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ABSTRACT

We recover the spatially resolved star formation history across the entire main body and Wing
of the Small Magellanic Cloud (SMC), using 14 deep tile images from the VISTA survey of the
Magellanic Clouds (VMC) in the YJK; filters. The analysis is performed on 168 subregions of
size 0.143 deg? covering a total contiguous area of 23.57 deg?. We apply a colour-magnitude
diagram (CMD) reconstruction method that returns the best-fitting star formation rate SFR(t),
age—metallicity relation, distance and mean reddening, together with their confidence intervals,
for each subregion. With respect to previous analyses, we use a far larger set of the VMC data,
updated stellar models, and fit the two available CMDs (Y — Ks versus Kg and J — K versus
Ks) independently. The results allow us to derive a more complete and more reliable picture
of how the mean distances, extinction values, star formation rate, and metallicities vary across
the SMC, and provide a better description of the populations that form its Bar and Wing. We
conclude that the SMC has formed a total mass of (5.31 % 0.05) < 108 M in stars over
its lifetime. About two-thirds of this mass is expected to be still locked in stars and stellar
remnants. 50 per cent of the mass was formed prior to an age of 6.3 Gyr, and 80 per cent was
formed between 8 and 3.5 Gyr ago. We also illustrate the likely distribution of stellar ages
and metallicities in different parts of the CMD, to aid the interpretation of data from future
astrometric and spectroscopic surveys of the SMC.

Key words: Hertzsprung-Russell and colour-magnitude diagrams—galaxies: evolution—
Magellanic Clouds —galaxies: stellar content.
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1 INTRODUCTION

The Magellanic Clouds represent the best possible galaxies for the
derivation of their spatially resolved star formation histories (SFH).
They are not only close enough to be entirely resolved into stars
with ground-based telescopes, even down to the depth of the old-
est main sequence turn-offs, but also are just moderately affected
by interstellar extinction and foreground Milky Way stars. While
the Large Magellanic Cloud (LMC) presents a relatively simple
disc+bar structure, the Small Magellanic Cloud (SMC) is known
to present a more complex geometry, with indications of signifi-
cant depths along several lines of sight (Gardiner, Hatzidimitriou
& Hawkins 1991; de Grijs & Bono 2015; Scowcroft et al. 2016;
Ripepi et al. 2017; Muraveva et al. 2018), and evidence of two dif-
ferent structures along its eastern Wing (Nidever et al. 2011; Piatti
et al. 2015; Subramanian et al. 2017). As shown by Harris & Zarit-
sky (2001), such depths do not hamper the quantitative derivation
of the SFHs via colour—magnitude diagram (CMD) reconstruction
methods.

Previous literature about the SFH of the SMC is dominated by
studies based on deep optical photometry. Among these, no previous
work rivals the ample SMC area (18 deg?) covered by the Magellanic
Clouds Photometric Survey (MCPS; Zaritsky et al. 2002a) that
was analysed by Harris & Zaritsky (2004). These authors reached
important conclusions about the global SFH of the SMC, indicating
for instance that 50 per cent of its stellar mass formed at ages prior
to 8.4 Gyr ago, the presence of enhanced star formation at ages of
2.5, 0.4, and 0.06 Gyr, and the presence of a large ring-like structure
in the 2.5 Gyr burst. Many other works are dedicated to the analysis
of deep optical photometry of selected areas, using either dedicated
ground-based surveys (Noél & Gallart 2007; Noél et al. 2009) or the
Hubble Space Telescope (HST) (Cignoni et al. 2012, 2013; Weisz
et al. 2013). These works generally confirm a wide variation in the
SFH from field to field (Cignoni et al. 2013), at least in the central
SMC regions. Several small-area studies appear to confirm the few
periods of enhanced star formation claimed by Harris & Zaritsky
(2004), although they are usually found at slightly different ages.
In regions more distant than about 2.7° from the SMC centre, the
SFH appears to be much more uniform, and the surface brightness
decays exponentially (Noél & Gallart 2007). This simple picture of
the SMC outskirts is challenged in the so-called SMC Wing that
shows signs of recent star formation stretching to larger radii (Irwin,
Demers & Kunkel 1990), and in the Magellanic Bridge that shows
stellar overdensities attributable either to tidal interactions between
the two Magellanic Clouds, or to an overlap between their haloes
(Skowron et al. 2014).

A few works aimed to constrain the SFH of the SMC from the
analysis of wide-area near-infrared surveys (Cioni et al. 2006; Reza-
eikh et al. 2014). Compared to works based on deep optical data,
they rely on smaller numbers of stars, mostly located in the asymp-
totic giant branch (AGB) phase. Therefore, they are more affected
by small-number statistics and by the significant uncertainties of
theoretical models of evolved stars. None the less, they have pro-
vided independent pieces of evidence of past periods of enhanced
star formation, as for instance those inferred at ages 0.7 Gyr and

6 Gyr by Rezaeikh et al. (2014).

The VISTA survey of the Magellanic Clouds (VMC; Cioni et al.
2011) represents a major effort to provide deep and homogeneous
near-infrared photometry across the Magellanic Clouds, so that their
SFHs and basic geometry can be derived with minimal interference
owing to the effects of interstellar dust. The VMC is an ESO public
survey using the VIRCAM camera of the VISTA 4-m telescope

(Sutherland etal. 2015) inthe Y, J, and K; filters. The survey has been
designed so that its photometry reaches the turn-off region of the
oldest (13 Gyr) stellar populations in the Magellanic Clouds, even
in the most crowded regions of the LMC bar (see Kerber et al. 2009).
SFHs were already derived for a few regions of the LMC by Rubele
et al. (2012), and for a large non-contiguous section of the SMC
by Rubele et al. (2015). In both cases, the data also allowed us to
derive clear indications about the geometry of the regions observed.
Complementary information on the geometry was provided by the
near-infrared properties of the variables, when using the VMC data
in combination with the Optical Gravitational Lensing Experiment
(OGLE) and Experience de Recherche d’Objets Sombres (EROS2)
surveys (see Ripepi et al. 2012, 2015, 2017; Moretti et al. 2014,
2016; Muraveva et al. 2018).

Once derived, the SFHSs can be useful for a variety of applications,
from the exploration of the mechanisms that drive the star formation
and chemical evolution in dwarf galaxies over long timescales, to
the discussion of systematic effects in the magnitudes of stellar
standard candles, to the calibration of stellar models (at least for
fast evolutionary phases not involved in the SFH derivation).

In this paper, we revisit the spatially resolved SFH of the SMC.
This revision is motivated by:

(i) a further, significant increase in the area and depth covered
by the VMC observations (as described in Section 2), which now
reaches 100 per cent completion for the entire main body of the
SMC, covering a contiguous area of 23.57 deg? (30 per cent larger
than the one analysed by Harris & Zaritsky 2004);

(ii) a few significant improvements in our analysis, regarding the
photometric zero-points and stellar models (Section 3).

These novelties are significant enough to motivate a renewed
discussion of the SMC results. They also allow us to derive more
accurate global quantities, such as the total mass of stars formed,
which was not possible in earlier analyses based on smaller data
sets. These improved results are described and discussed in Sec-
tions 4 to 6. Furthermore, the derived SFH, extinction and distance
values are at the basis of other population and stellar evolution work
being carried out with the aid of additional SMC data (Pastorelli
etal., in preparation). Finally, we note that Sun et al. (2018) analyse
the SMC’s young star formation, using essentially the same data but
very different methods. That paper uses the detailed spatial resolu-
tion available in the VMC data to identify young stellar structures
and characterize their size and mass distributions. In this work, in-
stead, we aim at deriving the SFH, following a method that requires
the data being grouped into spatial bins. These spatial bins are cer-
tainly larger than the resolution adopted by Sun et al. (2018), but
still small enough to allow us to discuss, in a quantitative way, the
spatial distribution of the populations of all ages. Therefore, both
works provide complementary (and overall consistent) views of the
SMC stellar populations, at different spatial scales and age ranges.

2 DATA AND PHOTOMETRY

2.1 The VMC data

We refer to Cioni et al. (2011) for a general description of the VMC
survey, and to Rubele et al. (2015) for a more detailed discussion
and illustration of the properties of the SMC data. Suffice it to
recall that the SMC galaxy is covered by 27 VISTA tiles, each one
covering about 1.77 deg? on the sky, and extending up to  3.5°
from the SMC centre. In this work, we investigate the 14 central
SMC tiles listed in Table 1, which cover the main bar-like feature
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Table 1. VMC tiles used in this work.

SFH of the SMC 5019

Tile Central coordinates Completeness at Error [mag] 50 per cent completeness Comments

o (h:m:s, J2000) & (deg:m:s, J2000) Ks = 20.45 mag mag
SMC 3.2 00:23:35.544 —74:06:57.240 0.87 0.184 20.95 South-western extreme of Bar
SMC 3.3 00:44:55.896 —74:12:42.120 0.77 0.212 20.89 Southern extreme of Bar
SMC 34 01:06:21.120 —74:10:38.640 0.87 0.196 20.97 Southern part of Wing
SMC 3.5 01:27:30.816 —74:00:49.320 0.91 0.170 20.92 South-eastern part of Wing
SMC 42 00:25:14.088 —73:01:47.640 0.90 0.165 21.28 central extreme part of Bar
SMC 4.3 00:45:14.688 —73:07:11.280 0.51 0.378 20.51 South-western part of densest Bar
SMC 4.4 01:05:19.272 —73:05:15.360 0.75 0.245 21.09 central Bar, slightly towards Wing
SMC 4.5 01:25:11.016 —72:56:02.040 0.92 0.156 21.22 central part of Wing
SMC 5.3 00:44:49.032 —72:01:36.120 0.82 0.211 20.96 North-western of densest Bar
SMC54 01:04:26.112 —71:59:51.000 0.82 0.223 21.08 North-eastern part of densest Bar
SMC 5.5 01;23:04.944 —71:51:47.880 0.91 0.192 21.13 Northern part of Wing
SMC 6.3 00:45:48.768 —70:56:08.160 0.91 0.184 21.10 1.5 deg North-west of main body
SMC 6.4 01:03:49.944 —70:53:34.440 0.87 0.163 20.98 1.7 deg North of main body
SMC 6.5 01:21:22.488 —70:46:10.920 0.94 0.156 21.15 3 deg North-east of main body

seen in projection in the SMC (hereafter the ‘Bar’; Fig.1) — with
the only exception of a narrow 0.145° < 1° gap between tiles SMC
5.3 and 5.4 — and the SMC inner Wing, for a contiguous area of
23.57 deg?. All these tiles have 100 per cent completion in the K
band, which correspond to at least 12 epochs and at least 9000 sec
of integration time.

The background image in Fig. 1 is a density map of all VMC
sources with Ks < 18 mag and K; errors smaller than 0.2 mag. Since
this magnitude cut includes the red clump (RC) and the upper part of
the red giant branch (RGB), the map is dominated by intermediate-
age and old stellar populations. The superimposed brown-white
density points code the distribution of young stellar populations
selected from the colour cut Y — Ky < 0.5 mag. Central SMC
regions are well observed without any limitation due to confusion
and crowding.

Also note that we decided to ignore tile SMC 5_2 in this work,
because it is dominated by the 47 Tuc globular cluster (see Li et al.
2014; Zhang et al. 2015; Cioni et al. 2016a; Niederhofer et al. 2018;
Sun et al. 2018). The presence of 47 Tuc is also apparent as a small
stellar overdensity in the North-western section of tile SMC 4_2.
Moreover, tile SMC 6_4 contains the compact Milky Way globular
cluster NGC 362 that dominates the star counts in the CMD of the
two subregions G6 and G7 (see top left of Fig. 1). We remove the
latter object by applying a cut of radius nine from the cluster centre,
located at RA = 15.809° and Dec = —70.8489°.

2.2 Image mosaicking, photometry, and artificial star tests

We use v1.3 of the VMC data retrieved from the VISTA Science
Archive (VSA; Hambly et al. 2004).2 Our data analysis starts from
the pawprint images, already processed and calibrated by the VISTA
Data Flow System (VDFS; Emerson et al. 2004; Irwin et al. 2004)
pipeline. We homogenized individual pawprints point spread func-
tion (PSF), and then combined them into deep tile images on which
we performed the PSF photometry. Subsequently we correlate the
photometry in the three bands (YJK;) using a larcsec matching ra-
dius to generate a multiband catalogue. Finally, we apply the aper-
ture correction using as reference the VSA data release v1.3 (see

1The gap covers just 0.6 per cent of the analysed area, hence it does not
affect our results in a significant way.
2http://horus.roe.ac.uk/vsa/

Cross et al. 2012 and Irwin et al. 2004 for details). For a detailed
description of the methodology see Rubele et al. (2015). Fig. 2 gives
an idea of the overall quality of the entire data set, based on the K
versus Y — Kg CMD.

A large number of artificial star tests (ASTs) were performed
on tile images, so as to map the distributions of photometric errors
and completeness, as a function of colour, magnitude, and position.
The process is same as that extensively described and illustrated by
Rubele et al. (2012, 2015). In all our tiles the 50 per cent complete-
ness limits correspond to magnitudes fainter than the magnitude
cut applied in the subsequent analysis (which are 21.25, 20.95, and
20.45maginthe, J, and K; filters, respectively). The completeness
at Ks = 20.45 mag, averaged for each tile, is presented in Table 1.

3 THE SFH RECOVERY

3.1 The method

Asin Rubele et al. (2015), the derivation of the SFH simply consists
of finding the linear combination of partial models that best fit the
observed Hess diagrams, that is, the stellar density in the CMDs.
The partial models themselves are the theoretical realizations of
simple stellar populations, with a known total mass of formed stars,
fixed values for the true distance modulus (m — M), and extinction
Ay, and covering small ranges in age and initial metallicity. Partial
models also incorporate a simulation of the photometric errors and
incompleteness distributions derived from the ASTs. In addition,
there is a partial model representing the foreground Milky Way
population, derived from the latest version of the TRiLEGAL code
(Girardi et al. 2005, 2012). The best-fitting solution is found by
application of the starrisH optimization code of Harris & Zaritsky
(2001), and its fitting coefficients are directly translated into an
SFH. Subsequent searches are made to locate the (m — M), and Ay
values that minimize the model-data x 2 — hence identifying X2;, —
and to provide the confidence levels of all best-fitting parameters.
In this work, every tile is divided into 12 subregions of areas
equal to 0.143 deg?, as illustrated for the tile SMC 6.5 in Fig. 1.
This subregion size represents the minimum area (and star counts)
necessary to recover the young SFH with random errors smaller
than 10 per cent in the central SMC tiles, and yet it allows us
to achieve a similar accuracy for the old SFH in the most external
tiles. A complete discussion of how the SFH errors scale with the
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Figure 1. Stellar density distribution of the SMC as obtained from the VMC data. The black rectangles delimit the deep tiles used in our analysis, as listed in
Table 1. The smaller grey rectangles overplotted on tile SMC 6.5 illustrate how the tiles are divided into 12 subregions. For our subsequent analysis, an area
of 254 arcmin? has been removed from the data around the Milky Way star cluster NGC 362 in tile SMC 6_4, as indicated by the red circle.

subregion area and stellar density, for populations of different age,
can be found in Kerber et al. (2009).

With this general procedure in mind, we now describe the few
changes with respect to our previous analysis of the SMC using the
VMC data.

3.2 Changes in the partial models

There are essentially three changes in the definition of partial mod-
els, with respect to Rubele et al. (2015):

Updated evolutionary tracks and isochrones

Partial models for this work have been derived from parsec v1.2S
evolutionary tracks and isochrones (Bressan et al. 2012, 2015).2
They represent a major revision of the previous Marigo et al. (2008)
models used by Rubele et al. (2012), and a moderate update of the
parsec V1.1 models used by Rubele et al. (2015). Regarding the
latter, the most relevant changes are in (1) revised surface boundary
conditions used in low-mass dwarfs (see Chen et al. 2014),* and
(2) a large extension in the grid of initial masses and metallicities
used to generate the evolutionary tracks and isochrones. Moreover,
isochrones are now built with a revised algorithm (available since
Marigo et al. 2017) that ensures a more reliable interpolation of all

3_http://stev.oapd.inaf.it/cmd
4Low-mass dwarfs are not relevant to the modelling of the SMC populations,
but are critical in the description of the foreground Milky Way stars.

evolutionary features as a function of age (or initial mass) and metal-
licity [M/H]. The stellar models assume scaled-solar abundances of
metals, so that [M/H] = [Fe/H].

Limits to the metallicity of young populations:

The 70 partial models for the SMC stars are built assuming finite
widths in age and metallicity. 14 age bins are defined, each one with
five different metallicity values (plus the Milky Way model). Table2
specifies the adopted mean values of log (t/yr) and [M/H]. Most age
bins span a 0.2 dex interval (on a logarithmic scale) except for the
youngest partial models that span either 0.6 or 0.4 dex, and the oldest
age bin that spans 0.15 dex. All partial models span  [M/H] = 0.15
dex in metallicity, distributed around an age—metallicity relation
(AMR) in which older models are more metal poor. With respect to
Rubele et al. (2015), partial models for log (t/yr) < 8.2 were shifted
by —0.3 dex, and those with 8.2 < log (t/yr) < 8.8 by —0.2 dex; with
these new limits, we limit the metallicities of the young populations
in the SMC to [M/H] values below —0.325 dex. This shift was
adopted first to better comply with independent observations that
indicate even lower metallicities for young SMC populations (Hill
1999; Davies et al. 2015), and secondly because the metallicities
adopted by Rubele et al. (2015) were producing colours that were
too red for the bright stars such as the red supergiants (RSGs).

The latter problem is illustrated in Fig. 3 that compares the
2MASS data® for the SMC (left-hand panel) with synthetic CMDs

5For this example, we prefer to use 2MASS data in JKs, because the VMC
data is partially saturated at the bright magnitudes (Ks 11 mag) in which
the RSG problem appears.
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Figure 2. Ks versus Y — Ks CMDs for the entire SMC area analysed in this work (see Fig. 1). The left-hand panels show the original PSF photometry, while
the right-hand panels show the same after the data for every subregion have been corrected to the same reference value of distance modulus and extinction,
namely (m — M)p = 18.9 mag and Ay = 0.35 mag. The top panels show the entire CMD region relevant for this work, while the bottom panels zoom into
the feature-rich region around the RC. The arrows point to some of the most prominent CMD features: In the SMC (magenta arrows and labels), we have the
main sequence (MS), the RGB, the red RC; at its brightest and coolest extremity, there is a well-defined tip of the RGB (TRGB), a population of thermally
pulsing asymptotic giant branch (TP-AGB) stars, and a well-defined strip of He-burning stars that we refer to as red supergiants (RSG). Features around the
RC include: the secondary red clump (SRC), intermediate-mass core-He burning stars (Int. HeB), the RGB bump (RGBb), and the early asymptotic giant
branch bump (EAGBD). In addition, we can clearly see the foreground/background populations indicated by the red arrows: the presence of very faint and red
background galaxies (most of which are actually redder than the limits shown), and two long nearly vertical features corresponding to foreground Milky Way
stars, the bluest at Y — Ks 0.6 mag caused by the turn-off of populations of intermediate to old ages, and the reddest at Y — Ks  1.25 mag caused by the
‘CMD kink” of low-mass, cool M dwarfs. See also Sun et al. (2018) for a complementary view that better discusses the features caused by the young SMC
populations.
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