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A true second-generation star
The actual title is 

“A single low-energy, iron-poor supernova as the source of 
metals in the star SMSS J031300.362670839.3”

S. C. Keller1, M.S. Bessell1, A. Frebel2, A.R. 
Casey1, M. Asplund1, H. R. Jacobson2, K. Lind3, 
J. E. Norris1, D. Yong1, A. Heger4, Z. Magic1,5, 
G. S. Da Costa1, B. P. Schmidt1 & P. Tisserand1

2014, Nature, in press

1: ANU, 2: MIT, 3: IoA Cambridge, 4: Monash Univ, 5: MPIA

Heather Jacobson
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And the winner is...
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And the winner is...

We don’t know the star’s age! Sorry for the confusion!!
Any number you’ll read is simply wrong! Not because we 
don’t like the star to be old but because we can’t actually 
measure it! 

Not exactly...!

Also:
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λCDM hierarchical structure formation model

Understanding of  (dwarf) galaxy formation

Spectroscopic observations of 
stellar populations and 
streams (=luminous matter)

From Near to Far...
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SkyMapper is taking shallow data now!
Provides new metal-poor halo stars now 

and will ultimately also find more dwarf galaxies!

1.3m telescope 
Siding Spring Observatory
Australia
PI: Brian Schmidt

Skymapper telescope
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What does SkyMapper 
observe? The filter set
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Mapping the southern sky

• New photometric technique to find metal-poor stars
• A survey of the South => census of most metal-poor star

Color code 
based on 
AAT/AEGIS 
follow-up 
med-res 
spectroscopy 

from S. Keller
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leading this 
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Skymapper & Magellan:
Match made in heaven

Candidate metal-poor stars 
selected with high efficiency...

observed with the 6.5m Magellan telescope
at Las Campanas Observatory, Chile

• SkyMapper can only provide candidate metal-poor stars
• High-resolution spectroscopy (R>20,000) is required to confirm 

metal-deficiency and to carry out chemical abundance analysis

Videos about observing 
with Magellan: youtube 
and annafrebel.com
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Text

Line strength ⇒ Abundance of element

Existance of line ⇒ Element present in star

A. Frebel

[Fe/H] = -0.8
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Text

Line strength ⇒ Abundance of element

Existance of line ⇒ Element present in star

A. Frebel

[Fe/H] = -2.7
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Text

Line strength ⇒ Abundance of element

Existance of line ⇒ Element present in star

A. Frebel

[Fe/H] = -4.2
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Text

Line strength ⇒ Abundance of element

Existance of line ⇒ Element present in star

A. Frebel

[Fe/H] < -7.0
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No iron lines detected!
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METAL–POOR STARS 5

Fig. 1.— [Fe/H] for the most metal-poor star then known as a function of epoch. The symbols denote the abundance determined
by the authors, while the horizontal lines refer, approximately, to currently accepted values. (The abundances are based on
one-dimensional, Local Thermodynamic Equilibrium model atmosphere analysis. See Section 3.1.)

time and target faintness, it was common that not all
stars could be observed. In the original candidate list
in the magnitude range 13.0 ! B ! 17.5 there were
!3700 red giants of which about 1700 were observed at
medium-resolution (Schörck et al. 2009), together with
!3400 near-main-sequence-turno! stars, of which !700
have follow-up spectroscopy (Li et al. 2010). There is
also a bright sample of !1800 stars having B < 14.5,
for all of which medium resolution spectra were obtained
by Frebel et al. (2006). From these samples, the most
metal-poor candidates were selected for high-resolution
observation. Various considerations determined whether
a star was ultimately observed. These include telescope
time allocations, observability and weather conditions
during observing time, target brightness, reliability of
the medium-resolution result, science questions to be ad-
dressed, and of course the preliminary metallicity of the
star. Given these limitations, fainter stars remain unob-
served on the target lists due to time constraints.
To this point the discussion has been confined to sur-

veys that have concentrated on discovering candidate
metal-poor stars with B ! 17.5, with follow-up medium-
resolution spectroscopy complete in most cases to only
somewhat brighter limits. Surveys that reach to con-
siderably fainter limits are the Sloan Digital Sky Survey
(SDSS) and the subsequent SEGUE-I and II surveys (see
http://www.sdss.org), which have obtained spectra with
resolving power R ! 2000, and are also proving to be a
prolific source of metal-poor stars. In a sample of some
400,000 stars, SDSS/SEGUE has discovered 26,000 stars
with spectra having S/N > 10, and [Fe/H] < –2.0 (based
on these intermediate-resolution spectra), while some 400

have [Fe/H] < –3.0.
The search for metal-poor stars remains a very active

field, with several exciting projects coming to comple-
tion, currently in progress, and planned. This matter
will be further discussed in Section 7.

2.3. High-Resolution, High S/N Follow-Up Spectroscopy

The final observational step in the discovery pro-
cess is spectroscopy of the most significant objects
(e.g., most metal-poor, or most chemically peculiar)
at very high resolving power (R ! 104 – 105) and
S/N " 100, in order to reveal the fine detail re-
quired for the determination of parameters such as accu-
rate chemical abundances, isotope ratios, and in some
cases stellar ages. This is best achieved with 6 –
10m telescope/échelle spectrograph combinations – cur-
rently HET/HRS, Keck/HIRES, Magellan/MIKE, Sub-
aru/HDS, and VLT/UVES.
In order to give the reader a feeling for both the role

of increased resolution and the manner in which decreas-
ing metallicity a!ects the observed flux, Figure 2 shows
the increase in spectroscopic detail between intermediate
(R ! 1600) and high (R ! 40000) resolving power for
four metal-poor red giants of similar e!ective tempera-
ture (Te!) and surface gravity (log g) as metal abundance
decreases from [Fe/H] = –0.9 to –5.4 (for HE 0107–5240,
the most metal-poor giant currently known).

2.4. Census of the Most Metal-Poor Stars

This section presents a census of stars having [Fe/H]
< –3.0 and for which detailed high-resolution, high S/N ,
published abundance analyses are available. The data

Discovering the most 
metal-poor stars
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Frebel & Norris (2013)
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METAL–POOR STARS 5

Fig. 1.— [Fe/H] for the most metal-poor star then known as a function of epoch. The symbols denote the abundance determined
by the authors, while the horizontal lines refer, approximately, to currently accepted values. (The abundances are based on
one-dimensional, Local Thermodynamic Equilibrium model atmosphere analysis. See Section 3.1.)
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of increased resolution and the manner in which decreas-
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(R ! 1600) and high (R ! 40000) resolving power for
four metal-poor red giants of similar e!ective tempera-
ture (Te!) and surface gravity (log g) as metal abundance
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A true second-
generation star

[Fe/H] = -4.2

[Fe/H] = -5.2

[Fe/H] < -7.0
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comparison with other stars
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Abundance pattern
#
#

Ke
ll
er

 e
t 
al

. 
20

14
, 
Na

tu
re

 i
n
 p

re
ss

19Friday, February 14, 14



Second/early 
generation stars

Stellar abundance signature: low Fe, some Ca, Mg, high C

Implications for the nature of the first stars

✓ Not ~100 Msun, but more like 50-60 Msun
✓ Yields of first supernova must be low in Fe, high in C (also for 

[Fe/H] < -5 stars!) => lower energy “faint” explosion (e.g. 
Umeda & Nomoto 2003)

✓ High C could indicate rotation (new VLT data may get O ab.)

Consequences: Pop III may not have reionized the Universe?
Great prospects for finding more metal-poor second-
generation stars with SkyMapper for the ultimate diagnostic 
tool of the first stars. Stay tuned!
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Segue 1: a surviving first galaxy?

”Segue 1: An Unevolved Fossil Galaxy from the Early Universe”

Anna Frebel, Josh Simon & Evan Kirby 
ApJ subm.
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metallicity-luminosity 
relation

Ultra-faint dwarfs
Classical dSphs
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ultra-faint dwarf galaxy 
stellar abundance ratios

Black open 
circles:
Halo stars

Red squares: 
Ursa Major II
Blue dots: 
Coma Berenices
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ultra-faint dwarf galaxy 
stellar abundance ratios

Black and cyan 
open circles:
Halo stars

Red squares: 
Segue 1 stars
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Fig. 6.— Abundance ratios ([X/Fe]) as a function of metallicity ([Fe/H]) for various elements

detected in our Segue 1 stars (small open red circles) and star Segue 1-7 from Norris et al.

(2010a) (large red open circle) in comparison with those of halo stars (black circles) of Cayrel

et al. (2004) and Yong et al. (2013) (small blue points).
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(2010a) (large red open circle) in comparison with those of halo stars (black circles) of Cayrel

et al. (2004) and Yong et al. (2013) (small blue points).
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Inner Halo
[Fe/H]ave. ~ -1.6

More massive,
Magellanic 

Cloud-sized objects
contribute mass

[Fe/H]~-1 
Ultra-faint dwarfs
L ~ 104L

[Fe/H]min~–3.8 in Segue 1
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  Additional 
metal-poor stars
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The chemical signature 
of the first galaxy

Motivation 
Study the beginning 
of star and galaxy 

formation based on 
detailed ab-initio 

hydro simulations of 
the first stars and the 
assembly of the first 

galaxy 
(e.g., Greif+10,11)

.

hydrogen density           temperature          metallicity 

100 kpc

10 kpc

15 Myr

100 Myr

300 Myr

after the SN 
explosion
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~10 Minihalos
~106 M
(z~30-20)

Atomic cooling halo 
~108 M
(z~15-10)

1 Pop III star each
with order 100 M

merging

Pop II stars form 
from material enriched 
just by the PopIII stars

Pop III stars
explode as SN

Gas blow out
by SNe

no gas
left for star 
formation

“First galaxy”

some gas is left 
or some is 
recollected
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today

formation
of the first 

galaxy from 
~10 mini

halos

first galaxy
enriched by
Pop III stars;
 one burst 

of SF

second-gen.
metal-poor

stars, 
w/ some MF

Time

higher-mass
stars: AGB stars
some: SN II 

lower-mass 
stars: SN Ia

low-mass stars survive until today => we observe those!

SN Ia enrichment

AGB enrichment

enrichment channels 
in a  first galaxy 

No additional star formation due to lack of gas!

These enrichment events 
will not be sampled by 

later generations of stars 
in a such a first galaxy!

low-mass 
stars: survive!
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The 
abundance 

test!

SN Ia 
regimeSN II regimePrediction:

In a first galaxy no stars should show 
abundance patterns that 

reflect either AGB or SN Ia enrichment!
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Hardly any neutron-capture 
material in Segue 1 !
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The 
abundance 

test!

core-collapse
enrichment

level

Fe 
enrichment

by SN Ia

SN Ia 
regimeSN II regime
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The 
abundance 

test!

First galaxy candidates:
Ursa Major II, Segue 1 & 
Bootes I 

but also Coma Berenices, 
Leo IV

(Hercules not! L~6x104Lsun)

Frebel + Bromm ApJ 2012; 
Frebel, Simon, & Kirby 2014 ApJ subm 

(data from Feltzing et al. 2009; Frebel et al. 2010b; Norris et al. 
2010c; Simon et al. 2010; 

Norris et al. 2010a; Aden et al. 2011; Cayrel et al. 2004; 
Francois et al. 2007; Venn et al. 2004)

SN Ia 
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THE PRIMEVAL POPULATIONS OF THE ULTRA-FAINT DWARF GALAXIES1

THOMAS M. BROWN2, JASON TUMLINSON2, MARLA GEHA3, EVAN N. KIRBY4,5 , DON A. VANDENBERG6,
RICARDO R. MUÑOZ7, JASON S. KALIRAI2, JOSHUA D. SIMON8, ROBERTO J. AVILA2,

PURAGRA GUHATHAKURTA9, ALVIO RENZINI10, AND HENRY C. FERGUSON2

Accepted for publication in The Astrophysical Journal Letters

ABSTRACT
We present new constraints on the star formation histories of the ultra-faint dwarf (UFD) galaxies, using deep

photometry obtained with the Hubble Space Telescope (HST). A galaxy class recently discovered in the Sloan
Digital Sky Survey, the UFDs appear to be an extension of the classical dwarf spheroidals to low luminosities,
offering a new front in efforts to understand the missing satellite problem. They are the least luminous, most
dark-matter dominated, and least chemically-evolved galaxies known. Our HST survey of six UFDs seeks to
determine if these galaxies are true fossils from the early universe. We present here the preliminary analysis of
three UFD galaxies: Hercules, Leo IV, and Ursa Major I. Classical dwarf spheroidals of the Local Group exhibit
extended star formation histories, but these three Milky Way satellites are at least as old as the ancient globular
cluster M92, with no evidence for intermediate-age populations. Their ages also appear to be synchronized to
within !1 Gyr of each other, as might be expected if their star formation was truncated by a global event, such
as reionization.
Subject headings: Local Group — galaxies: dwarf — galaxies: photometry — galaxies: evolution — galaxies:

formation — galaxies: stellar content

1. INTRODUCTION

Although the Lambda Cold Dark Matter paradigm is con-
sistent with many observable phenomena, discrepancies arise
at small scales. One of the most prominent issues is that it pre-
dicts many more dark-matter halos than are actually seen as
dwarf galaxies (e.g., Moore et al. 1999). A possible solution
has arisen with the recent discovery of additional satellites
around the Milky Way (e.g., Willman et al. 2005; Zucker et
al. 2006; Belokurov et al. 2007) and Andromeda (e.g., Zucker
et al. 2007) in the Sloan Digital Sky Survey (York et al. 2000)
and other wide-field surveys (e.g., McConnachie et al. 2009).

The newly-discovered ultra-faint dwarf (UFD) galaxies ap-
pear to be an extension of the classical dwarf spheroidals
(dSphs) to lower luminosities (MV ! −8 mag). UFD lumi-
nosities are comparable to those of globular clusters, but one
distinction in the former is the presence of dark matter. Even
massive globular clusters have mass-to-light ratios (M/LV ) of
!2 (e.g., Baumgardt et al. 2009; van de Ven et al. 2006),
precluding significant dark matter. In contrast, all known

1 Based on observations made with the NASA/ESA Hubble Space Tele-
scope, obtained at STScI, which is operated by AURA, Inc., under NASA
contract NAS 5-26555.

2 Space Telescope Science Institute, 3700 San Martin Drive, Balti-
more, MD 21218, USA; tbrown@stsci.edu, tumlinson@stsci.edu, jkali-
rai@stsci.edu, avila@stsci.edu, ferguson@stsci.edu

3 Astronomy Department, Yale University, New Haven, CT 06520, USA;
marla.geha@yale.edu

4 California Institute of Technology, 1200 East California Boulevard, MC
249-17, Pasadena, CA 91125, USA; enk@astro.caltech.edu

5 Hubble Fellow
6 Department of Physics and Astronomy, University of Victoria, P.O. Box

3055, Victoria, BC, V8W 3P6, Canada; vandenbe@uvic.ca
7 Departamento de Astronomía, Universidad de Chile, Casilla 36-D, San-

tiago, Chile; rmunoz@das.uchile.cl
8 Observatories of the Carnegie Institution of Washington, 813 Santa Bar-

bara Street, Pasadena, CA 91101, USA; jsimon@obs.carnegiescience.edu
9 UCO/Lick Observatory and Department of Astronomy and Astrophysics,

University of California, Santa Cruz, CA 95064, USA; raja@ucolick.org
10 Osservatorio Astronomico, Vicolo Dell’Osservatorio 5, I-35122 Padova,

Italy; alvio.renzini@oapd.inaf.it

dwarf galaxies have higher M/LV (Kalirai et al. 2010 and
references therein). UFD kinematics are clearly dark matter-
dominated, withM/LV > 100 (e.g., Kleyna et al. 2005; Simon
& Geha 2007; Muñoz et al. 2006), even where velocity dis-
persions have been revised downward (e.g., Koposov et al.
2011). The inferred dark-matter densities of dwarf galaxies
suggest a high-redshift collapse for both classical dSphs and
UFDs (z! 12; Strigari et al. 2008), but the dSphs apparently
continued to evolve (Orban et al. 2008; Weisz et al. 2011). In
contrast, the UFDs are the least chemically-evolved galaxies
known, with abundance patterns that imply their star forma-
tion was brief (Frebel et al. 2010) and individual stellar metal-
licities as low as [Fe/H] = −3.7 (Norris et al. 2010). The strict
conformance to a metallicity-luminosity relation for all Milky
Way satellites limits the amount of tidal stripping to a factor
of !3 in stellar mass (Kirby et al. 2011). Therefore, UFDs
are not tidally stripped versions of classical dSphs (see also
Penarrubia et al. 2008; Norris et al. 2010).

As one way of solving the missing satellite problem, galaxy
formation simulations assume that UFDs formed the bulk of
their stars prior to the epoch of reionization (e.g., Tumlinson
2010; Muñoz et al. 2009; Bovill & Ricotti 2009; Koposov
et al. 2009). Mechanisms that could drive an early termi-
nation of star formation include reionization, gas depletion,
and supernova feedback. Using the Hubble Space Telescope
(HST), we are undertaking a deep imaging survey of UFDs
that reaches the old main sequence (MS) in each galaxy, yield-
ing high-precision color-magnitude diagrams (CMDs) that
provide sensitive probes of their star formation histories. The
program includes Hercules, Leo IV, Ursa Major I, Bootes I,
Coma Berenices, and Canes Venatici II. Here, we give pre-
liminary results for the first three galaxies.

2. OBSERVATIONS AND DATA REDUCTION

We obtained deep optical images of each galaxy (Table 1)
using the F606W and F814W filters on the Advanced Cam-
era for Surveys (ACS). These filters efficiently enable a high
signal-to-noise ratio (SNR) on the stellar MS and facilitate

The Primeval Populations of the UFD Galaxies 3

-1.0 -0.8 -0.6 -0.4 -0.2
m606 - m814 (STMAG)

28

26

24

22

m
81

4 (
ST

M
A

G
)

Hercules

M92: 13.7+/-1 Gyr
[Fe/H]=-3.2

-1.0 -0.8 -0.6 -0.4 -0.2
m606 - m814 (STMAG)

 

 

 

 Leo IV

26

-1.0 -0.8 -0.6 -0.4 -0.2
m606 - m814 (STMAG)

 

 

 

Ursa Major I

26

Figure 1. The CMD of each UFD (black points), with axes shifted to ease comparisons. For reference, we show the empirical ridge line for the MS, SGB, and
RGB in M92 (dark blue curve), along with the HB locus in M92 (blue points). The M92 fiducial has been placed at the distance and reddening for each galaxy,
matching the luminosity of HB stars (highlighted in red) and the color of the lower RGB stars in each UFD (accounting for the metallicity distribution). The light
blue band is bounded by isochrones within 1 Gyr of M92’s age (13.7 Gyr), at the M92 metallicity ([Fe/H]=−2.3), showing excellent agreement with the M92
ridge line. Because the UFD metallicities extend much lower than those in globular clusters, we also show an isochrone at the age of M92 but at the low extreme
of the metallicity distribution ([Fe/H]=−3.2; dark green curve), bounded by isochrones offset by 1 Gyr (light green band). A blue straggler sequence is present in
each galaxy, but there are no stars significantly younger than M92.

brighter and bluer, making the MS turnoff in each galaxy
appear fainter and redder (and thus older) relative to that in
M92, which would significantly violate the age of the uni-
verse (13.75± 0.11; Jarosik et al. 2011) unless other factors
(e.g., CNO abundances) were adjusted accordingly.

With these caveats, we show the comparison of each UFD
to M92 in Figure 1. HB morphology is most sensitive to
metallicity (but also age and the abundances of He and CNO),
with the HB color distribution shifting toward the blue at
lower [Fe/H]. The colors of the HB stars in each UFD are
consistent with their metallicities, in the sense that <[Fe/H]>
is slightly higher in Ursa Major I than in Hercules or Leo IV
(Table 1), and its HB stars are somewhat redder, but this may
be due to small number statistics. The RGB appears slightly
wider than one would expect from the photometric errors and
metallicity distribution, but this is uncertain, given the field
contamination. The MS turnoff and SGB in each UFD ex-
tends slightly brighter and bluer than those features on the
M92 ridge line. If we did not know the metallicity distribu-
tions, we would conclude that the brighter and bluer stars have
ages a few Gyr younger or metallicities up to !1 dex lower
than M92. However, we know the UFD metallicities extend
below [Fe/H] = −3, so these stars are consistent in age with
M92, as we show below.

3.2. Comparison to Theoretical Isochrones
Because the UFDs are among the most metal-poor popu-

lations in the local universe, we cannot rely solely upon em-
pirical stellar population templates (e.g., globular clusters) to

analyze them. We must extend these empirical templates to
lower metallicities using theoretical models. For this purpose,
we employ the Victoria-Regina isochrones (VandenBerg et al.
2012).

Compared to the previous version of the code (VandenBerg
et al. 2006), the current version includes, among other things,
the effects of He diffusion, the latest improvements to the H-
burning nuclear reaction rates, and an update to the Asplund
et al. (2009) solar metals mixture. The net effect of these
changes is to reduce the age at a given turnoff luminosity
by !0.5 Gyr. Our purpose here is to use these isochrones
to derives ages relative to those of the globular clusters, but
these effects should be kept in mind when considering abso-
lute ages.

Brown et al. (2005) produced a set of empirical population
templates in the ACS F606W and F814W filters, spanning a
wide metallicity range, based upon Galactic globular and old
open clusters. They then calibrated a transformation of the
Victoria-Regina isochrones into the same filters, producing
agreement at the 1% level. Here, we have adjusted this trans-
formation by 0.03 mag in color. This adjustment accounts for
the new version of the Victoria-Regina isochrones and the cur-
rent state of the literature regarding cluster parameters. These
isochrones match the ACS CMDs of 47 Tuc at an age of 12.3
Gyr, NGC 6752 at an age of 13.2 Gyr, and M92 at an age of
13.7 Gyr. As discussed in §3.1, M92 is the most relevant cal-
ibrator, but the other clusters demonstrate that the isochrones
are valid over a wide range of [Fe/H] (−0.7 to −2.3). We stress
that these absolute ages depend critically upon the assumed
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