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Figure 9. Cumulative subhalo abundance as a function of maximum sub-
halo circular velocity. The top panel shows the raw measurements from the
simulations, while in the bottom panel, we have applied the correction of
equation (10) to compensate approximately for the impact of the gravita-
tional softening on Vmax. We show results for five simulations of the Aq-A
halo carried out with differing mass resolution. The dashed line is the fitting
function given for their own simulations by Reed et al. (2005), which also
accurately matches the result for the ‘Via Lactea I’ simulation (Diemand
et al. 2007a). This is clearly inconsistent with our own data.

showing that we are really seeing the same subhaloes, and that
they are reproduced with the same maximum circular velocity in
all the simulations. This suggests that we are also achieving good
convergence for the internal structure of individual subhaloes, an
issue that we will investigate further below.

However, it is worth noting that the individual measurements
for the velocity functions peel away from their higher resolution
counterparts comparatively early at low velocities, which suggests
worse convergence than found for the subhalo mass functions at
the low-mass end. This behaviour can be understood as an effect
of the gravitational softening length ϵ, which lowers the maximum
circular velocities of subhaloes for which rmax is not much larger
than ϵ. To estimate the strength of this effect, we can imagine that
the gravitational softening for an existing subhalo is adiabatically

lowered from ϵ to zero. The angular momentum of individual par-
ticle orbits is then an adiabatic invariant. Assuming for simplicity
that all particles are on circular orbits, and that the gravitational
softening can be approximated as a Plummer force with softening
length ϵ, the expected change of the maximum circular velocity is
then

V ′
max = Vmax [1 + (ϵ/rmax)2]1/2. (10)

In the lower panel of Fig. 9, we plot the cumulative velocity func-
tions for these corrected maximum circular velocities. Clearly, the
measurements line up more tightly down to lower Vmax, demonstrat-
ing explicitly that the convergence in the number of objects counted
as a function of (corrected) circular velocity is in principle as good
as that counted as a function of mass. Note that a similar correction
can also be applied to the measured rmax values. However, for the
remainder of this paper, we focus on the raw measurements from the
simulations without applying a gravitational softening correction.

The dashed line in Fig. 9 shows the fit which Reed et al.
(2005) quote for the subhalo abundance as a function of max-
imum circular velocity in their own simulations, N(>Vmax) =
(1/48)(Vmax,sub/Vmax,host)−3. Diemand et al. (2007a) found this for-
mula to fit the results from their own Via Lactea I simulation very
well. Fig. 9 thus confirms the indication from subhalo mass fractions
that our simulations show substantially more substructure than re-
ported for Via Lactea I. This is particularly evident at lower subhalo
masses which are unaffected by the small number effects which
cause scatter in the abundance of massive subhaloes. With the help
of J. Diemand and his collaborators, we have checked that this abun-
dance difference is not a result of the different subhalo detection
algorithms used in our two projects.

We do not think that this discrepancy can be explained by halo-to-
halo scatter since it is much larger than the variation in substructure
abundance among our own sample of haloes. This is demonstrated
in Fig. 10, which shows the cumulative subhalo abundance dis-
tributions within r50 as a function of maximum subhalo circular
velocity for all our resolution level 2 haloes. We plot subhalo count

Figure 10. Cumulative subhalo abundance as a function of maximum sub-
halo circular velocity in units of the circular velocity of the main halo at
r50. We show results for all six of our haloes at resolution level 2, and in
addition we include our highest resolution result for the Aq-A-1 run. For
comparison, we overplot fitting functions for the Via Lactea I and Via Lactea
II simulations (Diemand et al. 2007a, 2008), appropriately rescaled from a
normalization to Vmax,host to one by V50,host.
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that our simulations show substantially more substructure than re-
ported for Via Lactea I. This is particularly evident at lower subhalo
masses which are unaffected by the small number effects which
cause scatter in the abundance of massive subhaloes. With the help
of J. Diemand and his collaborators, we have checked that this abun-
dance difference is not a result of the different subhalo detection
algorithms used in our two projects.

We do not think that this discrepancy can be explained by halo-to-
halo scatter since it is much larger than the variation in substructure
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Figure 10. Cumulative subhalo abundance as a function of maximum sub-
halo circular velocity in units of the circular velocity of the main halo at
r50. We show results for all six of our haloes at resolution level 2, and in
addition we include our highest resolution result for the Aq-A-1 run. For
comparison, we overplot fitting functions for the Via Lactea I and Via Lactea
II simulations (Diemand et al. 2007a, 2008), appropriately rescaled from a
normalization to Vmax,host to one by V50,host.
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all the simulations. This suggests that we are also achieving good
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Major Questions

Are galaxies like the Milky Way satellites contributors to or 
victims of reionization? 

!

When and how is star formation suppressed in low-mass galaxies? 

!

Does ΛCDM + known physics explain the abundances, kinematics, 
and star formation histories of low-mass galaxies?



Galaxies at Cosmic Dawn
8 R.J. McLure et al.

Figure 3. The left-hand panel shows our new determination of the UV-selected galaxy luminosity function at redshift z = 7. The data-points have been derived
using a combination of our photometric redshift analysis and an implementation of the step-wise maximum likelihood (SWML) method of Efstathiou, Ellis &
Peterson (1988); see text for details. The thick solid red line shows the best-fitting Schechter function derived using the parameteric STY maximum-likelihood
technique applied simultaneously to the first seven survey fields listed in Table 1. For comparison, we also show a straight-forward �2�fit to the binned
SWML data (thick black line). The right-hand plot shows the same information for our new determination of the z = 8 luminosity function. To derive the
z = 8 luminosity function we have also incorporated the information derived from our own reduction and analysis of the BoRG dataset.

which provide our basic determination of �(M1500, z), without re-
lying on the assumption that the luminosity function obeys a par-
ticular functional form. However, in order to compare with previ-
ous results and to study the redshift evolution of the galaxy lumi-
nosity function, it is also desirable to derive parametric fits to the
galaxy luminosity function. Therefore, in order to derive Schechter-
function fits to the galaxy luminosity function we have also imple-
mented a version of the parametric maximum-likelihood technique
of Sandage, Tammann & Yahil (1979); hereafter STY.

When defining the likelihood, both techniques rely on the as-
sumption that, at a given redshift, the probability of observing a
galaxy of a given luminosity can be defined as follows:

p
i

/ �(L
i

)
R

Llim
1 �(L)dL

(1)

where L
lim

is the limiting luminosity of the survey. Ideally this
should be implemented in the situation where each galaxy has a
unique spectroscopic redshift and luminosity. In the absence of
this information, our implementation does the next best thing and
adopts the normalized probability density function for each high-
redshift candidate, with the absolute UV magnitude (M1500), cal-
culated using a top-hat filter at 1500Å in the rest-frame of the best-
fitting SED template, re-calculated at each step within the p(z). The
overall best-fit is determined by maximizing the following likeli-
hood:

L =
Y

j

Y

i

p
i

(2)

where the outer product symbol indicates that the maximum likeli-
hood is calculated over j separate survey fields, each with its own
limiting luminosity.

One of the key strengths of both techniques is that they take
no account of the absolute number density of objects and should
therefore be relatively insensitive to the effects of cosmic struc-
ture. However, as a result, it is necessary to determine the overall

normalization of the resulting galaxy luminosity-function estimates
independently. In each case, we have derived the luminosity func-
tion normalization by requiring that the maximum-likelihood lumi-
nosity function estimates reproduce the cumulative number counts
of observed galaxies within the appropriate redshift and absolute-
magnitude intervals.

4 THE GALAXY LUMINOSITY FUNCTION RESULTS

In Fig. 3 we show our new determinations of the UV-selected
galaxy luminosity functions at z = 7 and z = 8. In each panel
the data-points have been derived using the SWML technique, and
include error estimates which have been derived via boot-strap re-
sampling of the underlying high-redshift galaxy sample. In Table 2
we provide the individual, step-by-step, SWML determinations of
the z = 7 and z = 8 luminosity functions and their corresponding
uncertainties.

In each panel of Fig. 3 the thick red line shows our best-fitting
Schechter function as derived via our implementation of the STY
maximum-likelihood technique, which is constrained via a simul-
taneous fit to all relevant survey fields (as listed in Table 1). The
confidence intervals on the derived faint-end slope and characteris-
tic magnitude from our STY fits at z = 7 and z = 8 are shown in
Fig. 4 and the best-fitting Schechter-function parameters are listed
in Table 3.

As can be seen from the results presented in Fig. 3, the ad-
ditional dynamic range in luminosity provided by combining the
new UDF12 dataset with the wider area GOODS-S, CANDELS-
UDS and BoRG datasets has allowed an accurate determination
of the z = 7 and z = 8 luminosity functions spanning a factor
� 50 in UV luminosity. In particular, the new UDF12 dataset has
allowed us to constrain the form of the luminosity function as faint
as L  0.1L? for the first time. As can be seen from the results
presented in Table 3, our new analysis has confirmed that the lumi-

c� 0000 RAS, MNRAS 000, 000–000

Hubble Ultra-Deep Field

McLure et al. 2013; also Oesch et al. 2013, Illingworth et al. 2013

dark matter halo 
mass of the hosts 
of these galaxies?



Galaxies at Cosmic Dawn

MBK et al. (in preparation)

Halo-galaxy relation at z=8

abundance matching
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HUDF limit: 
Schenker et al. 2013
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Reionization limit: 
Robertson et al. 2013
(4� 40)⇥ 107 M�



Galaxies at Cosmic Dawn

Main progenitors of 
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(~10 remnants at z=0)
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the Milky Way

MBK et al. (in preparation)



V. Springel / Virgo Consortium

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

J. Bullock

ΛCDM vs. the Milky Way, Round 1: Missing Satellites
Klypin et al. 1999, Moore et al. 1999



Number mismatch: can be explained through (1) additional ultra-faint satellites 
and (2) galaxy formation processes (supernova feedback, reionization)???

ΛCDM vs. the Milky Way, Round 1: Missing Satellites
Klypin et al. 1999, Moore et al. 1999



Aquarius project: Springel et al. (2008)
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New frontier: compare kinematic 
observations with predictions from 
simulations (structure of satellites)



Problems are not just in abundances

MBK, Bullock, & Kaplinghat 2011, 2012

The MW’s bright satellites in !CDM 1207

Figure 2. Left-hand panels: circular velocity profiles at redshift zero for subhaloes of the Aquarius B halo (top; Mvir = 9.5 × 1011 M⊙) and E halo (bottom;
Mvir = 1.4 × 1012 M⊙) that have V infall > 30 km s−1 and Vmax(z = 0) > 10 km s−1 (excluding MC candidates). Measured Vcirc(r1/2) values for the MW
dSphs are plotted as data points with error bars. Each subsequent panel shows redshift-zero rotation curves for subhaloes from the left-hand panel with the 10
highest values of Vmax(z = 0) (second panel), V infall (third panel) or Vmax(z = 10) (fourth panel). In none of the three scenarios are the most massive subhaloes
dynamically consistent with the bright MW dSphs: there are always several subhaloes more massive than all of the MW dSphs. (Analogous results are found
for the other four haloes.)

these haloes are markedly inconsistent with the dSphs, reinforcing
the results of Section 3.1. However, most subhaloes that are massive
at z = 0 were also massive in the past, a point that is emphasized in
the two right-hand panels of the figure: the bright MW dSphs are
also inconsistent with either the most massive subhaloes in terms
of V infall or those defined by their mass at z = 10 (a possible proxy
for the mass at reionization). Even for Aq-B, the lowest mass host
halo in the sample, four of the 10 most massive subhaloes are more
massive than any of the dSphs, independent of the definition of
subhalo mass.

The agreement between MW dSphs and massive subhaloes is
even worse for the other five Aquarius haloes. In Fig. 3, we compare
the redshift-zero rotation curves of subhaloes from each of the six
Aquarius haloes to the observed values of Vcirc(r1/2) for the bright
MW dSphs. As in Fig. 2, we plot only haloes with V infall > 30 km s−1

and Vmax(z = 0) > 10 km s−1. Subhaloes that are at least 2σ more
massive than every dwarf (at r1/2) are plotted as the solid curves;
these are the ‘massive failures’ discussed in BBK, and each halo has
at least four such subhaloes. Fig. 3 shows that each halo has several
other subhaloes with V infall > 30 that are unaccounted for as well:
for example, halo B has three subhaloes that are not massive failures
by our definition but that are inconsistent at 2σ with every dwarf
except Draco. Even ignoring the subhaloes that are completely unac-
counted for (and are yet more massive than all of the MW dSphs), the
remaining massive subhaloes do not resemble the bright MW dSph
population.

3.3 High-redshift progenitors of massive subhaloes

To investigate the possible impact of reionization on our results, we
show the evolution of the progenitors of all subhaloes with V infall >

30 km s−1 in Fig. 4. The solid curve shows the median M(z), while
the shaded region contains 68 per cent of the distribution, centred
on the median, at each redshift. For comparison, we also show
Tvir(z) = 104 K (the temperature at which primordial gas can cool
via atomic transitions) and 105 K (dashed lines), as well as the
mass Mc(z) below which at least half of a halo’s baryons have been
removed by photoheating from the UV background (Okamoto et al.
2008). Subhaloes with V infall > 30 km s−1 lie above Mc and Tvir =
104 K at all redshifts plotted, indicating that they are too massive
for photoionization feedback to significantly alter their gas content
and thereby inhibit galaxy formation.

Fig. 5 focuses on the z = 6 properties of these subhaloes. It
shows the distribution of halo masses at z = 6 for ‘massive fail-
ures’ (open histogram) and the remaining subhaloes (filled his-
togram), which are possible hosts of the MW dSphs. The massive
failures are more massive at z = 6, on average, than the poten-
tially luminous subhaloes. This further emphasizes that reioniza-
tion is not a plausible explanation of why the massive failures
do not have stars: the typical massive failure is a factor of 10
more massive than the UV suppression threshold at z = 6. Im-
plications of this result will be discussed in Boylan-Kolchin et al.
(in preparation).

C⃝ 2012 The Authors, MNRAS 422, 1203–1218
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

“Too big to fail”: too much mass in centers of the most massive 
simulated DM subhalos relative to observations

1210 M. Boylan-Kolchin, J. S. Bullock and M. Kaplinghat

or M600. Furthermore, we have attempted to correct for the numeri-
cal effect of gravitational softening that affects M300 at the ∼20 per
cent level in simulations with the force resolution of Aquarius level
2. This results in a decrease in the derived Vmax values relative to
the uncorrected case: haloes of a fixed Vmax have larger M300 values
after applying the correction. While our approach is somewhat more
detailed than that of Madau et al. (2008a) and Kuhlen (2010), our
results are generally consistent with those studies, and with Strigari
et al. (2007b). Our results are also consistent with those of Strigari,
Frenk & White (2010), who have tested whether photometric and
kinematic data on five of the bright dSphs are in accord with the
gravitational potentials of Aquarius subhaloes. They found good
matches in each of the five cases, but always in systems with Vmax

values of 10–30 km s−1, never in more massive haloes. We find
somewhat smaller Vmax values for Draco, Leo I, Ursa Minor and
Sculptor than Peñarrubia et al. (2008), likely because they adopted
the Vmax–rmax relation for field DM haloes: Springel et al. (2008)
find that the Aquarius subhaloes are systematically denser than field
haloes, with an offset of 0.2 dex in rmax at fixed Vmax.

4.2 Comparison to !CDM predictions

We are now in a position to directly compare observations and the-
oretical predictions for the hosts of the MW dSphs. The left-hand
panel of Fig. 6 shows the luminosity functions of the MW and M31
(solid black and grey curves) compared to the predicted luminosity
functions from the Aquarius simulations using abundance match-
ing, with M⋆/LV = 2 (dotted curves). The abundance matching
relation itself is computed by equating subhalo abundances from
the Millennium and Millennium-II Simulations (closely following
Guo et al. 2010) to galaxy abundances from the SDSS (Li & White
2009), with a power-law extrapolation to lower halo masses. While
few of the simulated haloes have subhaloes massive enough to host
the MW’s brightest satellites, the MCs (Boylan-Kolchin et al. 2010;

Boylan-Kolchin, Besla & Hernquist 2011a; Busha et al. 2011), the
agreement on the dSph scale (MV > −14) is remarkably good in
five of the seven haloes. Note that this agreement is not built into
the abundance matching model: it results from the MW satellite
luminosity function having both the same slope and the same am-
plitude as the extrapolation of the field galaxy luminosity function to
(much) lower luminosities than can currently be probed statistically,
which is non-trivial.

The masses of the subhaloes that abundance matching predicts
should host the dSphs are very different from those of the observed
dSphs, however; this important point is illustrated in the right-hand
panel of Fig. 6. The black squares with errors show the Vmax values
of the MW dSphs derived in Section 4.1, while the magenta circles
show the measured Vmax values from one of the numerical sim-
ulations that matches the luminosity function well (also coloured
magenta in the left-hand panel of Fig. 6). The Vmax values of the
simulated subhaloes are systematically higher than those of the
MW dSphs. It is therefore not possible to simultaneously match the
abundance and structure of the MW dSphs in standard galaxy for-
mation models based on dissipationless "CDM simulations. While
there are many subhaloes that match the structure of the bright MW
dSphs, these are not the subhaloes that are predicted to host such
galaxies in "CDM.

The observed densities of MW satellites are very difficult to
reconcile with "CDM-based galaxy formation models, where the
stellar content of a galaxy is strongly coupled to V infall. To highlight
the problem, we plot the inferred star formation efficiency – ϵ⋆ ≡
M⋆/(f bMinfall), where f b = $b/$m is the universal baryon fraction –
as a function of Minfall in Fig. 7. The ellipses show 1σ uncertainties
(note that the direction of the ellipses is due to the inverse correlation
between ϵ⋆ and Minfall at fixed M⋆). This relation is well constrained
at z = 0 in the context of abundance matching for M⋆ > 108.3 M⊙
[approximately the completeness limit of the Li & White (2009)
stellar mass function, corresponding to Mhalo = 6 × 1010 M⊙]. The

Figure 6. Left-hand panel: observed luminosity functions for the MW and M31 (thick solid lines) compared to abundance matching predictions based on the
Aquarius simulations (thin lines, with Aq-E plotted in magenta; M⋆/LV = 2 is assumed). Right-hand panel: values of Vmax computed in Section 4.1 for the nine
luminous MW dSphs (square symbols with errors), along with Vmax(z = 0) values of the subhaloes with MV < −8 (magnitudes are assigned by abundance
matching) from the halo that best reproduces the luminosity function in the left-hand panel (Aq-E). While numerical simulations combined with abundance
matching reproduces the luminosity function of MW satellites, the structure of the dSphs’ hosts in this model does not match observations: the simulated
subhaloes are much more massive (have larger values of Vmax) than the dSphs.

C⃝ 2012 The Authors, MNRAS 422, 1203–1218
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS



Statistics for TBTF:

ELVIS suite (Garrison-Kimmel, MBK, Bullock, Lee 2014):	


• 24 MW-mass halos in Local Group analogs	


• 24 isolated MW-mass halos	


• WMAP-7 cosmology	


!

Approximately 15 TBTF subhalos per host 
(Garrison-Kimmel, MBK, Bullock, Kirby 2014)	


(an aside: MW satellites are not a good 
data set for precision cosmology)

6 S. Garrison-Kimmel et al.

Figure 2. Visualizations of the ELVIS pairs, shown in cubes 1.5 Mpc on a side, each centered on the mean center of the pair with names
given.

c
� 2013 RAS, MNRAS 000, 1–22



Reionization: not effective for these halo masses

Suppressed by UV background	

(Okamoto et al. 2008)

Median mass for subhalos 
with  Vpeak > 30 km/s 

MBK, Bullock, & Kaplinghat 2012 



Baryonic solution to Too Big to Fail?
• UV suppression not effective; star formation feedback?	


• Simulations, analytic estimates agree on mass scale: M★ = (3-10)x106 Msun 
Governato++, Onorbe++, Penarrubia++, Garrison-Kimmel++	


• But: require environmental influences to reduce MW satellite densities 
(Zolotov et al. 2012; Arraki et al. 2013)

700 kpc

3 Mpc



Garrison-Kimmel, MBK, Bullock, & Lee (2014)
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M
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Look at objects beyond the influence of the Local Group



Isolated galaxies look just like satellites12 E. N. Kirby et al.
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Figure 10. Velocity dispersion versus luminosity for Local Group
dwarf galaxies. The symbols are the same as in Fig. 9.

lem. TBTF can be viewed in terms of the maximum circular
velocity of a subhalo (vmax) and its radius when it achieved
that circular velocity (rmax). Both vmax and rmax are derived
from the directly observable quantities σv and rh. Because
the isolated and satellite galaxies are not obviously distinct
in the σv–rh plane, environment is not an obvious cause of
TBTF.

Another way to frame TBTF is that dark matter simu-
lations predict more dense satellites than are observed. How-
ever, the field of the Local Group has no galaxy denser than
the densest satellite of the MW or M31. Therefore, the iso-
lated galaxies, which are minimally affected by the gravita-
tional and ram pressure influences of the large spiral galax-
ies, also exhibit the same range of structural properties that
give rise to the TBTF problem for satellite galaxies.

Of course, the Milky Way and M31 do tidally
disturb some of their dSph satellites, like Sagittarius
(Ibata, Gilmore, & Irwin 1994) and Hercules (Deason et al.
2012). Brooks & Zolotov (2013) predicted that these tidal
forces would cause satellite galaxies to have a lower circu-
lar velocities than field dwarf galaxies in the same lumi-
nosity range. Fig. 10 shows velocity dispersions (not circu-
lar velocities) versus luminosities for both field and satellite
dwarf galaxies. Circular velocities and velocity dispersions
are not proportional when the stars are rotating, but most
of the galaxies in our sample do not have stellar rotation.
The galaxies do not separate any more in this space than
in the space of velocity dispersion versus half-light radius.
The 2-D K–S test between the field and satellite galaxies
with LV /L⊙ > 106 returns a probability of 95 per cent that
the galaxies are drawn from the same population. Account-
ing for rotational support reduces the probability only to
89 per cent. Therefore, our observations impose limitations
on both (1) proposed mechanisms for the transformation of
dIrrs into dSphs and (2) environmental solutions to TBTF

whether the problem is considered in terms of half-light ra-
dius or luminosity.

We have considered only one dynamical tracer popula-
tion: red giants. All of the galaxies in our sample except Ce-
tus also have gas. We have also made only the most basic es-
timate of dynamical mass (M1/2). A worthwhile prospect for
future work is to construct detailed models of the mass pro-
files of the galaxies we observed. For example, Adams et al.
(2012) constructed such a model for NGC 2976. Our indi-
vidual stellar velocities are available in Table 2 for interested
modelers. Gas maps from LITTLE THINGS (Hunter et al.
2012) add value to the stellar velocities. Taken together, the
stellar and gas kinematics can be used to make some of the
most detailed mass profiles of galaxies yet. These profiles
would be relevant to understanding the role of environment
in the formation and evolution of dwarf galaxies, solving
the TBTF problem and determining whether dwarf galaxies
have cusped or cored dark matter profiles.
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Universal stellar mass — stellar metallicity relation
Mass–Metallicity Relation for Dwarf Galaxies 11

relies on the photometric temperatures and gravities of
the stars, but those values are much less sensitive to age
than [Fe/H]phot is.

3.4. Selection Biases

Certain aspects of our experimental design could bias
our metallicity distributions against metal-rich or metal-
poor stars. Although we performed almost no selection
on color within the reasonable bounds of the RGB, the
photometric catalogs have a color bias for the faintest
stars. For example, the photometry for NGC 6822 has
a magnitude limit of V0 ∼ 22.3 and I0 ∼ 22.5. Stars
fainter than these limits have photometric errors greater
than 0.1 dex. The dashed, gray line in Figure 2 shows
the V0 limit, which is more restrictive than the I0 limit
for RGB colors. The magnitude limit imposes a slight
color bias against red stars for the faintest stars in our
NGC 6822 sample. This bias is very small because many
stars fainter than the 0.1 dex error limit are still included
in our sample. Furthermore, the excluded portion of the
RGB—had we been able to include it—would have com-
prised less than 5% of our spectroscopic sample. We
deem this bias as negligible.
There is also a bias in the sense that galaxies have

radial metallicity gradients (e.g., Mehlert et al. 2003;
Kirby et al. 2011a). When a galaxy has a metallicity
gradient, it is almost always in the sense that the inner-
most stars are more metal-rich than the outermost stars.
Our sample could have a bias against the outer, metal-
poor stars because most of our slitmasks were placed at
the centers of their respective galaxies. This bias is es-
pecially applicable to the dSphs, which are closer than
the dIrrs and therefore have larger angular sizes. For-
tunately, most of the stars in both dIrrs and dSphs are
concentrated toward their centers. Our slitmasks span
at least the half-light radii for all galaxies in our sam-
ple except Sextans. Therefore, our samples represent at
least half of the stellar populations—and typically much
more than half—in all of the galaxies except for Sextans,
which has a radial metallicity gradient of 0.35 dex kpc−1

(Battaglia et al. 2011). If the gradients that Kirby et al.
(2011a) and Battaglia et al. (2011) measured persist out
the tidal radii, then the typical bias in ⟨[Fe/H]⟩ caused
by the central concentration of our spectroscopic sample
is ! 0.15 dex.
Some galaxies also show a correlation between metal-

licity and velocity dispersion of distinct kinematic pop-
ulations (Tolstoy et al. 2004; Battaglia et al. 2006, 2011;
Walker & Peñarrubia 2011). Usually, the more metal-
poor population is dynamically hotter. Applying a
membership cut in velocity space could bias the sam-
ple against metal-poor stars. However, our 3σv velocity
cut is quite inclusive. If the velocities are normally dis-
tributed among a single population, then our velocity
criterion includes 99.7% of member stars. Although For-
nax, Sculptor, and Sextans do not have single kinematic
populations, our velocity criterion includes 98.4%, 99.0%,
and 96.9%, respectively, of possible members within 5σv
of v0. The Sextans spectroscopic sample is expected to
be more contaminated with non-members than the other
two dSphs because it has the lowest galactic latitude.
Even if all of the discarded stars belonged to Sextans,
the bias against metal-poor stars is at most 3.1%.
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Figure 8. The luminosity–stellar metallicity relation for Local
Group dwarf galaxies. The black diamonds (MW dSphs) and red
squares (dIrrs) are the average stellar iron abundances from spec-
troscopy of individual stars. The blue triangles (M31 dSphs) are
the average stellar iron abundances from coadded spectroscopy of
groups of similar stars within each dwarf galaxy. The dashed line
shows the least-squares line (Equation 3, where the intercept is cal-
culated at 106 L⊙), excluding the M31 data points and Segue 2,
which may be a heavily tidally stripped galaxy (Kirby et al. 2013).
The dotted line shows the rms about the best fit. Unlike Figure 1,
there are no photometric metallicities in this figure. Hence, these
data are not subject to the age–metallicity degeneracy.

We conclude that selection biases do not significantly
affect the average metallicities discussed in Section 4.
However, selection biases could subtly affect the metal-
licity distributions (Section 5). Our sample might be
missing some of the rare, extremely metal-poor stars that
preferentially inhabit the dwarf galaxies’ outskirts. It is
also these stars that would be lost first in tidal stripping
as the dSphs fell into the MW. This bias is difficult to
quantify because it depends on the dSph orbits and the
shape of the radial metallicity gradient out to the tidal
radii, both of which are unknown or poorly known for
most dwarf galaxies. Nonetheless, this bias affects only
the detailed shape of the metal-poor part of the metal-
licity distributions, not average metallicities or the bulk
of the metallicity distributions.

4. MASS–METALLICITY RELATION

The simplest diagnostic of differential chemical evolu-
tion among galaxies is the LZR or MZR. As discussed in
Section 1, Grebel et al. (2003) presented evidence that
the LZR for dwarf galaxies is dichotomous between dIrrs
and dSphs (see Figure 1). However, all of their MW
dSph metallicities were based on spectroscopy whereas
all of their dIrr metallicities were based on broadband
color. Photometric metallicities are subject to the age–
metallicity degeneracy, which is difficult to resolve with-
out photometry reaching the main sequence turn-off.
Only recently has such photometry become available
for the dIrrs. As Lee et al. (2008) pointed out, the di-
chotomy in the LZR may be a result of the inability to
resolve the photometric age–metallicity degeneracy for
dIrrs. Lianou et al. (2011) estimated that the effect of
even a small (15%) intermediate-age population is a de-
pression of [Fe/H]phot by a few tenths of a dex.
In order to address the dichotomy, we calculated aver-

Kirby et al. 2014



Comparing MW and nearby field to simulations

Garrison-Kimmel, MBK, Bullock, & Kirby, in preparation

Massive Failures in the Local Volume 9

Figure 7. Plotted are the rotation curves for all halos identified

as massive failures around Taurus, both within 300 kpc (black

lines) and in the Local Field surrounding it (light blue lines),
along with constraints on the dwarf galaxies in each region (black

squares denote MW satellites and open light blue squares indicate

field galaxies – sizes are again proportional to M
?

); i.e. combining
Figure 2 with a plot equivalent to Figure 5. Explicitly excluded

are halos with V
peak

< 30 km s�1; also not plotted are the halos

selected to host a galaxy.

Figure 8. The distribution of the number of massive failures in

each of twenty paired halos plus the field around them, i.e. com-

bining results from Figures 3 and 6 but excluding failures that are
within 300 kpc of the M31 analog. Colors are as in Figures 3 and 6.

The exact number of massive failures depends on the specific den-

sity profile, but the conclusion that there are many missing large,
dense halos in the Local Field is robust: each system has at least

14 massive failures, with a median between ⇠ 26� 34.

4.4 The V
max

-M
?

relation in the Local Field

As the previous sections showed, it is likely that either there
are roughly 15 dense galaxies living in high V

max

halos in the
Local Field that have yet to be discovered, or there is a prob-
lem with the ⇤CDM model of galaxy formation. However,
the current census of galaxies indicates that while the galax-
ies corresponding to these massive failures may be living in
dense field halos, they may not be correspondingly brighter.

In Figure 11, we show the 1� expected region of V
circ

�r

space occupied by halos with multiple values of V
max

, again
assuming ↵ = 0.18. Each curve is based upon the fit and
scatter presented in Equation 3 and Table 2, which we ex-
trapolate to plot the curve for the largest halo shown. The
points are identical to those in Figure 5 with sizes that are
again proportional to their stellar masses. There appears to
be an extremely weak correlation between the stellar mass
of a dwarf and the V

max

of the halo that it appears to live
in – Leo T, Pegasus, and WLM, for example, are all consis-
tent with V

max

= 30 km s�1, but their stellar masses di↵er
by more than 2 dex.

By associating each dwarf with the V

circ

curve that
most closely matches V

1/2

at r

1/2

, one may quantify the
above discussion. Figure 12 plots the resultant V

max

for each
galaxy as a function of M

?

as open light blue points. Due
to its small half-light radius, Leo T may be hosted by any
halo with V

max

& 14 km s�1 at the 1� level, though the
median relation predicts that it is hosted by a halo with
V

max

= 29 km s�1. The upward arrows indicate the lower
limits for Tucana and NGC 6822. Assuming the median

relation between R

max

and V

max

, Tucana is incompatible
with an Einasto profile with ↵ = 0.18 for all values of V

max

,
though it may be hosted by a halo that is only a 1� outlier.
NGC 6822, as mentioned above, is dominated by baryonic
mass within r

1/2

and is therefore unlikely to follow either
an Einasto or NFW profile. The circles in Figure 12 indicate
theoretical expectations from the AM relation in Garrison-
Kimmel et al. (2014), which is a power-law relationship be-
tween M

?

and M

peak

; the magenta circles highlight those
halos around Zeus & Hera.

Assuming that galaxies in the Local Field have similar
density profiles, any relation between V

max

andM

?

for galax-
ies in the LF is very weak. This may suggest that the scaling
between halo mass and stellar mass breaks down for small
M

?

, or that the density profiles of their host halos are vary-
ing strongly. Because these galaxies exist in the field, tidal
interactions and ram pressure stripping will not strongly af-
fect their dark matter halos. Moreover, unless these galaxies
formed with top-heavy initial mass functions or live in much
smaller halos than abundance matching suggests, the energy
available from supernovae is well below that required to al-
ter their density profiles (Peñarrubia et al., 2012; Garrison-
Kimmel et al., 2013), suggesting that any non-universality
existed at the time of formation.

We caution that the error bars in Figure 12 account only
for the observational errors on V

1/2

and for the scatter in the
R

max

� V

max

relationship; that is, we are requiring that all
galaxies reside in halos with identical density profiles. Ad-
ditionally, we impose no Bayesian prior (e.g. the simulated

c
� 2013 RAS, MNRAS 000, 1–14

Vpeak > 30 km/sData from ELVIS project

TBTF subhalos

TBTF field halos



Field vs. satellite galaxies

• Similarities:	


‣ stellar metallicities (as a function of stellar mass)	


‣ location in size / luminosity / velocity dispersion space	


‣ total enclosed masses	


• Differences	


‣ gas content	


‣ star formation histories



Diverse star formation histories

8

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

C
u
m

u
la

tiv
e

S
te

lla
r

M
a
ss

F
ra

ct
io

n

10 5 2 1 0.5 0.1 0

Redshift (z)

0.0

0.2

0.4

0.6

0.8

1.0

Cetus

Tucana

LGS3

Phoenix

Leo A

IC1613

024681012

Lookback Time (Gyr Ago)

0.0

0.2

0.4

0.6

0.8

1.0

Fig. 9.— Comparison between the SFHs of the LCID galaxies
shown as cumulative stellar mass fraction. The upper panel shows
only the statistical uncertainties, The lower panel accounts for es-
timated systematic uncertainties as discussed in (Dolphin 2012,
2013). A redshift scale is given on the top axis.

make comparisons using the upper panel. Nonetheless,
the lower panel shows the larger uncertainties encoun-
tered when trying to account for systematics and, even
with the larger uncertainties, the six galaxies are shown
to each have distinctive features in their SFHs.
Portraying the SFHs as cumulative stellar mass frac-

tions (as opposed to SFR as a function of time) is the
optimal way to compare observations to theoretical mod-
els for several reasons. Variations in observed SFRs can
be strongly affected by time binning and the changing
time resolution as a function of lookback time. Often, it
is possible to have very different impressions of a single
SFH simply by changing the time binning. It is possible
to match the observational time binning by reducing the
resolution in the models, but using the cumulative stel-
lar mass fraction as the diagnostic avoids this problem
altogether. It is also possible to compare galaxies at any
arbitrary value of the cumulative stellar mass fraction,
as opposed to choosing particular values to focus on. In
the comparisons that follow, we will use the cumulative
stellar mass fraction as the sole diagnostic.

5. THE EARLY EVOLUTION OF IC 1613 AND THE
OVER-COOLING PROBLEM

5.1. Background

Recently, Orban et al. (2008), Sawala et al. (2011),
Weinmann et al. (2012), and Kuhlen et al. (2012) have
all highlighted the difficulty of producing dwarf galax-
ies in simulations with properties comparable to those
observed in the current universe. Together, the intro-
ductions to their papers give a comprehensive overview
of the problems with modeling dwarf galaxy evolution.
To summarize, there are two major problems. The first

problem is the observed abundance of low-mass galaxies.
The observed slope of the low-mass galaxy luminosity
function is shallow relative to the slope of the halo mass
function and this difference seems to be a result of an
extreme inefficiency of galaxy-scale star formation over
cosmic times. The well known problem of “the missing
satellites” (Kauffmann et al. 1993; Klypin et al. 1999;
Moore 1999) is one manifestation of this problem at very
low luminosities/halo masses.
The second problem relates to when stars are formed in

galaxies. A natural assumption is that the time-scale for
global star formation is related to the time-scale of bary-
onic accretion onto galaxies. However, low-mass halos
assemble almost all of their (dark matter) mass at high
redshift (e.g., Fakhouri et al. 2010), while essentially all
field dwarf galaxies show star formation continuing to the
present day (e.g., Weisz et al. 2011). IC 1613 and Leo A
are extreme examples of this, with essentially a constant
SF rate across cosmic time for IC 1613 and delayed star
formation in the case of Leo A.
In order to suppress the abundance of low-mass galax-

ies, most theoretical models impose strong feedback in
small halos (e.g., Mac Low & Ferrara 1999; Gnedin 2000;
Bullock et al. 2001; Stoehr et al. 2002; Kravtsov et al.
2004; Ricotti & Gnedin 2005; Strigari et al. 2008; Sawala
et al. 2010; Busha et al. 2010; Sawala et al. 2013). Two
processes can dramatically affect the formation and evo-
lution of dwarf-sized halos: heating from the ultraviolet
radiation arising from cosmic reionization and feedback
from internal supernovae. Both processes are, in princi-
ple, capable of completely halting the star formation in
a dwarf halo and even fully removing all of the galaxy’s
gas. Employing these feedback mechanisms while tying
star formation to the collection of baryons has the effect
of predicting that essentially all star formation in low-
mass halos happens at early times. Both semi-analytic
models and hydrodynamical models fail to satisfactorily
reproduce the evolution of low mass galaxies in the sense
that stellar mass is over-produced per dark matter halo
mass. Stars are produced too quickly at early times,
resulting in stellar mass fractions that are too high by
an order of magnitude. Model galaxies usually do not
have the high gas mass fractions commonly observed in
present day dwarfs (e.g., Begum et al. 2008), and, as a
result, star formation falls off too fast and the colors of
simulated dwarf galaxies are too red at z = 0. This is
a manifestation of the “over-cooling” problem which is a
challenge for all modeling efforts, but which is exagger-
ated at low masses.
The missing satellites problem is largest at the lowest

masses, and IC 1613 is massive enough that it could be
expected to emerge from reionization with its gas intact.
Thus, IC 1613 does not provide as strong a test of models
for this problem as the other, less massive, galaxies in
the LCID sample. However, our deep HST observations
have produced SFHs for IC 1613 and Leo A with small
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Fig. 9.— Comparison between the SFHs of the LCID galaxies
shown as cumulative stellar mass fraction. The upper panel shows
only the statistical uncertainties, The lower panel accounts for es-
timated systematic uncertainties as discussed in (Dolphin 2012,
2013). A redshift scale is given on the top axis.

make comparisons using the upper panel. Nonetheless,
the lower panel shows the larger uncertainties encoun-
tered when trying to account for systematics and, even
with the larger uncertainties, the six galaxies are shown
to each have distinctive features in their SFHs.
Portraying the SFHs as cumulative stellar mass frac-

tions (as opposed to SFR as a function of time) is the
optimal way to compare observations to theoretical mod-
els for several reasons. Variations in observed SFRs can
be strongly affected by time binning and the changing
time resolution as a function of lookback time. Often, it
is possible to have very different impressions of a single
SFH simply by changing the time binning. It is possible
to match the observational time binning by reducing the
resolution in the models, but using the cumulative stel-
lar mass fraction as the diagnostic avoids this problem
altogether. It is also possible to compare galaxies at any
arbitrary value of the cumulative stellar mass fraction,
as opposed to choosing particular values to focus on. In
the comparisons that follow, we will use the cumulative
stellar mass fraction as the sole diagnostic.

5. THE EARLY EVOLUTION OF IC 1613 AND THE
OVER-COOLING PROBLEM

5.1. Background

Recently, Orban et al. (2008), Sawala et al. (2011),
Weinmann et al. (2012), and Kuhlen et al. (2012) have
all highlighted the difficulty of producing dwarf galax-
ies in simulations with properties comparable to those
observed in the current universe. Together, the intro-
ductions to their papers give a comprehensive overview
of the problems with modeling dwarf galaxy evolution.
To summarize, there are two major problems. The first

problem is the observed abundance of low-mass galaxies.
The observed slope of the low-mass galaxy luminosity
function is shallow relative to the slope of the halo mass
function and this difference seems to be a result of an
extreme inefficiency of galaxy-scale star formation over
cosmic times. The well known problem of “the missing
satellites” (Kauffmann et al. 1993; Klypin et al. 1999;
Moore 1999) is one manifestation of this problem at very
low luminosities/halo masses.
The second problem relates to when stars are formed in

galaxies. A natural assumption is that the time-scale for
global star formation is related to the time-scale of bary-
onic accretion onto galaxies. However, low-mass halos
assemble almost all of their (dark matter) mass at high
redshift (e.g., Fakhouri et al. 2010), while essentially all
field dwarf galaxies show star formation continuing to the
present day (e.g., Weisz et al. 2011). IC 1613 and Leo A
are extreme examples of this, with essentially a constant
SF rate across cosmic time for IC 1613 and delayed star
formation in the case of Leo A.
In order to suppress the abundance of low-mass galax-

ies, most theoretical models impose strong feedback in
small halos (e.g., Mac Low & Ferrara 1999; Gnedin 2000;
Bullock et al. 2001; Stoehr et al. 2002; Kravtsov et al.
2004; Ricotti & Gnedin 2005; Strigari et al. 2008; Sawala
et al. 2010; Busha et al. 2010; Sawala et al. 2013). Two
processes can dramatically affect the formation and evo-
lution of dwarf-sized halos: heating from the ultraviolet
radiation arising from cosmic reionization and feedback
from internal supernovae. Both processes are, in princi-
ple, capable of completely halting the star formation in
a dwarf halo and even fully removing all of the galaxy’s
gas. Employing these feedback mechanisms while tying
star formation to the collection of baryons has the effect
of predicting that essentially all star formation in low-
mass halos happens at early times. Both semi-analytic
models and hydrodynamical models fail to satisfactorily
reproduce the evolution of low mass galaxies in the sense
that stellar mass is over-produced per dark matter halo
mass. Stars are produced too quickly at early times,
resulting in stellar mass fractions that are too high by
an order of magnitude. Model galaxies usually do not
have the high gas mass fractions commonly observed in
present day dwarfs (e.g., Begum et al. 2008), and, as a
result, star formation falls off too fast and the colors of
simulated dwarf galaxies are too red at z = 0. This is
a manifestation of the “over-cooling” problem which is a
challenge for all modeling efforts, but which is exagger-
ated at low masses.
The missing satellites problem is largest at the lowest

masses, and IC 1613 is massive enough that it could be
expected to emerge from reionization with its gas intact.
Thus, IC 1613 does not provide as strong a test of models
for this problem as the other, less massive, galaxies in
the LCID sample. However, our deep HST observations
have produced SFHs for IC 1613 and Leo A with small

Skillman et al. 2014 (ApJ, submitted) — ACS LCID project

Reionization 
era



Star formation truncation in Leo I

Weisz et al. 2014b

HST proper motion of Leo I: 
strong constraints on SF 
truncation mechanisms	
!
Sohn et al. 2013, MBK et al. 2013	
!
HSTPROMO collaboration (R. van der 
Marel’s talk later today)

First Rvir crossing (2.3 Gyr)
First pericenter (1.0 Gyr)

Proper motion:  	

Mvir,MW > 1012 Msun 



Leo I vs. Fornax

Weisz et al. 2014b

Leo I Fornax

Mstar=6x106 Msun	

Rperi=90 kpc	

Highly eccentric orbit

Mstar=3x107 Msun	

Rperi=110 kpc	

Nearly circular orbit



The near field / deep fields connection

MBK et al. (in preparation)Data from ELVIS (Garrison-Kimmel, MBK, Bullock)

Figure 2: Mass functions of z =
8 main progenitors for all surviving
z = 0 subhalos within 300 kpc of
Milky Way analogs (20 examples are
shown). These mass functions in-
clude progenitors of both subhalos
and host halos; the latter are ex-
pected to be massive enough at z = 8
to be detected within the HDFI lens-
ing fields (but not in the HUDF).
Approximately ten objects per Milky
Way have masses above the reioniza-
tion limit of Mhalo ⇠ 4 ⇥ 108M� at
z = 8, indicating that detailed stud-
ies of the Milky Way’s brightest satel-
lites will be highly complementary to
HDFI observations.

resolution of 1.4 kpc (Plummer-equivalent softening), and a volume of 1.2 ⇥ 106 Mpc3. We
will first use abundance matching techniques applied to outputs of Illustris to associate UV
luminosity with dark matter halo mass at z ⇠ 8. The volume of Illustris is su�cient to obtain
almost ten thousand halos hosting galaxies brighter than the HUDF limit of MAB = �17,
and over one hundred thousand hosts brighter than the HDFI limit (MAB < �14) at z ⇠ 8.
We will then use the simulation’s merger trees to trace the evolution of halos down to z = 0,
allowing us to understand the evolution of this population to the present day. Subsequent
sections spell out our specific analysis plan in more detail.

The Halo-Galaxy Connection at z ⇠ 8 with Abundance Matching: As Figure 1
illustrates, resolving the hosts of MAB ⇡ �13 galaxies – those that seem necessary for reion-
ization – requires resolving halos of ⇠ 4 ⇥ 108 M� at z = 8. Existing analyses matching
galaxy abundances to N -body simulations rely on simulations that do not meet this require-
ment, however. For example, Behroozi et al. (2012) uses the Bolshoi simulation (Klypin et al.
2011), which has a mass resolution of 2⇥ 108 M�; it can therefore only resolve objects with
Mhalo ⇠> 1010 M�. From Figure 1, we expect this is not even su�cient to resolve the hosts of
the faintest observable galaxies in the current HUDF (which will be super-L? galaxies today).
At the mass resolution of Illustris, the equivalent resolution limit is Mhalo ⇠ 5 ⇥ 108 M�,
corresponding approximately to MAB = �13 according to our preliminary abundance match-
ing results. Since the MAB �Mhalo relation is a critical component of our work, testing its
robustness will be important. It is already known, for example, that abundances based on
FOF catalogs yield di↵erent results from those based on spherical overdensity halo finders

5

MW’s main progenitor

Progenitors of classical MW satellites

Victims of reionization



More questions than answers

• How do we reconcile tension between requirements for reionization 
(substantial star formation in very low mass halos) and near-field 
observations (low abundance of faint galaxies)?	


• What is expected signature of reionization on SFHs of low-mass 
galaxies? (Existing cold gas isn’t affected, so some SF can continue.)	


• Why are some properties of nearby dwarfs so uniform while others 
have large scatter? How do we connect stellar masses to halo masses / 
gravitational potentials?	


• What can combined SFHs + proper motions tell us about SF 
truncation mechanisms and CGM structure around the MW?



Conclusions
• There are strong near field / deep field connections	


‣ Faintest galaxies in HDFs are likely progenitors of MW-mass galaxies 	


‣ Faintest galaxies in JWST blank fields ~ progenitors of classical MW satellites	


‣ Simple models of reionization require galaxies a factor of 5-10 fainter ; should 
be hundreds of these in the MW’s virial volume today. Is this model correct?	


• Near-field cosmology: issues on small scales persist	


‣ Too big to fail: many (~15) such subhalos per simulated host	


‣ equivalent problem exists in field, where models predict differences in galaxy 
evolution (lesser impact of tides, ram pressure)	


• Star formation histories: orbit for Leo I from HST proper motion	


‣ consistent with rapid quenching due to single pericenter pass at ~90 kpc.	


‣ future proper motion-based orbits will be shed light on quenching processes 
and question of reionization “fossils”.







Correlations in density, SF histories
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the largest samples of spectroscopically confirmed member
stars to resolve the dynamics at r1/2. The census of these
bright dwarfs is also likely complete to the virial radius of
the Milky Way (⇤ 300 kpc), with the possible exception of
yet-undiscovered systems in the plane of the Galactic disk;
the same can not be said for fainter systems (Koposov et al.
2008; Tollerud et al. 2008). Finally, these systems all have
half-light radii that can be accurately resolved with the high-
est resolution N -body simulations presently available.

The Milky Way contains 10 known dwarf spheroidals
satisfying our luminosity cut of LV > 105 L�: the 9 clas-
sical (pre-SDSS) dSphs plus Canes Venatici I, which has a
V -band luminosity comparable to Draco (though it is sig-
nificantly more spatially extended). As in BBK, we remove
the Sagittarius dwarf from our sample, as it is in the pro-
cess of interacting (strongly) with the Galactic disk and is
likely not an equilibrium system in the same sense as the
other dSphs. Our final sample therefore contains 9 dwarf
spheroidals: Fornax, Leo I, Sculptor, Leo II, Sextans, Ca-
rina, Ursa Minor, Canes Venatici I, and Draco. All of these
galaxies are known to be dark matter dominated at r1/2
(Mateo 1998): Wolf et al. (2010) find that their dynamical
mass-to-light ratios at r1/2 range from ⇤ 10� 300.

The Large and Small Magellanic Clouds are dwarf ir-
regular galaxies that are more than an order of magnitude
brighter than the dwarf spheroidals. The internal dynamics
of these galaxies indicate that they are also much more mas-
sive than the dwarf spheroidals: Vcirc(SMC) = 50�60 km s�1

(Stanimirović et al. 2004; Harris & Zaritsky 2006) and
Vcirc(LMC) = 87 ± 5 km s�1 (Olsen et al. 2011). Abun-
dance matching indicates that galaxies with luminosities
equal to those of the Magellanic Clouds should have Vinfall ⌅
80 � 100 km s�1 (BBK); this is strongly supported by the
analysis of Tollerud et al. (2011). A conservative estimate
of subhalos that could host Magellanic Cloud-like galaxies
is therefore Vinfall > 60 km s�1 and Vmax > 40 km s�1. As in
BBK, subhalos obeying these two criteria will be considered
Magellanic Cloud analogs for the rest of this work.

3 COMPARING �CDM SUBHALOS TO
MILKY WAY SATELLITES

3.1 A preliminary comparison

Density and circular velocity profiles of isolated dark mat-
ter halos are well-described (on average) by Navarro et al.
(1997, hereafter, NFW) profiles, which are specified by two
parameters – i.e., virial mass and concentration, or Vmax

and rmax. Average dark matter subhalos are also well-fitted
by NFW profiles inside of their tidal radii, though recent
work has shown that the 3-parameter Einasto (1965) profile
provides a somewhat better match to the profiles of both
simulated halos (Navarro et al. 2004; Merritt et al. 2006;
Gao et al. 2008; Ludlow et al. 2011) and subhalos (Springel
et al. 2008) even when fixing the Einasto shape parameter
(thereby comparing models with two free parameters each).
To connect this work to the analysis of BBK, Figure 1 com-
pares the measured values of Vcirc(r1/2) for the nine bright
MW dSphs to a set of dark matter subhalo rotation curves
based on NFW fits to the Aquarius subhalos; the shaded
bands show the 1� scatter from the simulations in rmax at

Figure 1. Observed Vcirc values of the nine bright dSphs
(symbols, with sizes proportional to log LV ), along with ro-
tation curves corresponding to NFW subhalos with Vmax =
(12, 18, 24, 40) km s�1. The shading indicates the 1� scatter in
rmax at fixed Vmax taken from the Aquarius simulations. All of
the bright dSphs are consistent with subhalos having Vmax ⇥
24 km s�1, and most require Vmax � 18 km s�1. Only Draco, the
least luminous dSph in our sample, is consistent (within 2�) with
a massive CDM subhalo of ⇤ 40 km s�1 at z = 0.

fixed Vmax. More detailed modeling of subhalos’ density pro-
files will be presented in subsequent sections.

It is immediately apparent that all of the bright dSphs
are consistent with NFW subhalos of Vmax = 12�24 km s�1,
and only one dwarf (Draco) is consistent with Vmax >
24 km s�1. Note that the size of the data points is pro-
portional to galaxy luminosity, and no obvious trend exists
between L and Vcirc(r1/2) or Vmax (see also Strigari et al.
2008). Two of the three least luminous dwarfs, Draco and
Ursa Minor, are consistent with the most massive hosts,
while the three most luminous dwarfs (Fornax, Leo I, and
Sculptor) are consistent with hosts of intermediate mass
(Vmax ⌅ 18 � 20 km s�1). Each of the Aquarius simulations
contains between 10 and 24 subhalos with Vmax > 25 km s�1,
almost all of which are insu⇥ciently massive to qualify as
Magellanic Cloud analogs, indicating that models populat-
ing the most massive redshift zero subhalos with the bright-
est MW dwarfs will fail.

3.2 Assessing the consistency of massive �CDM
subhalos with bright Milky Way satellites

The analysis in Sec. 3.1, based on the assumption that sub-
halos obey NFW profiles, is similar to the analysis presented
in BBK. On a case-by-case basis, however, it is possible that
subhalos may deviate noticeably from NFW profiles. Conse-
quently, the remainder of our analysis is based on properties
of subhalos computed directly from the raw particle data. We
employ a correction that takes into account the unphysical
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Most SF at early 
times: Draco, UMi, 
CVnI, Sculptor, 

Significant SF at late 
times: Leo I, Leo II, 
Carina, Fornax
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