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To those whose work makes mine possible!

Stellar Evolution models, atomic and nuclear physics and chemistry, 
stellar atmosphere models, codes to connect this work to analyses of 
astrophysical data.

Spectroscopy
Frebel & Norris 2015

velocities, metallicity, abundancesResolved Stars

> 8 Gyr
3 − 8 Gyr
1.1 − 3  Gyr

< 300 Myr
300 Myr − 1.1Gyr

Imaging Star-formation histories, ages

Tolstoy 2011

Tolstoy, Hill & Tosi 2009

Galactic 

Palaeontology

BBN ➨ Periodic Table



K2 star  ~25 Gyr   0.8M⦿

G8 star  ~10 Gyr1M⦿

F5 star  ~ 5 Gyr1.25M⦿

O3 star  ~ 2.5Myr
B0 star  ~ 16 Myr
B9 star  ~ 600 Myr

120M⦿

12M⦿

2.5M⦿

   0.5M⦿ M0 star  ~100 Gyr

LOW MASS STARS CAN 
LIVE A VERY VERY LONG 

TIME
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Compilation from Madau & Dickinson (2014)
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Stars as living fossils

lifetimemass
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increasing
numbers:
IMF

We can’t study all galaxies with the same detail and beyond the 
Local Group with current facilities.

Probing Different Environments

Cignoni et al. 2012 Cole et al. 2007 Grocholski et al. 2008 Aloisi et al. 2007
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this distribution is partly why I concentrate on dwarf galaxies

Mass of stars in Milky Way ~ 6 x 1010 M⦿

Mass of stars in classical dSph ~ 1-100 x 106 M⦿

Mass of stars in UFDs ~ 0.1 - 100 x 104 M⦿

Mass of stars in Segue I UFD ~ 600 - 1200 M⦿

Stellar Mass in Local Group…

Dwarf galaxies are likely to be the most ancient
star formation sites in the Universe -

small galaxies formed first
key probes of conditions early universe

ONLY CONTAIN ANCIENT STARS



HI gas around the Magellanic Clouds

Belokurov et al. 2017 MNRAS, 466, 4711

Image Credit: V. Belokurov, D. Erkal (Cambridge, UK). HI map: M. Putman (Columbia, US) MCs photo: Axel Mellinger (CMich, US)

Gatto et al. 2013 MNRAS, 433, 2749

The hot corona of the Milky Way halo

Global Properties of Galaxies

Tolstoy, Hill & Tosi 2009, ARAA, 47, 371
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Metallicity-luminosity relationship for 
dwarf galaxies in the Local Group.

Simon & Geha 2007 ApJ

Skillman, Kennicutt 
& Hodge 1989

DECam imaging
Roderick et al. 2016

ACS survey
Brown et al. 2014

Bootes I
Mv ~ -6.3

60kpc

Norris et al. 2010

~ 4 x 104 M⦿

DECam imaging
Roderick et al. 2016

ACS survey
Brown et al. 2014

Bootes I
Mv ~ -6.3

60kpc

Norris et al. 2010

~ 4 x 104 M⦿

Vasily Belokurov ● Institute of Astronomy, Cambridge

Segue 1

Segue 1

Sgr leading tail

Sgr trailing tail

Niederste-Ostholt et al, 2009

Mv ~ -1.5
23kpc

~ 600-1200 M⦿



Image: Thomas de Boer NOAO/CTIO/4m

Sculptor dwarf spheroidal galaxy
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OLDESTYOUNGER

~ 8 x 106 M⦿

much easier to study
Milky Way from Paranal     credit: ESO/Yuri Beletsky

The Milky Way: star by star
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Selecting stars in the Milky Way

Hipparcos: Perryman et al. 1995, A&A, 304, 69
colour
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~ 100 000 stars

The GAIA revolution

Nature, 3rd Oct 2013

Picture: S. Brunier/ESO; GRAPHIC SOURCE: ESA

Launch:   20th December 2013
DR1: 14th September 2016

DR2: 25th April 2018

> 1 billion sources



GAIA'S NEW MAP OF STAR DENSITY
The second Gaia data release on 25 April 2018 included the position and brightness of almost 1.7 
billion stars; the parallax, proper motion and colour of more than 1.3 billion stars; the radial velocity 
of more than 7 million stars; the surface temperature of more than 100 million stars, and the amount 
of dust intervening between us and of 87 million stars. There are also more than 500 000 variable 
sources, and the position of 14 099 known Solar System objects – most of them asteroids.

Copyright: ESA/Gaia/DPACG
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4 276 690 stars 
with low extinction
E(B-V) < 0.015mag

Addition of Kinematics

Koppelman et al. 2018

within 2.5kpc radius of Sun
6 366 744 stars: 6D sample

5980 halo stars (1% of sample)
Nissen & Schuster 2010

within 335pc of Sun
67 halo stars and 16 thick disk stars

Helmi et al. 2018

APOGEE spectra

Malhan et al. (2018); Ibata et al. (2019)

Stellar streams detected in Gaia DR2
There are a lot of non-equilibrium structures being found in the Milky Way by Gaia.

Pan-STARRS1: RR Lyrae

Sagittarius Stellar streams



NGC 5907 credit: R. Jay GabanyBig Fish eating Little Fish

CMDs (photometry) -  
give star formation histories

Abundances (spectroscopy) -  
give chemical evolution

Selecting Targets for 
Spectroscopy
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Sculptor dSph

FLAMES DART project

Wonderful CONTEXT!!

de Boer et al. 2012

OLDESTYOUNGER

Ca II Triplet R~6000 [Fe/H] 

-1.3

-2.3

Low Resolution  
Spectroscopy

    [Fe/H]∝EW of CaII triplet lines

Starkenburg et al. 2010 A&A

FLAMES DART project



Intermediate Resolution  
Spectroscopy

 GIRAFFE, R ~ 20k 

    Fe  Mg, Si, Ca, S   Ni, Cr, Y, Ba, La, Nd, Eu

CaI FeI BaII

SNII SNIa

SNII - fast enrichment, by massive stars

SNI - long term slow enrichment by low 
mass stars   

McWilliam 1997

FLAMES DART project

alpha-elements

Venn et al. 2004
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McWilliam 1997Alpha-Elements
“The Knee”
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Tolstoy et al. 2009; Starkenburg et al. 2013 & more

Sculptor dSph

FLAMES DART project

can only make halo out of 
existing dwarf galaxies at 

very early times

Zinc in Sculptor

Skúladóttir et al. 2017 A&A, 606, A71

Sculptor
Carina
Sagittarius

VLT/FLAMES/UVES

Zinc is an important element for tying 
down supernovae masses and energies Skúladóttir et al. 2018 A&A, 615, A137

Starkenburg et al. 2010

[Fe/H]
-4               -3               -2              -1               0            

Putting it together in Sculptor
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Starkenburg et al. 2013; Tolstoy, Hill & Tosi 2009
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de Boer et al. 2012, A&A, 539, A103 

Measuring the Timescale for Chemical 
Evolution in Sculptor

SNIa start to contribute to the chemical enrichment of the Sculptor 
dSph galaxy 2±1 Gyr after star formation began

stars in the Milky Way & in dSph galaxies
appear to have fundamentally different properties

to look in more detail - need 
high resolution spectroscopy &

careful abundance analysis

The most ancient stars…

High Resolution Spectroscopy

High-resolution             
(R ≈ 40 000), high S/N 
spectra of metal-poor 

red giants having similar 
Teff and logg from 

[Fe/H] < −7.3 to −0.9

Frebel & Norris 2015 ARAA, 53, 631

enhanced carbon
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Carbon Rich Stars in classical dSph?
Norris et al. 2013Milky Way

Kirby et al. 2015 ApJ, 801, 125

Keck/DEIMOS, 400 RGB stars

selection biases preclude a detailed 
comparison to the MW stellar halo

43% in halo

20% in halo

0/8 in Scl

1/22 in Scl

The First CEMP-no star in Sculptor

VLT/FLAMES

FLAMES DART project

VLT/UVES/X-shooter
Skúladóttir et al. 2015,  A&A, 574, A129

Starkenburg et al. 2013 A&A, 549, A88 
Tafelmeyer et al. 2010 A&A, 524, A58

Carbon Rich Metal Poor Stars
Carbon enhanced stars in the halo: 

20% for   [Fe/H] < -2.5
30% for   [Fe/H] < -3.0  EMP
40% for   [Fe/H] < -3.5
80% for   [Fe/H] < -4.5  UMP

Salvadori et al. 2015 MNRAS, 454, 1320

very few C-rich stars in dwarf 
galaxies, those there are, 

especially at extreme values 
are in Ultra-faint dwarfs

An r-process rich galaxy: Ret II
Mv ~ -2.7 Koposov et al. 2015a

Koposov et al. 2015b

Ji et al. 2016

Ret II

Boo I

Segue I

entire galaxy mass ~10000 M⦿

30kpc



Overview of alpha in different systems

Mashonkina et al. 2017a,b 
R>25 000 spectra;   NLTE analysis

Extremely precise

Mashonkina et al. 2017b 

Strontium & Barium & Magnesium
to remove any potential pollution of Fe by the ejecta of SNIa

while the stellar population of massive 
dSphs and the MW halo can increase their 
abundance of Sr relatively to Mg, the UFDs 
cannot and thereby, miss this additional Sr 

production channel.

NLTE analysis

dSph & UFD galaxies have different detailed 
ABUNDANCE properties:

either - caused by early formation processes

OR - UFDs could be ancient outer 
fragments of larger galaxies

or in UFDs the effect of star formation is 
different (minihalos)

dSph & UFD & Milky Way 
have different detailed ABUNDANCE 
properties

It seems a star typically retains the 
imprint of the environment in which it 

formed.

based on scheme in Gilmore, Randich et al. (2013)

Importance of large spectroscopic surveys 

Gaia stars R>16 miss radial velocity.

need spectroscopy in both hemispheres for MW studies - especially halo



Halo LR survey footprintHalo LR survey footprintHalo LR survey footprint

4MOST-GA surveys
Wide-field highly multiplexed spectroscopic facility on VISTA 

– 2.5 deg diameter FOV and 2400 fibers 
– 2 LR (R~5-8k) and HR (19-21k) spectrographs 
– High throughput/ high survey efficiency 
– Start of operations in November 2022

ESO Messenger 175 – March 2019

Halo HR comparison spectra at S/N~50/pix

There is an effort to develop an ESO project
for the next decade - with a multi-object high 
resolution (R>40-60k) spectrograph for a VLT to 
operate in survey mode to follow up 4MOST.
Concentrating on blue sensitivity, improving 
spectrograph and fibre throughput.

Please get in touch if you are interested.


