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Fig. 2.— The spatial distribution of LG dwarf galaxies projected into the supergalactic X-Y

plane. Galaxies analyzed in this paper are color-coded by their absolute V-band magnitude,

while other galaxies are left as grey points. Outside the LG, the grey points are (from left

to right): Antlia, NGC 3109, Leo P, and UGC 4879. The size of each point is proportional

to the galaxy’s half-light radius. Following McConnachie (2012) we adopt Rvirial = 300 kpc

for both the MW and M31, and a zero-velocity radius of 1060 kpc for the LG.
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Star formation in dwarf galaxies in the Local Group

Wetzel, Tollerud & Weisz 20153

Figure 2. The spatial distribution of LG dwarf galaxies projected into the supergalactic X-Y plane. Galaxies analyzed in this paper are
color-coded by their absolute V-band magnitude, while other galaxies are left as grey points. Outside the LG, the grey points are (from
left to right): Antlia, NGC 3109, Leo P, and UGC 4879. The size of each point is proportional to the galaxy’s half-light radius. Following
McConnachie (2012) we adopt Rvirial = 300 kpc for both the MW and M31, and a zero-velocity radius of 1060 kpc for the LG.

SFH related science including quenching timescales and
comparisons to state-of-the-art simulations of low mass
systems.
This paper is organized as follows. We summarize the

sample selection and data reductions in §2. We describe
the process of measuring a SFH from a CMD and dis-
cuss a number of challenges related to CMD fitting and
uncertainty analysis in §3. We proceed to empirically
characterize the SFHs of the LG dwarf galaxies in §4. In
§5, we compare our SFHs with spectroscopically based
SFHs of star-forming SDSS galaxies and with SFH mod-
els based on abundance matching techniques. Finally, we
provide a summary of our results in §6. Throughout this
paper, the conversion between age and redshift assumes
the Planck cosmology as detailed in Planck Collabora-
tion (2013).

2. THE DATA

2.1. The Sample

For this paper, we have selected only dwarf galaxies
that are located within the zero surface velocity of the
LG (⇠ 1 Mpc; e.g., van den Bergh 2000; McConnachie
2012). This definition excludes some dwarfs that have
been historically associated with the LG, such as GR8
and IC 5152, but which are located well-beyond 1 Mpc.
We have chosen to include two galaxies with WFPC2
imaging that are located on the periphery of the LG
(Sex A and Sex B), because of their ambiguous associa-

tion with the LG, the NGC 3109 sub-group, or perhaps
neither (although see Bellazzini et al. 2013, for discus-
sion of the possible association of these systems). Oth-
ers in this sub-group, Antlia, UGC 4879, Leo P, do not
have WFPC2 imaging, and are therefore not included in
this paper. Following previous LG galaxy atlases (e.g.,
Hodge 1971, 1989; Mateo 1998; McConnachie 2012), we
have not included the SMC and LMC in this paper, as all
the authors consider them to be too massive/luminous.
Instead, we are pursuing separate analysis of dozens of
HST fields in these galaxies; preliminary results are pre-
sented in Weisz et al. (2013).
Of the ⇠ 60 known dwarfs located within ⇠ 1 Mpc, we

analyze those that have optical WFPC2 imaging in the
HST archive. Photometry for a majority of these galaxies
was measured as part of the Local Group Stellar Photom-
etry Archive9 (LOGPHOT; Holtzman et al. 2006), which
provides a repository of uniformly reduced HST resolved
star imaging of WFPC2 observations of LG targets taken
during or prior to 2006. After 2006, the majority of LG
dwarf observations were taken with ACS and/or WFC3.
However, between the failure of ACS and completion of
SM4, a handful of additional WFPC2 observations of LG
dwarfs were executed. From these observations, we have
added 8 galaxies that were not reduced as part of LOG-
PHOT: Andromeda XI, Andromeda XII, Andromeda

9
http://astronomy.nmsu.edu/logphot
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Cold gas in dwarf galaxies in the Local GroupThe Astrophysical Journal Letters, 795:L5 (5pp), 2014 November 1 Spekkens et al.

(a)

(b)

Figure 2. H i content of the Milky Way dSphs and Local Volume dwarfs, normalized by (a) V-band luminosity LV (∼ the stellar mass M∗), and (b) dynamical mass
Mdyn. In panel (a), the red arrows show M lim

H i /LV for the sample Milky Way dSphs, and the blue filled triangles and arrows show MH i/LV and M lim
H i /LV , respectively,

for systems classified as Local Group satellites or nearby neighbors by M12. In panel (b), the red arrows show M lim
H i /Mdyn for the sample Milky Way dSphs, where

Mdyn is computed from stellar kinematics. The light blue filled circles and arrows show MH i/Mdyn and M lim
H i /Mdyn for Local Volume satellites, respectively, where

Mdyn is computed from stellar kinematics. The green filled squares show MH i/Mdyn for Local Volume satellites where gas kinematics are used to compute Mdyn. The
vertical dotted line in both panels shows the approximate virial radius of the Milky Way, Rvir = 300 kpc.
(A color version of this figure is available in the online journal.)

the characteristic value for Local Volume dwarfs, irrespective
of their distance from the Galactic center.

For this study, we selected only the 15/26 Galactic dSphs
with VLSR that do not overlap with the Milky Way’s H i disk or
HVC emission (see Section 2). This produces a “clean” sample
from an H i search perspective, but also raises the possibility that
the excluded dSphs contain gas in excess of the M lim

H i /LV and
M lim

H i /Mdyn reported here. Our cursory examination of the GASS
and LAB data for these objects indicates that this is not the
case. GP09 reached a similar conclusion using HIPASS data,
classifying H i clouds claimed to be associated with Sculptor
(Carignan et al. 1998) and Fornax (Bouchard et al. 2006) as
ambiguous detections. None of these clouds lie within the half-
light ellipse of the dSph in its vicinity.

dSphs at a given DMW exhibit a range of VLSR because they are
bound to the Milky Way (e.g., M12), and the latter’s H i disk and
HVCs fill a sizeable fraction of the spatial and spectral search
volume (e.g., Peek et al. 2011; Moss et al. 2013): an overlap in
VLSR between Galactic H i clouds and dSph stars is therefore
unlikely to imply a physical association between them. An
investigation of the H i content of dSphs in these confused fields
requires deep, wide-field H i mapping, and even then associating
H i features with stellar systems at the same location is not
straightforward (e.g., Carignan et al. 1998; Bouchard et al. 2006;

Grcevich & Putman 2009). We defer a detailed examination of
the H i content of the dSphs confused with Galactic emission
to a future publication (K. Spekkens et al. in preparation), but
argue that the dearth of H i in the sample presented here is likely
representative of the Galactic dSph population as a whole.

Ram pressure stripping is thought to explain the absence of
H i in the Galactic dSphs relative to Local Volume dwarfs (e.g.,
Lin & Faber 1983; Blitz & Robishaw 2000; GP09), though tidal
effects (e.g., Read et al. 2006; Mayer et al. 2006), resonances
(e.g., D’Onghia et al. 2009), and feedback from star formation
(e.g., Gatto et al. 2013) may also play a role. Gatto et al. (2013)
show that numerical simulations are needed to accurately model
gas stripping. Nonetheless, a scaling of the analytic Gunn &
Gott (1972) criterion reasonably describes the conditions under
which ram pressure stripping occurs in dSph progenitors:

ρMWv2
orb ! 5ρdσ

2
∗ , (5)

where ρMW and ρd are the densities of the hot halo gas and dSph
interstellar medium (ISM), and vorb is the dSph orbital velocity.
The small M lim

H i for the outer halo dSphs CVn I, Leo II, and
Leo I reported here imply that this condition must be met at
some point in their orbits (see also GP09).

Adopting ρd ∼ 0.1 cm−3 characteristic of Leo T (Ryan-
Weber et al. 2008), recent estimates of the coronal density

4
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Figure 2. The spatial distribution of LG dwarf galaxies projected into the supergalactic X-Y plane. Galaxies analyzed in this paper are
color-coded by their absolute V-band magnitude, while other galaxies are left as grey points. Outside the LG, the grey points are (from
left to right): Antlia, NGC 3109, Leo P, and UGC 4879. The size of each point is proportional to the galaxy’s half-light radius. Following
McConnachie (2012) we adopt Rvirial = 300 kpc for both the MW and M31, and a zero-velocity radius of 1060 kpc for the LG.

SFH related science including quenching timescales and
comparisons to state-of-the-art simulations of low mass
systems.
This paper is organized as follows. We summarize the

sample selection and data reductions in §2. We describe
the process of measuring a SFH from a CMD and dis-
cuss a number of challenges related to CMD fitting and
uncertainty analysis in §3. We proceed to empirically
characterize the SFHs of the LG dwarf galaxies in §4. In
§5, we compare our SFHs with spectroscopically based
SFHs of star-forming SDSS galaxies and with SFH mod-
els based on abundance matching techniques. Finally, we
provide a summary of our results in §6. Throughout this
paper, the conversion between age and redshift assumes
the Planck cosmology as detailed in Planck Collabora-
tion (2013).

2. THE DATA

2.1. The Sample

For this paper, we have selected only dwarf galaxies
that are located within the zero surface velocity of the
LG (⇠ 1 Mpc; e.g., van den Bergh 2000; McConnachie
2012). This definition excludes some dwarfs that have
been historically associated with the LG, such as GR8
and IC 5152, but which are located well-beyond 1 Mpc.
We have chosen to include two galaxies with WFPC2
imaging that are located on the periphery of the LG
(Sex A and Sex B), because of their ambiguous associa-

tion with the LG, the NGC 3109 sub-group, or perhaps
neither (although see Bellazzini et al. 2013, for discus-
sion of the possible association of these systems). Oth-
ers in this sub-group, Antlia, UGC 4879, Leo P, do not
have WFPC2 imaging, and are therefore not included in
this paper. Following previous LG galaxy atlases (e.g.,
Hodge 1971, 1989; Mateo 1998; McConnachie 2012), we
have not included the SMC and LMC in this paper, as all
the authors consider them to be too massive/luminous.
Instead, we are pursuing separate analysis of dozens of
HST fields in these galaxies; preliminary results are pre-
sented in Weisz et al. (2013).
Of the ⇠ 60 known dwarfs located within ⇠ 1 Mpc, we

analyze those that have optical WFPC2 imaging in the
HST archive. Photometry for a majority of these galaxies
was measured as part of the Local Group Stellar Photom-
etry Archive9 (LOGPHOT; Holtzman et al. 2006), which
provides a repository of uniformly reduced HST resolved
star imaging of WFPC2 observations of LG targets taken
during or prior to 2006. After 2006, the majority of LG
dwarf observations were taken with ACS and/or WFC3.
However, between the failure of ACS and completion of
SM4, a handful of additional WFPC2 observations of LG
dwarfs were executed. From these observations, we have
added 8 galaxies that were not reduced as part of LOG-
PHOT: Andromeda XI, Andromeda XII, Andromeda

9
http://astronomy.nmsu.edu/logphot
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Quenching of star formation in the 
satellite galaxies of the MW/M31

Wetzel, Tollerud & Weisz 2015
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Figure 2. The spatial distribution of LG dwarf galaxies projected into the supergalactic X-Y plane. Galaxies analyzed in this paper are
color-coded by their absolute V-band magnitude, while other galaxies are left as grey points. Outside the LG, the grey points are (from
left to right): Antlia, NGC 3109, Leo P, and UGC 4879. The size of each point is proportional to the galaxy’s half-light radius. Following
McConnachie (2012) we adopt Rvirial = 300 kpc for both the MW and M31, and a zero-velocity radius of 1060 kpc for the LG.

SFH related science including quenching timescales and
comparisons to state-of-the-art simulations of low mass
systems.
This paper is organized as follows. We summarize the

sample selection and data reductions in §2. We describe
the process of measuring a SFH from a CMD and dis-
cuss a number of challenges related to CMD fitting and
uncertainty analysis in §3. We proceed to empirically
characterize the SFHs of the LG dwarf galaxies in §4. In
§5, we compare our SFHs with spectroscopically based
SFHs of star-forming SDSS galaxies and with SFH mod-
els based on abundance matching techniques. Finally, we
provide a summary of our results in §6. Throughout this
paper, the conversion between age and redshift assumes
the Planck cosmology as detailed in Planck Collabora-
tion (2013).

2. THE DATA

2.1. The Sample

For this paper, we have selected only dwarf galaxies
that are located within the zero surface velocity of the
LG (⇠ 1 Mpc; e.g., van den Bergh 2000; McConnachie
2012). This definition excludes some dwarfs that have
been historically associated with the LG, such as GR8
and IC 5152, but which are located well-beyond 1 Mpc.
We have chosen to include two galaxies with WFPC2
imaging that are located on the periphery of the LG
(Sex A and Sex B), because of their ambiguous associa-

tion with the LG, the NGC 3109 sub-group, or perhaps
neither (although see Bellazzini et al. 2013, for discus-
sion of the possible association of these systems). Oth-
ers in this sub-group, Antlia, UGC 4879, Leo P, do not
have WFPC2 imaging, and are therefore not included in
this paper. Following previous LG galaxy atlases (e.g.,
Hodge 1971, 1989; Mateo 1998; McConnachie 2012), we
have not included the SMC and LMC in this paper, as all
the authors consider them to be too massive/luminous.
Instead, we are pursuing separate analysis of dozens of
HST fields in these galaxies; preliminary results are pre-
sented in Weisz et al. (2013).
Of the ⇠ 60 known dwarfs located within ⇠ 1 Mpc, we

analyze those that have optical WFPC2 imaging in the
HST archive. Photometry for a majority of these galaxies
was measured as part of the Local Group Stellar Photom-
etry Archive9 (LOGPHOT; Holtzman et al. 2006), which
provides a repository of uniformly reduced HST resolved
star imaging of WFPC2 observations of LG targets taken
during or prior to 2006. After 2006, the majority of LG
dwarf observations were taken with ACS and/or WFC3.
However, between the failure of ACS and completion of
SM4, a handful of additional WFPC2 observations of LG
dwarfs were executed. From these observations, we have
added 8 galaxies that were not reduced as part of LOG-
PHOT: Andromeda XI, Andromeda XII, Andromeda

9
http://astronomy.nmsu.edu/logphot
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Isolated galaxies Mstar < 109 M☼:   
Essentially all are star-forming, almost none are quiescent

Geha et al 2012
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than that of central galaxies in the Tinker et al. group
catalog. This can be seen as slightly lower quenched frac-
tions in the region of overlap shown in Figure 5.
In Figure 5, we plot the fraction of quenched galaxies

as a function of stellar mass for central/field galaxies.
At high stellar masses, quenched galaxies make up the
majority of the central galaxy population. While Tinker
et al. and others have shown that the quenched frac-
tion of central galaxies is 100% for stellar masses greater
than 1011M⊙, our Hα cut removes objects with strong
AGN activity, decreasing fquenched at these masses. The
quenched fraction decreases with stellar mass, reaching
zero at a stellar mass between 1− 2× 109M⊙. The least
massive quenched field galaxy in our sample has a stellar
mass 1.02 × 109M⊙. We therefore conclude that there
is a threshold of 1.0 × 109M⊙ below which quenched
galaxies are not found in the field. This threshold rep-
resents a fundamental stellar mass scale. Dwarf galaxies
with stellar mass below this scale cannot quench star
formation on their own. The threshold stellar mass does
not change significantly for reasonable variations of our
quenched definition. We list in Table 1, the number of
galaxies, 1/Vmax corrections and quenched fractions for
our NSA sample.
A stellar mass threshold of 1.0× 109M⊙, below which

isolated quenched galaxies do not exist, is consistent with
extrapolations of previously published work (Peng et al.
2010; Wetzel et al. 2011) and confirm, with a larger sam-
ple, the conclusions of Haines et al. (2008) who found no
isolated quenched galaxies in the SDSS DR4 in the abso-
lute magnitude range −16 < Mr < −18. These authors
use somewhat different definitions of both ’isolated’ and
’quenched’, but also conclude that there is an absence of
low mass isolated quenched galaxies.

3.3. The Absence of Quenched Dwarf Galaxies in the
Field

We establish above that quenched central galaxies with
stellar masses below 1.0×109M⊙ do not exist in the field.
Dwarf galaxies with stellar mass below this scale can-
not quench star formation on their own; all field galax-
ies in our sample below this threshold are forming stars
(see § 3.5). We detect 2951 field galaxies in the stel-
lar mass range 107 − 109.0M⊙. Accounting for 1/Vmax
corrections, we calculate an upper 1-sigma limit on the
quenched fraction of fquenched < 0.0006, or 0.06% us-
ing Gehrels (1986). In denser regions, defined here as
dhost < 0.25Mpc, we find that 148 out of 1504 galax-
ies are quenched in the same stellar mass regime, cor-
responding to a quenched fraction of 23% after volume
corrections. Thus, while quenched central galaxies with
stellar mass less than 1.0 × 109M⊙ exist in dense envi-
ronments, we do not find these objects in the field.

3.4. Quenched Dwarf Galaxies Within 4 rvirial of a
Massive Host

We next investigate the distribution of quenched dwarf
galaxies relative to their host galaxy. Our sample con-
tains 223 quenched galaxies below a stellar mass of
109M⊙, all of which are within 1.5Mpc and 1000km s−1

of a more luminous host galaxy. We calculate the
virial masses of the hosts using the prescriptions of
Behroozi et al. (2010) based on stellar mass. We calcu-
late a virial mass for each host galaxy and determine its

Fig. 5.— The quenched fraction of isolated or central galaxies
as a function of stellar mass. Our sample of dwarf galaxies (red
circles) is compared to the group catalog of Tinker et al. at higher
masses (blue squares). The quenched fraction is zero for stellar
masses below 1.0 × 109 M⊙. The top panel shows the fraction on
a linear scale, while the bottom panel are the same data points
shown on a logarithmic scale. One-sigma upper limits are shown
for bins in which no quenched central galaxies are detected.

virial radius (rvir) assuming the average enclosed density
is 360 times the background density.
In the top panel of Figure 6, we show the distribution of

quenched galaxies with stellar mass below 1× 109M⊙ as
a function of distance from its host galaxy, in units of the
host’s virial radius. In the bottom panel of Figure 6, we
compare this distribution to that of star forming dwarf
galaxies (defined as galaxies with detected Hα > 2Å,
see § 3.5) in the same stellar mass range. The majority
(87%) of quenched dwarf galaxies are within 2 rvir of a
massive host galaxy and would thus be considered “satel-
lite” galaxies, while 97% of objects are within 4 rvir. For
comparison, less than 50% of star forming dwarf galax-
ies are within 4 rvir of a massive neighbor. The furthest
quenched galaxy is 8 rvir from its host, while the furthest
star forming dwarf galaxy is over 50 rvir from a massive
neighbor.
There are numerous proposed mechanisms to quench

Wetzel et al 2012
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ELVIS Suite 
Cosmological zoom-in N-body simulations of 

Local-Group-like halo pairs
Garrison-Kimmel et al 2013
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Infall times of satellite dwarf galaxies

Wetzel, Deason & Garrison-Kimmel 2015
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Implications for dwarf galaxies as probes of reionization

The Astrophysical Journal, 796:91 (13pp), 2014 December 1 Brown et al.

14 13 12 11 10 9
age (Gyr)

0.2

0.4

0.6

0.8

cu
m

ul
at

iv
e 

SF
H

Hercules

14 13 12 11 10 9
age (Gyr)

0.2

0.4

0.6

0.8

cu
m

ul
at

iv
e 

SF
H

     

14 13 12 11 10 9
age (Gyr)

 

 

 

 

Leo IV

14 13 12 11 10 9
age (Gyr)

 

 

 

 

     

14 13 12 11 10 9
age (Gyr)

 

 

 

 

UMa I

14 13 12 11 10 9
age (Gyr)

 

 

 

 

     
      

0.2

0.4

0.6

0.8

cu
m

ul
at

iv
e 

SF
H

Boo I

      

0.2

0.4

0.6

0.8

cu
m

ul
at

iv
e 

SF
H

1.323630
z

      

 

 

 

 

CVn II

      

 

 

 

 

1.323630
z

      

 

 

 

 

ComBer

      

 

 

 

 

1.323630
z

Figure 8. Statistical uncertainties for the cumulative SFH for each galaxy, assuming two bursts, and determined by three-parameter fits to 104 Monte Carlo realizations
of the photometric and spectroscopic data. Within these 1σ uncertainties, the SFH for each galaxy is consistent with a model that has at least 80% of the star formation
completing by z ∼ 6.

and within a given galaxy) may manifest as an age spread in
our fits.

The discovery of additional faint satellites around the Milky
Way and Andromeda have narrowed the gap between observa-
tions and ΛCDM predictions of substructure. To close that gap,
simulations of galaxy formation assume that reionization sup-
pressed the star formation in the smallest DM sub-halos (e.g.,
Bullock et al. 2000; Ricotti & Gnedin 2005; Muñoz et al. 2009;
Bovill & Ricotti 2009, 2011a, 2011b; Tumlinson 2010; Koposov
et al. 2009; Li et al. 2010; Salvadori & Ferrara 2009; Salvadori
et al. 2014). Specifically, such models assume that reionization
heated the gas in small DM halos to ∼104 K, and the resulting
thermal pressure boiled the gas out of the halos and into the
intergalactic medium (IGM). Gravity is too weak in these sub-
halos to retain the gas or reacquire it from the reionized IGM.
The stellar populations of the UFDs, which are extremely sim-
ilar to each other and dominated by ancient metal-poor stars,
support the premise of an early synchronizing event in their
SFHs. Although galaxy formation models tune the suppression
threshold in terms of DM mass, the outcome is manifested in
terms of luminous matter, with post-reionization star formation
plummeting in satellites fainter than MV ∼ −8 mag. Outside
of simulations, the threshold is likely not as clean as this, with

multiple parameters affecting the outcome, including the details
of the SFH, the DM accretion history, local dynamics, metal-
licity, location within the parent halo, and distance from major
sources of reionization. It is difficult to disentangle such ef-
fects with the small sample here. For example, Boo I and Com
Ber have almost exclusively old populations, and fell into the
Milky Way earlier than the other galaxies in our sample (Rocha
et al. 2012), giving them an earlier exposure to the dominant
source of ionization. While UMa I is dominated by old metal-
poor stars, it appears to be systematically younger than the other
galaxies in our sample. UMa I may be distorted and Okamoto
et al. (2008) argue that it appears to be undergoing disruption;
elongation along our sightline could be broadening the CMD,
producing an apparent age spread. Hercules is the brightest
galaxy in our sample (Mv = −6.6 mag; Martin et al. 2008b);
it may have retained more gas during the reionization era, lead-
ing to a non-negligible population of younger stars. Besides the
galaxies in our sample, there are others that demonstrate these
complexities. For example, Leo T is a gas-rich irregular host-
ing recent star formation, despite having a luminosity similar
to those of the ancient UFDs (Irwin et al. 2007; de Jong et al.
2008a; Ryan-Weber et al. 2008); at 409 kpc, its isolation from the
Milky Way could have enabled its evolution as a “rejuvenated

11
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Effects of reionization versus host-halo environment are 
separable in time
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Progenitors of satellite dwarf galaxies: 
distance from more massive host halo during reionization

Effects of reionization versus host-halo environment are 
separable in time

Wetzel, Deason & Garrison-Kimmel 2015
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Group infall/preprocessing of satellites
Wetzel, Deason & Garrison-Kimmel 2015
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A lot of dwarf galaxies near the Magellanic Clouds
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Figure 22. Positions of the DES satellites with respect to the Magellanic gaseous Stream near the Southern Galactic Pole. The Stream’s
HI column density from Putman et al. (2003) is shown as filled contours, with darker shades corresponding to higher densities. Hatched
area contour shows the current DES footprint. The DES satellites appear to be avoiding regions with high HI column density.
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Figure 19. Distance to the Galactic center as a function of the
distance to the LMC. The symbols follow the same scheme as in
Figure 18. The blue-white 2D histogram in the background gives
the expected density of objects assuming isothropic distribution on
the sky (see text for more details). The red dashed line defines the
”zone of influence” of LMC. The inset shows the distribution of
the number of objects inside the zone of influence as predicted by
reshuffling the position vectors of the known satellites. The red
solid line in the inset shows the actual number of satellites in the
”zone of influence” of LMC. We conclude that the detected objects
constitute an overdensity around the LMC with a significance of
94%.

is that there must be more satellites in the vicinity of
the Magellanic Clouds. We have shown that Reticulum
2, Horologium 1, and Eridanus 3 are aligned with the
LMC’s orbital plane and form part of the entourage of
the LMC. Similarly, Tucana 2, Phoenix 2 and Grus 1
most likely comprise part of the entourage of the SMC.
However, all the objects in this paper trail the LMC and
SMC. There must also be a counter-population of satel-
lites that lead the LMC and SMC. Hunting is always eas-
ier once we know where the big game is plentiful. And
the happy hunting grounds for the ‘beasts of the south-
ern wild’ are the Magellanic Clouds, especially in front
of the LMC/SMC pair as reckoned by the LMC motion.
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Figure 4. Heliocentric distances to simulated stellar debris
stripped from the SMC by LMC tides as a function of Magellanic
Stream Longitude, as defined in Nidever et al. (2008). Simulation
data are taken from Model 2 of Besla et al. (2012). Color coding
indicates stellar surface density. The LMC and SMC are located
near Magellanic Stream Longitude 0 and are currently moving to-
wards positive Magellanic Stream Longitude. The past and fu-
ture orbital trajectories of the Clouds in a static 1012 M⊙ Milky
Way model are determined using two different velocities for the
LMC: the dashed blue line corresponds to an LMC velocity of 380
km/s (Kallivayalil et al. 2006), which was also used to create this
simulation, while the solid blue line denotes the orbit calculated
with the lower velocity measured from three epochs of HST data
(320 km s−1; Kallivayalil et al. 2013). The revised speeds do not
markedly change the future orbital path of the Clouds. The loca-
tion of HyaII is marked by the ⊙ symbol and is located at a dis-
tance consistent with debris removed from the SMC, which roughly
traces the orbit of the SMC. It should nevertheless be noted that
HyaII resides at a Magellanic Stream Latitude of −18◦ and is not
exactly on the Magellanic Stream plane.
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Figure 2. Scaling relations between H i mass, stellar mass, and color. Contours and points follow the definitions in Figure 1. Blue diamonds and solid lines indicate
the ⟨log y⟩ values in each log x bin. The number of galaxies in each log x bin is listed at the bottom of panels ((c), (d)). Cyan dash-dotted lines in panels ((c), (d))
denote the average values of the GASS galaxies with M∗ > 1010 M⊙ (Catinella et al. 2010). Dashed lines in the same panels are from Cortese et al. (2011) derived
for galaxies that belong to different environments: “H i-normal” (green on top), “outside Virgo” (yellow in middle), and “inside Virgo” (red at bottom). Typical error
bars of individual galaxies are given in the corner of panels ((a), (d)). Spearman’s rank correlation coefficients, rS, are listed in all panels.
(A color version of this figure is available in the online journal.)

combination of sensitivity, sky coverage, and bandwidth yields
a sample that probes a wide dynamical range in H i mass (7–11
dex with a mean of 9.56 dex), from the most massive giant
spirals with MH i > 1010 M⊙ to the lowest H i mass dwarfs
with log MH i < 107.5 M⊙. In fact, the stellar mass range that is
probed is slightly wider: 6–11.5 dex, with a mean of 9.43 dex.
As an H i-selected sample, α.40–SDSS–GALEX demonstrates
the ability to recover galaxies with small M∗.

Figure 2(a) shows the distribution of MH i with M∗. The cyan
dash-dotted line traces the linear fit to the GASS sample of high
stellar mass galaxies (M∗ > 1010 M⊙; Catinella et al. 2010):

log⟨MH i(M∗)⟩ = 0.02 log M∗ + 9.52.

Note that those authors chose to calculate log⟨MH i⟩ rather than
⟨log MH i⟩ because the ⟨log MH i⟩ value is depressed by the
contribution of gas-poor galaxies in their M∗-selected sample;
a similar effect results in their adoption of log⟨fH i⟩ rather than
⟨log fH i⟩. In contrast, an H i-selected sample such as ours does
not sample the low H i fraction massive objects so that, ⟨log M∗⟩,
⟨log MH i⟩, and ⟨log fH i⟩ adequately trace the main distribution.
Moreover, as pointed out in Cortese et al. (2011), the distribution
of fH i is closer to lognormal than Gaussian, and thus they also
prefer ⟨log fH i⟩ to log⟨fH i⟩.

We confirm the previous findings that MH i increases with M∗.
However, the correlation does not appear to be a simple linear
one, i.e., δMH i/δM∗ is smaller at the high-mass end. The linear

fit to the blue diamonds in Figure 2(a) is

⟨log MH i⟩ =
!

0.712⟨log M∗⟩ + 3.117, log M∗ ! 9;
0.276⟨log M∗⟩ + 7.042, log M∗ > 9.

(1)

This trend is consistent with the idea that once active galactic
nuclei (AGNs) are turned on in massive galaxies, gas is lost
due to AGN feedback. The fact that fH i is lower in massive
SF/AGN composites than in purely SF galaxies of the same
mass may be the cause of a similar break in slope of the star-
forming sequence (see Section 3.2, at a slightly higher transition
mass, log M∗ ∼ 9.5). Furthermore, compared to the high stellar
mass GASS galaxies, the ALFALFA population is overall more
gas rich for the same stellar mass (log M∗ > 10) and traces
a steeper slope in the MH i versus M∗ scaling relation, i.e.,
there is a systematically larger discrepancy in the typical H i
content of the ALFALFA and GASS populations in the largest
M∗ bins. Besides the change in slope, there appears to be an
increased scatter in the MH i distribution below log M∗ ∼ 9,
a regime only poorly sampled by other studies. In fact, Huang
et al. (2012) point out that at the lowest H i masses, ALFALFA
detects a population of dwarf galaxies with low fH i for their
M∗; some of these objects are dwarf elliptical/spheroidal
(dE/dSph) galaxies in the Virgo Cluster and may have accreted
their current gas supply only recently (Hallenbeck et al. 2012).
The H i gas can be easily removed in low-mass systems due to
their shallow potential wells, so that the galaxy migrates onto
the red sequence as its SF quenches.
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Figure 7. The cumulative SFHs of all fields analyzed in this paper, sorted by increasing absolute V-band luminosity, assuming
the distance and extinction corrections listed in Table 3. The fields are color-coded according to present day morphological type:
dSph (red); dIrr (blue); dTrans (orange); dE (green). The solid black line represents the best fit SFH, while shaded envelops
represent the 68% confidence interval due to random uncertainties (yellow) and total uncertainties (random and systematic;
grey). Each plot has been normalized such that its total stellar mass formed is unity at the present day. The colored dots in
each panel indicate the approximate age of the oldest MSTO on each CMD. The tabulated SFHs and uncertainties for each
field are listed in Table 5.

by uncertainties in the model isochrones which a↵ect
both datasets identically. Thus, the improved precision
in the ACS-based SFH is due to the increased number
of stars on the CMD, and not to the extra depth gained.
Stars below the oldest MSTO are largely insensitive to
SFH (e.g., Gallart et al. 2005), and therefore do not pro-
vide additional constraints on the SFH of a galaxy. In
contrast, the increased number of stars in age sensitive
regions of the CMD (e.g., RGB, SGB, MSTO) can dras-
tically decrease the random uncertainties, particularly in
the case of sparsely populated ultra-faint dwarf galax-
ies. For the purposes of measuring globally representa-
tive SFHs, it is preferable to survey larger areas that just

capture the oldest MSTO than it is to acquire extremely
deep observations extending well below the oldest MSTO
of a smaller area.

4. CHARACTERIZING THE STAR FORMATION HISTORIES

In Figure 7 we plot the cumulative SFHs for all fields
in our sample. In Figure 8, we plot combined cumu-
lative SFHs for galaxies that have multiple fields. The
combined SFHs are simply the unweighted sum of the
absolute SFHs of each field, converted into cumulative
space. The uncertainties were propagated following the
method described in the appendix of Weisz et al. (2011a).
Figures 7 and 8 show that the LG dwarf galaxies have a
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Figure 12. Cumulative SFHs of the MW ultra-faint and classical dSphs. The classical dwarfs show a diversity in SFHs: Hercules and Leo IV are purely old, while
CVn I and CVn II have extended SFHs. The classical dwarfs also have both predominantly old galaxies (e.g., Sculptor, Draco) and those with extended SFHs (e.g.,
Carina, Fornax). There are no apparent systematic differences between the SFHs of the ultra-faint and classical dwarfs in our sample.
(A color version of this figure is available in the online journal.)

the M31 system, where only recently has HST imaging captured
the first oldest MSTOs in two M31 satellites, Andromeda II and
Andromeda XVI (Weisz et al. 2014b).

Finally, we examine the SFHs of dSphs. Many dSphs are
known to host complex and extended histories, and the rela-
tionship between these SFHs and their evolution is still not well
understood (e.g., Mateo 1998; Tolstoy et al. 2009, and references
therein). In contrast, the lowest luminosity dSphs are thought to
generally host SSPs, and are among the best candidates for rem-
nant primordial galaxies (e.g., Simon & Geha 2007; Kirby et al.
2008; Peñarrubia et al. 2008; Frebel 2010; Belokurov 2013;
Walker 2013). Despite their intriguing nature, few quantitative
comparisons of SFHs across the entire LG dSph spectrum exist.

To facilitate a comparison among the dSphs, in Figure 12,
we plot the best fit SFHs of the MW dSphs. We include
only the MW dSphs as all their CMDs extend below the
oldest MSTO, providing secure lifetime SFHs with minimal
systematic uncertainties. We have also divided the dSph SFHs
into two groups, so-called “classical” and “ultra-faint” dwarfs,
to allow for additional comparison between these two purported
“classes.” We have excluded Sagittarius from this comparison
due to its unusual interaction history.

We first consider broad trends as a function of luminosity.
In general, the least luminous dSphs tend to have had their star
formation quenched at earlier times than the most luminous
dSphs. For example, galaxies such as Hercules (MV = −6.6)
and Leo IV (MV = −5.8) formed >90% of their stellar mass
prior to ∼11–12 Gyr ago, while more luminous dSphs such
as Fornax (MV = −13.4) and Leo I (MV = −12.0) did not
form the same percentage of their stellar mass until !3 Gyr.
These differences are likely due to variations in infall times and
environmental processing effects on MW satellite galaxies (e.g.,
Łokas et al. 2012; Rocha et al. 2012; Kazantzidis et al. 2013).
However, others have suggested that reionization can play an
increasingly important role in the quenching of star formation
in the lowest mass galaxies (e.g., Bullock et al. 2000; Ricotti &
Gnedin 2005; Bovill & Ricotti 2011a, 2011b; Brown et al. 2012;
Okamoto et al. 2012). We will discuss the topics of reionization

(Weisz et al. 2014a) and quenching in LG dwarfs in future papers
in this series.

There are clear exceptions to the general trend. For example,
low luminosity galaxies CVn I (MV = −6.6) and CVn II
(MV = −4.9) have SFHs that extend to lookback times of
∼8–11 Gyr ago, while Sculptor (MV = −11.1) formed 90%
of its stellar prior to 10–11 Gyr ago. Further, galaxies with
comparable luminosities can have different SFHs: Ursa Minor
(MV = −8.8) and Draco (MV = −8.8) formed 90% of their
stellar mass prior to 8–9 Gyr ago, while Carina (MV = −9.1)
formed the same amount of stellar mass ∼3–4 Gyr ago.

It is clear from this comparison that more luminous dwarfs
generally have extended SFHs. However, deviations from this
relationship (e.g., CVn I, Carina, Sculptor) suggest that the
environmental history of individual galaxies are also important
(e.g., tidal and ram pressure stripping, etc., Mayer et al. 2001,
2006), and should be considered in any evolutionary model of
dSphs.

Finally, we briefly comment on the dichotomy between “ultra-
faint” and “classical” dSphs. The unfortunate naming conven-
tion implies the presence of a systematic physical division be-
tween the two “classes.” However, most observational evidence
indicates that both sample sequentially fainter regions of the
dSphs luminosity function, e.g., they form a continuum on the
mass–metallicity and size–luminosity relationship (e.g., Mc-
Connachie 2012; Belokurov 2013; Walker 2013, and references
therein), suggesting that the main differences are simply in the
naming convention.

In Figure 12, we see that there is not always a clear difference
between the SFHs of ultra-faint and classical dSphs. As previ-
ously discussed, ultra-faint galaxies such as CVn I and CVn II
have SFHs that extend to lookback times of ∼8–11 Gyr ago,
which is similar to several classical dwarfs, and in agreement
with the conclusions of de Jong et al. (2008b).

Based on the aggregate SFH evidence from this paper and
other studies of classical dwarfs (e.g., de Jong et al. 2008b;
Sand et al. 2009, 2010, 2012; Brown et al. 2012; Okamoto
et al. 2012), we suggest that a division between ultra-faint and
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Figure 2. The quenched fraction of LG dwarfs plotted as a function of
present day stellar mass and lookback time. The solid lines trace the most
likely quenched fraction values, while the uncertainty envelopes represent the
the 68% confidence interval in the quenched fraction, including both system-
atic and random uncertainties. The best fits show a broad trend in quenched
fraction as a function of mass. The quenched fraction is higher for lower
mass galaxies at nearly all epochs considered. Further, as a population, based
on the quenched fraction, higher mass galaxies tend to have quenched later
compared to lower mass galaxies.

(2014b) for an in-depth discussion of signatures reionization
in the SFHs of low-mass galaxies.

In the two intermediate mass ranges, the nearly uniform in-
crease in quenched fraction toward the present provides lit-
tle information about the quenching timescale. In contrast,
the highest mass galaxies are more informative for about the
rapidity of quenching. In this mass range (log(hM?/M�i)=
8.0), the quenched fraction grew from 0 to 40% between 2
and 4 Gyr ago. This rapid rise indicates that galaxies of this
mass can quench on fairly rapid timescales, although without
a knowledge of the infall times we cannot determine the exact
quenching timescale (see §4). Further, the six systems in this
mass range may not be broadly representative of galaxies in
this mass range, given that four are dEs in M31 group (M32,
NGC 147, NGC 185, NGC 205) and the other two are MW
companions Fornax and Sagittarius. The nearly synchronized
quenching of M31 dEs may be indicative of a global event in
the M31 group (e.g., simultaneous satellite accretion, major
merger; Fardal et al. 2008; Hammer et al. 2010), which may
detract from the generality of this finding. For a further dis-
cussion of quenching in M31 satellites, we refer the reader to
§3.3 and Weisz et al. (2014c).

Up to this point, we have not considered the role of uncer-
tainties and selection effects in our results and interpretation.
The uncertainties on the quenched fraction are most notice-
able for the lowest mass galaxies, which typically show broad
68% confidence intervals on their values of ⌧90. This breadth
is the results of a small number of stars on the CMDs of the
lowest mass systems, as well as the presence of BSs, which
introduce a large dispersion into ⌧90. For the more massive
systems, which have more populated CMDs, the effects of
uncertainties in the quenched fraction are noticeably less pro-
nounced.

Completeness of the sample can also affect our findings.
Many of the faint MW galaxies that are not in our sample

appear to have quenched at lookback times of & 10-12 Gyr
ago (e.g., de Jong et al. 2008; Sand et al. 2009, 2010, 2012;
Brown et al. 2012, 2014; Okamoto et al. 2012). A naive
completeness correction, in which we assume that all miss-
ing galaxies are similar to the faint MW companions, implies
that the quenched fraction could be as high as ⇠80% by 10-12
Gyr ago. However, as demonstrated in Weisz et al. (2014c),
not all quenched low-mass systems in the LG stopped form-
ing stars > 10 Gyr ago. Deep imaging of Andromeda XVI
(M? ⇠ 105 M�) reveals a quenching epoch of ⇠ 5 Gyr ago.
Similarly, other low-mass galaxies in our sample such as An-
dromeda XII and Leo T have significant amounts of star for-
mation < 10 Gyr ago, even when full uncertainties are con-
sidered. Thus, on the whole, the simple assumption that all of
the lowest-mass quenched galaxies are similar to the faintest
MW satellites may not be an accurate extrapolation. Finally,
we note our sample is 80% complete for M? & 106 M�, indi-
cating that incompleteness in this regime is not as important
as for lower mass systems.

3.2. Quenched Fraction as a Function of Environment
In Figure 3, we plot the quenched fraction as a function

of lookback time in bins of current distance from a massive
host. We have divided the sample into four equally spaced
radial bins in multiplies of Rvirial, ranging from R<0.5 Rvirial
to R>1.5 Rvirial, where we adopt Rvirial=300 kpc for both M31
and the MW (McConnachie 2012).

From this plot, it is clear that environment plays an im-
portant role in quenching low-mass galaxies. At the present
day, few dwarfs located outside Rvirial are quenched, while
those located inside Rvirial are almost entirely quenched. This
trend is essentially a re-statement of the long-established
LG morphology-density relationship (e.g., Mateo 1998; van
den Bergh 2000; Grcevich & Putman 2009, and references
therein).

For dwarfs located inside Rvirial, the temporal evolution of
the quenched fraction is essentially independent of the cur-
rent proximity to M31 or the MW, and is statistically indis-
tinguishable in both bins within R<300 kpc. The small dif-
ferences at recent times are due to the presence of gas-rich
galaxies LGS 3 and IC 10 inside the virial radius of M31.
The independence between quenching time and current prox-
imity to a massive host is consistent with a picture in which
quenching occurs when or soon after a galaxy enters the virial
radius. This conclusion does not depend on selection effects
and uncertainties in the values of ⌧90.

In principle, the SFHs may also provide clues to the planar
satellite structures that are known to exist around the MW and
M31 (e.g., Lynden-Bell 1976; Kroupa et al. 2005; Ibata et al.
2013). For example, if the planes were accreted as a group
at the same time, the process of accretion may leave system-
atic signatures in the quenching epochs that are different from
off-plane systems. Unfortunately, we do not detect any such
clear trends. In the case of M31, only two of our galaxies,
And II and And V are off-plane, limiting any general com-
parison. Similarly for the MW sample, there is no clear dif-
ference in the SFHs of planar and non-planar satellites. The
lack of a correlation does not rule out any large scale accre-
tion scenario, as dynamical mixing may have erased the initial
conditions of any such event.

3.3. Quenching Properties of the Milky Way and M31
Satellites

Weisz et al 2015
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Example: Fornax
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Figure 7. The cumulative SFHs of all fields analyzed in this paper, sorted by increasing absolute V-band luminosity, assuming
the distance and extinction corrections listed in Table 3. The fields are color-coded according to present day morphological type:
dSph (red); dIrr (blue); dTrans (orange); dE (green). The solid black line represents the best fit SFH, while shaded envelops
represent the 68% confidence interval due to random uncertainties (yellow) and total uncertainties (random and systematic;
grey). Each plot has been normalized such that its total stellar mass formed is unity at the present day. The colored dots in
each panel indicate the approximate age of the oldest MSTO on each CMD. The tabulated SFHs and uncertainties for each
field are listed in Table 5.

by uncertainties in the model isochrones which a↵ect
both datasets identically. Thus, the improved precision
in the ACS-based SFH is due to the increased number
of stars on the CMD, and not to the extra depth gained.
Stars below the oldest MSTO are largely insensitive to
SFH (e.g., Gallart et al. 2005), and therefore do not pro-
vide additional constraints on the SFH of a galaxy. In
contrast, the increased number of stars in age sensitive
regions of the CMD (e.g., RGB, SGB, MSTO) can dras-
tically decrease the random uncertainties, particularly in
the case of sparsely populated ultra-faint dwarf galax-
ies. For the purposes of measuring globally representa-
tive SFHs, it is preferable to survey larger areas that just

capture the oldest MSTO than it is to acquire extremely
deep observations extending well below the oldest MSTO
of a smaller area.

4. CHARACTERIZING THE STAR FORMATION HISTORIES

In Figure 7 we plot the cumulative SFHs for all fields
in our sample. In Figure 8, we plot combined cumu-
lative SFHs for galaxies that have multiple fields. The
combined SFHs are simply the unweighted sum of the
absolute SFHs of each field, converted into cumulative
space. The uncertainties were propagated following the
method described in the appendix of Weisz et al. (2011a).
Figures 7 and 8 show that the LG dwarf galaxies have a
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Abstract

High-precision astrometry throughout the Local Group is a unique capability of the Hubble Space Telescope
(HST), with potential for transformative science, including constraining the nature of dark matter, probing
the epoch of reionization, and understanding key physics of galaxy evolution. While Gaia will provide un-
paralleled astrometric precision for bright stars in the inner halo of the Milky Way, HST is the only current
mission capable of measuring accurate proper motions for systems at greater distances (& 80 kpc), which
represents the vast majority of galaxies in the Local Group. The next generation of proper-motion measure-
ments will require long time baselines, spanning many years to decades and possibly multiple telescopes,
combining HST with the James Webb Space Telescope (JWST) or the Wide-Field Infrared Survey Telescope
(WFIRST). However, the current HST allocation process is not conducive to such multi-cycle/multi-mission
science, which will bear fruit primarily over many years. We propose an HST astrometry initiative to enable
long-time-baseline, multi-mission science, which we suggest could be used to provide comprehensive kine-
matic measurements of all dwarf galaxies and high surface-density stellar streams in the Local Group with
HST’s Advanced Camera for Surveys (ACS) or Wide Field Camera 3 (WFC3). Such an initiative not only
would produce forefront scientific results within the next 5 years of HST’s life, but also would serve as a
critical anchor point for future missions to obtain unprecedented astrometric accuracy, ensuring that HST
leaves a unique and lasting legacy for decades to come.

Only 10 of 70 (+11) dwarf galaxies 
have measured proper motions 

18 (+11) dwarf galaxies do not even 
have good first-epoch observations 

Science that proper motions enable: 
(1) Cosmic reionization 
(2) Environmental quenching 
(3) Associations of satellites 
(4) MW/M31 mass profiles 
(5) Internal kinematics for 

measuring cores/cusps


