
Proper Motion Studies of 
Stellar Populations in the Local 

Group and Beyond

Special Session Maximizing the Science from Two Great 
Observatories

Nitya Kallivayalil

AAS 235, Hawaii, January 2020



• Missing Satellites Problem 
(e.g., Klypin et al. 1999; 
Moore et al. 1999; see 
Nierenberg+ 2016 at higher 
z) 

• Low densities of dwarf 
galaxies: core vs. cusp, and 
Too Big to Fail (e.g. Boylan-
Kolchin et al. 2011; 
Garisson-Kimmel et al. 
2014; Ostriker et al. 2019) 

• Planes of Satellites (e.g., 
Santos-Santos et al. 2018, 
Pawlowski et al. 2013, 
Ibata et al. 2013) 

• Shape of dark matter halo 
(e.g., Law & Majewski 
2010)

Diemand et al.

Figure 7

The Missing Satellites Problem: Predicted ⇤CDM substructure (left) vs. known Milky Way
satellites (right). The image on the left shows the ⇤CDM dark matter distribution within a sphere
of radius 250 kpc around the center of a Milky-Way size dark matter halo (simulation by V.
Robles and T. Kelley in collaboration with the authors). The image on the right (by M. Pawlowski
in collaboration with the authors) shows the current census of Milky Way satellite galaxies, with
galaxies discovered since 2015 in red. The Galactic disk is represented by a circle of radius 15 kpc
at the center and the outer sphere has a radius of 250 kpc. The 11 brightest (classical) Milky Way
satellites are labeled by name. Sizes of the symbols are not to scale but are rather proportional to
the log of each satellite galaxy’s stellar mass. Currently, there are ⇠ 50 satellite galaxies of the
Milky Way compared to thousands of predicted subhalos with Mpeak & 107 M�.

see, e.g., Rees & Ostriker 1977). According to Figure 6, these physical e↵ects are likely to

become dominant in the regime of ultra-faint galaxies M? . 105M�.

The question then becomes: can we simply adopt the abundance-matching relation

derived from field galaxies to “solve” the Missing Satellites Problem down to the scale of

the classical MW satellites (i.e., Mvir ' 1010M� $ M? ' 106M�)? Figure 8 (modified from

Garrison-Kimmel et al. 2017a) shows that the answer is likely “yes.” Shown in magenta is

the cumulative count of Milky Way satellite galaxies within 300 kpc of the Galaxy plotted

down to the stellar mass completeness limit within that volume. The shaded band shows the

68% range predicted stellar mass functions from the dark-matter-only ELVIS simulations

(Garrison-Kimmel et al. 2014) combined with the AM relation shown in Figure 6 with zero

scatter. The agreement is not perfect, but there is no over-prediction. The dashed lines show

how the predicted satellite stellar mass functions would change for di↵erent assumed (field

galaxy) faint-end slopes in the calculating the AM relation. An important avenue going

forward will be to push these comparisons down to the ultra-faint regime, where strong

baryonic feedback e↵ects are expected to begin shutting down galaxy formation altogether.

2.2. Cusp, Cores, and Excess Mass

As discussed in Section 1, ⇤CDM simulations that include only dark matter predict that

dark matter halos should have density profiles that rise steeply at small radius ⇢(r) / r
�� ,

with � ' 0.8� 1.4 over the radii of interest for small galaxies (Navarro et al. 2010). This is
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M31: 23 dwarf galaxy targets
 244 orbits

Two HST Treasury Programs

Milky Way: 30 dwarf galaxy targets
164 orbits

Figure 2: Our proposed targets in context: distance from the Milky Way (MW) versus stellar mass, or
absolute magnitude, for all 51 known dwarf galaxies out to 500 kpc, including those that are
star-forming/gas-rich (blue stars) and quiescent/gas-poor (black points). Red circles show our proposed 32
targets, including the 23 recently discovered satellites from DECam, Pan-STARRS and ATLAS (green
diamonds). Within ⇠ 400 kpc of the MW, all dwarf galaxies other than the Magellanic Clouds (bottom
right) are gas-poor/quiescent, highlighting the e�ciency of environmental quenching via the MW halo.

Figure 3: Expected proper motion accuracy for our target dwarf galaxies, using a 5-year baseline with
Gaia (red), a 4-year baseline with HST (black), and an 11-year baseline combining HST + JWST (blue).
Left: bulk orbital proper motion. The few galaxies with particularly high expected accuracies from Gaia
are exceptionally bright. Even within HST’s projected 4-year lifetime, it will outperform Gaia for
measuring bulk orbital proper motions beyond 80 kpc, providing a measurement of the total halo mass.
Right: internal kinematics from proper motions of individual stars. Green points show existing
line-of-sight dispersions (from spectroscopy), red and black points show expected accuracies in measuring
the proper-motion (tangential) dispersion. Because of orbital anisotropy, these two dispersions can be quite
di↵erent. Gaia will only measure dispersion potentially for Ursa Major II (5 stars), while the median
number of HST stars useful for dispersions is 47. HST+JWST will provide the only feasible method to
resolve proper motions of internal kinematics, to test the nature of dark matter on sub-kpc scales.
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FIGURE 1: M31 dwarf galaxies in context: Left– Distances and LOS velocities of M31 satellites
relative to M31. Our proposed sample is color-coded by luminosity. Current distances are
generally highly uncertain (e.g., Conn et al. 2012), highlighted by uncertainty in And XXXIII’s
location inside/outside M31’s virial radius. Virtually all of these satellites are gas-poor,
underlining the importance of the M31 halo environment in dwarf galaxy evolution. Right– The
spatial distribution of all known M31 satellites as of 2013 (Ibata et al. 2013), with putative
members of the thin plane in red and nominal non-plane members in blue. We will observe 23
systems that do not have existing deep HST imaging. Full phase-space information, detailed
SFHs, and RR Lyrae-based distances provided by our observations will allow us to investigate the
membership, coherence, and origin of the plane, as well as rewind the clock on each galaxy and
study the effects of reionization and environment on its evolution.

system. We will target the 23 known M31 dwarf galaxies that do not have adequately deep HST
imaging. Our immediate science goals include (1) measuring SFHs of all M31 satellites; (2) quan-
tifying putative differences between the MW and M31 systems to better understand variations in
low-mass systems between galactic ecosystems; and (3) investigating properties of on- and off-
plane M31 satellites (Figure 1; Ibata et al. 2013) using homogeneous variable star distances;. Over
the next decade we will use HST and JWST to obtain second-epoch imaging to measure PMs
and provide full 6-D phase space information for these dwarfs, which are too faint for Gaia. Our
program will reconstruct the dynamical and star formation history of the M31 satellite system.

Given the nature of the observations involved, it is “now or never” to start this survey. Making
PM measurements with precisions similar to MW satellites (⇠ 40 km/s) at the typical distance of
M31 (⇠ 800 kpc) requires an 8 - 12 year baseline with HST and JWST. It is thus imperative to
establish first-epoch imaging now to leverage JWST’s full lifetime for optimal PM measurements.
As we argue below, this enables unique and transformative HST science including critical issues in
galaxy formation, cosmic reionization, and the nature of dark matter. Our M31 program is the only
way to explore another galactic ecosystem at a similar level of detail as the MW. We now describe
the four most critical science goals enabled by our program.
(1) The effect of environment on low-mass galaxy evolution. Outside of the MW, M31 repre-
sents our best opportunity to study environmental effects on galaxy formation in exquisite detail.
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Internal Kinematics of Dwarf Galaxies
Figure 2: Our proposed targets in context: distance from the Milky Way (MW) versus stellar mass, or
absolute magnitude, for all 51 known dwarf galaxies out to 500 kpc, including those that are
star-forming/gas-rich (blue stars) and quiescent/gas-poor (black points). Red circles show our proposed 32
targets, including the 23 recently discovered satellites from DECam, Pan-STARRS and ATLAS (green
diamonds). Within ⇠ 400 kpc of the MW, all dwarf galaxies other than the Magellanic Clouds (bottom
right) are gas-poor/quiescent, highlighting the e�ciency of environmental quenching via the MW halo.

Figure 3: Expected proper motion accuracy for our target dwarf galaxies, using a 5-year baseline with
Gaia (red), a 4-year baseline with HST (black), and an 11-year baseline combining HST + JWST (blue).
Left: bulk orbital proper motion. The few galaxies with particularly high expected accuracies from Gaia
are exceptionally bright. Even within HST’s projected 4-year lifetime, it will outperform Gaia for
measuring bulk orbital proper motions beyond 80 kpc, providing a measurement of the total halo mass.
Right: internal kinematics from proper motions of individual stars. Green points show existing
line-of-sight dispersions (from spectroscopy), red and black points show expected accuracies in measuring
the proper-motion (tangential) dispersion. Because of orbital anisotropy, these two dispersions can be quite
di↵erent. Gaia will only measure dispersion potentially for Ursa Major II (5 stars), while the median
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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
ago (Skillman et al. 2017). In contrast, at least 3 of 6 randomly selected MW satellites with com-
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The Effect of Environment on Low-Mass Galaxy Evolution
Formation Histories of M31 Satellites 5

Figure 3. The lookback time (Gyr ago) at which 50% of

the stellar mass formed (⌧50) versus the time at which 90%

of the stellar mass formed (⌧90), i.e., the quenching time.

The top panel includes the 20 M31 satellites from this paper

and 6 from Skillman et al. (2017). Points are color-coded by

luminosity and their relative sizes reflect their half-light radii.

The grey point indicates a size of 500 pc. The black lines

illustrate a constant and exponentially declining SFHs. The

bottom panels shows results from literature SFHs of MW

satellites. The area enclosed by the blue dotted line contains

half the M31 sample, but no MW satellites. The smaller

uncertainties for the Skillman et al. (2017) M31 dSphs are

indicative of what can be expected from the forthcoming

cycle 27 observations.

halo. For example, D’Souza & Bell (2018) hypothesize
such an interaction between M31 and M32p (the pu-
tative progenitor of M32) could explain the metal-rich
component of M31’s halo and the unusually compact
nature of M32. This model implies that M32p had a
M? ⇠ 2.5 ⇥ 1010 M� prior to its interaction with M31,
making it the third largest member of the LG just a
few Gyr ago. One implication of this scenario may be
that the large number of satellites with ⌧90⇠ 3-6 Gyr
ago may have been environmentally quenched during
the merger. A second speculative angle is that the di-
chotomy of SFHs in the top panel of Figure 3, i.e., ris-
ing SFHs vs exponentially declining, may be due to the
presence of two di↵erence satellite populations, i.e., one
set from M31, the other from M32p. Though specula-

tive, we use these examples to illustrate the potential of
our data for deciphering the formation history of M31’s
halo and emphasize that more rigorous analysis is clearly
warranted.
We also consider the relationship between our SFHs

and sub-structures in the M31 system, e.g., the plane
of satellites from Ibata et al. (2013). We find no clear
evidence for a correlation with membership in struc-
tures identified in Ibata et al. (2013) and Santos-Santos
et al. (2019). However, given the large uncertainties and
unclear theoretical expectations between sub-structures
and SFHs, the lack of a clear correlation is challenging
to interpret.
Figure 3 also summarizes di↵erences in the forma-

tion histories of M31 and MW satellites. In the bot-
tom panel, we plot ⌧90 vs. ⌧50 for the MW satellites
using literature SFHs (e.g., Brown et al. 2014; Weisz
et al. 2015) and global properties McConnachie (e.g.,
luminosity, size; 2012).
It is striking that the M31 and MW satellite popu-

lations do not share many similar trends. The M31
satellites fill out intermediate values of ⌧50 and ⌧90,
i.e., 6 . ⌧50 . 12 Gyr ago and 3 . ⌧90 . 6 Gyr ago
(the dotted blue box in Figure 3, whereas there are es-
sentially no MW satellites in that range. In terms of
quenching, the MW satellites Fornax, Carina, and Leo I
(galaxies located in the upper right region of the lower
panel) all ceased star formation within the most recent
⇠ 1 � 3 Gyr, whereas none of the M31 satellites did.
The faintest MW satellites (MV & �7) all quenched
& 12 Gyr ago, presumably due to reionization (e.g.,
Brown et al. 2014), but some of the comparably faint
M31 satellites appear to have more extended SFHs.
This may indicate that the evolution of the satellites

are coupled to the accretion history of the host galaxy.
By extension, it may be that the MW satellites do not
cover the full range of intrinsic formation histories of
low-mass galaxies.
There are several caveats with the present analysis.

First, while SFHs from MW satellites are all measured
from CMDs that reach the oldest MSTO, our new M31
data are much shallower. Consequently, we are left
with large uncertainties that may hide various trends
in the data. Moreover, our SFHs are based primarily
on the HB morphology, which is not as well an under-
stood phase of stellar evolution as the MSTO (e.g., Gal-
lart et al. 2005). However, we note that comparisons of
SFHs measured from di↵erent depths (i.e., HB vs. old-
est MSTO) generally show good agreement (e.g., Weisz
et al. 2014) as previously described. We urge appro-
priate caution against over-interpreting this generation
of M31 SFHs, particularly at ancient epochs. Second,
there are various selection e↵ects that we have not ex-
plicitly considered. One is the size of the HST field of
view relative to the size of a galaxy. In some cases, this
can lead to ⇠ 1 Gyr biases in the measured SFH rel-
ative to the true global SFH (e.g., Graus et al. 2019).

Weisz et al. 2019

Sohn et al. 2013; Boylan-
Kolchin et al. 2013



Dwarf Galaxies as Probes of Reionization

Brown et al. 2014, Garrison-Kimmel et al. 2014, Weisz et al. 2014
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Figure 4: The power of combining proper-motion measurements with measured star-formation histories
(SFHs) to understand the formation of the satellite dwarf galaxies around the Milky Way (MW).
Top left: Cumulative SFHs for ultra-faint galaxies around the MW from Brown et al. (2014). This
represents a subset of the sample of dwarf galaxies with measured SFHs, comprising ⇠ 1000 orbits of HST
imaging. The ultra-faints are likely fossils of reionization, given that almost all stars formed before the end
of reionization at z ⇠> 6 (dashed lines), but the impact of the MW halo environment at that time remains
unclear. SFHs in the more massive (“classical”) dwarf galaxies (not shown) were suppressed at much later
times, likely from the MW halo environment.
Top right: Sample MW-mass halo from our suite of 48 cosmological zoom-in simulations, all of which
include a live population of satellites, from Garrison-Kimmel et al. (2014). Our theoretical framework
(Wetzel et al., in prep.) allows us to cross-match satellites in these simulations to observed satellites at the
same distance and velocity, to predict the orbital constraints from proper-motion measurements.
Bottom row: The power of proper-motion measurements to constrain a satellite’s orbital history, based
on mock measurements in the simulations. Blue curves show how proper motion measured at z = 0
constrains the time since a satellite fell into the MW halo, using simulated satellites at the same distance
and line-of-sight velocity as the observed ones. The ultra-faint Ursa Major I (left) had its SFH suppressed
early, likely a result of reionization: high measured proper motion would demonstrate that reionization
ended star formation well before MW halo infall. Right panel shows the same for the more massive Carina,
whose SFH (Weisz et al., 2014) was suppressed at much later time, likely via the MW halo. Proper
motions will constrain each satellite’s location within the MW halo as a function of lookback time, to
understand and disentangle the e↵ects of reionization versus the MW halo environment on these SFHs.
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Figure 1: Cumulative star-formation histories (SFHs) for both ultra-faint and classical dwarf galaxies of the MW, selected from

40 galaxies with SFHs from Weisz et al. (2014), based on ⇠ 1000 orbits of HST imaging. The ultra-faints are likely fossils of

reionization, given that essentially all stars formed at z > 3 (or earlier), but the impact of the MW environment at that time

remains unclear. Proper motions directly will constrain an individual satellites orbital history and thus its location during and

after reionization, to understand and disentangle the e↵ects of reionization versus the MW halo environment on these SFHs.

cusp/core and “Too Big to Fail” problems). Unfortunately, constraining whether dwarf halos are cuspy using
projected light profiles and radial velocities has proven di�cult (e.g., Breddels & Helmi, 2013). However,
PMs of individual stars within dwarfs would break projection/orbital degeneracies (Evslin, 2015) and thus
enable measurements of their mass profiles (Strigari et al., 2007). As Figure 2 shows, such internal kinematics
already have been measured for the LMC (van der Marel & Kallivayalil, 2014). With advances in analysis
techniques and longer baselines, HST alone has the potential to measure internal kinematics of dwarfs of
the MW within 5 years, and combining with future missions will extend the baseline an additional 10+
years. This will guarantee that the 3-D motions of individual stars are measured with su�cient accuracy to
determine the mass distribution in these most dark-matter dominated galaxies, but only if we establish an
HST baseline now. This may be the only feasible way to probe the nature of dark matter on sub-kpc scales.

What about proper motions from Gaia? While Gaia is poised to provide unparalleled astrometric
accuracy in the inner halo of the MW for bright stars (V . 20), Gaia is unlikely to provide su�ciently
accurate PMs of individual satellites/streams beyond ⇠ 80 kpc to address the above science, leaving PM
measurements at larger distances the sole province of larger-aperture facilities such as HST, the James Webb
Space Telescope (JWST), and the Wide-Field Infrared Survey Telescope (WFIRST). For example, for the
Hercules dwarf (at ⇠ 130 kpc), an optimistic PM error estimate for Gaia (which does not include systematic
errors or correlated errors for neighboring stars) is 12 km s�1, insu�cient to measure its internal dynamics.
With a 5-year baseline, HST not only can obtain better bulk PM errors (⇠ 9 km s�1) but also provides
the only avenue to measure internal PMs if combined with future missions. Finally, even for some nearby
(. 80 kpc) dwarfs, their limited number of bright stars limits the precision with which Gaia can measure their
PMs, so su�ciently deep HST measurements with long time baselines still provide the best PM accuracy.
In general, HST exceeds Gaia’s performance for these systems for baselines longer than 3 years.

Requirements for proper-motion measurements. A PM measurement requires at least two epochs,
and the most important factors are (1) time baseline and (2) quality of each epoch. Only HST, using ACS
or WFC3, has demonstrated the PM accuracy (5 � 30 km s�1) needed for the above science (e.g., Watkins
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Figure 6. The distribution of LG galaxies as seen from the mid-point between the MW and M31. Note that in contrast to the previous plots, this is not plotted
in Galactic coordinates l and b. Instead, the orientation of the coordinate system was chosen such that the MW and M31 lie on the equator and the normal
to the plane fitted to all 15 non-satellite galaxies points to the north pole. The positions and orientations of the MW and M31 discs are indicated by black
ellipses. The Galactic disc of the MW is seen from the south, the Galactic south pole points to the upper right of the plot. Satellite galaxies are plotted as
crosses (+for MW, ×for M31), non-satellites are plotted as filled circles. The 1σ distance uncertainties for the galaxies result in position uncertainties in this
projection, which are indicated by the grey lines. For most galaxies they are smaller than the symbols. Galaxies within a common plane are marked with the
same colour. All MW satellites are assumed to lie in the VPOSall are plotted in blue, while the M31 satellites assigned to the GPoA are plotted in red. Most
of the non-satellite galaxies in the LG lie along one of two ‘bands’, one above and one below the plot’s central axis. The only LG galaxy not along one of the
bands is the Pegasus dwarf irregular (dIrr). It is, however, very close to the plane of M31 itself. We have indicated this by marking the satellites close to the
M31 disc plane, but not in the GPoA, in magenta.

to (l, b ) = (228.◦2+20.◦1
16.◦3

, − 19.◦7+13.◦4
− 7.◦4

), which is relatively close to
the normal vector we determined for our LG non-satellite galaxy
sample.

Sawa & Fujimoto (2005) determine a planar distribution of LG
galaxies by first investigating their positions on the sky, plotted in
Galactic coordinates as seen from the Sun. They identify a ring-like
distribution traced by most LG galaxies. To avoid parallax effects
due to the projected view, they then look at the three-dimensional
positions of the LG galaxies and identify a thin plane (they report
a thickness of 50–100 kpc without stating how it was measured)
of galaxies which they claim to be responsible for the ring-like
distribution. This plane’s normal points to (l, b) = (206◦, − 11◦).
A look at their fig. 3 reveals that those galaxies agreeing best with
their LG plane are mostly members of the GPoA, the non-satellites
IC 1613 and Phoenix which lie very close to the GPoA, and the
MW satellites, which also lie within the GPoA because it is seen
edge-on from the MW (see Section 7). Consequently, the normal
direction of the Sawa & Fujimoto (2005) LG plane is close to the
GPoA normal direction.

Pasetto & Chiosi (2007) have also determined a best-fitting plane
to the same sample of LG galaxies used by Sawa & Fujimoto
(2005) by applying a principal component analysis technique. They
report a plane normal direction of (l, b) = (− 136◦, − 28◦), corre-
sponding to (l, b) = (224◦, − 28◦) in our notation of non-negative
Galactic longitude, and a plane thickness estimate of 200 kpc with-
out specifying how this thickness was measured. Using a second
method which assumes that the line connecting the MW and M31
lies within the LG plane, they repeat their plane-fit, resulting in a
plane normal pointing to (l, b) = (− 133◦, − 27◦) (S. Pasetto, private
communication). Thus, their second plane-fit has a normal pointing
to (l, b) = (227◦, − 27◦) in our notation, which agrees well with our
plane fitted to all non-satellite galaxies in the LG.

With an rms height of almost 300 kpc, the single plane fitted to all
non-satellite galaxies is much wider than the satellite galaxy planes
around the MW and M31. Motivated by the GPoA, which consists of
only a sub-sample of M31 satellites, we look for the possibility that
there are sub-samples of non-satellite galaxies in the LG which lie in
a thinner plane. Fig. 6 shows an Aitoff projection of the distribution
of all LG galaxies as seen from the mid-point between the MW and
M31 (the origin of our Cartesian coordinate system). The angular
coordinate system for this plot is chosen such that the normal-vector
of the plane fitted to all 15 non-satellite galaxies defines the north
pole, and the MW and M31 lie along the equator at longitudes of
L′ = 90◦ and L′ = 270◦, respectively. All non-satellite galaxies
are plotted as filled points in Fig. 6, the MW satellite positions
are indicated with plus signs and those of the M31 satellites with
crosses.

Galaxies which lie within a common plane that contains or passes
close to the mid-point between the MW and M31 will lie along a
common great circle in Fig. 6. This is, for example, the case for
the M31 satellites in the GPoA (red symbols), because the GPoA
is oriented such that it is seen edge-on from the MW and therefore
also from the mid-point between the MW and M31. Two group-
ings are obvious for the non-satellites. Mostly contained in the
upper half of the plot, the LG galaxies UGC 4879, Leo A, Leo
T, Phoenix, Tucana, Cetus, WLM, IC 1613 and Andromeda XVI
(plotted in yellow) lie along a common ‘band’ (below, this group
will be referred to as LGP1). A second, smaller grouping can be
identified in the lower half of the plot, consisting of NGC 6822,
Sagittarius dIrr, Aquarius, Andromeda XXVIII and Andromeda
XVIII (plotted in green, will be referred to as LGP2). Only the
Pegasus dwarf irregular (dIrr) seems to be unrelated to these two
bands, as it lies in between them. It is, however, very close to a
number of M31 galaxies (plotted in magenta, see Section 6) which
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Figure 1: Map of the Andromeda satellite system. The homogenous PAndAS survey (irregular 

polygon) provides the source catalogue for the detections and distance measurements of the 27 

satellite galaxies20  (filled circles) used in this study.  Near M31 (ellipse), the high background 

hampers the detection of new satellites and precludes reliable distance measurements for M32 and 

NGC 205 (black open circles); we therefore exclude the region inside 2◦.5 (dashed circle) from the 

analysis. The seven satellites known outside the PandAS area (green circles/arrows) constitute a 

heterogenous sample, discovered in various surveys with non-uniform spatial coverage, and their 

distances are not measured in the same homogenous way. Since a reliable spatial analysis requires 

a dataset with homogenous selection criteria, we do not include these objects in the sample either. 

The analysis shows that satellites marked red are confined to a highly planar structure. Note that 

this structure is approximately perpendicular to lines of constant Galactic latitude, so it is therefore 

aligned approximately perpendicular to the Milky Way’s disk (the grid squares are 4◦  × 4◦). 

Planes of Satellites: Serious Problem or Distraction?

Ibata et al. 2013Pawlowski et al. 2013



JWST ERS Resolved Stellar Populations Program
PI: Dan Weisz 

JWST will resolve individual stars at larger distances, to fainter luminosities, in more crowded areas, and in 
regions of higher extinction: 

• Star Formation Histories. JWST will measure the first MSTO-based SFHs of galaxies beyond the LG, out to 
distances of ∼5 Mpc. 

• The Sub-Solar Mass IMF. JWST will easily make sub-Solar mass IMF measurements for dozens of galaxies in 
the LG, enabling a systematic search for variations at which HST observations have only hinted (e.g., Geha et 
al. 2013; Kalirai et al. 2013). 

• Proper Motions. JWST has the potential to measure proper motions for hundreds of nearby galaxies and can 
provide complete phase space information for individual stars within ∼100 kpc (e.g., Kallivayalil et al. 2015).  

resolved star science:
• Star Formation Histories. JWST will measure the first MSTO-based SFHs of galaxies beyond

the LG, out to distances of ⇠5 Mpc. Within the LG, JWST will determine ages for the hundreds
of ultra-faint dwarf galaxies that LSST is expected to discover. Our analyses of WLM and
Draco II will test the SFH reconstruction with JWST in one distant star-forming galaxy and in
one sparsely populated dormant galaxy.

• The Sub-Solar Mass IMF. JWST will easily make sub-Solar mass IMF measurements for dozens
of galaxies in the LG, enabling a systematic search for variations at which HST observations
have only hinted (e.g., Geha et al. 2013; Kalirai et al. 2013). Our analysis of Draco II will
demonstrate the power of JWST for efficiently measuring the sub-Solar IMF.

• Proper Motions. JWST has the potential to measure proper motions for hundreds of nearby
galaxies and can provide complete phase space information for individual stars within ⇠100 kpc
(e.g., Kallivayalil et al. 2015). Our analysis of M92 and Draco II will demonstrate the capabili-
ties of JWST and JWST+HST for proper motion measurements.

• Evolved Stars. The complexity of late-stage evolution for 1.5-5 M� stars remains the dominant
uncertainty for interpretation of NIR observations of galaxies (e.g., Conroy 2013). Our analysis
of WLM will demonstrate how JWST can improve our understanding of IR-bright, evolved stars.

• Extinction Mapping. JWST can map the cold ISM at ⇠10-100 pc resolution for all galaxies
out to tens of Mpc (e.g., Dalcanton et al. 2015; Gordon et al. 2016). We have pioneered these
techniques in M31 and the SMC using near-IR data from HST. Our analysis of WLM will
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Milky Way Satellites & Stellar Halo

Figure 4: Left: A CMD of NIR stellar photometry, from the VISTA Magellanic Clouds (VMC;
Cioni et al. 2011) survey, supplemented by 2MASS at the bright end. Key CMD features are
labeled, color-coded by the typical stellar age, with redder labels denoting older features. The
typical depth of WFIRST observations at different distances are labeled, assuming 60 minutes of
exposure time per filter and no crowding. Model stars were used to populate below the depth
probed from the ground. A model luminosity function is shown adjacent to the CMD to provide
relative numbers as a function of depth; in the halo, deeper observations will have higher stellar
densities, and thus greater sensitivity to halo structure. At larger distances, CMD features will be
fainter with respect to the MW foreground and background galaxy populations, making WFIRST’s
excellent star-galaxy separation necessary to select individual halo stars. Right: The rich CMD
contains information needed to make maps of the stellar population properties. Examples of such
maps, for the dust extinction (Dalcanton et al. 2015), metallicity (Gregersen et al. 2015), and
star formation rate (Lewis et al. 2015) in M31 from the PHAT project, are shown, and could be
generated for WFIRST observations with the crowded-field photometry pipeline we will develop.

potential survey strategies.

1.4 Dissecting Galaxies: Stars and Dust with WFIRST
All of the science goals in §1.1 can be met by using WFIRST’s wide-field, high-resolution camera
to image nearby galaxies and their outskirts. Those exact same observations will also be capable
of disentangling all the bright stars within the galaxies themselves. In this section, we describe
several areas in which the resulting resolved stellar photometry would lead WFIRST to transform
our understanding of galaxies’ histories, their cold dusty interstellar medium, and the fundamental
properties of the stars that dominate the galaxies’ near-infrared light.
1.4.1 Star Formation Histories
A galaxy’s star formation history (SFH) describes its rate of star formation and metal enrich-
ment over cosmic time, recording the story of how the galaxy formed and evolved. It is widely
acknowledged that SFH reconstruction from resolved stellar populations is the de facto gold stan-
dard approach (e.g., Kennicutt & Evans 2012). A galaxy’s stars encode its SFH, which can be
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FIGURE 1: JWST’s potential for resolving the local Universe. Left–A CMD of NIR stellar
photometry, from the VISTA Magellanic Cloud Survey (VMC; Cioni et al. 2011). Key CMD
features are labeled, color-coded by typical stellar age, with redder labels denoting older features;
YSOs are indicated by the blue shading. Horizontal lines indicate typical JWST CMD depths at
characteristic distances, assuming low background and no crowding. A model stellar luminosity
function is shown adjacent to the CMD. Right– In 10-50 hours of science time, NIRCam imaging
can measure MSTO-based SFHs in M83, reveal ancient HB and RR Lyrae stars in Virgo, spatially
map the cold ISM of the Antennae, and provide precise TRGB distances in Perseus. Neither HST
(poor sensitivity) nor WFIRST (coarse resolution) are capable of any of this science at these
distances. The tools and demonstrations from our program will allow JWST to expand science
currently limited to the LG to galaxies like these throughout the entire local Universe.
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