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Ultra-Faint Intrigue
[M* ∼ (0.1–1) × 104 M⦿; Mhalo ~ 108 M⦿]

•

How do galaxies populate the lowest
mass halos?

•
•

Missing Satellites Problem (e.g.,
Klypin et al. 1999; Moore et al.
1999; see Nierenberg+ 2016 at
Figure
7
higher
z)
The Missing Satellites Problem: Predicted ⇤CDM substructure (left) vs. known Milky Way
Low densities
dwarf
galaxies:
satellites
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image
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left shows the ⇤CDM dark matter distribution within a sphere
of core
radius vs.
250 kpc
around
center
a Milky-Way
size dark matter halo (simulation by V.
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andtheToo
Bigof to
Fail
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T. Kelley in collaboration
the authors). The image on the right (by M. Pawlowski
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Boylan-Kolchin
et al. with
2011;
in collaboration with the authors) shows the current census of Milky Way satellite galaxies, with
Garisson-Kimmel et al. 2014;
galaxies discovered since 2015 in red. The Galactic disk is represented by a circle of radius 15 kpc
et al.
at Ostriker
the center and
the 2019)
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 .
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How many Magellanic satellites does LCDM predict?
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The Infalling LMC system

NK et al. 2018; Sales et al. 2017
See also: Jethwa et al. 2016; Yozin and Bekki 2015; Deason et al. 2015

Gaia DR2 PMs of Ultra-faints: Hydrus 1
Kallivayalil et al.

op: our selection process for Car2. Green plus signs show the
c member stars that make it through our quality cuts; yellow, blue,
are consistent with the spectroscopic PMs. Red stars are from our
kground” ﬁeld, blue stars are target members that get cut due to our
s selection, and yellow stars (without plus signs overlaid) are 14
members, used in addition to the spectroscopic members for the
on. A PARSEC isochrone is overlaid for illustrative purposes.
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Figure 2. Top: same as Figure 1, but for Hyi1. In this case, we add eight new
members to the 30 spectroscopic members, some of which are relatively brigh
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Note.Predicted PMs and radial velocities from the simulation for the set of dwarfs without measured radial veloc
being associated with the LMC based on their large distances from its orbital plane. The ﬁrst column lists the
predictions. The next three columns list the results of running our pipeline, using the predicted PM values as a star
stars found to be consistent with this prediction, and if more than 3, then their weighted-average PMs.

Orbital Poles of successfully measured systems

Figure 5. Direction of the axis of orbital angular momentum of LMCa debris
(gray density contours enclose from the innermost to the outermost lines

the satellites with 3D
LMCa system. Figure
the orbital poles, which
for infalling groups, for
and for the subset of
region of angular mom
Ret2 are clearly con
direction of the LMC
signiﬁcance as represe
the same region. Dr
consistent within their
the poles are calculate
Carlo drawings over th
X, Y, Z and VX, VY and
We next consider t
velocities of the debris
dwarfs. Following S17
the LMCa system that l
of the dwarfs. We ch
their Galactocentric V
Figure 6, the correspo
± 20% range (red reg
errors. The radius an
maximize the total nu
given region of sky,
NK
et al. velocity
2018 histo
predicted
At least four dwarfs

Velocities and Distances

NK et al. 2018
−1

Predictions for galaxies without PMs: Phx2

NK et al. 2018; see also Pace & Li 2018

- Newly measured RV from Fritz et al. 2018

Orbital modeling of satellites associated with the
MCs
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Figure 2. Probability of being
the LMC 5 Gyr ago as a function of satellite mass for the ultra-faint dwarfs. For each LMC mass, we
&space
Belokurov
Monte Carlo sampled the satellite’sErkal
6d phase
position (as2019
well as the
LMC’s) and integrate the orbit backwards to determine whether the satellite is bound. As the LMC’s mass is increased, we find that the satellites

Consistent with LCDM?

Satelli
Jahn et al. 2019
- See also Munshi et al. 2019

dSphs: new Gaia DR2 PMs;
Helmi et al. 2018
Pardy et al 2019: case for
Carina and Fornax
But see Erkal & Belokurov 2019

Figure 5. Cumulative z = 0 count of satellite galaxies above a given stellar mass within one virial rad

Conclusions
•

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

•

We conclude that four ultra-faint systems Hor1, Car2, Car3,
and Hyi1) are members of the Magellanic Cloud system.

•

Another 4 galaxies (Phx2, Dra2, Hya2 and Ret 2) are highly
likely members.

•

Carina and Fornax are two dSphs that may be associated with
the LMC system.

•

Consistent with LCDM LMC mass systems?

