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In this paper, magnitudes are dereddened using the Schlegel
et al. (1998) maps, adopting the extinction coefficients of
Schlafly & Finkbeiner (2011). A heliocentric distance of 8 kpc
to the Galactic center is assumed.

2. THE 3π PS1 SURVEY AND DISCOVERY

With a spatial extent encompassing three quarters of the sky
(δ > −30°), PS1 (K. Chambers et al., in preparation) gives us
an unprecedented panoptic view of the MW and its surround-
ings. Over the course of 3.5 yr, the 1.8 m telescope, equipped
with its 1.4 gigapixel camera covering a 3◦. 3 field of view, has
collected up to four exposures per year in each of 5 bands
(g r i z yP1 P1 P1 P1 P1; Tonry et al. 2012). A photometric catalog is
automatically generated with the Image Processing Pipeline
(Magnier 2006, 2007; Magnier et al. 2008), once the individual
frames have been downloaded from the summit. The
preliminary stacked photometry used in this paper has a gP1
depth (23.0) that is comparable to SDSS g-band depth and rP1/
iP1 observations that reach ∼0.5/ ∼ 1.0 magnitude fainter: 22.8,
22.5 for r and i, respectively (Metcalfe et al. 2013).

Inspired by past searches for small stellar overdensities in
MW and M31 surveys, we apply a convolution technique
(Laevens et al. 2015, in preparation), successfully used to find
new GCs and DGs in the SDSS (Koposov et al. 2007; Walsh
et al. 2009). In a nutshell, we build a mask in (r − i, i) color–
magnitude space to isolate potential metal-poor, old, and blue
member stars that could belong to a MW satellite at a chosen
distance. This mask is applied to star-like sources in the stacked
PS1 photometric catalog. We then convolve the distribution of
isolated sources with two Gaussian spatial filters: a positive
Gaussian tailored to the size of the overdensities we are

searching for (2′, 4′, or 8′) and a negative Gaussian with a
much larger kernel (14′, 28′, or 56′), to account for the slowly
varying contamination of sources that fall within the color–
magnitude mask. By convolving the data with the sum of these
two (positive and negative) filters and accounting for the
survey’s spatial incompleteness on the arcminute scale, we
obtain maps tracking stellar over- and under-densities in PS1.
We convert these density maps into maps of statistical
significance by comparison with the neighboring regions after
cycling through distances and filter sizes. This procedure
already led to the discovery of Laevens 110 (Laevens
et al. 2014) also discovered concomitantly as Crater within
the ATLAS survey by Belokurov et al. (2014). The new
satellite, Lae 2/Tri II, is located ∼20° east of M31 and appears
as a 5.2σ detection, only slightly higher than our significance
criteria11 of 5σ tailored to weed out spurious detections.

3. FOLLOW-UP

To confirm the nature and the properties of Lae 2/Tri II,
follow-up imaging was obtained with the LBC on the Large
Binocular Telecope (LBT), located on Mount Graham, USA
during the night of 2014 October 17–18. With its 23′ × 25′ field
of view and equipped with 4 CCDs, the LBC are ideal to
follow-up MW satellites that usually span a few arcminutes on
the sky. Imaging was conducted in the g and i bands, making
use of the time-saving dual (binocular) mode using the red and
blue eye simultaneously. Six dithered 200 s sub-exposures

Figure 1. Left: the combined PS1-LBC CMD of all sources within the central 2rh region of Lae 2/Tri II. The single epoch PS1 photometry was used at the bright end
(iP1,0 < 19; squares), with LBC photometry supplementing the faint end (iP1,0 > 19; large dots). The orange dashed line indicates the separation between the LBC and
PS1 data. The red box highlights the clear main sequence of the stellar system, the blue box indicates two possible HB stars, and the green box identifies likely blue
stragglers. Right: spatial distribution of all sources corresponding to the CMD on the left. Large dots correspond to the stars falling within the red CMD box in the left
panel and show a clear overdensity. The two blue stars indicate the possible HB stars, whereas the red ellipse corresponds to the region within the favored two half-
mass–radius of the system, as inferred below.

10 Following the naming convention established in Bianchini et al. (2015).
11 These also include a check that potential detections do not also correspond
to a significant overdensity of background galaxies (Koposov et al. 2007).
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Figure 4. Left: the half I-band luminosity L1/2 versus half-light mass M1/2 for a broad population of spheroidal galaxies. Middle: the dynamical I-band
half-light mass-to-light ratio ϒI

1/2 versus M1/2 relation. Right: the equivalent ϒI
1/2 versus total I-band luminosity LI = 2 L1/2 relation. The solid line in the

left-hand panel guides the eye with M1/2 = L1/2 in solar units. The solid, coloured points are all derived using our full mass likelihood analysis and their
specific symbols/colours are linked to galaxy types as described in Fig. 2. The I-band luminosities for the MW dSph and GC population were determined by
adopting M92’s V − I = 0.88. All open, black points are taken from the literature as follows. Those with M1/2 > 108 M⊙ are modelled using equation (2)
with σlos and r1/2 culled from the compilation of Zaritsky et al. (2006): triangles for dwarf ellipticals (Geha, Guhathakurta & van der Marel 2003), inverse
triangles for ellipticals (Jørgensen, Franx & Kjaergaard 1996; Matković & Guzmán 2005), plus signs for brightest cluster galaxies (Oegerle & Hoessel 1991)
and asterisks for cluster spheroids, which, following Zaritsky et al. (2006), include the combination of the central brightest cluster galaxy and the extended
intracluster light. Stars indicate globular clusters, with the subset of open, black stars taken from Pryor & Meylan (1993).

more massive counterparts (Bovill & Ricotti 2009; Bullock et al.
2009).

4.2 The global population of dispersion-supported
stellar systems

A second example of how accurate M1/2 determinations may be
used to constrain galaxy formation scenarios is presented in Fig. 4,
where we examine the relationship between the half-light mass M1/2

and the half-light I-band luminosity L1/2 = 0.5LI for the full range
of dispersion-supported stellar systems in the Universe: globular
clusters, dSphs, dwarf ellipticals, ellipticals, brightest cluster galax-
ies and extended cluster spheroids. Each symbol type is matched
to a galaxy type as detailed in the caption. We provide three rep-
resentations of the same information in order to highlight different
aspects of the relationships: M1/2 versus L1/2 (left-hand panel),
the dynamical I-band mass-to-light ratio within the half-light ra-
dius ϒ I

1/2 versus M1/2 (middle panel) and ϒ I
1/2 versus total I-band

luminosity LI (right-hand panel).
Masses for the coloured points are derived using our full mass

likelihood approach and follow the same colour and symbol con-
vention as in Fig. 2. All of the black points that represent galaxies
were modelled using equation (2) with published σlos and r1/2 values
from the literature.13 The middle and right-hand panels are inspired
by (and qualitatively consistent with) figs 9 and 10 from Zaritsky,
Gonzalez & Zabludoff (2006), who presented estimated dynamical
mass-to-light ratios as a function of σlos for spheroidal galaxies that
spanned two orders of magnitude in σlos.

We note that the asterisks in Fig. 4 are cluster spheroids (Zaritsky
et al. 2006), which are defined for any galaxy cluster to be the sum
of the extended low-surface brightness intracluster light component
and the brightest cluster galaxy’s light. These two components are
difficult to disentangle, but the total light tends to be dominated

13 The masses for the open, black stars (globular clusters) were taken directly
from Pryor & Meylan (1993).

by the intracluster piece. One might argue that the total cluster
spheroid is more relevant than the brightest cluster galaxy because
it allows one to compare the dominant stellar spheroids associated
with individual dark matter haloes over a very wide mass range
self-consistently. Had we included analogous diffuse light compo-
nents around less massive galaxies (e.g. stellar haloes around field
ellipticals) the figure would change very little, because halo light is
of minimal importance for the total luminosity in less massive sys-
tems (see Purcell, Bullock & Zentner 2007). One concern is that the
central cluster spheroid mass estimates here suffer from a potential
systematic bias because they rely on the measured velocity disper-
sion of cluster galaxies for σlos rather than the velocity dispersion of
the cluster spheroid itself, which is very hard to measure (Zaritsky
et al. 2006).14 For completeness, we have included brightest cluster
galaxies on this diagram (plus signs) and they tend to smoothly fill
in the region between large Es (inverse triangles) and the cluster
spheroids (asterisks).

There are several noteworthy aspects to Fig. 4, which are each
highlighted in a slightly different fashion in the three panels. First,
as seen most clearly in the middle and right-hand panels, the dy-
namical half-light mass-to-light ratios of spheroidal galaxies in the
Universe demonstrate a minimum at ϒ I

1/2 ≃ 2–4 that spans a re-
markably broad range of masses M1/2 ≃ 109−11 M⊙ and luminosi-
ties LI ≃ 108.5−10.5 L⊙. It is interesting to note the offset in the av-
erage dynamical mass-to-light ratios between globular clusters and
L⋆ ellipticals, which may suggest that even within r1/2, dark matter
may constitute the majority of the mass content of L⋆ Es. Neverthe-
less, it seems that dark matter plays a clearly dominant dynamical
role (ϒ I

1/2 ! 5) within r1/2 in only the most extreme systems (see
similar results by Dabringhausen, Hilker & Kroupa 2008; Forbes
et al. 2008, who study slightly more limited ranges of spheroidal
galaxy luminosities). The dramatic increase in dynamical half-light

14 In addition, concerns exist with the assumption of dynamical equilibrium.
However, Willman et al. (2004) demonstrated with a simulation that using
the intracluster stars as tracers of cluster mass is accurate to ∼10 per cent.

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 1220–1237
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Fig. 2.— The spatial distribution of LG dwarf galaxies projected into the supergalactic X-Y

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

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

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

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

for both the MW and M31, and a zero-velocity radius of 1060 kpc for the LG.

The Local Group
Weisz et al 2014
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Discovery Timeline

4
12 of the 13 discoveries in early 2015 involved DECam

Bechtel et al 2015

exciting era for dwarf galaxies and near-field cosmology! 
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(a) (b)

Figure 2: Comparison of two z = 0 halos of masses 3 × 1014M⊙ and 3 × 1012M⊙ formed in flat ΛCDM cosmology (Ωm = 1 − ΩΛ = 0.3,
h = 0.7, σ8 = 0.9). In each case the mass distribution around the center of the halo is shown to approximately two virial radii from the center
of each halo. Both objects were resolved with similar number of particles and similar spatial resolution relative to the virial radius of the halo
in their respective simulations. I leave it as an exercise to the reader to guess the mass of the halo shown in each panel.

not easy to tell the mass of the halo by simply examining
the overall mass distribution or by counting the number of
subhalos. This is a visual manifestation of approximate (but
not exact, see, e.g., [21, 22]) self-similarity of CDM halos
of different mass. If we would compare similar images of
distribution of luminous matter around galaxies and clusters,
the difference would be striking.

The manifestly different observed satellite populations
around galaxies of different luminosities and expected
approximately self-similar populations of satellite subhalos
around halos of different mass is known as the substructure
problem [8, 23, 24]. In the case of the best studied satellite
systems of the Milky Way and Andromeda galaxies, the
discrepancy between the predicted abundance of small-mass
dark matter clumps and the number of observed luminous
satellites as a function of circular velocity (see Section 2) has
been also referred to as the “missing satellites problem.” (The
name derived from the title “Where are the missing galactic
satellites?” of one of the papers originally pointing out the
discrepancy [24].) The main goal of this paper is to review
theoretical and observational progress in quantifying and
understanding the problem over the last decade.

2. Quantifying the Substructure and
Luminous Satellite Populations

In order to connect theoretical predictions and observations
on a quantitative level, we need descriptive statistics to
characterize population of theoretical dark matter subha-
los and observed luminous satellites. Ideally, one would
like theoretical models to be able to predict properties
of stellar populations hosted by dark matter halos and
subhalos and make comparisons using statistics involving
directly observable quantities, such as galaxy luminosities.
In practice, however, this is difficult as such predictions
require modeling of still rather uncertain processes shaping

properties of galaxies during their formation. In addition,
the simulations can reach the highest resolution in the
regime when complicated and computationally costly galaxy
formation processes are not included and all of the matter
in the universe is modeled as a uniform collisionless and
dissipationless component (i.e., the component that cannot
dissipate the kinetic energy it acquires during gravitational
collapse and accompanying gravitational interaction and
relaxation processes). Such simulations thus give the most
accurate knowledge of the dark matter subhalo populations,
but can only predict dynamical subhalo properties such
as the depth of their potential well or the total mass of
gravitationally bound material. Therefore, in comparisons
between theoretical predictions and observations so far, the
most common strategy was to find a compromise quantity
that can be estimated both in dissipationless simulations and
in observations.

2.1. Quantifying the Subhalo Populations. Starting with the
first studies that made such comparisons using results of
numerical simulations [8, 24] the quantity of choice was the
maximum circular velocity, defined as

Vmax = max
!
Gm(< r)

r

"1/2

, (1)

where m(< r) = 4π
#
ρ(r)r2dr is the spherically averaged

total mass profile about the center of the object. Vmax is a
measure of the depth of the potential (the potential energy
of a self-gravitating system is W ∝ V 2

max) and can be fairly
easily computed in a cosmological simulation once the center
of a subhalo is determined. (The detailed description of the
procedure of identifying the centers of subhalos is beyond the
scope of this paper, but is nevertheless pertinent. While many
different algorithms are used in the literature [6, 9, 25–29],
all algorithms boil down to the automated search for density
peaks (most often in configuration space, but sometimes

Context: Milky Way satellites and “crises” of ΛCDM

V. Springel / Virgo Consortium

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

J. Bullock

Milky Way

(nearly) self-similar structure formation in CDM

1000s of subhalos
Abell 2744

1000s of galaxies
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“missing satellites” problem: too few observed satellites 
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disfavored by the fact that ultra-faint dwarfs appear to lie
on the continuation of the luminosity-metallicity relation of
more luminous dwarf galaxies [73].)

More practically, the extreme faintness of the majority of
dwarf satellites implies that we have a more or less complete
census of them only within the volume of ∼30–50 kpc of the
Milky Way [56, 74]. Figure 5 shows the distance to which the
dwarfs of a given luminosity are complete in the SDSS survey,
in which the faintest new dwarfs have been discovered. The
figure shows that we have a good census of the volume of
the Local Group only for the relatively bright luminosities
of the “classical” satellites. At the fainter luminosities of
the ultra-faint dwarfs, on the other hand, we can expect to
find many more systems at larger radii in the future deep
wide area surveys. The exact number we can expect to be
discovered depends on their uncertain radial distribution,
but given the numbers of already discovered dwarfs and
our current knowledge of the radial distribution of brighter
satellites (and expected radial distribution of subhalos), we
can reasonably expect that at least a hundred faint satellites
exist within 400 kpc of the Milky Way. This is illustrated in
Figure 6, which shows the luminosity function of the Milky
Way satellites corrected for the volume not yet surveyed
under different assumptions about radial distribution of the
satellites [56].

The basis for considering these extremely faint stellar
systems as bona fide galaxies is the fact that unlike star
clusters, they are dark matter dominated: that is, the total
mass within their stellar extent is much larger than the
stellar mass expected for old stellar populations [48]. The
total dynamical masses of these galaxies are derived using
kinematics of stars. (These faint dwarf spheroidal galaxies
do not have cold gas and therefore their mass profiles
cannot be measured using the gas rotation curve, as is
commonly done for more massive dIrr galaxies.) High-
resolution spectroscopy of the red giant stars in the vicinity
of each galaxy provides the radial velocities of these stars.
The radial velocities can then be modeled using using the
Jeans equilibrium equations to derive the total mass profile
[75–80]. This modeling requires certain assumptions about
the unknown shape of the stellar distribution and velocity
distribution of stars, as well as assumptions about the
shape and radial profile of the dark matter distribution.
The resulting mass profile, therefore, has some uncertainty
associated with these assumptions [75, 78, 80].

Additionally, the ultra-faint dwarfs follow scaling rela-
tions of the brighter classical satellites such as the luminosity-
metallicity relation [73] and, therefore, seem to be the low
luminosity brethren within the family of dSph galaxies.

3. Defining the Substructure Problem

As I noted above, comparison of theory and observations
in terms of the directly observable quantities such as
luminosities is possible only using a galaxy formation model.
These models, although actively explored [39, 81–87] (see
also Section 4.3) are considerably more uncertain than the
predictions of dissipationless simulations on the properties

1
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Local group dwarfs

Figure 7: Comparison of the cumulative circular velocity functions,
N(> Vmax), of subhalos and dwarf satellites of the Milky Way within
the radius of 286 kpc (this radius is chosen to match the maximum
distance to observed satellites in the sample and is smaller than the
virial radius of the simulated halo, R337 = 326 kpc). The subhalo
VFs are plotted for the host halos with maximum circular velocities
of 160 km/s and 208 km/s that should bracket the Vmax of the actual
Milky Way halo. The VF for the observed satellites was constructed
using circular velocities estimated from the line-of-sight velocity
dispersions as Vmax =

√
3σr (see the discussion in the text for the

uncertainties of this conversion).

of dark matter subhalos. Given that observed dwarf satellites
are very dark matter dominated, the dissipative processes
leading to formation of their stellar component are expected
to have a limited effect on the distribution of the dynamically
dominant dark matter. Fruitful comparison between simula-
tion predictions and observations is, therefore, possible if a
quantity related to the total mass profile can be measured in
the latter.

The first attempts at such comparisons [8, 9] assumed
isotropy of the stellar orbits and converted the line-of-
sight velocity dispersion of stars in dSph satellites, σr ,
to estimate their maximum circular velocities as Vmax =√

3σr . The admittedly oversimplistic conversion was adopted
simply due to a lack of well-measured velocity profiles and
corresponding constraints on the mass distribution at the
time. Figure 7 shows such a comparison for the classical
satellites of the Milky Way and subhalo populations in
Milky Way-sized halos formed in the concordance ΛCDM
cosmology.(I did not include the new ultra-faint satellites in
the comparison both because their Vmax values are much
more uncertain and because their total number within
the virial radius requires uncertain corrections from the
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Figure 3. Rotation curves, assuming Einasto profiles with α = 0.18, of
all resolved haloes with Vpeak > 30 km s−1 within 300 kpc of the centre
of Douglas (based on measured Vmax and Rmax values in the simulation).
Plotted as black points are the data for the MW satellites brighter than
2 × 105 L⊙ compiled in Wolf et al. (2010), with sizes proportional to the
log of their stellar masses. The cyan lines indicate strong massive failures –
subhaloes that are too dense to host any of the MW dSphs. The black lines
plot the additional subhaloes that are identified as massive failures according
to the stricter definition given in the text: haloes with Vpeak > 30 km s−1 that
are not accounted for by the dense galaxies in the observational sample. The
subhaloes with Vpeak > 30 km s−1 that are selected to host the high-density
galaxies, Draco and Ursa Minor, are indicated by dotted magenta lines, with
their associated galaxies plotted as magenta squares. The dotted lines plot
the subhaloes that are consistent with at least one of the remaining seven
dwarfs in our sample, which are allowed to reside in multiple such sub-
haloes. The grey dashed line indicates the sole subhalo of Douglas expected
to host a Magellanic Cloud (Vmax > 60 km s−1), which we exclude from
our analysis. Not plotted are 40 resolved (Vmax > 15 km s−1) subhaloes
with Vpeak < 30 km s−1. In all, Douglas hosts 12 unaccounted-for massive
failures, including eight strong massive failures that are too dense to host
any bright MW dSph.

enough to host the lower density galaxies at z = 0. The curves
correspond to Einasto profiles with α = 0.18, normalized using
the measured Rmax and Vmax values for each identified system. The
dashed grey line indicates the lone Magellanic Cloud analogue in
Douglas, defined as subhaloes with present-day Vmax > 60 km s−1

(Stanimirović, Staveley-Smith & Jones 2004), which is eliminated
from our analysis. Our cut is again less conservative than that in
Boylan-Kolchin et al. (2011): the criterion used by those authors
would eliminate approximately one additional subhalo per host, on
average (i.e. they would measure one fewer strong massive failure
per host).

The data points in Fig. 3 indicate measurements of V1/2 at r1/2

for the MW dSphs in our sample (taken from Wolf et al. 2010, who
used data from Walker, Mateo & Olszewski 2009 along with data
from Muñoz et al. 2005; Koch et al. 2007; Simon & Geha 2007

and Mateo, Olszewski & Walker 2008).2 The Wolf et al. formula
is analytically exact for spherically symmetric systems with flat
velocity dispersion profiles. However, for strongly non-spherical
systems the mass (circular velocity) at r1/2 can be underestimated
by as much as 40 per cent (18 per cent) if the satellite is viewed along
the long-axis, and similarly overestimated by as much as 50 per cent
(22 per cent) if viewed from along the short axis (Kowalczyk et al.
2013). Shifts of order 20 per cent in V1/2 in Fig. 3 (roughly the size
of the error bars on Draco and Ursa Minor) would not strongly affect
our overall conclusions. Other mass estimators in the literature (e.g.
Breddels & Helmi 2013; Jardel & Gebhardt 2013) yield results that
are consistent with those plotted in Fig. 3.

The points in Fig. 3 are sized by the log of the stellar mass of each
galaxy. Plotted in black are the low-density MW dSph galaxies. The
magenta points indicate the high-density dSphs, Draco and Ursa
Minor, which may only be associated with a single subhalo in each
host (indicated by the dotted magenta lines) when counting massive
failures. If the data points for Draco or Ursa Minor were 10 km s−1

higher (e.g. if V1/2 were underestimated), the strong massive failures
(cyan lines) would vanish but the number of massive failures (cyan
and black lines) would remain unchanged.

Fig. 4 summarizes the results of counting massive failures in the
complete set of 48 hosts, where each line corresponds to a different
assumed density profile shape. Black lines show results for our
fiducial choice, an α = 0.18 Einasto profile; also shown are the
implied distributions for NFW profiles (magenta), an underdense
Einasto (cyan; α = 0.28), and an overdense Einasto (dark yellow,
α = 0.15). The left-hand panel indicates the cumulative distribution
of massive failures and the right plots the same for strong massive
failures; also plotted as a dashed magenta line is the distribution of
1σ discrepant subhaloes from the Aquarius simulations, which we
discuss below. As explained above, the strong definition is highly
sensitive to the densest dwarf; it is likewise strongly dependent
on the density profile, with medians varying between 2 and 10 for
those chosen here. The number of massive failures, however, is more
consistent and varies by a maximum of ∼5 – the median varies from
8.5 for α = 0.28 to 13 for α = 0.15.

All of the 48 hosts contain at least two strong massive failures for
α = 0.18; using the slightly less dense NFW profile results in only
one (iHera, with Mv = 1.22 × 1012 M⊙) of the 48 hosts (2 per cent)
containing no strong massive failures.3 Even the least dense profile
considered here (α = 0.28) leads to only five hosts (10 per cent) with
no strong failures.4 These results are similar to the expectations of
Purcell & Zentner (2012), who estimated the prevalence of strong
massive failures in MW-size hosts using a semi-analytic formalism,
though in detail we have found slightly higher fractions of systems
with strong massive failures.

The problem is revealed as more serious when we enumerate all
unaccounted-for massive haloes, however. None of the ELVIS hosts
are without massive failures: the least problematic MW analogues

2 For simplicity, we exclude galaxies within 300 kpc of M31 – many of
the M31 satellites have substantial contributions from baryons within r1/2,
making a measurement of the central DM density very difficult. However, the
central masses of the M31 dSphs appear to be consistent with the MW dSphs
(Tollerud et al. 2012), and are therefore inconsistent with the subhaloes
expected to host them (Tollerud et al. 2014).
3 However, iHera does not host any LMC or SMC candidate subhaloes and
therefore remains an imperfect match to the MW satellite system.
4 For completeness sake, we note that the massive failures are drastically
reduced in number or disappear completely if we assume a strongly cored
or flat inner profile (α = 0.5−1).

MNRAS 444, 222–236 (2014)
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Figure 6. Left: the rotation curve shape of DG1 and DG2 as well as the seven THINGS dwarf galaxies. The DM rotation curves (corrected for baryons as shown in
Figure 4) are scaled with respect to the rotation velocity V0.3 at R0.3 where the logarithmic slope of the curve is dlogV/dlogR = 0.3 (Hayashi & Navarro 2006). The
small dots indicate the NFW model rotation curves with V200 ranging from 10 to 90 km s−1. See the text for further details. The best-fitted pseudo-isothermal halo
models (denoted as ISO) are also overplotted. See Section 4.2 for more details. Right: the scaled DM density profiles of DG1 and DG2 as well as the seven THINGS
dwarf galaxies. The profiles are derived using the scaled DM rotation curves in the left panel. The small dots represent the NFW models (α ∼ −1.0) with V200 ranging
from 10 to 90 km s−1. The dashed lines indicate the best-fitted ISO halo models (α ∼ 0.0). See Section 4.3 for more details.
(A color version of this figure is available in the online journal.)

mass distribution for the galaxy halo, the galaxy rotation curve
V (R) can be converted to the mass density profile ρ(R) by the
following formula (see de Blok et al. 2001; Oh et al. 2008, 2011
for more details),

ρ(R) = 1
4πG

!

2
V

R

∂V

∂R
+

"
V

R

#2$

, (4)

where V is the rotation velocity observed at radius R and G is
the gravitational constant. Here we do not de-contract the halos
since in these galaxies adiabatic contraction does not occur and
rather expansion happens as shown in Governato et al. (2010;
see also Dutton et al. 2007).

Using Equation (4), we derive the DM density profiles of
the THINGS dwarf galaxies, DG1, and DG2 as well as the
CDM halos whose rotation curves are shown in the left panel
of Figure 6. In addition, we also derive the corresponding
mass density profiles of the best-fitted ISO halo models to
the THINGS dwarf galaxies. As shown in the right panel of
Figure 6, despite the scatter, both DG1 and DG2 have shallower
mass density profiles than DM-only simulations. Instead, they
are more consistent with the THINGS dwarf galaxies showing
near-constant density DM distributions at the centers.

In Figure 7, we compare the derived DM density profiles of
DG1 and DG2 with their true full three-dimensional DM density
distribution. The inner decrease in the actual DM density profiles
of Figure 7 is due to the shape of the potential in the region below
the force resolution (86 pc). As shown in Figure 7, for DG1, the
observationally derived DM density profile robustly traces the
true values but that for DG2 it is found to be on average a
factor of three lower than its true value at the central regions.
This is mainly due to the lower gas rotation velocity of DG2
as shown in panel (f) of Figure 3, resulting in smaller velocity
gradients ∂V /∂R in Equation (4) and thus smaller densities.

However, considering the uncertainties in deriving the profile,
the recovered profile is acceptable to examine the central DM
distribution.

We determine the inner density slopes α assuming a power
law (ρ ∼ rα) and find them to be α = −0.31 ± 0.07 for DG1 and
α = −0.49 ± 0.06 for DG2, respectively. If we re-measure the
slope of DG2, excluding the innermost point which has a large
error bar, the slope is flatter (α = −0.27 ± 0.05) as indicated
by the long dashed line in the right panel of Figure 7. These
slopes deviate from the steep slope of ∼−1.0 from DM-only
cosmological simulations. The profiles of both DG1 and DG2
deviate from NFW models beyond about 10 times the force
resolution. This tells us that the baryonic feedback processes
in dwarf galaxies can affect the DM distribution in such a way
that the central cusps predicted from DM-only simulations are
flattened, resulting in DM halos characterized by a core, as found
in normal dwarf galaxies in the local universe.

5. CONCLUSIONS

In this paper, we have compared the DM distribution of the
dwarf galaxies from a novel set of SPH+N-body simulations
by Governato et al. (2010) with that of seven THINGS dwarf
galaxies to address the “cusp/core” problem in ΛCDM. The
simulations were performed in a fully cosmological context, and
include the effect of baryonic feedback processes, particularly
strong gas outflows driven by SNe. Both the simulated and the
observed dwarf galaxies have similar kinematic properties and
have been analyzed in a homogeneous and consistent manner as
described in Oh et al. (2011). The techniques used in deriving
DM density profiles were found to provide accurate results
when compared with the true underlying profiles, supporting
the veracity of the techniques employed by observers. Therefore,
this provides a quantitative comparison between the simulations
and the observations, and allows us to examine how the baryonic
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dwarf galaxies: the most significant challenges 
to the Cold Dark Matter (CDM) model
“missing satellites” problem
(probably) too few observed satellite galaxies compared with 
dark-matter subhalos in CDM 
—> Can a CDM-based model produce a satellite stellar mass 
function as observed?

“too big to fail” problem
dark-matter subhalos in CDM are too dense compared with 
observed satellite galaxies 
—> Can a CDM-based model produce a satellite dynamical 
mass (velocity dispersion) function as observed?
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possible solutions
1. dark matter is not “standard” CDM     

examples: 
A. warm dark matter 
B. self-interacting dark matter 

2. baryonic physics                                            
stellar feedback —> gas outflows —>         
dark matter cores

dwarf galaxies: the most significant challenges 
to the Cold Dark Matter (CDM) model
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The Latte Project: the Milky Way on FIRE 
simulating a Milky Way-mass galaxy with a realistic 

population of satellite dwarf galaxies at parsec resolution 
Wetzel et al 2016, ApJL submitted, arXiv:1602:05957

http://www.astrophoto.com/M82.htm

Feedback In Realistic Environments

F RE



Andrew Wetzel Caltech - CarnegieESA

SF criteria in galaxy simulations 2651

Figure 2. Gas surface density (intensity), with star-forming regions colour-
coded as red–yellow (with increasing specific SFR). The distribution of SF
varies with SF law. Local binding criteria select locally overdense regions
in all cases. A fixed density threshold works well for most of the MW disc,
but fails in the central, high-ρ regions of the HiZ model (where the mean
density is above threshold). A molecular law works reasonably well in the
outer regions of the MW model, but ‘smears’ SF among a much wider range
of gas in spiral arms; in the HiZ/starburst nucleus model it identifies all gas
as molecular. Temperature, Jeans stability, cooling rate and convergent-flow
criteria select gas at nearly all densities.

Figure 3. SFR-weighted density distribution for the simulations with differ-
ent SF prescriptions (labelled) in the MW-like (top) and starburst/HiZ (bot-
tom) disc models. The self-gravity criterion identifies the most dense regions.
A fixed density threshold simulation is dominated by SF near the thresh-
old, which is much lower than the maximum densities in the HiZ model.
A molecular criterion effectively corresponds to a much lower threshold;
for the metallicities here ≈1 cm−3. The other criteria spread the SF across
almost all the gas, even at very low densities.

selecting ‘overdensities’ at ∼1 pc would require a threshold a factor
of ∼109 larger than the threshold at ∼kpc – and the threshold we
use on those scales is already much larger than the value chosen in
most simulations!

Identifying SF with molecules (3) is reasonably similar to the
choice of a high threshold density or self-gravity, when we focus on
regions of very low mean surface density/opacity. When the average
surface density is !10 M⊙ pc−2 (at Z ∼ Z⊙), the medium is not
self-shielding and becomes atomic dominated, so these criteria all
similarly select overdense regions where rapid cooling has enabled
collapse. But as soon as the density rises much above this value, the
(dense) gas is essentially all molecular, and the criterion becomes
meaningless (distributing SF equally among all gas). This ‘smears
out’ SF in the dense gas, evident in Fig. 2 (which now appears
as if it were effectively lower resolution). In fact, for metallicities
of "0.1 Z⊙, we see in Fig. 3 that this criterion is nearly identical
to invoking a relatively low ‘threshold’ density of n0 ∼ 1 cm−3.
At lower metallicities significant differences appear (Kuhlen et al.
2011), but there is almost no difference in an instantaneous sense
between this model and a threshold density – the differences owe
to the fact that at these metallicities cooling rates are sufficiently
suppressed such that the cooling time is no longer short compared
to the dynamical time (Glover & Clark 2012).
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Ultra-high resolution 
mgas = 7000 Msun 

hgas = 1 pc (hdm = 20 pc) 
captures multi-phase inter-stellar medium 

Cooling from atoms, molecules, and 9 metals down to 10 K 
Star formation only in self-gravitating clouds: nH >100 cm-3 
Star formation efficiency: 100% per free-fall time

model for star formation
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Heating: 

Supernovae: core-collapse (II) and Ia 

Stellar Winds: massive O-stars & AGB stars 

Photoionization (HII regions)

Explicit Momentum Flux: 

Radiation Pressure 
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model for stellar feedback

http://www.astrophoto.com/M82.htm

Feedback In Realistic Environments

F RE



cosmological zoom-in simulation 
to achieve ultra-high resolution

86 Mpc
6 Mpc
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top500.org

massively parallel: 
    2048 cores 
wall time: 
    22 days 
CPU time: 
    1.1 million hours

http://top500.org


Latte: cosmological zoom-in simulation 
dark matter

M200m=1.3x1012 Msun 3 Mpc



3 Mpc

stars

Latte: cosmological zoom-in simulation 



dark matter-only simulation

300 kpc



dark matter with effects of baryons

300 kpc



stars
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Mstar = 9x1010 Msun

SFR = 3.4 Msun/yr

12 kpc
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The Latte Project: 
the Milky Way on FIRE 
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stellar mass function of satellites

Wetzel et al 2016
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stellar mass function of satellites
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stellar velocity dispersion function of satellites

Wetzel et al 2016
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stellar velocity dispersion function of satellites

Wetzel et al 2016
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velocity dispersion - mass relation

Wetzel et al 2016
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velocity dispersion - mass relation

Wetzel et al 2016
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Kirby et al 2014

mass - metallicity relation

Wetzel et al 2016
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mass - metallicity relation

Wetzel et al 2016
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Weisz et al 2014

diverse range of star-formation 
histories of satellite dwarf galaxies
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Wetzel et al 2016

diverse range of star-formation 
histories of satellite dwarf galaxies
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What causes the lack of (massive) satellite dwarf 
galaxies around the Milky Way-mass host?

1. Stellar feedback forms dark-matter cores by 
driving significant gas outflows/inflows that 
transfer orbital energy to dark matter 

2. Stellar disk of the Milky Way-mass host galaxy 
destroys satellites (via tidal shocking, etc)
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inclusion of baryons destroys 
dark-matter subhalos

dark matter in dark-matter-only dark matter in baryonic simulation
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subhalo number density profile

Mbound >1e7 Msun

subhalos in dark-matter only

Wetzel et al in prep

subhalos in baryonic
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dark-matter halo mass function

d >1000 kpc

halos in baryonic

halos in dark-matter only

Wetzel et al in prep
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dark-matter subhalo mass function

d < 300 kpc

subhalos in baryonic

subhalos in dark-matter only

Wetzel et al in prep
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satellite mass function

d < 300 kpc

subhalos in dark-matter only
galaxies in baryonic

Wetzel et al in prep
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Chan et al 2015

stellar feedback can produce dark-matter 
cores in isolated dwarf galaxies
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Figure 1. DM density profiles of haloes at z = 0. Black dashed lines represent collisionless DM-only simulations; red solid lines represent simulations with
baryons and stellar feedback. The Power radius rPow, within which N-body relaxation effects can become important, is shown with vertical black dashed lines.
The halo masses are shown in the brackets. Baryonic feedback reduces the central DM density, especially at around Mh ∼ 1011 M⊙.

We focus on z≤ 2 when profiles of haloes start to stabilize as rapid
halo growth subsides. At z = 0, the simulated haloes show a clear
tendency to form shallow central profiles at Mh ∼ 1010–1011 M⊙.
All of the profiles in this range are significantly shallower than the
NFW profile. More accurate estimate of the halo mass and stellar
mass ranges where feedback flattens central slopes will require a
larger number of simulations as our statistic are currently limited.
When profiles are measured at even smaller radii, 0.5–1 per cent of
Rvir, profiles are typically even more shallow. At z = 2 we see that
the scaling with mass shows much larger dispersion, which owes
to very bursty SF and central halo regions that are just coming out
of the fast growth stage. We later show that in intermediate mass
haloes at a fixed physical radius, DM profiles get shallower with
time.

It is interesting to notice that low-mass dwarfs with
Mh ≪ 1010 M⊙ do not develop density cores even at 1 per cent
of Rvir (which is typically only several hundreds of parsecs). As we

discuss later, only a small fraction of baryons are converted to stars
in these haloes, owing to efficient feedback and effects of the UV
background. The energy available from a small number of SNe is
not sufficient to dramatically modify the DM distribution. Around
Mh = 1010 M⊙, the slope of the inner density profile increases
rapidly with mass, indicating the development of DM cores. This
seems to be a ‘threshold’ halo mass needed to develop large cores.
As discussed in Oñorbe et al. (2015), small differences in SF his-
tories in haloes close to this threshold can result in the substantial
difference in central slopes of the DM distribution.

Finally, in haloes with mass comparable to the Milky Way (m12v
and m12i) profiles steepen again and are only slightly shallower
than NFW. These haloes have deep potential wells that can retain
a large fraction of available baryons and convert them into stars.
Baryons are actually expected to steepen the DM profiles to α < −1
owing to adiabatic contraction of DM. However, bursty feedback
largely cancels and in some cases even overcomes this expected

MNRAS 454, 2981–3001 (2015)
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We focus on z≤ 2 when profiles of haloes start to stabilize as rapid
halo growth subsides. At z = 0, the simulated haloes show a clear
tendency to form shallow central profiles at Mh ∼ 1010–1011 M⊙.
All of the profiles in this range are significantly shallower than the
NFW profile. More accurate estimate of the halo mass and stellar
mass ranges where feedback flattens central slopes will require a
larger number of simulations as our statistic are currently limited.
When profiles are measured at even smaller radii, 0.5–1 per cent of
Rvir, profiles are typically even more shallow. At z = 2 we see that
the scaling with mass shows much larger dispersion, which owes
to very bursty SF and central halo regions that are just coming out
of the fast growth stage. We later show that in intermediate mass
haloes at a fixed physical radius, DM profiles get shallower with
time.

It is interesting to notice that low-mass dwarfs with
Mh ≪ 1010 M⊙ do not develop density cores even at 1 per cent
of Rvir (which is typically only several hundreds of parsecs). As we

discuss later, only a small fraction of baryons are converted to stars
in these haloes, owing to efficient feedback and effects of the UV
background. The energy available from a small number of SNe is
not sufficient to dramatically modify the DM distribution. Around
Mh = 1010 M⊙, the slope of the inner density profile increases
rapidly with mass, indicating the development of DM cores. This
seems to be a ‘threshold’ halo mass needed to develop large cores.
As discussed in Oñorbe et al. (2015), small differences in SF his-
tories in haloes close to this threshold can result in the substantial
difference in central slopes of the DM distribution.

Finally, in haloes with mass comparable to the Milky Way (m12v
and m12i) profiles steepen again and are only slightly shallower
than NFW. These haloes have deep potential wells that can retain
a large fraction of available baryons and convert them into stars.
Baryons are actually expected to steepen the DM profiles to α < −1
owing to adiabatic contraction of DM. However, bursty feedback
largely cancels and in some cases even overcomes this expected
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simulated dwarf galaxies have bursty star formation

El-Badry, Wetzel et al 2015time
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feedback-driven gas outflows in dwarf galaxies
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fluctuations in galaxy radius at fixed Mstar
El-Badry, Wetzel et al 2015
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stellar feedback drives 
orbital anisotropy and 
dispersion

detailed stellar 
kinematics in nearby 
dwarf galaxies will 
provide robust tests of 
feedback models and 
the origin of dark-
matter cores
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“LCDM predicts…” 
(dark energy + cold dark matter)

A Modest Proposalx
“LCDMB predicts…” 
(dark energy + cold dark matter + baryons)
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The Latte Project: 
the Milky Way on FIRE
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