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Fig. 2.—Simulated SFH of the M54 field. Distinct contributions are from
the metal-poor M54 population (M54 MPP), Sgr’s metal-poor population (Sgr
MPP), and Sgr’s young (SYng) population. The intermediate Sgr population
(SInt) is broad and composed of multiple bursts or continuous star formation.
There appears to be some contribution from a very young Sgr population
(SVYng). The dotted line is the AMR from LS00 using a simple closed-box
model; the solid line an updated model with faster enrichment.

The derived M54!Sgr SFH (Fig. 2)14 is dominated by the
M54 MPP, which contributes ∼75% of the simulated stars. Sgr
contributes a small MPP and a broad range of SInt stars. SYng
is strong and distinct while SVYng is weak and tenuous. The
populations follow a closed-box AMR model similar to that of
LS00 (dotted line) but with faster enrichment (solid line).
We supplemented the StarFISH-simulated MSs and RGBs

with synthetic HBs constructed with the He-burning tracks and
modeling code from Paper II. Mass distributions were con-
structed with an upper limit supplied by the fitted isochrones
with an average mass loss of 0.1 for the M54 MPP, 0.05M,

for the Sgr MPP and SInt, and no mass loss for SYng.M,

The amount of mass loss for each population was set to best
reproduce the observed HB. All models used a mass-loss dis-
persion of 0.05 . The number of HB stars for each popu-M,

lation was set by the appropriate R-ratio given the assumed He
abundance.
Figure 1c shows the simulated CMD. Our relatively simple

simulations recreate the salient features of the M54!Sgr field,
including the broad MS, the complex MSTO, the bifurcated
subgiant branch15, the doubled RGB, and the long blue HB.
The simulated HB has a steeper slope than the real HB, which
could be corrected if the M54 abundance were raised by a few
0.1 dex.
While SYng and SVYng are stronger than the SInt popu-

14 Isochrones of similar age-abundance combinations create degenerate solu-
tions in StarFISH. This is accounted for by “locking” together degenerate groups
of isochrones into single CMD probability functions. The points in Fig. 2 are
Gaussians set to the center and range of each locked isochrone group.

15 Our analysis of NGC 1851 (Piotto et al. 2007) also shows a bifurcated
subgiant branch, which we ascribe to a 1 Gyr age spread.

lation(s) in our ACS field, this does not apply to Sgr over larger
scales, where other studies (e.g., LS00 and B06) show SInt
dominating. Surveys of Sgr’s tidal arms have shown that the
stars it is contributing to the halo are, on average, even more
metal-poor (Bellazzini et al. 2006b; Chou et al. 2007). Our
analysis reveals the presence of recently formed stars in the
center of Sgr, further affirming the strong metallicity gradient
in the system.

REFERENCES

Bassino, L. P., & Muzzio, J. C. 1995, Observatory, 115, 256
Bedin, L., et al. 2005, MNRAS, 357, 1038
Bellazzini, M., Correnti, M., Ferraro, F. R., Monaco, L., & Montegriffo, P.
2006a, A&A, 446, L1 (B06)

Bellazzini, M., Ferraro, F. R., & Buonanno, R. 1999a, MNRAS, 304, 633
———. 1999b, MNRAS, 307, 619
Bellazzini, M., Newberg, H. J., Correnti, M., Ferraro, F. R., & Monaco, L.
2006b, A&A, 457, L21

Brown, J. A., Wallerstein, G., & Gonzalez, G. 1999, AJ, 118, 1245
Carraro, G., Zinn, R., & Moni Bidin, C. 2007, A&A, 466, 181
Chou, M., et al. 2007, ApJ, in press (astro-ph/0605101)
Da Costa, G. S., & Armandroff, T. E. 1995, AJ, 109, 2533
Dinescu, D. I., Majewski, S. R., Girard, T. M., & Cudworth, K. M. 2000, AJ,
120, 1892
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Siegel+2007

The oldest stars to explore the early chemical evolution of Sagittarius

• Multiple bursts of star formation

• Old stars → glimpse into early evolution

• Precise stellar ages: difficult to measure

How to solve this problem?



The oldest and most metal-poor stars 2219

Figure 5. Age–metallicity relations for dwarf galaxies that have a high
fraction of oldest stars among their most metal-poor populations (bottom
panel) and those that have a low fraction (top panel). The fractions are chosen
so that the sum of their stellar masses in both panels is roughly equal. Grey
lines indicate the definitions of oldest and most metal poor as defined in
Section 3 and used here and throughout this paper.

If we could isolate the oldest stars in these systems, then this
would offer great potential for early-universe studies across various
environments. However, as the right-hand panel of Fig. 4 illustrates,
any given star of [Fe/H] < −2.5 in a dwarf galaxy system might be
a messenger from the distant past, but could also be a much more
recently formed object. How can we distinguish between those
satellite systems that host stars formed before or during the epoch
of reionization and those that don’t?

5.1 How to find the systems where more metal-poor stars are
old?

In Fig. 5, we analyse the age-[Fe/H] distributions for those dwarf
galaxies that have a high fraction of old stars among their most
metal-poor populations (in the bottom panel) and those that have a
low fraction (in the top panel). It is clear from this figure that the
dwarf galaxies with high fractions of old stars among their most
metal-poor stars start to form stars earlier and are more effective at
enriching themselves; they do not form metal-poor stars anymore
at later stages.

It is in the interest of future surveys hunting for old stars to
separate the galaxies in the bottom panel of Fig. 5 from those
in the top panel. However, it is very challenging observationally
to provide the necessary accuracy on the age determination. In
general, it is difficult to find any imprints of the very first stages of
star formation still in the dwarfs today. For most dwarf galaxies, the
overwhelmingly larger more metal-rich and younger populations
contain little information on the first stages of star formation –
indeed, we found no clues to the value of fold in any present-day
observable like star formation history, metallicity distribution or
even morphology or compactness of the resulting dwarf galaxy.

One interesting parameter that can be measured, however, even
in distant systems, is the fraction of the stellar population older

Figure 6. The fraction of age >10 Gyr populations in dwarf galaxies and
the fraction of stars with [Fe/H] < −2.5, colour coded by the fraction of
these most metal-poor stars that are old (formed before 0.8 Gyr after the
big bang). Squares are satellite galaxies within 300 kpc of their host; circles
indicate more isolated systems. The red line indicates a suggested cut in this
parameter space (sloping up from <10 to <20 per cent most metal-poor
stars of their total stellar population, as a function of the fraction of stars
older than 10 Gyr) to select the systems with a high chance of having very
old stars amongst their most metal-poor population (see the text for details).

than ∼10 Gyr (because this population has specific tracers, i.e. RR-
Lyrae stars). In Fig. 6, we show how this metric, if combined with
a measurement of the (mass-)fraction of the most metal-poor stars,
can provide a much more successful identification of dwarf galaxy
systems in which to search for very old stars.

Without any pre-selection, we find that in ∼18 per cent of the
dwarf galaxies observed (both field and satellite galaxies) over
50 per cent of their most metal-poor stars are old. Since these
are the systems most interesting for old star search campaigns, we
define our blind search ‘success rate’ as 18 per cent. However, if
instead of selecting all dwarf galaxies, we select only systems that
have a high fraction of their population that is older than 10 Gyr
(>40 per cent) and a lower fraction of metal-poor stars (as illus-
trated by the red-dashed line in Fig. 6), we increase this success rate
to 60 per cent.

Our finding that one is better off selecting systems with very few
metal-poor stars in order to find the systems with the oldest stars
is somewhat counter-intuitive, but can be explained as follows:
these systems had a very rapid evolution early on – they enriched
themselves quickly and did not form many metal-poor stars at later
epochs. Therefore, their present-day populations are dominated by
more metal-rich stars.

6 D ISCUSSION

6.1 Where are the first stars?

In Fig. 7, we again show a view of our six high-resolution main
galaxies. The right-hand panels of each 2 × 2 grid show the oldest
and most metal-poor populations separately. On the left, we show
additionally a view of the stars formed before reionization in our
simulation and of the perfectly pristine stars (those that are unpol-
luted by any metals). As discussed in the Introduction section, we
do not necessarily believe that these stars should still survive in

MNRAS 465, 2212–2224 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/465/2/2212/2454746 by guest on 02 June 2025

L60 SIEGEL ET AL. Vol. 667

Fig. 2.—Simulated SFH of the M54 field. Distinct contributions are from
the metal-poor M54 population (M54 MPP), Sgr’s metal-poor population (Sgr
MPP), and Sgr’s young (SYng) population. The intermediate Sgr population
(SInt) is broad and composed of multiple bursts or continuous star formation.
There appears to be some contribution from a very young Sgr population
(SVYng). The dotted line is the AMR from LS00 using a simple closed-box
model; the solid line an updated model with faster enrichment.

The derived M54!Sgr SFH (Fig. 2)14 is dominated by the
M54 MPP, which contributes ∼75% of the simulated stars. Sgr
contributes a small MPP and a broad range of SInt stars. SYng
is strong and distinct while SVYng is weak and tenuous. The
populations follow a closed-box AMR model similar to that of
LS00 (dotted line) but with faster enrichment (solid line).
We supplemented the StarFISH-simulated MSs and RGBs

with synthetic HBs constructed with the He-burning tracks and
modeling code from Paper II. Mass distributions were con-
structed with an upper limit supplied by the fitted isochrones
with an average mass loss of 0.1 for the M54 MPP, 0.05M,

for the Sgr MPP and SInt, and no mass loss for SYng.M,

The amount of mass loss for each population was set to best
reproduce the observed HB. All models used a mass-loss dis-
persion of 0.05 . The number of HB stars for each popu-M,

lation was set by the appropriate R-ratio given the assumed He
abundance.
Figure 1c shows the simulated CMD. Our relatively simple

simulations recreate the salient features of the M54!Sgr field,
including the broad MS, the complex MSTO, the bifurcated
subgiant branch15, the doubled RGB, and the long blue HB.
The simulated HB has a steeper slope than the real HB, which
could be corrected if the M54 abundance were raised by a few
0.1 dex.
While SYng and SVYng are stronger than the SInt popu-

14 Isochrones of similar age-abundance combinations create degenerate solu-
tions in StarFISH. This is accounted for by “locking” together degenerate groups
of isochrones into single CMD probability functions. The points in Fig. 2 are
Gaussians set to the center and range of each locked isochrone group.

15 Our analysis of NGC 1851 (Piotto et al. 2007) also shows a bifurcated
subgiant branch, which we ascribe to a 1 Gyr age spread.

lation(s) in our ACS field, this does not apply to Sgr over larger
scales, where other studies (e.g., LS00 and B06) show SInt
dominating. Surveys of Sgr’s tidal arms have shown that the
stars it is contributing to the halo are, on average, even more
metal-poor (Bellazzini et al. 2006b; Chou et al. 2007). Our
analysis reveals the presence of recently formed stars in the
center of Sgr, further affirming the strong metallicity gradient
in the system.
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Starkenburg+2017

Let’s use metallicity to explore the oldest part of Sagittarius!

• Precise stellar ages are difficult to measure
• The most metal-poor stars are the oldest stars
• Metallicity is easier to measure than stellar ages!

Very MP: [Fe/H] < -2 
<1/100 Sun’s metal content

Simulations



A very efficient way to select the most metal-poor stars

Starkenburg, Martin et al. (2017)
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๏ Narrow Ca HK band sensitive to metallicity
๏ Ca HK + broad-band photometry
๏ Colour - colour space to derive photometric metallicities

                                      Temperature sensitive
SDSS or Gaia



Pristine: ~6500+ deg2 (still observing)

Gaia EDR3/Aladin

Pristine Inner Galaxy Survey (PIGS): bulge + Sagittarius ~600 deg2

Hunting for the most metal-poor star @ CFTH/MegaCam 



Chemical abundances

 for ~19 species

in 12 stars

The MIKE high-resolution spectroscopic follow-up

Sestito+2024b



+ C, Si, Ti, Ni, Zn, Sr, and Y

The unexplored very metal-poor part of the Sagittarius core

Very MP: [Fe/H] < -2 
Extremely MP: [Fe/H] < -3

Sestito+2024b



rapid- and slow-processes diagnostics

r-processes alone cannot explain the rise in these ratios: AGB are needed

Sestito+2024b



• Light elements up to Fe-peak: high-energy supernovae up to 70 Msun
• Neutron-capture elements: compact binary merger, fast-rotating stars, asymptotic  
  giant branch stars 

• No SNe Ia at [Fe/H] < -2

Recipe for the most metal-poor stars in Sagittarius

Sestito+2024b



Carbon as a tracer of the supernovae energy

2626 I. Vanni et al. 

MNRAS 526, 2620–2644 (2023) 

Figure 5. Density maps of the predicted ISM abundances, [X/Fe] versus [Fe/H], after the explosion of the first generation of stars. Columns are the key chemical 
elements C, O, and Mg; while rows are different Pop III explosions: faint SN, CCSN, HESN, hypernovae, and PISN. Star symbols are observed chemical 
abundances of CEMP-no (filled, the sizes are proportional to the [C/Fe] values) and C-normal (open) halo star. The dashed–dotted line in the [C/Fe] diagrams 
is at Z ISM = Z cr . Abundance ratios for the other rele v ant chemical elements are in Fig. 6 (Si, Ca, and Zn) and Fig. B1 (Al, Ti, and Mn). 
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The higher the energy, the lower the [C/Fe] in system

Energy: lower —> higher

Vanni+2023

Yields from Heger & Woosley

[Fe/H]



The lower the Pop III Sne II fraction, 
the lower the [C/Fe]

+

Vanni+2023

2630 I. Vanni et al. 

MNRAS 526, 2620–2644 (2023) 

Figure 8. Density map of the predicted ISM [C/Fe] abundance ratios as a function of [Fe/H] with different f PopIII : 90 per cent (left), 70 per cent (middle), and 
50 per cent (right). Explosion energies of Pop III stars increase from top to bottom. The results obtained with the two sets of Pop II yields are shown together 
(W oosley & W eaver 1995 ; Limongi & Chieffi 2018 ). Star symbols are observed chemical abundances of CEMP-no (filled, the sizes are proportional to the 
[C/Fe] values) and C-normal (open) halo star. 
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Energy: 
lower 

higher

Metals in SNe II: lower         higher

Is there any difference
 between Sagittarius and the MW 

in terms of Carbon?

The higher the energy, 
the lower the [C/Fe] in system



Not many stars with [C/Fe] at [Fe/H] < -1.5

How about to check the PIGS/AAT data? 
Our detection of these very metal-poor stars in the

Sagittarius dSph aligns with theoretical expectations that all
galaxies should plausibly host chemically primitive stellar
populations. These stars would likely be remnants from early
generations of star formation (e.g., de Boer et al. 2015), or
could plausibly originate from smaller, more chemically
primitive dwarf galaxies that were accreted onto the system,
both of which are processes that should occur in the formation
of larger dSph systems. The previous scarcity of known stars
with [Fe/H]<−2.0 in the Sagittarius dSph was then likely
caused by its dominant stellar population having a peak
metallicity of [Fe/H]∼−0.5 (Mucciarelli et al. 2017), which
would render very metal-poor stars in the system relatively
rare. With our newly discovered sample of very metal-poor
stars, we can now investigate the early chemical evolution of
this system and compare it with other galaxies.

One curious observed signature of our sample is that none of
the stars can be classified as carbon-enhanced metal-poor
(CEMP; [C/Fe] > 0.7) stars (see Figure 6). In contrast, one
prominent signature among old metal-poor stars in the Milky
Way’s halo is the increase of relative carbon enhancement with
decreasing metallicity. Around 20% of stars in the halo are
classified as CEMP stars when [Fe/H]<−2.0, and 43% of
stars are CEMP when [Fe/H]<−3.0 (Placco et al. 2014).
Combining our sample with the sample in Hansen et al. (2018)
and Chiti & Frebel (2019) results in 14 stars with [Fe/H]�
−2.0 in the Sagittarius dSph, none of which are CEMP stars.
There is a 4% probability of observing no CEMP stars in a
sample of 14 with [Fe/H]�−2.0, if the Sagittarius dSph had
the same CEMP fraction as the halo. This probability hints that
the Sagittarius dSph may have a lower CEMP fraction than the
Milky Way halo in the very metal-poor regime.

This possible discrepancy between the CEMP fractions in the
Sagittarius dSph and the Milky Way halo may hint at some
dependence of early chemical evolution on the environment in
which stars form. The CEMP fraction in other dSphs also appears
to be lower than the halo CEMP fraction when [Fe/H]�−2.0
(e.g., Carina, Draco, Sculptor; Venn et al. 2012; Kirby et al.
2015), although it may again increase when [Fe/H]�−3.0 (e.g.,
Chiti et al. 2018). Further targeted studies of extremely metal-poor
stars would be helpful in further investigating this trend. A similar

lack of CEMP stars is observed in the Galactic bulge (e.g.,
Howes et al. 2015, 2016), also suggesting that early chemical
evolution may not be universal. However, these discrepancies do
not invalidate the Milky Way halo being assembled from the
accretion of smaller galaxies, as the spread in carbon abundances
of stars in the Milky Way halo may originate from a variety of
galaxies that assembled to form the halo.
We note for completion that metallicities derived from the

SkyMapper v filter are biased high for carbon-enhanced stars,
which can lead to them being excluded from our sample and thus
artificially decrease any CEMP fraction (Da Costa et al. 2019;
Chiti et al. 2020). However, we emphasize that this selection
effect should be negligible for our sample discussed here. Due to
the weakening precision of the v band photometry in SkyMapper
DR1.1 at the magnitudes of these stars (g∼15 to g∼17.5),
our photometric metallicities had large (∼0.75 dex) uncertainties.
Any bias in the photometric metallicities of stars at the CEMP
threshold of [C/Fe]=0.7, after carbon-correction following
Placco et al. (2014), would have been lower than these
uncertainties (Chiti et al. 2020). Accordingly, the large uncertain-
ties in the photometric metallicities in our selection procedure
would supersede much of the bias against CEMP stars. We also
note that the metallicity distribution of our observed stars peaks
above [Fe/H]=−2.0, suggesting that our selection function
does select stars at higher metallicities than [Fe/H]=−2.0.
Accordingly, this suggests that stars with [Fe/H]<−2.0 with
slightly artificially higher photometric metallicities due to carbon
enhancement would still have been selected for our sample. As a
result, our lack of detected CEMP stars is likely independent of
our target selection procedure.
At a broader level, we demonstrate that dedicated, wide-field

searches for the most metal-poor stars in large dwarf galaxies
are feasible using public metallicity-sensitive photometry. As
shown in Figure 7, all of our observed Sagittarius dSph stars
are notably distant from the nucleus of the system
(rh=0 43±0 08; Bellazzini et al. 2008), but lie within its
main body (rc=224′±12′; Majewski et al. 2003). Searches
for the most metal-poor stars in the outskirts of dSphs could be
particularly productive, since at least some of these systems are
known to have metallicity gradients (e.g., Tolstoy et al. 2004).
At face value, we unfortunately cannot interpret the spatial
distribution of our Sagittarius dSph stars further to investigate,
for instance, a metallicity gradient, given our relatively small
sample of stars and qualitative selection function. However,
such work and more precise targeting of the most metal-poor
stars will be possible with the improved photometric precision
in future SkyMapper data releases (e.g., Onken et al. 2019). At
minimum, future high-resolution spectroscopy of these stars
will derive their detailed chemical abundance patterns. Such
work will enable comprehensive studies of the early chemical
evolution and formation history of the massive systems that
were accreted to form Milky Way halo.

A.C. and A.F. acknowledge support from NSF grant AST-
1716251. This work made use of NASA’s Astrophysics Data
System Bibliographic Services, and the SIMBAD database,
operated at CDS, Strasbourg, France (Wenger et al. 2000).
This work has made use of data from the European Space

Agency (ESA) mission Gaia (https://www.cosmos.esa.int/
gaia), processed by the Gaia Data Processing and Analysis
Consortium (DPAC,https://www.cosmos.esa.int/web/gaia/
dpac/consortium). Funding for the DPAC has been provided

Figure 6. Carbon abundances as a function of [Fe/H] for stars in our sample.
The plotted carbon abundances have been corrected for the evolutionary state
of the star following Placco et al. (2014). The dashed line indicates a carbon
enhancement of [C/Fe]=0.7, above which value stars are defined as carbon-
enhanced metal-poor (CEMP) stars.
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Chiti+2019, 2020 (medium res, only [C/Fe])

Our only α-element, Ca, is generally found to be overabundant
with respect to solar, except for the most metal-poor star (Sgr
2300275), which has a remarkably low [Ca/Fe]=−0.1. The
general Ca overabundance is in good agreement with Mucciarelli
et al. (2017), who down to [Fe/H] 2~ - find Ca to be enhanced
and match the Ca level of the MW. For comparison to other
α-elements, we draw parallels to the sample of Hasselquist et al.
(2017). Their O and Mg abundances are deficient by ∼0.1 dex
compared to MW disk stars, and Si slightly less so (see their
Figure 5). Their O and Ca trends in the same figure are seen to
agree, and their Mg/Ca-ratio cluster around 0 (±0.2 dex) as seen

from their Figure 9. With this in mind, our trends and results from
Ca should be representative of the α-element behavior in Sgr, even
if Ca is slightly less mass dependent than Mg and O.
Except from Sgr 2300275, Figure 6 shows subsolar values of

[Co/Fe] of 0.6~- at solar metallicity, which increases with
decreasing [Fe/H] to around or just below [Co/Fe]=0.0. This
is also in agreement with the Sgr APOGEE data from
Hasselquist et al. (2017) and the UVES/VLT data from
Sbordone et al. (2007) who showed low Co values (−0.4 down
to −0.8) for their more metal-rich samples. Previous studies
have drawn parallels between the formation and evolution of
Sgr and the LMC (Monaco et al. 2005; McWilliam et al. 2013)
in that they both seem to have a top-light IMF and have lost gas
early in their history. Therefore, we compare our results to
other studies of both Sgr and LMC to comment on this.
Our resulting 1D, LTE abundances for Co agree well with

the LMC (Pompéia et al. 2008) and Sgr trends as well as some
of the metal-poor, MW halo stars, which also exhibit low Co
values. Some of the LMC stars are even solar or slightly above

Figure 4. Spectrum synthesis of S184323 with [Nd/Fe]=0.15±0.1, [Th/Fe]=0.1, [Co/Fe]=−0.23, −0.03, 0.23, [Sc/Fe]=−0.25. S185549 is shown in the
middle panel with [Co/Fe]=−0.23, −0.05, 0.15, [Fe/H]=−1.43, −1.23, a blended Mg line ([Mg/Fe]=0,0.5,1.0), [Pb/Fe]=0.6 ± 01, and [C/Fe]=
−0.8±0.1. Colors as in Figure 3.

Figure 5. Top: [C/Fe] vs. [Fe/H] for our sample (filled circles) compared to
literature studies of the MW (Fulbright 2000; Reddy et al. 2003, 2006; Cayrel
et al. 2004; Simmerer et al. 2004; Barklem et al. 2005; François et al. 2007;
Johnson et al. 2014, light blue filled squares). Bottom: [Ca/Fe] vs. [Fe/H]—
symbols as above and additionally extra-galactic objects such as Magellanic
clouds (Johnson et al. 2006; Mucciarelli et al. 2008, 2009; Pompéia et al. 2008,
blue filled squares), Draco, Sextans, Ursa Minor, and Sagittarius dwarf galaxy
and the ultra-faint dwarf spheroidals Boötes I and Hercules (Shetrone
et al. 2001; Monaco et al. 2005; Sbordone et al. 2007; Koch et al. 2008;
Ishigaki et al. 2014, green filled squares).

Figure 6. [Co/Fe] vs. [Fe/H] for our sample (filled blue circles) compared to
literature studies of Sgr (Sbordone et al. 2007, S07, open, red diamonds), LMC
(Pompéia et al. 2008, P08, black “+”), and the MW halo (Roederer 2013, R13,
turquoise dots).
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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 
on the opposite side of the Galactic centre, at a relatively nearby 
heliocentric distance of ≈ 26 . 5 kpc (Monaco et al. 2004 ; Ferguson & 
Strigari 2020 ; Vasiliev & Belokurov 2020 ). Sgr is a compelling 
example of an ongoing merger with the MW, in which the system is 
being disrupted by the tidal interaction with our Galaxy (Ibata 1997 ; 
Mateo, Olszewski & Morrison 1998 ; Belokurov et al. 2014 ), with 
the first in-fall occurring about 5 Gyr ago (Ruiz-Lara et al. 2020 ). 
Many of its stars have been stripped away from the core in long tidal 
streams (Ibata et al. 2001 ; Majewski et al. 2003 ; Law & Majewski 
2010 ) that wrap around the MW. Despite its inevitable destruction, 
the core of the Sgr dwarf galaxy is still visible. Ho we ver, the projected 
proximity to the Galactic bulge has made the study of the dSph galaxy 
challenging due to the contamination from MW foreground stars and 
extinction by interstellar dust. 

With its history of tidal disruption, Sgr is a unique workshop for 
examining the physical aspects connected to the chemical evolution 
from the perspective of the hierarchical galaxy formation scenario. In 
recent years, a number of studies has been dedicated to disentangle 
the complex Sgr star formation history (SFH), based either on high- 
resolution spectroscopy (e.g. Bonifacio et al. 2000 ; Smecker-Hane & 
McWilliam 2002 ; Monaco et al. 2005 ; Sbordone et al. 2005 ; Chou 
et al. 2007 ; McWilliam, Wallerstein & Mottini 2013 ; Hasselquist 
et al. 2017 ; Hansen et al. 2018 ) or photometric techniques (Bellazzini, 
Ferraro & Buonanno 1999b ; Layden & Sarajedini 2000 ; Siegel et al. 
2007 ). They found that Sgr has experienced many bursts of star 
formation that resulted in stellar populations with different ages 
and metallicities. These are described in detail for instance in the 
work of Siegel et al. ( 2007 ), in which the monotonically varying 
age-metallicity distribution consists of four different populations: a 
dominant intermediate-age stellar population aged ∼4–8 Gyr with 
−0 . 6 ! [Fe / H] ! −0 . 4, a younger and more metal-rich (MR) stellar 
population of 2–3 Gyr old with [Fe / H] ∼ −0 . 1, a small population 
younger than 2 Gyr with super-solar metallicities ( [Fe / H] ∼ + 0 . 5), 
and 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, 
after the Large Magellanic Cloud and Small Magellanic Cloud. 
The stellar mass-metallicity relation for dwarf galaxies predicts that 
more massive galaxies show higher average metallicity (Kirby et al. 
2013 ). The predominance of a relatively MR population in the Sgr 
core (with the bulk of the stars having an average [Fe / H] ∼ −0 . 5, 
Monaco et al. 2003 ; Siegel et al. 2007 ; Mucciarelli et al. 2017 ) 
makes the identification and study of MP stars particularly difficult. 
Sgr does also host an old and MP component ( [Fe / H] < −1 . 0 and 
age ∼10 Gyr, Monaco et al. 2003 ; Siegel et al. 2007 ; Bellazzini 
et al. 2008 ), but to date, only ∼20 very MP (VMP, [Fe / H] < −2 . 0) 
Sgr stars have been discovered and studied with either high- or low- 
resolution spectroscopy (Bellazzini et al. 2008 ; Mucciarelli et al. 
2017 ; Hansen et al. 2018 ; Chiti & Frebel 2019 ; Chiti, Hansen & 
Frebel 2020 ). This VMP population in Sgr has important implications 
when studying galaxy evolution. They are archaeological fossils from 
the earliest time which will unveil the primitive stellar populations in 
the Sgr dwarf galaxy. One theoretical expectation is that smaller 
dwarf systems may ha ve contrib uted to the formation of more 
massive ones, which could have happened to Sagittarius (Chiti et al. 
2020 ). A recent work by Malhan et al. ( 2022 ) found that the MP 
Elqui stream is associated with Sagittarius and was likely accreted 
inside the Sgr dSph. 

Studying the spatial distribution of different stellar populations 
is key, because it helps us to understand the various episodes of 

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. 
star formation which have occurred during the evolution of Sgr. 
The correlation of the present spatial distributions of populations of 
different metallicities and ages provides hints about the primitive 
distribution of the gas from which they formed. Using chemical 
abundances of a sample of Sgr stars, Mucciarelli et al. ( 2017 ) 
revealed a metallicity gradient inside the core of the dwarf galaxy, 
supporting the hypothesis of a complex SFH. How the evolution of 
the galaxy has affected the spatial distribution of the different stellar 
populations is still an open debate, which needs more extended and 
comprehensive samples, and especially for the more MP component. 
For this purpose, one would ideally have a large, homogeneous, and 
clean sample of Sgr stars with available metallicities. 

The incredible data collected by the Gaia mission, and especially 
the arri v al of the high-accuracy Gaia EDR3 astrometry (Gaia 
Collaboration 2021 ), allow for the building of a robust sample of 
Sgr member stars. Relying on photometric metallicities instead of 
spectroscopic metallicities allows the use of a much larger and 
more homogeneous sample to investigate the global metallicity 
structure of the galaxy. In this context, a great data set is the 
photometric Pristine Inner Galaxy Surv e y (PIGS; Arentsen et al. 
2020 ), consisting of metallicity-sensitive CaHK photometry of stars 
in the MW bulge region. PIGS includes a region focused on Sgr, 
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The low-metallicity Sgr’s core from PIGS low-/medium- resolution AAT

• 12,000 stars with radial velocity, [Fe/H], and [C/Fe]

 

According to Gaia proper motion and AAT radial velocity:

• 835 Sgr members 

• 356 Sgr members with accurate [Fe/H]< -1.5 and [C/Fe] 

What can we learn from carbon? 
Are there any differences respect to the MW or other dwarf galaxies?

Vitali+2022



[C/Fe]: Sagittarius vs Milky Way vs Classical dwarfs

Carbon-enhanced stars ([C/Fe] > +0.7) are removed

DGs from high-resolution

MW halo: FERRE, med res

PIGS inner MW: FERRE, med res

Sgr : FERRE, med res 

Sgr and the MWSgr and the 7 dwarfs

MW and Sgr on 
the same scale

Unknown offsets Same analysis

Sestito+2024c



• Sgr: [C/Fe] in the ballpark of 
most of the DGs

• DGs: many systems have  
sub-solar [C/Fe]

• MW: super-solar [C/Fe] 

• Sgr has a lower [C/Fe] than 
the MW

[C/Fe]: Sagittarius vs Milky Way vs Classical dwarfs

Is this related to different supernovae imprints between Sgr and the proto-MW?

Sgr and the MWSgr and the 7 dwarfs

Sestito+2024c

Unknown offsets Same analysis



Sestito+2024c

2626 I. Vanni et al. 
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Figure 5. Density maps of the predicted ISM abundances, [X/Fe] versus [Fe/H], after the explosion of the first generation of stars. Columns are the key chemical 
elements C, O, and Mg; while rows are different Pop III explosions: faint SN, CCSN, HESN, hypernovae, and PISN. Star symbols are observed chemical 
abundances of CEMP-no (filled, the sizes are proportional to the [C/Fe] values) and C-normal (open) halo star. The dashed–dotted line in the [C/Fe] diagrams 
is at Z ISM = Z cr . Abundance ratios for the other rele v ant chemical elements are in Fig. 6 (Si, Ca, and Zn) and Fig. B1 (Al, Ti, and Mn). 
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Vanni+2023

How to lower [C/Fe] Sagittarius proto-MW or  
MW building blocks 

Retaining yields of 
most energetic events Higher efficiency Lower efficiency

Contribution of more 
metal-rich SNe II Higher Lower

Presence of SNe Ia at 
[Fe/H] <-1.5

Maybe?
But not [Fe/H] <-2 Nope

2626 I. Vanni et al. 

MNRAS 526, 2620–2644 (2023) 

Figure 5. Density maps of the predicted ISM abundances, [X/Fe] versus [Fe/H], after the explosion of the first generation of stars. Columns are the key chemical 
elements C, O, and Mg; while rows are different Pop III explosions: faint SN, CCSN, HESN, hypernovae, and PISN. Star symbols are observed chemical 
abundances of CEMP-no (filled, the sizes are proportional to the [C/Fe] values) and C-normal (open) halo star. The dashed–dotted line in the [C/Fe] diagrams 
is at Z ISM = Z cr . Abundance ratios for the other rele v ant chemical elements are in Fig. 6 (Si, Ca, and Zn) and Fig. B1 (Al, Ti, and Mn). 
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• Lower fraction of CEMP in the DGs compared to 
the MW (< 5% vs ~30% for [Fe/H]<-2)

• Lower average [C/Fe] in DGs/Sgr than to the MW

• CEMP as ouliers in the A(C) or [C/Fe] distribution 

• New definition to take into account the average 
[C/Fe] of a system 

• For Sgr : CEMP when [C/Fe] > +0.35

Sestito+2024c

CEMP: [C/Fe] > +0.7
CEMP-s: C from binary
CEMP-no: C from SNe

Should the CEMP definition be revised?



★ Pristine/PIGS is efficient in finding MP stars everywhere in the Galaxy

★ Sgr/MIKE explore for the first time the very metal-poor part of Sagittarius’ core (Sestito+2024b)

★ Imprints of high-energy, hypernovae, compact binary mergers, and AGBs 

★ Sgr/AAT is the largest sample of [Fe/H] and [C/Fe] in Sgr’s VMP core: ~350 stars (Sestito+2024c)

★ [C/Fe] in Sgr is lower than in MW: 1) Sgr is able to retain the yields of the most energetic events than 
the building blocks of the MW, 2) higher fraction of pop II SNe II in Sgr than in the MW, 3) SN Ia at 
-2<[Fe/H]<1.5 in Sgr ? 

★ New definition of Carbon-Enhanced MP based on the <[C/Fe]> in a given system. Sgr: [C/Fe]>+0.35 
 
Not discussed in this talk but present in the papers:
★ Pristine is biased against extreme CEMP (from binary), OK for Carbon-normal and OK for mild CEMP
★ The systemic velocity and the velocity dispersion in Sgr are larger for MP and in the outskirts —> 1) MR 
disc/bar + MP halo, 2) outside-in star formation, 3) extreme tidal perturbations

Summary of PIGS IX and X



Back up slides



High-res MIKE spectra to explore the VMP and EMP regime

Very MP: [Fe/H] < -2 
Extremely MP: [Fe/H] < -3

Sestito+2024b

The only high-res work at VMP

Only [Fe/H] and [C/Fe]



- The MP population has a larger velocity dispersion and  
larger systemic velocity than the MR counterpart. 

- Outer stars have larger velocity dispersion and  
larger systemic velocity than inner stars.

MP PIGS: [Fe/H]<-1.5
MR APOGEE: [Fe/H]>-0.6

Scenarios: 

๏Outside-in star formation 

๏Rotating disc/bar (MR) + Halo (MP) 

๏Extreme Galactic tides



Sestito+2024c

- Carbon gradient in the more MR population, not clear in the most MP
- Lower average [C/Fe] in the more MR population 
- [C/Fe] gradient —> ISM not completely homogeneously mixed between the inner and outer regions?

           Another mechanism to lower [C/Fe] in the inner regions and more MR: type Ia supernovae



The selection effects w.r.t. CEMP stars
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Delayed rapid-processes diagnostics




