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- Characterize the SFHs of sub-SMC mass galaxies 
!

- Understand evolution of the LG 
!

- Connect the LG to the broader universe 
!

!

but… 
!

!

challenging to do galaxy-by-galaxy



Published Local Group Dwarf Galaxy SFHs: 
Rich, but heterogenous
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Paper I.  Data and Characterizing SFHs (Weisz+ 2014a submitted) 

Paper II.  Signatures of Reionization (Weisz+ 2014b submitted) 

Paper III. Quenching Timescales (Weisz+ 2014c in prep.) 

Paper IV. Comparison with Low Mass Galaxy Simulations  
             (Weisz+ 2014d in prep.)
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Fornax

- CMD-based SFHs are “non-parametric” 
- Statistical and systematic uncertainties
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LGS3

No oldest MSTO: 
SFH is accurate,  
but less precise
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Ensemble SFH Characteristics
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Characterizing LG Dwarf SFHs
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Characterizing LG Dwarf SFHs
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Signatures of Reionization in SFHs of LG Dwarfs?
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ABSTRACT

We use a new set of cold dark matter simulations of the local universe to investigate the distribution of fossils
of primordial dwarf galaxies within and around the Milky Way. Throughout, we build upon previous results
showing agreement between the observed stellar properties of a subset of the ultra-faint dwarfs and our simulated
fossils. Here, we show that fossils of the first galaxies have galactocentric distributions and cumulative luminosity
functions consistent with observations. In our model, we predict ∼300 luminous satellites orbiting the Milky Way,
50%–70% of which are well-preserved fossils. Within the Milky Way virial radius, the majority of these fossils
have luminosities LV < 106 L⊙. Despite our multidimensional agreement with observations at low masses and
luminosities, the primordial model produces an overabundance of bright dwarf satellites (LV > 104 L⊙) with
respect to observations where observations are nearly complete. The “bright satellite problem” is most evident in
the outer parts of the Milky Way. We estimate that, although relatively bright, the primordial stellar populations
are very diffuse, producing a population with surface brightnesses below surveys’ detection limits, and are easily
stripped by tidal forces. Although we cannot yet present unmistakable evidence for the existence of the fossils of
first galaxies in the Local Group, the results of our studies suggest observational strategies that may demonstrate
their existence: (1) the detection of “ghost halos” of primordial stars around isolated dwarfs would prove that
stars formed in minihalos (M < 108 M⊙) before reionization and strongly suggest that at least a fraction of the
ultra-faint dwarfs are fossils of the first galaxies; and (2) the existence of a yet unknown population of ∼150 Milky
Way ultra-faints with half-light radii rhl ≈ 100–1000 pc and luminosities LV < 104 L⊙, detectable by future deep
surveys. These undetected dwarfs would have the mass-to-light ratios, stellar velocity dispersions, and metallicities
predicted in this work.
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1. INTRODUCTION

Over the last decade, since Klypin et al. (1999) and Moore
et al. (1999) showed that the number of dark matter subhalos
expected around a Milky Way mass halo is two orders of magni-
tude above the number of known satellites, significant effort has
been made in observation and theory to solve the substructure
problem in cold dark matter (CDM) cosmology. Observational
discoveries have redefined the “missing galactic satellite prob-
lem” with the number of observed Milky Way satellites now
somewhat closer to theoretical expectations (Simon & Geha
2007; Tollerud et al. 2008; Bovill & Ricotti 2009; Macciò et al.
2010). The discovery of the ultra-faint dwarfs (Belokurov et al.
2006, 2007; Irwin et al. 2007; Walsh et al. 2007; Willman et al.
2005a, 2005b; Zucker et al. 2006a, 2006b; Geha et al. 2009) has
roughly doubled the known Milky Way and M31 satellite pop-
ulations since 2004. However, observations alone cannot fully
explain the discrepancy between luminous satellites and CDM
substructure.

One of the core theoretical issues of the “missing satellites”
problem remains the relationship between the luminosity of
satellites and the virial mass at formation of their dark matter
halos. From a theoretical perspective, the fundamental question
to be answered is: “What is the minimum halo mass that can
host a luminous galaxy?” Previous studies (Efstathiou 1992;
Thoul & Weinberg 1996; Bullock et al. 2001; Venkatesan et al.
2001; Ricotti & Ostriker 2004; Ricotti et al. 2005) have shown
that this critical mass is set by the reheating history of the
intergalactic medium (IGM; Ricotti et al. 2000) and by feedback

loops operating before reionization which determine whether
low-mass minihalos with M < 108 M⊙ are able to accrete gas
from the IGM and form stars. Simulations show that for halos
with masses M < 108 M⊙ the local and stochastic components
of galaxy feedback produce minihalos with the same dark matter
mass, but with stellar masses which vary by several orders of
magnitude (Ricotti et al. 2008). It is likely unjustified to assume a
sharp mass threshold separating dark and luminous halos and/or
a tight relationship between dwarfs’ luminosities and their total
mass, at the faint end of the luminosity function. This is one of
the main motivations for the present study.

Cooling in halos with masses at formation, M > 108 M⊙
(vmax > 20 km s−1) is initiated via readily available hydrogen
Lyα emission. However, cooling in minihalos with Tvir < 104 K
requires the formation of either molecular hydrogen or pre-
enrichment with metals from nearby galaxies. The balance
between the destruction and formation of H2 and metal transport
in the IGM governs whether or not low-mass minihalos can
initiate cooling and form stars. If ultraviolet H2 dissociating
radiation dominates, star formation in the first minihalos may
be suppressed or delayed (Haiman et al. 2000; Ciardi et al.
2000; Machacek et al. 2000; Wise & Abel 2007; O’Shea &
Norman 2008; Maio et al. 2010). However, if ionizing ultraviolet
radiation (hν > 13.6 eV) is the dominant feedback mechanism,
H2 formation can be catalyzed inside relic H ii regions and
on the edges of Stromegen spheres (Ricotti et al. 2001, 2002a,
2002b; Ahn et al. 2006; Whalen et al. 2008; Wise & Abel 2008),
allowing star formation to be more widespread in minihalos
with mass M ! 108 M⊙, before reionization. It is important to
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When do LG dwarf galaxies quench?



Quenching Timescales
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Effects
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Quenching Timescales for LG dSphs/dEs
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Connecting LG Dwarf SFHs to the Broader Universe



LG dIrrs vs. SDSS Spectroscopic SFHs (Leitner 2012)

LG dIrr SFHs:  
biased young

ANGST dIrrs  
include halos: 

~ 60%  
at 10 Gyr 
(Weisz 2011)
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LG dIrrs vs. Behroozi Average SFH Models

LG dIrr SFHs:  
biased young

ANGST dIrrs  
include halos: 

~ 60%  
at 10 Gyr 
(Weisz 2011)
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Isolated Low Mass Galaxy Simulations (Governato+ 2012)
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• Low mass galaxy have complex SFHs 

• SFHs not just extrapolations from higher mass systems 

• ALL known dwarfs have >10 Gyr old stars 

• Best reionization fossil candidates all within RVirial. Want 
quenched field galaxies. 

• Quenching: some trends with mass, distance — a 
complicated process 

• Environment matters. 

• More precise ancient SFHs will improve galaxy simulations

Summary


