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Summary & Conclusions
• About a dozen stars in the ultra-faint dwarf galaxies have been 

observed with high-resolution spectroscopy => detailed chem. 
abundances available; same signatures as halo stars                                                     
=> potential Galactic building blocks

• Segue 1 contains three extremely metal-poor stars => all are 
carbon-enhanced; other stars indicate only massive star 
enrichment

• Segue 1 chemical signature consistent with that of a first 
galaxy (=> inhomogeneous metal mixing, single SF event); also 
ultra-faint dwarfs ~13 billion years old (Brown+12) 

• First low-mass stars formed from either dust or C,O fine-
structure line cooled gas (Segue 1: f.s.l. cooled gas likely)

• Survival rate of the the first systems depends on reionization, 
but perhaps Segue 1 is an actual example of survival
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Old stars contain fewer elements 
    (e.g., iron) than younger stars

We look for 
the stars with the least 

amounts of elements heavier 
than H and He (= extreme 

Pop II stars)!

Pop III: zero-metallicity stars
Pop II: old halo stars 
Pop  I: young disk stars 

The most metal-poor stars are 
extremely rareA
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Introduction:
Stellar archaeology

Metal-poor 
stars today 

in the 
Milky Way

~13 billion years
in between

Through chemical abundance studies 
of old metal-poor stars:

Big 
Bang

early gas cloud:
star formation ...and metal-poor stars

aren’t really going to 
help exploring those.
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The Milky Way

dwarf 
galaxies

Halo

Bulge
Disk

Metal-poor
halo stars

✷
✷ ✷

✷ ✷
✷

✷✷

✷✷

Let’s talk 
dwarf galaxies!
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The Milky Way’s satellites

Dwarf galaxies are useful tools to study star formation and chemical 
evolution, early galaxy formation and the build-up of the Milky Way 

dSph = gas poor dwarf galaxies        dIrr = gas rich dwarf galaxies
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Ultra-faint dwarfs

Classical dSphs

All of the ultra-faints
have huge abundance 
spreads!

At least 2 dex and 
some up to ~3 dex:

-3.8 < [Fe/H] < -1.0

updated from Kirby et al. 2008

Stellar 
archaeology with 

the most metal-poor 
stars in MW satellite 

galaxies

Segue 1



Status of high-resolution (R~30K) 
Spectroscopy of 

ultra-faint dwarf galaxy stars

Frebel et al 2010                 Frebel, Kirby & Simon 2010, Nature
Simon, Frebel et al 2010     Norris et al. 2010a+b                   Frebel et al 2013a+b in prep.

faint stars: down to V=19.3, texp = 4 to 17 hours

[C/Fe] = +2.3
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field star population

150 kpc in 
the outer halo
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a classical dSph
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the nature of small halos
In the ‘dark matter’ world: CDM hierarchical structure formation model

In the ‘luminous’ world: Comprehensive understanding of galaxy formation

Spectroscopic observations  
of stars and streams         
( = luminous matter)

Aquarius



Magellan/MIKE spectra

9h

17h

14h

R~30,000

Star 3451364, 
with [Fe/H]=–3.8, 
is the most 
metal-poor star 
in any of the 
ultra-faint dwarf 
galaxies!

Targets were selected from 
Kirby et al (2008) & Geha et al (2009)

Seg345126

5600/3.2/-3.5

Seg3451364

5300/2.9/-3.8
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Star g 
mag

texp Teff / log g / [Fe/H]

3451364  
Segue 1

18.9 17 h 5300 / 2.9 / –3.8

3451326 
Segue 1

19.4 7 h 5600 / 3.2 / –3.5

S37    
Bootes II

19.5 14 h 5200 / 2.6 / –3.0
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stellar abundance ratios

Black open circles:
Halo stars

Red squares: 
Ursa Major II
Blue dots: 
Coma Berenices

Excellent 
agreement with 

the MW chemical 
evolution
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Some interesting numbers...

• Total number of stars below [Fe/H] = -3.8 in Milky Way: 12 
• Total number of stars below [Fe/H] = -3.8 in dwarfs:        4  

• Total number of stars below [Fe/H] = -3.5 in Milky Way: 30 
• Total number of stars below [Fe/H] = -3.5 in dwarfs:        8   

 Years to search for EMP stars:
 Halo    ~30 years
 Dwarfs  ~5 years 

 ~30% of the most metal-poor stars known are in dwarfs!!

 Segue 1 has 10% of all known stars below [Fe/H] = -3.5!  
 (it only has 7 stars bright enough for high-resolution spectr.)
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metal-poor stars: Segue 1

No. 1, 2010 HIGH-RESOLUTION SPECTROSCOPY OF UMa II AND ComBer 573

Figure 12. Spectral region around the CH feature at 4323 Å for UMa II-S1 (upper
panel) and HD 122563 (lower panel). The observed spectrum is shown (thick
line plus filled symbols). Synthetic spectra with three different C abundances
are shown in red. In addition to the Draco star Dra119 (Fulbright et al. 2004),
these are the first carbon abundances measured in a dwarf galaxy.
(A color version of this figure is available in the online journal.)

stars are C-rich is very interesting in itself. As has been known
for quite a while, a large fraction of metal-poor halo stars are
enriched in C, with numbers ranging from ∼15% (Frebel et al.
2006b; Cohen et al. 2005) to ∼25% (Marsteller et al. 2005).
Below [Fe/H] < −3.0, these numbers are found to increase
in all samples, although those results are generally plagued by
small-number statistics. Hence, finding two C-rich stars in a
dwarf galaxy, which are also the two most metal-poor stars in
our sample and among the most metal-poor ones in the entire
sample of Kirby et al. (2008), is suggestive of a high fraction of
C-rich stars in dwarf galaxies as well. Although the statistical
significance of this result is low, it may indicate that C generally
played an important role in the formation and evolutionary
process at early times irrespective of the host galaxy system.

3.2. Elements with Z ! 30

Light elements are produced during stellar evolution or
directly in supernovae and then expelled during the explosions
(e.g., Woosley & Weaver 1995; Nomoto et al. 1997).

3.2.1. Sodium

Sodium is produced during carbon burning and through the
Ne–Na cycle during H burning (Woosley & Weaver 1995). It
has thus been suggested that Na correlates with Ni since the
Ni production depends on the neutron excess provided by 23Na
during the supernova explosion that drives the 58Ni abundances
(see also Venn et al. 2004). This hypothesis would explain why
both elements are observed to have similar abundances in stars.

The Na i D resonance lines at ∼5890 Å are used to determine
the Na abundances. The resonance lines are very sensitive

Figure 13. [C/Fe] abundance ratios as a function of [Fe/H] (top and middle
panels) and luminosity (bottom panel). In all three panels, blue circles indicate
ComBer stars, red squares show UMa II objects, and the black diamond is our
MW halo standard HD 122563. The top panel compares our C abundances to
MW halo giants (Spite et al. 2006; Aoki et al. 2007a) to assess the level of
atmospheric mixing which can affect the carbon abundances. Middle panel:
The same comparison is shown with an expanded comparison sample (squares:
Aoki et al. 2002; Cohen et al. 2005; Barklem et al. 2005; Collet et al. 2006;
Frebel et al. 2007b, 2008; Lai et al. 2008; triangles: Lucatello et al. 2006; Aoki
et al. 2005). Bottom panel: [C/Fe] ratios as a function of luminosity. Indicated
are different luminosity bins for each evolutionary stage. The definition of C-
richness from Aoki et al. (2007a) is also shown (dashed line). All three members
of ComBer and the most metal-rich UMa II star (UMa II-S3) are classified as
carbon-normal, while the two more metal-poor members of UMa II are carbon-
rich.
(A color version of this figure is available in the online journal.)

to non-LTE effects. We note that, in principle, all [Na/Fe]
abundances shown in Figure 10 should be decreased by several
tenths of dex (e.g., Baumueller et al. 1998) to account for
non-LTE effects. For ease of discussion, however, we simply
compare our LTE Na abundances with the uncorrected (i.e.,
LTE) abundances of Cayrel et al. (2004). The (LTE) agreement
is generally quite good, although our highest metallicity star
deviates from the bulk of the halo and our other dwarf galaxy
abundances by almost 1 dex. Such low Na abundance is very
unusual, and no other stars are known with similarly low Na
values.

Massive rotating Pop III stars produce a lot of carbon...
could provide material to cool gas within a first galaxy
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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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~106 M¤
(z~30-20)

1 Pop III star each
of order 100 M¤
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~106 M¤
(z~30-20)

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

1 Pop III star each
of order 100 M¤

merging

Pop III stars
explode as SN

gas blow out
by SNe
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~106 M¤
(z~30-20)

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

1 Pop III star each
of 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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l ~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

NEED to put this enrichment scenario to the test!

=> will constrain feedback effects in the first galaxy 
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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

enrichment channels 
in a  first galaxy 
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low-mass stars survive until today => we observe those!

first galaxy
enriched by
Pop III stars;
 one burst 

of SF
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low-mass 
stars: survive!



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

first galaxy
enriched by
Pop III stars;
 one burst 

of SF

 A
n

n
a

 F
r

e
b

e
l

today

formation
of the first 

galaxy from 
~10 mini

halos

second-gen.
metal-poor

stars, 
w/ some MF

Time

higher-mass
stars: AGB stars
some: SN II 

lower-mass 
stars: SN Ia

SN Ia enrichment

AGB enrichment

enrichment channels 
in a  first galaxy 
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low-mass 
stars: survive!

SN II enrichment
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low-mass 
stars: survive!

SN II enrichment

These enrichment events will not be 
sampled by later generations of 

stars in a such a first galaxy!

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

No additional star formation due to lack of gas!

higher-mass
stars: AGB stars
some: SN II 

lower-mass 
stars: SN Ia
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Testing for SN Ia enrichment

First galaxy candidates:
Ursa Major II, Segue 1 & Bootes I, 
but also Coma Berenices, Leo IV
(Hercules not! L~6x104Lsun)

SN Ia regimeSN II regime

AGB enrichment: can be tested with
other elements

[a
lp

ha
/F

e]
  

Prediction:
In a first galaxy no stars 
should show abundance 
patterns that reflect AGB 
or SN Ia enrichment!

Frebel + Bromm ApJ 2012
(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)

core-collapse
enrichment

level

Fe enrichment
by SN Ia

(classical dSph)
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The Primeval Populations of the UFD Galaxies 3
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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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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
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8 Observatories of the Carnegie Institution of Washington, 813 Santa Bar-

bara Street, Pasadena, CA 91101, USA; jsimon@obs.carnegiescience.edu
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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

Herc, Leo IV & UMa I
• 13 Gyr old
• no intermed. age popul.
• >1Gyr age difference 

between them
• star formation truncated 

by global event such as 
reionization



first low-mass star formation
Dust vs fine-structure cooling

Calculated w/ updated oxygen cooling rates: 
Dtrans = log10(10[C/H] + 0.9x10[O/H] ) > -3.5 
(see Frebel & Norris 2013)

red, black: halo stars
blue: dwarf galaxy stars

All except one of 
the most metal-
poor stars likely 
formed from C,O 
fine-structure line 
cooled gas 
because they 
satisfy the 
Dtrans>-3.5 criterion

But what about dust?
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first low-mass star formation
Dust vs fine-structure cooling
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C-poor star!

different dust models
(MW grain size distribution, grain 
size distr in SN shockwave)

Only carbon-poor 
metal-poor star is Si-
rich: likely formed from 
dust-cooled gas 

Current data suggests: Bimodal first/early 
low-mass star formation triggered by 

either dust or fine-structure line cooling 
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reionization...
More of a  plea, really. 

Dear theorists,

We need more realistic models for reionization to realistically 
simulate the effects of EoR on small halos/dwarf galaxies within 
the hierarchical assembly of galaxies like the Milky way. 

Lunnan et al. say that the population of the faintest/smallest 
halos is affected in number by patchy vs instantaneous 
reionization models. This is important for our understanding of, 
like, everything!

Thanks a bunch for working very hard on this! 
 
The observers.



The Origin 
of the Elements

When, where, and how did they form?

First
stars

Dwarf 
galaxies

High red-
shift gas
clouds

Chemical
enrichment

First
galaxies

Metal-poor 
halo
stars

SN 
nucleo-

synthesis

Summer 2014

Contact:
Anna Frebel & Rob Simcoe, MIT

Cambridge, 
MA, USA
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Summary & Conclusions
• About a dozen stars in the ultra-faint dwarf galaxies have been 

observed with high-resolution spectroscopy => detailed chem. 
abundances available; same signatures as halo stars                                                     
=> potential Galactic building blocks

• Segue 1 contains three extremely metal-poor stars => all are 
carbon-enhanced; other stars indicate only massive star 
enrichment

• Segue 1 chemical signature consistent with that of a first 
galaxy (=> inhomogeneous metal mixing, single SF event); also 
ultra-faint dwarfs ~13 billion years old (Brown+12) 

• First low-mass stars formed from either dust or C,O fine-
structure line cooled gas (Segue 1: f.s.l. cooled gas likely)

• Survival rate of the the first systems depends on reionization, 
but perhaps Segue 1 is an actual example of survival
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