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๏Oldest/most metal-poor stars inform us on
• early star formation
• first supernovae
• early build-up of galaxies

๏Metallicity decomposition of MW — Galactic archaeology

• structure as f([Fe/H]) → type/history of hierarchical accretion
• added dimension to deconstruct MW, even in Gaia era

๏A thorough study of (very) faint dwarf galaxies

• weeding out foreground contamination
• efficiently building large samples of spectroscopic member

CaHK photometry → cheap 

Pristine goals
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Early build-up of the Milky Way
664 K. El-Badry et al.

Figure 12. Schematic illustration of the Galaxy’s early assembly. The earliest-forming stars are much less centrally concentrated at late times than stars in
the disc and bulge because (a) many are formed ex situ and are deposited in the outer proto-halo in mergers, and (b) the oldest stars formed in situ are driven
to larger radii by outflow-driven fluctuations of the shallow gravitational potential at z ! 3, which couple energy to the orbits of collisionless particles, as in
dwarf galaxies.

situ. The same is true for most stars with [Fe/H] " −1.5 ( Figs 6
and 7). Accreted stars do not penetrate as deep into the potential as
stars formed in situ at late times (Figs 5 and 8). This is one of the
two primary reasons old stars are less centrally concentrated at z =
0 than stars formed at later times.

(v) Outward migration after formation: Even old stars that form
in situ and are initially centrally concentrated migrate outward by
z = 0. This outward migration is qualitatively similar to the pro-
cesses proposed to create dark matter cores and drive stars in low-
mass galaxies outwards even at later times (El-Badry et al. 2016):
fluctuations in the gravitational potential, driven by large-scale gas
inflows/outflows as well as mergers, add energy to stellar orbits.
These fluctuations die out by z ∼ 2, so that stars formed at later
times do not migrate outwards much and in fact, migrate inwards
as the potential contracts at later times (Figs 10 and 11).

6.1 Prospects for identifying the oldest stars

Our simulations predict that a substantial fraction of stars with
[Fe/H] " −2 formed before z = 5 and are now spread through-
out the Galaxy. Magnitude-limited surveys like RAVE, GALAH,
APOGEE, LAMOST, and SEGUE find metal-poor stars in abun-
dance. For example, RAVE detected 480 000 stars with SNR >

20 at intermediate spectral resolution (R ≈ 9000; Kunder et al.
2017), about 6000 of which have −4 ≤ [Fe/H] ≤ −2. We expect
LAMOST to deliver an even larger set of very metal-poor stars,
albeit at lower spectroscopic resolution (R ≈ 2000; Li et al. 2015).
GALAH has observed 550 000 stars to date at high resolution (R

≈ 30 000; De Silva et al. 2015) for which 500 stars with [Fe/H]
< −2 have SNR > 50 required for useful measurements of heavy
metal abundances. Comparable numbers of metal-poor stars have
been observed at high resolution and SNR by APOGEE (Fernández-
Alvar et al. 2017; Majewski et al. 2017). Gaia–RVS is expected to
increase the known population of very metal-poor stars by more
than an order of magnitude (Robin et al. 2012).

Photometric surveys have also proved effective for identifying
metal-poor stars. Although spectroscopic follow-up is required to
measure detailed abundances and kinematics, photometric surveys
can reliably identify metal-poor stars more efficiently and at larger
distances than spectroscopic surveys, and they are sensitive to
dwarfs as well as giants. The fact that metal-poor stars are bluer
has long been used to photometrically identify candidate ancient
stars (e.g. Wallerstein 1962), and even broad-band photometry (e.g.
from SDSS; Ivezić et al. 2008) can yield metallicities accurate at
the 0.1 dex level for metal-rich stars ([Fe/H] ! −1). For moder-
ately metal-poor stars ([Fe/H] ! −2.5), intermediate-band Strom-
gren photometry can reliably measure metallicities with a precision
of a few tenth of a dex (Strömgren 1963; Árnadóttir, Feltzing &
Lundström 2010). Stars with still lower metallicities can be effi-
ciently identified both with narrow-band photometry targeting the
Calcium H&K lines (Beers et al. 1985; Christlieb et al. 2002; Hill
et al. 2017; Starkenburg et al. 2017b; Youakim et al. 2017) or mid-
infrared photometry targeting broad absorption bands (e.g. Schlauf-
man & Casey 2014; Casey & Schlaufman 2015). State-of-the-art
surveys searching for extremely metal-poor stars can photometri-
cally identify stars with [Fe/H] < −3 with a success rate of up to
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Is it what we see?… No!!
Sestito, Longeard, Martin et al. (2019)

6 F. Sestito et al.
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Figure 2. Position of the sample stars in the rotational action J� (= Lz) and vertical action Jz space (top panel), in the energy and
rotational action space, and in the maximum height vs. apocentre of the stars’ orbits (bottom panel). Stars with our “MW planar” sample
that are confined close to the MW plane are marked with a star symbols, while “inner halo” and “outer halo” stars are represented by
circles and squares, respectively. Retrograde stars, which are located on the left side of the top and central panels (J� < 0 km s�1 kpc)
are denoted with empty marker, while prograde stars are shown with a filled marked. The colour-coding is the same as in Figure 1 and
as the title of Figures A1-A41 and helps to di↵erentiate the stars. The full legend is provided on the side of this Figure. The number
associated to each star also corresponds to the number of the subsection in the Appendix A in which the individual results are discussed.

c� 0000 RAS, MNRAS 000, 000–000

6 F. Sestito et al.

0

1

2

3

4

J z
(1
03
km

s-
1
kp
c)

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

J = Lz (10
3 km s-1 kpc)

-8

-6

-4

-2

0

2

4

E
(1
04
km

2
s-
2 )

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17
18

19

20

21
22 2324

25

2627

28

29

30

31

32

33

34

35

36

37

38

39

40

41

1 SDSS J0023+0307
2 HE 0044-3755
3 HE 0057-5959
4 HE 0107-5240
5 HE 0134-1519
6 SDSS J014036.21+234458.1
7 BD+44 493
8 HE 0233-0343
9 BPS CS 22963-0004
10 SDSS J030444.98+391021.1
11 SMSS J031300.36-670839.3
12 HE 0330+0148
13 HE 0557-4840
14 SDSS J081554.26+472947.5
15 SDSS J092912.32+023817.0
16 SDSS J094708.27+461010.0
17 HE 1012-1540
18 SDSS J102915+172927
19 SDSS J103402.70+070116.6
20 SDSSJ103556.11+064143.9
21 SDSS J105519.28+232234.0
22 SDSS J120441.38+120111.5
23 SDSS J124719.46-034152.4
24 LAMOST J125346.09+075343.1
25 SDSS J131326.89-001941.4
26 HE 1310-0536
27 HE 1327-2326
28 HE 1424-0241
29 SDSS J144256.37-001542.7
30 Pristine 221.8781+9.7844
31 SDSS J164234.48+443004.9
32 SDSS J173403.91+644633.0
33 SDSS J174259.67+253135.8
34 2MASS J18082002-5104378
35 BPS CS 22891-0200
36 BPS CS 22885-0096
37 BPS CS 22950-0046
38 BPS CS 30336-0049
39 HE 2139-5432
40 HE 2239-5019
41 HE 2323-0256

5 10 50 100 200 300
dapo (kpc)

0

20

40

60

80

100

Z m
ax
(k
pc
)

Figure 2. Position of the sample stars in the rotational action J� (= Lz) and vertical action Jz space (top panel), in the energy and
rotational action space, and in the maximum height vs. apocentre of the stars’ orbits (bottom panel). Stars with our “MW planar” sample
that are confined close to the MW plane are marked with a star symbols, while “inner halo” and “outer halo” stars are represented by
circles and squares, respectively. Retrograde stars, which are located on the left side of the top and central panels (J� < 0 km s�1 kpc)
are denoted with empty marker, while prograde stars are shown with a filled marked. The colour-coding is the same as in Figure 1 and
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associated to each star also corresponds to the number of the subsection in the Appendix A in which the individual results are discussed.

c� 0000 RAS, MNRAS 000, 000–000

retrograde prograde

All 42 known stars with [Fe/H]<–4.0
Distances + orbits using Gaia DR2 + isochrone models

~30% in the MW plane! ☉



Narrow-band photometry

๏Technique inspired from 
earlier prism surveys (Beers et al. 
85; Christlieb et al. 02)

๏Pristine in the northern 
hemisphere with CFHT

• rely on SDSS/Pan-STARRS1/
Gaia for broadband 
photometry



7,000+ images
6,000+ deg2

86+ nights of bad 
weather time
since 2015



The Ca H&K doublet
Starkenburg, Martin et al. (2017)



The Ca H&K doublet
Starkenburg, Martin et al. (2017)



The Ca H&K doublet
Starkenburg, Martin et al. (2017)



The Ca H&K doublet
Starkenburg, Martin et al. (2017)



The Ca H&K doublet
Starkenburg, Martin et al. (2017)



CaHK → [Fe/H] calibration w/ SEGUE
Starkenburg, Martin et al. (2017)

6,000+ SEGUE [Fe/H]spectro for calibration



An accurate metallicity decomposition

Broadband ugriz

The Pristine survey 13

Figure 12. Left top panel: Pristine photometric [Fe/H] as determined by the photometric calibration described in
the text using the CaHK 0 magnitudes and SDSS g0 and i0, compared to the spectroscopic [Fe/H] as determined
from SDSS and SDSS/SEGUE spectra by the FEHANNRR method in SSPP. Right top panel: Pristine photometric
[Fe/H] compared to the spectroscopic [Fe/H] as determined by the LAMOST pipeline in the LAMOST data release 2
sample. Bottom left panel: Broad-band photometric [Fe/H] as determined from SDSS u0, g0, and i0 alone, following the
calibration of Ivezić et al. (2008) and their colour cuts for their more stringent sample restricted to stars with (g�r)0 <
0.4 (i.e., the hotter stars close to the turn-o↵). Because of the extra colour cuts by Ivezić et al. (2008), the bottom left
panel has far fewer stars than the top left panel. Bottom right panel: Comparison of Pristine photometric [Fe/H] and
spectroscopic [Fe/H] from overlapping high-resolution samples. Stars in this sample are taken from SDSS near-infrared
high-resolution survey Apache Point Observatory Galactic Evolution Experiment (APOGEE, SDSS Collaboration et al.
2016) at the higher metallicities, where we have discarded any star with the APOGEE pipeline flag unequal to zero. At
lower metallicities we have cross-correlated the high-resolution datasets of Aoki et al. (2013) and Cohen et al. (2013)
with the footprint of the Pristine survey. Finally, we have added high-resolution observations of stars in the Boötes
I dwarf galaxy as compiled by Romano et al. (2015) (original measurements by Feltzing et al. 2009; Gilmore et al.
2013; Ishigaki et al. 2014) and supplemented with one additional star from Frebel et al. (2016). The symbol sizes on
the first three panels are inversely linearly dependent on the metallicity on the x-axis, to allow both a good view on
the sparser metal-poor population and dense metal-rich population. The numbers in the panels indicate the number
of stars in the sample.MNRAS 000, 000–000 (0000)

The Pristine survey 13

Figure 12. Left top panel: Pristine photometric [Fe/H] as determined by the photometric calibration described in
the text using the CaHK 0 magnitudes and SDSS g0 and i0, compared to the spectroscopic [Fe/H] as determined
from SDSS and SDSS/SEGUE spectra by the FEHANNRR method in SSPP. Right top panel: Pristine photometric
[Fe/H] compared to the spectroscopic [Fe/H] as determined by the LAMOST pipeline in the LAMOST data release 2
sample. Bottom left panel: Broad-band photometric [Fe/H] as determined from SDSS u0, g0, and i0 alone, following the
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Pristine Ca H&K

Starkenburg, Martin et al. (2017)



Spectroscopic campaign results
Youakim et al. (2017)

Aguado, Youakim et al. (in prep)

150+ nights on 2–4m telescopes; 1,200+ stars

20/80% success rate of selecting [Fe/H]<–3.0/–2.0



Probing the metallicity floor
no/little carbon!very small CaK line!

Starkenburg et al. (2018)

[Fe/H] = − 4.7Pristine221: [C/Fe] < 1.0
Second most metal-poor star ever found?

Likely the first of many



Probing the metallicity floor

SDSS/SEGUE/BOSS
HES survey
Skymapper

Pristine221
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Are these stars probing early star formation?

๏ Important to study their 
full abundance patterns

๏Some very unusual stars: 
imprints from the First 
Stars?

๏Need more statistics!

Sun's abundances



๏Oldest/most metal-poor stars

Pristine

• Gaia for distances, orbits

• Comparison with models
• Large statistics, known selection function

๏A thorough study of (very) faint MW satellites
• Systematic survey of all northern faint satellites (Longeard, Martin et al. 2018 

& 2019)

• Already new discoveries [Fe/H]<–4.0
• MoU with WEAVE survey (~20–30k spectra)

• Building largest sample of EMP stars

๏Galactic archaeology of MW

The Pristine survey 15

Figure 13. Di↵erences between the Pristine photometric metallicities and the FEHANNRR values from the SDSS and SDSS/SEGUE
stellar parameter pipeline for each star in common between the two surveys. A grid is overplotted with Galactic l and b coordinates as
dotted black lines. The lines of constant l are spaced 30� apart and range from l = 270 to l = 30 (right to left). The lines of equal b are
spaced 10� apart and range from b = 30 to b = 70 (bottom left to top right). One can clearly see the locations of the SEGUE fields where
the density of overlapping targets is higher. No overall trend is present in the residuals as a function of sky position. The flatness of the
overall calibration as a function of Galactic environment is most clearly visible in the bottom panel, where the results are averaged over
wide RA range bins.

success rate percentage at 24% would mean a great success
for Pristine.

From these success rates we conclude that a survey of
very metal-poor stars based on Pristine photometry will be
very complete and have a low level of contamination. We can
confirm that these rates are indeed achieved from prelimi-
nary results of our first spectroscopic follow-up campaign
(Youakim et al., submitted).

4 SCIENCE WITH PRISTINE

Below we outline three main science goals of the Pristine

survey, as well as present some preliminary results from the
photometry and the spectroscopic follow-up programs. De-
tailed results will be presented in upcoming papers.

4.1 Searching for the most metal-poor stars

Uncovering a sample of hundreds of extremely metal-poor
stars is one of the main goals of the Pristine survey. As de-
tailed in the introduction, many scientific questions about
the early Universe are hampered by the small number of
known extremely metal-poor stars, but Pristine provides
the capability to e�ciently find and study large samples of
[Fe/H]< �3.0 stars in a range of Galactic environments.
Starting in 2016, the Pristine collaboration began a dedi-
cated spectroscopic follow-up program to gather spectra for
the brightest extremely metal-poor candidates found in the
Pristine photometry (Venn et al., Aguado et al., in prep.,
Youakim et al., subm.).

In Figure 14 we illustrate that Pristine is well suited
also to uncover the extremely rare ultra metal-poor stars
([Fe/H]< �4.0). Two additional MegaCam fields were
strategically placed to cover the known ultra metal-poor

Figure 14. From left to right the large coloured filled
circles show the locations of SDSS J1742+2531 (black)
and SDSS J183455+421328 (darker blue) in the SDSS–
Pristine colour-colour space as presented before in Fig-
ure 11. These two stars are known to have [Fe/H]  �4
and we find that they are located approximately on the
[Fe/H] = �3 line in the Pristine data. As before, the colour
of the symbols indicates their [Fe/H] values, determined
from higher resolution spectroscopic follow-up by Ca↵au
et al. (2013b); Bonifacio et al. (2015) and Aguado et al.
(2016). Smaller dots show the sample of common stars
between SDSS/SEGUE and Pristine. All these stars are
colour-coded according to their SSPP metallicity. The
coloured lines represent exponential fits to the symbols
of metallicities [Fe/H]= �1,�2 and �3 and no metal lines,
as defined in Figure 3, with an extra o↵set of 0.05 for
the no metal line.

MNRAS 000, 000–000 (0000)
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Figure 2. Top panel: The medium-resolution spectrum for Pristine 221.8781+9.7844 as observed with WHT/ISIS. The main lines are labelled and one can
clearly see that the medium-resolution spectrum is dominated by the H Balmer series. The weaker Ca II line is the Ca II K line, the Ca II H line is blended
with He . Bottom panel: The same spectrum, but now normalised by a running mean by the FERRE code and with the best-fit synthetic spectrum – with the
same normalisation – overplotted in red.

Figure 3. Synthetic spectra with Teff = 5792 K, log(g) = 3.5, [Fe/H] = -4.66 and different carbon abundances compared in the region of the carbon G-band
to the low-resolution spectrum from of Pristine 221.8781+9.7844 from the WHT. All synthetic spectra are smoothed to resolving power 2400 and the N and
O abundances are changed in lockstep with the carbon abundance. For this purpose, the WHT spectrum has been continuum normalised locally (on a scale a
little larger than the region shown here) by a linear function only to avoid any dipping of the continuum normalising function into the broad G-band features.
The inset zooms in on the wavelength region most sensitive to the CH features.

4 HIGH-RESOLUTION SPECTROSCOPY

After an analysis of the medium-resolution spectrum, we were allo-
cated four hours of Director’s Discretionary time on the ESO/VLT
(Programme 299.D-5042) to obtain high-resolution spectroscopy
using the UVES spectrograph (Dekker et al. 2000). The observa-
tions were split in four observing blocks, each of one hour and
corresponding to 3005 s of total integration time. We chose to use
the standard setting DIC1 390+580, that covers the wavelength in-

tervals 3300 Å – 4500 Å in the blue arm, and 4790 Å – 5760 Å
and 5840 Å – 6800 Å in the red arm, which was combined with
a slit width of 1.002 with 1⇥ 1 binning on the CCD. The observing
blocks were executed in service mode, when the star was close to
the meridian, at the beginning of the nights of 14–17 August, 2017.

The spectra were reduced using the ESO Common Pipeline
Library, UVES pipeline version 5.8.2. The reductions included
bias subtraction, background subtraction optimal extraction, flat-

MNRAS 000, 1–15 (2018)
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Pristine Publications
1. The Pristine Survey – I. Mining the Galaxy for the most metal-poor stars (Starkenburg, Martin et al. 

2017)

2. The Pristine Survey – II. A sample of bright stars observed with FEROS (Caffau et al. 2017)

3. The Pristine Survey – III. Spectroscopic confirmation of an efficient search for extremely metal-poor 
stars (Youakim et al. 2017)

4. The Pristine Survey – IV. Approaching the Galactic metallicity floor with the discovery of an ultra metal-
poor star (Starkenburg et al. 2018)

5. The Pristine Survey – V. A bright star sample observed with SOPHIE (Bonifacio et al. 2019)

6. The Pristine Survey – VI. A uniquely clean view of the Galactic outer halo using blue horizontal using 
blue horizontal branch stars (Starkenburg et al., submitted)

7. The Pristine Survey – VII. The first three years of medium resolution follow-up spectroscopy of Pristine 
EMP candidate (Aguado et al., to be submitted soon)

8. Pristine Dwarf Galaxy Survey – I. A detailed photometric and spectroscopic study of the metal-poor 
Draco II satellite (Longeard, Martin et al. 2018)

9. Pristine Dwarf Galaxy Survey – II. In-depth observational study of the faint Milky Way satellite 
Sagittarius II (Longeard, Martin et al., submitted)

10. The Pristine Inner Galaxy Survey (PIGS) – I. Kinematics of metal-poor stars in the inner Galaxy (Arentsen 
et al., to be submitted)

11. The Pristine Inner Galaxy Survey (PIGS) – II. Introduction the survey (Arentsen et al., to be submitted)


