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A B S T R A C T 

We present a comprehensive metallicity analysis of the Sagittarius dwarf spheroidal galaxy (Sgr dSph) using Pristine CaHK 

photometry. We base our member selection on Gaia EDR3 astrometry, applying a magnitude limit at G 0 = 17.3, and our population 

study on the metallicity-sensitive photometry from the Pristine Inner Galaxy Surv e y (PIGS). Working with photometric 
metallicities instead of spectroscopic metallicities allows us to co v er an unprecedented large area ( ∼100 square degrees) of 
the dwarf galaxy, and to study the spatial distribution of its members as function of metallicity with little selection effects. Our 
study compares the spatial distributions of a metal-poor population of 9719 stars with [Fe/H] < −1.3 and a metal-rich one of 30 115 

stars with [Fe/H] > −1.0. The photometric Sgr sample also allows us to assemble the largest sample of 1150 very metal-poor Sgr 
candidates ([Fe/H] < −2.0). By investigating and fitting the spatial properties of the metal-rich and metal-poor population, we 
find a ne gativ e metallicity gradient which extends up to 12 degrees from the Sgr centre (or ∼5.5 kpc at the distance of Sgr), the 
limit of our footprint. We conclude that the relative number of metal-poor stars increases in the outer areas of the galaxy, while 
the central region is dominated by metal-rich stars. These findings suggest an outside-in formation process and are an indication 

of the extended formation history of Sgr, which has been affected by the tidal interaction between Sgr and the Milky Way. 

Key w ords: galaxies: dw arf – Local Group – galaxies: stellar content. 
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 I N T RO D U C T I O N  

he variety of galaxies present in the Universe, with their different 
hapes, features and sizes, suggests the existence of several formation 
rocesses behind galactic structures. Due to the mutual gravitational 
ttractions, mergers have led to the formation of bigger structures. 
 E-mail: sara.vitali@mail.udp.cl (SV); anke.arentsen@ast.cam.ac.uk (AA); 
starkenburg@astro.rug.nl (ES) 
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ublished by Oxford University Press on behalf of Royal Astronomical Society 
t has been widely acknowledged that satellite galaxies have been 
ccreting on to the Milky Way (MW; see for a re vie w e.g. Bullock &
ohnston 2005 ; Bland-Hawthorn & Gerhard 2016 ). The dwarf 
alaxies that orbit around the MW are insightful laboratories to learn
bout the early evolution of our Galaxy, as they are relics of the main
uilding blocks of the Galactic halo (Frebel & Bromm 2012 ). 

The Sagittarius dwarf spheroidal galaxy (Sgr dSph) is one of such
alaxies, disco v ered by Ibata, Gilmore & Irwin ( 1994 ) in the direction
f the Galactic bulge. It is one of the biggest dwarf galaxies known
round the MW, with an estimated stellar mass of ∼4.8 × 10 8 M �
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Figure 1. The photometric fields of the Southern PIGS photometric footprint 
are shown in orange, with the Sgr extension present below the white dashed 
line at b = −10. The four red circles indicate fields with dedicated Sgr spectro- 
scopic follow-up in PIGS. The extinction map is from Schlegel, Finkbeiner & 

Davis ( 1998 ), where for the sake of contrast we fix the upper limit of the colour 
bar at 0.5. The location of M54 has been highlighted with a blue cross. 
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Vasiliev & Belokurov 2020 ), and among the most luminous with M v 

−15.1/ −15.5 (Niederste-Ostholt et al. 2010 ). Its core is located
n the opposite side of the Galactic centre, at a relatively nearby
eliocentric distance of ≈ 26 . 5 kpc (Monaco et al. 2004 ; Ferguson &
trigari 2020 ; Vasiliev & Belokurov 2020 ). Sgr is a compelling
xample of an ongoing merger with the MW, in which the system is
eing disrupted by the tidal interaction with our Galaxy (Ibata 1997 ;
ateo, Olszewski & Morrison 1998 ; Belokurov et al. 2014 ), with

he first in-fall occurring about 5 Gyr ago (Ruiz-Lara et al. 2020 ).
any of its stars have been stripped away from the core in long tidal

treams (Ibata et al. 2001 ; Majewski et al. 2003 ; Law & Majewski
010 ) that wrap around the MW. Despite its inevitable destruction,
he core of the Sgr dwarf galaxy is still visible. Ho we ver, the projected
roximity to the Galactic bulge has made the study of the dSph galaxy
hallenging due to the contamination from MW foreground stars and
xtinction by interstellar dust. 

With its history of tidal disruption, Sgr is a unique workshop for
xamining the physical aspects connected to the chemical evolution
rom the perspective of the hierarchical galaxy formation scenario. In
ecent years, a number of studies has been dedicated to disentangle
he complex Sgr star formation history (SFH), based either on high-
esolution spectroscopy (e.g. Bonifacio et al. 2000 ; Smecker-Hane &

cWilliam 2002 ; Monaco et al. 2005 ; Sbordone et al. 2005 ; Chou
t al. 2007 ; McWilliam, Wallerstein & Mottini 2013 ; Hasselquist
t al. 2017 ; Hansen et al. 2018 ) or photometric techniques (Bellazzini,
erraro & Buonanno 1999b ; Layden & Sarajedini 2000 ; Siegel et al.
007 ). They found that Sgr has experienced many bursts of star
ormation that resulted in stellar populations with different ages
nd metallicities. These are described in detail for instance in the
ork of Siegel et al. ( 2007 ), in which the monotonically varying

ge-metallicity distribution consists of four different populations: a
ominant intermediate-age stellar population aged ∼4–8 Gyr with
0 . 6 � [Fe / H] � −0 . 4, a younger and more metal-rich (MR) stellar

opulation of 2–3 Gyr old with [Fe / H] ∼ −0 . 1, a small population
ounger than 2 Gyr with super-solar metallicities ( [Fe / H] ∼ + 0 . 5),
nd a metal-poor (MP) population with [Fe / H] ∼ −1 . 2 and ages
 10 Gyr. 
Sgr is one of the most massive satellite galaxies around the MW,

fter the Large Magellanic Cloud and Small Magellanic Cloud.
he stellar mass-metallicity relation for dwarf galaxies predicts that
ore massive galaxies show higher average metallicity (Kirby et al.

013 ). The predominance of a relatively MR population in the Sgr
ore (with the bulk of the stars having an average [Fe / H] ∼ −0 . 5,
onaco et al. 2003 ; Siegel et al. 2007 ; Mucciarelli et al. 2017 )
akes the identification and study of MP stars particularly difficult.
gr does also host an old and MP component ( [Fe / H] < −1 . 0 and
ge ∼10 Gyr, Monaco et al. 2003 ; Siegel et al. 2007 ; Bellazzini
t al. 2008 ), but to date, only ∼20 very MP (VMP, [Fe / H] < −2 . 0)
gr stars have been discovered and studied with either high- or low-
esolution spectroscopy (Bellazzini et al. 2008 ; Mucciarelli et al.
017 ; Hansen et al. 2018 ; Chiti & Frebel 2019 ; Chiti, Hansen &
rebel 2020 ). This VMP population in Sgr has important implications
hen studying galaxy evolution. They are archaeological fossils from

he earliest time which will unveil the primitive stellar populations in
he Sgr dwarf galaxy. One theoretical expectation is that smaller
warf systems may ha ve contrib uted to the formation of more
assive ones, which could have happened to Sagittarius (Chiti et al.

020 ). A recent work by Malhan et al. ( 2022 ) found that the MP
lqui stream is associated with Sagittarius and was likely accreted

nside the Sgr dSph. 
Studying the spatial distribution of different stellar populations

s key, because it helps us to understand the various episodes of
NRAS 517, 6121–6139 (2022) 
tar formation which have occurred during the evolution of Sgr.
he correlation of the present spatial distributions of populations of
ifferent metallicities and ages provides hints about the primitive
istribution of the gas from which they formed. Using chemical
bundances of a sample of Sgr stars, Mucciarelli et al. ( 2017 )
evealed a metallicity gradient inside the core of the dwarf galaxy,
upporting the hypothesis of a complex SFH. How the evolution of
he galaxy has affected the spatial distribution of the different stellar
opulations is still an open debate, which needs more extended and
omprehensive samples, and especially for the more MP component.
or this purpose, one would ideally have a large, homogeneous, and
lean sample of Sgr stars with available metallicities. 

The incredible data collected by the Gaia mission, and especially
he arri v al of the high-accuracy Gaia EDR3 astrometry (Gaia
ollaboration 2021 ), allow for the building of a robust sample of
gr member stars. Relying on photometric metallicities instead of
pectroscopic metallicities allows the use of a much larger and
ore homogeneous sample to investigate the global metallicity

tructure of the galaxy. In this context, a great data set is the
hotometric Pristine Inner Galaxy Surv e y (PIGS; Arentsen et al.
020 ), consisting of metallicity-sensitive CaHK photometry of stars
n the MW bulge region. PIGS includes a region focused on Sgr,
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Figure 2. Field-to-field calibration of the PIGS-Sgr footprint. Top panel: 
stellar locus used for the calibration, with the reference field in blue and an 
example field to calibrate in red. Large points indicate the median ( CaHK −
G ) values in bins of (BP − RP), the solid lines are fourth order polynomials 
fitted through the medians. The red-dotted line indicates the best fit, with the 
best � CaHK and E(B −V) indicated. Bottom panel: difference in CaHK for 
all pairs of observations of a given star on two different MegaCam fields, 
for all fields in the Sgr footprint. The mean μ, standard deviation σ , and 
uncertainty floor σ/ 

√ 

2 are indicated. 
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rom the highest-density area of the system until the onset of its tidal
tream. 

This paper is devoted to a photometric metallicity analysis of 
he Sgr galaxy, carried out thanks to the combination of the Gaia
strometry and broad-band photometry and the PIGS metallicity- 
ensitive CaHK photometry which cover about 100 square degrees 
f Sgr. The data and the member selection are presented in Section 2 .
he combination of Gaia and Pristine leads to an unprecedented large 
gr sample of 44 785 stars with G 0 < 17.3 with available metallicity

nformation, enabling a wide investigation of the spatial distributions 
f the stellar populations with different metallicities hosted in Sgr. We 
nalysed the different spatial distributions of populations of different 
etallicities ( [Fe / H] < −2 . 0 , < −1 . 3 and > −1.0) in Section 3 , and

resent a large sample of 1150 new very MP candidates. We study the
etallicity gradient, which extends to at least ∼12 ◦ from the centre 

f the Sgr remnant. Our approach is very ef fecti ve in characterizing
he metallicity structure of Sgr. We discuss what our results can teach
s about the (early) evolution of the Sagittarius system in Section 4 ,
nd finish with conclusions and a discussion of future prospects in 
ection 5 . 

 DATA  

.1 Photometry 

n this paper, we use the PIGS photometry in the Sgr region, see
ig. 1 . The Pristine surv e y (of which PIGS is an extension) has been
ngoing since 2016 (Starkenburg et al. 2017 ) and has the main goal
o search for and study the most MP stars in and around the MW. It
akes use of the narrow-band CaHK filter designed for MegaCam 

ounted on the Canada-France-Hawaii Telescope (CFHT), which 
o v ers the Ca II H&K absorption lines that are sensitive probes of
tellar metallicity. The targeting of MP stars in the main Pristine halo
urv e y has been extremely efficient (Youakim et al. 2017 ; Aguado
t al. 2019 ), and this efficiency has been demonstrated in the inner
alaxy as well (Arentsen et al. 2020 ). The Sgr extension of PIGS
as not been used before, and we present it here for the first time. 

.1.1 Photometric field-to-field calibration 

he data reduction proceeds as in Starkenburg et al. ( 2017 ) until the
eld-to-field calibration step. Fig. 1 presents each of the observed 
aHK MegaCam images in our footprint (orange squares), which 
ay have slightly different zero-points of the order of a few tenths of
 magnitude. In the main Pristine halo surv e y, fields were calibrated
ith respect to each other by determining CaHK offsets using the red
art of the stellar locus of a CaHK –SDSS colour–colour diagram (see
g. 7 of Starkenburg et al. 2017 ). This part of the locus mostly consists
f nearby dwarf stars. For this calibration, the photometry needs to 
e dereddened, which was done using the same reddening map for
he halo surv e y, i.e. the Schle gel dust map, hereafter SFD (Schle gel
t al. 1998 ) map. This map contains the integrated reddening along
he line of sight, which may be different than the actual reddening
o the nearby dwarfs used for the calibration. Towards the halo, this
ifference is small and has not been taken into account. Towards Sgr,
o we ver, the reddening could be expected to change significantly as
unction of distance to the stars because we are looking through a
arge part of the disc, and we should not use the integrated SFD
eddening. We therefore devised a new field-to-field calibration 
trategy specifically for the PIGS Sgr footprint ( b < −10 degree). 

Instead of using only the red part of the stellar locus, we use the
ull CaHK –Gaia stellar locus of nearby dwarfs and simultaneously fit
or the CaHK offset (shifting the locus by a constant) and the average
oreground E(B −V) for each field (changing the shape of the locus).

e select dwarf stars ( M G < 4) with CaHK uncertainties < 0.15 mag,
arallax uncertainties < 20 per cent, and distances roughly between 
00 and 1000 pc (from the Gaia parallaxes) as to not span too large a
ange in distances. We apply additional quality cuts to the astrometry
RUWE < 1.2, this is stricter than the cut we apply in Section 2.2 ,
ecause we aim for higher quality for the calibration) and the
hotometry (the same cuts on BP −RP excess factor and variability
s discussed in Section 2.2 ) to get to the final calibration sample. 

We select a field with relatively low E(B −V) SFD at ( l , b ) = (6.25 ◦,
21.2 ◦) as the reference field, and correct it for extinction using the

ntegrated SFD map (which is likely not too bad 20 degrees away
rom the Galactic plane) with the filter coefficients as described in
he next subsection. We take the median ( CaHK − G ) 0 in bins in
 BP − RP ) 0 of 0.1 (or 0.2 in the reddest part), requiring at least five
tars per bin, and fit a fourth-order polynomial to it. We do the same
n each field to be calibrated, but for the reddened colours. We then
ompute the χ2 for a grid of � CaHK and E(B −V) and adopt the
est solution. We show the stellar locus of the reference field and an
xample field with its best fit in the top panel of Fig. 2 . 

We test the quality of our calibration by determining the difference
n CaHK for all stars in the Sgr footprint observed on two different
mages, possible thanks to the o v erlap between fields. Taking only
tars with CaHK uncertainties less than 0.01, we infer a dispersion
f 0.03 mag implying an uncertainty floor of 0.021 (dividing the
ispersion by 

√ 

2 ), see the bottom panel of Fig. 2 . This is comparable
o the uncertainty floor estimated for the main surv e y (0.02 mag;
MNRAS 517, 6121–6139 (2022) 
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Figure 3. Zoom in the distribution of the proper motion v alues deri ved from 

Gaia EDR3 (Gaia Collaboration 2021 ) for the PIGS data set after having 
isolated the Sgr candidates. These PM values are subtracted from the mean 
PM of the Sgr members ( μα), following expression (4) from Vasiliev & 

Belokurov ( 2020 ). The Sgr galaxy is visible as a clear o v er-density centred 
at 0. We select Sgr stars within a radius of 0.6 mas/yr −1 , delimited by the red 
circle. 

Figure 4. Top: colour–magnitude diagram with Gaia photometry for the Sgr 
selected members after applying all the cuts described in the text. Bottom: 
colour–colour diagram of the same Sgr selection. The y -axis includes the 
metallicity-dependent CaHK term. We identified stars below the red dashed 
line are as MW contamination, and remo v ed them from the Sgr sample. 
The blue line delimits the Sgr helium-burning red clump sequence from the 
normal giants. 
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tarkenburg et al. 2017 ) and corresponds to a metallicity uncertainty
f ∼0.15 dex in our methodology (see Section 3 ). 

.1.2 Catalogue 

e cross-match the PIGS photometry with the astrometric data
rom Gaia EDR3 (Gaia Collaboration 2021 ), from which we use
arallaxes and proper motions to perform a selection to isolate the
ember of Sgr (see Section 2.2 ). We also use the Gaia broad-band

hotometry combined with the PIGS photometry to select stars of
ifferent metallicities (see Section 3.2 ). Throughout this paper, we
nly use data cross-matched with the PIGS + Gaia catalogue for
gr. 
We correct for dust extinction using the SFD map. We use the

olour-dependent extinction coefficients for the Gaia EDR3 filters
rom Casagrande et al. ( 2021 ; adopting the ‘FSF’ extinction law) and
.924 for CaHK (Starkenburg et al. 2017 ). 

.2 Member selection 

stablishing proper criteria to define the membership of stars to a
warf galaxy is a crucial and challenging step. Sgr is highly affected
y the contamination coming from different Galactic populations,
amely the Galactic bulge, the thick disc and the thin disc (Ibata
t al. 1997 ), and the Galactic halo. It is necessary to find an accurate
alance between reducing MW contamination and not loosing too
any Sgr candidates. 
We apply the following cuts to obtain Sgr members from our

IGS + Gaia catalogue. We only consider the part of the PIGS
ootprint with b < −10 ◦, to a v oid the region close to the Galactic
lane which will have more contamination. We isolate Sgr candidates
sing a cut on the parallax to remo v e fore ground stars ( | � | ≤ 2 ε� 

).
e limit our analysis to stars with G 0 ≤ 17 . 3 to a v oid fainter stars

or which the uncertainties on the Gaia astrometry and the CaHK
hotometry become too large. Additionally, helium-burning (red
lump and horizontal branch) stars start to contribute significantly at
ainter magnitudes. Deriving photometric metallicities for the (bluer)
orizontal branch is more difficult since the metallicity sensitivity of
ristine reduces for hotter stars; our spectroscopic training sample

see the next section) does not include horizontal branch stars and
ome of the stars on the horizontal branch are photometrically
ariable. Excluding these bluer (more MP) stars while including
he (more MR) red clump stars would bias our sample against MP
tars. This is another reason to limit the analysis to brighter stars only.
his leads to a sample of ∼52 000 stars. We apply additional quality
uts on RUWE ( < 1.4), astrometric excess noise sig ( ≤2)
s described in Lindegren et al. ( 2021 ), and the fidelity flag ( > 0.5)
rom Rybizki et al. ( 2022 ). 

We constrained the photometric variability for the
aia photometry using the Gaia catalogue parameters
hot g n obs (the number of observations in the G-band)
nd phot g mean flux over error (the mean flux o v er the
rror in the G-band), following equations 17 and 18 of Fern ́andez-
lvar et al. ( 2021 ). We further clean the sample using the BP −RP
ux excess: | C ∗| ≤ 3 σC ∗ ( G ) (Riello et al. 2021 ). These two last
efinements remo v e 1.3 per cent of the previous selection. We finally
efined the Sgr members with a cut on the proper motions (PMs),
s shown in Fig. 3 . We select stars within a radius of 0.6 mas yr −1 

f the mean PM of Sgr, corrected for its variation with RA and
ec. as reported in the work (Vasiliev & Belokurov 2020 ) using the
NRAS 517, 6121–6139 (2022) 
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Figure 5. Left: Same CMD as in Fig. 4 , plus the cross-match with APOGEE and the PIGS follow-up, colour-coded by their spectroscopic metallicities. Middle: 
spectroscopic metallicities from APOGEE DR16 (grey) and PIGS (blue) in our Sgr sample. Right: radial velocities from the same APOGEE and PIGS samples. 
The stars are well-distributed around 140 km s −1 , the mean Sgr radial velocity (Ibata et al. 1994 ). 
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ollowing equations: 

α = −2 . 69 + 0 . 009 �α − 0 . 002 �δ − 0 . 00002 �α3 

μδ = −1 . 35 − 0 . 024 �α − 0 . 019 �δ − 0 . 00002 �α3 (1) 

here �α = α − α0 , �δ = δ − δ0 represent the difference in RA and 
ec. with respect to the Sgr centre. We assume the nuclear globular

luster M54 (NGC 6715) to be at the Sgr centre, with coordinates
0 = 283.764 ◦ and δ0 = −30.480 ◦. 
We present the colour–magnitude diagram (CMD) and the Pristine 

olour–colour diagram for the Sgr selection (after applying the cuts 
bo v e) in Fig. 4 . The Ca H&K term appears in the y -axis of the
olour–colour diagram, making it sensitive to metallicity and creating 
 spread in the metallicity values along the vertical axis. One can see
hree distinct blobs in the colour–colour diagram. The largest blob 
onsists of red giant branch (RGB) stars in Sgr. 

The small blob of stars around ( BP − RP ) 0 = 0 . 8 and y -axis = 6.5
as values spreading a wide range in parallax compared to the rest of
he stars. These are likely foreground stars, which we decide to cut
sing the red-dashed line in Fig. 4 , together with all bluer stars that
re mostly other types of contamination. With this last cut, our final
gr sample contains 44 785 stars. 
The stars in the distinct sequence in the colour–colour diagram 

etween ∼ ( BP − RP ) 0 = 0.9–1.2 (between the red- and blue- 
ashed lines) do not have a different parallax distribution compared 
o the main group of stars, and follow the spatial distribution of
he main group of stars as well. We hypothesize that these are
ot foreground stars, nor Sgr RGB stars, but rather Sgr helium- 
urning red clump/horizontal branch stars, which have slightly higher 
emperatures compared to the normal red giants and hence form a 
istinct sequence in the colour–colour diagram. The main red clump 
n Sgr occurs at G 0 ∼ 17.7 and it is excluded from our selection,
ence the brighter red clump stars must be on the near side of the
warf galaxy to enter in our G 0 < 17.3 selection. 

.3 Spectroscopic samples 

e use spectroscopy from two different Sgr samples to e v aluate
o our Sgr selection. The first sample we use is APOGEE DR16
Ahumada et al. 2020 ), with which we have 568 stars shared with
ur Sgr selection. Most of these are relatively MR ( [Fe / H] > −1 . 0),
ee the middle panel of Fig. 5 . We checked the latest APOGEE
elease as well (DR17; Abdurro’uf et al. 2022 ), but did not find any
dditional stars in common with our Sgr selection. 
The second sample we use is a spectroscopic follow-up from PIGS,
hich contains almost e xclusiv ely lower metallicity stars. Arentsen 

t al. ( 2020 ) presented the PIGS low- and medium-resolution
pectroscopic follow-up of MP inner Galaxy candidates, obtained 
ith AAOmega + 2dF on the AAT (Lewis et al. 2002 ; Saunders et al.
004 ; Sharp et al. 2006 ). The low-resolution ( R ∼ 1300) optical and
ntermediate resolution ( R ∼ 11 000) calcium triplet spectra were 
nalysed through a full-spectrum fitting using the FERRE code 1 

Allende Prieto et al. 2006 ), providing ef fecti ve temperatures, surface
ravities, metallicities, and carbon abundances (see Arentsen et al. 
020 for details). More spectroscopic follow-up was obtained later 
n 2020, which has been analysed in the same way and has already
een used in Arentsen et al. ( 2021 ). In total, four AAT pointings
ncluded dedicated observations of Sgr stars (see their positions in 
ig. 1 ). These have not yet been discussed in any publication. 
The Sgr selection for the follow-up was made by adding two

imple Gaia DR2 cuts to the PIGS selection: ( � − ε� 

) < 0.1 and
roper motions within 0.6 mas yr −1 of μα = −2.7 and μδ = −1.35 
o transformations like equation 1 were applied. We used Gaia DR2
ecause the spectroscopic follow-up was done before Gaia EDR3, as 
art of the main PIGS follow-up program predating the current work.
he Sgr selection was extended to half a magnitude deeper ( G = 17.0)

han the main PIGS sample. Whereas the PIGS fields were observed
or 2 h each, two of the Sgr fields were observed for 3 h, one for
.5 h and one for 1.5 h. The CMD and metallicities of PIGS stars in
ur final Sgr selection are shown in the left-hand and middle panels
f Fig. 5 . The cross-match between the PIGS AAT spectroscopy
nd our selected Sgr sample results in 426 objects (keeping only
tars with good quality spectroscopic parameters, following Arentsen 
t al. 2020 ). Together, the APOGEE and PIGS samples co v er the full
etallicity range of Sgr. 
We present the radial velocities from the spectroscopic PIGS and 

POGEE stars in our Sgr sample in the right-hand panel of Fig. 5 .
or our selection, the median APOGEE and PIGS radial velocities 
re ≈ 144 . 5 km s −1 and ≈ 145 . 6 km s −1 , respectively. The resulting
istogram shows that the radial velocities have a smooth distribution 
ith no clear outliers, around the mean literature Sgr radial velocity
f ∼ 140 km s −1 (Ibata et al. 1994 ). The PIGS sample has a slightly
igher velocity dispersion than the APOGEE sample, which is in 
ine with the expectation that MP stellar populations are typically 
lder and more pressure-supported. We will further discuss this 
MNRAS 517, 6121–6139 (2022) 
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Figure 6. Top: colour-colour diagram for the main Pristine surv e y spec- 
troscopic training sample, colour-coded by their spectroscopic metallicity. 
The grey lines are polynomials fitted through the grey points, which 
are medians of the binned ( BP − RP ) 0 axis for stars within 0.1 dex of 
[Fe / H] = −3 . 0 , −2 . 5 , −2 . 0 , −1 . 5 , −1 . 0 , −0 . 5, and 0.0, from top to bottom, 
respectively. Bottom: colour–colour diagram for our Sgr sample (full sample 
shown in grey), with the spectroscopic Sgr sample from APOGEE and PIGS 
colour-coded by their spectroscopic metallicity. Overplotted are the iso- 
metallicity lines derived from the training sample, after applying a vertical 
offset to match with the Sgr spectroscopic metallicities. The thicker lines 
mark the threshold values used to divide different metallicity populations 
in this work, namely [Fe / H] = −2 . 0 , −1 . 5 , −1 . 3, and −1.0. The vertical 
dashed lines at ( BP − RP ) 0 = 1 . 6 in both panels limit the area for which we 
use the iso-metallicity lines (on the left). The stars redder than this will all be 
classified as MR based on the spectroscopic [Fe/H] available. 
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The colour-coding of CMD shown in the left-hand panel of Fig. 5
isplays the spectroscopic metallicities of the PIGS and APOGEE
tars. The most MP stars are located on the blue side, while the redder
art is populated by cooler MP stars. From the metallicity histogram
n the middle panel, the dominance of PIGS among the MP stars with
espect to the APOGEE sample is clear, the result of PIGS being
ocused on the search of MP stars in Sgr. A comparison between
etallicities from PIGS and APOGEE has been made for bulge stars

n Arentsen et al. ( 2020 ), finding good agreement – a dispersion of
.2 dex, and only a slight systematic offset (with APOGEE being
ore MR by 0.1–0.2 dex, depending on the metallicity). 

.4 Spectroscopic calibration sample 

e make use of a training sample with available spectroscopic
etallicities present in the footprint of the main Pristine halo

urv e y (Starkenburg et al. 2017 ) to derive iso-metallicity lines for
he Pristine colour-colour diagram, which we will use to calibrate
he metallicity scale of our photometric PIGS-Sgr sample. The
raining sample consists of the main training sample for the Pristine
urv e y, which has been carefully built to contain many very MP
tars (from SEGUE/Yanny et al. 2009 , LAMOST/Li, Tan & Zhao
018 and the dedicated Pristine follow-up/Aguado et al. 2019 ),
nriched with additional stars from APOGEE DR16 (Ahumada
t al. 2020 ) to extend the training sample to higher metallicities
nd lower temperatures. Because we only have giant stars in our
gr sample, we only keep the giants in the training sample (log g <
.8 and T eff < 5700 K). After cross-matching this spectroscopic
ample with the most recent internal Pristine CaHK catalogue
already cross-matched with Gaia ), de-reddening it in the same
ay as our Sgr photometry and applying the same photometric
uality cuts as before, we obtain a sample of ∼23 000 giant stars
ith −4 . 0 < [Fe / H] < + 0 . 5. The resulting sample is shown on

he Pristine CaHK - Gaia colour–colour diagram in the upper panel
f Fig. 6 , colour-coded by the spectroscopic metallicities from the
raining sample. On top of it, we show our derived iso-metallicity
ines, ranging from −3.0 to 0.0 in steps of 0.5 dex, which will be
urther described in the following section. 

 META LLICITY  ANALYSIS  

he following section reports the metallicity analysis conducted on
he photometric Sgr selection with the help of the spectroscopic
raining sample. With the aim of studying the distribution of different

etallicity populations in Sgr, we divide the sample in two main
roups and study their spatial distribution. We also fit models to the
gr stellar density, paying attention to a possible metallicity gradient
ithin Sgr. Finally, we present the spatial distribution of the very MP

tars. 

.1 Deri v ation of iso-metallicity lines 

e employ the spectroscopic training sample from the main Pristine
urv e y to deriv e iso-metallicity lines in the CaHK - Gaia colour–
olour space, which we will use in our Sgr analysis to divide the
ample into various groups of metallicity. Some iso-metallicity lines
av e been deriv ed for the Pristine -SDSS colour space before, but not
or the Pristine- Gaia colour–colour space. For this work, we are only
nterested in giants since only giants are part of our Sgr selection. We
inned the colour–colour space in ( BP − RP ) 0 and selected slices of
pectroscopic metallicities within 0.1 dex of a given [Fe/H], with
 minimum number of five stars per ( BP − RP ) 0 bin. To derive an
NRAS 517, 6121–6139 (2022) 
so-metallicity line, we determined the median y -axis value in each
in and successively fit a second-order polynomial to these points for
Fe / H] ≤ −1 . 8 and a third order for [Fe / H] ≥ −1 . 7. The resulting
so-metallicity lines are shown in the upper panel of Fig. 6 , on top
f the spectroscopic training sample from the main Pristine surv e y.
he lines range from [Fe / H] = −3 . 0 to [Fe / H] = 0 . 0 dex, in steps
f 0.5 dex. We limit the polynomials to ( BP − RP ) 0 < 1 . 6, since for
edder colours the MP and MR stars start o v erlapping and crossing. 

The derived iso-metallicity lines are on the main surv e y calibration
cale for the CaHK photometry, but the Sgr-PIGS photometry is
n a different scale, offset by a constant. To determine the offset,
e used the available Sgr spectroscopy from APOGEE and the
IGS/AAT data, which is shown and colour-coded by metallicity

n the bottom panel of Fig. 6 . We compute the offset between a
iven iso-metallicity line and the stars in the Sgr spectroscopic
ample falling in the same metallicity range. We used Sgr stars
ith −1 . 6 < [Fe / H] < −1 . 4, −1 . 9 < [Fe / H] < −1 . 7, and −2 . 1 <

Fe / H] < −1 . 9, and computed the difference between these stars
nd the iso-metallicity lines at [Fe / H] = −1 . 5 , −1 . 8, and −2.0,
espectiv ely, finding an av erage shift of 0.52 mag. In the bottom panel
f Fig. 6 , the same iso-metallicity lines from the upper panel (plus
ne at [Fe / H] = −1 . 3 represented by the thicker yellow line) are
ho wn, no w shifted with the offset derived above to match the Sgr
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olour–colour space. They are colour-coded by the corresponding 
pectroscopic metallicity. 

We found that the shift between the Sgr spectroscopic metallicities 
nd the iso-metallicity lines derived from the training sample depends 
n the exact metallicity range that is used. We hypothesize that this
s connected to a significant difference in the [ α/Fe] abundances 
etween MW stars and Sgr stars. In the training sample from the
ain Pristine surv e y, the reddest part of the colour–colour diagram

with ( BP − RP ) 0 � 1 . 5) splits into two sequences for giants when
olour-coded by [ α/Fe] from APOGEE. Their alpha abundances 
re representative of thin and thick disc stars. The Sgr [ α/Fe] is
ignificantly lower than both of those (Hasselquist et al. 2017 ). Some
iscussion on this can be found in the appendix. For this reason, we
ill not be determining individual photometric metallicities for each 

tar in this paper, because it is not clear exactly what scale they would
e on. The choice of cuts performed employing these iso-metallicity 
ines is e xtensiv ely discussed in further sections, and we show that
ur main interpretations do not depend on the details. 

.2 Metallicity division for Sgr stellar populations 

he iso-metallicity lines offer an ef fecti ve way to separate the Sgr
ample into two main populations, one MR and one MP population. 
ooking at how the choice of different iso-metallicity lines has an 

mpact on the metallicity distribution within the Sgr core gives an 
nsight about the role of the selection effect on the final results. 

First, we use the iso-metallicity line at [Fe / H] = −1 . 0 dex (thicker
range line in Fig. 6 ). With this division, 14 670 stars compose the
Fe / H] < −1 . 0 group and 30 115 stars are identified with [Fe / H] >
1 . 0. Next, we test the separation using [Fe / H] = −1 . 3 (the line is

oloured in yellow in Fig. 6 ), resulting in an MP population of 9719
tars and an MR population of 35 066 stars. Finally, we also tested a
ivision at [Fe / H] = −1 . 5 (thicker light-green line), obtaining 6195 
tars with [Fe / H] < −1 . 5 and 38 590 stars with [Fe / H] > −1 . 5. The
olynomial division is valid until ( BP − RP ) 0 = 1 . 6. Thanks to the
POGEE data set, it is possible to classify the stars sitting on the

edder part of the diagram (on the right of the dashed line in Fig. 6 )
s all being part of the population with higher metallicity, as there are
05 spectroscopic stars with ( BP − RP ) 0 > 1 . 6 with [Fe / H] > −1 . 0.
e include the reddest stars in our MR populations in the remainder

f this work. 

.3 Spatial distributions 

ext, we build density maps of the MP and MR populations 
efined in Section 3.2 to study their spatial distributions. The spatial 
istributions are shown in the left and middle columns in Fig. 7 for the
hree different metallicity separations, all of which practically show 

he same pattern: a higher stellar density is found in the centre of
gr around M54, while the number of observed stars drops moving 
utwards from the centre to the onset of the stream. One thing to
otice is that the more MR component appears to be more centrally
oncentrated compared to the more spread-out MP population. The 
ery central density of the two metallicity populations is dominated 
y the central globular cluster M54 (with average [Fe / H] 
 −1 . 55,
arretta et al. 2010b ). This relates to the very complicated metallicity
istribution function of the central region of Sgr influenced by the 
resence of the nuclear star cluster (Bellazzini et al. 2008 ; Alfaro-
uello et al. 2020 ). 
We use Fig. 7 to investigate the presence of a metallicity gradient.

he ratios between the MR and MP populations are shown in the
ight-hand column. The three rows correspond to different selections 
btained using iso-metallicity lines fitted for various metallicity 
alues, i.e. [Fe / H] = −1 . 5 , −1 . 3 and − 1 . 0. The histogram shows
hat the relative fraction of MP objects is higher further away from
he centre, while the central area presents on average a lower fraction.
his effect is less visible, although al w ays present, as the metallicity

imit for dividing the populations get lower. Indeed for the division
t [Fe / H] = −1 . 5, the number of stars with [Fe / H] > −1 . 5 severely
utnumber the MP counterpart and the values of their ratios are
hifted towards much lower values. 

For the analysis that follows in this work, we chose to use the
tars with [Fe / H] < −1 . 3 as the MP populations, while for the MR
roup, we set [Fe / H] > −1 . 0. In this way, we ensure that the division
etween the two groups is more clean and not dominated by stars
hat are close to the dividing line. We check the photometric selection
ith the help of the APOGEE and PIGS spectroscopy available, 
hich co v ers most of the inv estigated metallicity range. We find

hat ∼ 98 per cent of spectroscopic stars with [Fe / H] < −1 . 3 are
art of our MP population, while ∼ 95 per cent of the stars with
pectroscopic metallicities > −1.0 are part of our MR population. 
e have tested that this characteristic does not depend strongly on

he metallicity limit used to separate the MP and MR components.
he main result, that the MP/MR ratio increases further from the
gr centre, is visible also when using e ven lo wer [Fe / H] v alues for
efining the MP population. 
Fixing the limit for the MP population at [Fe / H] = −1 . 3 can

lso be justified by the estimated location of the alpha-knee in Sgr,
lthough its position is still under debate as well as the corresponding
Fe/H] value. It has been derived for M54 to occur at [Fe / H] ∼
1 . 3 / − 1 . 4 (Carretta et al. 2010a ) and at [Fe / H] ∼ −1 . 3 for the
gr stellar streams (De Boer et al. 2014 ). The alpha knee is where

he turno v er happens in the [Fe / H] − [ α/ Fe] diagram, and is linked
o the star formation rate of a system. Before this change in the
 α/Fe] abundance, the chemical enrichment is mostly subjected to 
he presence of the supernovae type II from massive stars, which
ave much shorter time-scales than supernovae type Ia (SNIa) with 
ower mass progenitors. A galaxy that builds up and maintains metals
nd gas before SNIa start to contribute to the gas enrichment will
each a higher metallicity of the knee, compared to a galaxy that
ooses metals due to galactic winds, or does not show an efficient
FH (Helmi 2020 ). 

.4 Quantifying the differences between MP and MR 

opulations 

.4.1 Method 

o quantify the structural differences between the MP and MR 

opulations, we fit a model to their spatial distributions. We bin
he Sgr footprint in pixels of a few tens of arcmin, ∼20 arcmin for
he MP and ∼15 arcmin MR, as the stellar density of this latter
opulation is higher than the one of the MP component. We follow
he approach of Martin, de Jong & Rix ( 2008 ) and express the Sgr
tellar density as: 

 i = A 0 exp −
r i 
r e (2) 

here i indicates the pixel, A 0 is the central density, r e is the
xponential scale radius, and r i is the elliptical distance of each
ixel with respect to the centre of the distribution. The r depends on
he ellipticity e and the position angle θ by: 

 i = 

(
1 

1 − e 
( x i cos θ − y i sin θ ) 2 + ( x i sin θ + y i cos θ ) 2 

)1 / 2 

(3) 
MNRAS 517, 6121–6139 (2022) 
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M

Figure 7. The first column represents the density distribution for the selected MP stars in equatorial coordinates. At the top, the MP group is derived using the 
[Fe / H] = −1 . 0 line, the middle plot is determined with the −1.3 metallicity line, while the selection at the bottom with [Fe / H] = −1 . 5. Similarly, the density 
maps for the various MR-selected populations ( [Fe / H] > −1 . 0; [Fe / H] > −1 . 3; [Fe / H] > −1 . 5) are shown in the middle column. The right column displays 
the 2D histograms of the ratios between MP and MR stars (same selections adopted for the density maps) in RA and Dec. Each bin of 0.33 ◦ is colour-coded by 
the ratio value. To have a clear spread in the ratio range, the MP/MR > 1 are set to 1. 
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here x i and y i are related to the RA ( α) and Dec. ( δ) and to the
angential plane of the sky by: 
⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

x i = 

cos ( αi ) sin ( α − α0 ) 

cos ( δ0 ) cos ( δ) cos ( α − α0 ) + sin ( δ) sin ( δ0 ) 

y i = 

sin ( δ0 ) cos ( δ) cos ( α − α0 ) − cos ( δ0 ) sin ( δ) 

cos ( δ0 ) cos ( δ) cos ( α − α0 ) + sin ( δ) sin ( δ0 ) 

(4) 

ith the centre at ( α0 , δ0 ). 
The best set of parameters were obtained using Markov Chain
onte Carlo sampling, using the EMCEE 2 package. We fit a model

or the stellar density of the MP and MR populations, with the iso-
etallicity lines at [Fe / H] = −1 . 3 and [Fe / H] = −1 . 0 as discrimi-

ant. The parameters used in the fit are reported in Fig. 8 . For each
t, we used 64 w alk ers and 30 000 steps. We excluded all pixels more

han 50 per cent outside of the PIGS-Sgr footprint (the black solid
ine in Fig. 9 ). The density of pixels with 50 per cent–100 per cent
ithin the footprint has been scaled, according to the fraction inside

he footprint. To not bias the fit due to the globular clusters in the
ootprint, we a v oided pixels where M54 is located using a radius of
.4 ◦ around the coordinates of the centre (283.762 ◦, −30.479 ◦; Harris
996 ). For the MP population, we also removed the contribution of
he two globular clusters Arp2 and Ter8 (Bellazzini et al. 2020 ), fixing
he 2 centres at (292.183 ◦; −30.356 ◦) and (295.433 ◦; −33.999 ◦) and
sing a radius of 0.2 ◦ and 0.3 ◦ for Arp2 for Ter8, respectively. 
We tested the inclusion of a Galactic background in the model,

sing an exponential function dependent on the Galactic latitude, but
e found it to be unconstrained in the fitting procedure. This hints
NRAS 517, 6121–6139 (2022) 
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t a very efficient cleaning of MW contamination in our member
election, which we further discuss in Section 4 . 

.4.2 Results 

he resulting parameters of our fits are summarized in Table 1 and
ig. 8 , which gives the marginalized 2D posterior distributions of the
et of parameters. Some correlation can be seen between α0 versus
0 , re versus A , and re versus e , but the fitted parameters are overall
ell-constrained. Table 1 also reports the values for [Fe / H] < −1 . 5

nd < −2.0. For this last category, the pixel size is increased to ∼30
rcmin and the lower number of stars is reflected in the uncertainties.

Fewer stars are included in the lower metallicity categories result-
ng in the decrease of the central density ( A ). We find that the scale
adius ( r e ) shifts significantly towards greater values for the lower
etallicity populations. All other model parameters only show minor

hanges, which are likely not significant. We suspect that the uncer-
ainties on the model parameters are underestimated, which we will
riefly get back to in the discussion. The change of the position angle
f ≈3.3 degrees between the MR and MP populations represents a
hange of only a small fraction, and similarly for the eccentricities. 

The most visible difference between the centres of the main
P and MR populations concerns the RA component: 0 . 253 0 . 028 

−0 . 028 

egree, but this is still only a small change that is unlikely to be
ignificant. Our derived centres differ from the coordinates of M54
t maximum ∼0.31 ◦ in RA for the MP stars, and ∼0.07 ◦ for the MR
opulation. Del Pino et al. ( 2021 ) derived the central coordinates of
gr (excluding M54) to be ( α, δ) = (283.945 ◦, −30.647 ◦), which
iffers from our centres by ( �α, �δ) = (0.138 ◦, 0.172 ◦) for the MP
nd ( �α, �δ) = (0.115 ◦, 0.154 ◦) for the MR populations. 
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Figure 8. Top: corner plot illustrating the results of the our model fit for the 
MP population ( [Fe / H] < −1 . 3). They show the covariance between the set 
of parameters, hinting a correlation between re and A , re and e , and between 
the coordinates of the centre of the distribution ( ra 0 , dec 0 ). Bottom: same, 
but for the Sgr MR population ( [Fe / H] > −1 . 0). 

i  

fi  

a  

S  

t  

s  

s  

i  

Table 1. Structural parameters for different metallicity populations derived 
through our χ2 minimization. 

MP ( [Fe / H] < −1 . 3) 

α0 (J2000) δ0 (J2000) A 0 

284 . 083 + 0 . 014 
−0 . 014 −30 . 475 + 0 . 006 

−0 . 006 60 . 375 + 0 . 250 
−0 . 247 

r e (degree) e θ (degree) 

4 . 085 + 0 . 022 
−0 . 021 0 . 566 + 0 . 003 

−0 . 003 −103 . 971 + 0 . 208 
−0 . 206 

MR ( [Fe / H] > −1 . 0) 

α0 (J2000) δ0 (J2000) A 0 

283 . 830 + 0 . 004 
−0 . 004 −30 . 493 + 0 . 002 

−0 . 002 126 . 008 + 0 . 222 
−0 . 225 

r e (degree) e θ (degree) 

2 . 987 + 0 . 006 
−0 . 006 0 . 592 + 0 . 001 

−0 . 001 −107 . 289 + 0 . 067 
−0 . 068 

[Fe / H] < −1 . 5 

α0 (J2000) δ0 (J2000) A 0 

284 . 060 + 0 . 024 
−0 . 024 −30 . 483 + 0 . 011 

−0 . 010 30 . 601 + 0 . 226 
−0 . 225 

r e (degree) e θ (degree) 

3 . 928 + 0 . 037 
−0 . 036 0 . 566 + 0 . 005 

−0 . 005 −103 . 955 + 0 . 359 
−0 . 361 

Very MP [Fe / H] < −2 . 0 

α0 (J2000) δ0 (J2000) A 0 

283 . 815 + 0 . 111 
−0 . 111 −30 . 396 + 0 . 058 

−0 . 053 9 . 722 + 0 . 306 
−0 . 300 

r e (degree) e θ (degree) 

4 . 400 + 0 . 185 
−0 . 173 0 . 551 + 0 . 022 

−0 . 023 −104 . 506 + 1 . 704 
−1 . 762 
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The spatial distributions of the models and residuals are shown 
n Fig. 9 . The residuals show structure for both the MP and MR
ts, especially for the regions with RA > 290 ◦. Our elliptical model
ppears to be too simplistic to describe the distribution of stars in
gr, which is not surprising given the complex, disrupting nature of

he system. We do not expect the residuals to be related to the Gaia
canning law. The effect of the scanning law is strongest for faint
tars (closer to the magnitude limit in Gaia , G � 20), producing
nhomogeneities on the scale of ∼1 degree (Fabricius et al. 2021 ). In
his work, we only use relatively bright stars ( G 0 < 17.3) and do not
ake any strong cuts on any of the Gaia uncertainties. 

.5 Very metal-poor stars 

he study of iron-depleted stars is of great interest for reconstructing
he history of the Sgr galaxy, as they carry essential information
o draw the story line of the early evolution of their host galaxy.
ifferent investigations of VMP stars in Sgr o v er the years have led

o an impro v ed understanding of the early evolution of this dissolving
ystem (Bellazzini et al. 2008 ; Hansen et al. 2018 ; Chiti & Frebel
019 ; Chiti et al. 2020 ), but these are based on just a handful of
nown very MP stars. The blue, MP region of the Sgr CMD o v erlaps
ith the giant branch of the Galactic bulge, and before the Gaia data
ecame available, it was difficult to disentangle these. Chiti & Frebel
 2019 ) and Chiti et al. ( 2020 ) used the Gaia data in combination
ith narrow-band SkyMapper v photometry to identify 22 MP stars 

 −3 . 10 < [Fe / H] < −1 . 45) in Sgr, which was successful but still
esulted in only a small sample. 

The spectroscopic Sgr-PIGS follow-up sample contains 100 stars 
ith [Fe / H] spec < −2 . 0, which is the largest spectroscopic VMP Sgr

ample to date. Our full photometric Sgr-PIGS data is an excellent
ource for more VMP stars. We selected VMP stars following the
ame approach explained in Section 3.2 , but this time using the iso-
etallicity line at [Fe / H] = −2 . 0 (see blue line in Fig. 6 ). Our VMP

ample consists of 1150 stars, which is the largest sample of VMP
andidates with [Fe / H] < −2 . 0 in Sgr to date. 

The distribution of the VMP stars is shown in Fig. 10 . Almost
he entire selection ( > 99 . 9 per cent ) is far beyond the tidal radius
f M54 (7.5 arcmin), therefore not associated to the globular cluster
Harris 2010 ). It is clear that these ancient stars are located at all radii
ut do follow the o v erall Sgr density distribution, the stellar density
eing higher in the centre. Around RA ∼ 295 ◦, an o v er-density of
MNRAS 517, 6121–6139 (2022) 
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M

Figure 9. Left: our best models for the MP population ( [Fe / H] < −1 . 3, top) and MR population ( [Fe / H] > −1 . 0, bottom), colour-coded by the number of 
stars. The PIGS Sgr footprint indicated by a black solid line. Right: residuals of the fits in relative scale (difference between the data and the model divided 
by the number of stars in each pixel). The colour bar is restricted between −1 and + 1 for a clearer visualization of their distribution along the footprint. The 
corresponding observed data are shown in the panels of Fig. 7 . 

Figure 10. Our selected sample of 1150 VMP stars (in blue) on top of the full 
Sgr sample shown in grey. The VMP stars are extended relatively uniformly 
o v er the dwarf galaxy, with a higher density around the centre of Sgr (M54 
is indicated with a black cross). 
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Figure 11. 2D histogram of the ratio between our final selected MP 
( [Fe / H] < −1 . 3) and MR ( [Fe / H] > −1 . 0) populations. The binning and 
the colour-coding are same as the ones of Fig. 7 . 
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tars is noticeable, which corresponds to the GC Ter 8 (which has a
pectroscopic [Fe / H] = −2 . 3, Sollima et al. 2014 ). 

.6 Metallicity gradient 

any studies (e.g. Keller, Yong & Da Costa 2010 ; Hyde et al. 2015 ;
ucciarelli et al. 2017 ; Hayes et al. 2020 ; Garro et al. 2021 ) have

hown that a metallicity gradient is present both in the streams and
n a small central region of the Sgr remnant, which is connected
o the intricate chemo-dynamical evolution of this dwarf galaxy.
he PIGS data are an excellent data set to study the metallicity
NRAS 517, 6121–6139 (2022) 
radient in the core of the galaxy. In Fig. 11 , we show the same
D histogram as in Fig. 7 , this time with our MP ( [Fe / H] < −1 . 3)
nd MR ( [Fe / H] > −1 . 0) populations from the previous section,
howing again the MP stars dominating at the edges and the MR in
he central region. 

Inspired by the idea of Mucciarelli et al. ( 2017 ) who mapped the
hange of metallicity as a function of the projected distance from
he Sgr centre, we divide Sgr in concentric ellipses to examine the

P/MR ratio for each section, see Fig. 12 . The ellipses are built using
he parameters that we derived for the MR population in Section 3.4 ,
hich appear in Table 1 . The ellipses have a fixed width of 1.2 degree

long the semimajor axis, except for the innermost region, where we
hose smaller ellipses to probe the effect of M54 (with each bin
ontaining at least 300 stars), and for the two outermost bins, where
he density of Sgr stars drops rapidly. The area co v ered is significantly
arger compared to the one considered by Mucciarelli et al. ( 2017 ),
s we computed the ratio out to ∼12 ◦ from the position of M54
long the Sgr semimajor axis, whereas the previous analysis only
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Figure 12. Top: division of our Sgr sample in concentric ellipses. The 
parametrization of each ellipse is defined using the fitted parameters from 

the MR population (see Table 1 ). The centre of each ellipse is represented 
by the red cross (283.830 ◦; −30.493 ◦). Bottom: the ratios of MP/MR stars in 
each ellipse. The error bars are calculated assuming a Poissonian distribution 
and the colours of the points correspond to the colours in the top panel. The 
distances on the x -axis are calculated along the semimajor axis of each ellipse 
with respect to the centre, taking the middle distance between two consecutive 
ellipses. For the outer three ellipses, the black points represent the ratios after 
removing the globular clusters Arp2 and Ter8. 
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Figure 13. Top: PM distribution of stars in our Sgr sample before making a 
proper motion cut (the same as in Fig. 3 ), with our selected Sgr sample in red, 
and three other indicated regions as MW control fields. Middle: RA/Dec dis- 
tribution of the stars from the control regions, in corresponding colours to the 
circles abo v e. Bottom: colour-colour diagrams of our final Sgr selection (gre y) 
and the stars in the control regions on top, again in the same colour coding. 
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ent out to ∼0.15 ◦ (or 9 arcmin). Similarly, the number of targets
nvestigated is greatly increased with respect to the spectroscopic 
ample of Mucciarelli et al. ( 2017 ), which accounted for 235 stars. 

By computing the ratio MP/MR for each division, as shown in 
ig. 12 , it is possible to appreciate the change of the metallicity
o ving a way from the centre. The distances are set along the

emimajor axis of each ring with respect to the centre of the MR
opulation (with [Fe / H] > −1 . 0, see Table 1 ) using the projected
oordinates from equation 4 . The error bars are calculated assuming
 Poissonian distribution. We find that Sagittarius presents a clear 
e gativ e metallicity gradient – the relative number of MP stars is
igher at larger radii from the centre of the galaxy. 
For the central ellipse, the stellar budget of M54 contributes by 

nhancing the relative number of MP stars. The last rings, located 
urthest away from the centre of the galaxy, have higher uncertainties 
ue to the lower stellar density in the outer Sgr region. The outer two
llipses also contain the two MP globular clusters Ter8 and Arp2, 
ith [Fe/H] ∼−2.37 and [Fe/H] ∼−1.77 (Mottini, Wallerstein & 

cWilliam 2008 ), at ( α, δ) ≈ (292 ◦, −34 ◦) and ( α, δ) ≈ (292 ◦, −30 ◦;
oldsbury et al. 2010 ), respectiv ely. F or the outer three ellipses, the
lack points illustrate the MP/MR ratios after removing the stellar 
ontribution from these two clusters. Excluding these two systems, 
e find that the trend seems to flatten starting at d ∼ 8 ◦. 
 DI SCUSSI ON  

.1 Sources of uncertainties 

ur analysis is subject to uncertainties, which we discuss below. 
v erall, the y do not significantly affect our main conclusions. 

.1.1 MW contamination 

espite the numerous cuts applied, some MW foreground (or 
ackground) stars could still remain in the Sgr sample. We tested
he level of contamination by selecting some MW control regions in
ifferent parts of the proper motion space, to check their numbers
nd to see how they are distributed in the footprint and the colour-
olour diagrams. We apply exactly the same cuts as to our Sgr
ample, except for the proper motions. We selected three circular 
egions with the same PM radius as for our Sgr selection in roughly
he same region of the PM space, which are shown in orange,
reen, and blue circle in Fig. 13 . Two of these fields, the green
nd orange circles, have higher densities than we expect in the
gr region and show a pessimistic case of what the contamination

evel could be (175 and 332 stars). The control field depicted in
lue contains even fewer stars (only 100). These numbers are to
e compared with the 44 785 stars in our Sgr selection. From the
umbers of stars in each control region, it is possible to compute
MNRAS 517, 6121–6139 (2022) 
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Figure 14. Same MP/MR ratio as in the bottom panel of Fig. 12 , but present- 
ing populations selected with different photometric metallicity thresholds for 
the MP population (top: [Fe / H] < −1 . 5, bottom: < −2.0). The MR group is 
al w ays defined as [Fe / H] > −1 . 0. 
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he percentage of the possible level of contamination left, which
eaches at maximum ≈ 0 . 4 per cent , 0 . 7 per cent and 0 . 2 per cent for
ach field, respectively. 

We show their distribution in RA and Dec. in the middle panel
f Fig. 13 . The stars are mostly concentrated closer to the Galactic
lane (on the left), and their density fades away towards higher RA
further away from the plane). The low ratio of MW stars left in the
uter part of Sgr indicates that the contribution from the MP MW
alo is not dominant and it should not affect our metallicity analysis
n the lower density regions. 

We inspected the location of the control fields in the colour–colour
iagram (bottom panels) and found out that they are mostly located
n the bluer part of the diagram, o v erlapping with the region that we
dentified as Sgr red clump stars. The contamination appears to be
plit between the MR and MP groups in roughly equal proportions
ompared to the Sgr stars, therefore they should not bias the results
rom our metallicity analysis. We tested whether it made a difference
o our main results to exclude the RC region of the colour–colour
iagram in our Sgr selection (using the blue line in Fig. 4 ). We found
o large differences, and therefore decided to keep the red clump
egion in our analysis. 

As described in Section 3.4 , we considered the MW contribution
n the model fitting and found that it was unconstrained and did not
mpact the main results. This is consistent with our estimate of the

W contamination in this section, finding that it is very small. 

.1.2 Brightness cut 

he choice of the magnitude cut ( G 0 = 17.3), which noticeably
educed the Sgr sample (80 per cent of the original sample within
he available magnitude range), has the advantage to give us a
lean sample in the sense that the astrometry and the photometry
re better constrained, enabling a more ef fecti ve cleaning from the
W foreground stars. Whilst fainter targets might be interesting to

ave a more stars of this galaxy, we decided to reject the horizontal
ranch and the red clump region because it would make the selection
f MR and MP populations more complicated and less complete.
urthermore, discarding the horizontal branch means to remo v e
ariable stars, which start appearing in this region of the diagram. 

.1.3 Iso-metallicity lines 

or the deri v ation of the iso-metallicity lines, we considered using the
aHK and Gaia G, BP, and RP uncertainties. The uncertainties in
aHK are all < 0.08, and when included in the fitting operations,
ur results did not change significantly. The errors on the Gaia
hotometry are much smaller than the CaHK , hence we ignored
hem as well. As mentioned earlier in the text (Section 3.1 ), the
so-metallicity lines stop to be trustworthy for the coolest stars,
amely ( BP − RP ) 0 > 1 . 6, because in this region the MP and MR
equences start crossing each other. For this reason, we relied on
he APOGEE [Fe/H] values to classify stars with ( BP − RP ) 0 > 1 . 6
s all being MR. We also found that in the spectroscopic training
ample, the location of stars in the Pristine colour–colour diagram
epends on the alpha abundances for the coolest/reddest stars (with
 BP − RP ) 0 > 1 . 5), resulting in a de generac y between metallicities
nd alpha abundances. The alpha abundances in Sgr are different
ompared to those in the MW, therefore the iso-metallicity lines
erived from the training sample could be partly inappropriate for
gr. This may be connected to our finding that the CaHK shift
NRAS 517, 6121–6139 (2022) 
etween the spectroscopic training sample and the Sgr spectroscopy
ample appears to depend on the metallicity of the Sgr stars used. 

It is worth mentioning that the iso-metallicity lines were derived
rom a sample with low extinction towards the Galactic halo, whereas
he Sgr region presents higher extinction since it is relatively close
o the Galactic disc. Uncertainties in the extinction correction mean
hat this difference is expected to slightly increase the uncertainties
n the metallicities for the Sgr sample, but it is not expected not create
 systematic offset in the metallicity calibration. 

.1.4 Definitions of MP and MR populations 

igs 7 and 11 showed that, even when shifting the metallicity
oundary for the MP and MR regions between −1.0, −1.3, −1.5,
nd −2.0, the fraction of MP stars relative to the MR ones
l w ays increases with distance from the centre of Sgr, therefore
he metallicity gradient remains and does not depend on our exact
efinition of the MP population. This effect was quantified in the
ottom panel of Fig. 12 for our main MP ( [Fe / H] < −1 . 3) and MR
 [Fe / H] > −1 . 0) populations, presenting a clear ne gativ e metallicity
radient. Choosing the two more MP boundaries introduced in
ection 3.2 ( [Fe / H] < −1 . 5 and < −2.0) for the MP population

nstead, we reproduce a similar trend of the MP/MR ratio rising
way from the centre for these cases, presented in Fig. 14 . In both
anels, it is possible to notice a flattening in the trend starting at
round d ∼ 6 ◦. The fraction of stars with [Fe/H] < −1.5 appears
o be relatively constant in the outermost rings, except for the last
nnulus. In this last ring, the ratios of MP and MR stars experience
n important rise due to the presence of Arp2 and Ter8 that lay in
his same region. From the same figures, it can be observed that the
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attening is stronger when the contribution from the two MP clusters,
rp2 and Ter8, is remo v ed. F or the [Fe / H] < −2 . 0 stars, there is no

ign of M54 in the innermost rings anymore, and the rest of the trend
hows a similar flattening as the previous case. 

It is beyond the scope of this paper to further quantify the gradient
e.g. in terms of dex/kpc), which requires individual metallicity 
stimates for all our stars. For that, a larger spectroscopic sample 
f Sgr stars is needed, either to be used by itself or to better constrain
he photometric metallicities. 

.1.5 Model fitting 

he exponential elliptical profile adopted in our model fitting is a 
elatively simple approximation. Although it roughly corresponds to 
he projected shape of Sgr, the real distribution of Sgr stars is more
omplex. The model fits may also be influenced by inhomogeneities 
hroughout the footprint. Both could result in unrealistic uncertainties 
rom the Markov chain Monte Carlo (MCMC). We checked whether 
he results from the model fits depend on the binning of the data and
nd no significant changes. 
To investigate whether differences for the model parameters 

etween the MP and MR populations are likely to be real, we
erformed model fits on Sgr stellar populations in smaller metallicity 
ins (0.2 dex wide). We found a trend with metallicity for the scale
adius, but found no clear evidence of trends with metallicity for
he eccentricity, position angle, and centre of the models. We also 
oncluded from this e x ercise that the uncertainties from the MCMC
ppear to be underestimated. In view of these considerations, the 
hanges between the different model parameters (see Table 1 ), except 
or the scale radius, should be treated with caution. 

.2 Sgr metallicity gradient compared to the literature 

vidence of a metallicity gradient in Sgr was already reported 
arly on Bellazzini, Ferraro & Buonanno ( 1999a ). Those authors 
onnected the presence of a metallicity gradient to a significant age 
ariation in the dwarf system, caused by a protracted SFH. Alard 
 2001 ) studied two Sgr fields of 2 × 2 ◦, disco v ering a variation of
0.2 dex along the Sgr major axis that w as link ed to an age variation

nside the core. 
Thanks to near-infrared photometry, McDonald et al. ( 2013 ) 

tudied the variation of the fraction of MP ( −1 . 6 < [Fe / H] < −0 . 9)
nd intermediate, MR ( [Fe / H] > −0 . 7) stars in an area of 11
quare degrees and revealed that the MP population is more spread 
hroughout the dSph, while the MR stars ( [Fe / H] ∼ 0 . 0) are grouped
n ellipsoidal distribution around the centre of the galaxy. McDonald 
t al. ( 2013 ) identified clear traces of a metallicity gradient away from
he region dominated by the bulge population (from RA ∼287 ◦).

ucciarelli et al. ( 2017 ), through their spectroscopic study of 235
tars in the Sgr core and in M54 (all within 9 arcmin of the centre),
nco v ered a metallicity gradient as well, finding a higher fraction of
R stars in the centre. They speculated that the metallicity gradient 

n that region can be linked to an extended SFH, in which recent MR
ursts took place in the central area of Sgr, which might have caused
ater stellar generations to be more centrally concentrated. 

Our results are consistent with previous works, namely our MR 

opulation ( [Fe / H] > −1 . 0) dominates the innermost region while 
ur MP population ( [Fe / H] < −1 . 3) becomes more important at
arger radii, i.e. there is a metallicity gradient in our data. In line with
hese results, the greater value of the scale radius for the more MP
tars could be an indication that, generally, the stars belonging to this
ategory are more smoothly distributed on larger distances compared 
o the more centrally concentrated MR stars. By comparing the r e val-
es derived for a number populations in narrower metallicity bins, we
ound a clear increase of this parameter moving to lower metallicities. 

We note that our work co v ers an area of ∼100 square degrees,
xtending to ∼12 degrees from the very centre of the galaxy, which
s considerably larger than the region covered in previous studies, 
hich typically focused on the very inner part of Sgr. Here, we find

hat the metallicity gradient of Sgr extends beyond the central part of
he galaxy, and it manifests all the way outwards to the stream.
he Sgr streams have metallicity distributions peaking at lower 
etallicity values than its core, [Fe/H] ≈−0.8/ − 1.1 and [Fe/H] 
−0.5, respectively (Hayes et al. 2020 ). Our analysis revealing a

igher fraction of stars with [Fe / H] < −1 . 3 in the outskirts (RA >

90 ◦) is in congruence with these findings, supporting the scenario
n which the most MP stars were the least bound to Sgr, and have
een tidally stripped away from the core first. 

This result highlights the power of the Pristine data, which enables
s to characterize not only the dense central regions of the dwarf
alaxy but also the outskirts. Combined with Gaia astrometric 
nformation, the photometric metallicity information is ideal to study 
he structural properties of a dwarf system along its entire extension.

.3 The formation and evolution of Sgr 

t this stage of the work, it is tantalizing to tie the results from our
etallicity analysis to the history and evolution of Sgr. In general, the
orphology and the SFH of a system can be heavily influenced by

arious physical processes that can be both internal, such as feedback
rom SNe events and gas pressure support, or triggered by external
actors, e.g. ram pressure stripping and tidal disturbances caused by 
alactic tides (tidal stripping and tidal stirring; Mayer et al. 2001 ,
006 ; Łokas et al. 2010 ) or mer gers (Starkenbur g & Helmi 2015 ;
en ́ıtez-Llambay et al. 2016 ). 
Recently, Tepper-Garc ́ıa & Bland-Hawthorn ( 2018 ) and Vasiliev & 

elokurov ( 2020 ) in their simulations assumed Sgr to have been
 gas-bearing dwarf spheroidal galaxy before it fell into the MW.
ccording to this theory, Sgr has conserved its origin of dSph despite

he tidal interaction with the MW, and is predicted to dissolve over the
ext Gyr (Vasiliev & Belokurov 2020 ). Others suggest that the Sgr
rogenitor was a gas-rich, flattened rotating system that transformed 
nto a dSph due to tidal stirring in the interaction with the MW, and
hose inner core might survive the next pericentre passage ( Łokas

t al. 2010 ; Pe ̃ narrubia et al. 2010 ; Del Pino et al. 2021 ). Łokas
t al. ( 2010 ) suggested that the Sgr progenitor resembled the Large
agellanic Cloud and they described it as a discy galaxy whose

tellar populations formed a bar-like structure that survived until 
he second pericentre passage. The simulations of Oria et al. ( 2022 )
uggest that Sgr hosted a rotating component that has been perturbed
uring the interaction with the MW, but that this component was
ot the dominant fraction of the stellar mass. There is no consensus
et on the progenitor of Sgr, but more data might help to reach a
onclusion. The arguments about the nature of the Sgr progenitor 
nd its subsequent evolution are mainly based on the kinematical 
roperties of Sgr and its stream, but there is another dimension as
ell: the chemistry. 

.3.1 Processes shaping the metallicity gradient 

ne process that is known to shape the age/metallicity gradients in
atellite galaxies is ram-pressure stripping, which is responsible for 
emoving the gas that was originally in the dwarf galaxy (Mayer
MNRAS 517, 6121–6139 (2022) 
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t al. 2001 , 2006 ). Ram-pressure stripping first remo v es the gas
n the less dense outer regions of a dwarf galaxy and the central
as reservoir at the very end. This means that new stars could be
orming for longer periods of time in the centre compared to the
uter regions. The gas in the inner regions is chemically enriched
ue to the prolonged star formation, hence this process can lead to
ge and metallicity gradients. We know that the Sgr core contains a
opulation of relatively young stars ( < 2 Gyr, e.g. Siegel et al. 2007 ),
o it must still have had gas up to those times. Ho we ver, no gas
as currently been detected in Sgr (Koribalski, Johnston & Otrupcek
994 ; Burton & Lockman 1999 ). According to the modelling of
epper-Garc ́ıa & Bland-Hawthorn ( 2018 ), 30–50 per cent of the gas

n Sgr was stripped ∼2.7 Gyr ago (the first time it crossed the Galactic
isc), while the complete loss of the remaining gas took place ∼1 Gyr
go, when it crossed the disc the last time. Another process related
o metallicity gradients in satellite galaxies is tidal stripping due to
nteraction with the host galaxy. Tidal stripping affects the more
iffuse component of a dwarf more strongly, because it is less tightly
ound to the galaxy. In Sgr, tidal stripping has led to the removal of
uch of its stellar content, which is now forming the large Sgr stream.
he Sgr streams are more MP than the progenitor. The metallicities
f their stellar populations span between [Fe/H] ∼−2.5 and ∼−0.5
De Boer, Belokurov & Koposov 2015 ). This indicates that the MP
tars were the ones that were less bound to the core, suggesting a
adial metallicity gradient in Sgr. We also found in this work, using
he radial-velocities available from the spectroscopic catalogues, that
he velocity dispersion in the core of Sgr is higher for MP stars than
or MR stars, supporting this scenario. 

It has been shown that there is a difference between the metallicity
radient detected in dSph and dwarf irregular galaxies. Dwarf
rregular galaxies (dIrrs) are rotationally supported and have a discy
warf progenitor, while dwarf spheroidals are recognized to be
ressure supported systems. Generally, the first category shows a
teeper decreasing gradient profile with respect to the flatter trend
resent in dSph systems (Mayer et al. 2001 ; Taibi et al. 2022 ).
ince the progenitor of Sgr is still under debate, we can expect

hat depending on the assumed scenario for the progenitor – a dSph
r discy rotating system – the metallicity gradient would be less
r more pronounced. It is also necessary to bear in mind that the
ransition from a disc galaxy to a dSph can be caused by the tidal
tirring process, which has been invoked in the case of Sgr for being
esponsible for its observed elliptical shape ( Łokas et al. 2010 ). 

.3.2 Connecting a g es and metallicities 

he relation between metallicity and age gradients is important in
onstraining the processes behind the metallicity gradient. Many
orks showed that age–metallicity relations can be derived for RGB

tars in dwarf galaxies using information from their SFHs and CMDs
Carrera et al. 2011 ; del Pino, Aparicio & Hidalgo 2015 ; del Pino
t al. 2017 ). Ho we v er, these strate gies are ef fecti ve when the SFH
oncerns the same region of interest of the stars. We did not directly
ssociate the metallicity gradient in our work with a possible age
radient, as it would have been beyond the scope of this paper. We
ould assume age–metallicity relations for Sgr from other works (see
or instance Layden & Sarajedini 2000 ; Bellazzini et al. 2006 ; Siegel
t al. 2007 ), but this is not trivial as most of them analyse fields of
nly a few degrees in the very central part around M54. Keeping that
aveat in mind, if we adopt the age–metallicity relation presented by
iegel et al. ( 2007 ), we can speculate that our identified MR and MP
opulations have ages of ∼4–8 and � 10 Gyr, respectively. 
NRAS 517, 6121–6139 (2022) 
Another way to connect ages and metallicities is by using their
lpha abundances. The knee in the [Fe / H] − [ α/ Fe] diagram indi-
ates the switch from star formation on shorter time-scales, where
he SN type II were the main contributors to the gas enrichment,
o star formation on longer time-scales, during which the metal
nrichment from SN type Ia started to contribute significantly. The
nee in the [Fe / H] − [ α/ Fe] diagram in M54 and the Sgr stream has
een derived to be located at [Fe / H] ∼ −1 . 3 (Carretta et al. 2010a ;
e Boer et al. 2014 ), and has been connected to an age of ≈11Gyr.
he knee is still somewhat unconstrained in the core and could
e different, since the data suggest it experienced a prolonged and
omplex SFH. Ho we ver, assuming it is around the same metallicity,
his is another indication that our MP population is significantly older
han the MR population. 

Sgr has interacted with the MW for � 8 Gyr, and the first close
ericentre passage of Sgr is predicted to have happened ∼5–6.5 Gyr
go (Law & Majewski 2010 ; Ruiz-Lara et al. 2020 ). Given an age
f ∼4–8 Gyr for the MR stars, this means that the younger MR stars
ight have been born during the first encounter as a consequence

f the infalling triggered by the tidal interaction. Also the older MR
tars and the MP stars would already be present at the time of the
rst interaction. Ho we ver, we can not exclude that these populations
ill have been af fected dif ferently by the tidal interaction with the
W, depending on their internal properties at the moment of infall
i.e. how tightly they were bound to the remnant, and whether they

ad any rotation or not. 

.3.3 Metallicity gradient and its interpretation in Sgr 

he processes playing a role in the formation of metallicity gradients
n low-mass dwarf systems ( M ∗ � 10 8 − 10 10 M �) remain not fully
nderstood. There is not a clear consensus whether metallicity
radients are formed by protracted central star formation episodes
ith respect the outer regions, or if they are driven by processes acting
ore on the older, more MP stars by moving them outwards (Re v az &

ablonka 2018 ; Taibi et al. 2022 ), and/or a combination of these. 
The complex combination of internal (such as rotation, orbits

nd angular momentum content) and environmental factors (tidal
nd ram-pressure stripping) plays a role in shaping and weakening
etallicity gradients, and it is difficult to disentangle these additional

actors from the role of an extended SFH (Mayer et al. 2006 ; Sales,
elmi & Battaglia 2010 ; Taibi et al. 2022 ) and consequently link the
radient to a progenitor. 
By looking at our figures illustrating the various [MP/MR] ratios,

he fact that it is still possible to detect a gradient might be interpreted
s a hint of discy progenitor in which the gradient should have been
trong enough to be partially preserve until today. The change of
teepness observable at RA ∼290 ◦ might be related to the transition
rom the outer core to the stellar stream, which might mitigate
he profile observed for the very inner part where the various star
ormation bursts took place. 

The work of Mercado et al. ( 2021 ) reported that a late gas accretion
s a further event that can weaken or flatten an existing metallicity
radient in a dwarf galaxy. If we consider that Sgr might have
xperienced a first encounter with the MW around 5–6 Gyr ago, this
actor should be added to the secular processes that act in weakening
he trace of the original gradient. If we add to this picture the
rotracted SFH in Sgr, according to Ben ́ıtez-Llambay et al. ( 2016 ),
 steep gradient can only be present in the case of a past merger
vent, responsible of scattering the old MP component, followed by
n in situ MR star formation from the infalling central gas. 
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It is, ho we ver, ambitious to deri ve robust conclusions about the
rogenitor of Sgr before it fell into the MW – whether it was a
otating discy galaxy or a pressure supported spheroidal galaxy –
ithout ages or individual metallicities. We previously discussed 
ow ages could help in getting a more complete picture of the
volution of Sgr. On the other hand, individual metallicities would 
ive the possibility of quantifying the slope of the gradient and 
potting possible brusque changes in its trend that we are not able
o detect with our metallicity division. If we were able to quantify
he radial metallicity gradient, we could compare it with similar 
ressure-supported dSphs but located in isolated environments. This 
omparison would enable us to e v aluate the impact of both internal
eedback and Sgr properties (such as mass and angular momentum) 
nd exterior mechanisms on the Sgr metallicity gradient. 

In our fits of the the spatial distributions of the MP and MR
opulations, the only significant difference we found was that of 
he scale radius, with the MR population being more centrally 
oncentrated than the MP population. This reflects their spatial 
istribution and the detected trend in the [MP/MR] ratio: a younger, 
ore centrally concentrated MR component is surrounded by an 

lder, more disperse MP population present at increasing radii. To 
urther disentangle the different processes which could have shaped 
he metallicity gradient in Sgr, the spatial properties should be 
ccompanied by age information. 

Besides the change in the scale radius between the MP and MR
opulations, if the other small differences we found in the structural
arameters from the model fitting were real, what could they tell 
s? We found a small shift between the centres of the MR and
P populations in the RA direction. This could hint that the tidal

nteraction might have also played a more severe role in shaping and
hifting the extended MP population compared to the MR population, 
hich formed on a longer time-scale from the central gas reservoir. 
he change of the position angle for different metallicity populations 
ould be related to the fact that the y hav e interacted with the MW
idal field o v er different periods of time and thus their orbits and
ositions ha ve ev olved differently. It could also be due to rotation
ithin the dwarf galaxy, which may be different for the young (MR)

nd the old (MP) populations, as suggested in for example Ibata 
t al. ( 1997 ). The values of the ellipticity for both populations
0.566 and 0.592 for MP and MR, respectively) are lower than 
he ellipticity of ∼0.65 presented by Majewski et al. ( 2003 ). But
t is still high, which is a sign of the process of tidal elongation
f Sgr induced by interactions with the MW. The higher e value
or the MR population might also be related to its lower velocity
ispersion. 

.3.4 Comparison with other dSph 

he Fornax dSph is an interesting example of a dwarf galaxy that
hows some similarities with the Sgr dSph galaxy. The work of
e Boer et al. ( 2012 ) reports the existence of a radial gradient
f age and metallicity, with more MR and younger star-forming 
pisodes condensed in the central region of the system, and oldest 
nd more MP stars (with an age of ≥11Gyr) appearing at all radii.
he dominance of the intermediate-age stellar populations and the 
rotracted SFH for both systems indicate that their dynamical masses 
ere sufficient to retain enough gas (before the complete gas loss)

o keep forming stars in their inner regions, after the gas fell back
nto the central potential well. It is also suggested that the cause of
epeated peak in the star formation might be a merger with a gas-
ich companion. In the case of Fornax, a precise chemical estimation 
redicts the alpha-knee to occur at [Fe/H] ∼−1.5 (corresponding to 
n age of 7–10 Gyr). Battaglia et al. ( 2006 ) found the older, more
P population ([Fe/H] < −1.3, age > 10 Gyr) to be more spatially

xtended than the more MR and younger population (with [Fe/H] 
 −1.3 and ages between 2 and 8 Gyr), which was more centrally

oncentrated. Comparable results are presented in other works, such 
s Stetson, Hesser & Smecker-Hane ( 1998 ) and Wang et al. ( 2019 ).
lso Coleman & de Jong ( 2008 ) and Del Pino et al. ( 2013 ) reported
 protracted SFH and detected a gradient in the stellar populations
f which the youngest and most MR formed more se gre gated in the
entre of the galaxy. 

Another compelling example is the Sculptor dSph galaxy, in 
hich the MP ([Fe/H] < −1.7) and MR ([Fe/H] > −1.7) stellar

omponents posses different kinematics and spatial distributions. I.e. 
he more extended metal-deficient population has higher velocity 
ispersion than the MR population (Tolstoy et al. 2004 ), which
 as lik ely created after the enriched original gas sank back to the

entre. 

.4 New sample of very metal-poor stars in Sgr 

ery and extremely MP stars in dwarf galaxies strongly reflect the
arly SFH of their host systems and, being tracers for the first
ucleosynthesis events, can help to constrain the properties of the 
rst stars, such as their initial mass function. The high-resolution 
tudy targeting the MP tail of Sgr performed by Hansen et al. ( 2018 )
isco v ered a similarity in the chemical composition between Sgr
nd the MW halo for these iron-depleted candidates, hinting that 
alaxies like Sgr contributed to the MW stellar halo. Hasselquist 
t al. ( 2017 ) reached a similar conclusion. By studying this type
f objects, focusing on their chemical composition, it is possible to
tudy the past and/or ongoing accretion events. 

Despite the lack of abundances measurement, the distribution of 
ur unprecedented selection of VMP stars opens a window into the
tar formation processes behind this ancient population. It suggests 
hat no such stars were formed recently in the inner area, as we
ound them to be quite diffuse. Yet they do also show a higher
ensity (similarly to the other populations) in the centre, as seen
n Fig. 10 . The distribution of this population can be linked to the
radual disruption of the progenitor, now leaving a core and the wide
tellar streams. Indeed, it is also likely that tidal impulses, which
gr experienced from the MW during passages at its pericentre, 
rovoked a violent mixing of stars of different populations. This 
ould have erased a possibly more pronounced radial metallicity 
rofile in the Sgr progenitor, which was suspected to show an even
reater fraction of more MR stars tightly bound in the interior regions
Chou et al. 2007 ). These stars would have been removed at later
imes compared to the older and more MP population, creating the
nown metallicity variations along the Sgr stellar streams (Chou 
t al. 2007 ; Hayes et al. 2020 ). Within this perspective, the remaining
MP objects in the core can be seen as left-o v ers of the more ancient
opulation ( � 10 Gyr), once hosted in the galaxy progenitor, which
as been gradually stripped away and deposited in the streams, known 
o be on average 1 dex more MP than the core (De Boer et al.
015 ). 
There is no o v erlap between our VMP selection and the APOGEE

pectroscopic data (which contains mostly MR stars), while the cross- 
atch with the PIGS spectroscopic catalogue reveals 115 stars in 

ommon. Additional spectroscopic follow-up spectroscopy of the 
MP candidates in our sample is required to further study the nature
f these stars and the early chemical evolution of Sgr, and this effort
s ongoing. 
MNRAS 517, 6121–6139 (2022) 



6136 S. Vitali et al. 

M

5

I  

t  

n

 

a  

b  

o
 

l  

v  

S  

(  

o  

d  

t
 

d  

r  

g  

o
 

p  

[  

w  

t  

c  

e
 

(  

/  

s  

w  

s  

r  

p  

l  

a
 

h  

c  

M  

M  

S  

a  

g  

w  

i

 

p  

m  

t  

c  

c  

i  

o  

t  

e  

a  

(

 

p  

t  

e  

u  

t  

p  

t

A

W  

m
 

S  

W
 

m  

o  

a  

o  

A  

A
 

j  

H  

R  

d  

(
 

E  

H  

N
 

A  

w
 

N

 

f  

‘
 

o  

I
 

H
 

H  

a  

a  

t
 

S  

t
 

(  

b  

/  

D  

i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/6121/6753228 by IN
IST-C

N
R

S IN
SU

 user on 23 M
arch 2023
 C O N C L U S I O N S  A N D  F U T U R E  WO R K  

n this work, we presented the largest photometric metallicity study of
he core of the Sagittarius galaxy to date, using metallicity-sensitive
arrow-band photometry from the PIGS. To summarize the results: 

(i) By combining the PIGS photometry with the precise astrometry
nd broad-band photometry from Gaia EDR3, we were able to isolate
right giant Sgr stars ( G 0 ≤ 17.3) to build an unprecedented sample
f 44 785 reliable Sgr members with metallicity information. 
(ii) Using photometric instead of spectroscopic metallicities al-

ows a much more homogeneous analysis of Sgr populations of
arying metallicity. The PIGS data co v er ∼100 square de grees of
gr out to 12 degrees along the semimajor axis from the centre
corresponding to ∼5.5 kpc at the distance of Sgr), co v ering most
f remnant of the dwarf galaxy core. We divided the Sgr stars into
ifferent metallicity populations, with our two main samples being
he MP having [Fe/H] < −1.3 and the MR having [Fe/H] > −1.0. 

(iii) Our data reveal a metallicity gradient, with the MR stars
ominating in the inner regions and the MP stars towards the outer
egions. This is consistent with previous evidence of a metallicity
radient in Sgr, but we extend it to much larger radii than previously
bserved. 
(iv) We fitted models of the stellar density distributions for

opulations with various metallicities, separating MP and MR stars at
Fe / H] = −2 . 0 , −1 . 5 , −1 . 3, and −1.0. The most striking difference
e find is a change in the scale radius as function of metallicity, where

he MR stars are more centrally concentrated, while the more MP
omponent is more diffuse and distributed as a spheroid with a larger
f fecti ve radius. 

(v) The PIGS photometry is still sensitive to metallicity for VMP
 [Fe / H] < −2 . 0) stars. We previously used it to select stars for low-
medium-resolution spectroscopic follow-up, resulting in the largest
ample of 100 spectroscopically confirmed Sgr VMP stars. In this
ork, we further used the PIGS photometry to build an unprecedented

ample of 1150 VMP candidates in Sgr with G 0 < 17.3. This
emarkable sample of iron-depleted stars is left o v er from an ancient
opulation that was once hosted in the Sgr progenitor, which has
ikely partially been remo v ed and distributed to the Sgr streams
nd/or the Galactic halo. 

(vi) We discussed how the history and evolution of Sgr could
ave impacted the various Sgr stellar populations. Our results are
onsistent with an outside-in quenching process with an older, diffuse
P stellar population and a younger, more centrally concentrated
R counterpart forming at later times. Sgr had an extended and rich

FH, forming different stellar populations with a different spatial
nd chemical evolution. To further connect our detected metallicity
radient with the properties of the underlying stellar populations,
e need a better precision in metallicity and, currently missing,

nformation about the ages of different MP populations. 

Spectroscopic studies on elemental abundances of dwarf systems
ave the way in revealing their assembly and evolution histories in
ore depth, and increase the knowledge about metallicity distribu-

ions and age gradients in dwarf galaxies. For example, a strong
onnection exists between the initial mass function and the early
hemical evolution. Chemical information allows to shed light on
mportant aspects in the life of a dwarf galaxy, such as the frequency
f star formation episodes, the stellar yields, and the mixing processes
hat took place in the interstellar medium. Another factor in the
volution of a dwarf galaxy is its interactions with other galaxies,
nd Sgr is a unique example of a complex disrupting dwarf system
core and streams). 
NRAS 517, 6121–6139 (2022) 
By exploring with high-resolution spectroscopy the chemical com-
osition of the Sgr stellar populations, especially focusing on its MP
ail, it will be possible to constrain its SFH and characterize the early
volution of this dSph galaxy. We are planning spectroscopic follow-
p of our unprecedented Sgr sample with metallicity information,
he result of the powerful combination of the metallicity-sensitive
hotometry from the Pristine surv e y (Starkenburg et al. 2017 ), and
he excellent Gaia EDR3 data. 
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PPENDI X  A :  T H E  EFFECT  O F  A L P H A  

BU N DA N C E S  O N  T H E  C C D  

he Pristine colour–colour diagram has been shown to be metallicity-
ensitive (Starkenburg et al. 2017 ), but while writing the current
ork, we disco v ered that there is also an effect due to the alpha

bundances, especially for cooler stars. For this investigation, we
sed APOGEE abundances for giant stars in the main Pristine surv e y
nd in Sgr, with ASPCAPFLAG = 0 and uncertainties on [ α/M] <
.1 dex. In the top panel of Fig. A1 , we present the different [M/H]
ersus [ α/M] sequences between Sgr (red) and the training sample
black). The latter is split into two sequences at higher metallicity,
epresenting thin and thick disc stars. 

We make three different metallicity bin selections, indicated by the
re y v ertical lines, and plot their colour–colour diagrams in the bot-
om panels of Fig. A1 , colour-coded by their alpha abundances. For
 BP − RP ) 0 > 1 . 5, there are clearly three different [ α/M] sequences
n each of these colour–colour diagrams. For ( BP − RP ) 0 < 1 . 5, the
ituation is less clear. In the two more MP bins, the thin- and thick-
isc stars o v erlap, but in the most MR bin there still appears to be
ome separation between them. Unfortunately, there are practically
o Sgr stars in APOGEE with ( BP − RP ) 0 < 1 . 5, so it is unclear
hether they would overlap with the thin- and thick-disc stars in any
f the metallicity bins. 
Although calcium is an alpha element, the Ca II H&K lines closely

race the metallicity of most stars, down to the extremely MP regime
Starkenburg et al. 2017 ). The stars with ( BP − RP ) 0 > 1 . 5 have
emperatures in the range of 3800–4200 K. We conclude that for
iant stars of these temperatures the metallicity-sensitivity of the Ca
I H&K lines apparently breaks down – they start to trace the alpha
bundance instead. 
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Figure A1. Top: distribution of [M/H] – [ α/M] among APOGEE stars in the Pristine training sample and Sgr. Bottom: pristine colour–colour diagram for 
three different metallicity ranges (see titles and grey lines in the top panel), colour-coded by [ α/M]. For ( BP − RP ) 0 > 1 . 5, three different [ α/M] sequences can 
clearly be seen. 
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