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ABSTRACT

We present iron, magnesium, calcium, and titanium abundances for 235 stars in the central region of the Sagittarius dwarf spheroidal
galaxy (within 9.0" ~ 70 pc from the centre) from medium-resolution Keck/Deep Imaging Multi-Object Spectrograph spectra. All
the considered stars belong to the massive globular cluster M 54 or to the central nucleus of the galaxy (Sgr,N). In particular we
provide abundances for 109 stars with [Fe/H] > —1.0, more than doubling the available sample of spectroscopic metallicity and a-
elements abundance estimates for Sgr dSph stars in this metallicity regime. We find for the first time a metallicity gradient in the Sgr, N
population, whose peak iron abundance goes from [Fe/H] = —0.38 for R < 2.5’ to [Fe/H] = —0.57 for 5.0 < R < 9.0". On the other
hand, the trends of [Mg/Fe], [Ca/Fe], and [Ti/Fe] with [Fe/H] are the same over the entire region explored by our study. We reproduce
the observed chemical patterns of the Sagittarius dwarf spheroidal as a whole with a chemical evolution model which implies that a
high mass progenitor (Mpy = 6 X 10'° M) and a significant event of mass-stripping occurred a few Gyr ago, presumably starting at

the first peri-Galactic passage after infall.

Key words. galaxies: dwarf — Local Group — galaxies: stellar content — stars: abundances

1. Introduction

The Sagittarius dwarf spheroidal galaxy (Sgr dSph, Ibata et al.
1994) is the most emblematic case of a Galactic satellite that
is being disrupted by the tidal field of the Milky Way. The
main body of the system is a large (half-light radius r, =
2.6 kpc, Majewski et al. 2003) low-surface brightness gas-less
elongated spheroid. It is located behind the Galactic bulge,
as seen from the Sun, and ~6.5 kpc below the Galactic
plane, lying at a distance of D = 26.3 + 1.8 kpc from us
(Monaco et al. 2004). On the other hand, the two arms of its
tidal stream are traced all over the sky, out to D =~ 100 kpc
(see Majewski et al. 2003; Belokurov et al. 2014, and references
therein). The process of disruption of Sgr dSph contributes
to the build-up of the Galactic halo in terms of dark mat-
ter, stars, and globular clusters (see e.g. Majewski et al. 2003;
Bellazzini et al. 2003; Monaco et al. 2003; Law & Majewski
2010; Gibbons et al. 2017; de Boer et al. 2014).

According to the compilation by McConnachie (2012), the
present-day stellar mass and dynamical mass (within r,) of
the main body are M, ~ 2 x 10’ M, (Ibataetal. 2004)
and Mgy, ~ 2 X 108 M, (Grcevish & Putman 2009), respec-
tively, but there is a consensus that the mass of the progenitor
must have been a factor of ten larger (Niederste-Ostholt et al.
2012; de Boer et al. 2014; Gibbons et al. 2017). The stellar pop-
ulation of the main body is dominated by an intermediate-
age (mean age 25 Gyr) relatively metal-rich ({[Fe/H]) ~ —0.5)

* Full Table 1 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/605/A46
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population (Bellazzini et al. 2006b; Siegel et al. 2007, and
references therein), with an old and metal-poor component con-
tributing ~10 per cent to the stellar budget (Monaco et al. 2003;
Hamanowicz et al. 2016).

In spite of being extended over several kpc, Sgr dSph hosts
an over-density of stars on the 100 pc scale lying straight at
its centre (see Fig. 1), with all the characteristics of the stel-
lar nuclei very frequently found in dwarf ellipticals as well
as in galaxies of other morphological types (see Monaco et al.
2005a; Bellazzini et al. 2008, BO8 hereafter, references and dis-
cussion therein). The massive and metal-poor ([Fe/H] =—1.56,
Carretta et al. 2010b) globular cluster M 54 (NGC 6715) coin-
cides with this nucleus (Sgr,N hereafter) in position and ra-
dial velocity. BO8 showed that the two systems have different
surface density profiles and, above all, very different velocity
dispersion profiles, supporting the idea that M 54 formed inde-
pendently from the metal-rich nucleus and was brought to its cur-
rent position by dynamical friction (see also Ibata et al. 2009).
The viability of the scenario was demonstrated both analytically
(Monaco et al. 2005a) and with N-body simulations (B08), and
it found independent support from chemical tagging arguments
(Carretta et al. 2010a).

The chemical composition of stars in Sgr dSph is of great
interest and indeed several spectroscopic studies addressed
this problem, for example Smecker-Hane & McWilliam (2002,
SMO02 hereafter), Bonifacio et al. (2000, 2004), Monaco et al.
(2005b, MOS5 hereafter), Sbordone et al. (2007, SO7 hereafter),
that re-analysed also Bonifacio et al.’s samples, Chou et al.
(2007), Carretta et al. (2010a,b, C10a and C10b, respectively
hereafter), and McWilliam et al. (2013, MWM13 hereafter). In
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particular, MWM13 present a comprehensive view of all the iron
and a-element abundances available in the literature for the main
body of the galaxy. Surprisingly enough they amount to less than
70 stars, the large majority having [Fe/H] > —1.0. Hence we are
far from having a satisfactory sampling of the metallicity distri-
bution and abundance patterns in this crucial system.

To make a significant step ahead in this direction, we present
here the elemental abundances of iron, magnesium, calcium, and
titanium for a large and homogeneous subsample of the M 54
and Sgr, N stars studied in BO8 using the Keck/Deep Imaging
Multi-Object Spectrograph (DEIMOS) spectra. These authors
estimated the metallicity of their stars using the calcium triplet
technique, with the main purpose of classifying stars for the anal-
ysis of the kinematics of the system, which was the final goal
of their study. Conversely, here we analyse the chemical abun-
dances of stars derived via synthetic spectroscopy on individual
atomic transition lines. Since the main abundance patterns and
trends in M 54 have been already studied and discussed in detail
by C10b, we focus our analysis on the Sgr population.

The plan of the paper is the following. In Sect. 2 we de-
scribe the sample and the data analysis and in Sect. 3 we compare
our results with those available in the literature. Section 4 is de-
voted to the analysis of the observed abundance distributions and
chemical patterns, also by means of chemical evolution models.
The main results of the analysis are summarised and discussed
in Sect. 5.

2. Data and abundance measures
2.1. Observational dataset

The spectroscopic data analysed in this work are part of the
dataset already discussed in BO8. The bulk of the BO8 sample
was constituted by Keck/DEIMOS spectra at R = ﬁ =~ 6600,
fully analogous to those used by Mucciarelli et al. (2012) to
derive abundances of a few chemical elements in the globular
cluster NGC 2419 with spectral synthesis of selected atomic
lines. The original sample of BO8 used both slits and holes
DEIMOS spectra. In the present work, we limit the analysis to
the DEIMOS slits spectra because the DEIMOS holes spectra
cover a smaller spectral range that prevents the measurement
of the Mg abundances and leads to a significant decrease in the
number of available Fe lines (down to only five instead of ~15).
We perform the same analysis as in Mucciarelli et al. (2012) on
235 stars observed with Keck/DEIMOS, whose membership to
M 54 or Sgr, N has been established by BO8 and selected to have
signal-to-noise ratio (S/N) larger than ~20-30 (up to ~120-130)
in the spectral region ~8400-8700 A. This sample is confined to
the nuclear region of Sgr. All the stars are within 9.0" =~ 70 pc
from the centre of the system and they are all enclosed within the
innermost density contour of Fig. 1. The position on the colour-
magnitude diagram (CMD) of the spectroscopic targets analysed
in this paper is shown in Fig. 2. We limited the analysis to this
subsample of the BO8 data to keep the observational material
and the analysis as homogeneous as possible, to have the most
self-consistent scale of relative abundances.

The original BO8 sample was selected to minimise the con-
tamination by Galactic foreground stars by choosing targets ly-
ing close to the main branches of M 54 and Sgr, N on the CMD.
This implies that the resulting metallicity distribution for Sgr, N
is biased against metal-poor stars not only because in this cen-
tral region it is overwhelmed by M54 stars but also because
stars with intermediate colours between the blue red giant branch
(RGB) of M 54 and the main red RGB of Sgr were not included
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Fig. 1. Surface density map of the southern half of the main body of
Sgr dSph as traced by M giants from 2MASS (Skrutskie et al. 2006),
selected according to Majewski et al. (2003). The light-shaded areas
have E(B— V) > 0.3 according to the extinction maps by Schlegel et al.
(1998). The globular clusters associated to Sgr dSph are marked and
labelled. The dashed ellipse is the half-light contour of the best-fit King
(1962) model by Majewski et al. (2003); the half-light radius along the
major axis is taken from McConnachie (2012). For b > —13.0° the
contamination by foreground Galactic M-giants and the high extinction
prevent a reliable tracing of the Sgr density, affecting the shape of the
outer iso-density contours. At the distance of Sgr dSph (D = 26.3 kpc,
Monaco et al. 2004), one degree corresponds to 459 pc.

in the sample'. On the other hand, our sample is fully adequate
to study the peak of the metal-rich population and to trace the
trends of abundance ratios with [Fe/H].

2.2. Atmospheric parameters

Effective temperatures (T.¢) and surface gravities (log g) have
been derived from the photometric catalogue by Monaco et al.
(2002). In particular, T.g have been obtained from the (V —
I)o — Tes calibration provided by Alonso et al. (1999) and by
adopting the colour excess E(B — V) = 0.14 + 0.03 mag
(Layden & Sarajedini 2000). Because the Alonso et al. (1999)
calibration used the Johnson /-filter, the Cousin /-band magni-
tudes by Monaco et al. (2004) have been transformed into the
Johnson photometric system adopting the transformation pro-
vided by Bessell (1979). Internal uncertainties in T.g are esti-
mated including errors in photometric data and reddening which
are of the order of ~60-100 K.

Surface gravities have been calculated through the Stefan-
Boltzmann relation and by adopting the photometric T de-
scribed above, the bolometric corrections by Alonso et al.
(1999), a stellar mass of 0.8 M, and a true distance modulus

! 'We note that any attempt to obtain an unbiased metallicity distribu-

tion in Sgr would require us to sample a region far from M 54 or other
Sgr globulars and would imply taking the spectra of a large number
of Galactic foreground stars having colour and magnitude in the range
spanned by Sgr red giants.
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Fig. 2. Colour-magnitude diagram of the inner 9.0 of M54
(Monaco etal. 2002) with superimposed the position of the
Keck/DEIMOS spectroscopic targets: red circles are the stars
with [Fe/H] > —1.0 dex, blue circles those with [Fe/H] < —1.0 dex.

(m— M)y =17.10+0.15 mag (Monaco et al. 2004). Propagating
the uncertainties in Teg, E(B — V), mass, and distance modulus
we obtain uncertainties in log g of +0.1.

Microturbulent velocities (v¢) cannot be derived directly from
the spectra, as is usually done with high-resolution spectra, be-
cause the spectral resolution of the Keck/DEIMOS spectra pre-
vents the measurement of weak Fe I lines. For this work, the
log g-uv; calibration provided by Kirby et al. (2009) has been
adopted. We note that the formal errors in log g lead to uncer-
tainties in v, of only +0.02-0.03 km s~'. Because the used lines
are strong enough to be sensitive to the velocity fields, we as-
sumed a conservative uncertainty of 0.2 km s~

2.3. Abundance analysis

Chemical abundances have been derived with our own code
SALVADOR through a y2-minimization between the observed line
and a grid of synthetic spectra calculated with the appropriate
atmospheric parameters and varying only the abundance of the
species under scrutiny. The synthetic spectra have been calcu-
lated using the code SYNTHE? and including all the transitions
included in the Kurucz/Castelli linelists. Model atmospheres
have been calculated with the last version of the ATLAS9 code®.
The transitions to be used for the chemical analysis have been se-
lected according to suitable synthetic spectra calculated over the
entire wavelength range and convolved with a Gaussian profile
to reproduce the spectral resolution of the Keck/DEIMOS spec-
tra. We picked only unblended transitions using the atomic data
listed in the Kurucz/Castelli linelists*. We included in our linelist
15 Fe I lines, four Ti I lines, the Mg I line at 8806.7 A, and the

2 http://wwwuser.oats.inaf.it/castelli/sources/synthe.
html

3 http://wwwuser.oats.inaf.it/castelli/sources/
atlas9codes.html

4 http://wwwuser.oats.inaf.it/castelli/linelists.html

two strongest CaT lines at 8552 and 8662 A. For each transition
(except the Ca II lines) the y*>-minimization has been performed
within a fitting-window of ~4—5 A. Only for the Ca II lines did
we adopt a different strategy: following Mucciarelli et al. (2012),
the Ca abundance has been derived by fitting only the wings
of these lines and disregarding the core. In fact, the core of the
Ca II lines forms in the outermost photospheric layers and it is
sensitive to the inadequacies of the 1-dimensional model atmo-
spheres and it suffers from severe departures from local thermo-
dynamical equilibrium.

All the observed spectra have been previously normalised
by fitting the entire spectrum with a cubic spline function. The
continuum location has been refined by using pre-selected spec-
tral windows representative of the continuum (i.e. without spec-
tral features): a cubic spline has been calculated considering the
median values of the continuum windows and then used to nor-
malise, in a self-consistent way, both synthetic and observed
spectra.

Because of the large range of metallicity covered by the en-
tire sample (including both metal-poor M 54 stars and metal-rich
Sgr, N stars), a unique list of continuum windows cannot be suit-
able for all the stars. The entire analysis procedure has been it-
eratively performed: a first analysis has been done adopting a
preliminary set of windows and then refined with an appropri-
ate list of continuum windows selected according to the stellar
metallicity.

The procedure of normalisation can be critical at the
DEIMOS spectral resolution, especially for the most metal-rich
stars, where the blanketing conditions can make difficult an ap-
propriate location of the continuum level. In order to check the
stability of our abundances against the method to normalise the
spectra, we repeat the analysis for a subsample of spectra adopt-
ing the approach originally described by Shetrone et al. (2009)
and already implemented in SALVADOR (see Mucciarelli et al.
2012). In this approach, the observed spectrum is divided by
the spline obtained by fitting the residuals between the observed
spectrum and the best-fit synthetic spectrum obtained in a first
iteration. The procedure is repeated if the derived abundance
changes significantly. We analysed some tens of stars picked in
order to sample different metallicity and S/N. For bright, metal-
poor stars the absolute differences in the derived abundances
between the two methods are smaller than 0.02 dex, while for
the bright, metal-rich stars they do not exceed 0.04 dex. For
faint stars, with low S/N, the differences between the two ap-
proaches remain smaller than 0.1 dex. However, these abundance
differences are, on average, compatible with zero, pointing out
that the two approaches are substantially equivalent. The use
of the method of Shetrone et al. (2009) does not change sig-
nificantly the derived metallicity distribution of Sgr,N and our
conclusions.

Uncertainties in the chemical abundances have been esti-
mated by taking into account two main sources of error:

1. Uncertainties arising from the fitting procedure that have
been estimated by using Montecarlo simulations. For each
spectral line, 300 simulated spectra have been created by re-
sampling the best-fit synthetic spectrum at the pixel-scale of
the observed spectrum and then by adding Poissonian noise
in order to mimic the measured S/N per pixel. This set of
simulated noisy spectra has been re-analysed with the same
procedure used for real spectral features and the standard
deviation of the derived abundance distribution is taken as
the uncertainty. For the lines observed in the brightest stars
(I ~ 14.0 and S/N ~ 130), the fitting uncertainty is about
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+0.03-0.04 dex, increasing up to ~0.2 dex for the faintest
stars (I ~ 18.0 and S/N ~ 20-30). Only for the Ca lines is
the error associated with the photon noise smaller (reaching
+0.05 dex for the faintest stars) because of the large number
of pixels used in the fitting procedure.

2. Uncertainties arising from the atmospheric parameters that
have been estimated by repeating the analysis varying each
time one atmospheric parameter by the corresponding un-
certainty. The used lines are mainly sensitive to T and vy,
while marginally sensitive to log g. A variation in log g of
+0.1 leads to a variation in [Fe/H] of +0.02-0.03 dex and
virtually a null variation in the other abundance ratios. On
the other hand, a variation in Tt of +£100 K leads to typical
changes of +£0.05-0.07 dex in [Fe/H], +0.10 dex in [Mg/Fe],
70.05 dex in [Ca/Fe], and up to +£0.15-0.20 dex in [Ti/Fe] (as
the Ti I lines used in this work are very sensitive to changes
in T.s). Finally, a variation of +0.2 km s™! in v, leads to a
change of +£0.10-0.15 dex in [Fe/H] and smaller than 0.1 dex
for the other abundance ratios.

Finally, we derived abundances of Fe, Mg, Ca, and Ti for 235 gi-
ant stars in M 54 and Sgr, N. This is by far the largest sample
of chemical abundances in the main body of Sgr dSph ever pre-
sented. While a large fraction of the sample is attributable to
M 54 (i.e. the vast majority of the stars with —1.8 < [Fe/H] <
—1.2), there are also 109 stars having [Fe/H] > —1.0 (hence un-
ambiguously associated with Sgr,N), 89 of which were never
analysed before in terms of chemical composition. Hence this
study more than doubles the number of stars with elemen-
tal abundances in the main metal-rich stellar component of
Sgr dSph. In Fig. 2 the targets are plotted in the CMD accord-
ing to their metallicity, red circles for the stars with [Fe/H] >
—1.0 dex (associated to Sgr, N) and blue circles for those with
[Fe/H] < —1.0 (mainly stars belonging to M 54). This figure is an
analogue to Fig. 10 in BO8, confirming that the metal-rich stars
are all associated to the reddest RGB visible in the CMD and
corresponding to Sgr, N. It is important to note that the metal-
rich sample is largely composed of red clump (RC) stars, while
the metal-poor one is made up only of RGB stars.

3. Comparison with previous studies

In Fig. 3 we show that the new [Fe/H] estimates based on syn-
thetic spectral analysis are in agreement with those by BO8 from
the calcium triplet, within the uncertainties. A small systematic
deviation is apparent in the most metal-rich regime, where it is
known that the CaT technique may loose some sensitivity and
reliability (see e.g. the discussion in Carrera et al. 2007).

We note that one of the four Sgr, N members found by B0OS to
have [Fe/H]c,r < —2.0 is included in the present sample (namely
#3801005) and is confirmed to have an iron abundance less than
ﬁ solar by spectral analysis of iron lines ([Fe/H] = -2.18+0.20).
Figure 4 shows the comparison between the spectrum of the star
# 3801005 and the star # 3801481, with similar atmospheric pa-
rameters and a metallicity of [Fe/H] = —1.58 dex, compatible
with the bulk of the M 54 metallicity distribution. The differ-
ence in the metallicity of the two targets is clearly visible in the
strengths of both the Fe I and Ca II lines shown in Fig. 4. The
good match with the CaT metallicity of BO8 suggests that also
the other four candidates found in that study are likely to be gen-
uine very metal-poor stars. We stress that very few stars with
metallicity [Fe/H] < —1.5, as derived from direct spectroscopic
measures, are known in the main body of Sgr (see e.g. MWM13
and Fig. 4 in Sbordone et al. 2015).
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Fig. 3. Comparison of iron abundances obtained by spectral synthesis
of iron lines in the present analysis and those derived by BO8 with the
calcium triplet technique, from the same spectra. The diagonal line has
slope = 1.0.
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Fig. 4. Comparison between the spectra of the stars # 3801005 (red
line) and # 3801481 (black line) around the Ca II line at 8662 A and the
Fe I line at 8689 A. The two stars have similar atmospheric parameters
(Ter = 4882 K and log g = 1.92 for # 3801005 and Tr = 4889 K and
log g = 2.09 for # 3801481) but different iron abundances.

In Fig. 5 we plot the difference in abundance ratios between
our estimates and those previously available in the literature for
stars in common. It is pretty clear that a fully meaningful com-
parison can be performed only with the C10b sample, with which
we have sixteen stars in common (only one with [Fe/H] > —1.0,
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Fig. 5. Differences in the abundance of stars in common between this
work and other analyses (A = other analyses — this work). The small
empty circles are from C10b, empty triangles from MOS, empty pen-
tagons from MWM13. The thin continuous line is the mean of the dif-
ferenc with respect to C10b and the thin dashed lines enclose the errors
about the mean, as derived with the Maximum Likelihood algorithm
(value reported in the upper left corner of each panel, together with the
intrinsic dispersion and the associated uncertainties). The value of the
straight standard deviation of the difference is also reported in the upper
right corner of each panel.

however), while two are in common with M05 and one in com-
mon with MWM 135, For this reason, and since the C10b analy-
sis is based on higher resolution spectra, we take it as a reference
for comparison. The overall comparison is satisfactory.

We compute the mean and intrinsic standard deviation (07jnt)
of the differences between the abundance ratios by C10b and our
own ones using the Maximum Likelihood (ML) algorithm de-
scribed in Mucciarelli et al. (2012). In all the cases oy is consis-
tent with zero, within the uncertainties. Indeed, the overall stan-
dard deviation reported in the upper right corner of each panel is
always of the order of the uncertainties on individual abundance
estimates.

The mean differences in the abundance ratios, with the as-
sociated uncertainties, are reported in the upper left corner of
each panel of Fig. 5. While the mean difference in [Fe/H] is
null, within the uncertainties, there are small but significant dif-
ferences in the zero point of abundance ratios involving the a-
elements. We note that for [Mg/Fe] and [Ca/Fe] the three points
from M0O5 and MWM13 are consistent with the distribution of
C10b points. This is not the case for [Ti/Fe]; we will see be-
low that this ratio is indeed more problematic (see also MWM13
for a discussion). To be compliant with C10b, we apply to all
our abundance ratios the mean shifts reported in Fig. 5. The

3 For abundances derived from one single line, C10b does not provide
uncertainties. We exclude these values from this and following compar-
isons. The same is true for one of the stars in the sample by Chou et al.
(2007).

05 [

[Mg/Fe]
o
1

[ca/Fe]
)
T

[Ti/Fe])

Fig. 6. Comparison of the trends of the @-elements considered here ver-
sus [Fe/H] obtained from the present analysis (small grey squares) with
datasets from the literature. Small empty circles: C10b; X symbols: SO7;
empty stars: SM02; empty triangles: M05; empty pentagons: MWM13;
asteriks: Chou et al. (2007).

estimates used in the following and listed in Table 1 have been
corrected accordingly.

In Fig. 6 we compare our results with all the abundances
for stars in the main body of Sgr available in the literature in
the planes opposing [Mg/Fe], [Ca/Fe], and [Ti/Fe] to [Fe/H].
The overall agreement is good for [Mg/Fe] and [Ca/Fe], espe-
cially if the variety of sources is considered. The agreement is
satisfactory also for [Ti/Fe] up to [Fe/H] ~ —0.8. However, at
larger metallicity the spread between different sets of measures
is large and probably dominated by systematics. In particular, the
bulk of our estimates is significantly lower than the [Ti/Fe] range
spanned by most of the literature values. However, we note that
a significant scatter does exist also among the different [Ti/Fe]
trends with [Fe/H] found by other authors, in the metal-rich stars
of Sgr, N. The origin of the discrepancy is not clear: the Ti lines
are very sensitive to temperature and microturbulent velocity and
we cannot rule out that systematic uncertainties in the T.g scale
for the metal-rich stars may lead to systematic mis-estimates of
the Ti abundance (see also MWM13). Due to these uncertainties
in the analysis and to the uncertainties in the Ti yields that affect
the chemical evolution models (see Sect. 4.2), we exclude this
element from the following discussion.

From the comparisons above, we conclude that our Fe, Mg,
and Ca abundances are reliable over the whole range of metal-
licity spanned by our data, while [Ti/Fe] values in the metal-rich
regime must be considered with great caution. In the following
we will limit our analysis to our own sample to take advantage
of the highest degree of internal homogeneity and consistency
of our measurements. This is an important step forward in our
view of the chemical patterns in Sgr dSph, since the mutual
consistency of the abundance sets from various authors is not
well established; systematic differences have been noted (see e.g.
MWM13) and can be seen also in Fig. 6.
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Table 1. Atmospheric parameters and abundances.

ID RA 12000 Dec 2000 T log g Ut [Fe/H] err [Mg/Fe] err [Ca/Fe] err [Ti/Fe] err
[deg] [deg] [K] [cms™2] [kms™!]
3700223 283.655137 -30.398678 4581 1.47 1.8 -147 0.14 040 008 033 0.12 0.08 0.08
3700626 283.657212 -30.400988 4804  2.02 1.7 -1.44 016 039 0.12 044 0.13 025 0.11
3800223 283.813879 -30.403892 4060  0.60 2.0 -1.21 0.14 0.09 0.07 029 0.11 0.07 0.09
3800306 283.819591 -30.464056 4586 1.32 1.8 -1.28 0.14 044 0.07 020 0.11 -0.05 0.12
3800422 283.781041 -30.463381 4460 1.38 1.8 -1.39 0.14 025 0.08 036 0.11 0.16 0.11
3800471 283.718195 -30.441672 4498 1.36 1.8 -1.57 0.15 041 008 033 0.13 0.06 0.09
3800508 283.725104 -30.440299 4614 1.51 1.8 -1.68 0.15 038 008 038 0.11 0.07 0.08
Notes. The full table is available at the CDS.
0.0'<R$9.0' to the main peaks and to put constraints on their intrinsic disper-
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Fig. 7. Metallicity distribution of stars in our sample in different radial
annuli around the centre of M 54/Sgr, N. The distributions are in the
form of generalised histograms normalised at their maximum. The thin
vertical lines are for reference and are placed at [Fe/H] = —1.50 and
[Fe/H] = —0.5, near the mean of the two peaks, corresponding to M 54
and Sgr, N.

4. Chemical patterns in Sgr, N

In Fig. 7 we show the metallicity distribution of our sample in
different radial annuli. We recall again that this distribution is bi-
ased by the inclusion of M 54 and by the strong selection toward
stars lying near the main RGB/RC sequences in the CMD, that is
toward stars belonging to M 54 or to the main metal-rich popu-
lation of Sgr. Indeed these populations are well traced by the two
strong peaks that characterise the total distribution in the upper
panel of Fig. 7. Still, moving to more external annuli, with the
progressive decreasing of the M 54 peak, the metal-poor tail of
the Sgr, N population becomes discernible as a left wing asym-
metry of the metal-rich peak.

Using the ML algorithm on various subsamples, we tried to
estimate the mean metallicity of the populations corresponding
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sion. Attempting to isolate the purest sample of bona-fide M 54
members, we selected 61 stars having —2.0 < [Fe/H] < —1.0 and
R < 2.5’. From this subsample we obtain ([Fe/H]) = —1.52 +
0.02 and oy = 0.09 = 0.03, in good agreement with C10b. For
the overall sample of the Sgr, N metal-rich component, that is the
109 stars with [Fe/H] > —1.0, we find ([Fe/H]) = —0.52 + 0.02
and o, = 0.17 £ 0.02. Even with the cut at [Fe/H] = —1.0,
the metallicity distribution of Sgr, N is much broader than that
of M 54. We note that the modes of the distribution shown
in the upper panel of Fig. 7 occur at [Fe/H] —1.52 and
[Fe/H] = —0.47 dex, hence the ML means above trace pretty
well the position of the two metallicity peaks.

In recent years several studies have addressed the metallicity
distribution of stars in the Sagittarius stream, with different tech-
niques. All of them found a metallicity gradient along the Stream
(see e.g. Bellazzini et al. 2006a; Monaco et al. 2007; Chou et al.
2007; Keller et al. 2010; Hyde et al. 2015; Gibbons et al. 2017,
and references therein) hinting at a pre-existing metallicity gra-
dient in the population of the progenitor. Indeed, photometric
evidence of a metallicity gradient within the main body was
already presented by Bellazzini et al. (1999) and Alard (2001).
Here we present the first spectroscopic evidence for a metallic-
ity gradient in the main body of Sgr dSph, since Fig. 7 shows that
the peak of the metal-rich population changes with projected dis-
tance from the centre within the stellar nucleus of Sgr. This peak
is at [Fe/H] = —0.38 for 0.0’ < R < 2.5’, at [Fe/H] = —0.45 for
2.5 < R £ 5.0, and at [Fe/H] = —0.57 for 5.0 < R < 9.0".
As weak as it may appear, the change of metallicity distribution
of the metal-rich ([Fe/H] > —1.0) component is demonstrated
to be real and statistically significant in Fig. 8. The probability
that the Sgr, N stars within and outside a radius of 4.0” from the
centre are extracted from the same parent distribution of [Fe/H]
is P = 0.004 per cent, according to a Kolmogorov-Smirnov test,
the innermost sub-sample being clearly skewed toward higher
metallicities. It is unclear if the gradient on such a small scale
(<100 pe) is related to the kpc-scale gradient that is seen in the
main-body at large and in the Stream. Still it provides a rel-
evant additional constraint to models for the formation of the
Sgr nucleus.

In their analysis of the stellar populations in the innermost
2.5 of Sgr, N, based on Advanced Camera for Surveys/Hubble
Space Telescope data, Siegel et al. (2007) associated the multi-
ple turn-offs (TO) seen in their CMD (above the old and metal-
poor one dominated by M 54 stars) with up to four subsequent
bursts of star formation with increasing metallicity. It is tanta-
lising to conclude that the metallicity gradient described above
corresponds to an age gradient, with more recent and more
metal-rich bursts occurring closer to the centre of the system,
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Fig. 8. Cumulative metallicity distribution for stars with [Fe/H] > —1.0
in two different radial ranges. The probability that the two distribu-
tions are extracted from the same parent population according to a
Kolmogorov-Smirnov test (Pxs) is labelled.

that is with a smaller characteristic length scale. In particular
Siegel et al. (2007) identify a population with age =4-6 Gyr
and [Fe/H] =~ —0.6 (possibly split into two sub populations), a
population with age =2.3 Gyr and [Fe/H] =~ —0.1, and a blue
plume population that can be interpreted as having age =0.1-
0.8 Gyr and [Fe/H] =~ +0.6 or as being largely composed of
blue stragglers (BSS, see Ferraro 2016, and references therein).
This multi-modality in mean age-metallicity is not reflected in
the metallicity distribution shown in Fig. 7, but this does not
seem particularly significant since multiple peaks in a relatively
narrow metallicity range would be easily wiped out by the effect
of observational uncertainty on individual metallicity estimates.

On the other hand, we used the Siegel et al. (2007) photome-
try® (adopting similar selections on quality parameters) to com-
pare the radial distribution of the three main sub-populations.
The adopted selection strictly follows the age-metallicity clas-
sification by Siegel et al. (2007) and is illustrated in the upper
panel of Fig. 9. The TO stars used to trace the various popu-
lations can be clearly recognised in the CMD; they are more
than six magnitudes above the limiting magnitude of the over-
all photometry and cover similar ranges in magnitude, therefore
they should have very similar completeness as a function of dis-
tance from the centre of the system. For this reason, their ra-
dial distributions can be safely compared, as done in the lower
panel of Fig. 9. This plot shows that the age =2.3 Gyr/[Fe/H] ~
—0.1 population is more centrally concentrated than the age
=4-6 Gyr/[Fe/H] =~ -0.6, for R < 2.5’. This implies that
the more metal-rich population dominates the innermost region
while the one with mean metallicity [Fe/H] ~ —0.6 is likely to
become increasingly relevant at larger radii, in excellent agree-
ment with our findings based on abundance analysis. According
to a Kolmogorov-Smirnov test, the probability that the radial dis-
tribution of the two samples is extracted from the same parent

6 Retrieved from http://www.astro.ufl.edu/~ata/public_
hstgc/
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Fig. 9. Upper panel: colour magnitude diagram of the innermost
2.5" from the centre of Sgr,N from the Advanced Camera for Sur-
veys/Hubble Space Telescope photometry of Siegel et al. (2007). The
stars associated by Siegel et al. (2007) with a possible young popu-
lation (or a population of BSS), a population with age ~2.3 Gyr and
[Fe/H] = —0.1, and a population with age ~4-6 Gyr and [Fe/H] = —0.6,
are highlighted in different tones of grey, from the palest to the darkest,
respectively. Lower panel: the camulative radial distribution of the three
populations are plotted using the same tones of grey (moreover, continu-
ous line: young/BSS population; short-dashed line: 2.3 Gyr population;
long-dashed line: 4—-6 Gyr population). The probability that the samples
tracing the 2.3 Gyr and the 4-6 Gyr populations have the same radial
distribution is reported.

distribution is Pxs = 6.6 x 10719, The radial distribution of blue
plume stars is indistinguishable from that of the older popula-
tion, suggesting that it is most likely largely composed of BSS
from both M 54 and Sgr, N. Hence both photometric and spectro-
scopic evidence independently suggest that the metal-rich popu-
lation of Sgr, N formed outside-in over a timescale of a few Gyr,
while the mean metallicity grew from ~1/4 solar to solar.

4.1. Trends with metallicity

In the left-column panels of Fig. 10 we show the trends of
[Mg/Fe], [Ca/Fe], and [Ti/Fe] against iron abundance for the en-
tire sample. The comparison of the total sample with the sub-
set of targets with uncertainties on the abundance ratio estimates
lower than 0.15 dex (black points) suggests that a significant part
of the spread seen at each metallicity is due to observational er-
rors and the underlying true trends are relatively narrow in the
[a/Fe] direction.

In the right column of panels we make an attempt to min-
imise the contamination by M 54 stars by selecting only the
handful of stars with R > 6.5, the radius out of which the sur-
face brightness of the cluster drops below that of Sgr, according
to BO8 (their Fig. 2, in particular). The overall trends remain
similar to those which include the full M 54 population. The
data available in the literature suggest that the mean a-elements
abundance of M 54 is consistent with that of Sgr dSph as a
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Fig. 10. Trend of all the elemental abundances considered here versus
[Fe/H] for the whole sample (left panels) and for a sub-sample minimis-
ing the contribution from M 54 stars (right panel; R > 6.5"). The black
dots correspond to elemental ratios whose uncertainty is <0.15 dex.

whole in the relevant range of metallicity. The analysis of the
Keck/DEIMOS spectra supports this view, consequently we will
assume, as a working hypothesis, that M 54 stars are good trac-
ers for the a-elements abundance trends of Sgr in the metal-poor
regime (but not of the radial distributions), as explained above).

Figure 11 compares the [a/Fe] abundance ratio (defined as
0.5 x ([Mg/Fe] + [Ca/Fe])) as a function of [Fe/H] of our Sgr, N
sample with samples from different galaxies taken from the liter-
ature. The galaxies we compare with are: the Milky Way (red cir-
cles, Edvardsson et al. 1993; Burris et al. 2000; Fulbright 2000;
Stephens & Boesgaard 2002; Gratton et al. 2003; Reddy et al.
2003, 2006; Barklem et al. 2005; Bensby et al. 2005), Fornax
(blue dots, Letarte et al. 2010; Lemasle et al. 2014), and Carina
(cyan triangles, Lemasle et al. 2012; Fabrizio et al. 2015), in the
upper panel, and Large Magellanic Cloud (LMC; green dots,
Lapenna et al. 2012; Van der Swaelmen et al. 2013) in the lower
panel of Fig. 11.

The metal-poor component of our sample ([Fe/H] < —1.0,
dominated by M 54 stars) exhibits an enhancement of the [a/Fe]
abundance ratio that matches well with those of the Galactic
Halo stars and the bulk of the Carina stars. On the other hand,
in the metal-rich regime the level of a-elements abundance is in-
termediate between the Milky Way (on the high side) and Fornax
(on the low side), at any metallicity. The inspection of the lower
panel of Fig. 11 reveals that the overall pattern of a-elements ver-
sus [Fe/H] seen in the Sgr dSph is quite similar to that observed
in the LMC, suggesting a similarity between the progenitor of
Sgr dSph and the most massive of the satellites that orbit the
Milky Way (see also Monaco et al. 2005b; de Boer et al. 2014;
Gibbons et al. 2017).

A high-mass progenitor is hinted at also by the compari-
son with other dwarf spheroidal galaxies shown in Fig. 12. The
0.5 x ([Mg/Fe]+[Ca/Fe]) versus [Fe/H] patterns of Draco, Sculp-
tor, and Fornax dSph’s are taken from Kirby et al. (2010), who
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Fig. 11. Behaviour of 0.5 x ([Mg/Fe] + [Ca/Fe]) as a function of [Fe/H]
for the whole sample (grey squares) in comparison with (upper panel)
the Milky Way stars (red circles, Edvardsson et al. 1993; Burris et al.
2000; Fulbright 2000; Stephens & Boesgaard 2002; Gratton et al. 2003;
Reddy et al. 2003, 2006; Barklem etal. 2005; Bensby et al. 2005),
Fornax (blue dots, Letarte et al. 2010; Lemasle et al. 2014), and Ca-
rina stars (cyan triangles, Lemasle et al. 2012; Fabrizio et al. 2015),
and with (lower panel) LMC stars (green dots, Lapenna et al. 2012;
Van der Swaelmen et al. 2013).

measured their abundance estimates from Keck/DEIMOS spec-
tra with the same set-up as those analysed here. In this figure, the
galaxies are ordered in the various panels according to their V-
band absolute magnitude, a proxy for stellar mass. A trend of the
maximum metallicity with My is clearly evident, suggesting that
the progenitor of Sgr dSph was more massive than Fornax dSph,
which is the most massive among dSphs orbiting the Milky Way.

To further investigate the chemical evolution of the Sgr sys-
tem and the properties of its progenitor-precursor, we recur to
chemical evolution models.

4.2. Chemical evolution of the Sagittarius complex precursor

Chemical evolution models for Sgr in the literature refer to
its bound central region (e.g. Lanfranchi & Matteucci 2003;
Vincenzo et al. 2015); in this section, we discuss a more general
model for a precursor that interacts disruptively with the Galaxy
leaving behind the compact body and the stellar streams we see
today. It is evident that both theoretical limitations and the lack
of robust observational constraints (e.g. on the total mass of the
progenitor, the epoch of infall, etc.) hamper our ability to model
in proper detail a system with a complex chemo-dynamical evo-
lution like the Sgr dSph. Here we use a pure chemical model to
reproduce the observed chemical abundance pattern to get broad
indications on the past evolutionary path of the system.
Niederste-Ostholt et al. (2010) have re-assembled the stellar
debris of the Sgr dSph and found that the stellar mass of the pro-
genitor at infall must have been as high as M, ~ 6.4 x 108 M,
(see also Niederste-Ostholt et al. 2012), that is, more than a fac-
tor of ten higher than the present-day stellar mass of the main
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Fig. 12. Behaviour of 0.5 x ([Mg/Fe] + [Ca/Fe]) as a function of [Fe/H]
for the whole sample (grey squares, lowest panel) in comparison with
the stars of Draco, Sculptor, and Fornax dSph’s analysed (blue points,
Kirby et al. 2010, upper panels) using Keck/DEIMOS spectra with the
same set-up as those analysed here.

body. From this, and using the stellar mass-halo mass relation
from Behroozi et al. (2010), it turns out that the progenitor of
Sgr was embedded in a heavy dark halo with Mpy ~ 10" Mg,
In order to reproduce the run of velocity dispersion with longi-
tude for the metal-poor and metal-rich populations in the Stream,
Gibbons et al. (2017) set a lower limit of 6 x 10'° M, to the dark
halo mass.

Resting on the above-mentioned observational evidence, we
follow the chemical evolution of a system with Mpy = 6 X
10" My and My, = 017 Mpy = 10'© M. A fraction of
My, is accreted in the form of cold neutral gas according to an
exponentially-decreasing law, dMj,¢/dt o e T, where Miy =
2.1 x 10° My, and 7 = 0.5 Gyr. This gas is turned into stars fol-
lowing a Kennicutt-Schmidt (Schmidt 1959; Kennicutt 1998)
law, Y(t) = v Mgy(t), where v = 0.1-0.001 Gyr™! is the star-
formation efficiency and Mg,(?) is the mass of cold neutral gas
at a given time. A more detailed description of the adopted for-
malism can be found in Sect. 3.1 of Romano et al. (2015, and
references therein).

The star-formation history of the precursor of Sgr as a whole
is poorly constrained; resting on studies by Dolphin (2002) and
de Boer et al. (2015), we assume that the bulk of the stars formed
rather efficiently (v = 0.1 Gyr™') from ~14 to 7 Gyr ago, then
the star-formation rate dropped abruptly (v = 0.001 Gyr™!), un-
til the star formation stopped 6 Gyr ago. This assumption may
appear in stark contrast with the results of Siegel et al. (2007).
However this should be considered just as a convenient work-
ing hypothesis at this stage. We will show below that we find
a good (possibly better) match with the observed chemical pat-
tern also with models in which the abrupt stop of star forma-
tion occurs much later, while it is impossible to reproduce the
observations without a significant gas-loss episode. The model
assumes a Kroupa (2002) initial mass function (IMF), with a
slope x = 1.7 (x = 1.35 for the Salpeter IMF) in the high-mass

regime. Given the relatively deep potential well in which our
Sgr precursor is embedded, the internal feedback alone is unable
to trigger an outflow and deprive the galaxy of its residual gas.
We thus assume that, starting from 7.5 Gyr ago, because of the
effects of Galactic tides, the galaxy rapidly lost its gas, together
with the outermost stellar populations that form the stream. This
gas stripping episode leads to the consumption of all the avail-
able gas 6 Gyr ago, in the model. Summarising the sequence of
events, for clarity: (a) the model forms stars with v = 0.1 Gyr™!
starting from 14 Gyr ago; (b) starting from 7.5 Gyr ago gas is
lost at a rate tuned to reproduce the observed abundance patterns;
(c) this gas-loss process leads to the total consumption of the gas
reservoir by 6 Gyr ago, when, consequently, the star formation
ceases.

The stellar yields are from Karakas (2010) for low- and
intermediate-mass stars, Nomoto et al. (2013) for massive stars,
and Iwamoto et al. (1999) for type la supernovae. The adopted
stellar nucleosynthesis from massive stars is slightly updated
with respect to our previous work, so we checked that with our
choice of the stellar yields the [X/Fe] versus [Fe/H] trends of el-
ements from C to Zn in the Milky Way are reproduced. We run
a model in which all massive stars explode as normal type II su-
pernovae and a model in which all stars above 20 M, explode as
hypernovae (solid and dotted lines, respectively, in Fig. 13).

The values of the free parameters M, 7, and v are fixed
in such a way that the chemical properties of Sgr stars are re-
produced, while a stellar mass of M, ~ 7 X 108 M, at infall is
obtained. For the comparison with the model predictions, we use
data from this work for [Mg/Fe] and [Ca/Fe]. We define theoret-
ical [a/Fe] ratios as 0.5 x [Mg/Fe] + 0.5 x [Ca/Fe] for a twofold
reason: first, we want to compare with the data presented in this
work and, second, current yields of Ti still lead to theoretical
[Ti/Fe] versus [Fe/H] trends that do not reproduce the one ob-
served in the Milky Way (Romano et al. 2010; Kirby et al. 2011;
Nomoto et al. 2013), thus making any comparison involving Ti
not meaningful. For the iron-peak elements Mn, Cu, and Zn, we
use data from Carretta et al. (2010b), Sbordone et al. (2007), and
McWilliam et al. (2013). Measurements of Na and Al are also
available for Sgr main-body stars. However, for stars belonging
to M 54 these may reflect the peculiar enrichment processes oc-
curring in a globular cluster, rather than the global galactic en-
richment process. Therefore, we do not consider these elements
in our study. On the other hand, the [Mg/Fe] spread in M 54 is
moderate (C10b), thus it is not expected to seriously affect the
general trend with [Fe/H]. The analysis of Eu data, instead, is
complicated by the fact that this element, like other r-process el-
ements, is likely to originate, at least partly, from compact binary
mergers (Matteucci et al. 2014). Since we do not have an esti-
mate of the rate of compact binary mergers in the progenitor of
Sgr, we prefer not to deal with Eu in this paper.

From Fig. 13 it can be seen that our pure chemical evolution
model, notwithstanding the rough assumptions it makes about
the effects of the interaction with the Galaxy, is quite success-
ful in reproducing the average trends of the analysed elements
in Sgr. We stress that the abruptly decreasing trends of [Mg/Fe]
and [Ca/Fe] for [Fe/H] > —0.4 (red portions of the curves in
Fig. 13) can be obtained only by assuming that an efficient strip-
ping is removing all the gas starting from 7.5 Gyr ago; without it,
a much milder decrease would be found, at variance with the ob-
servations. Comparing the predictions of a model for the whole
Sgr system with data from the central nucleus alone may not
appear fully appropriate, but we verified that our model repro-
duces satisfactorily also the [@/Fe] versus [Fe/H] pattern found
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Fig. 13. Run of [X/Fe] versus [Fe/H] for — clockwise from top left — Mg, Ca, a-elements, Zn, Cu, and Mn predicted with our chemical evolution
model assuming that stars above 20 M,, explode as normal type II supernovae (solid curves) or as hypernovae (dotted curves). The red portions
of the curves show the phases in which the stripping is active, while the vertical lines mark the end points of the tracks without stripping. The
theoretical predictions are compared to data from this work (grey filled squares), Sbordone et al. (2007, cyan diamonds), Carretta et al. (2010b,

upside-down triangles), and McWilliam et al. (2013, blue filled circles).
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Fig. 14. Effect of a prolonged (dark green curves, gas stipping starting 3.5 Gyr ago) or shortened (light green curves, gas stripping starting 11.5 Gyr
ago) star-formation activity on the predicted [Mg/Fe] versus [Fe/H] behaviour (left-hand panel) and stellar metallicity distribution (right-hand

panel) of Sagittarius stars.

by de Boer et al. (2014) in the Sgr Stream’, in the metallicity
range spanned by their data.

The model with normal supernovae is favoured, at least for
[Fe/H] > -2.0, while the only very metal-poor stars seem to
suggest that hypernovae may have played a role at early epochs.
It would be interesting to test this hypothesis by measuring the
abundance ratios in metal-poor stars for other elements, such
as Zn or Mn, whose nucleosynthesis is strongly affected by the

7 We note that de Boer et al. (2014) adopt another definition for [a/Fe],
[a/Fe] = 0.5 x [Mg/Fe] + 0.3 x [Ti/Fe] + 0.1 x [Ca/Fe] + 0.1 x [Si/Fe].
This is the reason why we do not include their data in Fig. 13.
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explosion energy. Furthermore, it is reasonable to assume that
a multi-zone model would be better suited to describe the evo-
lution of Sgr precursors, since the outer parts of the galaxy
are expected to evolve more slowly than the inner parts. In-
deed, de Boer et al. (2014) find that the knee in the [a/Fe] versus
[Fe/H] relation for stream stars occurs at [Fe/H] ~ —1.2 dex,
while our main-body sample points to a higher metallicity value
of [Fe/H] ~ —0.4 dex. Much more detailed (and homogeneous)
chemical abundance data for a stream sample as large as that
presented in this work are required before we can attempt this
kind of modelling. Also, we remark that the constraints on the
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timescales of chemical enrichment and stripping in Sgr that can
be set with arguments based on the trends of abundance ra-
tios with metallicity alone are quite loose: by assuming a short-
lasting, more efficient main episode of star formation from 14
to 10.5 Gyr ago, with stripping starting 11 Gyr ago, or a long-
lasting (star formation from 14 to 1 Gyr ago, with a drop in effi-
ciency 2 Gyr ago®), less efficient main episode of star formation
and stripping starting 3.5 Gyr ago, we obtain almost the same
[Mg/Fe] versus [Fe/H] theoretical trend (Fig. 14, left panel). The
stellar metallicity distribution function, instead, could be a better
diagnostic for the epoch of gas-stripping, since its peak moves
from [Fe/H] = —0.85 to [Fe/H] = —0.6 in the two extreme cases
considered here. One would need accurate [Fe/H] measurements
for a complete sample of Sgr stars to be able to discriminate
among different scenarios from the metallicity distribution; how-
ever, models with later gas-stripping produce distributions peak-
ing at higher metallicity, in better agreement with the observed
peak of the metal-rich component of Sgr. Finally, we note that
our model assumes a Kroupa (2002) IMF with a slope x = 1.7,
that is, slightly steeper than Salpeter, as usually adopted in mod-
els of the solar neighbourhood region. All in all, it seems that
a more exotic IMF strongly suppressing the high-mass stars, as
proposed by MWM13, is not required in order to explain the
available data.

5. Summary and conclusions

The main results obtained from the analysis of 235 giant stars in
the globular cluster M 54 and the nuclear region of the Sagittar-
ius dwarf galaxy, Sgr, N, are summarised as follows:

— We detect for the first time a metallicity gradient within the
nucleus Sgr, N. The peak of the metal-rich component shifts
from [Fe/H] = —0.38 for R < 19.0 pc to [Fe/H] = —0.57 for
38.0 pc< R < 70.0 pc (projected distance). This evidence,
together with the radial distribution of stars of different ages
and metallicities in the innermost =20 pc, indicates that the
stars in the metal-rich component of Sgr, N formed outside-
in over a few Gyr, with each subsequent generation of stars
more centrally concentrated than the previous one.

— Hence, the Sgr,N stellar population is not dynamically
mixed and retains, in this very confined spatial region, some
memory of its formation. We showed previously in BO8 that
the timescale for M 54 to decay into the centre of Sgr by
dynamical friction is very short, on the order of approxi-
mately a Gyr. During this process, the globular cluster would
have caused a massive wake in the ambient medium, which
would have stirred the inner regions very effectively. It is
unlikely that any pre-existing structure such as Sgr, N could
have survived as a chemically inhomogeneous structure af-
ter this mixing. This opens up the fascinating possibility of
being able to place an upper limit to the time since the ar-
rival of M 54 into the Sagittarius core by measuring the age
of the Sgr, N stellar population. In the framework outlined
by Siegel et al. (2007), this would suggest that the infall of
M 54 occurred more than ~6 Gyr ago. Indeed, it is possible
that this massive and compact system may have had a role in
collecting the enriched gas that went on to form Sgr, N at the
very centre of the Sagittarius galaxy.

— Assuming that M 54 shares the same chemical pattern as
Sgr dSph stars in the metallicity range spanned by its stars,

8 We note that this model is broadly consistent with the star-formation
scenario emerging from the analysis by Siegel et al. (2007).

we recover the [Mg/Fe], [Ca/Fe], and [Ti/Fe] versus [Fe/H]
trend at the centew of Sgr from [Fe/H] ~ —2.2 to [Fe/H] ~
-0.2.

— For [Fe/H] < —1.0 the a-element abundance ratio in Sgr is
the same as in the halo of the Milky Way and in classical
dSphs. On the other hand, at higher metallicity it is different
from galaxy to galaxy: Sgr being intermediate between the
Milky Way and Fornax dSph.

— In the 0.5 x ([Mg/Fe] + [Ca/Fe]) versus [Fe/H] diagram
Sgr stars follow a trend very similar to LMC stars. This
may suggest a similarity (e.g. in mass) between the progen-
itor of Sgr and the LMC, in good agreement with recent
estimates of the Sgr mass at infall (Niederste-Ostholt et al.
2012; de Boer et al. 2014; Gibbons et al. 2017). The com-
parison in the same plane with other dSphs corroborates this
conclusion.

— We reproduce the main observed abundance trends of
Sgr dSph with a chemical evolution model implying an
episode of strong gas loss occurring from 7.5 Gyr to 2.5 Gyr
ago, presumably starting at the first peri-Galactic passage of
the dwarf after its infall into the Milky Way. In our model
the gas stripping event is required to reproduce the observed
abundance trends in the most metal-rich regime ([Fe/H] 2
—0.5). However, because of the lack of an observed stellar
metallicity distribution function for a complete sample of
Sgr stars, the timescales for the occurrence of the stripping
and chemical enrichment can be only poorly-constrained and
the one presented here is only one among different possible
evolutive scenarios.
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