo-LioT X JOD-6I-A1IL S9cISPowlopgz+ S9EQ6'90WO0OYET 69
Gz:9€:91 9o-10-4102  2E€:¥SiP1 90-TO0-L10T oI-J1IL segge vvwiziple+  slzrgocwooytr o1
oo:ot:vo Ye-11-9102  6%:2S:€0 Ye-11-910T 60-g1IL sTIgztweSple+  sgErbrgzwooytr 60
zI:b1:90 O0T-11-9102  10:LT:bO OCT-11-910C CI-gT11L s199g'gewicSple+  shIel-gtwbsyzr €1
t¥i10:€2 QI-11-9102  €€:b1iTT QI-11-9T0C IT-F1LL stehg Stwziplz+  $9S6T TOWOOYELT 11
€6:L0:L0 g1-11-9102  ¢h:02:90 §I-11-910T TI-1IL steebveweSple+  sG9e6 ghubsyzt 49
ot:9c:Z0 91-11-910C  62:6£:90 9I-1I-9T0T YI-q1IL szogo'bcwicSple+  SG9oT ETwbSYTT b1
61:¢€ize 11-11-910C  Q0:5b:1T TI-11-9T0T Z0-J11L S6E6L- SCwbhplz+  sS6S 0TwoOYET zo
€1:£0:1T 1€-90-9102  10:02:0T I£-50-910T 6T-71IL 61
I1:00:0T g2-50-9102 00:£1:60 §2-50-910T 1T-J11L s19g¢-twbopge+ s9et6 61WOOYET 1T
€z:0T:€T Lz-SG0-9102 2I:f€ieI L2-S0-910¢T oz-d1IL stS€g Ewbopge+ sgvlrzéwooytr ot
9L:b1:61 G2-G0-910C  Seile:bi Se-S0-910T LI-97IL sIZY1cowZopge+  STOLH'QIUWOOYET L1
QE:gvi€T ve-S0-910c  Lzito:£T te-G0-910T 9T-qT1LL SQIQQ 00WZOpgT+ SLOQI TEWOOYET 91
9t:g0:4T €2-90-910C G€:12:91 £2-50-9T0T ST-41IL szEgS-oowZopge+ SIITh Ehuooytr a1
Ye:62:91 Yo-€o-910c  €1:eh:ST Yo-Co-910T QI-TTIL sgec-6twoopge+  s¢voo'gawbSyzt <3
Lz:€1:91 €0-£0-910T  91:9T:LT €0-£0-910C Yo-q11L sgelg ScwivSple+  STOQS 9TWOOYET to
£5:95:90 01-10-910T  £2:95:70 01-10-9102 O-qTLL sG1ltctweiple+ sgESl-obuooyt g0
€4:91:10 S0-10-910  ¢h:1€:00 S0-10-910T So-gT1IL s188Q cqwbyple+  $6089'0SWOSYTT %o
0€:16:v0 zo-10-910Cc  05:5%:20 TO-10-910T Lo-gTIL sve6l-gtwibyple+ sICOI 9TWIOSYTT Lo
€G:geiee 10-10-9102  ¢hiibire 10-10-910T 90-T1LL SG66S Ltwibhplz+  SSLTEQEwbSyTT 90
€¥:€ozo 0€-c1-9102  T€:91:10 O€-CTI-S10T €o-gT11L s9Lo6roSwbyple+  s€zldvrwooytr €o
&hirzibo Ge-zi-G10oe YEPE:€o GT-z1-S10T T10-J11L slevg6twbyple+ sh9rg6€wooyEr 10
(Ln) aWIL ANk (Ln) IWIL 1UVLS 1ADUVIL 000Zq 0007 LISIA

[ April 28, 2021 at 11:09 — classicthesis ]



18

OBSERVATIONS

Coma Treasury Survey and programs GO-11711 [PL: John Blakeslee,
20] and GO-12918 [PI: Kristin Chiboucas, 37].

The WFC3 mosaic was arranged based on the relatively larger field
of view (FOV) of the UVIS channel with respect to the IR channel
(162 x 162 arcsec? vs 123 x 136 arcsec?, respectively). The fields were
rotated so that the parallel ACS fields broaden the spatial coverage
of the archival data. This produces a contiguous mosaic of an area of
~ 153 arcmin? in uz3g of the core of the Coma Cluster (blue tiles).
Given that the IR FOV is slightly smaller, the Hj6p mosaic (magenta
tiles) covers a smaller area of ~ 98 arcmin?. The positions of these
pointings were selected so that they preferentially target the location
of previously known NSCs, IGCs, and other CSSs [138, 38]. Parallel
data taken using ACS filters g475 and Ig14 is shown in yellow, respec-
tively. One of the pointings was rotated so that the corresponding
ACS parallel field contained one of the UDGs of van Dokkum et al.
[172]; therefore it is not aligned with respect to the rest of the parallel
fields.

3.2 SPECTRAL COVERAGE

Our observations span a wide wavelength coverage: from the near-
UV (u33e, central wavelength = 3355 A), to the near-IR (Hj¢p, central
wavelength = 1.537 um). With these new data, combined with the
previous optical information (g475, central wavelength = 4746 A; Ig14,
central wavelength = 8045 A)z the colour-colour (CC) photometric se-
lection tool developed by Munoz et al. [130] for the Next Generation
Virgo Survey [NGVS, 63] Infrared (NGVS-IR) can be applied, which
helps identify unresolved GCs and other CSSs, and separate them
from both foreground galactic contamination, and background, high-
redshift galaxies. Despite not having exactly the same spectral energy
distribtion (SED) coverage (the method of Mufioz et al. 130 uses a red-
der filter, K; from CFHT-WIRCAM, plus CFHT-MEGACAM SDSS-
like filters, slightly redder than u33¢), the method works with sim-
ilar filters: Ordenes-Bricefio et al. [134], for instance, use VISTA K,
(central wavelength = 2.147 ym)3 and Blanco-DECAM SDSS-like fil-
ters. Therefore, by using Hjgo, the reddest filter available in HST, it
is possible to separate stars from simple stellar populations (SSPs)
and other passively evolving aggregations that optical colours would
not be able to. The addition of these filters also allows to break the
age-metallicity degeneracy present when using purely optical colours
in studies regarding the formation and evolution scenarios of CSSs.
This can be seen in figure 3, that shows SSP evolutionary tracks con-
structed with PEcase-HR [110], using an interpolation of the BASEL

2 http://www.stsci.edu/hst/wfc3/ins_performance/ground/components/filters
3 http://casu.ast.cam.ac.uk/surveys-projects/vista/technical/filter-set
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Figure 2: Spatial coverage of the new data (open squares) compared to the
archival data (gray squares) of archival HST programs (see sec-
tion 3.1). Different colours indicate different filters: blue tiles are
u33¢ images; red, Higo; yellow, g475 and Ig14, since the footprints
of these filters overlap and at this scale are indistinguishable. Back-
ground is a DSS-2 R image
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3.1 stellar SEDs [178]4, in the different possible colour-colour combi-
nations made from this new data and the archival information. Panel
a shows the ulH CC plane; panel b, gIH, which is the CC plane
used in [figure 14 of 44]; panel ¢, ugIH; and panel d, ugl, the only
one not using NIR information. The spectra produced by PEcase-HR
were redshifted to the Coma cluster redshift of z = 0.023 [52] be-
fore performing the colour calculation. This is a small, but noticeable
correction, especially in the u3z3¢ band: Cho et al. [44] calculated K-
corrections of 0.05 mag and smaller (in absolute value) for ga7s, Ig14,
and Hygp, which is on the order of the tolerance of our photometry
errors. Since Cho et al. do not have u33¢ data, they do not calculate
K-correction for that filter. To estimate it, we used the K-corrections
calculator’ of Chilingarian et al. [42] and Chilingarian and Zolotukhin
[41]. Their calculator does not support HST/WFC3 nor HST/ACS fil-
ters, but supports SDSS filters, so as an approximation for uzzs, we
used SDSS u, and SDSS i for Ig14. For 1.5 < uzzg —Ig14 < 4.5, the
approximate colour range on the left panel of figure 3, we obtain a
median K-correction of 0.1 mag, same size of the error marker in fig-
ure 3.

We also see in figure 3 that, for typically observed GC ages (1 Gyr and
over), the addition of the Higp band, and therefore the extended dy-
namic range in both axes of the ulH CC space helps discern between
populations of different ages and different metallicities (z = 0.0001
to 0.1, roughly [Fe/H] = —2.3 to 0.7), in particular, between young,
metal-poor, and old, metal-rich populations. This will be key to under-
stand whether nuclear star clusters are young or old. In panel b, we
also indicate with a grey open rectangle the parameter space sampled
by the GCs of Cho et al. [44], which correspond to the GC system of
the Coma cD NGC4874, and with a grey filling, the g475 — Ig14 colour
range occupied by the GCs found in Peng et al. [138]. uz3¢ also has
an enormous value as it indicates spatially zones of recent stellar for-
mation. Combined with the high spatial resolution of WFC3/UVIS, it
is possible to resolve the star formation regions of galaxies, which are
not resolved in Hiygp (see figure 11 and section 6.2 for an extended
discussion).

4 http://professor.ufabc.edu.br/~pieter.westera/BaSeL.html
5 http://kcor.sai.msu.ru/
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Figure 3: Comparison of PEGASE evolutionary tracks for evolution of a sin-

gle stellar population at z = 0.023, in ulH (panel a), gIH (b), ugIH
(c) and ugl (d) colour-colour planes. All magnitudes are AB mag-
nitudes. The addition of the Hyg0 band is crucial to separate old,
metal-poor populations from their young, metal rich counterpart.
Symbols at the bottom right on each panel show a 0.1 magnitude
error in both axes. The open rectangle in panel b shows the ap-
proximate colour-colour range of GCs in Cho et al. [44], while the
grey filled area shows the g475 — Ig14 range spanned by the GCs
of Peng et al. [138].
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DATA PROCESSING

Data processing was performed at the Space Telescope Science Insti-
tute (STScI). It involved dedicated wrapper scripts that use modules
from the DrizzlePac [11]* software package, including AstroDrizzle
and TweakReg.

4.1 IMAGE COMBINATION

For the image stacking and combination, AstroDrizzle ran on ev-
ery set of associated images (i.e., all images taken in one visit with
the same filter) using the setting driz_separate = True. This created
“singly drizzled” output images, which are the individual exposures
after correction for geometric distortion using the World Coordinate
System (WCS) keywords in the image header. The software package
SExtractor [18] was then run on each singly drizzled image, using a
signal-to-noise threshold of S/N = 10. The resulting catalogues were
trimmed using object size, location, and shape parameters were cho-
sen to reject most cosmic rays, detector artifacts, diffuse extended
objects, and objects near the edges of the images. Using these cleaned
catalogs, residual shifts and rotations between the individual singly
drizzled images were then determined using TweakReg. This yielded
formal alignment uncertainties below 0.1 pixel. The reference image
is always taken to be the image observed first in the visit. The result-
ing shifts and rotations were then implemented in a second run of
AstroDrizzle to verify the alignment.

Cosmic ray rejection was performed within AstroDrizzle, which
uses a process involving an image that contains the median values
of each pixel in the (geometrically corrected and aligned) input im-
ages as well as its derivative (in which the value of each pixel repre-

1 http://www.stsci.edu/hst/HST_overview/drizzlepac

. final_pixfrac final_scale
Instrument/Filter
(PIXEL) (ARCSEC/PIXEL)
WEC3/F336W 0.90 0.039
WEFC3/F160W 0.85 0.128
ACS/Fq75W 0.80 0.05
ACS/F814W 0.80 0.05

Table 4: AstroDrizzle parameters used for final image combination
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sents the largest gradient from the value of that pixel to those of its
direct neighbours; this image is used to avoid clipping bright point
sources) to simulate a “clean” version of the final output image. For
the Hygo images, for which cosmic ray rejection is already done dur-
ing the ramp slope fitting procedure of the basic pipeline reduction,
we used the default cosmic ray reduction settings in AstroDrizzle
(combine_type = minmed), which use the median value unless it is
larger than the minimum value by a 4 ¢ threshold. For the images
taken with all other instrument/filter combinations, we have at least
four images per visit and chose to use settings combine_type = median
and combine_nhigh = 1, which uses the median value after rejecting
the pixel with the highest value.

Sky subtraction was performed on each image prior to the final im-
age combination, using iterative sigma clipping on the region shared
by all images with a given filter. The resulting sky values were stored

by AstroDrizzle in header keyword MDRIZsKY of the individual _flt.fits

or _flc.fits images; our wrapper script then calculated the aver-
age sky rate in e~ /s for that filter and stores it in header keyword

MDRSKYRT of the final AstroDrizzle output file (_drz.fits or _drc.fits),

which also uses e~ /s units. This is done to allow the sky level to be
added back in, which is needed to obtain photometry with proper
magnitude errors.

4.2 VISUAL ASESSMENT OF IMAGE QUALITY

An example of the final combined image can be seen in Figure 4,
in which we show the data of Visit o1 of the survey, located on the
bottom-left tile of Figure 2: on the top-left panel, the Hy¢o image is
shown; on the top-right panel, the uz3s image is shown. Images are
at neither the same colour scale nor pixel scale, and are both shown
with an arcsinh stretch. It is possible to note both the larger UVIS FOV
(shown by different scales in both axes), and the greater depth of the
IR data (sky level with respect to objects, i.e. stars or large galaxies,
is lower in the IR image with respect to the UVIS image), due mainly
to the relatively higher throughput and wider wavelength range of
the Hjgo filter. The position of uzz¢ with respect to the 4000-A break
also has to be considered?. We include as well the ACS parallel fields
corresponding to Visit o1 on the bottom panels: g475 on the left, and
Ig14 on the right. Those tiles are located further below and to the left
of the bottom-left corner in figure 2.

This is both a blessing and a curse: low UV flux on one hand, diagnostic power to
separate CSSs from background sources and foreground stars on the other.
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Figure 4: Data from Visit o1, the bottom-left tile of Figure 2. Top-left, Hi¢o

image; top-right, u33¢ image; bottom-left, g475 image; and bottom-
right, Ig14 image. All four images are shown with a arcsinh stretch,
and they are neither at the same colour scale, nor the same pixel
scale, except the bottom two panels, that share the same pixel scale.
In all panels, north is up and east is right.

[ April 28, 2021 at 11:09 — classicthesis ]

25



[ April 28, 2021 at 11:09 — classicthesis |



DATA QUALITY CONTROL AND CALIBRATIONS

In order to be consistent with the Coma Treasury Survey, we per-
formed SEXTRACTOR [18] and PSFEXx [17] photometry on the WFCe/U-
VIS images with the values provided in Table 5 of Hammer et al. [85].
These parameters were also used when analysing the ACS images
in both filters. Due to different pixel scale, depth, and FWHM, the
WEC3/1IR (i.e., Hi60) images have been analysed with a slightly dif-
ferent set of values. Because of this, we did not run SExtractor in
double image, forced photometry mode, and rather the images were
SExtracted independently.

5.1 ASTROMETRIC CALIBRATION

To test the quality of our astrometric calibration, we matched the
sources in our data with the Gaia data release 2 [71, 72] using STILTS [167],
with a tolerance of 0”5. To be sure that only stellar sources are be-
ing matched, we restrict the effective radius of sources of our cata-
logue to be of only a few pixels maximum (see figure 17 and sec-
tion 7), ending up with 58 matches in Hjgo, and 105 in u336. Then
we studied the distribution of the separation between the sources
in the matched catalogues, finding that for both filters there was a
peak in the separation distribution around ~ (/4 — 0”45. This differ-
ence of ~ 0/4 is equivalent to ~ 10 pixels for WFC3/UVIS (u3z3¢),
and =~ 3 pixels for WFC3/IR (Hjg0). Further dissecting the separa-
tion between the sources in the catalogues, it was found that this
shift is mainly caused because the data in both passbands was cal-
ibrated to a position slightly towards the south with respect to the
Guaia Celestial Reference Frame [Gaia-CRF2, 73], as can be seen in
the blue curve in figure 5, where we plot the difference between co-
ordinate values in our data, minus coordinate values in Gaia data,
A coord = (o, 8)c3po — (&, 8)Gain, @s well as the absolute separation.
There is no apparent shift towards the east or west (red curve in both
left panels of figure 5 looks whether uniform or peaking around 0”).
Secondary and lesser order peaks in these distributions correspond
to differential shifts in different visits of our survey. This process was
repeated for the g475 and Ig4, showing a peak again in the separa-
tion distribution at ~ 0742, and a dominant peak in the A§ distribu-
tion, same behaviour as shown in figure 5, with 84 matched sources
for g47s5, and 78 for Ig14. This is to be expected since the parallel
data was observed simultaneously as the main data, using the same
guiding stars, and they were astrometrically calibrated to the same
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Usse
— 6 | 105 matches

Hieo
— 6 | 58 matches

Normalised frequency

-0.50 -0.25 0.00 0.25 0.50 0.0 0.2 0.4
A coord (arcsec) Separation (arcsec)

Figure 5: Distribution of the difference in coordinate values A coord =
(,8)c3po — (®,8)Gaia (left) and separation (left) between the
matched sources in our data and the Gaia DR2 catalogue, in both
usz3g (top) and Hygo (bottom) filters. In both left panels, red curve
represents difference in right ascension; blue curve, in declina-
tion. Distribution in all panels is estimated with a KDE using
an Epanechnikov [62] kernel with a 0.03” bandwidth.

frame of reference. There is no correlation between the distribution
of sources in the sky and A coord.

When matching between the u33s and the Higo catalogues (see
section 5.4 below), we noted that for Visit 59 we had an unusually
low (almost an order of magnitude less) number of matched sources.
This was because our images were aligned ~ (/75 away relative to
each other, so the handful of matched sources we were getting were
not even actual matched objects. This motivated a re-calibration of
the astrometric solution for each image, reframing their WCS by min-
imising the median distance between objects in our catalogue and
objects in the Gaia catalogue, independently on both axes. We had be-
tween one and ~ 20 matched sources for each image. The reframing
we performed was only a linear shift, subtracting the median distance
between matched sources to the CRVAL1 and CRVAL2 values of each im-
age’s header. We did not modify the projection of the images, since
we found no correlation between separation and position within the
image, nor any evidence of rotation. The steps of this realignment
procedure are presented graphically in figure 6 and elaborated here,
for an example visit: we start with the Higp image of Visit oy after
the image processing described in section 4.1 (top left), in which we
have overplotted the Gaia DR2 sources in the area of the image, and
the matched sources in our catalogue as it was described above. Then,
we study how A coord varies with respect to the corresponding co-
ordinate (top right). Finding no correlation between these quantities
(not in this particular example, nor any other case), we then deter-
mine that only a linear shift is needed. Studying the distribution of
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Figure 6: Example of the reframing procedure. Top left, Visit oy Higo image,
with Gaia sources (red circles) and their matched sources in our cat-
alogue (blue stars) overlaid. Top right, difference between out cata-
logue and Gaia coordinate as a function of coordinate: top, right as-
cension; bottom, declination. In this and the following panel, solid
line is the median of the offsets, and dashed line is the average.
Bottom left, histogram of these offsets. In red, right ascension; in
blue, declination. Bottom right, Visit 07 Hiep image after shifting
by the median difference in both coordinate axes, with the Gaia
sources overlaid, showing the result of the realignment.
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A coord (bottom left), we decided to use its median (solid line in the
bottom left and top right panels) to set the offset, instead of the av-
erage (dashed line), given that outliers more easily skew the latter.
Finally, in the bottom right panel, we present the image after the re-
alignment procedure, with the Gaia sources again overplotted, show-
ing that they are more well-aligned with the sources in our catalogue.

We studied the origin of this discrepancy between the WCS solu-
tion of our images and the Gaia frame of reference, and theorised that
the discrepancy could arise between the Gaia-CRF2 and the Guide
Star Catalog II [GSC-II, 109]* used for HST pointing. These two cata-
logues were matched around the Coma cluster area with a tolerance
of 1”. Surprisingly, the trend shown by the matched catalogues is
entirely different to the ones observed in figure 5: the difference in
A coord = («,d)gsc—11 — (o, d)gais distributes as a gaussian curve
peaking around 0" and with a standard deviation of o = 0”14 for dec-
lination, and for right ascension, as a double gaussian with a primary
peak in = 07125, and a secondary peak around ~ 0742 with ~ 60%
the height of the primary peak. This difference has been addressed
in the recent ACS Instrument Science Reports of Kozhurina-Platais
et al. [106] for sources in Gaia DR1 near Milky Way GCs w Cen and
47 Tucanae. Therefore, the conclusion is that there was an internal er-
ror in the procedure described in section 4.1 and the images were not
aligned correctly with the sky frame of reference. Most likely, the is-
sue is that individual guide stars have positional offsets with respect
to the reference frame of GSC-II, therefore conditioning the WCS of
each visit. As a closing remark, we were cautious when comparing
catalogues to avoid discrepancy due to differences in J2000 or J2015.5
equinoxes, since Gaia catalogues include positions in both equinoxes.
After having all 84 images re-aligned with the Gaia-CRF2 world co-
ordinate system, we proceeded to re-run our SExtractor reduction
procedure and continue with our catalogue generation.

5.2 EXTINCTION IN THE LINE OF SIGHT

As mentioned in section 1.2, Coma is located near the Northern Galac-
tic Pole, and is therefore barely obscured by galactic extinction, which
is mostly predominant when observing toward the disk or bulge. We
studied the distribution of extinction coefficients over our survey foot-
print using Schlafly and Finkbeiner [162] extinction maps and Fitz-
patrick [68] reddening law with a flat spectrum. In figure 7 we show
the distribution of extinction values for a discrete rectangular grid
over our survey footprint for all the four filters in our data. All four
distributions have roughly the same shape due to the A, being calcu-
lated with a constant spectrum, and have minor differences not visi-
ble to this scale due to different reddening values in our footprint. As

1 http://gsss.stsci.edu/Catalogs/GSC/GSC2/GSC2.htm
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Figure 7: Distribution of extinction values calculated in our survey footprint
area for our four filters.

expected, the most affected filter is F336W with a median integrated
extinction value of A) = —0.043 mag; the least affected is F160W with
a median integrated extinction value of A, = —0.005 mag. The stan-
dard deviation of those distributions is 0.0026 mag and 0.0003 mag
respectively. Given that the spread of A, values is rather low, we use
the median value for the entire footprint as the outlier values skewing
off the distribution are actually located outside our footprint (top-left
corner of figure 1).

5.3 COMPLETENESS OF POINT SOURCES

One of the survey’s science objectives is to study the global GC popu-
lation of the cluster and the link to the nuclear star clusters of dwarf
galaxies, so assessing the completeness of point sources in our data is
a key aspect. We tested completeness using the CoMEsT Python pack-
age [43]?, injecting 100 sources per square arcminute in our images
and running SExtractor with the same extraction parameters as in the
science run. We repeated this process two hundred times for each im-
age. Our simulations show that the survey is, on average, complete at
50% at 28 mag for uzz¢ and 26.32 mag for Hygo. Completeness as a
function of magnitude, as obtained with CoMEsT is shown in figure 8.
Completeness of each tile is shown with a different line, which are
colour-coded with the tile’s median surface brightness measured in
AB magnitudes per square arcsecond. This allows noting that frames
with brighter galaxies, and therefore higher average surface bright-
ness, reach 50% completeness at brighter magnitudes. This average
brightness effect is more evident when studying the Hj¢o data, which
also shows a wide range of median surface brightnesses compared to
the other filters (= 3 mag vs =~ 0.5 mag). Losing objects in these

2 https://github.com/inonchiu/ComEst
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Figure 8: Completeness diagrams for our data. The four panels show the
information in the different filters, and for each filter we plot the
completeness as a function of magnitude of the sources of each
tile. Completeness lines for different tiles are colour-coded by the
median surface brightness u of the tile, measured in AB magnitude
per square arcsecond. In each panel, the insert shows a histogram
with the distribution of these surface brightnesses, showing a wide
spread in the Hyg¢ data, which is not found in the other filters.

"bright tiles" may be prevented by subtracting the galaxy flux from
the images.

To put the 50% completeness limits in perspective, we consider the
measured GC Luminosity Function (GCLF) turnover (TO) of my(~
usz3g) = 17.65 [14] and my(~ Hygo) = 14.7 [176] for M31 GCs. Taking
the distance to Andromeda as 780 kpc [123], its distance modulus is
m — M = 24.46 mag, so when recalculating these GCLF-TOs to Coma
distance, they convert to my = 28.19 and my = 25.24, which are
roughly the 50% completeness limits calculated for our data.

We also calculated the 50% completeness limit for the parallel gs47s5
an Ig14 bands, which is on average at 27.9 mag. The corresponding
GCLF-TO in ig14 was calculated to be equal to 25.5 mag in Madrid
etal. [119]

5.4 CATALOGUE GENERATION

The individual image catalogues were then merged into two master
catalogues. These master catalogues of objects with well-measured
photometry have 43845 sources in the Hy4¢ catalogue, and 1182174 in
the u3z3¢ catalogue. Then, they were matched by their sky positions
with a 0’4 maximum separation, equivalent to 8 pixels in the u33¢ im-
ages and ~ 3 pixels in the Hjo images. We studied the distribution
of the separation between the matched objects, finding a peak around
07066 (=~ 1.3 pixels for uszze, and ~ 0.5 for Hjgp), and that 80% of the
matched sources had a companion less than 0”3 away. The matched
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5.4 CATALOGUE GENERATION

catalogue has 32610 objects with well-measured photometry in both
bands. Considering that the FOV of the IR channel of WFC3 is smaller
than the FOV of the UVIS channel, as mentioned in section 3.1, we
are losing =~ 18000 sources in the matching process because of this.
This accounts for over 50% of our total numbers, according to the
UVIS channel being ~ 57% larger than the IR channel. Another rea-
son for this decrement of objects maybe galaxies being “shredded” in
the u33¢ images (see section 6.2.1 below), or different contrast or back-
ground levels between background and sources between the uz3¢ and
Hiso.
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GENERAL ANALYSIS OF SOURCES

6.1 SPATIAL DISTRIBUTION OF SOURCES

In figure 9 we show the distribution of all of the objects detected in
the u336 and Hiep catalogues, plus the 32610 objects in the matched
catalogue described in section 5.4. The horizontal and vertical gaps
between tiles are caused by the smaller IR channel of WFC3 relative
to the UVIS channel. The overdensity of objects centred at («,5) ~
(12hs9m3s5s, 27°58') and spanning several tiles coincides with the
position of the c¢D galaxy NGC 4874, and likely corresponds to the
IGC system as measured by Peng et al. [138], but not as measured
by Madrid et al. [119] since they measure higher projected spatial den-
sities around the secondary cD galaxy NGC 4889, uncharted territory
for Peng et al.. At this spatial resolution, GC systems of individual
galaxies would not be observable since they would be smoothed out.
Other than that, the distribution is fairly homogeneous, a good indi-
cator that most of the objects detected are background sources (see
below).

6.2 MAGNITUDE DISTRIBUTION OF SOURCES

We show in figure 10 the magnitude distributions for the master cat-
alogues in each filter, before the match, and also the distribution of
matched sources as was described above. We use the SExtractor pa-
rameter MAG_AUTO as the source magnitude in this context. We see
that, for most of the magnitude range observed, the index of the
power-law (the slope of the curve in logarithmic space) is preserved
after the matching process. It is important to note that several (several
tens) objects brighter than MAG_AUTOH ~ 16 are not matched with an
u33¢ counterpart. We propose that this phenomenon be explained by
the photometric “shredding” of late-type galaxies, where their star-
forming regions are detected as separate objects in u33¢ but are not
separated in Hjgo. We explain this in the next section.

6.2.1  Galaxy “shredding” in the u3z¢ images

We show an example of such shredding in figure 11. The galaxy is
SDSS J130039.50+275547.8, present on the tile corresponding to Visit
o1. Tens of star formation regions are detected in the NUV filter (red
circles), hinting at the galaxy’s spiral morphology, while the lower
resolution, different PSF, and actual different physical mechanisms
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Figure 9: Object distribution in the Hj 4o catalogue (top), u336 (middle) and
matched (bottom) catalogues.
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Figure 10: Distribution of magnitudes in our main data set, before (red) and
after (blue) matching between the two filters. Top left, Hi60 data;
top right, u33¢ data. Bottom panels show the difference between
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the histograms of the total and matched catalogues.
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Figure 11: Example of how the galaxy SDSS J130039.50+275547.8, detected
as a single object in Hy¢o is divided into several detections in the

u336 images (red circles)
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Figure 12: Detected objects in the vicinity of NGC 4906 in Visit o1, in the
F160W (lest) and in F336W passbands (right). Note that the
cutouts in figure 11 is included in this field of view

being probed in the infrared allow only the detection of the object
as a whole. Segregation like this can explain the dearth of matched
objects bright in Hy¢p: in these cases, the centre of the object in IR, as
determined by SExtractor is several pixels apart from the nearest de-
tection in NUV, and over our tolerance of 0’3 when matching objects
from sources. If this happens to most star-forming galaxies (which
are less common in Coma than passive galaxies, but nonetheless im-
portant), that would explain this lack of objects bright in Hjgo that
have no apparent match in u33¢. Note also that NGC 4889 and NGC
4874, the brightest galaxies in Coma, have their photocenters outside
of the IR mosaic. Therefore, the bright flux of these objects detected in
Hj60 won't have meaningful matches in uz3e.

63 GALAXY FLUX REMOVAL IN F160W DATA

Because most of the galaxies in the core of Coma are elliptical with
old, cold stars, they are very bright and extended mainly in the red
and infrared filters, like F160W. Combined with the fact that the IR
channel has a lower resolution than the UVIS channel of WFC3 and
ACS, software that automatically detects sources like SExtractor has
many difficulties detecting sources immersed in the galaxies’ light
such conditions. Failure of detecting objects near galaxies may be fatal
for studies of globular clusters like the one present here, knowing that
they most like are going to cluster around (bright) galaxies. In our
case, there was an evident shortage of detected sources surrounding
galaxies in our F160W data, as seen in figure 12 for the vicinity of
NGC 4906 in Visit o1. This figure shows the objects detected with our
SExtractor procedures. Many bright objects detected in the F336W
data cannot be automatically detected in F160W due to the reasons
exposed above. The lack of objects in the infrared data motivated a
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search for several galaxy flux removals. Three main strategies were
tested, one parametric and two non—parametric:

1. Usage of GALFIT" [136, 135] to fit parametric models. This soft-
ware proved useful if the structure of galaxies wanted to be stud-
ied, and the relatively low number of galaxies per tile made it
feasible to use. In the end, many galaxies required heavy tweak-
ing due to having many components and both of the c¢D galax-
ies were clipped and their light profile truncated, and even their
photocentre was outside of the tile in some occasions. which dif-
ficulties the fitting procedure of the software. Since obtaining
the galaxy structure was not a goal of this study, this method
was dismissed.

2. Iterative masking of point sources and medianing of the images,
as described in Fischer et al. [66]. In several iterations, SExtrac-
tor runs over an image, point sources are masked, and then a
median filter of decreasing size as the iterations proceed is ap-
plied to the masked image. This smoothed image is subtracted
from the original data, and the process continues. This process
gives good results and works well with bright, clipped galax-
ies, but the presence of bright stars or many point sources close
to some of the galaxies left some holes in the medianed mask,
which artificially generated residuals that difficulties the auto-
matic detection of sources too close from the centres or in loca-
tions like medium-sized galaxies.

3. Iterative subtraction of background. Using SExtractor’s auto-
matically generated global background available in the BACKGROUND
check image. This is a general light profile of the image, which
then was smoothed with a decreasing size median filter as the
previous method. The background map is created from the lo-
cal background of each detected source. This method did not
require any masking, so there were no holes in the substracted
light and therefore, no artifacts.

Ultimately, based on ease of coding and strategic use of resources,
the last method was used. We ran a three-iteration procedure with
a square box of 101, 51 and 21 pixels as our median filter. Figure 13
shows the results of one iteration of this procedure running over the
F160W data of our visit 10. This field includes most of the light, but
not the photocenter, of NGC 4874, which is at the top left corner in
this visualization. All image panels are shown with the same colour
scale and stretch. From the top left panel and moving right, we have:
Original, the data from the image; Background, the output background
map from SExtractor in which the brightest sources can be seen and

1 https://users.obs.carnegiescience.edu/peng/work/galfit/galfit.html
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Figure 13: Example of the results of the first iteration of our galaxy light
removal procedure on the F160W data of visit 10.
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Figure 14: Example of the results of the galaxy light removal procedure on
the F160W data of visit 10.

identified as background sources; Minus Background, also a SExtrac-
tor check image which is just the image minus the background. Then,
on the bottom row, Medianed, medsize 101 is the background map
smoothed with a square median filter of 101 pixels a side; Difference
which is the original data minus the smoother background; Detec-
tions, which are the sources detected automatically and from which
the background map is built.

After iterating the process and reducing the filter size, we tested the
integrity of the photometry of the already detected sources, to probe
if we were losing more than we were gaining. We did this by matching
the original catalogue of sources for each visit with the image’s cata-
logue after the iterative procedure and see how much their calculated
flux was changing. The results for the same visit are shown in fig-
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ure 14. We see the detections for the original, unaltered image (black
circles) and the final, galaxy-removed image (red dots) in the left
panel. Many more sources are detected towards the centre of NGC
4874 and other galaxies in this field. In the middle panel, we plot the
match separation distribution. We used astropy.coordinates.match_catalog_sky
with nthneighbor=1 and applied a cut of 0’3 to make sure that we
had actual matches. Most of the matches have a separation of less
than 0703, a tenth of our cut. Finally, in the right panel, we show the
magnitude difference. The majority of the objects have a change in
magnitude of Amag < 0.1 mag, which is well within our accepted
magnitude errors. Plus, that difference increases as the magnitude in-
creases, so that variance may be due to actual errors in measuring
the magnitude of dim objects and not error introduced in the galaxy
removal process. Therefore, this method proved useful and applied
to the data in other filters with virtually the same results.

6.3.1  New catalogues, matching and completeness

After removing the galaxy flux from our images, we again run our
main procedures:

1. Automatic detection of sources with SExtractor: we ran our de-
tection procedure with the same inputs and parameters for our
new set of images. We have 43845 sources in the original cata-
logue and 108746 sources in the final catalogue, so this method
means an increase of 150% in detections. These new sources are
preferentially located around the c¢D and lesser galaxies of the
cluster, which is to be expected given our galaxy flux removal
procedure.

2. Catalogue matching with STILTS: we ran STILTS to match our
catalogues with the same parameters as before. As expected,
we have more matches due to the higher number of objects in
the F160W catalogue. When matching, we tested for different
tolerances and found that, for values higher than 0”5 the confu-
sion in regions with high surface density of objects rends less
matches than when performing the same match with a smaller
threshold.

3. Completeness test with COMEST: we ran again the automatic
completeness test with comEsT and compared it with the pre-
vious result (see section 5.3 and figure 8). Figure 15 shows the
comparison: in the left panel we have the completeness as a fun-
cion of magnitude for the untouched images, in which we see
that images with a high surface brightness have a steeper com-
pleteness curve as was discussed above. On the other hand, in
the right panel we have the completeness as a function of mag-
nitude for the frames with the galaxy flux sustracted. In this
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Figure 15: Comparison of the completeness in the F160W data before (left)
and after (right) the galaxy flux removal.

case, the curves hold their shape compared to the left panel,
but their average 50% completeness limit is a bit dimmer, albeit
unnoticeable at this scale: before galaxy flux removal, it was
26.32 mag; after our iterative procedure, it is 26.49 mag, almost
half a magnitude dimmer. We also note that the surface bright-
ness distribution is much less spread after galaxy flux removal:
spanning a bit more than 4 magnitudes before, now it spans less
than a magnitude.
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We will now examine the different types of objects found in our im-
ages. In order to proceed on categorising the objects, we plot in fig-
ure 17 the size-magnitude relation for all objects detected by SEx-
tractor in the data of Visit o1, using half-light radius (HLR) and
MAG_AUTO measured by SExtractor. We will focus our analysis on
the uz36 and Hjgo images; the analysis can be extended to the ACS
parallel fields data. The sparsely populated horizontal locus at HLR
~ 1.3 pix corresponds to stars, mainly at MAG_AUTO < 23 mag. Stars
brighter than ~ 18.5 mag in u33¢ and ~ 16 mag in Hj¢o are saturated.
At dimmer magnitudes, we will also find compact stellar systems.
Objects with HLR 2> 10 pix and brighter than ~ 24 mag in u3z3¢ are
likely Coma cluster member galaxies. Finally, objects with HLR < 2
pix and MAG_AUTO 2 23.5 mag are most likely background, barely-
and un-resolved objects. We can also use a colour-magnitude diagram
(CMD) to study the behaviour and properties of some of the groups
of objects just mentioned. From the matched catalogue described in
section 5.4, we create a uz3g — Higo CMD, shown in figure 16. Points
are coloured according to their HLR in the u33¢ band in pixels, as
measured by SExtractor. Both sets of objects mentioned above can be
seen: the stars, and the cluster galaxies. As described, stars and cluster
members are the brightest objects in our data. In fact, almost all of the
objects brighter than ~ 23 u33¢ mag are either stars or cluster galax-
ies. They can be discerned by their HLR, as was done before: stars
have a practically invariant HLR of ~ 1.4 pix, almost independent
of their magnitude and colour. Only saturated stars have artificially
higher values for HLR due to their central brightness profile reaching
a plateau rather than a gaussian, which confuses SExtractor and cre-
ates an unrealistic larger value. Cluster galaxies, on the other hand,
while being brighter than the majority of objects, are redder and more
extended (HLR 2 20 pix) than stars, and can be seen as the sequence
of violet points between 3.5 < uz36 —Hjgo S 6 and 18 S uzze < 22

7.1 COMPACT STELLAR SYSTEMS

The detailed analysis of CSSs will be presented in the next chapters.
The newly collected data, combined with the archival g475 and Ig14
information, allows usage of the method described in section 3.2 to
separate CSSs from background sources and foreground stars. With
our data sample described in section 5.4, we tested compatibility with
the catalogue from den Brok et al. [54], which compiled the nuclear

43
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U336
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Figure 16: PLACEHOLDER IMAGE. Colour-magnitude diagram for sources in
the matched catalogue described in section 5.4. Colour-coded is
the HLR of the objects in the u33¢ data. Notable sequences in-
clude the stellar sequence at u3z¢ < 23 and HLR~ 1.5 pix, regard-
less of their colour, and the cluster galaxies, with HLR> 20 pix,
that show their known colour-magnitude relation: the brighter,
the redder.
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Figure 17: Size-magnitude plot for all detected objects in the u336 and Hyep
catalogues.
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star clusters of galaxies in Coma. We have ~ 160 members of that cata-
logue in the survey footprint area. We also have matches between our
catalogue and the spectroscopically confirmed UCDs of Chiboucas
et al. [38].

7.2 CLUSTER MEMBERS

Having already several catalogues of confirmed and candidate mem-
bers of the Coma Cluster [90, 53, 180, 181], we will extend the physical
measurements (HLR, orientation, elongation, to mention a few) for
these objects to our data with extended SED coverage. It is also pos-
sible to trace the “choppiness” of these galaxies with the u33 filter,
indicating substructure and star formation regions, as was discussed
above. Coma galaxies are well constrained in the CMD, because, most
of them being early-type, they follow a colour-magnitude relation: as
they get brighter, they get redder as well. This relation has been doc-
umented for Coma cluster galaxies, in particular, recently by Head
et al. [88] with CFHT/MEGACAM NUV-optical (ugi) photometry.
We are now expanding the SED coverage and can confirm that the
galaxy colour-magnitude relation holds, even when combining NUV
and NIR information.

7.3 DWARF AND ULTRA-DIFFUSE GALAXY CANDIDATES

Having g475 and Ig14 archival data added to the new images means
that deep, high spatial resolution RGB images of the cluster can be
constructed. These can be used to look for dwarf and ultra-diffuse
galaxy (UDG) candidates, using the visual inspection method devel-
oped in Mufioz et al. [131], since these objects are well beyond SEx-
tractor’s detection limit, and therefore do not show up in figure 17.
In recent years van Dokkum et al. [172] and Koda et al. [104] found
almost 1000 ultra-diffuse galaxies in the central 4.1 degree? area of
Coma, most of them Milky-Way sized. Following these numbers, we
should expect ~ 10 of these galaxies in our survey. Our improved
wavelength coverage, spatial resolution, and negligible sky variation
will allow us to search for candidates more effectively and avoid spu-
rious detections, using the method mentioned earlier of visual inspec-
tion of RGB images.

7-4 BACKGROUND SOURCES

Even in deep images of dense environments, it is expected that most
detections belong to background sources. We consider two methods
to differentiate these objects: One, constructing RGB images it is pos-
sible to identify, via visual inspection, high-redshift clusters, since all
of its members will appear bright red in a confined space; and two,
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from a CC diagram, like the one used to separate CSSs, it is also
possible to separate high-redshift objects [see figures 14-15 of 130].
Expanding the spectral coverage to the NUV with u33¢ will allow us
to also estimate photometric redshifts of background galaxies at z ~ 3
using the Lyman break at 912 A [87, figure 1]

7.5 FOREGROUND STARS

Stars can be separated from other sources because they are bright
and compact, as was mentioned above. Their main feature is their
HLR of ~ 1.4 pix, regardless of their magnitude or colour. This can
be confirmed by examining figure 16 since the stellar sequence is
a well-dispersed sequence in the 2-D CMD, but the third axis con-
strains it. However, it is possible to have stars in this sequence dim-
mer than magnitude ~ 23, as seen in the right panel of figure 17,
but here they are mixed with all of the other objects. Despite being
low-number statistics (we have on the order of a hundred stars in our
footprint, see below), the distribution of stars in the CMD suggest a
particular clustering around uz3¢ — Higo ~ 1.7, which might corre-
spond to the colour of the main sequence (MS) turn-off (MSTO) of
stars in the MW halo. As revealed by Besangon model simulations,
the synthetic population for the Coma area (i.e. MW halo stars) has
a MSTO at uz3g —Higo = 2.4, and calculations using the halo MSTO
obtained by the CC diagrams in Lokhorst et al. [116] in MEGACAM
u, g, and i, and Powalka et al. [146] adding WIRCAM Kj, both from
NGVS data, with extrapolation to our colour set using synthetic spec-
tra from the PHOENIX spectral library [93]" at the appropriate sur-
face temperature and gravity intervals, yields an average colour of
uz3g — Higo ~ 1.3. Therefore, the values obtained by simulations
and by data bracket widely our obtained result. This discrepancy
may arise from the disparity in the SED regions we are probing,
which may be calibrated differently for the PHOENIX and Besangon
models. The colour distribution for stars has a secondary peak at
u336 — Higo = 7.1, which, according to the Besancon prediction, cor-
responds to the MS “knee”, a feature well documented in deep pho-
tometry of stars in globular clusters (see Bono et al. 26 and Saracino
et al. 160 for a compilation of observations). Finally, as mentioned in
section 1.2, the Besangon model predicts a few stars per tile, which
translates to roughly 60 in the entire survey. Some of them were ev-
ident to find in the images, due to their diffraction spikes (e.g. the
bright star near the galaxy in the top panels of figure 4). As men-
tioned in section 4.2, we have several matched sources between our
catalogue and the Gaia catalogue: 56 in the Hj40 catalogue, and 103 in
the u3z3¢ catalogue, which correspond to 0.57 stars per square arcmin
in Hygp, and 0.67 in uz3¢. This is ~ 5 times lower than the predicted

1 http://phoenix.astro.physik.uni-goettingen.de
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/2 2.6 stars per square arcmin given by the Besancon model, as men-
tioned in section 1.1, but this was not taking into account any cuts
in magnitude or colour. When adjusting for photometric limits of the
matched C3PO-Gaia data (Ggaia < 21 mag), the stellar surface den-
sity drops by a factor of ~ 7.5, to 1260 stars per square deg, or 0.35
stars per square arcmin, which is closer, but lower by a factor of ~ 2
than the number of stars estimated from our data.
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THE COLOUR-COLOUR DIAGRAM AS A
SELECTION TOOL

Our data’s high resolution and depth allow us to study in detail the
stellar structures present in the Coma cluster. Of particular interest
are Globular Clusters (GCs), which can help trace the history of star
formation and the cluster’s general mass assembly. Usually, GCs are
selected from monochromatic data, using only morphological param-
eters. In this chapter, the multiwavelength colour-colour (CC) selec-
tion tool is presented and compared with previous selection tools.

8.1 COLOUR-COLOUR DIAGRAMS IN PREVIOUS WORKS

Since its appearance in Mufioz et al. [130], uiK CC diagrams have been
tested and used extensively to dissect light sources and select GCs
in different environments at varying redshifts: from the most mas-
sive local clusters (the aforementioned Mufioz et al. [130] for Virgo
and Ordenes-Briceno et al. [134] for Fornax) to other, less dense envi-
ronments (Cantiello et al. [31] for NGC 253 and Gonzélez-Lépezlira
et al. [79] for NGC 4258). These diagrams are based on the BzK dia-
gram presented in Daddi et al. [50], but with the focus put onto sepa-
rating GCs from foreground stars and high-redshift galaxies instead
of said galaxies. These diagrams are an appropriate tool given that
photometric data for bulk objects can be obtained much more quickly
than spectroscopy, especially for dim objects such as GCs. The long
spectral baseline, from the near-UV to the near-IR takes advantage of
spectral features like the 4000 A break plus the redshifted spectra of
distant galaxies to accurately separate between the different objects
observed (see section 6.1 of Mufioz et al. [130] for a more detailed
description and discussion of the uiK CC diagram).

8.2 AN ANALOG TO uik FOR COMA

Inspired by the results presented in these studies, we set foot to test
if it was possible to extend fivefold the distance applicability of this
tool: from the Fornax cluster at 20 Mpc, to Coma at 100 Mpc. We
took advantage of existing optical data for Coma in the form of the
Coma Treasury Survey and other programs mentioned in section 3.2
and build up from there. With the HST GO 14182 program, we tiled
the central region of the Coma Cluster. Given that the IR channel
of WFC3 does not extend as far to the infrared as the ground-based
detectors used in the studies mentioned in the previous section (the

51
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instrument has a sharp cutoff at around 1750 nm), K data is impos-
sible to obtain. We then chose to observe in the reddest wide filter
present in WFC3-IR, which is F160W. This filter is an analogue to
the H band present in several ground-based instruments. Newly ob-
tained data also included the F336W filter, analog to 1, while archival
data provided F475W (analog to g, also tested in Muifioz et al. [130])
and F814W (analog to 7). In this context, we were presented with two
concerns and challenges:

1. whether it is possible to use this CC selection tool at large dis-
tances, and

2. whether it is possible to use H band as an alternative to the K
band

The distance concern relates just to photometric quality and depth
of observations, in particular obtaining good quality photometry of
a large number of GCs rather than redshift affecting the position of
the sequences in the diagram: at 100 Mpc, the redshift of the Coma
cluster is just z = 0.0231, so it would barely shift the objects in our
diagram. The second concern is less worrying, given that the K band
was used to separate GCs from stars and, as was mentioned above,
there are not many stars in our survey footprint.

8.3 THE uilh DIAGRAM FOR COMA

The archival raw data needed to complete the spectral coverage for
our uiH diagram was downloaded from the MAST portal® in the form
of *_flc.fits files and reprocessed using TWEAKREG? to put them in
the Gain-DR2 astrometric frame of reference, and then drizzled to-
gether using AsTRODRIZZLE3, both part of the DrizzLEPAC* software
package [11]. The bias reference files for Coma Legacy Survey stacks
had to be re-processed due to level offsets as mentioned in section
4.3 of Co8 [see also 163]. Sources in the final stacks were analysed by
SExtractor in a similar way to the one described in previous chapters.
Once we had our archival data catalogues, we matched them with
our new data using STILTS in multimode=group mode with a toler-
ance of 0”4. As before, we tested for the best value of tolerance since,
for larger values, the confusion was too high and the crowded zones
got fewer matches. In the end, two matches were performed: one with
tolerance of 0’4 and one with tolerance of 0”2. These two catalogues
were then concatenated and an internal match with tolerance (/1 was
performed to consolidate the matches. We present our first iteration of
a uiH diagram for all the sources automatically SExtracted with good

1 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html

2 https://drizzlepac.readthedocs.io/en/latest/tweakreg.html

3 https://drizzlepac.readthedocs.io/en/latest/astrodrizzle.html

4 https://www.stsci.edu/scientific-community/software/drizzlepac.html
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Figure 18: First iteration of our uiH diagram. Included are all the sources
with well-measured MAG_PSE.

quality PSF photometry in all four filters but without the galaxy flux
removed from the H images and matched from new and archival data
in figure 18. Each point represents a source in our data. It is possible
to identify two loci of objects clearly: an extended component cen-
tred around ~ (1,1.5) with a tail towards red values of u—1, and a
compact, oblate component roughly aligned with i —H ~ 0.5. Similar-
ities with the uiK diagram suggest that these components correspond
with galaxies, both cluster members and background, and with GCs.
These similarities can be tested with both morphological parameters
and SSP model predictions. In figure 19 we show the same figure,
but with four different parameters colour-coded: error in magnitude
(top left), SPREAD_MODEL (top right), flux in the brightest pixel (bottom
left), and effective radius (res, bottom right). All of these parameters
are given by SExtractor, and for all four, the median value across all
filters has been selected. The thought process behind selecting these
parameters is as follows:

1. A mag or magnitude error: as these objects have a medianed
error of less than 0.05 mag, it can be inferred that its position
in this parameter space is not due to errors and they actually
populate this locus.

2. SPREAD_MODEL: this is a parameter given by SExtractor that mea-
sures how much a source deviates from the calculated PSF of
the image. Values greater than zero mean than the object is more
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Figure 19: As figure 18, but with colour-coded morphological information:
error in magnitude (top left), SPREAD_MODEL (top right), flux
in the brightest pixel (bottom left), and effective radius (reff, bot-
tom right).

extended than the local PSF; negative values, the opposite: so
it’s highly likely that objects with negative SPREAD_MODEL values
are spurious detections or cosmic rays. As these sources have
low SPREAD_MODEL values but not the lowest, they mostly resem-
ble PSFs but do not fix exactly that profile since they mostly
occupy the middle range of the parameter values. This means
that they are barely resolved. Points with lowest values are most
likely stars, which ties with the next parameter.

3. FLUX_MAX or flux in the brightest pixel: we use this parameter to
check which objects are most likely stars. These objects would
then populate the stellar sequence expected in CC diagrams. In
fact, we see on the order of ten yellows dots crossing the bottom
right quadrant of the plot diagonally, hinting at the presence of
a stellar sequence. Objects in the presumed GC locus do not
have such high values of FLUX_MAX, and are therefore most like
not stars. Note that this is where some of the points with the
lowest SPREAD_MODEL values are present.

4. Tegf: in a similar way to SPREAD_MODEL, we study this parameter
to probe the compactness of our objects. In the presumed GC lo-
cus, we have effective radius on the order on one pixel, so these
objects are extremely compact. Note that on the red tail of the
galaxy locus we have mostly extended sources with reg 2 10.
These object, cluster members, coincide with the passive galax-
ies locus mentioned in [130].
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Figure 20: As figure 18 with the SSP tracks obtained with PEcase-HR and
the stellar information given by the PHOENIX spectral library.

We conclude that these objects are most likely GCs or, more gener-
ally, compact stellar systems (CSSs) since there can also be nuclear
star clusters (NSCs) or even ultra-compact dwarf galaxies (UCDs).
This was further tested with the addition of two models: the PEGASE-
HR [110] model using BASEL 3.1 stellar SEDs [178] and the PHOENIX
spectral library [93]. We build model spectra of single stellar pop-
ulations (SSP) with the former, redshifting them before calculating
magnitudes, transferring them to our CC space, and then doing the
same with the synthetic atmosphere spectra. The result is shown in
figure 20. From this plot, we can note several things:

1. The objects with the highest values of FLUX_MAX trace the stel-
lar sequence suggested by the PHOENIX models. Consider that
in figure 20 all of the atmospheric models available, even those
with highly unrealistic parameters for stars present in the Milky
Way halo (for example, [or/Fe] < 0.2, unlikely since those stars
were not born in an enriched medium). When those values are
trimmed following what we can expect from the Besangon mod-
els, the stellar sequence becomes more streamlined.

2. The suspected GC locus is nicely bracketed by the SSP models
in the y-axis. All but one of the models (the most metal rich) are
crammed together in the blue end of i — H, but that is mainly
due to axis scaling so the galaxies can be incorporated (see fig-
ure 3 for a plot with a relaxed version of the tracks). As expected,
the higher the metal composition of a SSP, the redder its track
in both axes. This is taken to the extreme with the Z = 0.1 track,
the most metal-rich available, which is also the reddest in 1 — H.
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Figure 21: uiH diagram of all of the sources analysed with matched in all
four filters. In black: all sources; in blue: selected GCs; in red:
UCDs from Chiboucas et al. [38] matched with the full catalogue.

3. Both models have a non-negligible overlap, with the tracks span-
ning the same as all but one of the models at intermediate and
old ages. This, again, is due to the use of H band instead of K
band. This means that only using the CC diagram to select ob-
jects is just shy of perfect, and we have to consider adding other
morphological parameters, like those shown in figure 19.

It is therefore highly likely that this locus is populated by GCs and
other CSSs. Unfortunately, there is no spectroscopically confirmed
GCs in Coma, so we cannot test the effectivity of our selection tool
with such information. There is, however, spectroscopy data for UCDs
as presented in Chiboucas et al. [38]. We have approximately 75% of
those object in our survey footprint, and we performed a match be-
tween our full catalogue and the catalogue of Chiboucas et al.. From
that match we can see that these objects populate primarily the GC
locus of the CC diagram, extending towards redder magnitudes in
the horizontal direction. These objects are shown with red markers
in figure 21. This is in agreement with what was presented in Chi-
boucas et al. [38]. We will expand our analysis of these objects in the
following chapters.

In the end, the requirement of having good quality PSF magnitudes
in all four filters was too prohibitive and culled most (around 90%)
of objects, the u band being the most restrictive as it is the shallow-
est and a good PSF model throughout the entire image cannot be
trust-worthily built; and conversely H band is the less restrictive. We
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Figure 22: Photometric cuts performed in our GC selection procedure. Ob-
jects in the shaded regions were discarted.

use the newly added to SExtractor MAG_POINTSOURCE to construct out
uiH diagram, precisely because out objects of study are point sources.
In general, for compact sources this measurement of flux practically
doesn’t differ to MAG_AUTO or MAG_APER with an aperture three times
as large as the FWHM of the point sources. We see in figure 21 the
diagram constructed with MAG_POINTSOURCE for all sources in our sur-
vey with a match in the four filters. The evident separation between
the two loci of objects mentioned above is not evident anymore, as it
was introduced by the requirement of having well measured MAG_PSF
mentioned above, which kept mostly unresolved objects (GCs and
unresolved background galaxies). We still used the uiH diagram as a
test ground for our selection procedure, which included photometric
and morphological cuts:

1. Photometric cut: from our combined data we constructed a g-i
colour-magnitude diagram for all sources, which is shown in 22.
We isolated candidates in the typical GC locus and past the
GCLEF-TO magnitude, but before the distribution is dominated
by background sources. The cuts made were:

e 1271
e 05<g—i
e 1<287—-13x%x(g—1)

2. Morphological cut: since we expect GCs to be compact, we then
studied the distributions of parameters like A_IMAGE (semi-major
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axis), FLUX_RADIUS and FWHM_IMAGE in all filters to filter only
compact objects which already met the photometric conditions
imposed above. The morphological conditions are:

¢ “Quality control” cuts: we require FLUX_MAX> 0 in all filters
to ensure that detections were not spurious or cosmic rays.

¢ As Peng et al. [138], we use the i band as our reference for
morphology. We limit the FWHM_IMAGE to be less than 5 pix-
els in that band. This naturally restricts the FWHM range
in all other filters, ending up with around 90% of objects
with FWHM less than 5 pixels in all other bands. This re-
laxed cut allows for slightly larger objects, like NSCs, to be
included in our analyses.

® FLUX_MAX < 5 counts per second in all filters, to avoid the
handful of stars that we expect in our footprint.

® SPREAD_MODEL > —0.02 in the ¢ and H band. These were
the filters where there were more detections with well-
measured PSF magnitudes, and therefore the PSF was well
measured. The value of —0.02 and not zero allows to slight
variations in the quality of the measured PSF.

After each cut, we looked at the distribution of selected sources in
our uiH diagram to see if they actually populate the GC locus and if
there were strays in other regions of the diagram. We ended up with
a collection of 9165 points grouped in and around the GC locus, with
an average u— i colour of 2.25 mag and an average i — H colour of
0.45 mag. Some objects were far off the GC locus, so we applied a
final colour cut of —0.8 < u—1i < 6 and —0.7 < 1—H < 2. This final
selection is highlighted in image 21.

84 COMPARISON WITH OTHER SELECTION TOOLS

Studies of GCs based in photometric data in the previous decade
have been heavily influenced by the selection tool presented in Peng
et al. [138]. It relies on the high resolution of ACS and in the radial
light profile of GCs to separate them from background sources using
a concentration index C4_1¢, defined as the difference in magnitude
when measured with an aperture of 4 pixels versus 10 pixels in diam-
eter, plus a colour and magnitude cut (see section 2.4 of Peng et al.
for further details). This technique has been reproduced in other GC
studies in Coma [44, 113, 137, 174, 6], albeit with slight variations or
additions. We show in figure 23 how the C4_10 concentration index
compares with our selection tool. 4049 objects are identified as GCs
with this technique, from which 3655 are in our selection. We see that
our objects (blue dots) group prominently around C4_19 = 0.45, the
median value as mentioned in Peng et al. (left panel), and, conversely,
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Figure 23: Comparison of the selection procedure used in this research (blue
dots) and the selection procedure introduced in Peng et al. [135]
(red dots). Left, concentration index versus i band magnitude;
right, uiH diagram.

the objects selected via the compactness method fall into the GC lo-
cus in the uih diagram (right panel). Our data was cut at a deeper
magnitude, i = 27.2 mag, 0.7 mag deeper than the data of Peng et al..
The most blue objects in the GC locus of the uiH plot are precisely
the dimmest, so it’s only natural that objects selected by compactness
are on average redder. Choosing objects more or less concentrated
can account for GCs in different states of relaxation, variable back-
ground (important for NSCs) or more extended objects like UCDs.
The crossmatch between the Peng et al. catalogue and our catalogue
was performed, but due to wildly different footprints, we decided
not to compare these two. Nevertheless, when matched with our full
catalogue of objects, their GCs populated the GC locus in the same
way that is shown in figure 23.

While the concentration index may be useful when having less than
three passbands, using a CC diagram for reference improves the qual-
ity of the selection. There is, of course, the pitfall of having to detect
the object in all three filters simultaneously®. Other issue with this
method is the massive amount of IR flux coming from the galaxies
in our survey, mostly being late-type. The galaxy light removal men-
tioned in section 6.3 helps to overcome this problem, since we saw
that most of the sources were lost when matching due to being unde-
tected as they were drowned in the galaxy flux.

At least three filters. Since there is a good amount of previous literature that uses
g —1i, the g filter has to be added to the mix as well
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Having selected our sample of GCs from the CC diagram and with
the addition of morphological information, it is possible to study the
scaling relations present between the parameters of the GCs and the
environment in which they are found.

9.1 COLOUR AND MAGNITUDE OF GCS
9.1.1 Magnitude distribution of GCs

First, we study the magnitude distribution of our selected GCs. Fig-
ure 24 shows the magnitude distribution from our sample in all avail-
able passbands. We see that the distributions for g, i and H seem to be
mostly well-defined and completed, given that their peak is at mag-
nitudes brighter than the 50% completeness limit, which are shown
as a black dashed line. The only exception is u, being the shallowest
band. For u, i and H the GCLF-TO magnitudes is shown with a solid
red line. For u and H, this was calculated in section 5.3 from local
sources; for i the value of 25.5 mag is taken from Madrid et al. [119].

9.1.2  Colour distribution of GCs

Next, we study the colour distribution of our sample of GCs, which
we show in figure 25. All possible contiguous colour combinations
were plotted. These distributions cannot be described effectively with
a single component model, so we fitted them with a Gaussian mix-
ture model (GMM) with three components. We chose three because
it minimises the Akaike Information Criterion (AIC). To see if these
distributions are physically related, we also show in figures 26, 27
and 28 all the possible CC diagrams of our sample as 2D KDEs. It
can be seen that some of the peaks found using the GMM correlate to
the CC diagram, the most clear being gih space in figure 28. In that fig-
ure, we see that the distribution has its main peak at ~ (0.9,0.3) and
that even with a secondary peak missing, the asymmetry of the distri-
bution towards redder colours (top-right region of the plot) indicates
a secondary population, possibly indicated by the peaks crossing at
~ (1.1,0.4). Such an asymmetry can be seen less prominently in ugi
colour-colour space (figure 26): in this case, the distribution is skewed
from its main peak towards blue u— g, but red g — i (top-left region
of the plot).
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Figure 24: Magnitude distribution of our selected sources. Blue histogram:
distribution; black dashed line: 50% completeness limit; red solid
line: GCLF-TO magnitude.

9.1.3  Colour-magnitude diagram of GCs

The final purely photometric analysis performed was studying the
colour-magnitude diagram (CMD) of our GCs. In figure 29 we show
all possible CMDs constructed with contiguous colours. The sharp
cut-offs in the distributions come from the photometric cut that was
mentioned in the previous chapter.

9.2 SPATIAL DISTRIBUTION
9.2.1  General spatial distribution

Figure 30 shows the spatial distribution density of all our our selected
GCs as a 2D KDE. The distribution mostly centered around NGC 4874
with a secondary peak around NGC 4889. This coincides with what
was found in Peng et al. [138] and Madrid et al. [119]. The dips in the
distribution coincide with the spacing in the IR mosaic of the survey.,
except towards the southeast: there we hit a zone of lower density of
objects, as was also shown in those two papers. In the next section we
see how this distribution varies with colour.
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Figure 25: Colour distribution of selected GCs in the three possible contigu-
ous colours. Data is shown as a histogram (blue bars) and a Gaus-
sian mixture model (orange solid line) with three components
(dashed gray line)
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Figure 26: Colour-colour distribution of selected GCs. u—g vs g —1i are
shown in blue squares and in black 2D-KDE; marginal distribu-
tions are shown along the axes. The peaks of the GMM of fig-
ure 25 are shown as orange dashed lines.
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Figure 27: Colour-colour distribution of selected GCs. u—1i vs i —h are
shown in blue squares and in black 2D-KDE; marginal distribu-
tions are shown along the axes. The peaks of the GMM of fig-
ure 25 are shown as orange dashed lines.

[ April 28, 2021 at 11:09 — classicthesis |



9.2 SPATIAL DISTRIBUTION

154" "

1.0 A

054" .

ih

00d - oo

-0.5 4§

Figure 28: Colour-colour distribution of selected GCs. g —1i vs i —h are
shown in blue squares and in black 2D-KDE; marginal distribu-
tions are shown along the axes. The peaks of the GMM of fig-
ure 25 are shown as orange dashed lines.
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Figure 29: Colour-magnitude diagrams of selected GCs. Left: u—g vs g;
middle: g —1vs g; right: i—H vs i.
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Figure 30: Spatial distribution of selected GCs as a 2D KDE

9.2.2  The blue and red population

From our colour distributions shown above, we can study their sepa-
rate spatial distribution. We test both the Peng et al. and Madrid et al.
approaches: splitting by distance and by colour.

1. When creating the subsets by distance to NGC 4874, as Peng
et al., we split the population of GCs in three: a “galactic” popul-
lation, less than 50 kpc from NGC 4874; a “distant” population
farther than 130 kpc, and the “in between”. At Coma distance,
the scale is roughly half a kpc for each arcsecond: one arcminute
equals 29 kpc. This translates to distances less than 1/724, more
than 4/48, and in between. The g — i colour distribution of these
three subsets is shown in figure 31. The “galactic” and “distant”
populations follow very closely the distributions shown in fig-
ure 8 of Peng et al., with some minor differences: for instance,
the red peak of the inner population is not as obvious, but there
is a skew which indicates that the population exists.

2. When creating the subsets by colour, as Madrid et al., we found
that our distribution does not go as far in the red as their dis-
tribution: their distribution peaks at g—1i ~ 1.5 mag; in our
catalog, only 10% of the sources are redder than that, even con-
sidering our wide colour cut (see figure 22). Sources redder than
that fall into the locus of background, unresolved objects. In the
following chapters we present some scenarios that may cause
this discrepancy. Still, if we trim the distribution to the limits
of Peng et al. (0.5 < g—1 < 1.5) we can see that it’s nicely
fit by two Gaussians with peaks of (g —1i); = 0.85 mag and
(g—1i)2 = 1.17 mag. Figure 32 shows the distribution and the
GMM fit. If we split the population at the intersection of these
Gaussians (g —1 = 1.03 mag, a bit redder than the average of the
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Figure 31: Distribution of the g —1i colour for three subsets of GCs defined
by distance from NGC 4874

peaks) we can study the spatial distribution of our red (5153 ob-
jects) and blue (3131 objects) population, which is shown in fig-
ure 33. We see that the blue component is more extended than
the red population, and there are some overdensities which do
not coincide, most notably around NGC 4906 or in the northern-
most tiles. The main overdensities are truncated: for NGC 4874
by the gap between two IR pointings; for NGC 4889 because of
a slightly rotated archival pointing. In the following chapter we
present some scenarios which could cause this distribution.

9.3 DERIVED PROPERTIES

Having access to synthetic stellar population models allows us to de-
rive properties from our sample of GCs. In this study we use PEGASE-
HR [110], that work over the BASEL 3.1 stellar SEDs [178]. As men-
tioned in the introduction, we redshifted the generated spectra to
the Coma redshift and then obtained the colours. The software and
set of SEDs were chosen over other alternatives due to practicality
and widespread use, but we note that different models may lead to
different results [148]. With these results in hand, we assigned each
datapoint an age and metallicity from this grid using the RMODEL al-
gorithm [33]", which takes into account the errors in magnitude as
provided by SExtractor and propagates them to errors in the derived

1 https://rmodel.readthedocs.io/en/latest/
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Figure 32: Distribution of the g —1i colour for all our GCs in the range
0.5 < g—1i < 1.5. The orange solid line shows a Gaussian mix-
ture model fit with two components, each individually shown in

dashed gray lines.
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Figure 33: Spatial distribution of the two populations of GCs as defined by
g — i colour following figure 32.
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Figure 34: Derived age and metallicity distributions for a subset of GCs
which are inside the limits of the PEGASE models

parameters. With these propagated errors we can see how our val-
ues are affected by errors in photometry before analysing them. The
derived errors are calculating via a Monte Carlo method by obtain-
ing the parameters of datapoints that follow a Gaussian distribution
using the errors in the input. Errors are then given as 1-, 2- and 3-
o values from the median value. We show in figure 34 the derived
age and metallicity distributions of all objects within the limits of
our model grid (5849, or 60.8%) and proceed to dissect them in the
following subsections. Note that this is the first time that ages and
metallicities are derived for globular clusters in Coma.

9.3.1 Age

As mentioned above, the derived parameters are model dependant,
and in particular ages are typically calculated biased towards the
lower part of the available parameter space [148]. For this reason,
we do not assume these ages as being absolutely correct, but rather
relatively correct, meaning that objects with young ages, like one mil-
lion years for some of the objects in our sample, are not necessarily
that young, instead being younger that objects with a derived age of
one billion years. We will refer to the derived ages and metallicites
anyway when describing the distributions.

The age distribution has a sharp rise, a main peak at 200 Myr, and a
slow decline towards old ages with lesser peaks at around 2, 7 & 20
Gyr, the old age limit of our model. This indicates that the majority
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Figure 35: Derived age and metallicity combined distribution, shown as
blue squares and as a 2D KDE. Along the axes are the marginal
distributions, which are identical to the ones shown in figure 34

of the GC population in Coma is relatively young, a fact that may be
supported from the g —1i colour distribution shown above. Note that
the g —1 colour is not explicitly included in our RMODEL calculations.
In the following subsections we study if there is a correlation or not.

9.3.2  Metallicity

For the metallicity we take the same approach of considering rela-
tive metallicities rather than absolute ones, but still will refer to the
obtained values to describe the distribution. The metallicity distribu-
tion seems to be bimodal, conformed by a distribution peaking at
[Fe/H]~ —0.5 dex, the other one peaking at [Fe/H]~ 1.2. The classic
separation of old and metal-poor, and young and metal-rich may be
considered if it shows in a bivariate plot of the data — see below.
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9.3.3 The Age-Metallicity relation

Figure 35 shows the age-metallicity relation for the points in our sam-
ple. There are two main sequences in this plot: the young-age cen-
tered at the metal-rich, young-age peaks described above, and the old-
age, centered at the 2 Gyr age peak and the metal-poor peak. There is
a third, less prominent sequence of the objects of age ~ 2 Gyr. None
of these sequences appears to be the continuation of one another, and
in all the average behaviour is the same: as GCs get older, they also
get more metal-poor. This bifurcated relation was found for MW GCs
by Leaman et al. [111], and from a technical point of view this may
be expected to be found here as well, since the SSP models are based
on MW GCs. From an astronomical point of view, there is evidence
that Coma underwent recent merger activity, between one to two Gyr
ago [29, 96, 95], which may have sprouted both GC stripping from
galaxies or new GC formation (or maybe both). There’s also an inter-
esting population at around 6 Gyr and 0.6 dex, fairly old but quite
metal-rich. Different scenarios are discussed in the next chapter.

9.3.4 Spatial distribution of age and metallicity

Since it was already established that there were trends in colour in
the spatial distribution of our GCs and there were some relations be-
tween colour, age and metallicity, we study now the relation between
these last two and spatial distribution, using both the spatial criterion
by Peng et al. and the colour separation inspired by Madrid et al.:

1. Separate by distance: the three populations and their age-metallicity

distributions are shown in figure 36. There is no major percep-
tible difference in the overall distributions, only a hint that the
old, metal rich population mentioned above is more present in
the distant population.

2. Separate by colour: the blue and red population and their age-
metallicity distributions are shown in figure 37. In this case a
difference can be seen by looking at the marginal distributions:
the old, metal-poor peak is less prominent in the red population,
and conversely more prominent in the blue population, which
follows more closely the overall distribution. Still the majority of
both blue and red GCs fall in the young metal-rich population.
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Figure 36: Derived age-metallicity distribution of the three sub-populations
of GCs separated by distance to NGC 4874.
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Figure 37: Derived age-metallicity distribution of the two sub-populations
of GCs separated by g — i colour.
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ANALYSIS

We proceed to analyse the results shown in the previous chapters

10.1 THE GLOBULAR CLUSTER SYSTEM OF COMA

Our catalogue of 9165 GCs and other CSSs is complete past the GCLF-
TO magnitude in three of our four filters. Only for the shallow u
band the 50% completeness limit is in a magnitude brighter than the
TO magnitude. Therefore, we can confidently say that our analyses
describe well the CSSs population of the central region of Coma, de-
spite having some holes in our distribution due to the IR pointings
and archival mosaic. Most of this population comes in form of IGCs,
which are not bound to individual galaxies but to the cluster itself.
These IGCs are mostly blue, while the GCs associated with galaxies
are redder, in particular those associated with NGC 4874. This galaxy
was key in the analysis of Peng et al. [138], due to it being in the Coma
Legacy Survey footprint. Archival data for NGC 4889 was later added,
so it could be added to the analysis of Madrid et al. [119] or what is be-
ing presented here. Thanks to our extended spectral coverage towards
the near-UV and near-IR, we can use an improved selection tool in
the form of a colour-colour diagram and derive age and metallicity
from models with the lowest amount of uncertainty and degeneracy
possible. We found that these IGCs follow a bimodal age-metallicity
relation, with most of them being relatively young and metal-rich.
From what can be seen in figure 37, a single colour does not correlate
with metallicity in this case: it could be expected that the two colour
populations correspond to the two age-metallicity populations, but
the relation is more complex than that. In fact, the blue population
does not correspond to neither the young, metal-rich population (ex-
pected because they are young) nor the old, metal-poor population
(expected because they are metal-poor), only showing that the old,
metal-poor population is more prominent in the blue GCs than in the
red GCs. Perhaps if we had the extremely red GCs of Madrid et al.
we could have a more noticeable bimodality, but in our case due to
the addition of the u band we are unable to detect such red objects.

10.2 STAR FORMATION HISTORY IN COMA
Having such a high number of young, metal-poor GCs in our sample

roaming in the gravitational potential of the cluster is an indicator
that there was a recent event that triggered the formation of a mas-

77
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sive GC population. It has been proposed that Coma is a post-merger
cluster [29, 95, 45] on photometric and dynamical bases. Burns et al.
[29] mention that the NGC 4839 group, currently towards the south-
east of Coma, has passed through Coma ~ 2 Gyr ago, while Jiménez-
Teja et al. [95] indicate a merger less than 1.2 Gyr ago. This coincides
with their intra-cluster light (ICL) large contribution of late A and
early F stars, which they claim were stripped from infalling galaxies
or disrupted dwarfs, although this later scenario is dismissed by Peng
et al. [138]. Taking into account the evidence for a recent merger, it
is tempting to propose the idea that most of these IGCs were formed
during the merger from the free gas in the cluster and in the NGC
4839 group. Both the cluster and the group may have been rich with
hot gas when they were merging, and the ram pressure formed GCs
around galaxies (see Lee et al. [112] for Virgo and Roberts and Parker
[155] for Coma), the star formation got quenched quickly, and then
these cluster were stripped. Note that no assumption is being made
on when these clusters were formed since, as discussed in the pre-
vious chapter, these ages have to be taken as relative ages instead
of absolute, and same with metallicities. Unfortunately for this sce-
nario, recent observations prove this idea wrong: the ICL stellar pop-
ulations show ages older than 6.7 Gyr and more metal poor than
[Fe/H] = —0.6 [82], supporting the idea that the material forming the
ICL (stars and IGCs) comes from disruption of small galaxies or tidal
stripping of large galaxies.

10.3 COLOUR-METALLICITY RELATIONS

It is widely assumed that, regarding GCs, colour can be used as a
proxy for metallicity: bluer colour indicates lower metallicity for a
given age. Therefore, this relation is used mainly for old GCs. We
do not find such a relation for our GCs: two colours are needed are
needed to fully grasp the degeneracy of the age-metallicity relation
and the extension of colors to the near-UV and near-IT to maximally
reduce it. Further analysing the data neither shows that the opposite
is true: selecting GCs by derived age or derived metallicity shows no
significant differences in the distribution of the colour of GCs. Cer-
tainly this may be caused by a systematic error introduced by the
models and in the deriving of the parameters, so one of the things to
keep in mind in the future is to test different models to see if similar
results can be recovered. Nevertheless, all of those models have been
created and calibrated around MW GCs and will all show the same
pitfalls that were exposed in Powalka et al. [148].
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Figure 39: Comparison of the ugi CC distribution for the subsets defined
above. The approximate peaks of the 2D distribution are shown
as light blue lines

10.4 COLOUR-COLOUR RELATIONS AS A FUNCTION OF ENVIRON-
MENT

In Powalka et al. [147] it was shown that CC relations for GCs in
Virgo are slightly different when selecting GCs from different envi-
ronments: near M8y, in a ring around the galaxy, far from the galaxy,
and around some minor galaxies. Their results show that for the GCs
nearest to galaxies, the CC relation is tight, while being more disperse
farther from the galaxies. They also have bluer colours for distant
GCs, as as presented here. This similarity motivated the execution of
an analogous analysis, considering the GCs in the immediate vicinity
of NGC 4889, NGC 4874, and all of the other clusters. We show in fig-
ure 38 the compared distribution of the ugi colours for GCs within a
distance of 80 kpc (78”7 arcsec) of NGC 4889, NGC 4874, and clusters
outside of this radius. The individual distributions are shown in fig-
ure 39. There is a noticeable offset in this CC relation for GCs in this
dense environment, affecting its shape and peak. We find the same
overall trends: a well-defined CC relation for clusters in the bottom
of the potential well, which get fuzzier and bluer once we move out-
wards. This behaviour is observed when using visible bands g and
i, but is not evident if we use the uiH CC plane instead of ugi (fig-
ure 40), something also noted by Powalka et al.: otherwise, the CC
selection tool won’t be useful, and in particular for their case, given
that the GC locus is more tightly defined in a #iK diagram. We have
seen that there are no major trends of derived age or metallicity with
colour or spatial distribution, so the same conclusion is drawn: there
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Figure 40: Same as figure 40, but for uih CC space.

is something fundamentally different in the chemical abundances of
these clusters which is given by their environment. In the case of
Coma, since IGCs were stripped from galaxies, its differences in the
formation processes of the parent haloes of these galaxies as com-
pared to process of chemical enrichment of the host galaxies. Since
we are speaking about some of the largest galaxies in the nearby Uni-
verse, their star formation history started very early, has been violent
and chaotic and could have led to skewed chemical distributions as
compared to the surrounding gas. In the dark matter haloes in which,
say, NGC 4889 was going to form, there was a large amount of gas
infalling. This gas formed supergiant stars that exploded as Type II
Supernova very quickly, enriching the environment before the cen-
tral super-massive black hole turned on the AGN mechanism. When
turned on, feedback may have caused a single burst of star and GC
formation, after blowing the remaining available gas. Other GCs later
accreted, which would become IGCs, were formed in less dense en-
vironments, so their enrichment process was different. Future spec-
trographs on large next-generation telescopes, such as ELT, TMT and
GMT, will be able to directly measure the chemical abundance pat-
terns of these GCs and illuminate this discussion and advance our
understanding of the formation of these supposedly first GC genera-
tion in the Universe.

10.5 THE SELECTION TOOL

The uiH CC plane proved powerful to aid in the selection process
of GC candidates, given that there was too much degeneracy be-
tween the GC locus, the cluster members and the background galax-
ies. Given that we manually input a series of conditions on what
we expect from GCs, what we ended up performing was a brute-
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force unsupervised learning algorithm with many dimensions. One
improvement that can be tested is creating a “modified” uiH plane
that includes some morphological parameter over the color axis, like
the one implemented in Powalka et al. [146]. Such an improvement
would allow to select GCs using an unsupervised algorithm with few
dimensions, using some colour cuts, or it may even allow to do a free-
hand selection of GCs as cleanly as possible.

It was shown in figure 21 that our selection tool also can select UCDs
and, in fact, objects brighter than g = 23.5 mag may as well be all
UCDs as per the middle panel of figure 29. But the uiH diagram
alone may not be useful to detect NSCs, at least the ones in bright
galaxies, due to SExtractor limitations: the software cannot dissect
the components of an object and it will detect the whole galaxy as
the object. We wanted to put this to the test and try a workaround.
We matched the NSC catalogue from den Brok et al. [54] with our
data. Their catalogue was built using visual inspection and fitting the
galaxies to remove the galaxy light, leaving only the central object.
From their catalogue of 198 objects in the Coma Legacy Survey, we
match 28 in our data. Since SExtractor cannot identify the NSCs as
an independent object from the host galaxy, it’s no use to plot these
matches in a uiH plot, because they do not populate the GC locus,
even when using MAG_POINTSOURCE". Instead, we used the parameter
FLUX_MAX as a “zero-pixel” aperture and constructed the uiH plot
with these magnitudes. The resulting plot is shown in figure 41. The
NSCs share the GC locus with our selected objects, but on average
occupy the reddest part of the locus, in both colours. This may well
be the consequence of being immersed in the light of the host galaxy,
most likely an early-type galaxy, so the NSC colour would be biased
towards the red. This aspect requires a dedicated morphological de-
composition analysis for all cluster galaxies and is beyond the scope
of this work.

10.6 THE GLOBULAR CLUSTER LUMINOSITY FUNCTION

From figure 24 we see that our GC selection is mostly complete in
visible and infrared magnitudes, while the u band distribution hits
a peak right at the 50% completeness limit. The magnitude distribu-
tion for the other filters can be fitted with a Gaussian to obtain the
parameters of the GCLF, given that those functions follow a Gaussian
shape (an empirical result instead of a physical one, as recounted
by Richtler [154], Rejkuba [152]). The GCLF is obtained by fitting the
distribution with a KDE using a Gaussian kernel, which is then re-

-

An altenative is to use proper aperture magnitudes with a small aperture and a well
defined annulus for background subtraction, but sequences in the uiH plot become
more messy with the use of those magnitudes

2 Actually, one pixel
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Figure 41: Modified uiH plot with “zero-pixel” apertures. Included are the
GCs selected for this work and the matched NSCs of den Brok
et al.

flected around the highest point. The distribution and fits are pre-
sented in figure 42. In the legend, the u values of the Gaussian dis-
tributions are presented, which can in turn be taken as the GCLF-
TO, although with some precautions: note that the 50% completeness
limit is only 0.6 mag deeper than p for the g band, and the dropoff in
completeness is quite steep, from 80% to 0 in a range of around 1.5
mag, or —53.3% mag*1 . Therefore, the actual distribution may peak
at a lower brightness level since there may be a percentage of GCs
slightly dimmer than the peak magnitude which we are not automat-
ically detecting. This means that the value of pg = 27.27 mag is only
a lower limit for the GCLF-TO in the g band, but it should not be
more than 0.3 mag dimmer, similar to our random error. For the case
of the H band, we have a much more flat gradient of completeness-
magnitude in the magnitude range spanned by the GCs, at about
—3% mag*1 up to H = 26 mag, but then dropping off, reaching
—24% magq. This means again that the value of uy = 25.76 is a
lower limit, but the actual value should not be more than 0.3 mag
dimmer, again in well agreement with our 1 — o random errors. The
cited previous value of 25.24 mag was calculated in section 5.3 fol-
lowing the GCLF of confirmed members of the GC system of An-
dromeda [176]. The Andromeda GC system shows internal variations
in their GCLF, which Barmby et al. [14] argue can be caused by age,
metallicity or IMF; these same parameters can cause the difference
in the measured values. By far the most complete is the i band, with
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Figure 42: Magnitude distribution and fitted Gaussian for the g, i and H
bands. The distributions are shown as a light blue histogram and
as a KDE with a Gaussian filter with a gray dashed curve; the
solid gray curve shows the reflected KDE. As in figure 24 pre-
vious values of the GCLF-TO are shown as a red line and 50%
completeness limit are shown as a black dashed straight line.

almost a magnitude and a half between the peak of the distribution
and the 50% completeness. There is a sharp cut on the distribution
only half a magnitude past the TO point, but said turnover is not
a consequence of the magnitude cut: the cut was introduced in sec-
tion 8.3 as part of our photometric cuts to select GCs and there was
already a dip in the amount of points, barely evident in figure 22.
In fact, this decrement was our motivation to place the magnitude
cut at that value. At i = 26.5 mag, our data is complete at around
85% with a very slow decline, so that any change in the distribution
due to completeness will fall well within the errors. Comparing this
with previous values proved hard since many studies are based in
Johnson V photometry but, despite being unable to parameterise the
GCLEF, Madrid et al. [119] say that their peak in i = 25.5 mag is a mag-
nitude brighter than the GCLF calculated around bright early-type
galaxies in Coma [100, 86], consistent with our calculated value.

10.7 CALCULATING THE AMOUNT OF GCS IN OUR SURVEY

Using the i band GCLF as it is the most complete, we attempt to cal-
culate the amount of GCs in our survey footprint. Besides taking into
account the shape of the GCLF, the smaller size of the IR channel of
WEFC3 with respect to the UVIS channel has to be taken into account,
as the completeness for point sources. We will address these effects
one by one, considering that our starting number of GCs is 9165.

1. IR footprint: we study how many more objects we would find
if the WFC3/IR channel FOV were as big as the UVIS chan-
nel. The UVIS channel is 57% larger than the IR channel so,
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10.8 SURFACE DENSITY OF GCS

assuming that in large enough scales the GC distribution is ho-
mogeneous, we would have 14389 GCs in total in our footprint.
The assumption of homogeneity is imprecise given that there is
a higher concentration of GCs around the cD galaxies, which
fall squarely in the gaps of the IR pattern. In the overall picture
this would average with the lower densities far from the center
of the cluster. There is also a gap left by the archival data just
north-west of NGC 4889, but is small compared with the total
difference between the IR and UVIS mosaics.

2. Completeness of point sources: we study how the number of
GCs changes when taking into account the efficiency of our au-
tomatic detection procedure. For the magnitude range of our
selected GCs (22 < i < 27) the completeness level maintains an
almost constant value of 85%, so dividing out previous number
of 14389 GCs by 0.85 we get 16928 GCs in the footprint of our
survey. This completeness value may vary a few percent if we
take it as a function of spatial distribution, but as we saw, in
the 7 band there is not much variation of the completeness in
the tiles of different average surface brightness, as was the case
with the H band.

3. GCLF: we study how many more clusters are present in the
cluster but are too dim and they were either left out because
of our photometric cuts or were not detected by SExtractor. We
use the i band GCLF with their 1 — o errors and a total of 16928
clusters up to i = 27.1. Two million random values are drawn
from the normal distributions of ug and o4 shown in figure 42
to calculate the total amount of GCs present in the core region
of the Coma cluster. The final number of clusters is 19958:}220
clusters, with a random error propagated from the errors in the
fit of the GCLF

For comparison, Madrid et al. [119] report 22426 GC candidates, a
number barely off our error, but with a footprint that is 69% larger
than ours (25 ACS/WEC tiles versus 23 WFC3/UVIS tiles). They
don’t account for any errors or uncertainties like completeness of
GCLE, just giving a brief mention about them.

10.8 SURFACE DENSITY OF GCS

Direct comparison of total number of GCs with Peng et al. [138] is
harder due to a more different footprint and spatial coverage, so in-
stead the surface densities as measured from NGC 4874 are compared.
We show our calculated surface density in figure 43. We took annuli
of logarithmically increasing distance from NGC 4874 and calculated
the density of GCs inside said annuli using the corrected number of
GCs obtained in the previous section. Compared to figure 5 of Peng
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Figure 43: Surface density of GCs as a function of distance to NGC 4874.
The number of GCs has been corrected for the effects mentioned
in section 10.7

et al.,, they obtain a higher density in all regions. We propose that
this difference arise in the efficiency in which their method is not
biased towards selecting red clusters as compared to ours, which in-
cludes the u band. As the blue population is much more prominent
for IGCs, we are undersampling such population with our selection
method. The same overall behaviour is seen if instead of choosing
NGC 4874 as the center of the GC system, NGC 4889 is chosen.
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CONCLUSIONS

11.1 THE SURVEY

We present the Coma Cluster Core PrOyect, or C3PO for short, in
which we have tiled the inner ~ 150 square arcminutes of the nearby
Coma Cluster of galaxies. We used both the UVIS and the IR channels
of WFC3 mounted in HST, to perform deep observations of the high-
est possible spatial resolution with virtually no sky contamination.
We extend the previous optical coverage obtained by Co8 and other
HST programs with the same spatial resolution and similar depth
by Blakeslee and Chiboucas, to the near-UV with u33¢ observations,
and to the near-IR with Hjgo data, to improve object classification,
characterisation of stellar populations of different aggregations, trace
star formation regions, among other science objectives. These objec-
tives will be achieved thanks to the depth obtained with our program,
available to get up to the GCLF-TO at 50% completeness limits, and
combining our depth with our spatial resolution and spectral cover-
age, while adding the previous data, we can perform a tomography
of objects in the line of sight of the Coma Cluster Core, and study the
history of mass assembly of baryonic structures in the cluster.

11.2 THE SELECTION METHOD

We test the uiH CC diagram to select GCs and separate them from
foreground stars and background unresolved galaxies. The diagram
alone proves not fruitful, but we use it as a guide to have a clean,
non-magnitude dependant selection of GCs down to the 50% com-
pleteness limit of our data and to the GCLF-TO magnitude of the GC
system. We show that this diagram may be used to select UCDs and
NSCs as well.

11.3 THE RESULTS

We select more than 9gooo GCs from our data, from which we estimate
age and metallicity using SSP models. Two populations can be identi-
fied: a young, metal-rich, and an old, metal-poor. From our estimates,
there is no clear colour-age-metallicity relation; instead, the derived
quantities come from the inclusion of the two bands outside of the
visible spectrum. We recover the results previously found by Peng
et al. [138] of a IGC population mostly blue, located around NGC
4874. We do not recover the relative amounts of blue and red IGCs

89
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presented in Madrid et al. [119] due to our GC colours not being as
red as theirs. This may be a selection effect due to the inclusion of
the u band which is our limiting magnitude. The GCs follow also
the CC-environment relation found by Powalka et al. [147] for Virgo
GCs, hinting at a different star formation history and chemical enrich-
ment history for different environments. From our selection of GCs
we are able to calculate conservative lower limits for the GCLFT-TO
in g and H, and confidently calculate the GCLE-TO for the i band. We
calculate the total number of GC candidates in our data to be just
below 20000 taking into account gaps in our footprint, completeness
and GCLEFE. These numbers are compared with absolute numbers and
surface densities from previous works.
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