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Testing Dark Matter through Near-Field 
Cosmology 



• 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; 
Tollerud et al. 2014, 
Garisson-Kimmel et al. 
2014) 

• 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

20 Bullock • Boylan-Kolchin

All RELY  IN ONE WAY OR ANOTHER ON TOTAL 
MILKY WAY MASS

Small-scale Problems in 
Near-field Cosmology

See review by Bullock & Boylan-Kolchin 2017



Fitts et al. 2017

Pontzen & Governato 2012; Boylan-Kolchin et al. 2015; Weisz & Boylan-Kolchin 2017; Jeon et 
al. 2017; Wetzel et al. 2016; El-Badry et al. 2016.

A Possible Solution? Baryons matter!

Reionization and bursty SFH’s may provide a solution.
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Figure 14

Dark matter density profiles from full hydrodynamic FIRE-2 simulations (Fitts et al. 2016).
Shown are three di↵erent galaxy halos, each at mass Mvir ⇡ 1010M�. Solid lines show the hydro
runs while the dashed show the same halos run with dark matter only. The hatched band at the
left of each panel marks the region where numerical relaxation may artificially modify density
profiles and the vertical dotted line shows the half-light radius of the galaxy formed. The stellar
mass of the galaxy formed increases from left to right: M? ⇡ 5⇥ 105, 4⇥ 106, and 107M�,
respectively. As M? increases, so does the e↵ect of feedback. The smallest galaxy has no e↵ect on
the density structure of its host halo.

feedback on the inner slopes of dark matter halos ↵ measured at 1 � 2% of the halo virial

radii. Core-like density profiles have ↵ ! 0. The magenta stars show results from the

NIHAO hydrodynamic simulations as a function of M?/Mvir, the ratio of stellar mass to

the total halo mass (Tollet et al. 2016). The cyan stars show results from an entirely

di↵erent set of simulations from the FIRE-2 collaboration (Wetzel et al. 2016; Fitts et al.

2016; Garrison-Kimmel et al. 2017b, Chan et al., in preparation). The shaded gray band

shows the expected slopes for NFW halos with the predicted range of concentrations from

dark-matter-only simulations. We see that both sets of simulations find core formation to be

fairly e�cientM?/Mvir ⇡ 0.005. This “peak core formation” ratio maps toM? ' 108�9
M�,

corresponding to the brightest dwarfs. At ratios below M?/Mvir ⇡ 10�4, however, the

impact of baryonic feedback is negligible. The ratio below which core formation is di�cult

corresponds to M? ⇡ 106M� – the mass-range of interest for the too-big-to-fail problem.

The e↵ect of feedback on density profile shapes as a function of stellar mass is fur-

ther illustrated in Figure 14. Here we show simulation results from Fitts et al. (2016)

for three galaxies (from a cosmological sample of fourteen), all formed in halos with

Mvir(z = 0) ⇡ 1010M� using the FIRE-2 galaxy formation prescriptions (Hopkins et al.

2014 and in preparation). The dark matter density profiles of the resultant hydrodynam-

ical runs are shown as solid black lines in each panel, with stellar mass labeled, increas-

ing from left to right. The dashed lines in each panel show dark-matter-only versions of

the same halos. We see that only in the run that forms the most stars (M? ⇡ 107M�,

M?/Mvir ⇡ 10�3) does the feedback produce a large core. Being conservative, for systems

with M?/Mvir . 10�4, feedback is likely to be ine↵ective in altering dark matter profiles

significantly compared to dark-matter-only simulations.

www.annualreviews.org • Challenges to the ⇤CDM Paradigm 29



• Total mass of the Milky Way is unknown 
to a factor of five!  

Recent estimates range from 0.55 - 2.62 x 
10^12 M_sun (e.g., Gibbons et al. 2014, 
Watkins et al. 2010; Bland-Hawthorn & 
Gerhard 2017). 

• Proper Motions are a major missing 
component in the effort to measure 
masses, mass profiles (see Patel et al. 
2018). 

• Orbits also provide the dynamical 
context for other observables, e.g., SFHs 
—>  origins.



Gemini Large Program

HST and AO techniques 

15 targets, 143 hr over 3 yrs

HST Treasury Program: PI: NK

30 dwarf galaxy targets, 164 orbits

Preparation for future telescopes

NK et al. 2015; Fritz, NK et al. 2016



Internal Motions in the LMC

Geha et al. 2003; Piatek et al. 2008

No. 3, 2008 PROPER MOTIONS OF THE LMC AND SMC 1033

Figure 6. Locations on the sky in a tangent plane projection and CMDs of the 21 fields in the LMC superimposed on a map showing the distribution of young stars
from Zaritsky et al. (2004). North is up, east is to the left, and the figure is centered at (α, δ) = (5h18.m8,−68◦34′). Each field location is marked with a filled circle.
All of the CMDs have the same color and magnitude range, −1 < m606W − m814W < 2 and 26 > m606W > 14, respectively.

shows that Vrot increases with increasing Rplane. Some of the
largest values of Vrot are for L1, L11, and L16, which are in
the northern spiral arm. This suggests that the spiral arm has
a motion different from that of the rest of the disk, possibly
because of a warp in the disk plane or because it is a tidal tail.
However, other fields in the northern spiral arm, such as L4, L6,
and L18, have values of Vrot similar to those of the rest of the
disk.

Estimates of the rotation of the LMC using radial velocities
of carbon stars (K06a; van der Marel et al. 2002) and H i
(Kim et al. 1998; Olsen & Massey 2007) find Vrot increasing
approximately linearly with Rplane to a value of 60–80 km s−1

at a radius of about 275 arcmin (4.0 kpc) and roughly constant
beyond. Figure 8 shows a larger amplitude for the rotation. We
adopt a simple rotation curve that rises linearly to a radius of
275 arcmin and is constant beyond. Correcting the observed
proper motions of each field for perspective and rotation
produces an estimate of the proper motion of the center of

mass. The best estimates of the rotation curve and the center-
of-mass proper motion minimize the scatter of these estimates
around their weighted mean. We add an additional uncertainty
of 12.4 mas century−1 in quadrature to both components of the
measured proper motion of each field in order to produce a χ2

per degree of freedom of 1.0 for the best fit. The results for
the center-of-mass proper motion and amplitude of the rotation
curve at a radius of 275 arcmin are

µα,cm = 195.6 ± 3.6 mas century−1 (1)
µδ,cm = 43.5 ± 3.6 mas century−1 (2)

V275 = 120 ± 15 km s−1. (3)

These are our best estimates for these quantities. The uncer-
tainties are derived by increasing χ2 by 1.0 above the minimum
(e.g., Press et al. 1992) and so include the adopted additional un-
certainty. Estimating the uncertainties in the right ascension and
declination components of the mean proper motion from the
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Fig. 1.— The spatially variable component µ⃗obs,var of the observed LMC PM field. The

positions of 22 fields observed with HST are indicated by solid dots. The PM vector shown
for each field corresponds to the mean observed absolute PM of the stars in the given field,

minus the constant vector µ⃗0 shown in the inset on the bottom left. The vector µ⃗0 is our
best-fit for the PM of the LMC COM (see Table 1 and Paper I). PMs are depicted by a vector

that starts at the field location, with a size that indicates the mean predicted motion over

the next 7.2Myr. Clockwise motion is clearly evident. The uncertainty in each PM vector is
illustrated by an open box centered on the end of each PM vector, which depicts the region

±ξ∆µW by ±ξ∆µN . The constant ξ = 1.36 was chosen such that the box contains 68.3% of

the two-dimensional Gaussian probability distribution. High-accuracy fields (with long time

baselines, three epochs of data, and small error boxes) are shown in red, while low-accuracy

fields (with short time baselines, two epochs of data, and larger error boxes) are shown in
green. The figure shows an (RA,DEC) representation of the sky, with the horizontal and

vertical extent representing an equal number of degrees on the sky. The figure is centered

on the dynamical center (α0, δ0) of the LMC, as derived in the present paper (see Table 1).

van der Marel & NK (2014)



LMC Proper Motion Rotation Curve
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Fig. 6.— The LMC rotation curve inferred from the observed PM field as described in

Section 4.5. V is the rotation velocity in the disk at cylindrical radius R. The left and bottom
axes are expressed in angular and dimensionless units, respectively, as directly constrained

by the data. The right and top axes show the corresponding physical units, assuming an

LMC distance D0 = 50.1 kpc (m − M = 18.50). Green and red data points show the
results from individual HST fields with two and three epochs of data, respectively. Magenta

data points show the result of binning the two-epoch data points into R/D0 bins of size

0.018. The red and magenta data points are listed in Table 3. The black curve is the best-
fit parameterization of the form given by equation (2), with the surrounding black dashed

curves indicating the 1σ uncertainty.

van der Marel & NK (2014)





Gemini Large Program: Probing the dark 
halo of the Milky Way with GeMS/GSAOI

PI Tobias Fritz

Probing the dark halo of the Milky 
Way with GeMS/GSAOI 

Streams

 T. Fritz, P. Zivick, Sean Linden, N. Kallivayalil, S. Majewski, G. Damke, R. Beaton, J. Bovy, M. 
Boylan-Kolchin, R. Carrasco, R. van der Marel, T. Sohn,  R. Davies, B. Neichel



Pyxis: HST (~2009) + Gemini AO (2015) Pyxis 

Halo globular cluster 
Dsun=39.4 kpc 
M V =-6.0  
[Fe/H]=-1.45 

Fritz, Linden, Zivick, Sales et al. 2017

The Proper Motion of Pyxis 3

TABLE 1
Summary of Imaging Data

Telescope+Camera Filter MJD ExpTime [s] Nobs Resolution Notes
days [s] ′′ pixel−1

HST+ACS/WFC F606W 55115.7 517 4 0.05
55115.7 50 1 0.05 Used to recover saturated stars

F814W 55115.7 557 4 0.05
55115.7 55 1 0.05 Used to recover saturated stars

Gemini-S + GeMS/GSAOI K ′ 57030.3 120 30 0.02 Obtained in 5 6-image sets.

Fig. 1.— Pyxis images: (left) 3-color image of the three high-resolution images used in this study (blue F606W , green F814W , red K ′);
(right) GMOS-S i-band image, the GSAOI field is indicated in red and the HST field in blue. The GMOS-S image was also obtained as
part of our Long Term Gemini program, but is not used for science in this paper.

(accurate astrometry of the NGS probes in Canopus is
derived before the loop is closed). Larger dithers of 5′′

were used between each group to cover the gap regions
between detectors and to improve the derived distortion
solution for the GeMS/GSAOI data. Offsets above 1′′ re-
quires to open tip- anisoplanatic loop, apply the large off-
set and re-do the astrometry of the NGS Canopus probes,
before the observations can be continued. The sky im-
ages were obtained between the groups.
We reduce the individual GSAOI frames in the stan-

dard way using domeflats, dead pixel masks, and sky
images. The sky is constructed from off-Pyxis images be-
cause the source density for on-Pyxis images is too high.
The data is also corrected for non-linearity and craters
caused by bright stars by setting the affected pixels to
values above the saturation limits. We construct noise
maps from the data and find these to be dominated by
sky noise.
The four chips of the GSAOI images are arranged in a

2×2 grid with average separations of 120 pixels in both
the x- and y- image dimensions. For the derivation of
the distortion corrections, we treat the four chips mostly
independently, see Section 4.2. For photometry and pixel
positions, however, there are insufficient stars in any indi-
vidual chip for the derivation of a point-spread-function
(PSF). Thus, we must combine the four chips into a single

frame for each exposure using the average chip separa-
tion. Our procedure assumes that the chips are perfectly
aligned, which is not exactly true, and we will evaluate
the impact of this misalignment in our PSF modeling
(Section 3.2.2).
Most of our analysis is performed on the individual

frames, but for some purposes, like source identification,
we use the higher signal-to-noise combined mosaic image
of the 30 individual science frames. The mosaic-ed com-
bined image is constructed using the package THELI15

(Erben et al. 2005; Schirmer 2013). Each multi-extension
science image is split into single arrays in order to process
all four arrays in parallel. All arrays are corrected from
non-linearity. The master flat is constructed using the
dome flats observed with the lamp on and lamp off. The
background is constructed using a two-pass background
modeling, which is the required approach for fields that
are not totally empty. Weight maps are created based
on normalized flats and modified individually to mask
cosmic rays and hot pixels. Astrometry and distortion
correction are done using the program ”Scamp” (Bertin
2006) called from THELI. The reference catalog is con-
structed from the HST F814W image. After the astrom-
etry and distortion correction are derived, the sky back-
ground subtraction is performed on individual images in

15 Available: https://www.astro.uni-bonn.de/theli/



AO Proper Motions:

Pyxis motions are easily 
discernible from Milky 
Way foreground

8 FRITZ et al.

unresolved binaries or galaxies. We use 2-d Sersic models
to determine the true photocenters of galaxies in both the
HST and AO imaging. We use a preliminary distortion
correction to refine the locations of the sources for match-
ing across catalogs and evaluate the impact of DCR. At
the conclusion of this process, we have measurements for
450 stellar sources and 52 galaxies.

4. DERIVING THE PROPER MOTION OF THE PYXIS
CLUSTER

We describe here how we derive the proper motion of
Pyxis using HST and GSAOI data. The first step in
this process is to identify Pyxis member stars from field
stars using preliminary proper motions and an isochrone
analysis (Section 4.1). Once membership has been de-
termined, we proceed to derive detailed corrections to
the astrometry and derive position uncertainties (Section
4.2). Then, we determine the relative proper motion for
the stellar sources, including a full evaluation of the as-
trometric reference frame (Section 4.3). We summarize
our error budget in Section 4.5 before deriving the final
motion in Section 4.6.

4.1. Pyxis Membership Determination

Our observations contain both Pyxis stars and unas-
sociated field stars. The latter are usually foreground
stars in the Galactic disk, because there are few stars
around the distance of Pyxis in the halo. The target star
selection is important; firstly, because only Pyxis stars
should be used for calculating the motion, and secondly,
the Pyxis stars are also the prime reference for the distor-
tion correction (Section 4.2). Our selection is an iterative
process using photometry and astrometry.
We start with photometry. We use the optical HST

photometry, because it has higher SNR for the rather
blue Pyxis stars. To select members we use the best fit-
ting isochrone to Pyxis from Dotter et al. (2011). We
obtain this isochrone from the Dartmouth stellar evolu-
tion database (Dotter et al. 2008) which was also used by
Dotter et al. (2011). We determine by hand which offset
needs to be added to the isochrone so that it matches the
observed Pyxis star sequence. Since the majority of the
blue stars are Pyxis members (see Figure 3), the details
do not matter much for Pyxis star selection. We obtain
offsets of 18.859 magnitudes in F606W and 18.525 mag-
nitudes in F814W . This procedure corrects for distance,
extinction and imperfect zeropoints. To select Pyxis
stars we shift the isochrone slightly. The shift (0.062
mag at bright magnitudes and more at the faint end, see
Figure 3) is chosen such that the box contains nearly all
stars in the Pyxis sequence.
We then use this first sample for the first run of the

distortion correction, which uses only Pyxis stars, see
Section 4.2. However, we do not use stars brighter than
mF814W = 20.7 in the first iteration because bright stars,
which are not Pyxis members, can bias the distortion
correction severely. In two iterations we then exclude
stars whose motions diverge by more then 4σ or 0.4 pixels
= 3.9 mas yr−1 from the Pyxis proper motion. That error
is dominated by K ′-band SNR, therefore it is a function
of K-band magnitude, see Figure 3. Four stars fainter
than the limit are excluded with this cut. Of the stars
brighter than this limit, three are clearly not members,
two are clearly members, and two are borderline cases.

Fig. 3.— Final selection of Pyxis stars, using photometry and
astrometry; stars need to fulfill both criteria to be identified as
Pyxis Members (blue dots), otherwise they are non-members (red
stars). Two are unclear (gray triangles). Top: Color magnitude
diagram. The range of color is restricted on the red side, to make
the plot in the Pyxis region clearer. The Pyxis isochrone (black) is
from the Dartmouth stellar evolution database using the determi-
nation by Dotter et al. (2011). The gray lines show the selection
box. Bottom: 2D proper motion/2D offset compared to the mean
Pyxis motion. The dashed green line shows the typical error as
a function of magnitude. The solid black line shows our selection
criterion, stars above it are excluded from the sample.

We include them in our primary sample but we also check
how the proper motion changes when we exclude them.
The primary sample consists of 210 Pyxis stars.
As another test of whether our motion is sensitive to

the Pyxis selection, we widen the selection box by a fac-
tor of three. That adds 18 stars, but 7 of them are astro-
metrically not Pyxis members. Thus, this variant only
includes 11 additional stars, all of which are faint. The
impact of including these stars is smaller than of using
the two bright stars, because these stars are of lower
weight in the motion due to their SNR.
Finally we calculate whether the selection of Pyxis

stars impacts the velocity of Pyxis. Therefore we repeat
the calculation in Section 4.4 for the different Pyxis star
samples. We obtain that the uncertainty in the selection
of Pyxis stars adds an error of 0.05 mas yr−1.
As reference objects we use galaxies, because due to

tip-tilt star constraints it is not possible to select a field
with a quasar. Also galaxies are less affected by resid-
ual distortion, because since we can use several of them,

Fritz, Linden, Zivick et al. 2017

Motions relative to Pyxis

Fritz et al. 2016 arXiv:1611.08598 
 



Origin of Pyxis: connected with 
Magellanic Clouds?

Hypothesis since discovery (Irwin et al. 1995), see also Palma et al. 2000



● Associated with MC’s? Unlikely! 
● Did it form in situ? Unlikely! 

● Average distance > = 60 kpc, low gas density even in mergers (Renaud et 
al. 2016) 

●Donated by an unknown galaxy that is fully disrupted today.  
●We derive Milky Way mass is larger than 0.95 x 10^12 M_sun

Fritz, Linden, Zivick, Sales et al. 2017

Origin of Pyxis



Orbit and Origin of Segue 1: the first ultra-faint with a 
PM measurement

Segue 1 

Dsun=23 kpc 
M V =-1.5  
Mass = 6 x 10^5 M_sun 
M/L_v = 3400

Belokurov et al. 2007; Geha et al. 2009
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Figure 7. Properties of Segue 1 analogs in cos-
mological simulations. We use the ELVIS simulations
(Garrison-Kimmel et al. 2014), adjusting the surviving pop-
ulation of subhalos based on the central galaxy disk based on
the results of Garrison-Kimmel et al. (2017). Thus we effec-
tively account for the effects of the central galaxy disk. Top:
infall time of the Segue 1 analog into the Milky Way analog.
Middle: smallest distance relative the Milky Way (physical)
of the Segue 1 analog. Bottom: number of pericenters of the
Segue 1 analog relative to the Milky Way.

median value is 19.9 kpc, because halos passing close
to the Milky Way are likely to be destroyed by the
Galactic disk. Because in the DMO case the inner-
most halos are also more likely to be destroyed, analogs
in both simulations have a preferably larger pericenter
than the unweighted observations (Section 4.1). Ad-
ditionally, the infall time is preferably early. Analogs
which where already a satellite of another galaxy when
accreting have a median tinfall = 10.9 Gyrs, while the
others have tinfall = 8.8 Gyrs. Spectroscopic properties
favor very early formation of Segue 1 possibly at z ∼ 10
(Webster et al. 2016). Since this is before all infall times
derived in this work, the spectroscopy does not provide
additional constraints on the infall history of Segue 1.
In general, about one third of all satellites of MW-

like galaxies were once a satellite of another galaxy be-
fore accretion to the Galaxy (Wetzel et al. 2015). Since
most of these satellite have halo mass near 1011 M⊙,
i.e. near that of the LMC (MV = −18.1), the fact
we can exclude only galaxies with MV < −8.8 (Sec-
tion 4.2), still means that we can exclude more than
90% of the cases when the former host survived. Thus,
we assume that we can exclude all cases in which a for-
mer host galaxy survived until today. When we use all
cases and no application of the baryonic weight factor
we obtain that 45% of all analogs were once a satellite
of another Galaxy, which is now destroyed, before they
were accreted to the MW. This fraction is higher than
the general 1/3 (Wetzel et al. 2015), we speculate be-
cause tightly bound satellites like Segue 1 are more likely
delivered by massive hosts, since they will experience
stronger dynamical friction and get close to the Galaxy.
The fraction of former satellites, whose host did not sur-
vive till today, is reduced to 27% when we include the
effects of the central Galaxy disk and exclude the cases
in which the host survived until today. Also, in principle
an already destroyed host can leave a visible imprint on
the Milky Way as a sign of a past merger (Quinn et al.
1993; Kauffmann 1996). However, in all our cases the
host infall happened rather early, the two most recent
cases are 5.3 and 7.7 Gyrs ago. Thus, the fact that the
Milky Way is rather quiet (Freeman & Bland-Hawthorn
2002) and that the visible disturbances can probably be
explained by known galaxies (Laporte et al. 2017) do
not give relevant additional constraints. Therefore both
causes, accretion alone and accretion as a satellite of a
now destroyed galaxy are possible, but the first option
is preferred.

5. SUMMARY

Orbit and Origin of Segue 1: the first ultra-faint with a 
PM measurement

Fritz, Lokken, NK et al. under review

Major I, Willman 1, Canes Venatici I, Bootes, and UrsaMajor II—
can be usefully taken together as a group. They were all discovered
in the same data set with similar methods, although this does not
necessarily imply any underlying physical commonality. The lo-
cations of the 10 SDSS objects in the Galactic sky are shown in
Figure 7, together with the nine previously known dSphs. Prior to
SDSS, it had long been suspected that there may be some missing
dSphs at low Galactic latitude in the zone of avoidance (see, e.g.,
Mateo 1998). However, the SDSS objects all lie at high Galactic
latitude, as the survey is concentrated around the north Galactic
pole. It is difficult to escape the conclusion that there aremanymore
Milky Way companions waiting to be discovered. Assuming that
(1) all dwarf satellites in the area of sky covered by SDSShave been
found and (2) the distribution of dwarf satellites is isotropic, then
theremay be!50 dwarfs in all. In fact, both assumptions are surely
incorrect. Systematic surveys for all satellites in SDSS DR5 are

underway (S. Koposov et al. 2007, in preparation) and will un-
doubtedly uncover further candidates. The spatial distribution of
dwarf galaxies is a controversial issue, although the most recent
analysis of the simulation data suggests that dwarf satellites may
lie preferentially along the major axis of the mass distribution
of the host galaxy (see, e.g., Zentner et al. 2005; Yang et al. 2006
and references therein). If so, then our extrapolation to a total of
!50 dwarfs may still be a underestimate.

Figure 8 shows objects plotted in the plane of absolute mag-
nitude and half-light radius. This includes the 10 SDSS discov-
eries in the Milky Way ( filled circles) and the eight Milky Way
dSphs omitting Sgr (open circles).We have added to the sample of
SDSS discoveries two dSphs found around M31, namely, And
IX and X (Zucker et al. 2004, 2006c). Also shown are a number
of populations of extragalactic objects, such as the M31dSphs,
including the most recent three discoveries by Martin et al.

Fig. 8.—Location of different classes of objects in the plane of absolutemagnitude vs. half-light radius. Lines of constant surface brightness aremarked. Filled circles are the
SDSS discoveries including the 10 Milky Way satellites (Willman et al. 2005a, 2006; Zucker et al. 2006a, 2006b; Belokurov et al. 2006b), as well as And IX and X (Zucker
et al. 2004, 2006c). Open circles are eight previously known Milky Way dSphs with Sgr omitted (Irwin & Hatzidimitriou 1995; Mateo 1998), squares are the M31 dSphs
(McConnachie& Irwin 2006), bold squares are three newM31 dSphs recently discovered byMartin et al. (2006), and triangles are theGalactic globular clusters (Harris 1996).
Avariety of other extragalactic objects are also plotted: asterisks are the extendedM31 globular clusters discovered byHuxor et al. (2005), plus signs and crosses are UCDs in
Fornax fromMieske et al. (2002) andDe Propris et al. (2005), respectively, diamonds are the so-calledVirgo dwarf-globular transition objects (HaYegan et al. 2005), and filled
stars and inverted triangles are globular clusters from the nearby giant elliptical NGC 5128 from Harris et al. (2002) and Gómez et al. (2006), respectively. Different
measurements of the same object are connected by straight lines. The straight line connecting the Earth symbols refer to measurements byMieske et al. (2002) andDrinkwater
et al. (2003) of UCD3 in Fornax.
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Segue 1 

Dsun=23 kpc 
M V =-1.5  
Mass = 6 x 10^5 M_sun 
M/L_v = 3400

Belokurov et al. 2007



TMT and Astrometry in the Local Group

Fritz, NK et al. 2016



Conclusions

• Proper motions are key in enabling near-field 
cosmology: mass and origin. 

• Beyond Gaia/inner halo: ELT/AO, as well as 
HST - AO, provides a powerful way to obtain 
very high precision motions (for smaller star 
samples) in a relatively efficient way. FOV is 
worth considering. 

• Mass of the Milky Way is larger than 0.95 x 
10^12 M_sun.


