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e.g., Starkenburg et al. 2017

Analysis of the APOSTLE  
hydrodynamical simulations  
of Local Groups: 

shows the location of stars, 
and lots of substructures



e.g., Starkenburg et al. 2017

Further, examining the location  
of the oldest stars (<0.8 Gyr after 
Big Bang) shows lots in the outer 
parts of the Galaxy (>8 kpc). 

colour coded by % of old stars, 
which also have [Fe/H] < -2.5



HK and HES surveys

• Use prism techniques and HR 
spectra to study EMP stars.                                
(e.g., Beers et al., 1985, 
Christlieb et al., 2002,
Cohen et al. 2008, 2013)

Searching for Metal Poor Stars

Use photometry 

• Combination of bands all over the 
spectrum, including the WISE 
infrared bands for bright stars.

(Schlaufman & Casey 2014, 
Casey & Schlaufman 2015)

[Fe/H]

0Z project



Southern Hemisphere – Skymapper
• 20,000 deg2 

• with ugriz filters  
• Search for metal-poor stars, 

including in the Bulge         
(Howes et al. 2015)

The Ca H&K surveys

Metal-poor stars in the Galactic bulge 3

Figure 1. Positions of all the fields observed by SkyMapper in the
bulge, shown as green rectangles. The blue circles show the fields
that have been followed up with spectroscopy from AAOmega.

a g � i, g colour-magnitude diagram. This is necessary to
limit our selection to stars that are in the bulge, and not
foreground dwarfs. Then we move on to the metallicity se-
lection, plotting (v � g) � 2(g � i) against g � i to create a
selection box. In Figure 2 we show an example two-colour
diagram, revealing its powerful ability to identify low metal-
licity stars. We have overlaid the SkyMapper photometry
with spectroscopic [Fe/H] data taken from both a metallic-
ity unbiased ARGOS field, and an EMBLA field, centred at
(l, b)=(0,�10). We chose the selection regions in each field
(shown as the red box in Figure 2) by selecting the 700 stars
with the lowest (v�g)�2(g� i) values, adjusting this index
in each field to account for reddening. From the selection
region, a box of the first 200 stars from the top downwards
were identified as the highest priority candidates, followed
by a box containing 500 lower priority candidates from which
⇠ 150 are chosen at random at the fibre configuration stage
of the spectroscopic follow-up. This second selection is de-
signed to provide us with a random sample of the metal-poor
stars in the field, from which we aim to recreate the tail end
of the metallicity distribution function (MDF) of the bulge
to be presented in a later paper.

2.2 Medium resolution spectroscopy with
AAOmega on the AAT

With the capability of selecting so many candidate metal-
poor stars, an e�cient means to spectroscopically confirm
their metal-poor nature is necessary. The AAOmega spectro-
graph combined with the 2dF fibre positioner on the Anglo-
Australian Telescope (AAT) (Sharp et al. 2006) provides
spectra of up to 392 stars at once with a circular field-of-
view of 2� diameter. Over 24.5 nights on the AAT between
2012 and 2014 we have observed more than 14,000 stars in
the fields shown in Figure 1. All observations were taken us-
ing the 1700D grating for the red arm, and the 580V grating
for the blue arm, which provides a spectral resolving power
of 10,000 in the Ca II triplet region and of 1,300 over 370

Figure 2. Two-colour plot using the g, v, and i bands of
SkyMapper to demonstrate the metallicity dependence on the
(v� g)�2(g� i) colour. The coloured circles are data taken from
both EMBLA and the ARGOS survey (Ness et al. 2013a), with
[Fe/H] determined spectroscopically. The red trapezium shows
our selection region for metal-poor candidates. The arrow rep-
resents the mean reddening vector in this field, E(B � V )=0.17
(Schlafly & Finkbeiner 2011).

Figure 3. The red-arm spectra showing the Ca ii triplet
(R=10,000) of three of the stars observed with AAOmega. The
three stars have been chosen from the same field (l, b)=(�1.5,
�8.8) and with a range of metallicities to demonstrate the no-
table di↵erence in the spectra with varying metallicity. The stel-
lar parameters (T

e↵

, log g, [Fe/H]) are labelled underneath each
spectrum.

- 580 nm. The data were reduced using the 2dfdr pipeline3

(version 5.39), and examples of reduced spectra from field
2156 ((l, b)=(�1.5,�8.3)) can be seen in Figure 3, showing
a range of metallicities.

3 http://www.aao.gov.au/science/software/2dfdr

c� 2015 RAS, MNRAS 000, 1–20

AAO and Magellan/MIKE spectra
• Found [Fe/H] < –7 star!        

(Keller et al. 2014)



New Ca H&K filter at CFHT
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Pristine filter is more narrow
than Skymapper filter, 

and less biased by Carbon



Starkenburg et al. 2017

The Pristine CFHT Ca H&K survey
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(version 5.39), and examples of reduced spectra from field
2156 ((l, b)=(�1.5,�8.3)) can be seen in Figure 3, showing
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3 http://www.aao.gov.au/science/software/2dfdr

c� 2015 RAS, MNRAS 000, 1–20

14 E. Starkenburg et al.,

Figure 15. From left to right the large coloured filled circles show
the locations of SDSS J1742+2531, SDSS J1425+1137, SDSS
J1446+1249 and SDSS J183455+421328 in the SDSS–Pristine
colour-colour space presented in Figures 11 and 12. As before,
the colour of the symbols indicates their [Fe/H] values, deter-
mined from higher resolution spectroscopic follow-up by Ca↵au
et al. (2013b); Bonifacio et al. (2015); Aoki et al. (2013), 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 FEHANNRR metallicity.

by Ca↵au et al. 2013b; Bonifacio et al. 2015) and SDSS
J183455+421328 with [Fe/H]= �3.94±0.20 (follow-up anal-
ysis with WHT/ISIS by Aguado et al. 2016). Addition-
ally, two extremely metal-poor SDSS stars followed up in
the high-resolution study of (Aoki et al. 2013) with Sub-
aru/HDS fall in our footprint. These are SDSS J1425+1137
with [Fe/H] = �3.08 ± 0.20 and SDSS J1446+1249 with
[Fe/H] = �2.99 ± 0.20. These four stars are highlighted
in Figure 15 and their photometric uncertainties are repre-
sented by the error bars in the y-axis direction. It is obvious
that the two ultra metal-poor stars are indeed falling in the
regime where we expect stars that have [Fe/H]< �3.0 to be
located, but they still do not fall close to the no-metals line.
They stand out significantly among most of the majority
of the stars to be selected in follow-up studies focussed on
extremely metal-poor stars. Although, as expected, they do
not stand out so significantly that Pristine photometry can
e�ciently isolate them from the more numerous extremely
metal-poor stars without follow up spectroscopy.

4.2 Characterising the faint dwarf galaxies

The last couple of decades saw the discovery of numerous
satellites in the Galactic halo. Satellite discoveries in the
SDSS (e.g., Belokurov et al. 2007), Pan-STARRS1 (e.g.,
Laevens et al. 2015), and the DES (e.g., Bechtol et al. 2015)
have provided us with powerful observational constraints in
our cosmic backyard, especially to understand the faint end
of galaxy formation in the preferred cosmological paradigm
of ⇤CDM (e.g., Belokurov 2013). However, good quality
spectroscopy samples of at least tens of member stars per
system are essential to both reach a good understanding of
a system’s dynamics and to accurately derive their chemical

Figure 16. SDSS–Pristine colour-colour plot for Pristine stars
in a 4-deg2 region centered on the Boötes I dwarf galaxy. Stars
within the central degree are represented with a darker colour.
Spectroscopically followed-up stars from Koposov et al. (2011)
and Norris et al. (2010) are circled blue if they agree with the
Boötes I systemic radial velocity and in red if they do not. The
samples that are labelled as the best member samples in either
paper from subsequent analysis on the spectra in terms of stel-
lar parameters such as gravity are circled in green. The CaHK
observations clearly gives a handle on membership without spec-
troscopic information and allows for an e�cient pre-screening of
candidate member-stars out to large radii from the galaxy’s cen-
ter.

evolution history. One of the main di�culties that the com-
munity is encountering when studying these systems stems
from their low contrast and the very expensive endeavour
that studying their individual stars represents: it is very
di�cult to weed out the overwhelming population of fore-
ground contaminants. Typically, only the central regions of
these dwarf galaxies are dense enough to yield a good re-
turn on (observational time) investment when selected from
broadband photometry alone. Further out, one encounters a
crippling fraction of contaminants. Yet, it should be noted
that the outskirts of these systems are especially valuable
if we wish to understand their dynamics and, from there,
derive their masses. At present, most of the “mass” mea-
surements assume dynamical equilibrium (e.g., Martin et al.
2007; Simon & Geha 2007; Simon et al. 2011), which is far
from being proven for systems within a few tens of kpc. In
fact, there are already hints that at least some systems have
complex kinematics (Ibata et al. 2006; Collins et al. 2016;
Martin et al. 2016). Similarly, the chemical signature of these
“first galaxies” is proving useful to model the first ages of
galactic formation (e.g., Ji et al. 2016; Webster, Frebel &
Bland-Hawthorn 2016), but current models are based on, at
most, a handful of bright stars per galaxy (Frebel & Norris
2015).

Photometric metallicity information as o↵ered by Pris-
tine helps to e�ciently isolate candidate member stars out
to the edges of the dwarf galaxies. From these clean sam-
ples, it is then possible to refine the structural properties of
the two stellar systems, search for the presence of extra-tidal

MNRAS 000, 000–000 (0000)

The Ca H&K surveys

Starkenburg et al. 2017; Youakim et al. 2017

Southern Hemisphere – Skymapper
• All 20,000 deg2, can reach the 

bulge, with ugriz filters 

• Found [Fe/H] < –7 star!

Northern Hemisphere – Pristine

• ~1,000 deg2 (→ 3,000 deg2),                
with PanStarrs gri photometry

• SDSS-SEGUE metallicities

• Cleaned of contaminants 

SEGUE fields



Youakim et al. 2017

Pristine:  Medium Resolution Spectroscopy 

• 15 < V < 17 

• ~200 stars with R~2500  

• FERRE spectral fitting to 
CaH&K, G-band, Mgb …

When selecting [Fe/H]PRISTINE < -3     
(out of 62 stars) :

18% have [Fe/H] < -3.0

40% have [Fe/H] < -2.5

10% have [Fe/H] < -2.0



Youakim et al. 2017 

not SEGUE

~18% with [Fe/H] < -3, and ~70% with [Fe/H] < -2

Pristine:  Medium Resolution Spectroscopy 



Venn & Pristine (in prep)

In 2015-2016:

>50 stars with V<15
estimated from Pristine
with [Fe/H] < -2.5

R ~65,000 from 
CFHT/ ESPaDOns

4000 - 9000 A

~14 new EMP stars
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Pristine:  High Resolution Spectroscopy 



~60 stars with R ~65,000 from CFHT/ESPaDOns

• Photometric/spectroscopic/isochrone stellar parameters
• Marcs (Osmarcs) model atmospheres
• Line-by-line analysis (not a lot of lines!), LTE
• MOOG (EQW & Syntheses)

Difficulties in 

•  securing spectroscopic parameters (especially giants vs dwarfs)

•  NLTE effects on spectral parameters (especially Teff) 

•  SNR~30 only.

Pristine:  High Resolution Spectroscopy 



PRISTINE 

SCULPTOR 
Skuladottir et al. 2016 
Jablonka et al. 2015 
Simon et al. 2015 
Starkenburg et al. 2014 
Hill et al. 2010 
Tafelmeyer et al. 2010 
Frebel et al. 2010 
Letarte et al. 2010 
Giesler et al. 2005 
Shetrone et al. 2003 

CARINA 
Norris et al. 2017 
Venn et al. 2012 
Lemasle et al. 2012 
Koch et al. 2008 
Shetrone et al. 2003 

UFDs 
Venn et al. 2017 
Roederer et al. 2016, 2014 
Ji et al. 2016, 
Francois et al. 2015 
Ishigaki et al. 2014 
Frebel et al. 2014, 2010 
Koch et al. 2013, 2014 
Simon et al. 2010 
Aden et al 2010 
Norris et al. 2010 
Feltzing et al. 2009 
Cohen & Huang 2009 

MWG 
Roederer et al. 2014 
Aoki et al. 2013 
Cohen et al. 2013 
Yong et al. 2013 
Frebel et al. 2010 
Reddy et al. 2006 
Venn et al. 2004

~20	%	of	full	sample	(55)	do	have	[Fe/H]	<	-2.5	**
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When SNR low for EMP stars then Gravity can be tough 

• Gravities from isochrones : Dartmouth [Fe/H] = -3, age =10 Gyr 
• then dwarf/giant discrimination difficult,  
• even Balmer lines & CaT/MgB line wings degenerate ΔT & Δlogg
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Example:  one object with T~5000 K 

• MgI, CaI, TiI, FeI are not sensitive to logg 
• but TiII, FeII, SrII, BaII, EuII are sensitive 
• EMP with low SNR mean no/poor FeII



Example:  one object with T~5000 K 

• MgI, CaI, TiI, FeI are not sensitive to logg 
• but TiII, FeII, SrII, BaII, EuII are sensitive 
• EMP with low SNR mean no/poor FeII

The dwarf solution could resemble an r-rich star (other than Ti II)



Initial Analyses - Easy
Detailed Analyses - TIME CONSUMING!!

Started looking for ways to automate the analysis of these 
& future Espadons and other spectral surveys

1. FERRE 

2. the Cannon 

3. other PCA etc analyses

not blue enough to use as in our 
INT diagnostic analyis 

not enough Espadons data  
for the training set 

not publicly available



Deep Learning with Neural Networks

An NN consists of a collection of interconnected nodes arranged in 
layers: an input layer, a number of hidden layers, and an output layer   
(i.e. the predictions). The hidden layers are able to form non-linear and 
weighted combinations of the input, to produce the output labels.

StarNet architecture is a Convolutional Neural Network (CNN) composed 
of fully connected layers that apply weights to each input value, through 
a series of filters convolved across the length of the input vector.



Train & Test with APOGEE data

Trained on 41000 predictions individual visit spectra from the 
ASPCAP DR12 with NO_PERSISTENCE and S/N > 200.    

Tested on 2780 combined spectra of different stars with S/N > 200 



StarNet was trained on 224000 synthetic spectra randomly sampled from  
the full ASSET synthetic grid (e.g., 3500 - 8000K in Teff, 0 - 5 in logg, etc…)  

Test set of 21787 combined APOGEE spectra without flags.   

Train StarNet on Synthetic Spectra



StarNet trained on 6 labels.  
Dispersions similar in Teff, logg, [M/H], 

very small in [alpha/M] 
very large in [C/M] and [N/M]

Train & Test StarNet on Synthetic Spectra
Fabbro, Bialek, O’Briain, Venn, Kielty, Jahandar, Monty (2017) in prep



Partial derivatives of the three stellar output labels from the StarNet model  
with respect to input wavelength for the green chip.   This is the average  

of the derivatives over the whole sample. 

[Fe/H] derivatives are over-plotted with Ferre windows 
Lines labelled from the APOGEE linelist

Partial Derivatives
Fabbro, Bialek, O’Briain, Venn, Kielty, Jahandar, Monty (2017) in prep



Example of the power of Pristine:  dwarf galaxy Tri II

Laevens et al. 2015, Martin et al. 2015
from Pan-STARRS

Martin et al. 2015 &
Kirby et al. 2015
CaT RV selected



 Triangulum II : PanSTARRS vs Pristine candidates



Tri II : PanSTARRS vs Pristine candidates



Triangulum II - high res spectroscopy

Gemini-GRACES spectroscopy

Venn  et al 2017

Gemini 8-m

CFHT 3.6-m



Tri II shows the K-Mg anti-correlation 
(Venn et al. 2017),  similar to that in 
NGC 2419 found by Mucciarelli et al. 
(2012) and Cohen & Kirby (2012).

Gemini-GRACES spectroscopy

Triangulum II - high res spectroscopy (Mg, K)



Venn et al 2017; Kirby et al. 2017

Triangulum II - high res spectroscopy (Ba)



Triangulum II is like Segue I and other UFDs, 
with low [Ba/Fe] at higher [Fe/H]

Frebel et al 2014



Goals for Pristine-HRS

1. Find & analyse old, metal-poor stars + StarNet for HRS 
• stellar nucleosynthesis and yields (improved atomic data!?)
• early star formation & stellar populations 

2. Metallicity decomposition of the Milky Way 
• structure as f([Fe/H]) → hierarchical accretion
• added dimension to deconstruct MW, even in Gaia era

3. Independent study of faint dwarf galaxies 
• weeding out foreground contamination
• efficiently building larger samples of spectroscopic member
• chemical evolution modelling

+ see Ani Chiti’s paper on Tuc II


