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• Distance Ladder and Local Value of H0 
RR Lyrae: e.g., Beaton+ 2016 
Cepheids: e.g.,  Riess+ 2016  
TRGB: e.g., Tully+ 2013 

• Extinction and Attenuation 
~20 pc resolution Extinction Map of M31: Dalcanton+ 2016  
Galactic Attenuation Curve: Rv=3.3, 0.2 dex scatter: Schlafly+ 2016 

• Stellar IMF 
IMF Slope > 1 M⊙ in M31 Steeper than Kroupa/Salpeter: Weisz+ 2015 
IMF Slope < 1M⊙ systematically varies in dwarf galaxies: Geha+ 2013 

• Stellar Archaeology: Near-Field, Far-Field Connection

Science from Resolved Stars
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From CMDs to SFHs

CMDs are the sum of simple stellar populations.

old Young

Measured SFHs are “non-parametric”.

1000s of parameters (age, metallicity, etc.), fully probabilistic 
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currently is active. Recently, Bernard et al. (2007) have
conducted a wide field optical survey of IC 1613, and
trace red giant branch (RGB) stars out to radii � 16.5
arcminutes (⇠ 3.6 kpc), showing the galaxy to be more
extended than previously thought.
The resolved stellar populations of IC 1613 have been

studied with the HST twice in the past, both times us-
ing the WFPC2 camera. Cole et al. (1999) studied a
central field and found IC 1613 to be a smoothly evolv-
ing galaxy with a relatively constant SFR over the last
Gyr. Horizontal branch (HB) stars were detected, indi-
cating the presence of an old population. Skillman et
al. (2003a) obtained deep imaging for a field located 7.4
arcminutes southwest of the center. While that imaging
was not quite deep enough to reach to the oldest main
sequence turno↵ stars, greatly limiting the time resolu-
tion at the oldest ages, the derived SFRs were constant
within a factor of three over the entire lifetime of the
galaxy.
In this paper, we present the SFH of IC 1613 obtained

from observations with the ACS on the HST. The pho-
tometry reaches the oldest main sequence turn-o↵s of the
galaxy, allowing us to obtain an accurate SFH even for
the oldest stellar populations. Bernard et al. (2010) have
already used these observations to conduct a study of the
variable star content of IC 1613.
The structure of the paper is as follows: in §2 the obser-

vations and data reduction are discussed and the CMD is
presented. The derived SFH of IC 1613 is presented in §3
and is compared with those of other LCID galaxies in §4.
The implications of the SFH of IC 1613 for galaxy mod-
eling, and, in particular, the over-cooling problem are
discussed in §5. The main conclusions of the work are
summarized in §6. As with the previous LCID papers,
cosmological parameters of H0 = 70.5 km s�1 Mpc�1,
⌦

m

= 0.273, and a flat Universe with ⌦⇤ = 1 � ⌦
m

are
assumed (i.e., Komatsu et al. 2009).

2. OBSERVATIONS AND DATA REDUCTION

The ACS observations of IC 1613 were obtained be-
tween August 18 and 20, 2006. The F475W and F814W
bands were selected as the most e�cient combination
to trace age di↵erences at old ages, since they provide
the smallest relative error in age and metallicity in the
main-sequence and sub-giant regions (see C. Gallart et
al. 2013, in prep). Total integration times were 31,489 s
in F475W and 27,119 s in F814W. The observations were
organized into 12 visits of 2 orbits each, and each orbit
was split into one F475W and one F814W exposure (in
order to maximize sampling of variable star light curves).
The observing log is reported in Bernard et al. (2010).
Dithers of a few pixels between exposures were intro-
duced to minimize the impact of pixel-to-pixel sensitivity
variations (“hot pixels”) in the CCDs. The observed field
of IC 1613 is shown in Figure 1. At the adopted distance
to IC 1613, the footprint of the ACS covers 0.56 kpc2.
The optical scale length of IC 1613 is 2.09 (Bernard et al.
2007) and the stellar distribution can be traced out be-
yond 15 arcminutes, so the 3.04 ⇥ 3.04 format of the ACS
covers only a fraction of the area of IC 1613 (⇠ 9%).
We analyzed the images taken directly from the

STScI pipeline (bias, flat-field, and image distor-
tion corrected). Two PSF-fitting photometry pack-
ages, DAOPHOT/ALLFRAME (Stetson 1994) and

Fig. 1.— The location of the newly observed HST ACS field in
IC 1613 (rectangle, upper right). The optical center of the galaxy is
indicated by the white cross. The two dashed ellipses correspond to
the core radius (rc) at 4.05 (⇠ 1.0 kpc) and the half-light radius (rh)
at 6.05 (⇠ 1.4 kpc). As can be seen from the figure, the HST ACS
field is located between the two. Also indicated are the positions
of the two previous HST WFPC2 fields (chevrons) from Cole et al.
(1999) (inner) and Skillman et al. (2003a) (outer).

DOLPHOT (Dolphin 2000), were used independently to
obtain the photometry of the resolved stars. Non-stellar
objects and stars with discrepant and large uncertainties
were rejected based on estimations of profile sharpness
and goodness of fit. See Monelli et al. (2010b) for more
details about the photometry reduction procedures. In-
dividual photometry catalogs were calibrated using the
equations provided by Sirianni et al. (2005). The zero-
point di↵erences between the two sets of photometry are
small (. 0.04 mag) and typical for obtaining HST pho-
tometry with di↵erent methods (Hill et al. 1998; Holtz-
man et al. 2006). We direct the reader to extensive pho-
tometry reduction comparisons of LCID observations dis-
cussed in Monelli et al. (2010b) and Hidalgo et al. (2011).
For simplicity, the rest of this paper is based on only the
DOLPHOT photometry dataset which contains 165,572
stars.
Signal-to-noise limitations, detector defects, and stel-

lar crowding can all impact the quality of the photometry
of resolved stars with the resulting loss of stars, changes
in measured stellar colors and magnitudes, and system-
atic uncertainties. To characterize these observational
e↵ects, we injected ⇠ 5 ⇥ 105 artificial stars in the ob-
served images and obtained their photometry in an iden-
tical manner as for the real stars. Monelli et al. (2010b)
and Hidalgo et al. (2011) provide detailed descriptions
of the procedures we adopt for the characterization and
simulation of these observational e↵ects.
The CMD of IC 1613 is shown in Figure 2. Individ-

ual stars are plotted in the left panel and density levels
are shown in the right panel. The left axis shows mag-
nitudes in the ACS photometric system corrected for ex-
tinction. Absolute magnitudes are given on the right
axis using the adopted values for the distance modulus

Example Star Formation History

D ~ 800 kpc 
M  ~ 108 M⊙ 
Z ~ 0.08 Z⊙

Skillman+ (2014)

IC 1613
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The resolved stellar populations of IC 1613 have been
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Gyr. Horizontal branch (HB) stars were detected, indi-
cating the presence of an old population. Skillman et
al. (2003a) obtained deep imaging for a field located 7.4
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was not quite deep enough to reach to the oldest main
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tion at the oldest ages, the derived SFRs were constant
within a factor of three over the entire lifetime of the
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galaxy, allowing us to obtain an accurate SFH even for
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objects and stars with discrepant and large uncertainties
were rejected based on estimations of profile sharpness
and goodness of fit. See Monelli et al. (2010b) for more
details about the photometry reduction procedures. In-
dividual photometry catalogs were calibrated using the
equations provided by Sirianni et al. (2005). The zero-
point di↵erences between the two sets of photometry are
small (. 0.04 mag) and typical for obtaining HST pho-
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tometry reduction comparisons of LCID observations dis-
cussed in Monelli et al. (2010b) and Hidalgo et al. (2011).
For simplicity, the rest of this paper is based on only the
DOLPHOT photometry dataset which contains 165,572
stars.
Signal-to-noise limitations, detector defects, and stel-

lar crowding can all impact the quality of the photometry
of resolved stars with the resulting loss of stars, changes
in measured stellar colors and magnitudes, and system-
atic uncertainties. To characterize these observational
e↵ects, we injected ⇠ 5 ⇥ 105 artificial stars in the ob-
served images and obtained their photometry in an iden-
tical manner as for the real stars. Monelli et al. (2010b)
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of the procedures we adopt for the characterization and
simulation of these observational e↵ects.
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13 Gyr, 0.05 Z⊙



Example Star Formation History

Skillman+ (2014)
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Example Star Formation History

Skillman+ (2014)

Time Resolution 
<~600 Myr 
at all ages

• Number of stars 
• S/N at MSTO 
• SFHz~8

10 Myr, 0.1 Z⊙ 
0.1 Gyr, 0.1 Z⊙ 

1 Gyr, 0.1 Z⊙ 
5 Gyr, 0.1 Z⊙ 

13 Gyr, 0.05 Z⊙
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10 Myr, 0.1 Z⊙ 
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5 Gyr, 0.1 Z⊙ 

13 Gyr, 0.05 Z⊙
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Figure 1. CMD of each UFD in our sample (black points). For reference, we show the empirical ridge line for the MS, SGB, and RGB in M92 (green curve), along
with the HB locus in M92 (green points). The M92 fiducial has been placed at the distance and reddening for each galaxy (Table 1), matching the luminosity of HB
stars and the color of the lower MS stars. Because the CMD of each galaxy looks, to first order, like that of a ancient metal-poor globular cluster, the stellar population
of each galaxy is dominated by ancient metal-poor stars. The CMDs of these galaxies are all extremely similar to one another, implying they have similar stellar
populations and star formation histories.
(A color version of this figure is available in the online journal.)

m = −2.5× log10fλ − 21.1. The catalogs were cleaned of
background galaxies and stars with poor photometry using the
χ2 of the PSF fitting, the PSF sharpness, and photometric errors.
Stars were also rejected if they fell within the wings of brighter
neighbors or within the extent of a background galaxy. After
all the cuts were applied, between 12% and 35% of the sources
were rejected from each catalog, largely near the faint limit.

Transformation from the HST photometric system to a
ground-based system incurs significant systematic errors, as ex-
plored by Sirianni et al. (2005). For this reason, a direct compar-
ison between our photometry and previously published catalogs
is of limited utility. However, for one galaxy in our sample
(CVn II), a catalog with bands that overlap with our own (V
and I) is publicly available (Sand et al. 2012). The transforma-
tions in Sirianni et al. (2005) do not reflect the updates to the
ACS calibration after the last HST servicing mission, but we
can derive our own transformations using the available through-
put curves in each system and the synthetic spectral library of
Gustafsson et al. (2008). Doing so, we find that the photometry
of the brightest stars in our catalog (20–23 mag) agrees with the
Sand et al. (2012) photometry of these same stars at the level

of 0.03 mag. This comparison demonstrates that there are no
gross calibration differences between the HST photometry and
previously published photometry from the ground.

To properly account for the photometric errors and complete-
ness, we performed artificial star tests using the same photomet-
ric routines that were employed for the photometric catalogs.
During such tests, one does not want to affect the crowding of
the images, so small numbers of artificial stars were repeatedly
added to each image and then blindly recovered until there were
over 5,000,000 artificial stars for each galaxy. To ensure that
the noise in the artificial stars accurately represented that in the
data in this high S/N regime, we included detector effects that
would not be experienced by an artificial star simply inserted
into the images and recovered. We assumed a residual flat field-
ing error of 1% (Gonzaga 2014), and inserted artificial stars with
the reduction in signal appropriate for the CTI that a real star
would encounter at that signal level and background in each im-
age (using the forward-modeling CTI software that is included
in the CTI correction package). Although CTI losses in both
real and artificial stars can be corrected to the appropriate flux
level, these corrections do not recover the loss of S/N, because
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Stellar Masses <105 M⊙

Milky Way ‘Ultra-Faint’ Dwarfs
Distances <0.3 Mpc

Brown+ 2014
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Stellar Masses 
~105 - 108 M⊙ 

Distances  
~0.7 - 0.9 Mpc



“Isolated” or “Field” Dwarfs

Stellar Masses 
~106 - 108 M⊙ 

Distances  
~0.4 - 0.9 Mpc

HST programs led by Gallart, Cole, Weisz, …e.g., Gallart+ 2015
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Fig. 9.— Comparison between the SFHs and the AMRs of
IC 1613 (this paper) and the other LCID galaxies. A redshift scale
is given on the top axis.

transition galaxies is due to higher losses of metals dur-
ing times of higher SFRs for the lower mass transition
galaxies. In this light, it is interesting that IC 1613 (and
also Leo A) show delayed metal enrichment, but with
no initial high SFR. In this regard, further comparisons
of the SFH and AMRs of transition galaxies and dIrr
galaxies would be be great interest20.
Before comparing to theoretical models, we introduce

one last comparative figure. In Figure 10, we show a
comparison between the SFHs of the six LCID galaxies
as cumulative stellar mass fractions. In the upper panel,
only the statistical uncertainties are shown. In the lower
panel, the systematic uncertainties are included following
the methodology of Dolphin (2013). Because all of the
LCID galaxies have been observed to comparable depth,
systematics in the models should have similar impacts
to all of the galaxies. Thus, it is likely appropriate to
make comparisons using the upper panel. Nonetheless,
the lower panel shows the larger uncertainties encoun-
tered when trying to account for systematics and, even
with the larger uncertainties, the six galaxies are shown
to each have distinctive features in their SFHs.
Portraying the SFHs as cumulative stellar mass frac-

tions (as opposed to SFR as a function of time) is the
optimal way to compare observations to theoretical mod-
els for several reasons. Variations in observed SFRs can
be strongly a↵ected by time binning and the changing
time resolution as a function of lookback time. Often, it
is possible to have very di↵erent impressions of a single
SFH simply by changing the time binning. It is possible
to match the observational time binning by reducing the

20 It is important to note that the definition and nature of
transition galaxies is not a completely settled issue. Clearly, many
transition galaxies are low mass dIrrs lacking H II regions simply
due to a gap in recent massive star formation as noted by Skillman
et al. (2003b). A nearby example of a galaxy with all of the prop-
erties of a dIrr that has been labeled a transition galaxy is Pegasus
(Skillman et al. 1997). Weisz et al. (2011) hypothesize that the
majority of transition galaxies are simply lower mass dIrrs (sup-
ported by the recent study of Leo T, Weisz et al. 2012), but with
a sub-sample of very gas poor galaxies like Phoenix (Young et al.
2007). If Phoenix and LGS-3 are not representative of the typi-
cal transition galaxy, then this point needs to be explored further
before generalizations can be made about the true nature of the
transition galaxies.

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0
C

u
m

u
l
a

t
i
v
e

S
t
e

l
l
a

r
M

a
s
s

F
r
a

c
t
i
o

n

10 5 2 1 0.5 0.1 0

Redshift (z)

0.0

0.2

0.4

0.6

0.8

1.0

Cetus

Tucana

LGS3

Phoenix

Leo A

IC1613

024681012

Lookback Time (Gyr Ago)

0.0

0.2

0.4

0.6

0.8

1.0
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shown as cumulative stellar mass fraction. The upper panel shows
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timated systematic uncertainties as discussed in (Dolphin 2012,
2013). A redshift scale is given on the top axis.

resolution in the models, but using the cumulative stel-
lar mass fraction as the diagnostic avoids this problem
altogether. It is also possible to compare galaxies at any
arbitrary value of the cumulative stellar mass fraction, as
opposed to choosing particular values to focus on. In the
comparisons that follow, we will use the cumulative stel-
lar mass fraction as the sole diagnostic. Note that there is
one obvious failing of the cumulative stellar mass fraction
as the sole diagnostic, and that is the lack of information
about the absolute masses of the systems. In the follow-
ing comparisons, we will provide information about the
masses of both the observed and modeled systems.

5. THE EARLY EVOLUTION OF IC 1613 AND THE
OVER-COOLING PROBLEM

5.1. Background

Recently, Orban et al. (2008), Sawala et al. (2011),
Weinmann et al. (2012), and Kuhlen et al. (2012) have
all highlighted the di�culty of producing dwarf galax-
ies in simulations with properties comparable to those
observed in the current universe. Together, the intro-
ductions to their papers give a comprehensive overview
of the problems with modeling dwarf galaxy evolution.
To summarize, there are two major problems. The first

problem is the observed abundance of low-mass galaxies.

Diversity in Low-Mass Galaxy SFHs
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arbitrary value of the cumulative stellar mass fraction, as
opposed to choosing particular values to focus on. In the
comparisons that follow, we will use the cumulative stel-
lar mass fraction as the sole diagnostic. Note that there is
one obvious failing of the cumulative stellar mass fraction
as the sole diagnostic, and that is the lack of information
about the absolute masses of the systems. In the follow-
ing comparisons, we will provide information about the
masses of both the observed and modeled systems.

5. THE EARLY EVOLUTION OF IC 1613 AND THE
OVER-COOLING PROBLEM

5.1. Background

Recently, Orban et al. (2008), Sawala et al. (2011),
Weinmann et al. (2012), and Kuhlen et al. (2012) have
all highlighted the di�culty of producing dwarf galax-
ies in simulations with properties comparable to those
observed in the current universe. Together, the intro-
ductions to their papers give a comprehensive overview
of the problems with modeling dwarf galaxy evolution.
To summarize, there are two major problems. The first

problem is the observed abundance of low-mass galaxies.

Skillman+ 2014
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transition galaxies is due to higher losses of metals dur-
ing times of higher SFRs for the lower mass transition
galaxies. In this light, it is interesting that IC 1613 (and
also Leo A) show delayed metal enrichment, but with
no initial high SFR. In this regard, further comparisons
of the SFH and AMRs of transition galaxies and dIrr
galaxies would be be great interest20.
Before comparing to theoretical models, we introduce

one last comparative figure. In Figure 10, we show a
comparison between the SFHs of the six LCID galaxies
as cumulative stellar mass fractions. In the upper panel,
only the statistical uncertainties are shown. In the lower
panel, the systematic uncertainties are included following
the methodology of Dolphin (2013). Because all of the
LCID galaxies have been observed to comparable depth,
systematics in the models should have similar impacts
to all of the galaxies. Thus, it is likely appropriate to
make comparisons using the upper panel. Nonetheless,
the lower panel shows the larger uncertainties encoun-
tered when trying to account for systematics and, even
with the larger uncertainties, the six galaxies are shown
to each have distinctive features in their SFHs.
Portraying the SFHs as cumulative stellar mass frac-

tions (as opposed to SFR as a function of time) is the
optimal way to compare observations to theoretical mod-
els for several reasons. Variations in observed SFRs can
be strongly a↵ected by time binning and the changing
time resolution as a function of lookback time. Often, it
is possible to have very di↵erent impressions of a single
SFH simply by changing the time binning. It is possible
to match the observational time binning by reducing the

20 It is important to note that the definition and nature of
transition galaxies is not a completely settled issue. Clearly, many
transition galaxies are low mass dIrrs lacking H II regions simply
due to a gap in recent massive star formation as noted by Skillman
et al. (2003b). A nearby example of a galaxy with all of the prop-
erties of a dIrr that has been labeled a transition galaxy is Pegasus
(Skillman et al. 1997). Weisz et al. (2011) hypothesize that the
majority of transition galaxies are simply lower mass dIrrs (sup-
ported by the recent study of Leo T, Weisz et al. 2012), but with
a sub-sample of very gas poor galaxies like Phoenix (Young et al.
2007). If Phoenix and LGS-3 are not representative of the typi-
cal transition galaxy, then this point needs to be explored further
before generalizations can be made about the true nature of the
transition galaxies.
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resolution in the models, but using the cumulative stel-
lar mass fraction as the diagnostic avoids this problem
altogether. It is also possible to compare galaxies at any
arbitrary value of the cumulative stellar mass fraction, as
opposed to choosing particular values to focus on. In the
comparisons that follow, we will use the cumulative stel-
lar mass fraction as the sole diagnostic. Note that there is
one obvious failing of the cumulative stellar mass fraction
as the sole diagnostic, and that is the lack of information
about the absolute masses of the systems. In the follow-
ing comparisons, we will provide information about the
masses of both the observed and modeled systems.

5. THE EARLY EVOLUTION OF IC 1613 AND THE
OVER-COOLING PROBLEM

5.1. Background

Recently, Orban et al. (2008), Sawala et al. (2011),
Weinmann et al. (2012), and Kuhlen et al. (2012) have
all highlighted the di�culty of producing dwarf galax-
ies in simulations with properties comparable to those
observed in the current universe. Together, the intro-
ductions to their papers give a comprehensive overview
of the problems with modeling dwarf galaxy evolution.
To summarize, there are two major problems. The first

problem is the observed abundance of low-mass galaxies.
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There is a substantial population of very faint galaxies: 
MUV(z~7) > -8 (or fainter!).
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Figure 5. The z = 7 mass function of the main progenitors of
surviving z = 0 (sub)halos – including the main progenitor of the
MW itself – within 300 kpc of the Milky Way based on the ELVIS

simulations (shaded region). The upper horizontal axis gives the
abundance-matched M

UV

; the data points show our modeled UV
luminosity function for progenitors of the MW and its satellites
at z ⇠ 7. The luminosity function from direct modeling of SFHs
and from abundance matching are in good agreement for M

UV

.
�12.5 (M

vir

⇡ 7⇥108 M�) but diverge for fainter galaxies (lower
mass halos), perhaps indicating the need for a break in the UV
luminosity function at M

UV

⇡ �13 at z ⇠ 7.

in Fig. 6), the classical MW dSphs are hosted by halos with
M

vir

(z ⇠ 7) = (0.5 � 1) ⇥ 109 M�. All known Milky Way
satellites could therefore be hosted by halos at or above the
atomic cooling limit (M

vir

⇠ 108 M�) at z ⇠ 7 (see also
Milosavljević & Bromm 2014).

It is important to emphasize that completeness in the
z = 0 data is not an issue when constructing Figures 5-6: we
have only used data for satellites with L

V

(z = 0) > 105 LV,�
and current Galactocentric distances of < 300 kpc, a re-
gion where our census of satellites is very likely complete
(e.g., Tollerud et al. 2008; Koposov et al. 2008; Walsh et al.
2009). Furthermore, the mismatch in Figure 5 is already
significant for galaxies such as Leo I and Sculptor (with
LV (z = 0) ⇡ 5 ⇥ 106 LV,�). The only galaxy this bright
that has been found within the Milky Way’s virial volume
since the 1950s is Sagittarius (Ibata et al. 1995), whose pres-
ence had been concealed by the Galaxy’s disk. Although we
do not have data for Sextans, the discrepancy in numbers
shown in Figure 5 is an order of magnitude, indicating that
even the inclusion of Sextans and the discovery of several
105 LV,� satellites would not change the qualitative picture
described here.

Figure 6. Similar to Figure 5, but assumes a UV luminosity
function that breaks to ↵ = �1.2 at M

UV

> �13 (from the
fiducial value of ↵ = �2.03 for brighter galaxies). The z = 7
census of galaxies surviving to z = 0 in the Milky Way is in
much better agreement with the modeled UV luminosities in this
case, as galaxies over a wider range in luminosity are placed in
a narrower range of halo masses (for M

UV

> �13). In such a
scenario, all known MW galaxies, including ultra-faint dwarfs,
could lie at or above the atomic cooling threshold of M

vir

⇠
108 M� at z = 7.

3.3 Local Group galaxies at cosmic noon

Dwarf galaxies are also important test-beds of galaxy for-
mation physics at eras other than the epoch of reionization.
In particular, large samples of UV-selected galaxies at z ⇠ 2
are becoming available, and ongoing HST programs are en-
abling studies of galaxies that are intrinsically as faint as
M

UV

⇠ �13.5 (Alavi et al. 2014) at that time, which is
close to “cosmic noon”, the peak of the cosmic star forma-
tion rate density (Madau & Dickinson 2014). Understanding
the likely descendants of such galaxies today – or the likely
progenitors of Local Group galaxies – will shed further light
on the processes at work in galaxy formation over the past
10 billion years.

Figure 7 shows the observed UV LF of galaxies at
z ⇠ 2 (black data points, from Oesch et al. 2010). The
gray data points are observations that take advantage of
lensing magnification combined with deep near-UV imag-
ing (WFC3/UVIS in F275W), which allowed Alavi et al. to
probe to much fainter galaxies (M

UV

⇠ �13) than would
otherwise be possible. The figure also shows the UV magni-
tudes that a variety of Local Group galaxies would have at
this redshift.

The LMC and SMC are predicted to have M
UV

(z ⇠
2) ⇡ �16 and �14, respectively, placing them well within
the reach of HST at z ⇠ 2. IC 1613 and the Fornax dSph
are predicted to have M

UV

(z ⇠ 2) ⇡ 12.5, meaning the

c� 2015 RAS, MNRAS 000, 1–11
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itational collapse in an expanding Universe. Cosmological
zoom-in simulations, by design, supply a way of following
the evolution of Lagrangian regions surrounding specific ha-
los from linear fluctuations to the highly non-linear regime
(see Oñorbe et al. 2014 for a discussion of this technique,
which was originally described in Katz & White 1993, and
for examples of the evolution of Lagrangian volumes with
redshift). The ELVIS suite of N -body zoom-in simulations
(Garrison-Kimmel et al. 2014) provides 12 Local Group
analogs simulated from z = 125 to z = 0, each of which is
uncontaminated by lower resolution particles over a spher-
ical region having a radius of at least 1.2Mpc centered on
the z = 0 barycenter of the Local Group. In what follows,
we use this suite to study the co-moving volume probed by
the Local Group at higher redshifts.

In our analysis, we first eliminate three ELVIS pairs
that contain a third large, nearby halo, as these would bias
any results. For the remaining 9 pairs, we identify all sub-
halos within 1.2Mpc of the Local Group’s z = 0 barycen-
ter and track all of their progenitors back through time.
There are occasionally individual subhalos that come from
regions that are distant from the vast majority of the matter
that forms the Local Group; such subhalos can artificially
increase the inferred volume of the Local Group at earlier
times. To eliminate these objects, we run a friends-of-friends
(Davis et al. 1985) group finder with a large linking length
of 400 kpc and retain only the main grouping. In practice,
this removes ⌧ 1% of subhalos at z = 0. We then identify
the positions spanned by the progenitors of the remaining
Local Group subhalos above the ELVIS completeness limit
of Mpeak = 6⇥ 107 M� at each earlier snapshot; this consti-
tutes the“proto-Local-Group”at each epoch. It is important
to note that the number of galaxies or halos in the proto-
Local-Group is much larger than the number in the Local
Group at z = 0 owing to mergers and disruption over time.

If we are only interested in understanding the Local
Group itself, this would be su�cient. To place the Local
Group in context at higher redshifts, however, we must un-
derstand the full environment that the proto-Local-Group
occupies. We therefore compute, at each snapshot, the min-
imum cuboid volume defined by the proto-Local-Group –
i.e., the rectangular cuboid defined by the minimum and
maximum co-moving coordinate locations of all proto-Local-
Group progenitors at that time, VRC – and identify all addi-
tional halos in this region (i.e., halos that appear to be part
of the proto-Local-Group but that do not end up in the Lo-
cal Group at z = 0). The inclusion of these objects roughly
doubles the counts at z ⇠ 7 within VRC, with proto-Local-
Group halos dominating the central portion of VRC and the
additional halos populating the outskirts of the volume.

We define the linear size of the proto-Local-Group
lLG(z) as the geometric mean of the three axes defining
VRC(z); in other words, lLG(z) = VRC(z)

1/3. At z = 0,
the Local Group volume is defined by a sphere of radius
1.2Mpc, so lLG(z = 0) ⇡ 2.4Mpc (the actual number de-
pends on the distribution of halos at z = 0 but can never
exceed 2.4Mpc). At higher redshifts, VRC can, in principle,
become highly elongated in one or two dimensions. In prac-
tice, however, we find that this is not the case: at z = 7,
the median minor-to-major axis ratio is 0.76 and the me-
dian intermediate-to-major axis ratio is 0.81, and in only
one case is the minor axis smaller than half of the major

Figure 1. The co-moving linear extent of the proto-Local-Group
(black, gray curves) and HUDF (magenta curve) as a function of
redshift. For z . 3, the proto-Local-Group covers an area on the
sky that is larger than the HUDF. At earlier times, the HUDF
is marginally larger. The typical proto-Local-Group reaches a co-
moving size of 7Mpc at z ⇠ 7, meaning it probes an e↵ective
volume of ⇠350 co-moving Mpc3 in the reionization era.

axis size. The typical VRC(z = 7) is moderately prolate: 6 of
9 simulated proto-Local-Groups have a triaxiality parameter
T (see Franx et al. 1991) larger than 0.5.

3 THE LOCAL GROUP THROUGH TIME

Figure 1 shows the co-moving linear size, lLG(z), of the
proto-Local-Group going back in time to z = 9. Thin gray
lines show the size of individual LG pairs from the ELVIS
simulation suite, while the thick black line shows the median
value across the ELVIS pairs at each redshift. The linear size
of the proto-Local-Group increases with increasing redshift,
reaching ⇡ 7Mpc (co-moving) at z ⇠ 7. Going back in time,
therefore, the Local Group probes a significantly larger (co-
moving) volume than it does today. To give context to the
Local Group’s size at earlier epochs, Fig. 1 also shows the
co-moving linear size of the HUDF (Beckwith et al. 2006,
assuming an angular size of 3.10 ⇥ 3.10) as a function of red-
shift (magenta curve). At all epochs later than z ⇡ 3 (the last
85% of cosmic time), the proto-Local-Group covers a larger
area on the sky than the HUDF.

It is important to understand how representative such
portions of the Universe are at each cosmological epoch. One
way to do this is to compute the rms amplitude of density
fluctuations � in regions having volumes equal to VRC(z). In
classical Press-Schechter (1974) theory and its extensions,
the typical scale M⇤ that is collapsing at a given epoch has
�lin(M

⇤, z) = �c ⇡ 1.686 (where subscript “lin” indicates
that the relevant rms amplitude comes from linear theory,

MNRAS 000, 1–6 (2016)
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Summary
Resolved Stellar Populations in nearby dwarf galaxies  

are complimentary to deep-field HST/JWST observations 
LG has similar size to HUDF / JWUDF for much of cosmic time 

Extend sample to fainter mags than HUDF / JWUDF 

HST has provided SFHs for ~40/100 LG galaxies with 
M (z=0) ~ 103 - 109 M⊙ 

M (z~7/8) ~ 103 - 109 M⊙ 
MUV(z~7/8) ~ -16 to 0 

Some tensions  
Discrepancies between high-z UVLF slope and low-z number counts 
Galaxy simulations predict widely varying low-mass galaxy properties 

HST: SFHs for ~100 galaxies within ~1 Mpc (7 Mpc at z~7) 
JWST: SFHs for 200+ galaxies within ~3 Mpc (XXX Mpc at z~7) 
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Redshift Evolution of Faint End UV Slope
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