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Open a window into the early Universe

How did the first stars and first structures form and evolve?
What were their properties?



Either look at high redshift or hunt for the relics/fossils

Open a window into the early Universe



Either look at high redshift or hunt for the relics/fossils

The most metal-poor stars

Carry the imprints of the First stars



El-Badry+18

Metal-poor stars are not necessarily the First stars



Starkenburg et al. 2017a

Colour-coded by density Darker with larger fraction

 of old stars

[Fe/H] < —2.5

Where to find the oldest and most metal-poor stars?

Starkenburg et al. 2017a

✦ Inner region (crowded by metal-rich stars, large extinction)
✦ In the halo (“easier” to detect) 
✦ In satellites (faint and distant)



Starkenburg et al. 2017a

Colour-coded by density Darker with larger fraction

 of old stars

The most metal-poor stars are
 informative on the   

chemical evolution of their birth regions

[Fe/H] < —2.5

Where to find the oldest and most metal-poor stars?

✦ Inner region (very crowded)
✦ In the halo (“easier” to detect) 
✦ In satellites (faint and distant)



Starkenburg, Martin et al. (2017)
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                                      Temperature sensitive

Ca H&K is a proxy for [Fe/H] 
used by various surveys

Photometric [Fe/H] from the Pristine Ca H&K filter



The efficiency of the Pristine Ca H&K filter
Starkenburg, Martin et al. (2017)
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๏ 56% of stars with [Fe/H]phot< -2.5 have [Fe/H]spec< -2.5
๏ Much higher efficiency than previous surveys (HK~3% for EMP)

                                      Temperature sensitive
Aguado et al. (2019)



Pristine footprint: ~6200 deg2 (June last year, still increasing)

Gaia EDR3/Aladin

PIGS footprint (bulge + Sagittarius dSph): ~300 deg2

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



AAT/AAOmega+2dF   
(400 fibres in a 2-degree field)

R~1300 blue (3800-5600 Å)  
R~11000 red (8400-8800 Å, CaT) simultaneously

~12000 spectra

The low/medium res spectroscopic follow-up 

°15°10°5051015
l (deg)

°15

°10

°5

0

5

10

15

b
(d
eg
)

GC
± = °30±

0.0

0.2

0.4

0.6

0.8

1.0

1.2

ex
ti
nc
ti
on

E
(B
°

V
)

Arentsen+2020



°3.0 °2.5 °2.0 °1.5 °1.0 °0.5 0.0 0.5

re
la
ti
ve

nu
m
be
r

°3.0 °2.8 °2.6 °2.4 °2.2 °2.0
[Fe/H]

0

100

200

300

nu
m
be
r

APOGEE

ARGOS

EMBLA

PIGS (FERRE)

Exploring the most metal-poor tail of the inner galaxy

Arentsen+2020



GRACES @ Gemini North (and CFHT)

Gemini Remote Access to CFHT ESPaDOnS Spectrograph (GRACES):
Large collecting area of the Gemini North  8.1m

+
 The high resolving power and efficiency of ESPaDOnS 

Achieved through a 270m fiber from Gemini North to CFHT

 



Sestito+2022, in prep.

The kinematical revolution in the Gaia era

Confined
Bulge

Inner halo
Outer halo



No difference with the halo: confirmation of the hierarchical 
assembly of the Milky Way

C-enhanced 
Ba produced by AGB companion

Sestito+22, in prep.

Low-mass systems merged together at early times forming the proto-Galaxy  
and providing pristine stars, gas, and dark matter



The connection with the second generation stars from globular clusters 

Schiavon+17

The N-rich stars are connected to the II generation stars from GCs

Ancient and dissolved GCs might constitute up to 25% of the building blocks 
of the inner galaxy



140 M. Lucey et al.

Figure 14. The [X/Mg] ratios for star 2021.0 compared to non-rotating
model PISN yields of various initial masses from Takahashi et al. (2018).
We are only able to measure Mg, Al, Si, Ca, and Fe for this star as it has
SNR = 21 pixel−1. The [Ca/Mg] and [Fe/Mg] ratios match PISN signatures,
but the [Al/Mg] and [Si/Mg] ratios do not.

Fe)] ratios do not. In fact, our measured [Si/(Mg, Fe)] ratio is rather
consistent with normal core-collapse supernovae. Furthermore, the
metallicity of 2021.0 is higher than expectations for a Population II
star that was enriched solely by a single PISN (Karlsson et al. 2008).
Therefore, it is possible that this star was enriched by a PISN along
with an SN II. However, further observations are needed to measure
more elemental abundances in this star to confirm the PISN signature.
It is also important to note that that star 2021.0 is part of the inner
bulge population with a P(conf.) = 0.93. Furthermore, star 2021.0 is
tightly bound with a pericentre of 0.49 kpc, rapo = 2.31 kpc, and zmax

= 1.15 kpc. Therefore, it is likely that this star formed in the first few
Gyr of star formation in the Universe. However, asteroseismology is
required to further constrain its age.

1 0 G L O BU L A R C L U S T E R O R I G I N

Recent work suggests that the metal-poor bulge may be at least
partially built up by dissipated globular clusters (Shapiro, Genzel &
Förster Schreiber 2010; Kruijssen 2015; Bournaud 2016). To date,
a significant number of stars in the bulge with chemistry consistent
with globular clusters have been detected (Fernández-Trincado et al.
2017; Schiavon et al. 2017; Lucey et al. 2019). Specifically, the
chemical signatures encountered include nitrogen enhancement and
the Al–Mg and Na–O anticorrelations that are signatures of second-
generation globular cluster stars (Gratton, Sneden & Carretta 2004).
However, the rate at which these stars occur among metal-poor bulge
stars and whether they are confined stars as opposed to interloping
halo stars are yet to be determined.

In this work, we find two stars (544.1 and 2080.0) that have
enhanced Al with respect to their Mg abundances. In Fig. 15, we
show the [Al/Fe] abundances as a function [Mg/Fe] for our sample.
The confined bulge population is shown as black points while the
unconfined stars are shown as black crosses. We also show a number
of surveys from the literature for comparison. Specifically, we show

Figure 15. The [Al/Fe] abundance ratios as a function of [Mg/Fe] for our
sample. We show confined bulge stars [P(conf.) > 0.5] as black points
and unconfined [P(conf.) ≤ 0.5] stars as black crosses. We also show halo
(Roederer et al. 2014; Yong et al. 2013, green open triangles and squares,
respectively), disc (Bensby et al. 2014, light blue open squares), and globular
cluster literature samples for comparison. Specifically, we show NGC 4833
(red open circles), NGC 7089 (red open triangles), and NGC 2808 (red open
diamonds) from Pancino et al. (2017), along with NGC 6121 (red open
squares) from Marino et al. (2008). We have two stars (544.1 and 2080.0)
that have chemistry consistent with second-generation globular cluster stars.

halo samples from Roederer et al. (2014, green open triangles) and
Yong et al. (2013, green open squares), along with a disc sample
from Bensby et al. (2014, light blue open squares). In addition, we
show abundances from the globular clusters NGC 4833 (red open
circles), NGC 7089 (red open triangles), and NGC 2808 (red open
diamonds) from Pancino et al. (2017), along with NGC 6121 (red
open squares) from Marino et al. (2008). The stars 544.1 and 2080.0
match trends seen in globular clusters and have much higher [Al/Fe]
ratios compared to other stars in our sample with similar [Mg/Fe].
Star 2080.0 is unconfined and belongs to the disc dynamical group.
However, its orbit is unusual for a disc star, with a pericentre of
0.19 kpc, rapo = 8.6 kpc, and zmax = 0.90 kpc. On the other hand, star
544.1 is on a typical inner bulge orbit with a pericentre of 0.77 kpc,
rapo = 2.79 kpc, and zmax = 1.95 kpc. It is especially interesting to note
that 544.1 specifically matches abundance trends from NGC 2808,
one of the MW’s most massive globular clusters, that is theorized to
be part of the Gaia-Enceladus system (Myeong et al. 2018).

Schiavon et al. (2017) and Horta et al. (2021) estimate that
∼25 per cent of the stellar mass in the inner 2 kpc of the Galaxy
is disrupted globular cluster stars, assuming that nitrogen-rich stars
are second-generation globular cluster stars. Given these results, it is
expected that more than 2 out of our 241 stars with Al and Mg
measurements would be second-generation globular cluster stars
and would therefore show the Al–Mg anticorrelation. However, it
is unclear whether all second-generation globular cluster stars can
be detected using the Al–Mg anticorrelation. To perform apples-to-
apples comparison, further observations are required to determine the
fraction of N-rich stars in our sample. Another possible explanation
for the apparent lack of second-generation globular cluster stars in
our sample could be the result of SkyMapper photometry for target

MNRAS 509, 122–144 (2022)
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Lucey+2022

The connection with the second generation stars from globular clusters 

The COMBS survey

Can we do the same with GRACES?
Only using Na and Mg 
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Sestito+2022, in prep.

Rarity of binaries in globular clusters 

✦ C-enhanced
✦ Polluted by an AGB companion
✦ Na might be enhanced too. 
✦ What about Mg?
 
It is very rare to find such a star in GCs, 
since the rarity of binaries in high density 
regions (e.g. D’Orazi+10, Milone+12).



Sestito+2022, in prep.

[Fe/H]~—3.2: Challenging the metallicity floor, again! 

Sestito+2022, in prep.

LTE

✦ Challenge the “Metallicity floor” for GCs
✦ [Fe/H] ~ to C-19, the most MP structure in 

the MW (Martin+22, Nature)

Martin+22

A globular cluster in Sextans A 7

Figure 7. Box-and-whisker plots of the metalllicity distributions of globular cluster systems of galaxies with spectroscopic metallicities
(1,928 GCs). Galaxies have been ordered by increasing stellar mass. Blue points show data for individual galaxies. The SLUGGS composite
galaxy data is shown in orange. Single horizontal orange lines indicate GC systems with only one known GC. We have added jitter in
the x-axis to make the datapoints more readily visible.

unclear. It could be purely a sampling e↵ect; galaxies have
small numbers of EMP stars and therefore have a cor-
respondingly small number of EMPGCs. With decreasing
dwarf galaxy mass, the fraction of stars below [Fe/H]=�2.5
should increase (given the galaxy mass–metallicity relation),
and one might expect these systems to be the ones where
candidate EMPGCs would be found. However it may be
that these most metal poor galaxies are simply not massive
enough to support formation of any clusters large enough to
survive to the present day. Clearly, a full census of the GC
populations of nearby dwarf systems is required to investi-
gate this point.

In massive galaxies, the precise metallicity distribu-
tion and fraction of metal-poor stars is not known. How-
ever, analyses of integrated quantities (Maraston & Thomas
2000), resolved upper giant branch studies (Rejkuba et al.
2005; Lee & Jang 2016), and chemical evolution modelling
(Vazdekis et al. 1997; Pipino & Matteucci 2004) suggests
that the fraction of stars with [Fe/H]< �2.5 is probably less
than 1%. Therefore, assuming a fixed ratio of GC formation
with respect to field stars we would expect to observe a sim-
ilar fraction of EMPGCs in these galaxies (for reference, 1%
of the M87 GCs system would correspond to ⇠100 GCs in
this galaxy). However, observations indicate that the ratio
of GCs to stars in galaxies increases with decreasing metal-
licity. This is true both between galaxies (Strader & Brodie
2006), and within individual galaxies where the fraction of
metal-poor GCs increases with radius (Lee, Kim & Geisler
1998; McLaughlin 1999). This implies that for massive galax-
ies, whose haloes and GC systems are thought built-up by
the accretion of low-mass satellites (Côté, Marzke & West
1998; Tonini 2013; Beasley et al. 2018), metal-poor GCs are
”over-represented” with respect to field stars. That is, in or-

der to find the most metal-poor GCs, the haloes of massive
galaxies might be a good place to look. Given that there ap-
pear to be few, if any, EMPGCs in the haloes of giant galax-
ies (Fig. 7) (haloes which presumably comprise substantial
quantities of accreted dwarf systems) the lack of EMPGCs
may indeed be a real, rather than observational, e↵ect.

Another possibility is that a su�ciently metal-poor ISM
is simply unable to form massive bound clusters. This may
be, for example, tied to the fragmentation properties of
metal-poor gas in a similar fashion to that thought to give
rise to the top-heavy initial function expected for popula-
tion III stars (e.g., Abel, Bryan & Norman 2002), or to the
ine�ciency of cooling at very low metallicities (e.g., Loeb
& Rasio 1994). Or, it may simply be that the ISM enriches
su�ciently quickly that there is insu�cient time to form
EMPGCs - essentially a G-dwarf problem for GCs. Further
exploration of these ideas is beyond the scope of this paper.

5 SUMMARY AND CONCLUSIONS

We have confirmed the existence of a massive GC in the
nearby dwarf irregular galaxy Sextans A. The GC lies 4.4
arcminutes (⇠1.8 kpc) to the southwest of the galaxy centre,
has MV,0 = �7.85, and we estimate a (photometric) mass of

M ⇠1.6⇥105 M�. Its relatively close proximity to the central
body of Sextans A suggests that there may well be many
more GCs to be discovered in nearby dwarf galaxies. We
find that the cluster is quite large (Rh = 7.6 ± 0.2 pc) which
puts it in a similar region of parameter space to the M31
outer halo globular clusters.

From the integrated light spectrum we find that the
cluster is old and that its metallicity is very low ([Fe/H]=

MNRAS 000, 1–9 (2019)

Figure 2: Metallicity properties of C-19 and its stars observed with spectroscopy. (a) Spectroscopic metallicities [Fe/H] calculated for 8
members of C-19. The different colours and symbols denote spectra obtained with the different telescopes, instruments, and/or surveys listed at
the top of the panel. The two brightest stars were observed with two different facilities each. (b) Probability distribution functions of the mean
and dispersion of the metallicities of C-19 stars, assuming they follow a Gaussian distribution. The individual uncertainties in the measurements
are taken into account and stars observed twice had their measurements combined, weighted by their individual uncertainties. The marginalized
probability distribution functions for the two parameters are shown in panels (c) and (d). The dotted lines in panel (c) represents the uncertainties
(Gaussian standard deviation) on the derived metallicity and, in panel (d), it highlights the 95-percent confidence limit. (e) Metallicity distribution
of all known globular clusters of the Milky Way11. The metallicity of the C-19 progenitor is highlighted in red, along with the metallicity of the
recently discovered Phoenix stream6, the lowest metallicity stellar stream from a globular cluster previously known to date.
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Beasley et al. 2019
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[Fe/H]~—3.2: Challenging the metallicity floor, again! 
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LTE

✦ Challenge the “Metallicity floor” for GCs
✦ [Fe/H] ~ to C-19
✦ [Fe/H] < —3 structures can form in the 

early Universe
✦ EMP stars are rare, EMP structures would 

be more rare
✦ Disrupted by tidal forces 

Martin+22
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(1,928 GCs). Galaxies have been ordered by increasing stellar mass. Blue points show data for individual galaxies. The SLUGGS composite
galaxy data is shown in orange. Single horizontal orange lines indicate GC systems with only one known GC. We have added jitter in
the x-axis to make the datapoints more readily visible.
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Ancient GCs are different from the MW ones?

A&A 601, A112 (2017)

words, [Mg/↵] in these metal-poor, extragalactic GCs is lower
than in MW GCs with similar metallicity.

Figures 3 and 4 show that some Galactic GCs – not all –
contain a fraction of stars well below [Mg/Fe] ' 0 dex. The
question then is whether the fraction of low-Mg stars and the
Mg spread caused by a normal Mg-Al anti-correlation would
be su�cient to produce an average GC h[Mg/Fe]i close to solar
or even lower, as observed in extragalactic GCs (Larsen 2016).
While a deeper investigation of this topic is outside the scope
of the present paper, we can use the collected GES and literature
samples to understand if anti-correlations are at least a viable ex-
planation for the observed low [Mg/↵] abundances in many ex-
tragalactic GCs. In practice, we averaged the [Mg/↵] measure-
ments for stars in each GC, which is appropriate because they
are based on relatively weak absorption lines, but can be an in-
complete representation of the abundance in the whole GC and
on the proportions of stars with di↵erent Mg content. Integrated
light measurements, on the other hand, represent a complete av-
erage – weighted by star brightness and cut by limiting magni-
tude – of a GC (see Colucci et al. 2017; Larsen et al. 2017, for a
comparison between the two methods).

We collected literature data on extragalactic GCs in M 31
(Colucci et al. 2009, 2014; Sakari et al. 2015), the LMC (Large
Magellanic Cloud; Mucciarelli et al. 2008, 2009, 2010, 2014;
Johnson et al. 2006; Mateluna et al. 2012), the Fornax dwarf
galaxy (Letarte et al. 2006; Larsen et al. 2012a), and WLM
(Wolf-Lundmark-Melotte galaxy; Larsen et al. 2014). To illus-
trate the e↵ect, we plotted the data for extragalactic GCs to-
gether with the MW field samples and the Galactic GCs from the
collection described in the previous section (Fig. 6). The figure
shows the average or integrated abundance of each GC, where
the ↵-elements are represented by Ca and Si, which are present
in all the used studies. As can be noticed, many extragalactic
GCs have normal ↵-enhancement but low [Mg/Fe], and as a re-
sult their [Mg/↵] ratios are below zero. The MW GCs, however,
all have [Mg/Fe] ' 0.4 dex – with very few exceptions – and
have a spread that is compatible with the errors and the internal
Mg spread of Fig. 4.

To our knowledge, the only Galactic GC that contains a
su�cient percentage of stars ('50%) with a su�ciently low
[Mg/Fe] is NGC 2419 (Mucciarelli et al. 2012), reaching as low
as [Mg/Fe] ' �1.0 dex. Based on the complicated chemistry
of NGC 2419, it was suggested that it has extragalactic ori-
gin (Mucciarelli et al. 2012; Cohen & Kirby 2012; Carretta et al.
2013b; Ventura et al. 2012), which would fit the observed data
trend. On the other hand, Rup 106, which is known to have low
[Mg/Fe] (Villanova et al. 2013), has a perfectly normal [Mg/↵]
because its stars are not ↵-enhanced. We conclude that it is dif-
ficult to explain the low integrated [Mg/↵] values of many extra-
galactic GCs with the typical Mg-Al anti-correlation observed
in Galactic GCs. A more extreme Mg depletion and a larger per-
centage of stars with such low Mg would be required, similar to
what observed in NGC 2419.

Apart from the extreme morphology of the Mg-Al anti-
correlation observed, for example in NGC 2419 (an internal
e↵ect), there is an additional explanation for the low average
[Mg/↵] of some extragalctic GCs that is linked to the global
chemical evolution of their host galaxies (an external e↵ect).
It has been observed that in dwarf galaxies [Mg/Fe] is lower
than the average ↵-enhancement for stars close to the “knee”
of the [↵/Fe] trend. This was explained considering that SNe Ia
produce some amounts of Ca, Si, and Ti but not Mg, which
is produced only by SNe II (Tsujimoto & Bekki 2012). In that
case, we should observe a progressively lower [Mg/↵] in the
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Fig. 6. Average [Mg/Fe], [↵/Fe], and [Mg/↵] of our collected GES and
literature sample of 28 MW GCs (green circles, see Sect. 4) and of the
literature sample of extragalactic GCs (purple squares; see Sect. 4.3).
The MW reference population is drawn from the GES iDR4 sample
(black dots) and from the SAGA database of metal-poor stars (grey
dots). We also plotted NGC 2419 as a yellow upward triangle and
Ru 106 as a yellow downward triangle.

field stars as [Fe/H] increases (as in Fig. 10 by Mucciarelli et al.
2012, for the LMC). The exact distribution would be governed
by the global star formation rate of each galaxy, which governs
the metallicity at which the knee occurs.

Both the external and internal explanations appear viable at
the moment, and they might also operate simultaneously. Further
information could be obtained: (1) by obtaining large and ho-
mogeneous samples of field stars with [Mg/↵] and [Fe/H] mea-
surements to compare with the available GC measurements on
a galaxy-by-galaxy basis; and (2) by obtaining large sample of
individual star abundances for the nearest extragalactic GCs .

5. Summary and conclusions

We used GES iDR4 data on calibrating globular clusters to ex-
plore the Mg-Al anti-correlation, which is well measured in the
GES observing set-ups and varies significantly from one GC to
the other, and therefore can provide strong constraints on the
GC properties that control the anti-correlation phenomenon.

Even if iDR4 is a preliminary and intermediate data release,
it was the first one in which many di↵erent loops of the inter-
nal and external calibration were closed in the complex GES
homogenization workflow (see P16; Hourihane et al., in prep.;
and Randich et al., in prep.). As result, the agreement between
UVES and GIRAFFE is within the quoted uncertainties with
0.10–0.15 dex median di↵erences; there are no significant trends
of abundance ratios with the APs, in particular with Te↵ or log g;
and there are small o↵sets with the high-resolution literature data
of no more than 0.1 dex. We also add a new GC, NGC 5927, one
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Figure 1. Vertical action vs. azimuthal action component colour-coded by eccentricity. Top panel: our sample+Sestito et al. (2019)
stars with [Fe/H] ≤ −2.5 are shown. Typical uncertainties for four bins in Jz/Jz# are shown on the right. Bottom left panel: UMP
([Fe/H] ≤ −4.0) stars from Sestito et al. (2019). Bottom centre-left panel: stars with −4.0 < [Fe/H] ≤ −3.0. Bottom centre-right panel:
stars with −3.0 < [Fe/H] ≤ −2.5. Bottom right panel: stars with −2.5 < [Fe/H] ≤ −2.0. The action quantities are scaled by the solar values
( i.e., Jφ# = 2009.92 km s−1 kpc, Jz# = 0.35 km s−1 kpc). We detect an asymmetry and the predominance for the prograde motion (right box
in the top panel) vs. the retrograde planar stars (left box in the top panel) with 5.0σ level for stars with [Fe/H] ≤ −2.5

lated disk galaxies for which maps are published of low-
metallicity stars with [Fe/H] ≤ −2.5 in either density
(Tumlinson 2010; Starkenburg et al. 2017a) or kinematical
space (El-Badry et al. 2018) do not commonly bear this fea-
ture. This is either due to the MW having a unique formation
path or to these simulations not including all the necessary
physical ingredients to produce such a feature. We propose
three different scenarios to explain this observational fea-
ture: minor mergers, the assembly of the proto-MW, and
the in situ formation of this component of the disk at early
times. We note that these scenarios are not mutually exclu-
sive.

First, it is possible that the observed low metallic-
ity stars were brought into the MW plane through the
minor merging of small satellites that deposited their
stars in the environment of the disk, that was already

in place, after their orbit decayed via dynamical friction
(Scannapieco et al. 2011) and the eccentricity enhanced by
tidal interaction (Abadi et al. 2003; Peñarrubia et al. 2002).
Results from cosmological simulations have shown that the
disrupted merged satellite can be aligned with the disk
(Gómez et al. 2017). Some simulations (Scannapieco et al.
2011; Karademir et al. 2019) show that up to 5–20% of the
disk stars have not formed in situ but were brought in from
now-merged satellites.

Alternatively, or additionally, low-metallicity disk-like
stars could have been born in and brought in from the build-
ing blocks that formed the disk of the proto-MW at early
times. In such a scenario at high-redshift, we can expect that
whatever gas-rich blocks formed the backbone of the MW
disk also brought its own stars, including low-metallicity
ones.

MNRAS 000, 1–6 (2019)

VMP with high eccentric planar orbits (no chemistry yet) found at all [Fe/H] (e.g. Sestito+19,20, 
Cordoni+21, Conroy+21).

Simulations suggest that they are accreted during the early MW assembly (Sestito+2021)
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lated disk galaxies for which maps are published of low-
metallicity stars with [Fe/H] ≤ −2.5 in either density
(Tumlinson 2010; Starkenburg et al. 2017a) or kinematical
space (El-Badry et al. 2018) do not commonly bear this fea-
ture. This is either due to the MW having a unique formation
path or to these simulations not including all the necessary
physical ingredients to produce such a feature. We propose
three different scenarios to explain this observational fea-
ture: minor mergers, the assembly of the proto-MW, and
the in situ formation of this component of the disk at early
times. We note that these scenarios are not mutually exclu-
sive.

First, it is possible that the observed low metallic-
ity stars were brought into the MW plane through the
minor merging of small satellites that deposited their
stars in the environment of the disk, that was already

in place, after their orbit decayed via dynamical friction
(Scannapieco et al. 2011) and the eccentricity enhanced by
tidal interaction (Abadi et al. 2003; Peñarrubia et al. 2002).
Results from cosmological simulations have shown that the
disrupted merged satellite can be aligned with the disk
(Gómez et al. 2017). Some simulations (Scannapieco et al.
2011; Karademir et al. 2019) show that up to 5–20% of the
disk stars have not formed in situ but were brought in from
now-merged satellites.

Alternatively, or additionally, low-metallicity disk-like
stars could have been born in and brought in from the build-
ing blocks that formed the disk of the proto-MW at early
times. In such a scenario at high-redshift, we can expect that
whatever gas-rich blocks formed the backbone of the MW
disk also brought its own stars, including low-metallicity
ones.
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The interesting planar star: accreted early from a DG?



Take-home messages

➡ Very metal-poor stars (VMPs) are informative of the Milky Way assembly

➡ The majority of  VMPs in the inner Galaxy is chemically similar to the halo

➡ This confirms the models of the hierarchical formation of the Galaxy

➡ Some stars are connected to II generation globular cluster stars

➡ These are also chemically similar to extragalactic GCs

➡ One star challenge the [Fe/H] floor for GCs: possibility to form EMP structures at early times

➡ The planar star suggests that one of the building blocks was similar to a UFD

➡ This has been polluted by only 1 or few low mass SNe

➡ Do we see a coherent planar-ish and eccentric structure accreted at early times?  

UVic acknowledge and respect the lək ̫̓ əŋən peoples on whose traditional territory the university stands and 

the Songhees, Esquimalt and W̱SÁNEĆ peoples whose historical relationships with the land continue to this day.
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and moreover, it is one of the most accessible elements in
observing MP stars. The overall patterns are very scattered if
the iron yield is used as the reference instead (Figure 10).

A well-known peculiarity of PISN yields can be seen in the
pronounced variance between odd-Z and even-Z elemental
yields, which discriminates PISN yields from the usual CCSN
yields (Heger & Woosley 2002; Umeda & Nomoto 2002). The
odd–even variance is due to the low neutron excess, or the high
Y 0.5e _ , of PISN ejecta. Since the overturn from the collapse
takes place within a short timescale, electron-capture reactions
are too slow to change the core Ye. With the low neutron
excess, the explosive nucleosynthesis favorably synthesizes
even-Z elements.

The most important property for lighter elements from
carbon to aluminum is the similarity in the patterns among the
models with different initial masses. Scatters of the abundance
ratios are especially small for four elements, [O/Mg]=−0.02
to 0.06, [Ne/Mg]=−0.56 to −0.42, [Na/Mg]=−1.53 to
−1.45, and [Al/Mg]=−1.30 to −1.15. Specifically, the small
abundance ratios seen in odd-Z elements of sodium and
aluminum can be considered to be representative of the
distinctive odd–even variation, and can be used to discriminate
PISN yields from others.

The opposite trends for the initial mass are found between
the even- and odd-Z intermediate-mass elements. That is,
the abundance ratios of even-Z elements increase with
increasing mass of the progenitor, spanning, e.g., [Si/Mg]=
0.54–0.92 and [Ca/Mg]= 0.78–1.32. By contrast, ratios
of odd-Z elements basically decrease with increasing mass,
e.g., [P/Mg]=−1.07 to −0.98 for the same mass range.
The reason why massive models >220Me or >240Me

produce more abundant chlorine or potassium is due to the
nucleosynthesis in helium layers. These ranges of these ratios
are [Cl/Mg]=−0.92 to −0.49 and [K/Mg]=−1.11–0.08.
Heavier elements from titanium to germanium are synthe-

sized in the innermost region of the star. Because less massive
models explode without entering this high-temperature regime,
the mass dependence of the yields of these elements becomes
large. Thus, the lowest mass model yields the smallest
abundances of [Fe/Mg]=−0.96, [Co/Mg]=−3.34, [Ni/
Mg]=−1.73, and [Zn/Mg]=−8.82. By contrast, the highest
mass model yields a large amount of [Fe/Mg]= 1.04, [Co/
Mg]= 0.25, [Ni/Mg]= 0.97, and [Zn/Mg]=−0.47. Another
characteristic pattern in this range is the steep decline above
Z>28, which can be indicated by the small abundance ratios
of [Zn/Fe] or [Zn/Ni]. This is due to the low maximum
temperature of the explosion (Umeda & Nomoto 2002). For the
same reason, even the most massive model produces heavy
isotopes only up to germanium (A<∼70) with [Ge/Mg]=
−2.13, and productions of heavier elements are negligible,
[As, Se/Mg]<−8.

5.2. Yields of Rotating Models

The distributions of the maximum temperature during
explosion have already been shown in Figure 6 for rotating
models. Because of their similar envelope structures, PISNe of
magnetic rotating models yield abundance patterns similar to
those of nonrotating models. On the other hand, nonmagnetic
rotating models have low maximum temperature in the outer
cores and envelopes. This affects the PISN nucleosynthesis.

Figure 9. Abundance patterns of PISN yields normalized by the magnesium yield. Results of the nonrotating models are shown. Note that the 160 and 170 Me
models end up with incomplete explosions, so that the dotted lines are not the correct abundance patterns.
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The formation site(s) polluted by Pair Instability SNe (PISNe)? 

Some yields do not depend  
much on the PISNe mass

PISNe are predicted to be a common fate for the massive First Stars,  
therefore the next generation stars might carry the signature of PISNe
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variance in the halo population is explained compared to the inner
and outer bulge populations. For example, 92.2 ± 1.7 per cent of
the variance is explained by two components in the halo population
while only 85.7 ± 2.6 and 91.3 ± 1.0 per cent is explained in the
outer and inner bulge populations, respectively. Furthermore, when
using four components, 98.6 ± 0.5 per cent of the variance in the
halo is explained, while only 95.0 ± 1.0 and 96.6 ± 0.4 per cent of
the variance is explained in the outer and inner bulge populations,
respectively. Therefore, we find evidence that the halo population
has lower chemical dimensionality than the inner and outer bulge
populations.

To describe the combination of our correlation and dimensionality
analysis, we define a new term: chemical complexity. In total, we
find that the elemental abundances in the halo population are highly
correlated with a mean correlation of 0.59 ± 0.30, while the mean for
the outer and inner bulge populations is 0.55 ± 0.25 and 0.36 ± 0.12,
respectively. Furthermore, we found that the halo population has
lower chemical dimensionality than the inner and outer bulge popu-
lations. Specifically, when using four components, only 96.6 ± 0.4
and 95.0 ± 1.0 per cent of the variance in the elemental abundances is
explained for the inner and outer bulge populations while the same is
true for 98.6 ± 0.5 per cent of the elemental abundance variance in the
halo population. Therefore, we describe the highly correlated, lower
dimensional halo population as less chemically complex compared to
the inner and outer bulge populations whose elemental abundances
are less correlated and have higher dimensionality. This measure
of relative chemical complexity is indicative of the diversity of
chemical enrichment events. Therefore, we suggest that the inner and
outer bulge populations have a higher diversity of enrichment events
compared to the halo population. However, it is important to note
that these results may also be impacted by the rate of mixing in the
ISM at the different formation times. Specifically, higher chemical
complexity could also indicate a less well-mixed ISM.

In total, we discover a number of key results from our comparison
between the abundances of the inner bulge, outer bulge, and halo
populations, which are summarized in Table 2. First, we find that
the inner and outer bulge populations have shorter star formation
time-scales and more rapid chemical evolution than the halo pop-
ulation. In addition, our results solicit further investigation into the
nucleosynthetic origins of Ba and Al in metal-poor inner bulge stars.
Furthermore, we find that the abundances are consistent with the
inner bulge being the oldest population, compared to the outer bulge
and halo populations. We also find that at low metallicity, the inner
bulge is the most chemically complex population, followed by the
outer bulge and then halo population. Combined, these results suggest
that older bulge populations are more chemically complex. This
may be due to a combination of diversity of chemical enrichment
events (e.g. PISNe, EC SNe, MRD SNe, and other SN predictions
for Population III stars), as well as inhomogeneous mixing of the
ISM.

9 PAIR-INSTABILITY SUPERNOVA
S I G NAT U R E S

PISNe are highly energetic thermonuclear explosions that occur
after the hydrodynamical collapse caused by electron–positron pair
production in massive (>25 M!) CO cores (Barkat, Rakavy &
Sack 1967; Rakavy, Shaviv & Zinamon 1967). It is predicted that
∼25 per cent of the first stars would explode as PISNe (Hirano
et al. 2015). Therefore, it is expected that ∼1/400 stars with [Ca/H]
< −2 dex would be enriched by a PISN (Takahashi et al. 2018).
However, chemical signatures of PISNe in studies of metal-poor

Figure 13. The [Al/Mg] ratios as a function of [Ca/Mg] for our sample stars,
coloured by [Fe/H]. We shade the regions corresponding to simulated PISN
yields (Takahashi et al. 2018). We have two stars (544.1 and 2021.0) with
[Ca/Mg] ratios consistent with PISN predictions, but their [Al/Mg] ratios are
significantly higher than predictions.

stars have been elusive. A number of candidates have been put
forward, but none perfectly match the predicted abundance trends
from simulations (Takahashi et al. 2018). Whether the lack of PISNe
chemical signature detections is an observational effect or the result
of incorrect simulated rates and yields is yet to be determined.

In Fig. 13, we plot our sample’s abundances with respect to
the predicted PISN abundance trends from Takahashi et al. (2018).
Specifically, we plot abundance ratios that are thought to be especially
discriminatory in PISN yields: [Al/Mg] and [Ca/Mg]. The range of
predicted PISN abundance yield ratios is shown in the blue-shaded
regions. The measured abundances of our sample are shown in points
coloured by their metallicity, with corresponding uncertainties as
black error bars. We discover two stars that have [Ca/Mg] ratios
consistent with predictions for PISN yields. However, neither of
these stars has a consistent [Al/Mg] ratio. Out of the two stars (544.1
and 2021.0) with high enough [Ca/Mg] ratios, we focus on 2021.0
that has an [Al/Mg] ratio closest to PISN yield predictions.

Star 2021.0 has [Fe/H] = −1.07 dex and [Ca/H] = 0.05 dex. We
show all measured abundances for this star in Fig. 14. Specifically,
we show [Mg/Mg], [Al/Mg], [Si/Mg], [Ca/Mg], and [Fe/Mg]. We
also attempted to measure the other elements presented in this work,
but the HR06 spectrum has only SNR = 21 pixel−1, making many
of the elements difficult to measure reliably. In Fig. 14, we also plot
predicted PISN yields for non-rotating models with various initial
masses from Takahashi et al. (2018). Our [Ca/Mg] and [Fe/Mg]
ratios match predictions for PISNe, but our [Al/Mg] and [Si/(Mg, Ca,
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