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Feedback In Realistic Environments

F RE model for star formation + feedback

Galaxy evolution: interplay 
between infall and outflows

-Outflow of material from galaxies regulate their growth. Outflows are easy to 
see observationally (at least at high-z)!
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goals 
model dense multi-phase ISM in a 
cosmological setting 
directly model single stellar populations 
explicitly model 3 feedback channels 
supernovae, stellar radiation, stellar winds 

high resolution 
particle mass 

MW-mass simulations: ~5000 (900) Msun 

LMC-mass simulations: ~300 Msun 

dwarf-mass simulations: ~30 Msun 
spatial resolution: ~1pc



simulation suite of MW-mass systems
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Feedback In Realistic Environments

F RE-2
Latte suite:   8 isolated MW-mass systems 
ELVIS suite:  3 LG-like pairs (6 halos)
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DWARF GALAXIES
SIGNIFICANT CHALLENGES TO CDM MODEL
‘missing satellites’ problem
CDM (possibly) predicts too many dark matter subhalos 
compared with observed satellite galaxies 
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‘missing satellites’ problem
CDM (possibly) predicts too many dark matter subhalos 
compared with observed satellite galaxies 
Can a CDM-based model produce satellites with 
observed distribution of stellar masses?

DWARF GALAXIES
SIGNIFICANT CHALLENGES TO CDM MODEL
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Figure 2. Galaxy stellar mass functions. The panels indicate the satellite population (left; host distance rhost < 300 kpc), the non-satellite population around
each host (center; rhost = 300 - 1000 kpc, and distance to the paired host rother > 300 kpc where applicable), and (right) the Local Field (distance from either
host reither < 1 Mpc but distance from both hosts rboth > 300 kpc). Thin lines indicate the isolated m12 sample, which are sorted in the legend by host
virial mass. The satellite stellar mass functions are broadly consistent with that of the MW and M31, though even our richest satellite populations slightly
(by a factor of ⇠ 1.2 at 105M�) under-produces that of M31, possibly because our highest mass host is only 1.45⇥ 1012M�. Similarly, the non-satellite
populations around each host are in reasonable agreement with that of the MW and M31, with considerable scatter. The simulated Local Field populations
are also generally consistent with observations, particularly for M⇤ & 5⇥ 105M�; below that, Romeo & Juliet displays a steep upturn relative the LG.
Thelma & Louise, meanwhile, slightly overproduces the Local Field SMF at all masses. We predict a median of 2.5 additional (i.e. undetected) non-satellite
galaxies with M⇤ � 105M� and rMW = 300 - 1000 kpc, along with 4 additional MW satellites with M⇤ = 105 - 3⇥105M�.

0.37⇥1012M�. Naively scaling the two values by one another (i.e.
scatter in Nsats(M� � 105M�)/ scatter in host Mvir) yields nearly
identical values, such that our results are consistent with the FIRE
simulations predicting the same degree of scatter in the number of
luminous satellites as DMO simulations.

The FIRE satellite populations also provide a good match
to the MW satellite SMF, particularly below the masses of the
LMC and SMC,7 though the agreement is not perfect: the simu-
lated galaxies host a median of 15.5 satellites with M⇤ � 105M�,
compared with the 12 such known MW satellites, and we typically
predict a SMF that continues to rise between the relatively bright
classical dSphs (M⇤ & 3 ⇥ 105M�) and the ultra-faints dwarfs
(M⇤ . 3⇥104M�) identified in deep surveys such as SEGUE (Be-
lokurov et al. 2009) and DES (Drlica-Wagner et al. 2015). The dif-
ference is small relative to the order-of-magnitude difference re-
ferred to by the missing satellites problem – we predict a median of
4 satellites with M⇤ = 105 - 3⇥ 105M� – but it may suggest addi-
tional, relatively luminous, undetected satellites (also see Tollerud
et al. 2008). Rather than a sign of observational incompleteness, the
flattening of the MW SMF may instead reflect a feature from reion-
ization (see Bose et al. 2018); if so, our simulations do not capture
such a feature overall.

In contrast to the relative agreement with the MW SMF, all
of the simulated satellite SMFs lie slightly below that of M31. Our
hosts have, on average, 54% as many satellites with M⇤ � 105M�
as are already known around M31. The offset in the mean counts
relative to M31 is roughly constant for M⇤ . 107M� (at which
point the mean difference becomes even larger), indicating that
M31 contains systematically more satellites at fixed stellar mass
than our simulated hosts. For comparison, the mean offset between

7 The worse agreement at the high-mass end is not particularly unexpected:
none of our hosts were selected to contain an LMC-mass satellite, and a ran-
domly selected MW/M31-mass halo is statistically unlikely to have LMC
or M33-mass satellites (Busha et al. 2011; Tollerud et al. 2011).

the simulated satellite populations and that of the MW is ⇠ 2% at
the mass of CVnI (3⇥ 105M�) and remains under 20% over two
orders of magnitude (up to the mass of Fornax, 2.4⇥107M�). The
difference in satellite counts is clear, but not extreme: our host with
the largest number of satellites (m12m, with Mvir = 1.45⇥1012M�)
contains 73% as many galaxies above 105M� with an average of
74% from 105 – 3⇥ 107. As we show in Appendix B, this result
is only marginally sensitive to the radial cut used to separate satel-
lites from non-satellites. It is also qualitatively independent of the
assumed mass-to-light ratio for the observed dwarf galaxies: even
adopting a stellar mass-to-light ratio of unity for the galaxies not in-
cluded in Woo et al. (2008) yields a mean of 61% as many satellites
as M31 with M⇤ = 105M�.

The abundance of dwarf galaxies around M31 (relative both
to the MW and to our simulated hosts) may point towards a higher
M31 halo mass. Large-scale estimates for the mass of M31 typ-
ically suggest Mvir,M31 & 1.5⇥ 1012M�; for example, Diaz et al.
2014 used the net momentum of the LG to estimate Mvir,M31 =
1.7± 0.3⇥ 1012M�. However, Kafle et al. (2018) recently argued
for Mvir,M31 = 0.8± 0.1⇥ 1012M� by applying a Bayesian frame-
work to high-velocity planetary nebulae. Figure 3 shows the num-
ber of dwarf galaxies near each host, as a function of host virial
mass. Though the trends with mass are weak (e.g. our lowest mass
host contains the fifth most satellites), our results suggest that it is
difficult to match both the SMF of the MW and of M31 without a
higher virial mass for M31.

Broadly speaking, the non-satellite SMFs in Figure 2 (rhost =
300 - 1000 kpc, and excluding satellites of the paired host if ap-
plicable) generally agree with counts in the fields around the
MW/M31. However, there are again hints of undetected galaxies
with M⇤ & 105M�: we predict a median of 14.5 galaxies with
M⇤ � 105M�, compared to the 12 known around the MW. Fur-
thermore, increasing the mass of our M31 analogue may result
in even more predicted dwarfs; our predictions in the Local Field
may be a lower limit. If ultra-diffuse galaxies (UDGs) are preva-
lent in the field (as predicted by Di Cintio et al. 2017 and Chan
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no ‘missing satellites’ problem (Mstar >105 Msun)

Garrison-Kimmel, Hopkins, Wetzel et al 2018
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MORE RIGOROUS TEST

WHAT ABOUT SPATIAL 
DISTRIBUTION OF SATELLITES?

Jenna Samuel 
(grad student @ UC Davis)



Andrew Wetzel

observed distances of satellite dwarf galaxies
Samuel, Wetzel et al 2019

Mstar > 105 Msun
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FIRE simulations broadly 
agree with MW + M31 

numerically well resolved 
(even at d <~ 50 kpc)

Samuel, Wetzel 
et al 2019 distance from host [kpc]
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WHAT CAUSES THE LACK OF (MASSIVE) 
SATELLITE DWARF GALAXIES?

presence of central galaxy
destroys satellites via gravitational tidal forces 

meta-galactic UV background + internal feedback
regulates gas cooling + star formation  
(at all redshifts, not just during cosmic reionization)
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star-formation histories of dwarf galaxies
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SYNTHETIC STELLAR SURVEYS OF 
THE MILKY WAY
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9 synthetic Gaia DR2-like surveys 
full snapshots (z = 0) from 3 Latte simulations
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1
TAPIR, Mailcode 350-17, California Institute of Technology, Pasadena, CA 91125, USA

2
Department of Physics, University of California, Davis, CA 95616, USA

3
Sydney Institute for Astronomy, School of Physics, University of Sydney, NSW 2006, Australia

4
Department of Physics and Astronomy and CIERA, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208, USA

5
Department of Physics, Center for Astrophysics and Space Science, University of California at San Diego, 9500 Gilman Drive, La Jolla, CA 92093, USA

6
Department of Astronomy and Theoretical Astrophysics Center, University of California Berkeley, Berkeley, CA 94720

(Received; Revised; Accepted)

Submitted to ApJ

ABSTRACT
With Gaia Data Release 2, the astronomical community is entering a new era of multidimensional surveys

of the Milky Way. This new phase-space view of our Galaxy demands new tools for comparing observations
to simulations of Milky-Way-mass galaxies in a cosmological context, to test the physics of both dark matter
and galaxy formation. We present ananke, a framework for generating synthetic phase-space surveys from
high-resolution baryonic simulations, and we use ananke to generate a suite of synthetic surveys designed to
resemble Gaia DR2 in data structure, magnitude limits, and observational errors. We use three cosmological
simulations of Milky-Way-mass galaxies from the Latte suite of the Feedback In Realistic Environments (FIRE)
project, which offer many advantages for generating synthetic stellar surveys: self-consistent clustering of star
formation in dense molecular clouds, thin stellar and gaseous disks, cosmological accretion and enrichment
histories, all in live cosmological halos with satellite dwarf galaxies and stellar halos. We select three solar
viewpoints from each simulation to generate nine synthetic Gaia-like surveys. We generate synthetic stars as-
suming that each simulation’s star particles (of mass 7070M�) represent a single stellar population, and we use
a kernel density representation to distribute synthetic stars accurately in position and velocity. At each view-
point, we compute a self-consistent dust extinction map, using the gas metallicity distribution in each simulation.
Finally, we apply a simple error model to produce a synthetic Gaia-like survey at each solar viewpoint, though
we also provide quantities without error convolution. This results in a catalog of synthetic stars, as if measured
by Gaia, that includes both observational properties and a pointer to each generating star particle in the simu-
lation. We also provide the complete snapshot–including star, gas, and dark matter particles–at z = 0 for each
simulated galaxy. We describe data access points, the data model, and plans for future upgrades to ananke.
These synthetic surveys provide a tool for the scientific community to test analysis methods and interpret Gaia

data.
1. INTRODUCTION

A new generation of observational projects is poised to
revolutionize our understanding of resolved stellar popula-
tions of the Milky Way (MW) and MW-mass galaxies at
an unprecedented level of detail, ushering in an era of pre-
cision studies of galaxy formation. In the MW itself, as-

Corresponding author: Robyn Sanderson
robyn@caltech.edu
⇤ NSF Astronomy & Astrophysics Postdoctoral Fellow
† Hubble Fellow

trometric, spectroscopic, and photometric surveys will mea-
sure three-dimensional positions and velocities and numer-
ous elemental abundances for stars from the disk to the halo,
as well as for many satellite dwarf galaxies. In the Lo-
cal Group and beyond, the Hubble Space Telescope (HST),
James Webb Space Telescope (JWST) and eventually the
Wide-Field Infrared Survey Telescope (WFIRST) will de-
liver pristine views of resolved stellar populations. The
groundbreaking scale and dimensionality of this new view
of resolved stellar populations in galaxies challenge us to de-
velop new theoretical tools to robustly compare these surveys
to simulated galaxies, in order to take full advantage of our
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observed Milky Way

FIRE Latte simulation of Milky Way-like galaxy
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PROPER MOTIONS OF DWARF 
GALAXIES OVER THE NEXT DECADE
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dynamically measure the MW halo’s mass profile 
derive orbital histories for all MW satellite galaxies 
measure internal kinematics to constrain core/cusp

PI: Nitya Kallivayalil   co-PI: Andrew Wetzel
Co-I: Jay Anderson, Gurtina Besla, Tom Brown, Alis Deason, Tobias Fritz, Marla 
Geha, Raja Guhathakurta, Evan Kirby, Steve Majewski, Josh Simon, Tony Sohn, 
Erik Tollerud, Roeland van der Marel

first-epoch proper motions + star-formation histories for 
all (+31) dwarf galaxies within 500 kpc of MW

Context: Milky Way satellites and “crises” of ΛCDM

V. Springel / Virgo Consortium

>105 identified subhalos 12 bright satellites (LV > 105L�)

J. Bullock

MW-6D: dynamical mapping the MW system
HST Cycle 24 Treasury Program (164 orbits)
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Kallivayalil, Wetzel et al 2015
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Figure 2. Galaxy stellar mass functions. The panels indicate the satellite population (left; host distance rhost < 300 kpc), the non-satellite population around
each host (center; rhost = 300 - 1000 kpc, and distance to the paired host rother > 300 kpc where applicable), and (right) the Local Field (distance from either
host reither < 1 Mpc but distance from both hosts rboth > 300 kpc). Thin lines indicate the isolated m12 sample, which are sorted in the legend by host
virial mass. The satellite stellar mass functions are broadly consistent with that of the MW and M31, though even our richest satellite populations slightly
(by a factor of ⇠ 1.2 at 105M�) under-produces that of M31, possibly because our highest mass host is only 1.45⇥ 1012M�. Similarly, the non-satellite
populations around each host are in reasonable agreement with that of the MW and M31, with considerable scatter. The simulated Local Field populations
are also generally consistent with observations, particularly for M⇤ & 5⇥ 105M�; below that, Romeo & Juliet displays a steep upturn relative the LG.
Thelma & Louise, meanwhile, slightly overproduces the Local Field SMF at all masses. We predict a median of 2.5 additional (i.e. undetected) non-satellite
galaxies with M⇤ � 105M� and rMW = 300 - 1000 kpc, along with 4 additional MW satellites with M⇤ = 105 - 3⇥105M�.

0.37⇥1012M�. Naively scaling the two values by one another (i.e.
scatter in Nsats(M� � 105M�)/ scatter in host Mvir) yields nearly
identical values, such that our results are consistent with the FIRE
simulations predicting the same degree of scatter in the number of
luminous satellites as DMO simulations.

The FIRE satellite populations also provide a good match
to the MW satellite SMF, particularly below the masses of the
LMC and SMC,7 though the agreement is not perfect: the simu-
lated galaxies host a median of 15.5 satellites with M⇤ � 105M�,
compared with the 12 such known MW satellites, and we typically
predict a SMF that continues to rise between the relatively bright
classical dSphs (M⇤ & 3 ⇥ 105M�) and the ultra-faints dwarfs
(M⇤ . 3⇥104M�) identified in deep surveys such as SEGUE (Be-
lokurov et al. 2009) and DES (Drlica-Wagner et al. 2015). The dif-
ference is small relative to the order-of-magnitude difference re-
ferred to by the missing satellites problem – we predict a median of
4 satellites with M⇤ = 105 - 3⇥ 105M� – but it may suggest addi-
tional, relatively luminous, undetected satellites (also see Tollerud
et al. 2008). Rather than a sign of observational incompleteness, the
flattening of the MW SMF may instead reflect a feature from reion-
ization (see Bose et al. 2018); if so, our simulations do not capture
such a feature overall.

In contrast to the relative agreement with the MW SMF, all
of the simulated satellite SMFs lie slightly below that of M31. Our
hosts have, on average, 54% as many satellites with M⇤ � 105M�
as are already known around M31. The offset in the mean counts
relative to M31 is roughly constant for M⇤ . 107M� (at which
point the mean difference becomes even larger), indicating that
M31 contains systematically more satellites at fixed stellar mass
than our simulated hosts. For comparison, the mean offset between

7 The worse agreement at the high-mass end is not particularly unexpected:
none of our hosts were selected to contain an LMC-mass satellite, and a ran-
domly selected MW/M31-mass halo is statistically unlikely to have LMC
or M33-mass satellites (Busha et al. 2011; Tollerud et al. 2011).

the simulated satellite populations and that of the MW is ⇠ 2% at
the mass of CVnI (3⇥ 105M�) and remains under 20% over two
orders of magnitude (up to the mass of Fornax, 2.4⇥107M�). The
difference in satellite counts is clear, but not extreme: our host with
the largest number of satellites (m12m, with Mvir = 1.45⇥1012M�)
contains 73% as many galaxies above 105M� with an average of
74% from 105 – 3⇥ 107. As we show in Appendix B, this result
is only marginally sensitive to the radial cut used to separate satel-
lites from non-satellites. It is also qualitatively independent of the
assumed mass-to-light ratio for the observed dwarf galaxies: even
adopting a stellar mass-to-light ratio of unity for the galaxies not in-
cluded in Woo et al. (2008) yields a mean of 61% as many satellites
as M31 with M⇤ = 105M�.

The abundance of dwarf galaxies around M31 (relative both
to the MW and to our simulated hosts) may point towards a higher
M31 halo mass. Large-scale estimates for the mass of M31 typ-
ically suggest Mvir,M31 & 1.5⇥ 1012M�; for example, Diaz et al.
2014 used the net momentum of the LG to estimate Mvir,M31 =
1.7± 0.3⇥ 1012M�. However, Kafle et al. (2018) recently argued
for Mvir,M31 = 0.8± 0.1⇥ 1012M� by applying a Bayesian frame-
work to high-velocity planetary nebulae. Figure 3 shows the num-
ber of dwarf galaxies near each host, as a function of host virial
mass. Though the trends with mass are weak (e.g. our lowest mass
host contains the fifth most satellites), our results suggest that it is
difficult to match both the SMF of the MW and of M31 without a
higher virial mass for M31.

Broadly speaking, the non-satellite SMFs in Figure 2 (rhost =
300 - 1000 kpc, and excluding satellites of the paired host if ap-
plicable) generally agree with counts in the fields around the
MW/M31. However, there are again hints of undetected galaxies
with M⇤ & 105M�: we predict a median of 14.5 galaxies with
M⇤ � 105M�, compared to the 12 known around the MW. Fur-
thermore, increasing the mass of our M31 analogue may result
in even more predicted dwarfs; our predictions in the Local Field
may be a lower limit. If ultra-diffuse galaxies (UDGs) are preva-
lent in the field (as predicted by Di Cintio et al. 2017 and Chan

MNRAS 000, 1–19 (2018)

no ‘missing satellites’

host distance [kpc]

resolved profiles

star-formation histories
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Figure 5. Identical to Figure 4, but here plotting Vcirc curves from the hydrodynamic simulations. Including baryonic physics using the FIRE models eliminates
TBTF around the MW and M31. The dotted lines in the Local Field panel show the persistence of several “failures” unaccounted for by current data, but these
are quite different from the massive failures in the DMO runs: they have rotation curves similar to the typical observed LG and Local Field systems (there are
simply ⇠ 10 more of them). The mis-match may therefore be a result of observational incompleteness at M⇤ . 106M�. The simulations here do not produce
any galaxies with densities as high as those of the baryon-dominated compact dEs around M31 (or Tucana/NGC 6822), with Vcirc & 35km s-1 at r < 1kpc.

their satellite populations with the satellites of the MW. Though we
only directly plot Juliet and Louise against the MW satellites,
we list the number of massive failures (and, in parentheses, strong
massive failures) in the final column of Table 1: in the DMO simu-
lations, all of our hosts contain at least two strong massive failures.

5.3 Results: FIRE simulations

Figure 5 is analogous to Figure 4, but it plots Vcirc curves of the
luminous galaxies in the FIRE simulations (i.e. including baryons).
Because we color the lines by stellar mass, we separate massive
failures and halos that are matched with observed dwarfs via line-
style: massive failures are plotted with dashed lines and the halos
assigned to host galaxies with solid lines. The addition of baryonic
physics to the simulations eliminates the TBTF problem around
the MW and M31. In particular there are neither ‘strong massive
failures’ nor ‘massive failures’ within the virial radius of either host
according to the definitions applied to the DMO simulations above.
While the M31 population looks good in comparison to the TBTF
problem, our hosts do not contain quite as many satellites as M31
overall: matching the stellar mass function may result in additional
galaxies that cannot be matched one-to-one with observed systems.

There do remain a number of “failures,” according to our for-

mal definition in the Local Field population (dotted lines), all with
stellar masses < 106M�. However, we emphasize their circular ve-
locities are still much lower than in the DMO simulations; in fact,
they have profiles quite similar to the typical observed systems in
both the MW, M31, and Local Field. Given that the completeness
of the Local Field out to ⇠Mpc at these masses is rather uncer-
tain, one possibility is that there is a population of ⇠ 10 undetected
dwarf galaxies in this region, with stellar masses M⇤ = 105-6M�
and dark matter densities similar to those of known dwarf galax-
ies (e.g. And XVIII).10 However, we also note that this tension,
like that in the Local Field stellar mass function, can be reduced
(decreasing the number of discrepant halos by a few), without in-
troducing significant tension in the comparison with TBTF around
M31, if we use a larger radial cut as in Appendix B to associate
galaxies with M31 and the MW.

Note that the relative impact of supernovae feedback is such
that more massive dwarfs (M⇤ ⇠ 108M�) almost universally have
lower central masses than their less luminous counterparts (M⇤ .
106M�), particularly in the Local Field. Measuring dynamical

10 Specifically, there are 17 (7) of these missing systems in the Local Field
of Romeo & Juliet (Thelma & Louise) with M⇤ > 105M� and 7 (6)
with M⇤ > 3⇥105M�.

MNRAS 000, 1–19 (2018)
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internal velocity (density) profile of dwarf 
galaxies - agrees with Local Group

but simulations now form too few dense dwarf galaxies
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First Rvir crossing: ~2-3 Gyr ago

Pericentric Approach: ~1 Gyr ago
at ~ 90kpc

Quenched SF: ~ 1 Gyr ago

HST SFH and PM of Leo I

FIGURE 2: Left– The combined power of SFHs and PM measurements illustrated by the
HST-based orbital history of Leo I (D ⇠ 260kpc), which provides new insight into its evolution,
the mass of the MW, and the physics of environment (Sohn et al. 2013; Boylan-Kolchin et al.
2013). Our program will achieve similar quality SFHs and and PM measurements for all known
satellites within the M31 halo. Right– Expected proper-motion precision for our target dwarf
galaxies, assuming 8-year (black) or 12-year (blue) baseline with HST + JWST. Green points
indicate the line-of-sight velocities of each satellite relative to M31, distances as in Figure 1. For
reference, we include the measured PM uncertainties of M31 and Leo I. At least an 8-year
baseline is needed to ensure PM uncertainties are well-below the spectroscopically measured 1-D
velocity dispersion of the M31 system, a critical component for measuring M31’s halo profile and
determining the thickness and dispersion of its satellite plane. A ⇠10-year baseline will provide
bulk PMs that are comparable to current measurements for M31 and Leo I and allows us to
model the history of each galaxy in the same detail as Leo I.

The halos of the MW and M31 exert strong environmental influence on their satellites (e.g., Wet-
zel et al. 2015), as evidenced by the well-known morphology-density relationship (e.g., Grcevich
& Putman 2009; McConnachie 2012). The LG represents our one opportunity to measure these
environmental effects using precise SFHs and full phase space information. The left panel of Fig-
ure 2 illustrates the combined power of HST-based SFHs with PMs for quantifying environmental
effects in the LG: Leo I entered the MW halo ⇠2-3 Gyr ago, experienced an increase in star forma-
tion, and quenched ⇠1 Gyr ago at a surprisingly large distance of ⇠90 kpc (Sohn et al. 2013). This
result challenges the conventional picture of ram-pressure stripping efficiency at large distances
and was only possible due to the power of HST-based SFHs and PMs.

While similar studies are underway for other MW satellites, it remains unclear how represen-
tative conclusions from this single halo are. Though comparable in total mass to the MW (e.g.,
Fardal et al. 2013; Peñarrubia et al. 2014; Carlesi et al. 2016; Patel et al. 2017a), M31 shows ev-
idence of a different evolutionary history: e.g., double nucleus, more massive bulge, higher disk
velocity dispersion, 10⇥ more massive stellar halo, and remote globular clusters (e.g., van den
Bergh 1994; Hammer et al. 2007; Ibata et al. 2007; Huxor et al. 2011; Dorman et al. 2015). Com-
pared with the MW, M31 has 2.5 times as many satellites at a given luminosity (Figure 4, right),
many with different halo properties compared to MW satellites (e.g., Collins et al. 2014).

The stellar populations of M31 and the MW satellites also appear different. As Figure 3 illus-
trates, deep HST imaging of 6 representative M31 satellites show that they all quenched 6-9 Gyr

3

PIs: Dan Weisz, Nitya Kallivayalil, Andrew Wetzel
M31-6D survey (?)

similar science doable in M31

30-40 km/s  
precision


