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ABSTRACT

In our HST photometric survey, we have been searching for multiple stellar populations
(MPs) in Magellanic Clouds (MCs) massive star clusters which span a significant range
of ages (~ 1.5 =11 Gyr). In the previous papers of the series, we have shown that the
age of the cluster represents one of the key factors in shaping the origin of the chemical
anomalies. Here we present the analysis of four additional clusters in the MCs, namely
Lindsay 38, Lindsay 113, NGC 2121 and NGC 2155, for which we recently obtained
new UV HST observations. These clusters are more massive than ~ 10* M and have
ages between ~ 2.5—-6 Gyr, i.e. located in a previously unexplored region of the cluster
age/mass diagram. We found chemical anomalies, in the form of N spreads, in three
out of four clusters in the sample, namely in NGC 2121, NGC 2155 and Lindsay 113.
By combining data from our survey and HST photometry for 3 additional clusters in
the Milky Way (namely 47 Tuc, M15 and NGC 2419), we show that the extent of the
MPs in the form of N spread is a strong function of age, with older clusters having
larger N spreads with respect to the younger ones. Hence, we confirm that cluster age
plays a significant role in the onset of MPs.
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1 INTRODUCTION formation and observed properties of MPs, however their
origin is still unclear and strongly debated in the literature
(e.g., Renzini et al. 2015, Bastian & Lardo 2018).

Until a few years ago, these chemical variations had only
been found in massive clusters older than ~10 Gyr. Regard-
less of environment, MPs have been discovered in almost
all ancient clusters surveyed in the Milky Way (MW, Grat-
* Hubble Fellow. ton et al. 2012), Magellanic Clouds (MCs, Mucciarelli et al.

It is now well established that globular clusters (GCs) host
star-to-star light element abundance variations, which are
typically referred to as multiple populations (MPs). Several
scenarios have been proposed over the years to explain the
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Table 1. Log of the HST observations used in this paper.

Cluster Name GO Camera Filter N X exp. time P.I
NGC 2121 15062 WFC3/UVIS F336W  2x715s, 270 s N. Bastian
15062 WFC3/UVIS F343N  2x1060 s, 540 s N. Bastian
15062 WFC3/UVIS F438W  2x550 s, 120 s N. Bastian
8141 WFPC2 F555W 4x400 s R. Rich
8141 WFPC2 F814W 4x400 s R. Rich
NGC 2155 15062 WFC3/UVIS F336W  2x705 s, 250 s N. Bastian
15062 WFC3/UVIS F343N  2x1060s, 530 s N. Bastian
15062 WFC3/UVIS F438W  2x545s, 120 s N. Bastian
5475 WEFEFPC2 F450W 230 s M. Shara
5475 WFPC2 F555W 120 s M. Shara
Lindsay 38 15062 WFC3/UVIS F336W  2x710 s, 268 s N. Bastian
15062 WFC3/UVIS F343N  2x1057 s, 515 s N. Bastian
15062 WFC3/UVIS F438W  2x538s, 123 s N. Bastian
10396 ACS/WEFC F555W  4x485 s, 2x20 s  J. Gallagher
10396 ACS/WFC F814W  4x463 s, 2x10s J. Gallagher
Lindsay 113 15062 WFC3/UVIS F336W 2X720 s, 274 s N. Bastian
15062 WFC3/UVIS F343N  2x1065 s, 530 s N. Bastian
15062 WFC3/UVIS F438W  2x545s, 128 s N. Bastian
9891 ACS/WFC F555W 480 s G. Gilmore
9891 ACS/WEFC F814W 290 s G. Gilmore

2009; Dalessandro et al. 2016; Niederhofer et al. 2017a; Gilli-
gan et al. 2019), Fornax Dwarf Galaxy (Larsen et al. 2014)
and the Sagittarius dwarf galaxy (e.g. M54, Carretta et al.
2010). The absence of light-element variations was suggested
in a handful of massive and old Galactic GCs (e.g., Walker
et al. 2011; Villanova et al. 2013). However, recent detailed
studies have demonstrated that MPs are indeed present also
in these systems (see for example the cases of IC 4499 and
Rup 106; Dalessandro et al. 2018; Dotter et al. 2018).

We are conducting a joint Hubble Space Telescope
(HST) and Very Large Telescope (VLT) survey with the
goal of pinpointing the main physical mechanisms at the
basis of MP formation. We targeted star clusters which are
as massive as old GCs (> a few times 10* Mg), but span a
wide range of ages (from ~ 1.5 up to 11 Gyr). In total we
targeted nine star clusters in the MCs in our HST photo-
metric survey while four clusters were targeted in our VLT
spectroscopic survey, with two targets in common between
the surveys.

We find that, together with mass (Carretta et al. 2010;
Bragaglia et al. 2012; Schiavon et al. 2013; Milone et al.
2017), cluster age plays a key role in defining the onset and
properties of chemical anomalies. In fact, we detect (within
our photometric errors) MPs only in clusters older than ~ 2
Gyr, with NGC 1978 (Martocchia et al. 2018) and Hodge 6
(Hollyhead et al. 2019) being the youngest systems where
chemical variations have been detected to date.

We stress we refer here to clusters with light-element
star-to-star variations. While the colour-magnitude dia-
grams (CMDs) of young clusters (< 2 Gyr) show multi-
ple and extended main sequences (extended main sequence
turnoffs, eMSTOs, e.g. Mackey et al. 2008; Milone et al.
2009; Bastian et al. 2016) which are often referred to as
“multiple populations”, it appears that the two phenomena
are not directly related (e.g., Mucciarelli et al. 2014; Mar-
tocchia et al. 2017, 2018). Instead, the observed complexities
in the younger clusters are most likely caused by changes in
the stellar structure of stars, caused by, for example, stel-

lar rotation (e.g., Bastian & de Mink 2009; D’Antona et al.
2015; Milone et al. 2018; Kamann et al. 2018; Bastian et al.
2018).

So far, our initial sample had a gap between 2 and 6 Gyr
and it also focussed on clusters with mass > 10°Mg. In the
current paper, we present a photometric study and search
for MPs in four additional clusters in the MCs, namely NGC
2121, NGC 2155, Lindsay 38 and Lindsay 113, for which we
recently obtained new HST UV observations. These clusters
were chosen to sample the parameter space missed in our
previous observations: they have ages between ~2.5 and ~6
Gyr and masses M < 10° Mg. We constrained the pres-
ence and amplitude of N abundance variations by analysing
their RGB widths, consistently with what was done in Mar-
tocchia et al. (2018). Results are compared with what was
obtained for the other clusters of the survey (Niederhofer
et al. 2017a,b; Martocchia et al. 2017, 2018, hereafter Pa-
pers I, I, 111, IV) and for Galactic GCs (namely 47 Tuc,
M15 and NGC 2419).

This paper is organised as follows: in §2 we describe the
photometric reduction procedures, while we report on the
analysis used to quantify the detection of MPs in §3. In §4
we present the main results of the paper and we compare
all the clusters in our HST survey. We finally discuss and
conclude in §5.

2 OBSERVATIONS AND DATA REDUCTION

The observations of the four clusters analysed in this paper
are from the Hubble Space Telescope (HST) and they con-
sist in both proprietary and archival data. All clusters were
observed through proposal GO-15062 (PI: N. Bastian) with
the WFC3/UVIS camera in the F336W, F343N and F438W
filters. These observations were then complemented with dif-
ferent archival data. In particular, for NGC 2121, we used
archival WFPC2 observations from the program GO-8141
(P.I. R. Rich), taken with the F555W and F814W filters.

MNRAS 000, 1-12 (2019)



For NGC 2155, we also used archival WFPC2 observations
in the F450W and F555W filters, program ID GO-5475 (P.I.
M. Shara). We complemented the observations for Lindsay
38 with archival ACS data in F555W and F814W filters (pro-
gram ID GO-10396, P.I. J. Gallagher) and for Lindsay 113
we also used F555W and F814W filters of the ACS instru-
ment obtained in the program GO-9891, P.I. G. Gilmore).
Table 1 provides information about the HST observations
used in this paper.

The images have been processed, flat-field corrected,
and bias-subtracted by using standard HST pipelines (flc
images for WFC3/ACS and c0f images for WFPC2). Pixel-
area effects have been corrected by applying the Pixel Area
Maps images to each WFC3/ACS image. We also corrected
all images for cosmic rays contamination by using the L.A.
Cosmic algorithm (van Dokkum 2001).

The photometric analysis has been performed follow-
ing the same strategy as in Dalessandro et al. (2014, 2018).
Briefly, we used DAOPHOTIV (Stetson 1987) independently
on each camera and each chip. We selected several hundreds
of bright and isolated stars in order to model the point-
spread function (PSF). All available analytic functions were
considered for the PSF fitting (Gauss, Moffat, Lorentz and
Penny functions), leaving the PSF free to spatially vary
to the first-order. In each image, we then fit all the star-
like sources detected at 30 from the local background with
the best-fit PSF model by using ALLSTAR. We then cre-
ated a master catalogue composed of stars detected in (n/2
+1) images for each cluster!. At the corresponding posi-
tions of stars in this final master-list, a fit was forced with
DAOPHOT/ALLFRAME (Stetson 1994) in each frame. For
each star thus recovered, multiple magnitude estimates ob-
tained in each chip were homogenised by using DAOMATCH
and DAOMASTER, and their weighted mean and standard
deviation were finally adopted as star magnitude and pho-
tometric error. The final result consists in a catalogue for
each camera?.

Instrumental magnitudes have been converted to the
VEGAMAG photometric system by using the prescriptions
and zero-points reported on the dedicated HST web—pages3.
Instrumental coordinates were reported on the absolute im-
age World Coordinate System by using CataXcorr*. The
WEFC3 catalogue was combined with the ACS (or WFPC2)
by using the same CataXcorr and CataComb.

Regarding the galactic GCs, the catalogue for NGC
2419 is from Larsen et al. (2019) which comprises WFC3 ob-
servations for F438W, F555W and F814W from GO-11903
(P.I. J. Kalirai) and UV data in the F336W and F343N
bands from GO-15078 (P.I. S. Larsen). Data for M15 in
the F343N and F438W bands are from GO-13295 (P.I. S.

I Where the number of exposures in the same filter is equal to
three, we used stars detected in 2 images to create the catalogues.
2 As an additional check we repeated the photometric analysis
by using a third-order spatial variation for the PSF. However, we
decided to perform the analysis on the catalogue where the PSF
was left free to spatially vary to the first-order. No significant
changes were detected between the two catalogues.

3 see http://www.stsci.edu/hst/wfc3/phot_zp_lbn and http:
//wwu.stsci.edu/hst/acs/analysis/zeropoints

4 Part of a package of astronomical softwares (CataPack) devel-
oped by P. Montegriffo at INAF-OABo.
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NGC 2121 decontaminated

17 R
18-

19+

Messsw [Mag]
N
)
|

N
=
|

22

23

24

— — T = T
0.0 0.5 1.0 1.50.0 0.5 1.0 1.5
Messsw — Meg1aw [Mag] Messsw — Meg1aw [Mag]

Figure 1. ME555W — ME814W VS. ME555W CMD of NGC 2121 before
(left panel) and after (right panel) the field star subtraction.

Larsen), which were cross-matched with the catalogue from
the HUGS (HST UV Globular clusters Survey, Piotto et al.
2015; Nardiello et al. 2018) comprising observations in the
F336W and F814W bands. HST F343N and F438W/WFC3
observations for 47 Tuc are from GO-14069 (P.I. N. Bastian),
while F336W data are from GO-11729 (P.I. J. Holtzman).
The optical filters F555W and F814W are from ACS GO-
9443 (P.I. I. King). These data, along with their analysis
and comparison with the current dataset as well as with
the HST UV Legacy Survey, will be discussed in detail in
Cabrera-Ziri et al. (in preparation).

2.1 Artificial Star Tests

We performed artificial star (AS) experiments for each clus-
ter following the method described in Dalessandro et al.
(2015) (see also Bellazzini et al. 2002; Dalessandro et al.
2016) to derive a reliable estimate of the photometric er-
rors.

We generated a catalog of simulated stars with an in-
put magnitude extracted from a luminosity function (LF)
modeled to reproduce the observed LF in that band and
extrapolated beyond the observed limiting magnitude. We
then assigned an input magnitude for each filter involved
to each star, extracting it from the luminosity function, by
means of an interpolation along the ridge mean lines that
were obtained in different CMDs by averaging over 0.4 mag
bins and applying a 20 clipping algorithm.

Artificial stars were added to real images (which include
also real stars) by using the software DAOPHOTII/ADDSTAR
(Stetson 1987). Then, the photometric analysis was per-
formed using the same reduction strategy and PSF models
used for real images (see above for details) on both real and
simulated stars. In this way, the effect of radial variation
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NGC 2121 decontaminated
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Figure 2. mp3zew — mpazsw vs. mpgzgw CMDs of NGC 2121 (left panels) and NGC 2155 (right panels) before and after the field star

subtraction.

of crowding on both completeness and photometric errors
is accounted for. Artificial crowding was minimized by plac-
ing stars into the images following a regular grid composed
by 15 x 15 pixel cells in which only one artificial star for
each run was allowed to lie at a random position within the
cell. For each run, we simulated in this way ~ 14,000 stars.
After a large number of experiments, stars are uniformly
distributed in coordinates. The procedure was repeated un-
til a minimum number of 50,000 artificial stars was added
to each ACS/WFC3/WFPC2 chip.

3 ANALYSIS

For NGC 2121, NGC 2155 and Lindsay 113, the analysis
presented in this paper was performed in a circular region
around the cluster centre (the “cluster region”). Stars were
selected within a radius of 40 arcsec from the centre of NGC
2121 and NGC 2155 and within a radius of 45 arcsec from
the centre of Lindsay 113%. The centre of each cluster was es-
timated by fitting a two-dimensional Gaussian to the distri-
bution of the stellar density. For NGC 2121 and NGC 2155,
we performed a statistical decontamination analysis to use
likely cluster members. The background subtraction tech-
nique was extensively discussed in our previous papers, thus
we refer the interested reader to Paper I to IV for more de-
tails. Figure 1 shows the mpgsssw —mggi4w vs. mpss5w CMD of
NGC 2121 before (left panel) and after (right panel) the field
star subtraction, while Fig. 2 reports the mp33ew —mp43gw vs.
mgg3sw CMDs of NGC 2121 and NGC 2155 before and after
the decontamination.

5 The radii of the clusters were selected to maximise the areas
of the background and cluster regions at the same time, avoiding
overlap between the two.

Field stars were not subtracted in Lindsay 38 and Lind-
say 113 since it was not possible to define a background re-
gion that is extended enough. Figure 3 shows the RA vs. Dec
map for Lindsay 38 (top) and Lindsay 113 (bottom), where
the FOV covered by the ACS(WFC3) camera is indicated in
grey(red). A first look reveals that the mpsssw — mpgiaw vs.
mpsssw CMDs of Lindsay 38 and Lindsay 113 are rather
clean from field stars contamination (see Fig. 4). In the cur-
rent analysis, we considered all the stars in common between
the ACS and WFC3 catalogue for Lindsay 38.

We note that, for NGC 2155, the WFPC2 catalogue was
only used to give an estimate of the age of the cluster (see
§3.1). The optical images (F450W and F555W/WFPC2)
only have one exposure per filter (Table 1) and we found
that the addition of these filters to the catalogue was not
useful, instead it only added noise.

We also corrected our photometric catalogues for dif-
ferential reddening by using the same method reported in
Milone et al. (2012) and Dalessandro et al. (2018). We found
that our clusters are not significantly affected by differential
reddening, with a maximum §E(B — V) of ~0.003 mag for
Lindsay 38 and ~0.005 mag for Lindsay 113 and NGC 2121.

As in our previous analysis (Papers I to IV), we
first selected bona-fidle RGB stars in the mpsssw —
mgg1aw VS mpgiaw CMD and then in the mpq3gw — mpgiaw vs
mpgi1aw CMD, except for NGC 2155 where RGB stars were
selected in the mp336w — mpa3gw vs mpgzgw CMD. Stars were
selected between the base of the lower RGB (~ 0.5 magni-
tude above the main sequence turnoff) and the RGB bump,
to avoid contamination by SGB or AGB stars. Figure 4
shows the mgss5w — mpgiaw vs mpgiaw CMDs of NGC 2121,
Lindsay 113 and Lindsay 38, and the mp33ew — mpa3gw vs.
mgg3gw CMD for NGC 2155. Black filled circles indicate the
final selected RGB stars.

We used the pseudo-colour Cgz3ew,F438W,F343N to look

MNRAS 000, 1-12 (2019)
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Figure 3. ACS(grey) and WFC3(red) map for Lindsay 38 (top)
and Lindsay 113 (bottom) FOV.

for a broadening in the RGB, and to make a ho-
mogeneous comparison with the other clusters in our
sample (see Papers I to IV). This colour is defined
as CF336W,F438W,F343N :(F336W—F438W)—(F438W—F343N)
and it has already been proven to be very effective at sep-
arating populations with different N abundances (see Pa-
pers I and II). Figure 5 shows the Cg33ew,F438W,.F343N VS.
mpg3gw CMDs for all the clusters analysed in this paper,
where black filled circles represent the final selected RGB
stars in each panel. At a first look, the UV CMDs reveal
no clear evidence for splits in the RGB and the RGB looks
quite narrow in all cases, except for NGC 2121. To quantify
the broadening of the RGB, we took advantage of the AS
experiments (§2.1).

We selected RGB stars in the CF336W,F438W,F343N VS.
mpq3gw CMDs of the simulated AS catalogues in the same
range of magnitude and colours as for the selected observed
RGB stars. We then used fiducial lines to verticalise the

MNRAS 000, 1-12 (2019)
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RGB and obtain A(colours) for both observed and simulated
catalogues. Figure 6 shows the A(Cr336w,Fa3sw,F343N ) distri-
butions for observed (black) and simulated (pink) RGB stars
for the clusters analysed in this paper. We also calculated
the standard deviations of each distribution and these are
also superimposed in each panel of Fig. 6. Errors on stan-
dard deviations of the observed distributions were calculated
with a bootstrap technique based on 5,000 realizations.

In all clusters, except for Lindsay 38, a significant broad-
ening in the observed distributions is present when compar-
ing them to the simulated distributions. The observed stan-
dard deviations are at least twice as large as the standard
deviations of the simulated single stellar population from the
AS tests (see os reported in Fig. 6).

The case of Lindsay 38 is dominated by poor statistics,
as the RGB is composed by ~20 stars. By looking at Fig. 6,
there are no signs of evident broadening in the RGB of Lind-
say 38. The standard deviation of the observed distribution
is comparable with what we expect from the simulated AS
distribution, within the errors.

Hence, the fact that the distributions of NGC 2121,
NGC 2155 and Lindsay 113 are broader than what is ex-
pected from a single stellar population, suggests that N vari-
ations are present in the RGB stars of such clusters. Based
on the current dataset and error estimation, no N varia-
tions are instead found in Lindsay 38. A comparison with
the other clusters in our HST survey will be made in the
next Section (§4).

We then fit the discrete A(CF336W,F438W,F343N) data
with Gaussian Mixture Models (GMM) to identify the pres-
ence of multiple Gaussian components in the colour distribu-
tion. We thus derived the probability that a bimodal distri-
bution is rejected for each cluster. Within our observational
uncertainties, we find p-values larger than 25% for all clus-
ters, which demonstrates that bimodality is unlikely in all
cases. This was obtained with a parametric bootstrap tech-
nique by using the GMM code by Muratov & Gnedin (2010).

When comparing observations to AS catalogues we
should note that the errors obtained from AS experiments
are systematically underestimated. The main reason is that
all AS experiments are simplified to some extent and they
are not able to account for all the instrumental sources of
noise. The main factor responsible for the error underestima-
tion is likely that the PSF used to fit the artificial stars is also
the one used to create them, at odds with what happens with
the real stars. The typical difference between errors from AS
and true observational uncertainties has been estimated in
previous studies and is of the order of 30 — 40% (see Fig. 4
of Dalessandro et al. 2011 and related text and Fig. 21 of
Milone et al. 2012). In all clusters, except for Lindsay 38, we
observe that the width of the observed distributions is >50%
of the width of the AS distributions, thus we can safely say
that a broadening (which is not due to photometric errors)
is present in NGC 2121, NGC 2155 and Lindsay 113. Our
results for NGC 2121 agree with the conclusions of Li & de
Grijs (2019).

3.1 Age Determination

To estimate the age of the clusters in our sample, we su-
perimposed BaSTI isochrones (“A Bag of Stellar Tracks and
Isochrones”, Pietrinferni et al. 2004) on the optical CMDs of
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Figure 5. Cr33ew,Fa38W,F343N VS. mpazgw CMDs for the clusters analysed in this paper. Black circles indicate the final selected RGB stars.

the clusters analysed in this paper. We decided to assume
average and fixed distance moduli for the LMC and SMC to
minimize the number of free parameters involved in the age
determination. We assume (m—M)ppc = 18.477 (Pietrzynski
et al. 2019) and (m — M)gpmc = 18.965 (Graczyk et al. 2019).

Several isochrones with different metallicities have been
used for the fitting of each cluster. The metallicity was cho-
sen to best match simultaneously the RGB and MS. Figure
7 shows the ME555W — MER14W VS. ME555W CMDs for NGC
2121 and Lindsay 38 and the mpgsow — mpsssw VS. mpsssw
CMD for NGC 2155. Superimposed on the data are three
isochrones at different ages, where certain values of metal-
licity [Fe/H] and extinction E(B-V) were adopted. For NGC
2121, we found that the best fit parameters reproducing the
shape of the CMD in all its evolutionary stages are: age
~ 2.5 Gyr, metallicity [Fe/H] = —0.35 dex, and extinction
value E(B — V) = 0.08 mag. We find a similar best fit age
for NGC 2155 (~ 2.5 Gyr) along with a metallicity of [Fe/H]
= —0.66 dex and E(B -V) = 0.03 mag. For these clusters, we

used BaSTTI isochrones that account for the effects of core
convective overshooting during the central H-burning stage.

For Lindsay 38, the best fit parameters we found by
fitting canonical BaSTI isochrones are the following: age =~
6.5 Gyr, [Fe/H] = —1.5 dex, E(B —V) = 0.02 mag.

BaSTT isochrones on Lindsay 113 could not fit well both
MS, RGB and the horizontal branch (HB) at the same time,
thus we also explored MIST isochrones (“Mesa Isochrones
and Stellar Tracks”, Dotter 2016; Choi et al. 2016). Figure
8 shows the mpgsssw — mpgiaw vs. mgssswy CMDs for Lind-
say 113, where BaSTTI (left) and MIST (right) isochrones at
different ages are superimposed. By adopting the same ex-
tinction, we find that there is no considerable difference be-
tween the results we get either with BaSTI or MIST. Thus,
we found that the best isochrones reproducing the CMD are
the 4-4.5 Gyr MIST isochrones with [Fe/H] = —1.3 dex and
E(B-V) =0.01 mag (respectively blue and orange curves in
Fig. 8). We also note that for NGC 2155 and Lindsay 38, the
HB is not matched perfectly. A better fit could be reached

MNRAS 000, 1-12 (2019)
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Figure 6. Histograms of the distributions of observed (black) and simulated (pink) RGB stars in verticalised Cg33sw,F438w,F343N colours

for the clusters analysed in this paper. The same bin size was used for real data and AS. Superimposed on the plots are the values of

the standard deviations of the distributions. See text for more details.

by slightly changing the cluster distance moduli. However,
we conservatively decided to keep them fixed as the required
changes have only a small impact on the derived ages.

Table 2 provides information about the parameters
adopted for the clusters analysed in this paper. Values of
cluster masses from the literature are also reported.

The results shown here are fairly consistent with the lit-
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erature. Glatt et al. (2008) report an age of 6.5+£0.5 Gyr and
a metallicity [Fe/H]=-1.5 dex for Lindsay 38 by using the
Dartmouth isochrones. Also, Rich et al. (2001) report an age
of 3.2+ 0.5 Gyr for both NGC 2121 and NGC 2155 by using
the Padova isochrones, slightly older than what we found,
assuming [Fe/H]=-0.68 dex and using Girardi isochrones.
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Table 2. Adopted values of age, metallicity, distance modulus and reddening for the clusters analysed in this paper. The reported cluster

masses are taken from the literature.

Cluster Name Age [Fe/H] (m-M) EB-V) Mass Mass Ref.
(Gyr)  (dex)  (mag)  (mag)  (x10° Mo)
NGC 2121 2.5 -0.35 18.477* 0.08 1 (1)
NGC 2155 2.5 -0.66 18.477* 0.03 0.36 (1)
Lindsay 113 4.5 1.3 18.965' 0.01 0.23 (2)
Lindsay 38 6.5 -1.5 18.965 0.02 0.15 (3)

(1) McLaughlin & van der Marel (2005); (2) Chantereau et al. (2019); (3) Glatt et al. (2011). *: fixed value from Pietrzynski et al.
(2019) (LMC) : fixed value from Graczyk et al. (2019) (SMC).

Finally, Mighell et al. (1998) report an age of 4 — 5 Gyr for
Lindsay 113, with a [Fe/H]=-1.2 dex.

From spectroscopy of red giant stars, Grocholski et al.
(2006) find a [Fe/H]=-0.5 dex for NGC 2121 and NGC 2155.
We find that NGC 2121 is slighlty more metal rich ([Fe/H]=-
0.35 dex, see Table 2), although errors due to the employ-
ment of different methods and isochrones need to be taken
into account. Slightly different values have been reported in
the literature for Lindsay 113, from [Fe/H]=-1.2 dex (Da
Costa & Hatzidimitriou 1998) to [Fe/H]=-1.03 dex (Parisi
et al. 2015), which are also fairly consistent to what we find
([Fe/H]=-1.3 dex, see Table 2). Finally, no spectroscopic es-
timates for the metallicity of Lindsay 38 is reported in the
literature so far, to the best of our knowledge.

4 RESULTS

We combined the results obtained for the clusters analysed
in this paper (namely NGC 2121, NGC 2155, Lindsay 113
and Lindsay 38) with those obtained in Papers I to IV (i.e.
NGC 419, 1783, 1806, 1846, 1978, 416, 339, 121, Lindsay 1).
Finally, we added three ancient clusters (= 12 Gyr) located
in the MW, namely NGC 2419, M15 and 47 Tuc.

We calculated the standard deviation of the verticalised
distribution of bona-fide RGB stars selected as described in
Section 3 in Cr336w,F438W,F343N colours for the entire sample.
The left panel of Figure 9 reports the standard deviation as
a function of cluster age. Circles indicate clusters with MPs,
while squares represent clusters with no significant detection
of MPs. Data are colour-coded by cluster mass. Errors on
standard deviations were calculated with a bootstrap tech-
nique based on 5,000 realizations.

It is interesting to observe that older clusters show much
wider RGBs with respect to the younger ones, representa-
tive of more extreme populations. We find that the standard
deviations in Cgz3ew,Fa3sw,F343N of the sample analysed in
this paper (namely NGC 2121, NGC 2155, Lindsay 113 and
Lindsay 38) are comparable, within the errors, with the stan-
dard deviations of the clusters that are aged < 2 Gyr. Note
that to establish whether chemical anomalies are present in
the clusters of our sample, we compare the RGB width (o)
with expectations from photometric errors. However, it is
also likely that clusters younger than 2 Gyr might poten-
tially hide smaller N variations that are not detectable by
current photometric studies. Future spectroscopic observa-
tions or higher precision photometry will be crucial to un-
derstand if this may be the case or not.

Furthermore, it appears that there is not a continuous
trend between o and cluster age, as clusters in the age range
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2.5—4 Gyr have narrower widths of the RGB with respect
to NGC 1978, for instance. Nonetheless, other parameters
need to be taken into account.

Cluster mass (at the present day) has been already es-
tablished to play a fundamental role in the chemical anoma-
lies picture (e.g., Milone et al. 2017), with the extension of
the abundance variations becoming larger with increasing
stellar mass. Masses for the MCs clusters are taken from
Gnedin & Ostriker (1997), McLaughlin & van der Marel
(2005), Goudfrooij et al. (2014), Krause et al. (2016), while
the masses for the galactic GCs are from Baumgardt &
Hilker (2018). We note that the cluster mass of our sam-
ple is no longer relatively constant. The galactic GCs are
5-10 times more massive than our previous sample, while
the new MCs sample reported in this paper is lower mass,
by factors of 2-5.

Lindsay 38 is old enough (~6 Gyr) that one would ex-
pect a broader RGB, if age would be the only parameter cor-
related to abundance variations. However, this cluster also
has a lower mass compared to NGC 339 or NGC 416, by
almost one order of magnitude.

We also explored the behaviour of the RGB by using
the pseudo colour Cgz4aN F43sw,F814w = (F343N — F438W) —
(F438W — F814W) which was used in our previous HST sur-
vey study (Papers III and IV). The right panel of Figure 9
reports the standard deviation of the RGB distributions in
verticalised Cr343N, F438W,F814W colours as a function of clus-
ter age, colour-coded by cluster mass. However, we did not
include two clusters of our sample in this plot, namely NGC
2121 and NGC 2155. For the former, we analysed the errors
in the WFPC2 F555W and F814W filters and we noticed
that these are more than twice as much compared to the
ACS optical filter errors for Lindsay 38 and Lindsay 113. For
this reason, we decided not to show the results for NGC 2121
in the Cr343N,Fa38w,F814w Plots. Regarding NGC 2155, we do
not have the necessary filters, as only WFPC2 observations
in F450W and F555W bands are available (see Table 1).
New optical observations are clearly needed to fully charac-
terise those two clusters. The o (Cp343N,F438W,F814W ) VS. age
plot is consistent with what we found in Cr336w F438W,F343N
colours. This contributes to strengthen the result that a cor-
relation between N spread and cluster age is present.

In Cabrera-Ziri et al. (in preparation) we will present
a detailed modelling of the effect of age (i.e., the effec-
tive temperature of the RGB) and metallicity on the mea-
sured widths of Cr336w,F438w,F343N 2nd CR343N,F438W,F814W -
However, for the purposes of this paper, the models con-
firm that Cr343NF438W,Fs14w is essentially independent of
age and also of [Fe/H] down to the regime of metal-poor
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Galactic GCs. Any observed variation/relationship between
CF343N,F438W,F814W and cluster age can then be attributed
to a signature of N enrichment. There is a small effect of
[Fe/H] on Cr336w,F438W,F343N , in the sense that lower [Fe/H]
values result in smaller A(Cg33ew,Fa3sw,F343N ) values, but as
the two Galactic GCs M15 and NGC 2419 have much lower
[Fe/H] but larger o (Cr3sew, Fa3sw,F343N ) values, it is clear
that N variations are the driver with age in that diagram as
well.

5 DISCUSSION AND CONCLUSIONS

The origin of the unusual chemical patterns typically found
in GC stars has remained an unsolved puzzle so far. Al-
though much effort has been put into developing new scenar-
ios (e.g. Gieles et al. 2018; Breen 2018; Howard et al. 2019),
no consensus has been reached and many observational re-
sults remain unexplained (see Bastian & Lardo 2018). The
exploration of whether a star cluster hosts MPs based on
certain cluster properties has been an important avenue of
investigation. It is now established that (present day) clus-
ter mass is a fundamental property controlling the extent of
which MPs are present, with the star-to-star abundance vari-
ations becoming more severe with increasing cluster mass
(e.g., Bragaglia et al. 2012; Schiavon et al. 2013; Milone et al.
2017). On the other hand, we also know that mass cannot
be the only parameter which comes into play, as many mas-
sive star clusters, although much younger than ancient GCs,
do not show evidence for the chemical anomalies (Muccia-
relli et al. 2008; Cabrera-Ziri et al. 2016; Lardo et al. 2017,
Martocchia et al. 2017, 2018).

To shed light onto this, we planned a photometric sur-
vey to target star clusters that are as massive as old GCs,
but significantly younger. In this paper, we reported on the
photometric analysis of new HST UV images for four clus-
ters in the MCs, namely NGC 2121, NGC 2155, Lindsay
113 and Lindsay 38, These clusters have a mass a few times

10*Mg except for NGC 2121 which is ~ IOSM@(see Table
2) and they are aged between ~2.5 and ~6 Gyr.

The UV CMDs of each cluster (see Fig. 5 for the
CF336W,F438W,F343N VS. ME438W CMDS) reveal no presence of
splits in the RGBs. We quantified the broadening of the RGB
by comparing the observed verticalised distributions of RGB
stars with artificial RGB stars (§3). Three out of four clusters
in the sample show a significant broadening with respect to
photometric errors in Cgz36w,Fa38W,E343N colours, i.e. colours
that are sensitive to N variations; Lindsay 38 is the only
cluster of the sample whose RGB width is compatible with
the errors. Thus, we add three intermediate-age clusters to
our HST survey that show MPs in the form of N spread,
namely Lindsay 113, NGC 2121 and NGC 2155.

In Paper IV we found a correlation between cluster age
and N enhancement as inferred from photometry, for 9 clus-
ters in the sample. Here we expand our sample to 16 clus-
ters by adding also three GCs (age 2 12 Gyr) from the
MW, namely NGC 2419, M15 and 47 Tuc. We calculate
the standard deviation of the verticalised RGB distribution
in Cp336w,F438w,F343N and Cg343N,F438w,Fg14w colours and we
plot this quantity as a function of cluster age. Our results
are shown in Fig. 9. We find that older clusters show larger
widths of the RGB, thus larger N enhancement. The ad-
dition of 7 clusters to the previous sample strengthens the
idea that cluster age plays a role in shaping the properties
of MPs in GCs.

However, the exact role of age is currently unknown.
It could be suggested that the onset of MPs is due to an
evolutionary effect. In our sample we are comparing stars of
different masses along the RGB. Some unidentified process
operating only in stars less massive than 1.5 Mg (the mass of
a RGB star at ~2 Gyr) may be responsible for the formation
of the chemical anomalies. Accordingly, we tentatively argue
that chemical anomalies could be expected to be found in
stars with masses below 1.5 Mg on the main sequence of
young clusters (< 2 Gyr, c.f. §5 point iv, Cabrera-Ziri et al.
2016).
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We note however that our observations are effectively
probing N variations among RGB stars within our sample
of clusters. An alternative explanation might therefore be
linked to stellar evolutionary processes where the observed
surface abundance of N in RGB stars may be affected. If this
is the case, we may expect to find N-spreads on the main
sequence of clusters that do not correspond to the spreads
observed along the RGB. This can also be tested by looking
at elements less likely to be affected by stellar evolution, e.g.,
Na or AL

It is interesting to note that cluster age and cluster mass
seem to work simultaneously. We find that a difference in
cluster mass also has an impact at younger ages. As already
argued in §4, we observe that Lindsay 38 has a similar age
to NGC 339 and NGC 416 but its RGB is less than half
as wide. The mass of Lindsay 38 is estimated to be ~ 10*
Mo (Glatt et al. 2011), an order of magnitude smaller than
those of NGC 339 and NGC 416.

However, since all of the clusters in our sample belong
to the MCs, it is also possible that the appearance of MPs
at 2 Gyr could be due to an unknown environmental effect.
It would be extremely interesting to test the presence of
MPs in clusters beyond the MW and its satellites, but this
remains difficult, and new techniques based on integrated
light will likely be necessary.
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