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10 Myr

13.8 Gyr ago NOW

massive stars

low mass stars



As a gas cloud contracts it 
heats, PV=nRT, thus also 
pressure increases, tends to 
balance the gravitational force. 
If the mass is small, contraction 
stops. To keep contracting I 
need to cool the gas.

Line cooling: collisional 
excitation, followed by 
radiative recombination.



Dust cooling

Collisions with gas particles heat the grains. The energy is 
then radiated in the IR and these low-energy photons are 
not absorbed, thus the energy is effectively removed from 

the thermal pool.

Dust grain	
collected from the 
Earth's orbital 
environment. 
Likely origin in the 
ISM. 



Formation of low mass stars

• Zero metallicity ⇒ 

FRAGMENTATION (Clarke et 
al. 2011, never observed) 

• Metallicity > Zcr⇒ 

★ CII & OI fine structure 
cooling (Bromm & Loeb 2003)  

★ dust cooling + fragmentation 
(Schneider et al. 2011)

From Greif et al (2011)



 Such stars are exceedingly rare !!!!  

↑↑

[X/Y] = log(X/Y)-log(X/Y)⊙



Curtis Schmidt Telescope at CTIO copyright NOAO/AURA/NSF

The main source for the 
EMP candidates in the 
1980’s 1990’s was the 
HK ob jec t ive p r i sm 
survey. Short spectra 
( i n t e r f e r e n c e fi l t e r ) 
centered on CaII K line, 
visually inspected with a 
b i n o c u l a r X 1 0 
microscope to select the 
candidates (Beers et al. 
1985, 1992).  Fairly 
deep, B< 15.5. 
2800 deg2 North, 4100 
deg2 South  ~ 10000 MP 
candidates



EMP Star

FHB Star

Towards the end of the 1990’s also the Hamburg ESO objective prism 
Survey began to provide interesting candidates. Long spectra. Goes about 

2 magnitudes deeper than HK  (B< 17.5) again ~ 10000 candidates



From the objective 
prism candidates one 
had to collect medium 
resolution spectroscopy 
(R=λ/Δλ~2000) to 
confirm the metallicity 
and only after one could 
move to high resolution 
spectroscopy
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TABLE 3 “Effective yields” of metal-poor stars

[Fe/H]

Survey N <−2.0 <−2.5 <−3.0

HK survey/no B − V 2614 11% 4% 1%

HK survey/with B − V 2140 32% 11% 3%

HES (faint turnoff stars) 571 59% 21% 6%

HES (faint giants) 643 50% 20% 6%

as the higher and more-uniform quality of the HES spectra and the employment
of quantitative selection criteria.

At the bright end of the survey, i.e., in the range 10 < B < 14, the HES
spectra suffer from saturation effects (in particular in the red), which makes the
metal-poor candidate selection a challenge. Recent follow-up observations have
shown, however, that the selection efficiency of VMP stars amongst the brighter
HES candidates is comparable to, or perhaps even better than, the efficiency of
the HK survey when no additional color information is employed (A. Frebel,
N. Christlieb, J.E. Norris, T.C. Beers, M.S. Bessell, et al., in preparation).

The HES is a very rich source for VMP giants; about 60% of the candidates
are in the color range 0.5 < B − V < 1.2. The present HK-survey sample,
by contrast, is dominated by hotter stars near the main-sequence turnoff, due to
the temperature-related bias described above. As a result, only roughly 20% of
the HK-survey stars are VMP giants. Interested readers may wish to inspect the
“as-observed” metallicity distribution functions of these two surveys presented in
Christlieb (2003).

3.4. Snapshot Spectroscopy

To improve our knowledge of the early phases of the chemical history of the
Galaxy, and the nucleosynthesis processes that operated in the early Universe,
samples of metal-poor stars need to be larger, better-defined, and more uniformly
analyzed than is the case at present. For example, detailed information on the s-
and r-processes is provided by metal-poor stars that exhibit large overabundances
of elements associated with these nucleosynthesis pathways. Concerning the r-
process, only 4–5% of the giants with [Fe/H] < −2.5 are r-II stars, i.e., this is
a rare subclass of stars amongst stars that are rare themselves. It is clearly im-
portant to have samples of sufficient size to allow for accurate estimation of the
frequency of rare phenomena. Furthermore, recent studies (see Section 4.7) have
focused attention on the importance of obtaining precise measures of the element-
to-element scatter in large samples of metal-poor stars, in addition to quantifying
their overall trends. Finally, it would be desirable to develop samples of metal-poor
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(Beers&Christlieb 2005)



The HK follow-up
• In the 1990’s 4 groups started 

to do medium resolution 
spectroscocopic follow-up of 
the HK Survey, 2 in the South 
and 2 in the North 

•   In the North one group used 
IDS@INT (Rebolo, Allende 
Prieto, Garcia Lopez, 
Bonifacio, Molaro) 

• In the South one group used 
ESO 1.5m (R. Cayrel, M. Spite, 
F. Spite, P. François) IDS spectrum of a metal-poor star, from 

Allende Prieto et al. (2000) observations 
between March 1995 and June 1996



The “First Stars” project
• The idea was then to use VLT 

to do high resolution follow-up, 
I and P. Molaro joined the 
French, under the leadership 
of R. Cayrel. 

• The “First Stars” collaboration, 
18 refereed papers (1 letter in 
Nature). 

• This changed my professional 
life because it was the basis 
on which I moved to Paris in 
2005

First detection of U in a metal 
poor star (Cayrel et al. 2001, Hill 
et al. 2002)



    The ESO Large Programme "First Stars" 

                   P.I. Roger Cayrel 

                         proposal 165.N-0276 

        proponents (in alphabetical order): 

J.Andersen, B. Barbuy, T.C. Beers, P. Bonifacio, E. Depagne  
P. François ,  V. Hill,  P. Molaro, B. Nordström, B. Plez, F.Primas,  
F. Spite, M. Spite 
        Joined the project later (in order of appearance): 
T. Sivarani, F. Herwig, S. Andrievsky, J. Gonzalez Hernandez,  
H.-G. Ludwig, E. Caffau, C. J. Hansen 

Presented by P. Bonifacio



Turn Off Primordial Stars  

28 researchers 
12 laboratories 
7 countries

ESO Large 
Programme 
150h @ VLT-ESO 
4 semesters 
120h X-Shooter 
30h UVES 
!
+ 4 approved 
“normal” programs, 
82h UVES 
!
+ 3 nights Subaru

EMP stars selected from SDSS 
76 stars with X-Shooter 
30 stars with UVES 
4 HDS (Subaru)

PI  E. Caffau



• P. Bonifacio, E. Caffau, R. Cayrel, P. François, A. Gallagher, F. Hammer, S. Salvadori, M. 
Spite, F. Spite  - GEPI, Observatoire de Paris, France!

• Bertrand Plez - Université de Montpellier, France!

• N. Christlieb, H.-G. Ludwig, S. Glover, D. Homeier, R. Klessen, A. Koch - ZAH 
Heidelberg, Germany!

• M. Steffen - Leibniz-Institut für Astrophysik Potsdam, Germany!

• B. Freytag - Uppsala University Sweden!

• A. Chieffi, M. Limongi, P. Molaro, S. Randich, S. Zaggia - INAF, Italy 

• L. Monaco  - Universidad Andrés Bello, Santiago, Chile!

• L. Sbordone - Pontificia Universidad Católica de Chile, Santiago, Chile 

• L. Mashonkina - Institute of Astronomy, Russian Academy of Sciences, Russia!

• S. Andrievskii, S. Korotin -  Astronomical Observatory, Odessa National University, 
Ukraine 



Main Questions

Understand formation of low mass stars in low metallicity gas

Do zero-metal low mass stars exist?
If not: value of the “critical metallicity”
Derive the fraction of C-enhanced extremely metal-poor
(CEMP) stars/“normal” extremely metal-poor (EMP) stars

Lithium and the primordial nucleosynthesis predictions

Li abundance (Li destruction?) in EMP stars

First massive stars

Masses of Pop III massive stars from chemical composition of
a large sample of EMP stars

Questions . Uppsala . 02.10.2014 1.1



Automatic code to obtain abundance estimates from SDSS 
spectra



SDSS J102915+172927:  the Caffau star

IFU 4”x1.8” ==> 12”x0.6”	
R~12600, 2700 sec S/N ~90 The Sun

12 Feb 2011 



The star that should not exist

[Fe/H]=�4.9

[C/H]< �4.5

Z = 5 ⇥ 10�5Z�

EMP star non-enhanced in C,N =)
over-abundance C not necessary to cool EMP gas

Ca↵au et al. (2011) Nature 2011, 477, 67

Leo-star . Uppsala . 02.10.2014 10.1



According to the theory of  Bromm & Loeb (2003) a minimal quantity of 
C and O is necessary to form low mass stars

Figure from  Frebel et al. 2007

Forbidden zone



But we have found a star in the forbidden zone

Figure from Frebel et al. 2007

Forbidden zone

SDSS 
J102915+172927 
Caffau et al. 2011



Metallicity Distribution Function

MDF from SDSS-DR9 
(182.807 TO stars)

SDSS target observed at 
higher resolution (X-
Shooter and UVES), 
sample of 87 stars,	
analysis not completed.



The TOPOS contribution
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Fig. 1.—[C/H] (top) and [C/Fe] (bottom) vs. [Fe/H] for the total HERES
sample. The lines indicate our original cutoff for considering a star to be a
CEMP star ([C/Fe] ). Typical error bars on the derived quantities are≥ !1.0
indicated.

In § 2 we summarize the HERES observations and our abun-
dance analysis. In § 3 we present our results for the fraction
of CEMP stars among the HERES sample and describe an
alternative luminosity-dependent definition for C-enhanced
stars. Our conclusions are presented in § 4.

2. OBSERVATIONS AND ANALYSIS

Details of the observations and data reduction procedures
are discussed in Papers I and II. Our analysis procedures are
described below.

2.1. Atmospheric Parameters
The quality of the HERES data is generally not sufficiently

high for the derivation of precise spectroscopic temperature
estimates. Moreover, because of the forest of molecular lines
(CH, C2, and CN) present in the spectra of many of the C-rich
stars, the measurement of a set of clean Fe lines to use for
excitation equilibrium is often impossible. In Paper II we
adopted a temperature scale based on several broadband optical
and infrared colors both from our own photometry (Beers et
al. 2006) and from the 2MASS Point Source Catalog (Skrutskie
et al. 2006). However, the molecular bands present in the C-
rich HERES stars can lead to very discrepant color-based tem-
peratures, depending on the colors that are used. Given the
strong absorption of the CH G band in essentially all of the
C-rich HERES stars, the B passband is particularly affected.
For this reason, and also because of uncertainties in the colors
adopted for the selection of HERES candidates (originally es-
timated from the HES plates), the selection cri-B" V 1 0.5
terion for HERES still includes a number of stars that are, in
fact, warmer than intended.
We adopt as the preferred temperature indicator (bothV" K

V and K passbands are only marginally affected by the presence
of the strong molecular lines in the temperature range consid-
ered herein, K) and the Alonso et al. (1999) tem-T 1 4200eff

perature scale for our analysis. The temperatures derived in
this way trace extremely well those derived by fitting Ha and
Hb profiles (see Lucatello 2004). The adopted reddening es-
timate is taken from Schlegel et al. (1998) for small to moderate
reddening values [ ]. For reddening estimatesE(B" V ) ! 0.1
from Schlegel et al. that exceed this value, we employ the
empirical correction provided by Bonifacio et al. (2000).
Surface gravity values are derived from the isochrones (Kim2Y

et al. 2002), assuming an age of 12Gyr, ana-element enhancement
of . We assumed a first-pass gravity derived using[a/Fe]p !0.3
the isochrone with a metallicity of for all of the[Fe/H]p "2.5
stars, then after performing the abundance analysis a new gravity
was derived from the isochrone of appropriate metallicity. The
procedure was repeated until convergence for each one of the
stars. Kurucz (1993) solar-scaledmodel atmosphereswere adopted
for our analysis, in order to be consistent with previous work on
C-rich stars. The impact of appropriately C- (and N-) enhanced
models will be considered in a future paper.

2.2. Chemical Abundance Measurements

We measured the Fe abundances for our program sample
from the equivalent widths of reasonably clean Fe i and ii lines.
The number of clean Fe i lines varies between a low of 13 (for
HE 1413"1954, which is a hot, metal-poor star with a fairly
low signal-to-noise ratio spectrum) to about 50. We find that
the derived metallicities for the C-rich stars are typically higher
than those reported in the HES; a similar result was reported
also in Cohen et al. (2005). The difference is probably due to
the adoption of a warmer temperature scale, based on the

color, rather than , which can be heavily affectedV" K B" V
by the CH molecular lines, as discussed in, for example, Lu-
catello (2004).
Carbon abundances are derived from the synthesis of the

CH G band at ∼4300 ; N abundances are obtained from theÅ
violet CN system at ∼3800 . The O abundance, for lack ofÅ
better information (no O features are present in our wavelength
range), was adopted to be [O/Fe] p !0.4.1 Details concerning
the adopted atomic and molecular parameters for the spectral
analyses and syntheses are given in Lucatello et al. (2003).

3. RESULTS AND INTERPRETATION

3.1. The CEMP Fraction

Including the HERES stars from Paper II and the additional
stars analyzed herein, we obtain a total of 270 HERES stars
with .2 Fifty-eight of these are CEMP stars, using[Fe/H] ≤ "2.0
the definition [C/Fe] . The observed fraction of CEMP≥ !1.0
stars among VMP stars is thus . Figure 1 shows the21%! 2%
measured [C/H] and [C/Fe] as a function of [Fe/H] for the full
HERES sample. Note that quite a number of stars lie only a
small distance below the adopted cutoff. Inspection of the top
panel of this figure indicates that the upper limit to [C/H]
appears roughly constant at low [Fe/H] and approximately
equal to the solar value. As seen in the bottom panel of this
figure, it is also clear that the [C/Fe] ratio is rising with de-

1 Any choice of O abundance within the usual range for halo stars, [O/Fe] p
affects the derived C abundances negligibly. In fact, given that the typical0.3–0.6

[C/Fe] in the present sample is ∼!1, even assuming that all the O present in the
star forms CO, the amount of C locked away in CO is negligible with respect to
to the total C abundance.

2 Fe, C, and N abundances for the HERES C-rich sample are available on
request from the first author.

Lucatello et al. (2005)

For over twenty 
years it has been 
known that among 
low metallicity stars 
there is  a large 
fraction of “carbon-
enhanced stars”.!
Larger in fact than 
among solar-
metallicity stars.!
The actual fraction is 
debated 15%—35%, 
in any case rising 
with lowering 
metallicity

CEMP stars



Definitions of CEMP (Carbon 
Enhanced Metal-Poor)

• Traditional:  [C/Fe] > 1.0 

• some authors suggest [C/Fe] > 0.7, but such a 
definition may be ambiguous 

• In any case, empirical, no theoretical basis for it 

• At metallicity < -3.0 the information on the C 
abundance comes mainly from the CH G-band



But molecular bands are strongly dependent on granulation 
effects ! (Behara et al. 2010)



CIFIST grid of 3D hydro models
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Stellar Parameters (Teff/log g/[Fe/H]) 
6250 K/4.0/-3.0

Molecular bands in 3D

A(C) = 7.39 
A(N) = 6.78 
A(O) = 7.66 
C/O = 0.54 3D

1D

Gallagher et al (2016 A&A 593, A48)



Stellar Parameters (Teff/log g/[Fe/H]) 
6250 K/4.0/-3.0

Molecular bands in 3D

A(C) = 7.39 
A(N) = 6.78 
A(O) = 6.06 
C/O = 21.4 3D

1D

Gallagher et al (2016 A&A 593, A48)



The carbon abundances in CEMP stars are bimodal

Bonifacio et al. 2015 A&A 579, A28

High-C band

Low-C band



Frebel et al 2005

Caffau et al 2011Keller et al (2014)

Christlieb  (2001)

Hansen et al (2014) 

Norris (2007) 

Allende-Prieto -Frebel 2015

9 stars with [Fe/H]<-4.5

Bonifacio 2015 



The carbon abundances in CEMP stars are bimodal

Bonifacio et al. 2015 A&A 579, A28





Supernova

Faint 
Supernova



© M. Spite





Three possible scenarios to 
explain Li-depletion

1. EMP low mass stars were all formed by fragmentation of 
higher mass clouds. They remain fast rotators through pre-
MS. Rotational mixing leads to Li destruction. 

2. Pre-MS always depletes all the Li, late accretion of 
unprocessed material restores the Li to some extent 
(Molaro, Bressan, Fu,…). EMP stars lack or have an 
inefficient late-accretion phase 

3.Within the DM mini-halo a significant fraction of the mass 
(50% ?) is rapidly processed through massive stars, this 
leads to Li depletion. Low-mass stars only form from this 
pre-processed material (also some metals ?).



What is in the future ?



Researching the “Pristine” Galaxy

Leibniz Institute for astrophysics Potsdam (AIP), Observatoire astronomique de Strasbourg, 
Observatoire de Paris (GEPI), University of Victoria, University of Toronto, NRC-Herzberg, 

Observatoire de la Cote d'Azur  



The Ca H&K filter

[Fe/H] = –3.0

๏Pristine filter is narrower than the Skymapper filter

[Fe/H] = –3.0, [C/Fe] = +1 

courtesy of E. Starkenburg
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Figure 3. Left: Besançon model prediction (black points) and the spectral synthesis grid used in these tests (grey) in Te↵, log(g) space.
Spectra are computed for the full parameter space for [Fe/H]= �4.0,�3.0,�2.0,�1.0 and +0.0. Right: All predicted stars are matched
to their most representative spectrum in the grid and colours are calculated for the spectra. This panel demonstrates how combinations
of broad-band SDSS colours and the new narrow band filter cleanly separate the various metallicity stars in the sample. Additionally,
the most metal-poor stellar atmosphere models are run with no metal absorption lines, resulting in the black circles. The coloured
lines represent exponential fits to the symbols of metallicities [Fe/H]= �1,�2 and �3 and no metals (same colour-coding, redwards of
g � i = 1.0 the giant branch is followed instead of the main sequence dwarfs).

son et al. 2008; Plez 2008). All elements are treated as scaled
from solar abundances, with exception of the ↵-elements
that are enhanced relative to scaled solar by +0.4 in the
models with [Fe/H]< �1.0. Several individual spectra from
this library are shown in Figures 1 and 2. For each combina-
tion of stellar parameters in the synthetic grid, we evaluate
if indeed such a star is physically expected, by checking if
that box of temperature, log(g) and metallicity is filled with
a star in the Besançon model. All verified synthetic spec-
tra are subsequently integrated with the response curves of
the photometric SDSS bands and average response curve
of the CaHK filter. If a star with [Fe/H]< �2 is found for
that combination of stellar parameters, we include all mod-
els of [Fe/H]< �2 and lower, motivated by the fact that
these stars are too rare to find all possible physical combi-
nations in a 100 deg2 field-of-view in the Besançon model,
but that isochrones generally change very little at these low-
est metallicities. We additionally synthesise all [Fe/H] = �4
models while taking out any absorption lines by atoms or
molecules heavier than Li. This set of additional synthetic
spectra represents our approximation to stars without any
metals at all. The right panel of Figure 3 demonstrates that
the CaHK filter in combination with SDSS broad bands is a
very powerful tool to select metal-poor stars. The additional
(g� i)0 term on the y-axis is purely used to flatten the rela-
tion such that the fanning out of the di↵erent metallicities
is oriented from top to bottom. The size of the symbols is
inversely proportional to their surface gravities (larger sym-
bols are giant stars, smaller symbol stars are main-sequence
dwarfs). As can be seen from Figure 3, the surface gravities

have some impact on the exact placement of the star in this
colour-colour space but, especially for low-metallicity stars,
the e↵ect of gravity di↵erences between a main-sequence star
and a red giant is much less pronounced than the metallicity
information. The synthetic spectra that are run without any
metals are shown as black symbols. As the Ca H & K ab-
sorption lines get weaker with decreasing metallicity, so does
the vertical space between the models that are 1 dex apart
in [Fe/H] space. According to this test, it should neverthe-
less be possible to distinguish [Fe/H] = �3 and [Fe/H] = �4
stars with a CaHK filter, in particular at lower temperatures
when the lines are stronger. An exponential fit is provided
to each of the model metallicities of [Fe/H]= �1,�2,�3 and
the no-metals models, shown here as lines colour-coded ac-
cording to their corresponding metallicity. We compare these
predictions to data in Section 3.

2.2 Observations and coverage

In order to build a sample of several tens of stars with
[Fe/H] < �4.0, one of the science goals of Pristine, we aim
for Pristine to cover at least 3,000 deg2 of the Galactic halo.
Since March 2015, we have accumulated more than 1,000
MegaCam pointings with CFHT. These observations were
performed through the CFHT queue and scattered through
semesters 2015A and 2016A for ⇠ 50 hours of observing
time. The state of the survey is presented in Figure 4 as
of August 2016 (i.e. the end of semester 2016A) and com-
pared to the SDSS footprint from which we get broad-band
g-, r-, and i-band photometry. The Pristine footprint cur-

MNRAS 000, 000–000 (0000)
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the ‘g’ or ‘G’ flag indicating a mild or strong G-band fea-
ture). We additionally require that the Pristine detection
of the star indicates it is indeed a point source (CASU flag
of �1 in our photometry) and that the uncertainty in the
CaHK magnitude is < 0.05. To mitigate the sparsity in very
cool low-metallicity stars, we complement the SDSS sample
with the red giant stars of the Boötes I dwarf galaxy, as stud-
ied by Feltzing et al. (2009); Gilmore et al. (2013); Ishigaki
et al. (2014) and Frebel et al. (2016). In total, this leaves us
with 7673 stars to calibrate our survey with.

In Appendix A. we compare how the various [Fe/H]
estimates from the SDSS stellar parameter pipeline (SSPP;
see Lee et al. 2008 for an overview description) behave in our
Pristine colour-colour space with the highly temperature-
sensitive SDSS (g � i)0 colours and a combination of these
and the Pristine CaHK magnitude on the y axis (the same
combination as introduced in Figure 3). This can be seen as
an independent testing of the di↵erent pipelines.

It must be noted that in all cases the comparison is
based on [Fe/H] values, whereas naturally our filter is mostly
sensitive to Ca lines. For most SDSS methods compared, the
[Fe/H] value given is however also influenced by features in
the stellar spectrum that follow elements besides Fe. Also,
we remind the reader that the comparison with synthetic
spectra, such as shown in Figure 3, is based on assumptions
on the [Ca/Fe] value with [Fe/H]. Specifically, we use a scale
for [Ca/Fe] that linearly rises from 0.0 at [Fe/H] = 0.0 until
+0.4 at [Fe/H] = �1 and then stays at this level for lower
metallicities. We note that, for any stars with a discrepant
[Ca/Fe], the calibration might be less accurate.

Although the standard adopted [Fe/H] from the SSPP
– called FEHADOP and a combination of all methods –
performs well for the bulk of the stars, we find that for
the lowest metallicity regime a method called FEHANNRR
provides a better result. The FEHANNRR metallicity es-
timate is neural network (NN) based using an initial Prin-
cipal Component Analysis compression of the data and it
utilises the full wavelength range of the SDSS/SEGUE spec-
tra. It is further both trained and tested on observed (’real’,
hence RR) SDSS spectra instead of synthetic spectra (Re
Fiorentin et al. 2007). As shown in Appendix A., with this
method the stars with spectroscopic [Fe/H] values close to
[Fe/H]= �3 fall close to the synthetic �3 line and addition-
ally fewer stars in other parts of the parameter space receive
such a low spectroscopic metallicity. Because of its superior
behaviour at the lowest metallicity regime, we will adopt
this as our standard SSPP spectroscopic metallicity value
for the remainder of the paper.

3.1 Cleaning the contamination

Since the main Pristine goal is to isolate particularly under-
represented objects in the survey, we must remove as many
contaminants as possible. We aim to weed out two particular
sources of contamination:

• Variable stars & quasars: Because the Pristine narrow-
band photometry and the SDSS broad-band photometry
are not taken at the same time (but instead several years
apart), variable sources can significantly scatter around up
and down in the colour-colour diagram. To remove these
interlopers, we cross-identify our catalogue with the cata-

Figure 11. The sample of stars within the Pristine footprint
overlapping with SDSS/SEGUE spectra, plotted in the SDSS-
Pristine colour-colour space as introduced in Figure 3. As de-
scribed in the text, several cuts are applied to this sample to
remove contaminants and uncertain measurements. The stars are
colour-coded by their [Fe/H] from the SDSS stellar parameter
pipeline, SSPP. The coloured lines are using the same colour-scale
and represent the fits to synthetic spectra model predictions for
stars with [Fe/H] = �1.0, �2.0, �3.0, and with no metal lines
as presented in Figure 3 (orange, green, blue, and black, respec-
tively); the latter is o↵setted by 0.05 to provide an upper limit.

logue of �2 variability of all Pan-STARRS1 (Panoramic Sur-
vey Telescope and Rapid Response System Chambers et al.
2016) sources by Hernitschek et al. (2016, see their equa-
tion 1.) and remove every object that has a �̂2 value larger
than 0.5. This a↵ects mostly the higher temperature stars
((g � i)0 <0.3), but also flags some cooler variable objects.

• White dwarfs: Nearby cool white dwarfs can overlap
with the temperature and magnitude range of interest as
well. As white dwarfs typically show no Ca absorption
features, they are a potential source of contamination in
our metal-poor samples. However, following Lokhorst et al.
(2016), the sparse white dwarf population can be removed
e↵ectively from the main population of main-sequence and
red-giant stars by removing any star from our sample that
has SDSS (u� g)0 < 0.6.

By making these cuts we remove 7% of our
SDSS/SEGUE overlap sample and a similar percentage in
our total sample, because they are suspected contaminants.
One remaining possible source of contamination amongst
our low-metallicity targets are chromospherically active KM
dwarfs showing Ca H & K in emission. Strong chromospheric
activity is however observed only among stars younger than
0.1 Gyr (Henry et al. 1996). In the HES survey, which was
not a↵ected by variability issues, it has been documented
that only 43 out of 1771 metal-poor candidates had to be
rejected after low-resolution follow-up (Schörck et al. 2009).
Thus, we conclude that those with features so strong that
they (exactly) fill in their absorption lines will comprise a
very small fraction of our targets.

Figure 11 illustrates the overlapping and cleaned
SDSS/SEGUE sample in a colour-colour plot. The coloured
lines that are overplotted on the data points are the same as
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Fig. 1 The sample stars are represented as black stars. The

colours are derived from Pristine and SDSS photometry. Solid

and dashed lines represent the theoretical colours for log g of 2.5

and 4.5, respectively. Black lines are for solar metallicity, green

lines for [Fe/H]=–1.0, blue lines for [Fe/H]=–2.0, light blue for

[Fe/H]=–4.0.

and the CaHK as a function of the colour (g − i)0 is com-
pared to synthetic colours. From the plot, all stars in our
sample, with the exception of one, are expected to be metal-
poor, [Fe/H] < −1.0. However, all of these stars are at the
bright-end for the SDSS Survey and they all have a flag of
saturation for the individual filters. We decided to observe
them anyway because the global flag SDSS “clean” was
set. At the time of this first spectroscopic follow-up, SDSS
photometry was the reference, which led to the selection
of stars. However, the first abundance investigation on this
sample of stars revealed metallicities higher than expected.
In order to understand this result, the first step was to check
the photometry. We then decided to use the gri photometry
of the APASS survey (Henden et al. 2015; Henden & Mu-
nari 2014; Henden et al. 2009, https://www.aavso.org/apass)
instead. The colour-colour plot in Fig. 2 is thus obtained:
the majority of the stars, which are metal-rich according to
the chemical analysis described below (see Sect.4.2), move
down to a more appropriate place in the colour-colour space
in the figure, close to the theoretical values corresponding
to solar metallicity and metal-poor stars are in the range
of metal-poor theoretical colours. The large uncertainties in
the colours is dominated by the uncertainties in the APASS
bands; the CaHK band has a small uncertainty, negligible in
the vertical error bar of Fig. 2.

In Fig. 3 we used the broad-band r filter instead of i

and we can see a clear separation of metal-poor and solar-
metallicity stars. Also in this case the metallicity derived
from the spectra puts the stars in the plot close to the corre-
sponding locus defined by theoretical colours.

4.2 Chemical analysis

To derive the effective temperatures of the stars, taking ad-
vantage of the APASS filters, we used the calibrations from

Fig. 2 The sample stars are represented as black dots. The

colours are derived from Pristine and APASS photometry. The

stars with a larger blue dots are stars with [Fe/H] < −2.0, the

green ones −2.0 < [Fe/H] < −1.0, [Fe/H] is from Table 2. Crosses

represent spectra that have not been analysed. Solid and dashed

lines represent the theoretical colours for log g of 2.5 and 4.5,

respectively. Black lines are for solar metallicity, green lines for

[Fe/H]=–1.0, blue lines for [Fe/H]=–2.0, light blue for [Fe/H]=–

4.0.

Fig. 3 The sample stars are represented as black dots. The

colours are derived from APASS photometry. The stars with a

larger blue dots are stars with [Fe/H] < −2.0, the green ones

−2.0 < [Fe/H] < −1.0, [Fe/H] is from Table 2. Crosses repre-

sent spectra that nave not been analysed. Theoretical colour are as

in Fig. 2.

Ivezić et al. (2008). These authors provide the following ex-
pressions to derive Teff :

1. log Teff = 3.882 − 0.316 (g − r)0 + 0.0488 (g − r)2
0 +

0.0283 (g − r)3
0 applicable for −0.3 < (g − r)0 < 1.3;

2. 5040 K
Teff
= 0.532 (g − r)0 + 0.654 in good agreement with

expression (1).

We derive the Teff from these two expressions. After it-
erations of the spectrum analysis, for unevolved stars we
used expression 1 and for evolved stars expression 2. The
absolute average difference among the two Teff is 30 K, and
21 stars have a difference in the two Teff smaller than 30 K.

www.an-journal.org c⃝ 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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For the RR Lyr Pristine 225.8227+14.2933 and for the cool
dwarf Pristine 255.0531+10.7488 the difference is slightly
larger than 100 K.

With a fixed Teff we ran MyGIsFOS (Sbordone et al.
2014) using a grid of synthetic spectra computed with tur-

bospectrum (Alvarez & Plez 1998; Plez 2012), based on
the grid of OSMARCS models and line-lists provided by
the GES collaboration (Heiter et al. 2015; Smiljanic et al.
2014) and already used by Duffau et al. (2017). MyG-
IsFOS is a code that analyses stellar spectra in order to
derive the stellar parameters and the chemical composi-
tion simulating a traditional abundance analysis; details can
be found in (Sbordone et al. 2014). In the same observa-
tion programme, HE 1207-3108 has been observed, in or-
der to check the accuracy of our analysis. The spectrum
has a low signal-to-noise ratio (SNR of 25 per pixel at
500 nm) so that only few lines of this metal-poor star are de-
tectable. We adopted the stellar parameters from Yong et al.
(2013) (Teff /log g of 5294 K/2.85) and a micro-turbulence
of 1.0 km/s, close to the 0.9 km/s adopted by Yong et al.
(2013). Analysing this spectrum as the others of the sam-
ple, we derive [Fe/H] = −2.78 ± 0.20 to be compared to
[Fe/H] = −2.70 from Yong et al. (2013). We also agree
with the result of Yong et al. (2013) on a low Ca abun-
dance, but we can detect only two lines. We also analysed
the spectrum of HE 1005-1439 that unfortunately has a low
SNR of 10 at 500 nm. By adopting the stellar parameters
from Aoki et al. (2007) (Teff = 5000 K, log g = 1.9 and a
micro-turbulence of 2.0 km/s) we obtain from two lines of
neutral iron [Fe/H]= −3.08 ± 0.12, in good agreement with
[Fe/H]=–3.17 of Aoki et al. (2007).

For the stars in the sample, the surface gravity is based
on the iron ionisation balance; we also systematically com-
pared the wings of the Mg I b triplet of the observed spec-
tra to synthetic profile computed with the derived surface
gravity as an extra-check on the surface gravity. The micro-
turbulence is derived from the agreement of the Fe abun-
dance derived from weak and strong Fe i lines. For some
spectra the signal-to-noise ratio is too poor to derive surface
gravity and micro-turbulence and we fix the stellar param-
eters as follows: surface gravity looking only at the wings
of the Mg I b triplet and the micro-turbulence using values
of stars already known and analysed in the literature with
similar atmospheric parameters (e.g. Ecuvillon et al. 2004;
François et al. 2007; Santos et al. 2005).

In Table 2, we provide the stellar parameters for the pro-
gramme stars. Pristine 225.8227+14.2933 is already known
in the literature (SDSS J150317.44+141735.7) and is clas-
sified as an RR Lyr type (see Drake et al. 2013). We do not
know at which phase this star has been observed and we
cannot derive the effective temperature from the photometry
or the wings of Hα. The quality of the spectrum is mediocre,
with a signal-to-noise ratio (SNR) of 24 at 540 nm. We de-
cided to look at the very few lines detected, we chose a cou-
ple of Fe i lines (at 540 and 543 nm) whose depth ratio de-
pends on the stellar temperature. From this diagnostic we

Fig. 4 Hα for eight of the analysed stars.

Fig. 5 Hα for the other eight of the analysed stars.

c⃝ 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org

FEROS observation of a sample of bright 
stars. The initial photometric estimates 
were wrong. This because the SDSS 
photometry is not good below g~15. 
Things are fixed if you use APASS instead.  
(Caffau et al. 2017 AN submitted; Paper II)
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Figure 2. Sample spectra of three Pristine target stars with di↵erent metallicities but similar temperatures, as determined spectro-
scopically by FERRE. These stars are marked in the Pristine colour-colour space as yellow stars in Figure 1. The dotted red lines show
the wavelength region (limits at which the transmission falls below 50% of the maximum) for the CaHK filter, and demonstrate the
sensitivity of the filter to detecting changes in the strength of the Ca II H & K lines.

the noise spectra as given by the data reduction pipeline
and a normal distribution for each instance. The standard
deviation of the resulting metallicity distribution is taken as
the metallicity uncertainty. Following Aguado et al (2017a,
in prep.) we add an additional 0.1 dex to the uncertainties
to account for other systematic e↵ects.

Figure 2 illustrates some typical spectra obtained from
the INT, and the relevant wavelength region used for the
analysis, ⇠ 3750� 5210 Å. The three sample spectra shown
were specifically chosen to have similar stellar parameters,
such that the selection power in the wavelength region tar-
geted by the narrow-band filter can easily be seen. Both the
Ca II K (3933.7 Å) and the Ca II H (3968.5 Å) lines gen-
erally are smaller in more metal-poor stars of similar stellar
parameters. In relatively hot stars, such as shown here, the
Ca II H line remains a little stronger, because it is blended
with the H✏ line (3970 Å). Therefore, it is particularly the
Ca II K line that is a good indicator of a star that is deficient
of all metals, including calcium (e.g., Beers et al. 1999).

4 SELECTION CRITERIA

One of the main goals of this paper is to assess and im-
prove the selection of spectroscopic follow-up stars based on
the photometric parameters. Throughout the spectroscopic
follow-up, we have developed a specific set of criteria to re-
move the most contaminants while keeping the completeness

as high as possible. These criteria are described in this sec-
tion.

4.1 SDSS photometry

SDSS was chosen as the principal survey to combine to Pris-
tine because of its large footprint in the Northern Hemi-
sphere and excellent quality of well-calibrated, deep broad-
band photometry. We evaluate the photometric information
in several of the SDSS broad-band filters combined with
the Pristine narrow-band information. The selection criteria
that we refined with the spectroscopic sample are described
below:

• Non-star contamination: Objects that are not stars may
exhibit strange spectral signatures that could make them ap-
pear to be metal-poor stars from our photometric selection.
We therefore identify and remove as many of these sources as
possible during the photometric reduction to minimize this
source of contamination. The photometry was reduced using
the Cambridge Astronomical Survey Unit pipeline (CASU,
Irwin & Lewis 2001), and modified to work specifically for
CFHT/MegaCam data (Ibata et al. 2014). Objects identified
as being stars are flagged with -1, and we therefore require
that the CASU flag = -1 for objects to be considered for
further follow-up. In addition, when matching Pristine to
SDSS, we only consider sources in SDSS that are labelled as
stars, thereby providing another means to remove non-point
source objects.
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Abstract 

Introduction 
        The large photometric surveys, like SDSS, Pan-Starrs 
(The Panoramic Survey Telescope and Rapid Response 
System), 2MASS (Two Micron All Sky Survey), etc. have 
provided us the atmospheric parameters of a very large 
number of stars. Yet, the wide-band filters of these surveys 
allow metallicity estimates only for the stars that are more 
metal-rich than a certain threshold. For the broad SDSS 
bands, this threshold is around a metallicity of -2.0. Our goal is 
to detect EMP stars with [Fe/H]<-3.5, but this cannot be 
achieved with only the broad band photometry. Over thirty 
years ago, the group led by Barbara Anthony-Twarog 
recognized the problem and found a solution by introducing a 
narrow band filter centered on the CaII K line. Anthony-Twarog 
et al. (1991) presented the photometric system uvbyCa, in 
which the narrow band filter is coupled to the intermediate-
band filters of the Strömgren system.  They replaced the v filter 
in the m1 index (metallicity index in the Strömgren system) 
with Ca filter by making the metallicity index on the Ca system, 
and were called as hk=(Ca-b)-(b-y). In the following years the 
system exploited extensively provided reliable metallicities at 
least down to -3.5. 
        Similar to that of Barbara Anthony-Twarog, we want to 
establish a new photometric system using u’g’r’CaK SDSS 
filters, taking into account that a large part of the sky already 
has accurate photometry in the SDSS or SDSS-like broad 
bands such as CFHT-Legacy Survey, Pan_Starrs, and 
Skymapper. Thus only the CaK filter photometry needs to be 
acquired to discover new EMP stars from these databases. 

References 

CaK Filter: HK Index 
        Our theoretical computations suggest that adding to the 5 
SDSS bands (u’g’r’I’z’), photometry in a narrow band filter 
centered on Ca II K line (CaK, 3933 Å) should allow to identify 
the stars with metallicity [Fe/H]<-3.5. For that, we understand 
that an metallicity index as identified “HK=(CaK-g’)-(g’-r’)” 
should be sensitive to estimate the low metallicities of metal-
poor stars.  
        We computed the HK index of the giant stars with the 
metallicity of -2.0, -2.5, and -4.0 for a range temperature of 
4000<Teff<6500. For cool giants (in the temperature range 
4000 K to 5000 K), the difference between the HK indexes of 
two stars with metallicities of -2.5 and -4.0 is 0.1 mag, or 
larger; for warm giants (in the temperature range 5000 K to 
6500 K) the difference is about 0.05 mag. This result should be 
proved observationally.  
        The SDSS system defined four primary standard stars 
(Fukugita et al. (1996), providing their u’g’r’i’z’ magnitudes. For 
the TUG-T100 CaK filter, the magnitudes of the primary 
standards were calculated by taking into account the filter 
transmission, the quantum efficiency of the CCD, and a model 
of the atmospheric transmission. The transmission curves of 
the TUG-T100 u’g’r’CaK filters system, along with a reference 
spectrum, are shown in Figure 1. Both primary (Fukugita et al. 
1996) and secondary (Smith et al. 2002) standards are used to 
transform the instrumental magnitudes observed with the 
TUG-T100 into the standard system, and to tie onto the  SDSS 
system (Figure 2). The calibration stars (Soubiran et al. 2010) 
are used to check our theoretical HK index. The atmospheric 
parameter distribution of them is shown in Figure 3. 

Observations 
        The observational data were obtained by using one-
meter-diameter T100 telescope at TUBITAK National 
Observatory (TUG) during 3 dark nights. TUG is situated at an 
altitude of 2500 m, on the top of Bakırlıtepe Mountain in 
Antalya, Turkey. The telescope has a focal length and focal 
ratio of 1000 cm and f/10, respectively. Its resolving power is 
0.11 arcsec, and image scale is 21 arcsec/mm. The size of the 
CCD used for the imaging is 4096x4096 pixels of 15 µm. It can 
observe a field of view of 21.5x21.5 arcmin. The image scale is 
0.31 arcsec/pixel. Using this setting, we observed 40 stars in 
total. Among the targets, there were 14 standards, and 26 
calibration stars. We preferred 2x2 binned imaging due to long 
read out time of the CCD. We set the exposure time high 
enough to keep the S/N ratio larger than 100. We realized that 
this setting did not allow to observe the stars fainter than 
14m.5. Standard stars were also observed in different air 
masses to obtain the nightly coefficients. 
        By using the good quality flat and bias images, master-
bias as well as master-flat images were produced for individual 
filters. Since dark counts were too low, we did not use dark 
images for the reduction. In order to derive instrumental 
magnitudes of the target stars, we used a freshly written IDL 
routine. This routine basically considers only the image of the 
target instead of the entire field of view. It determines the sky 
level of the specified region and obtains shape parameters of 
the star image (roundness & sharpness). If the image is good 
enough for the photometry, then FWHM of the star is 
calculated. According to the result, the radius of the star image 
is found and considered to be the first aperture. 

Future Works 

Figure 2. Comparison of u’g’r’ magnitudes for those u’g’r’ standards 
measured by Smith et al. (2002). The solid lines  show the linear fits 
to tie onto the SDSS system.  

Figure 3. The distribution of the  
calibrators in the parameter 
space.  

       We need to observe more calibration stars having the 
spectra, for an explicit calibration of HK index in terms of 
metallicity. Also, the atmospheric parameters of the calibration 
stars should be determined homogeneously. The metallicities 
of the standard stars are not known yet. Therefore, we have 
planned to determine these metallicities in upcoming 5 
observation nights at TUG.    

Summary 
        In this study, the u’g’r’CaK data of 40 stars were obtained 
at TUG, between April and July of 2016 and presented. The 
observed data were transformed into the standard system. The 
HK indexes were calculated.          
        The observed HK indexes of the calibration stars and 
those of synthetic are plotted as a function of temperature and 
(g-r) color (Figure 4 and 5). The atmospheric parameters were 
taken from the literature. No effort has so-far been made to put 
them on a homogeneous scale 

The inner and outer sky radii are set and sky value is re-
computed. The sky value is subtracted from the image 
brightness, and the instrumental magnitude is calculated.  
        Extinction coefficients, zero-points and transformation 
coefficients are calculated nightly for each filter  to derive the 
standard u’g’r’CaK magnitudes of the stars. For these 
calculations, we used an algorithm fitting the weighted 
observed data to the linear model by minimizing the chi-
squares. The zero-points and transformation coefficients for 
the color-indices (u'-g'), (CaK-g') and (g'-r') are also derived in 
this way. The transition coefficients of CaK and (CaK-g) were 
adopted values. For a better estimation of these coefficients, 
the standard CaK magnitude of more stars are needed.  

Figure 4. A comparison between the theoretical and observational 
HK index as a function of temperature for the giant stars. Solid lines 
shows the theoretical data. Figure 1. Transmission curves of TUG-T100 u’g’r’CaK 

filters, along with a reference spectrum. 

Figure 5. The theoretical and observational color-color diagram for 
the metal-poor giant stars. Solid lines shows the theoretical data. 
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Figure 3. The distribution of the  
calibrators in the parameter 
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       We need to observe more calibration stars having the 
spectra, for an explicit calibration of HK index in terms of 
metallicity. Also, the atmospheric parameters of the calibration 
stars should be determined homogeneously. The metallicities 
of the standard stars are not known yet. Therefore, we have 
planned to determine these metallicities in upcoming 5 
observation nights at TUG.    

Summary 
        In this study, the u’g’r’CaK data of 40 stars were obtained 
at TUG, between April and July of 2016 and presented. The 
observed data were transformed into the standard system. The 
HK indexes were calculated.          
        The observed HK indexes of the calibration stars and 
those of synthetic are plotted as a function of temperature and 
(g-r) color (Figure 4 and 5). The atmospheric parameters were 
taken from the literature. No effort has so-far been made to put 
them on a homogeneous scale 
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the color-indices (u'-g'), (CaK-g') and (g'-r') are also derived in 
this way. The transition coefficients of CaK and (CaK-g) were 
adopted values. For a better estimation of these coefficients, 
the standard CaK magnitude of more stars are needed.  

Figure 4. A comparison between the theoretical and observational 
HK index as a function of temperature for the giant stars. Solid lines 
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Abstract 

Introduction 
        The large photometric surveys, like SDSS, Pan-Starrs 
(The Panoramic Survey Telescope and Rapid Response 
System), 2MASS (Two Micron All Sky Survey), etc. have 
provided us the atmospheric parameters of a very large 
number of stars. Yet, the wide-band filters of these surveys 
allow metallicity estimates only for the stars that are more 
metal-rich than a certain threshold. For the broad SDSS 
bands, this threshold is around a metallicity of -2.0. Our goal is 
to detect EMP stars with [Fe/H]<-3.5, but this cannot be 
achieved with only the broad band photometry. Over thirty 
years ago, the group led by Barbara Anthony-Twarog 
recognized the problem and found a solution by introducing a 
narrow band filter centered on the CaII K line. Anthony-Twarog 
et al. (1991) presented the photometric system uvbyCa, in 
which the narrow band filter is coupled to the intermediate-
band filters of the Strömgren system.  They replaced the v filter 
in the m1 index (metallicity index in the Strömgren system) 
with Ca filter by making the metallicity index on the Ca system, 
and were called as hk=(Ca-b)-(b-y). In the following years the 
system exploited extensively provided reliable metallicities at 
least down to -3.5. 
        Similar to that of Barbara Anthony-Twarog, we want to 
establish a new photometric system using u’g’r’CaK SDSS 
filters, taking into account that a large part of the sky already 
has accurate photometry in the SDSS or SDSS-like broad 
bands such as CFHT-Legacy Survey, Pan_Starrs, and 
Skymapper. Thus only the CaK filter photometry needs to be 
acquired to discover new EMP stars from these databases. 
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CaK Filter: HK Index 
        Our theoretical computations suggest that adding to the 5 
SDSS bands (u’g’r’I’z’), photometry in a narrow band filter 
centered on Ca II K line (CaK, 3933 Å) should allow to identify 
the stars with metallicity [Fe/H]<-3.5. For that, we understand 
that an metallicity index as identified “HK=(CaK-g’)-(g’-r’)” 
should be sensitive to estimate the low metallicities of metal-
poor stars.  
        We computed the HK index of the giant stars with the 
metallicity of -2.0, -2.5, and -4.0 for a range temperature of 
4000<Teff<6500. For cool giants (in the temperature range 
4000 K to 5000 K), the difference between the HK indexes of 
two stars with metallicities of -2.5 and -4.0 is 0.1 mag, or 
larger; for warm giants (in the temperature range 5000 K to 
6500 K) the difference is about 0.05 mag. This result should be 
proved observationally.  
        The SDSS system defined four primary standard stars 
(Fukugita et al. (1996), providing their u’g’r’i’z’ magnitudes. For 
the TUG-T100 CaK filter, the magnitudes of the primary 
standards were calculated by taking into account the filter 
transmission, the quantum efficiency of the CCD, and a model 
of the atmospheric transmission. The transmission curves of 
the TUG-T100 u’g’r’CaK filters system, along with a reference 
spectrum, are shown in Figure 1. Both primary (Fukugita et al. 
1996) and secondary (Smith et al. 2002) standards are used to 
transform the instrumental magnitudes observed with the 
TUG-T100 into the standard system, and to tie onto the  SDSS 
system (Figure 2). The calibration stars (Soubiran et al. 2010) 
are used to check our theoretical HK index. The atmospheric 
parameter distribution of them is shown in Figure 3. 

Observations 
        The observational data were obtained by using one-
meter-diameter T100 telescope at TUBITAK National 
Observatory (TUG) during 3 dark nights. TUG is situated at an 
altitude of 2500 m, on the top of Bakırlıtepe Mountain in 
Antalya, Turkey. The telescope has a focal length and focal 
ratio of 1000 cm and f/10, respectively. Its resolving power is 
0.11 arcsec, and image scale is 21 arcsec/mm. The size of the 
CCD used for the imaging is 4096x4096 pixels of 15 µm. It can 
observe a field of view of 21.5x21.5 arcmin. The image scale is 
0.31 arcsec/pixel. Using this setting, we observed 40 stars in 
total. Among the targets, there were 14 standards, and 26 
calibration stars. We preferred 2x2 binned imaging due to long 
read out time of the CCD. We set the exposure time high 
enough to keep the S/N ratio larger than 100. We realized that 
this setting did not allow to observe the stars fainter than 
14m.5. Standard stars were also observed in different air 
masses to obtain the nightly coefficients. 
        By using the good quality flat and bias images, master-
bias as well as master-flat images were produced for individual 
filters. Since dark counts were too low, we did not use dark 
images for the reduction. In order to derive instrumental 
magnitudes of the target stars, we used a freshly written IDL 
routine. This routine basically considers only the image of the 
target instead of the entire field of view. It determines the sky 
level of the specified region and obtains shape parameters of 
the star image (roundness & sharpness). If the image is good 
enough for the photometry, then FWHM of the star is 
calculated. According to the result, the radius of the star image 
is found and considered to be the first aperture. 

Future Works 

Figure 2. Comparison of u’g’r’ magnitudes for those u’g’r’ standards 
measured by Smith et al. (2002). The solid lines  show the linear fits 
to tie onto the SDSS system.  
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of the standard stars are not known yet. Therefore, we have 
planned to determine these metallicities in upcoming 5 
observation nights at TUG.    
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at TUG, between April and July of 2016 and presented. The 
observed data were transformed into the standard system. The 
HK indexes were calculated.          
        The observed HK indexes of the calibration stars and 
those of synthetic are plotted as a function of temperature and 
(g-r) color (Figure 4 and 5). The atmospheric parameters were 
taken from the literature. No effort has so-far been made to put 
them on a homogeneous scale 
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        Extinction coefficients, zero-points and transformation 
coefficients are calculated nightly for each filter  to derive the 
standard u’g’r’CaK magnitudes of the stars. For these 
calculations, we used an algorithm fitting the weighted 
observed data to the linear model by minimizing the chi-
squares. The zero-points and transformation coefficients for 
the color-indices (u'-g'), (CaK-g') and (g'-r') are also derived in 
this way. The transition coefficients of CaK and (CaK-g) were 
adopted values. For a better estimation of these coefficients, 
the standard CaK magnitude of more stars are needed.  
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Next steps
• The calibration of the CFHT HK colour is already very good 

(Youakim et al. 2017) when compared to other surveys. 

• With the current observations we are aiming at further 
improving it, especially for the bin below [M/H]= -3.0 

• The improved calibration will be used to select a large sample 
for follow-up in the WEAVE Galactic Archeology Survey.

12 K. Youakim et al.

Table 4. Pristine success rates in comparison to other surveys.
The percentages for HES are computed from the scaled sample
presented in Table 3 of Schörck et al. (2009).

Survey [Fe/H] <-3 [Fe/H] <-2.5 -3 <[Fe/H] <-2

Pristine 22% 70% 85%
HES 3.8% 22% 40%
SC14 3.8% - 32%

of their selection with WISE and 2MASS magnitudes. Al-
though we report significantly higher success rates in this
paper, it should be taken into consideration that they are
using publicly available survey data and are specifically tar-
geting bright stars, so they enjoy the advantage of large sky
coverage and ease of spectroscopic follow-up. They also use
near infrared magnitudes, which o↵ers the advantage of be-
ing able to probe the crowded regions of the disk in the
direction of the bulge (Casey & Schlaufman 2015), although
they are limited in the distance they can reach due to the
bright nature of their sample.

The stellar content and metallicity distributions of the
Hamburg/ESO objective-prism survey (HES) are presented
in Schörck et al. (2009). In that paper, they report a fraction
of stars with [Fe/H]  �3.0 of 7% for their best-selected
sample, and 3�4% for the other samples. Their best-selected
sample totals 105 out of 1 638 stars, and constitutes only
6.4% of their total accepted follow-up sample. Taking their
entire sample as a whole then yields 65 out of 1638 stars with
[Fe/H]  �3.0, a fraction of 4%. Table 4 summarizes the
comparisons of the success rates for HES, SC14 and Pristine.

6.3 Future follow-up strategy

Schörck et al. (2009) report that for the bias-corrected HES
metallicity distribution function, around 1% of all [Fe/H] 
�2.0 stars had a metallicity [Fe/H]  �3.0 and only 0.01�
0.03% had [Fe/H]  �4.0. Taken together it is expected that
1�3% of stars with [Fe/H]  �3.0 will have [Fe/H]  �4.0.

Although we cannot compute explicitly how many
[Fe/H]  �4.0 stars we expect to find, we can use these
statistics from the HES to make projections. Taking the
conservative estimate from the HES (1%), we expect to find
one star with [Fe/H]  �4.0 for every ⇠ 100 stars with
[Fe/H]  �3.0. We can therefore predict that we expect to
find ⇠ 15 UMP stars over the ⇠ 1000 deg2 footprint in the
magnitude range V < 18, given that we will uncover a pro-
jected 1 465 stars with [Fe/H]  �3.0. Furthermore, it is
not surprising that we have not yet found any UMP stars in
our current sample of 205 stars (27 with [Fe/H]  �3.0). To
give some context, this sample is still quite small when com-
pared to other surveys that have successfully found UMP
stars, such as SDSS (with SEGUE and BOSS), and HES,
which have both followed up many thousands of stars with
low resolution spectroscopy.

Projecting forward into the future, with a larger foot-
print of ⇠ 3000 deg2, we expect to find a statistical sample
of several tens of these stars. Furthermore, if we can follow-
up the fainter magnitude range of Pristine (18 < V < 20),
this not only would provide many more candidates, but also

probe deeper into the halo and potentially result in the dis-
covery of many more UMP stars.

Given the availability of time on 2�4m class telescopes,
it may be possible for our team to obtain a complete follow-
up sample for the brighter magnitude ranges of our candi-
date sample, up to V < 16. For the magnitude ranges fainter
than this, there are too many candidates to feasibly follow
up with single slit spectrographs. However, this task would
be well-suited to the upcoming new generations of multi-
object spectrographs, such as WEAVE, 4MOST, PFS, and
MSE.

7 CONCLUSIONS

Through an analysis of the first medium resolution spectro-
scopic sample from the follow-up programme of Pristine, we
have demonstrated that the narrow-band survey is very e�-
cient at uncovering [Fe/H]  �3.0 stars in the Galactic halo.
We used this sample to assess and refine the selection cri-
teria for selecting photometric candidates for spectroscopic
follow-up. This included investigating whether infrared mag-
nitudes from WISE and 2MASS could improve the selection
e�ciency, as was done by Schlaufman & Casey (2014), but
this added information was only useful for the brightest Pris-
tine stars (V < 15) and even then resulted in low complete-
ness in the metal-poor regime of [Fe/H]  �2.5. Analyzing
the selection criteria with a regularized regression technique,
we confirmed that the u, g, i, r, and CaHK magnitudes con-
tain the most useful information for separating the sample
by metallicity.

The total spectroscopic sample consisted of 205 stars,
of which 119 were found to have [Fe/H]  �2.5 and 27 were
found to have [Fe/H]  �3.0. This sample was reduced to
149 stars by the refined photometric selection criteria, and
from these stars we have computed a success rate of 70% for
finding stars with [Fe/H]  �2.5 and 22% for finding stars
with [Fe/H]  �3.0.

The Pristine survey is ongoing, both with increasing sky
coverage of the photometric footprint with CFHT/Megacam
and with its spectroscopic follow-up campaign. Based on our
statistics, we expect to uncover many hundreds of stars with
[Fe/H]  �3.0 and a several tens of stars with [Fe/H] 
�4.0. In the future, we hope to expand our spectroscopic
follow-up towards fainter magnitudes with the next genera-
tion of multi-object spectrographs.
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