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ranges, corresponding to the average mass trajectories
shown in Figure 4. From this figure it is clear that halo con-
centrations have a stronger trend with less scatter when
binned on ac (right) than when binned on mass (left).9 We
therefore investigate how cvir is related to ac directly.

Figure 6 shows the relation between concentration and ac
for halos at z ¼ 0. The concentration of a halo is strongly
correlated with its characteristic formation time, and a good
fit is obtained with the inverse relation:

cvir ¼
c1
ac

; ð6Þ

where c1 ¼ 4:1 is the typical concentration of halos forming
today. The scatter about this relation is already not too
large for all the halos, but we note that most outliers fall in
one of the following three special categories:

1. The halo has a truncated trajectory that does not
extend far back to the past, and thus ac is not well deter-
mined.
2. The halo has a significant discontinuity in its cvir trajec-

tory at the final output time only, so that this value is not
representative of the whole trajectory (this can occur if there
is a merger or other disruption occurring at the final output
time).

3. The assembly history includes a merger that is sub-
stantially larger than the average accretion rate at that time,
and thus equation (3) does not provide a good description
of the actual history.

To deal with special case 1, halos with trajectories that do
not extend as far back as z ¼ 1 are excluded from further
analysis (fewer than 5% of cases; these halos are indicated
by plus signs in Fig. 6). For case 2, outlined by squares in
Figure 6, we find that a much better agreement with the
median relation is obtained when the last discrepant value
of cvir is replaced by the value of cvir in the preceding output
time.We do not attempt to cure the problem associated with
case 3, except for keeping in mind that the outliers remain-
ing in the cvir-ac relation are often due to a failure of equa-
tion (3) to adequately model the history of that halo. With
these modifications, the scatter in cvir for a given ac is
Dðlog cvirÞ $ 0:09, without removing additional scatter due
to large NFW fit errors (see also Fig. 9), and
Dðlog cvirÞ $ 0:05 0:06 when errors in cvir are corrected for.

We have also examined the dependence of cvir on the
merger history of halos, which is correlated with but distinct
from the mass accretion history of the most massive progen-
itor discussed above. Since halos that did not undergo a
recent major merger are more likely to have accreted most
of their mass early, they typically have earlier formation
times and higher concentration values (see Fig. 17). How-
ever, we find that the parameter acwe have defined based on
the mass assembly history is more useful; for halos with a
given ac-value, the occurrence of a recent merger is not an
important factor affecting the concentration. This can be
seen in Figure 6, which demonstrates that halos that have
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Fig. 4.—Average mass accretion histories, normalized at a ¼ 1. Left: binned in three bins by final halo mass:M0 ¼ ð1 4Þ % 1012 h&1 M' (dot-dashed line),
M0 ¼ ð0:4 3Þ % 1013 h&1M' (solid line), andM0 > 3% 1013 h&1M' (dashed line). The three curves connect the averages ofMðaÞ=M0 at each output time. The
pair of dotted lines shows the 68% spread about the middle case (the spread is comparable for the other bins). We see that massive halos tend to form later than
lower mass halos, whose mass accretion rate peaks at an earlier time. Right: binned in three bins by formation epoch ac. The dot-dashed lines correspond to
early formers (typically low-mass halos) and the dashed lines to late formers (typically higher mass halos). The averages and spread are displayed in analogy to
the left-hand panel.

9 Note that the figure only shows this directly for z ¼ 0, although it is
true at any redshift zo when ac is measured at zo. However, the scatter about
the average trajectory increases with z since a halo cannot uniquely predict
its future.
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Cuesta et al 2008

The mass of dark matter haloes 387

Table 1. The main parameters of the cosmological simulations.

Box80S Box80G Box120 Box250c

Box size (h−1 Mpc) 80 80 120 250
Mass of a particle (h−1 M⊙) 4.91 × 106 3.18 × 108 1.07 × 109 9.67 × 109

Spatial resolution (h−1kpc) 0.52 1.2 1.8 7.6
Number of particles 159.8M 5123 5123 5123

Figure 1. The virial mass function using cosmological simulations listed
in Table 1. The error bars inside the symbols represent the Poissonian error.
The analytical mass function of Sheth and Tormen provides a very good fit
for our data.

2000 particles inside the virial radius at z = 0 were chosen. We take
into account all the mass (both bound and unbound particles) inside
the virial radius of the halo. This radius is defined here as the radius
of the sphere enclosing an overdensity given by Bryan & Norman
(1998), i.e.

!c = 18π2 + 82x − 39x2 x ≡ "(z) − 1. (1)

In Fig. 1, we plot the virial mass function of dark matter haloes
over five orders of magnitude. Here, the error bars represent the
Poissonian error, showing very good statistics for all except for the
highest mass bins. The different symbols show which simulation
is used for each mass bin. The relation between mass bins and
simulations depends on the fact that we only choose haloes enclos-
ing more than 2000 particles inside the virial radius at z = 0. If
two different simulations pass this constraint, then we choose the
one with highest statistics. As previously shown (e.g. Sheth, Mo &
Tormen 2001), the virial mass function in cosmological simula-
tions is well fitted by the Sheth and Tormen function if a ≃ 0.707
(Sheth & Tormen 1999, hereafter ST) in the mass range under study.
These four simulations, as mentioned above, cover a broad range
in mass, from 1010h−1 M⊙ low-mass haloes to cluster-sized haloes
with nearly 1015h−1 M⊙.

In order to select a sample of haloes for our analysis, we take
all the haloes whose centres are not inside the virial radius of a
larger halo (hereafter distinct haloes). This criterion reduces strong

environmental effects: internal dynamics of haloes are less affected
by massive neighbours.

3 STAT I C M A S S O F DA R K M AT T E R H A L O E S

In this section, we introduce and motivate our definition of static
mass. When using cosmological simulations, it is common to de-
fine the mass belonging to dark matter haloes in terms of a given
spherical overdensity or inter-particle distance. However, so far, it
is computationally challenging to define a real virial mass, i.e. the
mass which is showing features of statistical equilibrium, for a large
number of haloes. This has to be kept in mind if accurate results are
to be found, although there is some kind of agreement between dif-
ferent definitions based on overdensity (White 2001). A particular
case in which an overdensity-based definition may fail in providing
a faithful description of dark matter haloes is the mass accretion
history. Fig. 2 clearly demonstrates this. Here, we show the evolu-
tion of the density profile of a very high resolution (more than two
million particles inside the virial radius) galaxy-sized halo from our
cosmological simulation Box20, which has a better spatial (0.152
h−1 kpc) and mass resolution (6.14 × 105h−1 M⊙, using 8.98M par-
ticles) with the same cosmological parameters as the simulations
mentioned above. It is clear that the density profile does not evolve
in a significant way from z = 1 to 0, as already pointed out by

Figure 2. Evolution of the density profile for a galactic-sized halo. The
vertical lines mark the virial radius at each redshift. The change in the virial
radius by a factor of 2 since redshift z = 1 gives a false impression of
a strong evolution of the halo. Yet, there was very little evolution in the
physical density in this halo since z = 1.

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 389, 385–397

Evolution of dark matter in Milky-Way-mass halos

Mass evolution: physical vs definitional  
“Pseudo-evolution” Diemer, More & Kravtsov 2013
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to determine the enclosed overdensity inside the splash-
back radius, ∆s. Our results do not strongly depend on
our assumed mass profile inside the halo. For example,
using an isothermal profile instead of NFW gives results
that are consistent at the∼ 10% level. Figure 2 shows the
predicted values of the enclosed overdensity. Throughout
this paper, we define overdensities relative to the mean
matter density, not the critical density. In our model,
∆s depends only on the halo’s accretion rate s, along
with the values of the background cosmological parame-
ters ΩM and ΩΛ at the time the halo is observed. The
behavior we find is unsurprising. As the accretion rate is
increased (larger s), the potential deepens more quickly
in time, resulting in splashback occuring at a smaller ra-
dius, or equivalently, at a larger enclosed overdensity ∆s.
Similarly, at low redshift when ΩM diminishes and ΩΛ

increases, the mean background density of the universe
ρ̄m decreases more during the time between turnaround
and splashback, again resulting in a larger ∆s.
Finally, although the model presented here is ex-

tremely simple to evaluate, we also provide a very rough
fitting function to approximate the location of splash-
back:

∆s ≈ AΩ−b−c s
M edΩM+e s3/4 , (3)

with fitted parameters A = 38, b = 0.57, c = 0.02, d =
0.2, e = 0.52. This fitting function has ∼ 5% accuracy
over the range 0.5 < s < 4, 0.1 < ΩM < 1. The results
shown in this paper do not use this fitting function, since
it is equally simple to evaluate the spherical toy model.

III. COMPARISON WITH SIMULATIONS

In this section, we compare the predictions of the toy
model described in the previous section with results of
numerical simulations. First, we compare our model with
the similarity solutions that arise from the collapse of
scale-free perturbations [2, 7]. Fig. 3 shows one exam-
ple, for accretion rate s = 3. In all cases, we find good
agreement between the caustic location obtained in the
similarity solution and that predicted by the toy model.
This even holds true for collapse of highly triaxial per-
turbations: the main effect of the triaxiality is to make
the splashback surface nonspherical, reducing the maxi-
mal depth of the slope of the spherically averaged profile,
while preserving the mean radial location of splashback.
Our toy model also predicts a significant dependence

on redshift (or equivalently, a dependence on the value
of ΩM ). We cannot test that prediction using similar-
ity solutions, because they assume ΩM = 1. To test
this prediction, we therefore ran 1-dimensional N-body
simulations of the collapse of isolated overdensities. The
simulations evolve the motion of spherical shells follow-
ing Eqn. (1). The initial linear overdensity profiles are
chosen to produce M ∝ as for various values of s. Figure
4 shows an example, for s = 3. The solid curves in the
figure show the results of the 1-D simulations, while for
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FIG. 3. Caustics for self-similar halos [2, 7] with accretion
rate s = 3. The top panel shows the phase space diagram for
spherically symmetric collapse (solid black curve) and for 3D
collapse with e = 0.05 (colormap), while the bottom panel
shows the density vs. radius. The vertical line in the bottom
panel indicates the splashback radius predicted by the spher-
ical collapse model for this value of s. As the density profiles
demonstrate, the caustic location depends mainly on accre-
tion rate, with little if any dependence on the initial ellipticity
e. However, the caustic width does depend on e, apparently
because the shape of the splashback surface is related to the
initial ellipticity.

comparison, the dashed curve shows the similarity solu-
tion for s = 3. Note that for ΩM = 1, the 1-D simulation
does not exactly match the similarity solution. This is
because the dynamics, even in spherical symmetry, are
subject to a slew of instabilities that are not present in
the similarity solution [15, 19, 20]. To suppress these in-

Simple idealized 
model for virial infall
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as “island” halos, divorced from the cosmic background,
at z . 1.
Pseudo-evolution has a number of important implica-

tions for understanding phenomenological links between
galaxies and dark-matter halos as well as for models of
galaxy evolution. For example, observations are probing
the relation between the stellar mass of a galaxy and the
virial mass of its host halo, including its evolution with
time (for example, Leauthaud et al. 2012; Yang et al.
2012; Behroozi et al. 2013; Hudson et al. 2013) finding
that the relation between galaxy mass and halo mass
evolves only weakly at z < 1 (and possibly at higher
z), which suggests that galaxy mass evolves largely in
sync with halo mass. Similarly, Kravtsov (2013) found
a tight linear relation between the size of a galaxy and
the size of its host halo across a wide range of masses at
z ⇡ 0, despite the significantly varying ratio of stellar-to-
halo mass across this range. These studies suggest that
the mass and size of a galaxy is set by, or at least re-
sponds to, that of its host halo, but these relations are
meaningful only insofar as one uses a physically sensi-
ble radius (and thus mass) for a halo. Moreover, many
(semi-analytic) models of galaxy evolution try to link
the accretion rate of a halo in simulations to its bary-
onic accretion rate, and in turn to the star formation
rate of the galaxy (for example, Bouché et al. 2010; Ben-
son 2010; Lilly et al. 2013; Lu et al. 2014, and references
therein). Halo mass growth that is incorrectly attributed
from pseudo-evolution would a↵ect all of these analyses.
However, it remains unclear what role pseudo-

evolution plays in the cosmic accretion of baryons, be-
cause gas dynamics can be markedly di↵erent: gas is
collisional, so it can shock and mix, and it also can dis-
sipate energy via radiative cooling. A number of works
have examined the accretion rates of gas into galaxies (for
example, Ocvirk et al. 2008; Kereš et al. 2009) and halos
(for example, van de Voort et al. 2011; Faucher-Giguère
et al. 2011; Woods et al. 2014; Nelson et al. 2014), though
in essentially all cases they measured mass growth/flux
at some predefined and evolving virial radius. Few works
have compared in detail the specific accretion rates of
gas versus dark matter: van de Voort et al. (2011) found
that specific accretion rates into halos were broadly sim-
ilar for baryons and dark matter, while Faucher-Giguère
et al. (2011) found that, at z < 2, the specific accretion
rates of gas were notably lower than for dark matter.
However, all of these works used di↵ering techniques to
measure accretion and at somewhat di↵erent choices for
virial radii. Furthermore many of these work focused
on the role of feedback from stars and/or black holes on
baryonic accretion rates, using various phenomenological
models for driving stellar winds. While there is general
consensus that stellar winds can alter accretion rates into
the galaxies, results are mixed regarding the regulation
of gas accretion at larger radii within a halo. However,
almost all of these works find some level of gas accre-
tion into galaxies at late cosmic time, suggesting that
pseudo-evolution of dark matter may not extend to gas.
More generally, the physical nature of cosmic accre-

tion has a variety of implications for the evolution of
gas in halos and galaxies at late cosmic time, espe-
cially for low-mass galaxies. For example, galaxies at
M

star

. 1010.5 M� formed > 60% of their mass since
z = 1 (Leitner 2012), and the rate of decline of the

cosmic density of star formation broadly mimics the de-
cline of accretion rates into halos (for example, Bouché
et al. 2010; Lilly et al. 2013). However, it is not clear
how much star formation and galaxy growth at z < 1
is linked to cosmic accretion, as opposed to consump-
tion of gas that already is within galaxies, given that
(molecular) gas fractions are observed to decrease over
time (for example Bauermeister et al. 2013), or recycling
of gas in galaxies from stellar winds (for example, Op-
penheimer et al. 2010; Leitner & Kravtsov 2011). Addi-
tionally, cosmic gas accretion into halos drives the evolu-
tion of extended gas around galaxies, referred to as the
circum-galactic medium, as many observations and sur-
veys now are probing (for example, Rudie et al. 2012;
Tumlinson et al. 2013). For such studies, it is important
to understand both the most physically meaningful virial
definition to use for a halo, as well as the rate of accre-
tion of (relatively unenriched) gas and how it propagates
to smaller radii.
The primary goal of this work is to understand the

physical nature of cosmic accretion into halos and how
it propagates down to scales of the galaxy inside, for
both baryons and dark matter. In particular, we aim to
bridge the gap between detailed studies of halo growth,
typically based on dark-matter-only simulations, and de-
tailed studies of cosmic gas accretion into galaxies. More
specifically, we seek to understand the significance of
pseudo-evolution not only for dark-matter accretion, but
also its role in baryon accretion and hence galaxy growth.
We focus on halos of mass 1011�13 M�, which host galax-
ies with M

star

⇡ 109�11 M�, at late cosmic time (z < 2).
This corresponds to where the e↵ects of pseudo-evolution
are particularly strong (Diemer et al. 2013), where obser-
vations constrain well the relation between galaxies and
their host halos as well as gas in/around galaxies. We use
simulations with varying treatments of gas physics, some
including star formation and thermal feedback, though
our simulations only marginally resolve the scales within
galaxies, and our prescription for stellar feedback does
not drive particularly strong winds out of galaxies, which
play a strong role in regulating accretion into the galaxy
itself. Thus, we focus on cosmic accretion and mass
growth on scales within a halo, but we do not investi-
gate accretion into the galaxy, or stellar mass growth,
directly. We defer such work to a follow-up analysis.
Throughout, we cite all masses using h = 0.7 for the

dimensionless Hubble parameter.

2. THEORY OF HALO COLLAPSE

We first review the basic theoretical framework for
spherical collapse and virialization of a halo, to set the
stage for and aid in interpretation of our numerical re-
sults. In the standard model (Gunn & Gott 1972; Gunn
1977; Fillmore & Goldreich 1984; Cole & Lacey 1996), if a
spherical region is su�ciently overdense, its gravitational
self-attraction overcomes the initial cosmological expan-
sion, such that a mass shell will reach a maximum radius
and then collapse. Specifically, for flat ⇤CDM cosmology,
the radial acceleration around some overdense region is:

d2r

dt2
= �Gm(< r)

r2
+

8⇡G

3
⇢
⇤

r (1)

in which r is the physical radius from the center of the
overdensity, m(< r) is the enclosed mass, G is the gravi-
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Phase space in cosmological N-body simulation
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FIG. 9. Phase space diagram for different accretion rates. The left panel shows halos in the mass rangeMvir = 1−4×1014h−1M⊙

at z = 0 for accretion rates Γ ≈ 3. The middle panel shows halos of the same mass and redshift, but with Γ ≈ 0.5. The right
panel shows halos with Mvir = 3− 6× 1013h−1M⊙ at z = 1, also with Γ ≈ 0.5. The bottom panels show the slope of the local
density profile of all mass in red, and for particles with |vr| < 0.4vc in blue. This is similar to Fig. 1, which showed results for
an intermediate growth rate Γ ≈ 1.5. Note that at low accretion rates, the splashback material forms a distinct stream, which
leads to multiple minima in the run of density slope vs. radius, indicated by the vertical dashed lines.
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FIG. 10. Map of accretion rate Γ as a function of phase
space coordinates r and vr for halos in the mass range Mvir =
1−2×1014h−1M⊙ at z = 0. For these halos, Rvir ≈ 1h−1Mpc.
Note that at large radii, r ∼ 2h−1Mpc, most of the outgoing
material (vr > 0) is associated with slowly accreting halos
with Γ ≈ 0.5.

e.g. Fig. 7. Therefore, realistic uncertainties in the mass-
observable relation should not wash out the steepening
feature entirely. If the steepening feature is measured
with high significance, then it may be interesting to stack
halos as a function of various observable properties like
concentration. Measuring how the splashback radius de-
pends on those observable properties immediately trans-
lates into a measurement of how well the mass accretion
rate correlates with those properties, which can test the
predicted behavior for CDM cosmologies [27, 36].

Similar steepening features could also arise in the bary-
onic components of halos. Unlike the dark matter, how-
ever, the baryons are not collisionless, which means that
splashback need not occur at the same location as the
dark matter. Hydrodynamic simulations of galaxy clus-
ter outskirts can quantify whether gas splashback occurs
near dark matter splashback [37]. Stars, unlike gas, are
effectively collisionless at the densities found in halo out-
skirts, so the stacked starlight profiles of ensembles of
halos could in principle exhibit similar behavior as the
dark matter. Dynamical friction could potentially slow
down stars in galaxies relative to unbound dark matter,
though, so it may be worthwhile performing simulations
with star formation to check if stars produce similar caus-
tics as the dark matter.

all matter

|Vr| < 0.4

Adhikari, Dalal, & Chamberlain 2014
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FIG. 1. Top: The phase space diagram for halos from the
MDR1 simulation in the mass range M = 1−4×1014h−1M⊙.
The colorbar shows the number of particles within each phase
space pixel. The pixel spacing is linear in both r and v, so
the number is proportional to r2ρ. Bottom: The local slope
of the density of all particles (red) and particles with |vr| <
0.4 vcirc (blue), as a function of radius r. The location of the
feature in the local slope coincides with the outer caustic at
the splashback radius.

splashback radius may be constructed from the spherical
collapse model [1]. This model computes the nonlinear
evolution of a spherical shell, assuming that the mass in-
terior to the shell is overdense, and that the interior mass
is a constant (i.e., the model neglects shell crossing). The
equation of motion is therefore quite simple,

r̈ = −
GM

r2
+

Λ c2

3
r, (1)

where M is a constant. For ΩM = 1 and Λ = 0, this
model predicts that turnaround occurs at the time when
the linearly evolved density reaches δl ≈ 1.06, and col-
lapse to r = 0 occurs at the time when δl ≈ 1.69. Once
the infalling shell enters the virialized region, the as-
sumption of constant interior mass becomes invalid. Es-
timating virialization as the time when 2KE + PE =
ṙ2 − GM/r = 0 gives rvir ≈ rta/2, corresponding to a
nonlinear overdensity of ∆vir = 18π2. For ΩM ̸= 1, these
expressions are somewhat modified [18].
Following entry into the halo, the shell begins to orbit
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FIG. 2. Overdensity enclosed within the splashback radius
as a function of accretion rate s = d logM/d log a. Large ∆
corresponds to small radius within the halo. For reference,
the horizontal line at ∆ = 200 indicates the usual defini-
tion of the halo boundary. Halos with high accretion rate
have a larger enclosed overdensity within the splashback ra-
dius than halos with low accretion rates, corresponding to a
smaller splashback radius for rapidly accreting halos. Addi-
tionally, the enclosed overdensity increases as Ωm becomes
smaller, meaning that at low redshift, the splashback occurs
at a smaller fraction of r200m.

in the halo potential. If we continue to assume spherical
symmetry, then we can still use Eqn. (1) to compute the
motion; the only change is that now the mass M interior
to the shell is not constant, but instead depends on radius
r and time t. The time dependence of the mass profile
is determined by the accretion rate of the halo. Let us
suppose that the halo mass grows as Mtot ∝ as, where
s = d(logMtot)/d(log a). Then the halo radius scales as
R ∝ a1+s/3. We assume that the halo mass distribution
is given by the NFW profile [11],

M(r) = Mtot
fNFW(r/rs)

fNFW(R/rs)
, (2)

where rs is the NFW scale radius, and fNFW(x) =
log(1+x)−x/(1+x). The NFW concentration c ≡ R/rs
sets the slope of the mass profile at the halo boundary,
and we choose c such that the outer slope is given by
d logM/d log r = 3s/(3 + s) at r = R [2, 7, 8].
Equations (1)-(2) fully specify our model. We use

spherical collapse with constant enclosed mass M until
the shell radius reaches ri = rta/2. Thereafter, we as-
sume the mass profile is given by Eqn. (2). We integrate
the motion of the shell in this potential until splashback,
when ṙ = 0. From the radius and time of splashback, rs
and ts, we can determine the enclosed mass, the enclosed
density, and the background mean density, allowing us



Andrew Wetzel Caltech - CarnegieAndrew Wetzel Caltech - Carnegie

1. Background on Halo Formation & Cosmic Accretion 

2. Physical Cosmic Accretion of Dark Matter 

3. Physical Cosmic Accretion of Baryons 

4. Physical Meaning of the Virial Radius

Outline



Andrew Wetzel Caltech - Carnegie

ART Adaptive Eulerian Mesh code 

36 Mpc box 

Particle mass: dark matter ~10
7
 Msun, stars ~10

6
 Msun 

Spatial resolution = 500 pc 

Suite of varying physics: 

1) dark matter only 

2) non-radiative gas 

3) gas with radiative cooling 

4) star formation & feedback:                                          
supernova II & Ia, stellar mass loss, metal enrichment

Cosmological hydrodynamic simulations
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as “island” halos, divorced from the cosmic background,
at z . 1.
Pseudo-evolution has a number of important implica-

tions for understanding phenomenological links between
galaxies and dark-matter halos as well as for models of
galaxy evolution. For example, observations are probing
the relation between the stellar mass of a galaxy and the
virial mass of its host halo, including its evolution with
time (for example, Leauthaud et al. 2012; Yang et al.
2012; Behroozi et al. 2013; Hudson et al. 2013) finding
that the relation between galaxy mass and halo mass
evolves only weakly at z < 1 (and possibly at higher
z), which suggests that galaxy mass evolves largely in
sync with halo mass. Similarly, Kravtsov (2013) found
a tight linear relation between the size of a galaxy and
the size of its host halo across a wide range of masses at
z ⇡ 0, despite the significantly varying ratio of stellar-to-
halo mass across this range. These studies suggest that
the mass and size of a galaxy is set by, or at least re-
sponds to, that of its host halo, but these relations are
meaningful only insofar as one uses a physically sensi-
ble radius (and thus mass) for a halo. Moreover, many
(semi-analytic) models of galaxy evolution try to link
the accretion rate of a halo in simulations to its bary-
onic accretion rate, and in turn to the star formation
rate of the galaxy (for example, Bouché et al. 2010; Ben-
son 2010; Lilly et al. 2013; Lu et al. 2014, and references
therein). Halo mass growth that is incorrectly attributed
from pseudo-evolution would a↵ect all of these analyses.
However, it remains unclear what role pseudo-

evolution plays in the cosmic accretion of baryons, be-
cause gas dynamics can be markedly di↵erent: gas is
collisional, so it can shock and mix, and it also can dis-
sipate energy via radiative cooling. A number of works
have examined the accretion rates of gas into galaxies (for
example, Ocvirk et al. 2008; Kereš et al. 2009) and halos
(for example, van de Voort et al. 2011; Faucher-Giguère
et al. 2011; Woods et al. 2014; Nelson et al. 2014), though
in essentially all cases they measured mass growth/flux
at some predefined and evolving virial radius. Few works
have compared in detail the specific accretion rates of
gas versus dark matter: van de Voort et al. (2011) found
that specific accretion rates into halos were broadly sim-
ilar for baryons and dark matter, while Faucher-Giguère
et al. (2011) found that, at z < 2, the specific accretion
rates of gas were notably lower than for dark matter.
However, all of these works used di↵ering techniques to
measure accretion and at somewhat di↵erent choices for
virial radii. Furthermore many of these work focused
on the role of feedback from stars and/or black holes on
baryonic accretion rates, using various phenomenological
models for driving stellar winds. While there is general
consensus that stellar winds can alter accretion rates into
the galaxies, results are mixed regarding the regulation
of gas accretion at larger radii within a halo. However,
almost all of these works find some level of gas accre-
tion into galaxies at late cosmic time, suggesting that
pseudo-evolution of dark matter may not extend to gas.
More generally, the physical nature of cosmic accre-

tion has a variety of implications for the evolution of
gas in halos and galaxies at late cosmic time, espe-
cially for low-mass galaxies. For example, galaxies at
M

star

. 1010.5 M� formed > 60% of their mass since
z = 1 (Leitner 2012), and the rate of decline of the

cosmic density of star formation broadly mimics the de-
cline of accretion rates into halos (for example, Bouché
et al. 2010; Lilly et al. 2013). However, it is not clear
how much star formation and galaxy growth at z < 1
is linked to cosmic accretion, as opposed to consump-
tion of gas that already is within galaxies, given that
(molecular) gas fractions are observed to decrease over
time (for example Bauermeister et al. 2013), or recycling
of gas in galaxies from stellar winds (for example, Op-
penheimer et al. 2010; Leitner & Kravtsov 2011). Addi-
tionally, cosmic gas accretion into halos drives the evolu-
tion of extended gas around galaxies, referred to as the
circum-galactic medium, as many observations and sur-
veys now are probing (for example, Rudie et al. 2012;
Tumlinson et al. 2013). For such studies, it is important
to understand both the most physically meaningful virial
definition to use for a halo, as well as the rate of accre-
tion of (relatively unenriched) gas and how it propagates
to smaller radii.
The primary goal of this work is to understand the

physical nature of cosmic accretion into halos and how
it propagates down to scales of the galaxy inside, for
both baryons and dark matter. In particular, we aim to
bridge the gap between detailed studies of halo growth,
typically based on dark-matter-only simulations, and de-
tailed studies of cosmic gas accretion into galaxies. More
specifically, we seek to understand the significance of
pseudo-evolution not only for dark-matter accretion, but
also its role in baryon accretion and hence galaxy growth.
We focus on halos of mass 1011�13 M�, which host galax-
ies with M

star

⇡ 109�11 M�, at late cosmic time (z < 2).
This corresponds to where the e↵ects of pseudo-evolution
are particularly strong (Diemer et al. 2013), where obser-
vations constrain well the relation between galaxies and
their host halos as well as gas in/around galaxies. We use
simulations with varying treatments of gas physics, some
including star formation and thermal feedback, though
our simulations only marginally resolve the scales within
galaxies, and our prescription for stellar feedback does
not drive particularly strong winds out of galaxies, which
play a strong role in regulating accretion into the galaxy
itself. Thus, we focus on cosmic accretion and mass
growth on scales within a halo, but we do not investi-
gate accretion into the galaxy, or stellar mass growth,
directly. We defer such work to a follow-up analysis.
Throughout, we cite all masses using h = 0.7 for the

dimensionless Hubble parameter.

2. THEORY OF HALO COLLAPSE

We first review the basic theoretical framework for
spherical collapse and virialization of a halo, to set the
stage for and aid in interpretation of our numerical re-
sults. In the standard model (Gunn & Gott 1972; Gunn
1977; Fillmore & Goldreich 1984; Cole & Lacey 1996), if a
spherical region is su�ciently overdense, its gravitational
self-attraction overcomes the initial cosmological expan-
sion, such that a mass shell will reach a maximum radius
and then collapse. Specifically, for flat ⇤CDM cosmology,
the radial acceleration around some overdense region is:

d2r

dt2
= �Gm(< r)

r2
+

8⇡G

3
⇢
⇤

r (1)

in which r is the physical radius from the center of the
overdensity, m(< r) is the enclosed mass, G is the gravi-
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FIG. 1. Top: The phase space diagram for halos from the
MDR1 simulation in the mass range M = 1−4×1014h−1M⊙.
The colorbar shows the number of particles within each phase
space pixel. The pixel spacing is linear in both r and v, so
the number is proportional to r2ρ. Bottom: The local slope
of the density of all particles (red) and particles with |vr| <
0.4 vcirc (blue), as a function of radius r. The location of the
feature in the local slope coincides with the outer caustic at
the splashback radius.

splashback radius may be constructed from the spherical
collapse model [1]. This model computes the nonlinear
evolution of a spherical shell, assuming that the mass in-
terior to the shell is overdense, and that the interior mass
is a constant (i.e., the model neglects shell crossing). The
equation of motion is therefore quite simple,

r̈ = −
GM

r2
+

Λ c2

3
r, (1)

where M is a constant. For ΩM = 1 and Λ = 0, this
model predicts that turnaround occurs at the time when
the linearly evolved density reaches δl ≈ 1.06, and col-
lapse to r = 0 occurs at the time when δl ≈ 1.69. Once
the infalling shell enters the virialized region, the as-
sumption of constant interior mass becomes invalid. Es-
timating virialization as the time when 2KE + PE =
ṙ2 − GM/r = 0 gives rvir ≈ rta/2, corresponding to a
nonlinear overdensity of ∆vir = 18π2. For ΩM ̸= 1, these
expressions are somewhat modified [18].
Following entry into the halo, the shell begins to orbit
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FIG. 2. Overdensity enclosed within the splashback radius
as a function of accretion rate s = d logM/d log a. Large ∆
corresponds to small radius within the halo. For reference,
the horizontal line at ∆ = 200 indicates the usual defini-
tion of the halo boundary. Halos with high accretion rate
have a larger enclosed overdensity within the splashback ra-
dius than halos with low accretion rates, corresponding to a
smaller splashback radius for rapidly accreting halos. Addi-
tionally, the enclosed overdensity increases as Ωm becomes
smaller, meaning that at low redshift, the splashback occurs
at a smaller fraction of r200m.

in the halo potential. If we continue to assume spherical
symmetry, then we can still use Eqn. (1) to compute the
motion; the only change is that now the mass M interior
to the shell is not constant, but instead depends on radius
r and time t. The time dependence of the mass profile
is determined by the accretion rate of the halo. Let us
suppose that the halo mass grows as Mtot ∝ as, where
s = d(logMtot)/d(log a). Then the halo radius scales as
R ∝ a1+s/3. We assume that the halo mass distribution
is given by the NFW profile [11],

M(r) = Mtot
fNFW(r/rs)

fNFW(R/rs)
, (2)

where rs is the NFW scale radius, and fNFW(x) =
log(1+x)−x/(1+x). The NFW concentration c ≡ R/rs
sets the slope of the mass profile at the halo boundary,
and we choose c such that the outer slope is given by
d logM/d log r = 3s/(3 + s) at r = R [2, 7, 8].
Equations (1)-(2) fully specify our model. We use

spherical collapse with constant enclosed mass M until
the shell radius reaches ri = rta/2. Thereafter, we as-
sume the mass profile is given by Eqn. (2). We integrate
the motion of the shell in this potential until splashback,
when ṙ = 0. From the radius and time of splashback, rs
and ts, we can determine the enclosed mass, the enclosed
density, and the background mean density, allowing us
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Late-time stellar mass growth is important

• <~L* galaxies formed vast 
majority of stellar mass since z ~ 2 

• Late-time cosmic accretion is 
often thought to be important in 
fueling star formation and in the 
evolution of extended gas halos 
(circum-galactic medium: CGM) 

• Gas dynamics can be markedly 
different, because gas has 
thermal pressure support and 
shock heat, but also can 
radiatively cool and form stars.

Cosmic gas accretion into 
galactic halos at z < 2 

Leitner 2012

Most galaxies formed majority of their stellar mass at z < 1
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Figure 11. Left panel: redshift evolution in the SHMR. Because the COSMOS results have been derived in a homogeneous fashion, we can inter-compare the three
COSMOS redshift bins. The low-mass slope of the SHMR remains constant with β ∼ 0.46. We detect a clear evolution in M

piv
∗ and M

piv
h which are respectively the

stellar and halo mass at which M200b/M∗ reaches a minimum (see the right panel). At high masses, there is an interesting hint that the amplitude of the SHMR is
decreasing at higher redshifts, but we lack the statistics to make a clear detection, mainly due to the small volume probed by COSMOS. We have also plotted the
SHMR reported by B10. However, caution must be taken when making a direct comparison between COSMOS and B10 because our stellar masses have been derived
under different assumptions. According to B10, the level of systematic uncertainty in stellar masses is of order 0.25 dex. Given this 0.25 dex systematic uncertainty, we
are in broad agreement with B10 but a direct comparison would require a more homogeneous analysis between COSMOS and SDSS. Right panel: redshift evolution
in M200b/M∗. Both M

piv
∗ and M

piv
h exhibit downsizing trends, decreasing at later epochs. This effect is shown more explicitly in Figure 12.

(A color version of this figure is available in the online journal.)

converted to M200b assuming a Navarro–Frenk–White (NFW)
profile and a Muñoz-Cuartas et al. (2011) mass–concentration
relation for a WMAP5 cosmology when necessary. All results
quoted here assume either a Kroupa or a Chabrier IMF. Since
the systematic shift in M∗ between these two IMFs is small
(∼0.05 dex), we do not adjust for this difference. We also do not
attempt to correct for differences in the assumed cosmological
model.

5.5.1. Comparison with Previous Work: Low Redshift

Mandelbaum et al. (2006a) have used g–g lensing in the
SDSS to measure halo masses for lens galaxies at z ∼ 0.1.
Since Mandelbaum et al. (2006a) only present their results as a
function of both M∗ and color, the data points in Figure 10
have been re-computed as a function of M∗ only (Rachel
Mandelbaum 2011, private communication). Except perhaps for
one data point at low M∗, these results are in good agreement
with ours.

At high masses, an alternative method to probe the central
SHMR is to directly compare the halo masses of groups and
clusters of galaxies to the masses of their central galaxies.
Since we are primarily interested in Φc(M∗|Mh), it is critical,
as much as possible, to use halo mass selected samples of
groups and clusters for this type of comparison. Using samples
selected on the basis of the stellar mass of the central galaxy,
for example, would result in biased conclusions. In Leauthaud
et al. (2010), we presented a sample of X-ray groups (M200b ∼
1013–1014 M⊙) in COSMOS for which we have calibrated the
relationship between halo mass and X-ray luminosity (LX) using
g–g lensing. The expected scatter in halo mass at fixed LX is of
order 0.13 dex so the sample presented in Leauthaud et al. (2010)
is halo mass selected to a good approximation. In parallel,
George et al. 2011 and M. R. George et al. (in preparation)
have constructed an algorithm to identify the central galaxies

of these groups and have used the weak lensing signal itself to
optimize the algorithm by maximizing the weak lensing signal
at small radial separations from the central galaxy. The gray
squares in Figure 10 report the stellar mass of the central galaxy
versus Mh for groups at 0.22 < z < 0.48 and with a high-quality
flag. These data points are directly comparable to ours since we
have used exactly the same stellar masses and confirm that our
results are consistent with Leauthaud et al. (2010).

We present a similar exercise for a sample of X-ray luminous
clusters (A68, A209, A267, A383, A963, A1689, A1763,
A2218, A2390, A2219) from Hoekstra (2007) with weak lensing
masses from Mahdavi et al. (2008). The central galaxies of
these clusters have been studied in detail by Bildfell et al.
(2008). Using the same stellar mass code and assumptions as
in this paper, we have computed stellar masses for the central
cluster galaxies using a compilation of optical data provided
by Chris Bildfell. The results are shown by the red asterisk
points in Figure 10. Unfortunately, these mass estimates are
based on just two optical bands (B-band and R-band) and as
such will have larger uncertainties than the COSMOS stellar
masses used in this paper which are constrained with many
more filters and normalized to a near-IR luminosity. We estimate
that an additional 0.25 dex stellar mass uncertainty should be
included when interpreting these data points, which may account
for their scatter in stellar mass seen in Figure 10. With this
cautionary note, plus the additional caveat that this sample is not
as homogeneously selected as the groups from Leauthaud et al.
(2010), and that COSMOS is too small to probe overdensities
of these masses, the results are nonetheless in good agreement
with the extrapolation of our z1 SHMR.

Both Moster et al. (2010) and B10 have presented constraints
on the SHMR and its redshift evolution by using the abundance
matching technique. A more detailed comparison with their
work is presented in Sections 5.5.3 and 5.5.4.
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CFHTLenS: Co-evolution of galaxies and their dark matter haloes 9

Figure 7. The stellar-to-halo mass ratio (SHMR) as a function of stellar
mass. CFHTLenS data at z = 0.3 are shown by the circles. The SHMR
from M06 at z = 0.1 (after correction from Mvir to M200) are shown
by triangles. Late type (SDSS) or blue (CFHTLenS) galaxies are shown by
open blue symbols, and early type (SDSS) or red (CFHTLenS) galaxies are
in filled red symbols.

Figure 8. As Fig. 7, but CFHTLenS is compared to the SHMR of RCS2
(van Uitert et al. 2011).

To obtain the efficiency of star formation with respect to the mean
baryon density, multiply f⇤ by ⌦m/⌦baryon = 6.36 (Planck Col-
laboration et al. 2013, CMB plus BAO). Our fits do not constrain
very strongly the high-mass SHMR slope parameter, �, although
they disfavour the M10 value of 0.6, at the ⇠ 2� level, and prefer
higher values. We therefore fix � = 0.8 in the following.

We will fit the SHMR parameters allowing f1 and log10(M1)

to evolve linearly with redshift. The CFHTLenS lenses are centred
at approximately z = 0.5, so we Taylor-series expand around this
redshift and adopt

f1(z) = f0.5 + (z � 0.5)fz (12)

and

log10(M1)(z) = log10 M0.5 + (z � 0.5)Mz . (13)

Note that even if Mz is consistent with zero so that there is no de-

Figure 10. As in Fig. 9, but with a single M10 model fit to both red and
blue galaxies simultaneously.

pendence of f⇤ as a function of halo mass (i.e. no halo-mass down-
sizing), it is still possible to have downsizing in f⇤ as a function of
stellar mass if fz is significantly different from zero.

Note that the functional form that we have adopted, equa-
tion (11), yields the mean SHMR as a function of halo mass. One
could fit and plot the SHMR as a function of halo mass f⇤(Mh),
but in practice this is complicated because the halo mass is the mea-
sured quantity with largest uncertainties. This would complicate
the fits because halo mass would appear in both the independent
and dependent variables. In contrast, the observational uncertainty
in the stellar mass is negligible compared to that in the halo mass,
and so it is more sensible to treat stellar mass as the independent
variable. The complication with using stellar mass as the indepen-
dent variable is that we expect individual galaxies to scatter around
this mean relation (M10). In this paper, we will adopt a scatter of
0.15 dex (following M10 and Behroozi et al. 2010), independent of
mass, around f⇤(Mh). To obtain f⇤ as a function of M⇤, we inte-
grate over the abundance of halo masses and this lognormal scatter.

5.2 Evolution of red and blue galaxies

We will first discuss the red and blue populations separately. Blue
galaxies dominate at low stellar masses whereas red galaxies dom-
inate at high stellar masses. Consequently, there are only two mass
bins (in the range 10

10M� ⇠< M⇤ ⇠< 10

11M�) where there are
sufficient numbers of both red and blue galaxies in the bin to obtain
a halo mass measurement for both the blue and red populations.
The independent fits of the M10 double power law given by equa-
tion (11) to red and blue populations, both as a function of redshift,
are plotted in Fig. 9.

The SHMR fits to blue galaxies are given in Table 3. The
SHMR of blue galaxies does not evolve significantly as a func-
tion of redshift: the redshift dependence of f⇤ at fixed mass is only
fz = 0.03 ± 0.04, obviously consistent with zero. The best fitting
M10 function has a low-mass-slope that is � = 0.54 ± 0.22. In
this case, the errors on � are large because of partial degeneracies
between � and the break mass M0.5. A model with no evolution
is a good fit. Its �2 is larger by only 0.9 with 2 more degrees of
freedom. If, instead, we fit a single power law SHMR to the blue
galaxies (last row of Table 3), the uncertainties on the slope are
tighter: � = 0.44 ± 0.08, as are the constraints on the evolution:

c� 0000 RAS, MNRAS 000, 000–000

Hudson et al 2013
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Figure 2. Instantaneous star formation efficiency compared to the integrated
star formation efficiency at z = 0 (i.e., stellar mass over the product of the
baryon fraction with the halo mass). The shaded bands around each line show
the 1σ uncertainty contours. The integrated efficiency has a different peak and
profile, as discussed in the text.
(A color version of this figure is available in the online journal.)

leading to a peak at a larger halo mass and a gentler falloff in
the high-mass slope, as shown in Figure 2.

3.3. A Time-independent Model

Going further, it is interesting to approximate the SFE for
individual halos as completely time-independent. In this case,
the stellar mass formed at a given halo mass is

SM =
! tfinal

0

fbdMh

dt

dSM
fbdMh

dt =
! Mh,final

0

dSM
fbdMh

fbdMh,

(1)

(where SM is the stellar mass, Mh(t) is the halo mass accretion
history, and dSM/fbdMh is the SFE). The total stellar mass
formed then becomes a function of only the final halo mass
(Mh,final) and not of time.

The specific choice of redshift for the instantaneous SFR
does not matter greatly, as shown in Figure 1. We nonetheless
marginalize the instantaneous SFR over time; the resulting
functional form is shown in Figure 2. Using this as the time-
independent efficiency, we calculate the total stars formed as
a function of halo mass using Equation (1) and reduce the
resulting value by 50%, corresponding to the stellar population
remaining for a 6 Gyr old starburst (Conroy & Wechsler 2009).
(For comparison, a 1 Gyr old starburst would have 60% of its
original stars remaining.) This allows us to calculate the stellar
mass to halo mass ratio, as shown in the left panel of Figure 3.
Similarly, we may use halo mass accretion rates and number
densities along with the same SFE to calculate the cosmic SFR
(Figure 3, right panel).

The real universe is more complicated, of course; the stel-
lar mass–halo mass relation must evolve weakly to accurately
reproduce galaxy number counts (Conroy & Wechsler 2009;
Moster et al. 2010, 2012; Behroozi et al. 2010, 2012; Leauthaud
et al. 2012; Wang et al. 2012). However, integrating a time-
independent SFE with respect to halo mass reproduces the z = 0
stellar mass–halo mass relation to within observational system-
atics over nearly five decades in halo mass (1010–1015 M⊙).
Similarly, integrating the SFE times the mass accretion rate and
number density of halos gives a precise match to the observed
cosmic SFR from z ∼ 4 to the present.

Furthermore, the prediction in time-independent SFE models
of fixed stellar mass formed at a given halo mass is not far
off from observational constraints at z = 0 (0.2 dex scatter
in stellar mass at fixed halo mass; Reddick et al. 2012). The
evolution in the median stellar mass–halo mass relation with
time, corresponding to an evolution in the SFE, may then set a
lower bound on the scatter in stellar mass at fixed halo mass at
the present day. Conversely, the scatter in stellar mass at fixed
halo mass today sets an upper bound on the possible evolution
of the median stellar mass to halo mass ratios at earlier times.

When considering the cosmic SFR, the time-independent
efficiency model may imply more success matching galaxy
formation physics than is warranted. In fact, a model with an SFE
of 7% independent of halo mass or time also matches the decline
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Figure 3. Left panel: the stellar mass to halo mass ratio at multiple redshifts as derived from observations (Behroozi et al. 2012) compared to a model that has a time-
independent star formation efficiency (SFE). Error bars show 1σ uncertainties (Behroozi et al. 2012). A time-independent SFE predicts a roughly time-independent
stellar mass to halo mass relationship. Right: the cosmic star formation rate for a compilation of observations (Behroozi et al. 2012) compared to the best-fit model
from a star formation history reconstruction technique (Behroozi et al. 2012) as well as the time-independent SFE model. The latter model works surprisingly well up
to redshifts of z ∼ 4. However, a model that has a constant efficiency (with mass and time) also reproduces the decline in star formation well since z ∼ 2.
(A color version of this figure is available in the online journal.)
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Observations: 
strong connection 
between galaxy 
mass & halo mass
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1. Background on Halo Formation & Cosmic Accretion 

2. Physical Cosmic Accretion of Dark Matter 

3. Physical Cosmic Accretion of Baryons 

4. Physical Meaning of the Virial Radius

Outline
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1. Impact of Gas Physics 

2. Trends with star formation + stellar feedback

Physical Cosmic Accretion of Baryons
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Physical accretion of gas & dark matter
from simulation with gas - non-radiative
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Physical accretion of gas & dark matter
from simulation with gas - radiative cooling
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1. Impact of Gas Physics 

2. Trends with star formation + stellar feedback

Physical Cosmic Accretion of Baryons
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Physical accretion of baryons & dark matter
from simulation with star formation + feedback
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Physical significance of R200m?
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Physical accretion of baryons & dark matter
from simulation with star formation + feedback
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Physical accretion of baryons & dark matter
from simulation with star formation + feedback
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Dark Matter growth is subject to pseudo-evolution 

at z <~ 1, no significant growth of density/mass at any radius

Summary: Physical Accretion of Dark Matter & Gas

Most meaningful radius to measure cosmic accretion of both dark 
matter & gas is 2 R200m

Baryonic growth is not subject to pseudo-evolution 

Physical growth at all radii because gas is dissipational 

Accretion rate at all radii (roughly) tracks that at R200m
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Satellite Dwarf Galaxies in the Local Group
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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,
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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.
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Figure 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.

SFH related science including quenching timescales and
comparisons to state-of-the-art simulations of low mass
systems.
This paper is organized as follows. We summarize the

sample selection and data reductions in §2. We describe
the process of measuring a SFH from a CMD and dis-
cuss a number of challenges related to CMD fitting and
uncertainty analysis in §3. We proceed to empirically
characterize the SFHs of the LG dwarf galaxies in §4. In
§5, we compare our SFHs with spectroscopically based
SFHs of star-forming SDSS galaxies and with SFH mod-
els based on abundance matching techniques. Finally, we
provide a summary of our results in §6. Throughout this
paper, the conversion between age and redshift assumes
the Planck cosmology as detailed in Planck Collabora-
tion (2013).

2. THE DATA

2.1. The Sample

For this paper, we have selected only dwarf galaxies
that are located within the zero surface velocity of the
LG (⇠ 1 Mpc; e.g., van den Bergh 2000; McConnachie
2012). This definition excludes some dwarfs that have
been historically associated with the LG, such as GR8
and IC 5152, but which are located well-beyond 1 Mpc.
We have chosen to include two galaxies with WFPC2
imaging that are located on the periphery of the LG
(Sex A and Sex B), because of their ambiguous associa-

tion with the LG, the NGC 3109 sub-group, or perhaps
neither (although see Bellazzini et al. 2013, for discus-
sion of the possible association of these systems). Oth-
ers in this sub-group, Antlia, UGC 4879, Leo P, do not
have WFPC2 imaging, and are therefore not included in
this paper. Following previous LG galaxy atlases (e.g.,
Hodge 1971, 1989; Mateo 1998; McConnachie 2012), we
have not included the SMC and LMC in this paper, as all
the authors consider them to be too massive/luminous.
Instead, we are pursuing separate analysis of dozens of
HST fields in these galaxies; preliminary results are pre-
sented in Weisz et al. (2013).
Of the ⇠ 60 known dwarfs located within ⇠ 1 Mpc, we

analyze those that have optical WFPC2 imaging in the
HST archive. Photometry for a majority of these galaxies
was measured as part of the Local Group Stellar Photom-
etry Archive9 (LOGPHOT; Holtzman et al. 2006), which
provides a repository of uniformly reduced HST resolved
star imaging of WFPC2 observations of LG targets taken
during or prior to 2006. After 2006, the majority of LG
dwarf observations were taken with ACS and/or WFC3.
However, between the failure of ACS and completion of
SM4, a handful of additional WFPC2 observations of LG
dwarfs were executed. From these observations, we have
added 8 galaxies that were not reduced as part of LOG-
PHOT: Andromeda XI, Andromeda XII, Andromeda

9
http://astronomy.nmsu.edu/logphot
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Figure 12. Cumulative SFHs of the MW ultra-faint and classical dSphs. The classical dwarfs show a diversity in SFHs: Hercules and Leo IV are purely old, while
CVn I and CVn II have extended SFHs. The classical dwarfs also have both predominantly old galaxies (e.g., Sculptor, Draco) and those with extended SFHs (e.g.,
Carina, Fornax). There are no apparent systematic differences between the SFHs of the ultra-faint and classical dwarfs in our sample.
(A color version of this figure is available in the online journal.)

the M31 system, where only recently has HST imaging captured
the first oldest MSTOs in two M31 satellites, Andromeda II and
Andromeda XVI (Weisz et al. 2014b).

Finally, we examine the SFHs of dSphs. Many dSphs are
known to host complex and extended histories, and the rela-
tionship between these SFHs and their evolution is still not well
understood (e.g., Mateo 1998; Tolstoy et al. 2009, and references
therein). In contrast, the lowest luminosity dSphs are thought to
generally host SSPs, and are among the best candidates for rem-
nant primordial galaxies (e.g., Simon & Geha 2007; Kirby et al.
2008; Peñarrubia et al. 2008; Frebel 2010; Belokurov 2013;
Walker 2013). Despite their intriguing nature, few quantitative
comparisons of SFHs across the entire LG dSph spectrum exist.

To facilitate a comparison among the dSphs, in Figure 12,
we plot the best fit SFHs of the MW dSphs. We include
only the MW dSphs as all their CMDs extend below the
oldest MSTO, providing secure lifetime SFHs with minimal
systematic uncertainties. We have also divided the dSph SFHs
into two groups, so-called “classical” and “ultra-faint” dwarfs,
to allow for additional comparison between these two purported
“classes.” We have excluded Sagittarius from this comparison
due to its unusual interaction history.

We first consider broad trends as a function of luminosity.
In general, the least luminous dSphs tend to have had their star
formation quenched at earlier times than the most luminous
dSphs. For example, galaxies such as Hercules (MV = −6.6)
and Leo IV (MV = −5.8) formed >90% of their stellar mass
prior to ∼11–12 Gyr ago, while more luminous dSphs such
as Fornax (MV = −13.4) and Leo I (MV = −12.0) did not
form the same percentage of their stellar mass until !3 Gyr.
These differences are likely due to variations in infall times and
environmental processing effects on MW satellite galaxies (e.g.,
Łokas et al. 2012; Rocha et al. 2012; Kazantzidis et al. 2013).
However, others have suggested that reionization can play an
increasingly important role in the quenching of star formation
in the lowest mass galaxies (e.g., Bullock et al. 2000; Ricotti &
Gnedin 2005; Bovill & Ricotti 2011a, 2011b; Brown et al. 2012;
Okamoto et al. 2012). We will discuss the topics of reionization

(Weisz et al. 2014a) and quenching in LG dwarfs in future papers
in this series.

There are clear exceptions to the general trend. For example,
low luminosity galaxies CVn I (MV = −6.6) and CVn II
(MV = −4.9) have SFHs that extend to lookback times of
∼8–11 Gyr ago, while Sculptor (MV = −11.1) formed 90%
of its stellar prior to 10–11 Gyr ago. Further, galaxies with
comparable luminosities can have different SFHs: Ursa Minor
(MV = −8.8) and Draco (MV = −8.8) formed 90% of their
stellar mass prior to 8–9 Gyr ago, while Carina (MV = −9.1)
formed the same amount of stellar mass ∼3–4 Gyr ago.

It is clear from this comparison that more luminous dwarfs
generally have extended SFHs. However, deviations from this
relationship (e.g., CVn I, Carina, Sculptor) suggest that the
environmental history of individual galaxies are also important
(e.g., tidal and ram pressure stripping, etc., Mayer et al. 2001,
2006), and should be considered in any evolutionary model of
dSphs.

Finally, we briefly comment on the dichotomy between “ultra-
faint” and “classical” dSphs. The unfortunate naming conven-
tion implies the presence of a systematic physical division be-
tween the two “classes.” However, most observational evidence
indicates that both sample sequentially fainter regions of the
dSphs luminosity function, e.g., they form a continuum on the
mass–metallicity and size–luminosity relationship (e.g., Mc-
Connachie 2012; Belokurov 2013; Walker 2013, and references
therein), suggesting that the main differences are simply in the
naming convention.

In Figure 12, we see that there is not always a clear difference
between the SFHs of ultra-faint and classical dSphs. As previ-
ously discussed, ultra-faint galaxies such as CVn I and CVn II
have SFHs that extend to lookback times of ∼8–11 Gyr ago,
which is similar to several classical dwarfs, and in agreement
with the conclusions of de Jong et al. (2008b).

Based on the aggregate SFH evidence from this paper and
other studies of classical dwarfs (e.g., de Jong et al. 2008b;
Sand et al. 2009, 2010, 2012; Brown et al. 2012; Okamoto
et al. 2012), we suggest that a division between ultra-faint and
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Ultra-faint dwarf galaxies quenched via reionization 
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Figure 8. Statistical uncertainties for the cumulative SFH for each galaxy, assuming two bursts, and determined by three-parameter fits to 104 Monte Carlo realizations
of the photometric and spectroscopic data. Within these 1σ uncertainties, the SFH for each galaxy is consistent with a model that has at least 80% of the star formation
completing by z ∼ 6.

and within a given galaxy) may manifest as an age spread in
our fits.

The discovery of additional faint satellites around the Milky
Way and Andromeda have narrowed the gap between observa-
tions and ΛCDM predictions of substructure. To close that gap,
simulations of galaxy formation assume that reionization sup-
pressed the star formation in the smallest DM sub-halos (e.g.,
Bullock et al. 2000; Ricotti & Gnedin 2005; Muñoz et al. 2009;
Bovill & Ricotti 2009, 2011a, 2011b; Tumlinson 2010; Koposov
et al. 2009; Li et al. 2010; Salvadori & Ferrara 2009; Salvadori
et al. 2014). Specifically, such models assume that reionization
heated the gas in small DM halos to ∼104 K, and the resulting
thermal pressure boiled the gas out of the halos and into the
intergalactic medium (IGM). Gravity is too weak in these sub-
halos to retain the gas or reacquire it from the reionized IGM.
The stellar populations of the UFDs, which are extremely sim-
ilar to each other and dominated by ancient metal-poor stars,
support the premise of an early synchronizing event in their
SFHs. Although galaxy formation models tune the suppression
threshold in terms of DM mass, the outcome is manifested in
terms of luminous matter, with post-reionization star formation
plummeting in satellites fainter than MV ∼ −8 mag. Outside
of simulations, the threshold is likely not as clean as this, with

multiple parameters affecting the outcome, including the details
of the SFH, the DM accretion history, local dynamics, metal-
licity, location within the parent halo, and distance from major
sources of reionization. It is difficult to disentangle such ef-
fects with the small sample here. For example, Boo I and Com
Ber have almost exclusively old populations, and fell into the
Milky Way earlier than the other galaxies in our sample (Rocha
et al. 2012), giving them an earlier exposure to the dominant
source of ionization. While UMa I is dominated by old metal-
poor stars, it appears to be systematically younger than the other
galaxies in our sample. UMa I may be distorted and Okamoto
et al. (2008) argue that it appears to be undergoing disruption;
elongation along our sightline could be broadening the CMD,
producing an apparent age spread. Hercules is the brightest
galaxy in our sample (Mv = −6.6 mag; Martin et al. 2008b);
it may have retained more gas during the reionization era, lead-
ing to a non-negligible population of younger stars. Besides the
galaxies in our sample, there are others that demonstrate these
complexities. For example, Leo T is a gas-rich irregular host-
ing recent star formation, despite having a luminosity similar
to those of the ancient UFDs (Irwin et al. 2007; de Jong et al.
2008a; Ryan-Weber et al. 2008); at 409 kpc, its isolation from the
Milky Way could have enabled its evolution as a “rejuvenated
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Figure 22. Positions of the DES satellites with respect to the Magellanic gaseous Stream near the Southern Galactic Pole. The Stream’s
HI column density from Putman et al. (2003) is shown as filled contours, with darker shades corresponding to higher densities. Hatched
area contour shows the current DES footprint. The DES satellites appear to be avoiding regions with high HI column density.
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Figure 19. Distance to the Galactic center as a function of the
distance to the LMC. The symbols follow the same scheme as in
Figure 18. The blue-white 2D histogram in the background gives
the expected density of objects assuming isothropic distribution on
the sky (see text for more details). The red dashed line defines the
”zone of influence” of LMC. The inset shows the distribution of
the number of objects inside the zone of influence as predicted by
reshuffling the position vectors of the known satellites. The red
solid line in the inset shows the actual number of satellites in the
”zone of influence” of LMC. We conclude that the detected objects
constitute an overdensity around the LMC with a significance of
94%.

is that there must be more satellites in the vicinity of
the Magellanic Clouds. We have shown that Reticulum
2, Horologium 1, and Eridanus 3 are aligned with the
LMC’s orbital plane and form part of the entourage of
the LMC. Similarly, Tucana 2, Phoenix 2 and Grus 1
most likely comprise part of the entourage of the SMC.
However, all the objects in this paper trail the LMC and
SMC. There must also be a counter-population of satel-
lites that lead the LMC and SMC. Hunting is always eas-
ier once we know where the big game is plentiful. And
the happy hunting grounds for the ‘beasts of the south-
ern wild’ are the Magellanic Clouds, especially in front
of the LMC/SMC pair as reckoned by the LMC motion.
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Figure 2. The fraction (left panel) and number (right panel)
of satellites of MW/M31 hosts at z = 0 that were satel-
lites of the surviving LMC dwarfs prior to its infall onto the
MW/M31 host. The peak mass (stellar mass) of the LMCs
is shown on the bottom (top) x-axis. The color scheme in-
dicates the time since infall of the accretion events. Recent
and/or massive accretion events contribute significant num-
bers of “satellites of satellites” to the present day satellite
population.

(and likely non-meaningful) crossings just within Rvir.
Note that the LMC dwarfs themselves are now also

satellites of MW/M31 hosts, but prior to infall are the
group centrals.
In total, we identify N = 734 MW/M31 satellites to-

day that were once satellites of LMC dwarfs, where these
“LMCs” are still intact today. These “satellites of satel-
lites” comprise approximately 7% of the surviving satel-
lite population of MW/M31 hosts at z = 0, and have
typical stellar masses of Mstar = 103 − 105M⊙ (compa-
rable to the ultra-faint dwarf galaxy population). This
fraction is lower than in Wetzel et al. (2015) because we
only consider the subset of satellites that were satellites
of a surviving7 LMC satellite before infall. In this work,
we only consider subhalos within the MW/M31 hosts to-
day, and do not include “field” subhalos (i.e. outside
of Rvir today) that could have been associated with an
LMC-mass host in the past. It is worth noting, however,
that these associations do exist, and this could be an
interesting population to study in future work.

3. RESULTS

3.1. Satellites of LMC-mass dwarfs

Fig. 2 shows the fraction (left panel) and number (right
panel) of z = 0 satellites that were associated with a
surviving LMC dwarf before infall onto the MW/M31,
against the mass of the group central. The color scheme
indicates the infall time8 of the accretion events onto the
MW/M31 hosts (blue=recent infall, red=early infall).
Unsurprisingly, more massive dwarfs have more abun-

dant satellite populations. There is also a dependence
on infall time onto the MW/M31 host. At a given mass,
groups accreted more recently have more surviving mem-
bers at z = 0.

7 Wetzel et al. (2015) show that approximately half of the overall
population of group centrals have merged/disrupted by z = 0.

8 Throughout we use “infall time” to define the time since infall
of a subhalo onto a host halo.

3.2. Phase-space associations at z = 0

We now consider the current (z = 0) association in
phase-space between the LMC dwarfs and their former
satellite population. In Fig. 3 we show the median veloc-
ity (left panel) and 3D distance (right panels) between
the “LMCs” and their past members as a function of
infall time onto the MW/M31 hosts.
After infall, groups become more dispersed in phase-

space over time (see also Sales et al. 2011). For compar-
ison, we show the typical average velocity/distance dif-
ference between all satellites of MW/M31 hosts at z = 0
and the group centrals with the dotted lines. Groups
accreted more than ∼ 5 − 6 Gyr ago are well mixed in
phase-space today. For illustration, the far-right panel of
Fig. 3 shows the distribution of ∆R for one LMC-group
with low median ∆R.
In the middle right panel, we show the median differ-

ence in configuration space for satellites with ∆R < 130
kpc from the group central. This is a rough estimate for
the maximum ∆R probed by the DES survey around the
LMC (see Koposov et al. 2015 Fig. 20). The proximity
of the DES satellites to the LMC is striking, especially
compared to the general population of group members in
the simulations. This proximity in configuration space
not only suggests a likely association between the DES
dwarfs and the LMC, but, if several of these dwarfs are
genuine group members, then it implies a very recent in-
fall time for the LMC-group. Note that the most recent
observational constraints on the orbits of the LMC/SMC
suggest a recent infall time for this group (see e.g, Besla
et al. 2007; Boylan-Kolchin et al. 2011; Rocha et al. 2012;
Kallivayalil et al. 2013).
Qualitatively, a picture similar to the above has been

painted by the study of Sales et al. (2011). However, here
we present the first quantitative evidence of a pronounced
correlation between z = 0 scatter in the phase-space ex-
hibited by the “satellites of the satellites” for a statisti-
cally significant sample of accretion configurations.

3.3. Likelihood of group-membership

Fig. 4 presents the probability of a past association
with an LMC dwarf as a function of distance (left panel)
and velocity (middle panels) from the massive group cen-
tral. This now includes “interloping” satellites near the
LMC at z = 0 that were not satellites of the LMC-mass
host prior to MW/M31 infall. Dwarfs more closely re-
lated in configuration or velocity space are more likely
to have been group members before infall. For example,
> 25% of dwarfs within 50 kpc of the LMC dwarf today
were likely associated with this dwarf before infall. Note
that combining both position and velocity information
allows a much easier distinction between previous mem-
bers and the general satellite population. The top-right
hand panel of Fig. 4 shows that > 90% of dwarfs within
50 kpc and 50 km s−1 of a LMC dwarf were likely once
group members. For comparison, ∆R = 23± 2 kpc and
∆V3D = 128 ± 32 km s−1 (Kallivayalil et al. 2013) for
the LMC-SMC pair.
We also show the radial velocity difference (∆VR =

|VR,SoS−VR,LMC|) between group members in the bottom
panels. Clearly, 3D velocity information gives a much
cleaner distinction between members and non-members.
However, the combination of radial velocity information
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Groups of satellite dwarf galaxies are 
dissociated by MW tidal field over time
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Figure 3. The median differences in 3D velocity (left panel) and 3D distance (right panels) at z = 0 between the LMC dwarfs
and the satellites that were associated with them in a group before falling into the MW/M31 hosts. LMCs that fell in at early
times have the largest differences in phase space with their satellites today. The colors indicate the number of surviving group
members. The black dotted lines indicate the average velocity/radial difference between all satellites in MW/M31 hosts and
the LMC satellite at z = 0. We also show the approximate virial radius for an LMC-mass subhalo with the short-dashed line.
The middle right panel shows the median difference in configuration space for satellites with ∆R < 130 kpc. This is a rough
estimate for the maximum ∆R probed by the DES survey around the LMC. The colors indicate the fraction of surviving group
members that have ∆R < 130 kpc. The black dashed line shows the median distance between the DES dwarfs and the LMC.
The furthest right panel shows the distribution of ∆R for one massive group (indicated by the star symbol) with low median
∆R.

and 3D distance can be useful. For example, > 25% of
dwarfs within 50 kpc are likely past group members, but
this fraction rises to > 50% for dwarfs with ∆VR < 150
km s−1.
The significance of infall time onto the MW/M31 host

is further illustrated in Fig. 4. The red dashed and blue
dotted lines show the fraction of past members as a func-
tion of radial and velocity difference for late (Tinfall < 2
Gyr) and early (Tinfall > 5 Gyr) accretion events, respec-
tively. Groups accreted a long time ago are now phase-
mixed, whereas the probability of being associated with
a recently accreted LMC dwarf is strongly related to the
proximity in phase-space.
We can use these relations shown in Fig. 4 to estimate

the probability that the DES candidate dwarfs were once
satellites of the LMC. The estimated probabilities are
listed in Table 1. We also give the sum of these proba-
bilities, which provides a rough estimate of the number
of these dwarfs that are “satellites of satellites”. Using
only 3D coordinate information, we find that two of the
DES dwarfs were once satellites of the LMC. If we assume
that the LMC-group fell in very recently (Tinfall < 2 Gyr)
then this number rises to four. The right-hand panels of
Fig. 4 show that the inclusion of velocity information
will enable a clearer distinction between members and
non-members in the future.
Simon et al. (2015) and Walker et al. (2015) recently

spectroscopically confirmed that the Ret 2 dwarf candi-
date is indeed a dwarf galaxy. Although this dwarf is
in close proximity to the LMC (∆R = 23.9 kpc), the ra-
dial velocity measured by Simon et al. (2015) and Walker
et al. (2015) for this dwarf is more disparate (|∆VR| =
160 km s−1)9. This dwarf is shown by the purple star in
the bottom right panel of Fig. 4. With distance infor-

9 Note that this is the difference in line-of-sight velocity between
Ret 2 and the LMC in the Galactic rest frame.

Table 1
The nine candidate dwarf galaxies from Koposov

et al. (2015). We give the dwarf name, 3D distance
from the LMC, and estimated probability of once

being a satellite of the LMC based on this distance.

Name ∆R PLMC sat PLMC sat

[kpc] (Tinfall < 2 Gyr)

Reticulum 2 23.9 0.38 0.65
Eridanus 2 337.4 0.02 0.01
Horologium 1 38.5 0.31 0.57
Pictoris 1 70.0 0.19 0.41
Phoenix 2 54.3 0.23 0.49
Indus 1 80.0 0.18 0.37
Grus 1 92.8 0.16 0.31
Eridanus 3 48.2 0.26 0.52
Tucana 2 36.7 0.32 0.58

Total: 2.0 3.9

mation alone we estimated PLMC sat = 0.38, but this ad-
ditional radial velocity information only slightly reduces
the probability of once being a satellite of the LMC to
PLMC sat = 0.36.
Note that we have not taken into account the presence

of the SMC in the above analysis, and it is worth pointing
out this potential caveat. It is beyond the scope of this
work to quantify the affect of the LMC-SMC interaction
on the orbits of lower-mass LMC satellites, but this could
be a worthwhile avenue for further study.

4. CONCLUSIONS

We used the ELVIS simulation suite to study the sur-
viving satellite population of LMC-mass dwarfs accreted
onto MW/M31 mass halos. A sample of 25 LMC-mass
(Mpeak > 1011M⊙) z = 0 satellites of MW/M31 hosts are
selected, and we find the lower mass dwarfs that were as-
sociated with these massive dwarfs before they fell into
the MW/M31 hosts. Our selection is motivated by the
recent discovery of nine candidate dwarf galaxies in the
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Figure 4. The fraction of all MW/M31 satellites at z = 0 that were a satellite of a surviving LMC dwarf before infall onto
the MW/M31 host as a function of 3D distance (left panel) and velocity (middle panels) difference from the LMC today. The
fractions when velocity and distance information are combined are shown by the contours in the right-hand panels. The gray
bands in these right-hand panels indicate the range of ∆R for eight candidate DES dwarfs (excluding Eri 2). The purple star
in the bottom-right panel indicates the (spectroscopically confirmed) Ret 2 dwarf (Simon et al. 2015; Walker et al. 2015). The
dashed red and dotted blue lines are for groups accreted recently (Tinfall < 2 Gyr) and early (Tinfall > 5 Gyr), respectively. Only
groups accreted recently show a close-proximity in phase-space at z = 0.

vicinity of the LMC/SMC group. Our main conclusions
are summarized as follows:

• Recent, massive accretion events likely “dragged
in” a significant number of MW/M31 dwarfs. Typ-
ically, 7% of the surviving z = 0 satellite popu-
lation were once associated with surviving LMC-
mass dwarfs, but this fraction can vary between 1%
and 25% depending on the mass and infall time of
the group central.

• Groups of dwarfs quickly disperse in phase-space
after infall onto MW/M31 mass hosts. We find
that z = 0MW/M31 satellites that were once satel-
lites of a surviving LMC dwarf can typically have
large differences in velocity or configuration space
relative to their group central if they fell into the
MW/M31 host more than 5 Gyr ago.

• The proximity of the candidate DES dwarfs to the
LMC suggests that: (1) several were likely satellites
of the LMC at some point in the past, and; (2) if
they are genuine “satellites of satellites”, then the
LMC-group was likely accreted very recently (! 2
Gyr) for these dwarfs to retain such a close proxim-
ity in configuration space with the LMC. Distance
information alone suggests that two to four of the
newly discovered DES dwarfs were satellites of the
LMC-group before infall.

• The DES dwarfs that were/are satellites of the
LMC could be prime candidates to study the af-
fects of group pre-processing. If the LMC-group
fell in very recently onto the MW, then the mem-
bers may have spent a significant amount of time in
this group before joining the MW. In future work,
we plan to study the affects of group pre-processing
in more detail.
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Figure 4. The fraction of all MW/M31 satellites at z = 0 that were a satellite of a surviving LMC dwarf before infall onto
the MW/M31 host as a function of 3D distance (left panel) and velocity (middle panels) difference from the LMC today. The
fractions when velocity and distance information are combined are shown by the contours in the right-hand panels. The gray
bands in these right-hand panels indicate the range of ∆R for eight candidate DES dwarfs (excluding Eri 2). The purple star
in the bottom-right panel indicates the (spectroscopically confirmed) Ret 2 dwarf (Simon et al. 2015; Walker et al. 2015). The
dashed red and dotted blue lines are for groups accreted recently (Tinfall < 2 Gyr) and early (Tinfall > 5 Gyr), respectively. Only
groups accreted recently show a close-proximity in phase-space at z = 0.

vicinity of the LMC/SMC group. Our main conclusions
are summarized as follows:

• Recent, massive accretion events likely “dragged
in” a significant number of MW/M31 dwarfs. Typ-
ically, 7% of the surviving z = 0 satellite popu-
lation were once associated with surviving LMC-
mass dwarfs, but this fraction can vary between 1%
and 25% depending on the mass and infall time of
the group central.

• Groups of dwarfs quickly disperse in phase-space
after infall onto MW/M31 mass hosts. We find
that z = 0MW/M31 satellites that were once satel-
lites of a surviving LMC dwarf can typically have
large differences in velocity or configuration space
relative to their group central if they fell into the
MW/M31 host more than 5 Gyr ago.

• The proximity of the candidate DES dwarfs to the
LMC suggests that: (1) several were likely satellites
of the LMC at some point in the past, and; (2) if
they are genuine “satellites of satellites”, then the
LMC-group was likely accreted very recently (! 2
Gyr) for these dwarfs to retain such a close proxim-
ity in configuration space with the LMC. Distance
information alone suggests that two to four of the
newly discovered DES dwarfs were satellites of the
LMC-group before infall.

• The DES dwarfs that were/are satellites of the
LMC could be prime candidates to study the af-
fects of group pre-processing. If the LMC-group
fell in very recently onto the MW, then the mem-
bers may have spent a significant amount of time in
this group before joining the MW. In future work,
we plan to study the affects of group pre-processing
in more detail.

ACKNOWLEDGMENTS

AJD is currently supported by NASA through Hub-
ble Fellowship grant HST-HF-51302.01, awarded by the
Space Telescope Science Institute, which is operated by
the Association of Universities for Research in Astron-
omy, Inc., for NASA, under contract NAS5-26555. ARW
gratefully acknowledges support from the Moore Center
for Theoretical Cosmology and Physics at Caltech.

REFERENCES

Bechtol, K., et al. 2015, arXiv:1503.02584
Behroozi, P. S., Wechsler, R. H., & Wu, H.-Y. 2013a, ApJ, 762,

109
Behroozi, P. S., Wechsler, R. H., Wu, H.-Y., et al. 2013b, ApJ,

763, 18
Belokurov, V. 2013, New Astron. Rev., 57, 100
Belokurov, V., et al. 2006, ApJ, 647, L111
—. 2007, ApJ, 654, 897
Besla, G., Kallivayalil, N., Hernquist, L., et al. 2007, ApJ, 668,

949

4 Deason, Wetzel, Garrison-Kimmel, Belokurov

0 2 4 6 8 10
Tinfall [Gyr]

0

100

200

300
M

ed
ia

n 
∆

V 3
D
 [k

m
/s

]

NSoS

0 10 20 30 40 50

0 2 4 6 8 10
Tinfall [Gyr]

0

100

200

300

M
ed

ia
n 
∆

R
 [k

pc
]

Rvir(LMC)

0 2 4 6 8 10
Tinfall [Gyr]

 

 

 

 

fSoS(∆R < 130kpc)

0.0 0.2 0.4 0.6 0.8 1.0

DES

∆R < 130 kpc

       
 

 

 

 

dN/d∆R

Tinfall = 1.4 Gyr
Mpeak = 1.8 x 1011Msun
<∆R> = 52 kpc

Tinfall = 1.4 Gyr
Mpeak = 1.8 x 1011Msun
<∆R> = 52 kpc

Figure 3. The median differences in 3D velocity (left panel) and 3D distance (right panels) at z = 0 between the LMC dwarfs
and the satellites that were associated with them in a group before falling into the MW/M31 hosts. LMCs that fell in at early
times have the largest differences in phase space with their satellites today. The colors indicate the number of surviving group
members. The black dotted lines indicate the average velocity/radial difference between all satellites in MW/M31 hosts and
the LMC satellite at z = 0. We also show the approximate virial radius for an LMC-mass subhalo with the short-dashed line.
The middle right panel shows the median difference in configuration space for satellites with ∆R < 130 kpc. This is a rough
estimate for the maximum ∆R probed by the DES survey around the LMC. The colors indicate the fraction of surviving group
members that have ∆R < 130 kpc. The black dashed line shows the median distance between the DES dwarfs and the LMC.
The furthest right panel shows the distribution of ∆R for one massive group (indicated by the star symbol) with low median
∆R.

and 3D distance can be useful. For example, > 25% of
dwarfs within 50 kpc are likely past group members, but
this fraction rises to > 50% for dwarfs with ∆VR < 150
km s−1.
The significance of infall time onto the MW/M31 host

is further illustrated in Fig. 4. The red dashed and blue
dotted lines show the fraction of past members as a func-
tion of radial and velocity difference for late (Tinfall < 2
Gyr) and early (Tinfall > 5 Gyr) accretion events, respec-
tively. Groups accreted a long time ago are now phase-
mixed, whereas the probability of being associated with
a recently accreted LMC dwarf is strongly related to the
proximity in phase-space.
We can use these relations shown in Fig. 4 to estimate

the probability that the DES candidate dwarfs were once
satellites of the LMC. The estimated probabilities are
listed in Table 1. We also give the sum of these proba-
bilities, which provides a rough estimate of the number
of these dwarfs that are “satellites of satellites”. Using
only 3D coordinate information, we find that two of the
DES dwarfs were once satellites of the LMC. If we assume
that the LMC-group fell in very recently (Tinfall < 2 Gyr)
then this number rises to four. The right-hand panels of
Fig. 4 show that the inclusion of velocity information
will enable a clearer distinction between members and
non-members in the future.
Simon et al. (2015) and Walker et al. (2015) recently

spectroscopically confirmed that the Ret 2 dwarf candi-
date is indeed a dwarf galaxy. Although this dwarf is
in close proximity to the LMC (∆R = 23.9 kpc), the ra-
dial velocity measured by Simon et al. (2015) and Walker
et al. (2015) for this dwarf is more disparate (|∆VR| =
160 km s−1)9. This dwarf is shown by the purple star in
the bottom right panel of Fig. 4. With distance infor-

9 Note that this is the difference in line-of-sight velocity between
Ret 2 and the LMC in the Galactic rest frame.

Table 1
The nine candidate dwarf galaxies from Koposov

et al. (2015). We give the dwarf name, 3D distance
from the LMC, and estimated probability of once

being a satellite of the LMC based on this distance.

Name ∆R PLMC sat PLMC sat

[kpc] (Tinfall < 2 Gyr)

Reticulum 2 23.9 0.38 0.65
Eridanus 2 337.4 0.02 0.01
Horologium 1 38.5 0.31 0.57
Pictoris 1 70.0 0.19 0.41
Phoenix 2 54.3 0.23 0.49
Indus 1 80.0 0.18 0.37
Grus 1 92.8 0.16 0.31
Eridanus 3 48.2 0.26 0.52
Tucana 2 36.7 0.32 0.58

Total: 2.0 3.9

mation alone we estimated PLMC sat = 0.38, but this ad-
ditional radial velocity information only slightly reduces
the probability of once being a satellite of the LMC to
PLMC sat = 0.36.
Note that we have not taken into account the presence

of the SMC in the above analysis, and it is worth pointing
out this potential caveat. It is beyond the scope of this
work to quantify the affect of the LMC-SMC interaction
on the orbits of lower-mass LMC satellites, but this could
be a worthwhile avenue for further study.

4. CONCLUSIONS

We used the ELVIS simulation suite to study the sur-
viving satellite population of LMC-mass dwarfs accreted
onto MW/M31 mass halos. A sample of 25 LMC-mass
(Mpeak > 1011M⊙) z = 0 satellites of MW/M31 hosts are
selected, and we find the lower mass dwarfs that were as-
sociated with these massive dwarfs before they fell into
the MW/M31 hosts. Our selection is motivated by the
recent discovery of nine candidate dwarf galaxies in the
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None of the ultra-faint satellites of MW today were in/near 
MW halo at z > 6 

Star-formation quenched via reionization and not via 
MW halo environment 

>50% of all satellites in MW/M31 with Mstar < 106 Msun 
were preprocessed in a group before falling into MW/
M31 halo 

~4 of the newly discovered dwarf galaxies near LMC 
were satellites of LMC prior to MW infall


