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ABSTRACT
The oldest stars in the Milky Way (MW) bear imprints of the Galaxy’s early assembly history.
We use FIRE cosmological zoom-in simulations of three MW-mass disc galaxies to study
the spatial distribution, chemistry, and kinematics of the oldest surviving stars (zform ! 5) in
MW-like galaxies. We predict the oldest stars to be less centrally concentrated at z = 0 than
stars formed at later times as a result of two processes. First, the majority of the oldest stars
are not formed in situ but are accreted during hierarchical assembly. These ex situ stars are
deposited on dispersion-supported, halo-like orbits but dominate over old stars formed in situ
in the solar neighbourhood, and in some simulations, even in the galactic centre. Secondly,
old stars formed in situ are driven outwards by bursty star formation and energetic feedback
processes that create a time-varying gravitational potential at z ! 2, similar to the process that
creates dark matter cores and expands stellar orbits in bursty dwarf galaxies. The total fraction
of stars that are ancient is more than an order of magnitude higher for sight lines away from
the bulge and inner halo than for inward-looking sight lines. Although the task of identifying
specific stars as ancient remains challenging, we anticipate that million-star spectral surveys
and photometric surveys targeting metal-poor stars already include hundreds of stars formed
before z = 5. We predict most of these targets to have higher metallicity (−3 < [Fe/H] < −2)
than the most extreme metal-poor stars.
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1 IN T RO D U C T I O N

The oldest stars in the Milky Way (MW) are relics of star forma-
tion in the early Universe, providing a probe of physical processes
that can otherwise be studied only at high redshift (e.g. Freeman &
Bland-Hawthorn 2002; Beers & Christlieb 2005; Frebel & Norris
2015). Determining the properties, phase–space distribution, and
stellar yields of first- and second-generation stars is therefore a
primary goal of near-field cosmology (e.g. Abel, Bryan & Nor-
man 2000; Bromm & Larson 2004; Karlsson, Bromm & Bland-
Hawthorn 2013; Frebel & Norris 2015). Ongoing spectroscopic
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and photometric surveys of the Galaxy have already begun to iden-
tify large numbers of metal-poor stars suspected to be ancient (e.g.
Beers, Preston & Shectman 1985; Christlieb 2003; Helmi et al.
2003; Garcı́a Pérez et al. 2013; Yong et al. 2013; Schlaufman &
Casey 2014; Casey & Schlaufman 2015; Howes et al. 2015, 2016;
Li et al. 2015; Minniti et al. 2016; Cescutti, Chiappini & Hirschi
2017; Starkenburg et al. 2017b), and parallel efforts to measure pre-
cise atmospheric parameters, masses, ages, and detailed abundance
patterns for large samples of these stars are underway (e.g. Rauer
et al. 2014; Li et al. 2015; Ricker et al. 2015; Feltzing et al. 2017;
Fernández-Alvar et al. 2017; Sharma et al. 2018).

Given the archaeological interest in identifying very old stars,
there arise the questions of (a) where, in terms of both physical
location and metallicity, ancient stars can most efficiently be found,
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‘STANDARD’ PICTURE OF 
GALAXY FORMATION:

GALAXIES GROW INSIDE-OUT, 
SO THE OLDEST STARS ARE 
NATURALLY IN THE CENTER

(RIGHT?)
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Where to find the oldest (zform>5) stars?

only ~15% of oldest stars are in bulge region (d < 2 kpc)
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1. Most MW stars formed at z >~ 3 were 
accreted (ex-situ) 

2. Stars that did form in-situ were heated to 
larger radii via stellar feedback (similar to 
DM core formation)

Why are the oldest stars less 
centrally concentrated?
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WHEN DID THE MILKY WAY ‘FORM’?

WHEN DID THE MAJORITY OF STARS 
FORM WITHIN THE MAIN PROGENITOR?

WHAT WERE ITS BUILDING BLOCKS?

Isaiah Santistevan 
(grad student @ UC Davis)



movie: Shea Garrison-Kimmel

Latte simulation of MW-mass galaxy



near-far connection 
understanding the building blocks of the MW

select stars in MW 
(galaxy or halo) at z = 0 trace stars back to z >~ 5
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dwarf galaxy building blocks of entire MW system

current population is highly incomplete census of dwarfs that built MW
redshift

z = 0

z = 7
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dwarf galaxy building blocks of MW stellar disk
Santistevan, Wetzel et al, in prep

z = 0

z = 7disk+bulge stars at z = 0

Santistevan, Wetzel et al, in prep
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Santistevan, Wetzel et al, in prep
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transition to in-situ star formation: z <~ 3
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Why are the oldest stars less 
centrally concentrated?

1. Most MW stars formed at z >~ 3 were 
accreted (ex-situ) 

2. Stars that did form in-situ were heated to 
larger radii via stellar feedback (similar to 
DM core formation)
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stars that did form in-situ were heated to larger radii 
via stellar feedback-driven gas outflows

Why are the oldest stars less 
centrally concentrated?

El-Badry et al 2018
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diagram of MW formation

z >~ 3 z >~ 2 z >~ 2

z >~ 1 z <~ 1.5

El-Badry, Bland-Hawthorn, 
Wetzel et al 2018
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WHAT IS CONNECTION 
BETWEEN OLDEST AND MOST 

METAL-POOR STARS?
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Fe ~ age, but Fe != age

most ‘old’ stars have [Fe/H] >~ -2
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determining origin of old stars: 
abundances are useful (mostly) 

 kinematics are not
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location of oldest stars today

z = 5

z = 0

ex-situ dominates @ z >~ 3
dwarf gal building blocks of MW

THE MILKY WAY ON FIRE

http://www.astrophoto.com/M82.htm

Feedback In Realistic Environments

F RE

dynamical heating of old stars


