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We characterize the distribution of bright satellite §al'§1xies like the Magellanic Clouds around Milky Way- Vi
like hosts using the high resolution cosmological N-pody simulation Bolshoi. Our measurements indicate that, ~ i [
for Milky Way luminosity hosts, there is just a 5% chance of hosting two sate]litqfwith similar properties as . '}
the Magellanic Clouds inside the vigial radius of/the host halo. Under the assumption of a tight relationship : J 3
I@ﬂ- between galaxy luminosities and halo_Je(lomtiés,/ we make detailed comparisons to similar measurements using (Al B
N G/ &« ¥“SDSS DR7 data by Liu et al. (2010).’Excellentgreement is found for models selected by kinematic properties . i
{ \ Yz (vmax) as well as by luminosity: models and data predict very similar probabilities for having zero, one, and .
. ¢” ""two systems, and find that the likelihood of a system like the MW and MCs isFare-In addition, we present a 9ive obs . e
A prediction for the probability for a host galaxy to have Ny, satellite galaxies brighter than a given luminosity, as ' CAnfafsng ¥
a function of the magnitudes of both the host and satellite. This probability and its scaling with host properties i ¢
is significantly different than that of mass-selected objects because of scatter in the mass-luminosity relation 3

and because of variations in the star formation efficiency with halo mass.
Subject headings: galaxies: dwarf, Magellanic Clouds, evolution — dark matter

1. INTRODUCTION

Understanding the satellite population of our own Milky
Way galaxy is one of the outstanding problems in galaxy evo-
lution studies today. Because these objects have weak gravita-

, tional potential wells, it is quite likely that different physical
6»\ A%< processes will-play a driying role in determining how such
galaxies formi“and evolve than for brighter, more massive-gis-
(/);,,O'N; ;jeets. One manifestatiofof this is the well-known “missing
v atellites problen{7, Which refers to the fact that the number
of satellite galaxieé/predicted from simulations appears to be

much higher than the number-aetally observed around the

“‘-:7 Milky Way (Moore et al. 1999; Klypin et al. 1999). One
/' common way to address this preblem has been to run sim-

ulations of individual objects using extremely high mass res-
L4 olution. To date, zoughly 10 of these ultra-high resolution

< N-body simulations havebeen run, which typically resolve
individual Milky Way mass hales-with-upwards of 10° par-
ticles (Madau_et-al. 2008; Springel et al. 2008; Stadel et al.
2009~ gl ;len Az Mo g
'@ﬁ%ﬂﬁmﬁiﬁlthe r@sing satellite problem, one com-
mon feature of these }ltm-high resolution simulations is that
typically under predict the number of massive satellites com-
pared to thiesgin our Milky Way (see, Ae., Figure 5 in Madau
et al. 2008). E{‘ndeed, most of these high resolution halos con-
tain no objects of similar mass to the Magellanic Glond¥o
whichzthezMitky-Way has-two. While this should hardl§ be
taken as a serious problem since the handful of high reso-
lution simulated halos hardly constitute a statistical sample,
understandimgzhow typical or atypical the Milky Way is, and
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Uawie ((t, stand the likelihood for Milkg-Way like systems to host mas-
( h(;),sive satellite galaxies.

of \ ctal.2000; Abazajian et al. 2009) have given us the ability to
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whether or not there is some sort of “extra satellites” problem
at high masses,isfportant. 4 ]
The ngﬁdﬁi@@wWC‘s’)%éi’ﬁﬁﬁ of well studied
| systems in the Southern Hemisphere. While their large an-
i gular size makes detailed mass measurements somewhat dif- \

ficult, ségetitr observations constrain (Ztheir maximum circu-
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lar velocities to be around viax ~ 60km_s~!(van der Marel
_et al. 2002; Stanimirovi¢ et al._2004).§ Howyever, Because
they are relatively nearby and have been studied with high-
precision instruments such as HST for some time, detailed 3-
dimensional measurements of their velocities have been made
| (Kallivayalil et al. 2006b,a). Some of these studies have indi-
cated that the Magellanic Clouds may be on their first obit
around the Milky Way (Besla et al. 2007; Busha et al. 2010),
which may make such an extra satellite problem less worri-
some, if the presence of the Magellanic Clouds is a transient
event. Regardless of the dynamical state of the Magellanic
clouds, it is an important testof galaxy formation to under-
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Recent developments have afforded us the possibility to ad-
dress this problem in more detail with both observations and
theoretical models. From the observational side, wide area
surveys such as the Sloan Digital Sky Survey (SDSS York

S UM(LL\,prr
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probe galaxy content for a large number of Milky Way magni-
tude objects (Chen et al. 2006; James & Ivory 2010; Liu et al.
2010). § ‘3
There-has similarly been a s ‘canj\amgmmof-wgrkM Ny
his, field coming from the simulation-side-of-things;-which— /
ve found.a wi sults. Koposov et al. (2009) used
number of toy models to add galaxy properties to dark mat-
er halos generated using a combination of Press-Schechter
heory with semi-analytic models for tracking subhalo orbit
(i.e., Zentner et al. 2005). Hﬁ@f‘they found it was very dif-
(ficult to model objects as bright as Magellanic clouds with-
out allowing for an extremely high star formation efficiency gic
milarly, (Okamoto et al. 2010) explored a range of feedback
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Statistics of Satellite Galaxies of the Milky Way 3

Milky Way mass halos and counting the number of objects in-
ternal to their virial radii. We take the virial mass of the Milky
Way to be 1.2 x 1012M,, ((need to give bin)) the mass mea-
sured in Busha et al. (2010) and consistent with most results in
the literature (Battaglia et al. 2005; Dehnen et al. 2006; Smith
et al. 2007; Xue et al. 2008). This leaves us with 48,000 Milky
Way analogs in the Bolshoi volume. We present the result of
this measurement as the colored points in the left panel of Fig-
ure 1. Here, the different colors represent different thresholds
for satellite vimax: red, green, and blue represent all satellites
with vpax > 50, 60, and 70 km s~!. Error bars were calcu-
lated using the bootstrap method and show the 95% range.
From this plot, we can immediately see that the likelihood of
hosting multiple satellites is somewhat low. For satellites big-
ger than 50 km s™', roughly 30% of simulated hosts contain
one or more subhalos and just 8% have two or more. These
numbers are in excellent agreement with the work of Boylan-
Kolchin et al. (2010) who performed a similar analysis on the

Millennium I simulation, whic}&\iv,g@({yﬁ\sing a different N-
body code in i different-cosmology and with a very
different subhalo ‘identification lgorithm. The probabilities

drop significantly as we increase the mass of the subhalo, ig,l9.

the probability of two subhalos bigger than v, = 70km s~ lis

just1%. 2 Cuq o by N Boalrbey i BN
Upen-initial-inspection,these-pumbers-appear-somewhat

h the existence of two satellites larger than 50km s™!
makfiig the Milky Way almost a 2o outlier. This motivates
further investigation into what other properties correlate with
satellite abundance. In particular, we investigate the correla-
tion of the number of subhalos with host mass, concentration,
and environment.

3.1. Mass dependencies

The correlation between subhalo abundance and host mass
has been well studied (Zentner & Bullock 2003; Diemand
et al. 2004; Gao et al. 2004; Zentner et al. 2005; Klypin et al.
2010). These studies have all found that, when scaled in units
of f1 = M,/ Mo, larger halos contain more subhalos above a
given p than do smaller ones. This is the expected result from
the hierarchical merging picture of CDM, where larger ob-
Jects grow through the merging of smaller objects and there-
fore form later (Blumenthal et al. 1984; Lacey & Cole 1993).
This later formation has a two-fold impact: it reduces the
amount of time available to tidally strip a subhalo, and lowers
the host concentration, further reducing the ability of a host
to tidally strip its subhalos (Wechsler et al. 2002; Busha et al.
2007). Motivated by this, we present the abundance of LMC
and SMC-mass subhalos for the 27,000 Bolshoi halos with
Myie ~ 2.6 x 10?Mg. The results can be seen in Figure 1.
Here, the left panel shows the results for selecting hosts with
My =0.8—1.7 % lOlzh_lMQ, while the right panel shows a
mass range Myir = 1.7 — 3.4 x 10122~ M.

LT(he cumulative probabilities for hosting two or more 50
km s~ 'halos increases by a factor of 3 from the case of the

~1 % 10'? objects (shouldn’t this be 1.2 times?) , increasing

from 8% to 26%, while jumping by a factor of 6 to go from
1% to nearly 6% for 70km s~!subhalos. We emphasize that
this is not in fact a contradiction with the results of Busha et al.
(2010), which found that a halo with exactly MC-like subha-
los was likely to have mass 1.2 x 10'2M,. While the fraction
of 2.6 x 10" halos hosting two large subhalos is larger, the
slope of the mass function tells us that there are many more

lower-mass, 1.2 x 10'2Mg, halos. Additionally, aside from
just considering vy, Busha et al. (2010) weighted objects to
look like the MCs in terms of location and three-dimensional
velocity, properties not considered in the present analysis.
Again, these results are in excellent agreement with the
work of Boylan-Kolchin et al. (2010). While such an agree-
ment is generally expected from pure collisionless N-body
simulations, such agreement is not as trivialljtexpeeted as it
may appear. While the present work uses results from the
Bolshoi simulation, run using the adaptive refinement ART
code and the BDM halo finder, Boylan-Kolchin et al. (2010)
used the Millennium-II simulation run on the TreePM code
Gadget-2 with substructures identified using the Subfind al-
gorithm (Springel et al. 2001). Additionally, in both cases,
we are concerned with subhalos close to the mass-limit for
the simulation. Thus, the close agreement between these two

works is-a-strong-endersement that numerical effects in the

simulations are well-understoddat this level.

3.2. Environmental effects

Beyond simple measurements of the mass dependence, the
size of the cosmological volume modeled by the Bolshoi sim-
ulation allows us to perform further detailed studies on prop-
erties impacting this distribution. Here, we quantify the envi-
ronmental dependence of the subhalo population by splitting
the sample on 8 a local density, defined by
Phyr — /)_Il

Ph
where py, - is the Eulerian density of dark matter contained
in halos larger than M. = 2 x 10"'Mg, (roughly 1000 parti-
cles in Bolshoi) defined in a sphere of size r. We compare
the distribution P(Ny;) for halos in the top and bottom quar-
tile distributions with the mean relation in Figure 2. There is a
clear systematic trend: halos living in overdense regions (blue
points) are more likely to host massive subhalos than those in
underdense regions (red points). This is likely due to the fact
that halos in denser environments live in more biased regions,
where smaller density perturbations are amplified, making it
easier for smaller halos to form and accrete onto intermediate
mass hosts. This makes the deviations from the mean rela-
tion in Figure 2 a potentially observable manifestation of as-
sembly bias, which posits that the properties of a given halo
may be determined by properties other than mass, such as the
halo environment. Here, we measure densities on a scale of
1.0~ 'Mpc. We have performed a similar analysis on a range
of scales and find this to be the range where the distribution is
the most sensitive.

Selecting for objects in a dense environment increases the
probability of having Ny, = 2 or more increases by almost
25%, trom 9% to just over 11%. The effect gets stronger for
hosts with larger values of Ny,,s. The Milky Way is somewhat
overdense on this scale, having a massive companion M31
and a number of dwarf galaxies with total mass of roughly
(3—4) x 10"2A~'M, (once the mass of the Milky Way itself
is excluded Li et al. 2009). Even if all neighboring objects
other than M31 are excluded, this puts the Milky Way in the
top quartile of our measured mass distribution in Bolshoi. We
can understand this by making an explicit cut for halos hav-
ing nearby neighbors with My;; = (1 —3) x 10'2M, (green
points), which boosts the Ny, = 2 probability by roughly 2-
o. Thus, the presence of M31 boosts the chance of seeing the
Magellanic Clouds in the Milky Way.

O (2)

Isex,



o

w\iov. \:\‘* VU;‘

Statistics of Satellite Galaxies of the Milky Way 3

of the Milky Way to be log(M,ir/IMg) = 12.08 +:0.12 (M;; =
1.2 x 10?Mg,), the mass measured in Busha et al. (2010) and
consistent with most results in the literature (Battaglia et al.
2005; Dehnen et al. 2006; Smith et al. 2007; Xue et al. 2008).
This leaves us with 36,000 Milky Way analogs in the Bol-
shoi volume. We present the result of this measurement as
the colored points in the left panel of Figure 1. Here, the dif-
ferent colors represent different thresholds for satellite Vinax:
red, green, and blue represent all satellites with vy, > 50,
60, and 70 km s~!. Error bars were calculated using the boot-
strap method and show the 95% range. From this plot, we can
immediately see that the likelihood of hosting multiple satel-
lites is somewhat low. For satellites bigger than 50 km s™!,
roughly 30% of simulated hosts contain one or more subhalos
and just 8% have two or more. These numbers are in excel-
lent agreement with the work of Boylan-Kolchin et al. (2010)
who performed a similar analysis on the Millennium II sim-
ulation, which was run using a different N-body code in a
slightly different cosmology and with a very different subhalo
identification algorithm. The probabilities drop significantly
as we increase the mass of the subhalo, i.e., the probability of
two subhalos bigger than viax = 70km s~lis just 1%.

Upon initial inspection, these numbers appear somewhat
low, with the existence of two satellites larger than 50km s™!
making the MW almost a 20 outlier. Understanding if any-
thing other than random chance is responsible for putting the
MW in this slightly rare regime motivates further investiga-
tion into what other properties correlate with satellite abun-
dance. In particular, we investigate the correlation of the num-
ber of subhalos with host mass and environment.

3.1. Mass dependencies

The correlation between subhalo abundance and host mass
has been well studied (Zentner & Bullock 2003; Diemand
et al. 2004; Gao et al. 2004; Zentner et al. 2005; Klypin et al.
2010). These studies have all found that, when scaled in units
of 1= Mjup/Mpos , larger halos contain more subhalos above a
given y than do smaller ones. This is the expected result from
the hierarchical merging picture of CDM, where larger ob-
jects grow through the merging of smaller objects and there-
fore form later (Blumenthal et al. 1984; Lacey & Cole 1993).
This later formation has a two-fold impact: it reduces the
amount of time available to tidally strip a subhalo, and lowers
the host concentration, further reducing the ability of a host
to tidally strip its subhalos (Wechsler et al. 2002; Busha et al.
2007). Motivated by this, we present the abundance of LMC
and SMC-mass subhalos for the 27,000 Bolshoi halos with
Myir ~ 2.6 x 102Mg. The results can be seen in Figure 1.
Here, the left panel shows the results for selecting hosts with
Myir =0.8-1.7 x 10'24!M, while the right panel shows a
mass range My;r = 1.7-3.4 x 101227 'M,.

The cumulative probabilities for hosting two or more 50
km s~'halos increases by a factor of 3 from the case of the
1.2 x 10'? objects , increasing from 8% to 26%, while jump-
ing by a factor of 6 to go from 1% to nearly 6% for 70km
s~!subhalos. We emphasize that this is not in fact a contradic-
tion with the results of Busha et al. (2010), which found that
a halo with exactly MC-like subhalos was likely to have mass
1.2 x 10'?M,. While the fraction of 2.6 x 10'2 halos hosting
two large subhalos is larger, the slope of the mass function
tells us that there are many more lower-mass, 1.2 x 102M,
halos. Additionally, aside from just considering vp,yx, Busha

et al. (2010) weighted objects to look like the MCs in terms
of location and three-dimensional velocity, properties not con-
sidered in the present analysis.

Again, these results are in excellent agreement with the
work of Boylan-Kolchin et al. (2010). While such an agree-
ment is generally expected from pure collisionless N-body
simulations, such agreement is not as trivially expected as it
may appear. While the present work uses results from the
Bolshoi simulation, run using the adaptive refinement ART
code and the BDM halo finder, Boylan-Kolchin et al. (2010)
used the Millennium-II simulation run on the TreePM code
Gadget-2 with substructures identified using the Subfind al-
gorithm (Springel et al. 2001). Additionally, in both cases,
we are concerned with subhalos close to the mass-limit for
the simulation. Thus, the close agreement between these two
works is a strong endorsement that numerical effects in the
simulations are well-understood at this level.

3.2. Environmental effects

Beyond simple measurements of the mass dependence, the
size of the cosmological volume modeled by the Bolshoi sim-
ulation allows us to perform further detailed studies on prop-
erties impacting this distribution. Here, we quantify the envi-
ronmental dependence of the subhalo population by splitting
the sample on on a local density, defined by

Gy = L 0% @)
Ph

where p;,, is the Eulerian density of dark matter contained
in halos larger than M;; = 2 x 10'""Mg (roughly 1000 parti-
cles in Bolshoi) defined in a sphere of size r. We compare
the distribution P(Nq4) for halos in the top and bottom quar-
tile distributions with the mean relation in Figure 2. There is a
clear systematic trend: halos living in overdense regions (blue
points) are more likely to host massive subhalos than those in
underdense regions (red points). This is likely due to the fact
that halos in denser environments live in more biased regions,
where smaller density perturbations are amplified, making it
easier for smaller halos to form and accrete onto intermediate
mass hosts. This makes the deviations from the mean rela-
tion in Figure 2 a potentially observable manifestation of as-
sembly bias, which posits that the properties of a given halo
may be determined by properties other than mass, such as the
halo environment. Here, we measure densities on a scale of
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1.0n~'Mpc. We have performed a similar analysis on a range >
distribution is

of scales and find this to be the range where the,

the most sensitive, fo e dyﬂm h
Selecting for olﬁects ina
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ense environment increase:
_probability of having Nyups = 2 or morzﬁn&r&a@@
(25%) from 9% to just over 11%. The e ffect gets stronger for

osts with larger values of Ny,y;. The‘Wﬁlk;ENgEl—momewhat—-—" L\I(—o})

overdense on this scale, having a massive companion M31
and a number of dwarf galaxies with total mass of roughly
(3-4) x 10"*h™'M¢, (once the mass of the Milky Way itself
is excluded:Li et al. 2009). Even if all neighboring objects
other than M31 are excluded, this puts the Milky Way in the
top quartile of our measured mass distribution in Bolshoi. We
can understand this by making an explicit cut for halos having
nearby neighbors with M,;; = (1-3) x IO’ZM@ (green points),
which boosts the Ny,s = 2 probability by roughly 2-¢. Thus,
the local environment around the MW, which is dominated by
the presence of M31, boosts the chance of seeing the Magel-
lanic Clouds in the Milky Way.
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FIG. 3.— Top Panel: The trend of the best-fi.t¥alue for (N) to the wicc distri-
bution function for hosts of varying masses. This is equivalent to the subhalo
mass function. Cyan pluses, blue diamonds, green circles, and red triangles
represent hosts with vmax = 200, 300, 600, and 1000 km s~!, respectively.
a@: solid line shows the best fid to the proposed mass function from
Boylan<Kolchin et al. (2010). Bottom Panel: The trend of the scatter in the
distribution of the number of subhalos above a mass threshold. The dashed
line represents o = 1, where the negative binomial distribution reduces to
Poisson. ’

mass objects are able to form in both unbiased regionsjand
regions near to higher mass halos, creating a larger scatter in
their subhalo populations. While not shown, we have made
analogous plots to Figure 2 for hosts of higher mass and con-
firm that these objects typically have a weaker environmental
impact on their subhalo populations.

It is also interesting to note that previous studies, in partic-
ular Kravtsov et al. (2004) and Boylan-Kolchin et al. (2010),
have not seen such a trend. There are a number of possible
explanations ageounting for this, which include the improved
h~'kpc force resolution and (2504~'"Mpc)? volume of the Bol-
shoi simulation, which allows for both better statistics ;nore
accurate tracking of subhalos as they orbit around theirﬁgsts.
The increased volume of Bolshoi is particularly important if
the trend is driven by halo environment, since a larger vol-
ume is necessary to probe a full range of environments. Hints
of this trend, however, can be noticed in Figure 9 of Boylan-
Kolchin et al. (2010).

While not shown, nearly identical trends in (N ) and «; per-
sist if we consider the mass ratio Vimas,sub/ Vmax,host» USINg the
maximum circular velocity of the subhalo at z = 0 instead of
at the time of accretion.

To summarize, in this section, we have shown that satel-
lites comparable in size to the LMC and SMC are relatively
rare in Milky Way mass objects, occurring in roughl§ 9% of
the potential hosts. Their abundance is dependent o um-
ber of host properties, such as the host mass and environment,
which can provide a boost at the 25% level. The proximity
of M31 puts the Milky Way in a higher density environment,
where we expect to see this boost, pushing the likelihood of
an LMC/SMC pair up to 12%. Finally, it was shown that for
massive subhalos, the scatter in the expected number of sub-

halos systematically #ereases with £OSt mass. This is likely
related to the environmental variations previously observed,
where lower mass halos are able to form in a wider range of
environments than higher mass objects.

In the next section we turn to the task of comparing our
simulation results with observations from the SDSS, which
requires the adoption of an abundance-matching algorithm for
adding magnitudes to simulated galaxies.

4. SATELLITE STATISTICS FOR GALAXIES

We turn next to the issue of comparing these results with ob-
servational constraints. The classical satellite galaxies around
the Milky Way have been well studied, and it is believed
that we have a complete census of all objects brighter than
M‘@%ﬁ inside the virial radius of the Milky Way (Koposov
et al2008; Tollerud et al. 2008). In particular, the two bright-
est objects, the LMC and SMC are 2-4 magnitudes dimmer
than the Milky Way. The next brightest object, Sagittarius,
is significantly dimmer, with My = -13.1, roughly 3 magni-
tudes dimmer than the SMC. From this, we can conservatively
conclude that the census of objects brighter than My = @ s
complete.

4.1. The Observational Sample

The recent work of Liu et al. (2010) studied # the popu-
lation of such LMC and SMC luminosity objects in SDSS.
Here, Milky Way analogs were identified in the SDSS main
sample by locating objects with M, = -21.2 4+0.2 with no
brighter companions within a cylinder of radius 500 kpc
and length 1000 km s~!. The abundance of satellite galax-
ies was then measured by counting the likelihood of having
Mub‘g/neighbors in the photometric sample with observed mag-
nitudes 2-4 dimmer in a fixed 150 kpc aperture. The value
for the SDSS r-band magnitude was determined using the K-
correct, code of Blanton & Roweis (2007) on a sample pop-
ulation of 500,000 SDSS galaxies. See Liu et al. (2010) for
details.

4.2. Modeling Galaxy Luminosities

Because kinematic data is difficult to measure observa-
6"/} ti

onally (and, in the case of extragalactic satellite objects,
presently impossible), the observations of Liu et al. (2010)
cannot be directly compared to the results from the previ-
ous section, which determined abundances based on the v,
of the satellites. Instead, we employ a SubHalo Abundance
Matching (SHAM) algorithm to our simulation to map mag-
nitudes onto dark matter halos (Kravtsov et al. 2004; Conroy
et al. 2006; Wetzel & White 2010; Behroozi et al. 2010b).
Here, luminosities are assigned by n’l‘dtching the number den-
sity of observed objects brighter than a given luminosity with
the number density of simulated objects greater than a given
Vmax. For subhalos, vyax at the time of accretion is used in-
stead of the present vpax(z = 0). We also impose a log-normal
scatter between halo mass and luminosity. In our base model,
we assume a scatter of 0.16 mag, consistent with constraints
on larger group and cluster mass objects (More et al. 2009;
Behroozi et al. 2010b).

This algorithm has been shown to be extremely success-
ful in matching several statistical properties of the galaxy dis-
tribution, including the the luminosity dependence and red-
shift scaling of the two-point galaxy correlation function for
galaxies brighter than M, < -19 (Conroy et al. 2006), the
galaxy-mass correlation function (Tasitsiomi et al. 2004), and
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FIG. 6.— The 3D cross-correlation function, £(r)mw-mc, between Milky
Way like hosts and all LMC and SMC magnitude satellite galaxies. The black
dashed line represents a power-law fit to £(r). For reference, the dotted red
line denotes the auto-correlation between galaxies with 21 < M, -5 log(h) =
-20 in SDSS DR7 as measured in The SDSS Collaboration et al. (2010).

Mpc/h and v = 1.9 for the autocorrelation function of galaxies
with M, =-20.7--21.7. Coincidentally, this correlation scale
is very similar to the size of the redshift-space distortions in-
duced by the typical 110 km s~!velocity dispersion predicted
by a 1012Mg, halo (Evrard et al. 2008). At z = 0.08, where
the bulk of our simulated halos live, these distortions cause a
roughly 4.7 Mpc smearing out of the halo satellite population.
Since a cylinder of this length represents the most accurate
measurements one could make for the number of subhalos
around a host using spectroscopic data, we consider this to be
an additional justification for considering all dimmer galaxies
in such a cylinder to be satellites of a Milky Way analog in our
simulation when comparing with the appropriate background
subtraction method of Liu et al. (2010).

In Figure 7 we compare the results from a number of dif-
ferent definitions for a satellite galaxy: spherical and cylin-
drical apertures, as well as including satellites based on vy,
and magnitude. The blue circles counted objects with vy, =
50- %gkm s~ within the virial radius, while thégéa diamonds,
blue triangles, and green boxes count objects 2°4 magnitudes
dimmer than their host using a SHAM model with 0.16 dex
scatter in luminosity at a given viax. The red diamonds were
calculated using all objects inside the virial radius, while the
blue triangles use cylindrical apertures of radius 150 kpc and
length 5.3 Mpc, and the green boxes also use a spherical aper-
ture of 150 kpc. These latter two definitions are our simulation
equivalents to the two subtraction methods employed in Liu
et al. (2010). All error bars were calculated using a jackknife
method with 10 sub-regions.

Many trends are readily apparent for the relations of Figure
7. First, it is clear that the selection of objects based on v,y or
our SHAM magnitudes has little impact on the values of the
probability distribution. This should not be surprising because
our model naturally imposes a magnitude —16.7 < M, < -18.6

for objects with vmax = 50 -80km s, the approximate limit of

our magnitude cut when doing the SHAM comparison. More
interesting to consider is the trend with changing cylinder
size. Unsurprisingly, the green boxes representing satellites
that are inside both the virial radius and a 150 kpc aperture
are well below the @@representing all satellites in-
side the virial radius. This impact is surprisingly low at the

1.0000 3 T T T T T
R
0.1000 A E
% a
g ® A
-z 0.0100F o E
& S A
D
m 1
0.0010F O Vo, tyy #3
oM, 1y
A M, cyl (
0 M,, 150kpc
0.0001 L L L L L L
o 4 e
4 Nsa(s
FIG.7.— The probability of having Ng,{LMC and SMC-t objects in
simulations based on SHAM and vyuqx for various satellite de@ns. The
blug circles-count objects with Vg, > 50km s~!within the viria us, while
th , red diamonds, and green boxes count objects 2-4 magni-

G g
tudes dimmer than their host using a SHAM model with 0.16 dex scatter. The
red diamonds were calculated using all objects inside the virial radius. The
the blue affdtriangles and green boxes are equivalent to the two background
subtractions used in Liu et al. (2010): a cylindrical apertureg of radius 150
kpc and length 3.7 Mpc (blue triangles), and a %ed 150 kpc spherical apper-
ture (green boxes).

1-satellite level, and grows with Ny, which indicates that
the first satellite galaxy around a Milky Way-luminosity host
is typically located near the center, while additional satellites
reside more in the outskirts.

The gellow pointsin Figure 7, representing satellites inside
a fixed cylinder size with radius 150 kpc and length 5.3 Mpc
(the correlation length for the host-satellite cross correlation
function in figure 6) demonstrate the impact of line-of-sight
correlations, and is likely the best comparison with the uncor-
rected results from Liu et al. (2010). While we present the re-
sults from only a single cylinder length, the results are very in-
sensitive to any length beyond ~ 1Mpc, where the correlation
function has dropped off significantly. Varying the cylinder
length from 2 — 8 Mpc typically changes our results roughly
five percent, comparable to the size of our error bars. Thus,
the comparison seems robust. Even though this measurement
is done using a fixed aperture of 150 kpc, these line-of-sight
correlations boost the probability of seeing a single satellite
above what is measured using the proper subhalo definition
of an object inside the virial radius.

Liu et al. (2010) also present a second method of back-
ground subtraction, measuring the noise profile using an an-
nulus with equal surface area to the 150 kpc aperture. This
second method for background subtraction should effectivel
measure the noise due to béth the random backgroun@)ﬁ%’
well as correlated structures. This presents Ll[{§ Mith a sec-
ond method for comparing our simulated results the# obser-
vations, by measuring P(Ny,s)for subhalos Withir{\ a sphere of
radius 150 kpc around our MW-like objects. The results from
this calculation can be seen as the green points in Figure 7.
As expected from our measurements of the cross correlation
function, these probabilities lie below the measurements us-
ing either the virial radius or our 5.3 x 0.15 Mpc cylinder. The
mean virial radius for our halos is a little less than 300 kpc,
and it is intgresting to note that the cumulative probability for
hosting onge satellite differs by less than 5% when calculated
using the virial radius instead of 150 kpc, while this difference
increases rapidly for higher Ns,,be This seems to indicate that

<
=
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Y
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FIG. 9.— Abundances of LMC and SMC-type objects in the simulation, as a
function of search radius. In Lt’all cases the fi lled symbols were calculated us-
ing Bolshoi+SHAM, while the open symbols represent SDSS measurements
from Liu et al. (2010). Here, the red circles, orange squares, magenta tri-
angles, and cyan inverse-triangles represent the probability for a Milky Way
like galaxy to have 0, 1, 2, or 3 subhalos, respectively. For the Bolshoi ob-
jects, the probabilities were calculated using a fi xed cylindrical aperture with
radius 150 kpc and length 5.3 Mpc. The cylinder-size values for the SDSS
sample have been offset by 10 kpc for clarity. The hatched lines represent the
probabilities for hosting Ny, subhalos inside the virial radius of the host.

ing with them their richer subhalo populations. As we shall
discuss in the next section, this has the effect of creating a tail
to the negative-binomial distribution that sets the probability
for a host to have Nj,;,; subhalos.

(again, need to re-calibrate for Mr instead of Mr - 5 log
5) It is also worth noting that the dark blue points represent-
ing a scatter of o = 0.3 look to be violating the trend of an
increasing high-Nj,ss probability. This is not due to any spe-
cial behavior in this regime, but more represents the limits of
our simulation resolution. As scatter increases, objects with
M, -5logh > -16.5, which nominally have & Vace = 9(3’(m/s
using a scatter-free SHAM, have infall masses as low ds 65
km/s in our o = 0.3 model, dangerously close to the Bolshoi
completeness limit of 50 km/s. Combined with stripping of
objects once they accrete onto their host halos, we expect to
be losing potentially 10-15% of the satellite population when
we push scatter this high. It’s important te-take a-mement-ter
use-this-tp appreciate the high levels of resolution necessary to

: fully model a galaxy population using SHAM. While a scatter
of 0 =0.3 is likely ruled out in the data, if such scatter were
appropriate the Bolshoi simulation would only be able to pop-
ulate galaxies down to M, ~ —17.5 to avoid losing fewer than
10% of the objects.

\3 galaxies. Additionally, the change in star
with host halo mass breaks the self-similarity that Was_ob-
served for host halos (Behroozi et al. 2010b, and references
therein). In this section, we re-investigate the issue of quan-
tifying the probability distribution P(N) for a galaxy to have
Nyups satellite galaxies within its virial radius.

In Figure 11, we show a series of probability distributions
for a M, =-20.5-5logh galaxy to host Ny, subhalos brighter
than -19,-17.5 and -16. This plot was generated using a scat-
ter of o =0.16. A low probability tail clearly extends to high
Njups where it was previously absent when considering vipax-
selected hosts. This is emphasized by the shape of the dot-
ted lines, which present the best fitting binomial distributions.
While at first glance this tail seems to have too low of a prob-
ability for us to be seriously worried about fitting it, we will
see below that the tail becomes significantly more important
when considering brighter, higher-mass hosts.

As a better fit, we present a modified binomial distribution
by adding a power law tail,

T'(n+r)
I'm'n+1)

where r and p are defined in Equation 5 and 7 and T con-
trol the size of the high-N tail that comes about as a result of
scatter in the mass—luminosity relation. The dashed lines in
Figure 11 show the best fits to Equation 7, which has a sig-
nificantly improved fit to the simulation (albeit at the expense
of adding two new parameters). While we do not investigate
this further, it is worth noting that changing the scatter in our
SHAM model has a direct impact on T and 7. High values
of scatter will have a more pronounced tail, which will cause
both the amplitude and slope of this tail to increase. For the
rest of this work, we will limit ourselves to using a model with
o=0.16.

While we could present our best-fitting parameters to model

P(N|r7P>T,7')= pr(] _p)"+Te—T”7 (7)
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or magnitude. These results confirm the outlines of previous
simulation results (e.g. Boylan-Kolchin et al. 2010) using a
volume 100 times larger and given a more direct comparison
with observables. They are also in e ent agreement with
observational results (Liu et al. 2010%35 & Ivory 2010%,
including the full probability distribution of satettites Tound
by his result has a number of implications.

First, this is a validation of the ACDM paradigm down to
the level of 10'°%4~'M, objects. At this level, there is no in-
dication that our standard picture of galaxy formation breaks
down. One common criticism of this method is that, perhaps
SHAM is so robust as to always produce the correct answer.
While this is something to be concerned about, it is impor-
tant to keep track of the exact assumptions of SHAM. First
and foremost, SHAM assumes that is the only parame-
ter that sets the properties of a galaxy. While it is robust to,,
4ggssa constantly changing star formation efficiency with halo
mass, such a comparison as presented here will break down
if there is any sort of environmental dependence. That is, if
subhalos of a given mass evolve differently than objects of
the same mass in the field, SHAM should not produce good
agreement.

We do see some manifestations of assembly bias with re-
gardg to the dark matter subhalo population inside of Milky
Way mass galaxies. Here, we find that halos in higher den-

lower density regions. This effect appears to be most pro-
nounced for local measurements of density, and suggests that
our proximity to M31 boosts the likelihood for us to see a
LMC/SMC pair by about 25%. It is interesting that this re-
sult is in qualitative agreement with the work of Ishiyama
et al. (2009b), who saw a similar trend with environment but
claimed it was most sensitive at the ~ 5h~'Mpc scale. They
note that we are in an underdense region on these scales, and

cite this as a possiblfiin'ﬁw_g;_cg_ie}fmsoﬂing‘the_missmg@ 2
lite problem. While mulations-do not let us comment on
objects smaller thalt the Magellanic Clouds, if our observed
trend were extrapolated down to lower masses it would result
in an opposite effect, where the presence of M31 could serve
to exacerbate the missing satellite problem.

We have presented a predjetion for the probability distri-
bution of satellite number?zf(NL), ag a function of host and
satellite magnitude. This can alré#dy’ be tested with current
data over a wide range, which would provide a non-trivial test
of our model. Deviations from Poisson satellite number may
have consequences for modeling.

RHW and MTB were supported by the National Science
Foundation under grant NSF AST-0807312. We thank Louie
Strigari and Lulu Liu for useful discussions.
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T T T T TABLE 2
1.0000 & J PARAMETERS SPECIFYING P(N) DISTRIBUTION IN EQ. 10
D,
%'@ parameter  best-fi t value
Noa 54
0.1000 & Noo 40
_ Nig -39
J Nip 29
< 00100f azp 13
To 1.3x10™*
[ ) 0.023
0.0010|
ity ratio, Lggr / Lpost , than dimmer hosts.
r The trends in 7 can also be readily understood though sim-
NI S ple scaling relations. First, consider a fixed luminosity ra-
0 ; . .
ti0, | My o5t — Myim|. Since brighter hosts correspond to more
\ massive halos, these objects live in a steeper part of the mass
FIG. 11.— Probability of hosting Nyas tellite galaxies in a Milky Way- function, where a fixed scatter creates a broader selection of
luminosity host, for various satellite selection criteria. The red, green, and host masses, the larger of which are more likely to host bright
blue points represent satellites brighter than M, =-19,~17.5, and -16. Dotted 5 . : : )
lines represent the best fit negative binomial distribution, while the dashed satellites. Begausp of this, the exponcntlal ta].l falls (.)ff m?re
line shows the best fi t negative binomial plus power-law distribution. Slo“fly, Izesultlpg in a lower 7. The trend of 7 ificreasing with _
luminosity ratio for a fixed host mass + =« — (){ i 7
o - Guided by these observations, and noting-ttfat( a and T g
the distributions in Figure 11, a much more useful process y ¢ /

would be to model the general P(N) distribution as a function
of both host magnitude and limiting satellite magnitude, as
implied by Figure 1. Unfortunately, this proves to be much

iting luminosity ratio, we propose a 7-parameter fit to gener-
ally describe the full P(N |Myhost, Mrjim). We use our gerers

don’t have strong trends with either host magnitude or lim-/
; eyl : . % i
alized negative-binomial plus power law as defined in E ud. \/ﬂ“f/t r

QY(M more c!ifﬁcult to do for galaxies than for 'halos. As-disctssed tion 7, but parameterize (N) with a linear fit whose bothrslope )
Y \J\ exiensivelysbee ause the power spectrum is mostly featurqless, and offset depend on host magnitude, a consta T, and A ?7
(/0 Al@the:‘pgl‘atbze.:e.gime,ha]os typically look like scaled versions 7. While our nominal fit can be improved usinga 7 t}’lat is L1

~ of otheréﬁéfos. While there are correlations between halo a power-law in M,y — My i with a normalization that de- N

o 1 i 2 o . . "
propertics, such a5 the s mass-concentration and mass-  pends on host mass, the actual fit does no significantly in- F

5 = D * etal.2002; Busha et al 2067) these are mc;re gen,erall sec- prove the f°¥mal X2, s0 we elect to hold it constant. Our full cedhin

v : : ; ’ y fit for Equation 7 then becomes a function of the parameters 7

ondary effects #at;without a terribly strong impact on bulk

halo properties. As an example of this, the top panel of Fig- No.aNog,N1.a N1, @20, To, and 7o defined by:

g
ure 3, which shows, the mean number of satellites above a T(n+r
M"/f given mass cut for mass-selected host halos exhibits a power- P(N|Mihost, Mrjim) = Tr)(ﬂrfl_) pr-p)+Toe™ (8)
law behavior with identical parameters regardless of the host
mass. This is not the case for magnitude-selected objects. where ol
(need to re-do the plot/constraints using Mr instead of 1 1 w
Mr - 5 logh) Figure 12 presents our general fits for the P=T—(——<‘N—>)‘ — '{’L\_”y (.\/T""‘ b Aell
P(Nyus) distribution to Equation 7 around magnitude-selected +lazp ol 2.0 15
halos for several magnitude thresholds, down to an arbitrary re ! ©)
luminosity ratio (magnitude difference). As can be clearly - 0‘%0 =1 2 oe 2 OKNV) 7
seen in, i.e., the top left panel which shows the trend of the ' Now+No s +108(M s o) : Ny o+ Ny 4108 (Msson)
mean number of satellite galaxies ({(N)) as a function of lu- (N) ==1070" whost) — (M post = My im) 10711070 nben

minosity ratio, galaxies do not scale self-similarly — brighter
objects are significantly more likely to host Ny satellites at
a given mass ratio than dimmer galaxies. This is a manifes-
tation of the varying star formation efficiency with halo mass

Fitting over all host halos down to M, = —19-5logh and their
satellites down to M, = —16 —5logh in Bolshoi, we come up
with the best fitting parameters for Equation 10 and present
them in table 5. As a final validation of this result, Figure 13

as seen in, e.g. Figure 2 of Behroozi et al. (2010b). The stel- shows the measured P(N) distributions for a range of M, jos
lar mass-halo mass ration, Miiar(Mhato), has a monotonically and M, j;,,’s, along with the distribution from our model in Eq.
decreasing positive-definite slope. This means that, from the 3. ’

dark matter standpoint, while the satellites of 10"Mg host

halos are just scaled version of the satellites around a 102Mg 6. CONCLUSIONS AND SUMMARY

object, the galaxy populations in those halos do not scale in In this work, we have examined the likelihood for simulated
the same way. In particular, relative to their host luminosities, MW-like dark matter halos to host substructures similar to the

the satellites around the 10“M, halo will be brighter than the Magellanic Clouds. We have done this analysis using both Fria
satellites around the 10'2M¢, halo. Thus, while the (N) val- dark matter kinematic information, as well as aifabundance- SRHA M

ues for mass-selected satellites lie on a single line in Figure matching technique that assigns galaxy luminosities to re-

3, luminosity-selected halos do not scale in such a manner, solved dark matter halos and allows direct comparison with

giving us the changing lines in the top left panel of Figure 12: observations. The main fesult of this work is that MW-like

brighter host galaxies have more satellites at a fixed luminos- objects have a rough. hance to host two subhalos as big’ W
N e~

ik seaher T M L

-

(2%
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TABLE 1
PROBABILITY OF HOSTING Njy,ps SATELLITE GALAXIES BRIGHTER THAN
M post +4 AROUND A MILKY WAY MAGNITUDE HOST HALO WITHIN
VARIOUS APERTURES.

) b i cylinder sphere

B . () 72 £2% 554:1% N+1% =
N Py 0+1% 19 8+1% Q,r—,\ref;s i @\\
5l PQ)  52+1%  11+£1% 52+02% O —~

P(3) 15+03% 3.8£06% 1.0+0.

P(4) 0.65+0.6% 1.5;;.05%"/03:1:0.1%
~Contained-within the virial radius of the host, cylinder refers to
objects within a cylinder with radius 150 kpc and length 5.2 Mpc,

and sphere refers to objects within a sphere of radius150 kpc

os)

/‘/\\ the first subhalo for a MW-like halo typically lives close to the
/ -k halo center, while additional ones live at preferentially higher
\t/ radii. The numerical values for many of these probabilities are
presented in Table 4.4. Note that, while we are only counting
objects as satellites if they are 2-4 magnitudes dimmer than
their hosts for the most accurate comparison with L10, these
numbers are essentially identical to considering a threshold
sample of objects 0-4 magnitudes dimmer than their hosts.
Changing this definition creates only percent-level changes,

well within the statistical error bars.

4.4. Comparisons Between Simulations and Observations

Figure 8 shows the main result of our analysis, making di-
rect comparison with the results of Liu et al. (2010). Here,
we plot their P(Ny,ps) measurements (black stars) and com-
pare directly with our SHAM results using both our definitien™
of all subhalos within the virial radius (‘ﬁj w triangle )and
objects inside a fixed cylinder with radius l%mength

5.3 Mpc<ted djamonds). The agreement here is rather strik-
ing. At no NJ;,S@S'I e two results differ by more than ~ 1o,

,’,y virial radius and a fixed cylinder) bracket measurements. We
7  take this to indicate a success for both the ACDM and SHAM
& \ \~models, particularly indicating, with excellent statistics, that
Y \)/\ th@ﬁdiaed by Bolshoi for Milky Way-like objects at
o Q/ the massive end perfectly matches observations, and there is
" no evidence for either a missing or excess satellite problem.

(Just got 150 sphere subtraction from Lulu. Will
make same plots and add) Lookinglinfa more detail at the
SDSS/Bolshoi comparisonsﬁ_v? can further investigate the
dependence of P(Nys)distribution on the aperture size, as
done in Liu et al. (2010). For this, we look at the probabil-
ity of finding Ny satellite galaxies in a cylindrical aperture
around their host, where the cylinder has a constant length of
5.3 Mpc, and the radius is varied from 100 to 250 kpc. The
results are shown in Figure 9. Here, the red circles, orange
squares, magenta triangles, and cyan inverse-triangles repre-
sent the probability of having 0, 1, 2, or 3 subhalos. Open
symbols represent SDSS measurements, while filled symbols
come from our Bolshoi+SHAM model. Again, we see excel-
lent agreement between simulations and observations. In gen-
eral, higher valules of Nyssseem to have the worst agreement
at all radii. This is potentially due to difficulties in making an
accurate background subtraction when doing this calculation
in observations.

Figure 9 also shows the probability for hosting Nyuss satel-
lites inside the virial radius of Milky Way-like galaxies. We
can use this as an additional condition to understand the ap-
propriate cylinder radius for most closely mateting-matching

/@ and in most situations the two simulation results (inside the
X,
\IJ

S Needl b disas [oen st oo,

z ¢ 2 plocin, \.-:La 414 Conp it~ 33
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FIG. 8.— Top Panel: Abundances of LMC- and SMC-like galaxies around la ] e
MW-like hosts in SDSS and the Bolshoi simulation. Black stars represent the W

abundances from SDSS as mea; iu et al. (2010) using their random
background subtraction. The ée iow triangze?denote the abundance of ob-
jects inside a fi xed aperture with radius pc and length 5.2 Mpc. Lower
Panel: Same as the upper panel, but now comparing data from Liu et al.

(2010) that uses their aperture background subtraction (black stars) as com-
pared to subhalos within 150 kpc from their host center (green squares).

the results from the virial radius bymmﬂﬁﬂg'the simulation
results. From here, we can recover the tightest agreement for
an aperture size of 100 kpc, appreciably lower than the me-
dian r,;, = 228 for ouf sample of Milky Way-like hosts. This @u/\
is roughly the radius where a cylinder centered on an NFW
profile with concentration 10 contains the same amount of a
mass as is within the virial radius for such a halo, so it should
not be surprising that this search radius gives the most consis-
tent result.

One of the appeals of the SHAM algorithm is that it has
so few free parameters, in this particular case just the scat-
ter (although there are additional implicit assumptions, e.g.
_Xbout sub halo stripping). Figure 10 shows how the scatter
impacts this result. Here, we present the probability distribu-
tion for an isolated host with M, = =21.2 to host Ny, satel-
lites brighter than —16.5 as we vary the scatter in the SHAM
model from 0 to 0.3. While none of these models are ruled
out by the data, a number of systematic trends are present. In
particular, there is a systematic increase in the probability of
hosting 3 or more satellites (surprisingly, the probability of
hosting two such objects remains virtually unchanged). This
trend is caused not by scatter in the mass—luminosity relation ¢
of the satellite galaxies, but #y the mass—luminosity relation (1A
of the host objects. As scatter increases, higher and higher
mass hosts scatter into our magnitude-selected sample, bring-
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galaxy three point statistics (Marin et al. 2008). Klypin et al.
(2010) have shown that a similar procedure can simultane-
ously match the luminosity function and Tully-Fisher relation
locally.

Here, we match halos directly to the binned luminosity
function in the local Universe as measured by Blanton et al.
(2005) for galaxies with M, > —12.8. While there is some
uncertainty in these measurements depending on the detailed
surface brightness correction, the objects we are interested in
here are bright enough the that this effect is unimportant. This
luminosity function also reproduces the more recent number
densities measured in SDSS DR7 SDSS Collaboration
et al.[(2010) down to M, ~ —17. The resulting simulated cat-
alog has a distribution of galaxies that is complete down to
M, =-153.

Using luminosities assigned in this way, we now make the
measurements analogous to those of Liu et al. (2010). We
select for Milky Way candidates in the same way as Liu
et al. (2010). First, we make a mock lightcone by taking
the z =0 SHAM catalog of the Bolshoi simulation, plac-
ing an observer at the center of the box, and adding red-
shift space distortions. We passively evolve galaxy magni-
tudes to the appropriate redshift using the SDSS constraint
M, (2) =M, (z=0.1)+Q(0.1 -1), with Q =-1.3 (Blanton et al.
2003). We then identify all isolated objects by selecting halos
with M, =-21.2+0.2 and excluding objects having a brighter
deighborin a cylinder of radius pc and length 1000
km s™!. The resulting viax distribution is shown EFFigiJre
5. This distribution is somewhat lower than the best current

MStimates fOr Vpar = 220km s~! for the Milky Way (Xue et al.

e
Unt)

# J2008; Gnedin et al. 2010). This should not be terribly surpris-

ing; Trujillo-Gomez et al. (2010) have shown that, because the
Milky Way sits near the peak of the star formation efficiency,
baryons play a significant role in determining the circular ve-
locity profile of Milky Way mass halos, resulting in a value of
Vmax that is underestimated in dark matter only simulations.
The virial mass, however, is peaked at 1.3 x 10"?Mg,, in ex-
cellent agreement with the estimated MW mass from Busha
et al. (2010). The Magellanic cloud analogs have viax values
of ~ 80 and ~ 70 km s7', in agreement with the 1-o° con-
straints from observations(van der Marel et al. 2002; Stan-
imirovic et al. 2004; Harris & Zaritsky 2006).

Lin b A bath

4.3. The Definitions of a Satellite

Before presenting detailed comparions between the Liu
et al. (2010) data and our model, we note that the defini-
tion of a “satellite” differs slightly between the two analy-
ses. Becausg they~were-ustng the SDSS photometric sam-
ple with hald selected on luminosity, the number of satellites
was defined as the excess above random of the number of ob-
jects with appropriate observed magnitude within a projected
152{<pc around an isolated Milky Way-magnitude galaxy. The
line-of-sight projections are difficult to model in the simula-
tion because the SDSS catalog relied on the observed mag-
nitude of the galaxies, which includes the impact of redshift
dimming when looking for neighbors 2-4 magnitudes dim-
mer. Because the calculation of accurate absolute magnitudes
depends on knowledge of the galaxy SEDs, our SHAM model
gives us only absolute magnitudes, which are immune to this
effect. This projection effect is amplified by correlated struc-
ture, which Liu et al. (2010) accounted for. The Bolshoi sim-
ulation, however, gives us an additional handle on this con-
straint, which we approach in two ways. In addition to just

A

-227
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= -18F

—14 %

-12

—10 B8

100

1000

Vimax

FIG. 4.— The relation between magnitude and vyqx for our simulated ha-
los+SHAM. The red line represents the relation between M, and vacc, the
maximum circular velocity at the time of accretion, which was used to se-
lect the magnitude. The black curve and blue points show the distribution
between magnitude and maximum circular velocity at z=0. The upper grey
band shows our magnitude-criteria for selecting Milky Way-like hosts, while
the lower gray line represents our range for selecting Magellanic Cloud-like
satellites.
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FIG. 5.— The distribution of vyqx for simulated galaxies, as selected by
luminosity. The black histogram represents galaxies that pass our Milky Way
selection, with M, = -21.24+0.2, while the blue and red histograms represent
Vmax and vece for our Magellanic Cloud-like subhalos that are 2-4 magnitudes
dimmer than their hosts. Potted line shows the preferred value for vinax of the

MW. W

counting the number of objects inside the virial radius, we
also consider two different cases: 1) where a satellite is an
appropriately-bright object within a 150 kpc 3-Dimensional
aperture, and 2)where a satellite is an object inside a cylin-
der of radius 158Kpc and length ry, where rp is the correlation
scale for the Milky Way host-satellite analog. Both of these
numbers can then be compared directly to the measurements
from Liu et al. (2010).

This cross-correlation function between MW-luminous
galaxies and objects 2-4 magnitudes dimmer is plotted in fig-
ure 6, and is well fit by a power-law,

&) =(r/re)™ (6)

with ro = 5.3 Mpc/h and y = 1.7, very similar to the measure-
ments for all galaxies of this magnitude inferred from('fhe)
SDSS Collaboration et al. (2010), whe measures ry =

whts

Mo exdide M3 peidha fom ), 7
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FIG. 1.— Abundance of LMC and SMC-type objects around MW-like hosts in simulations (colored lines) and observations %ﬁk—p@iﬂ(s).ﬁ[ie\f’t ganel shows
o

the results for hosts of mass My ~ 101227 M right panel considers hosts of mass Myir ~ 2 X 1024~ 'Mg. In both caseszthe
correspond to the number of satellites with vmax > 50, vmax > 60, and vmax > 70, respectively. Dashed lines show the bes

istributions
egative binomial distribution, and

dotted lines show the best fi t Poisson distribution. Black points show the observational result of Liu et al. (2010).
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FIG. 2.— The probability that a 1.2 X 10'2M¢, halo hosts Nyyps subhalos
with vmax > 50km s~!split by local host density. The black points represent
all halos, while the red and blue points represent the most underdense and
overdense quartiles, respectively. Green circles represent MW-mass halos
that were selected to have M31-mass neighbors.

3.3. Probability distributions

As an extension of the trends shovs‘;\ in in Figure 1, it is use-
ful to generalize these results to arbitrary host and subhalo
masses by fitting the probability distribution. A Poisson dis-
tribution seéems to be the most natural assumption, and has
been assumed previously in the literature (%e-, Kravtsov et al.
2004). Deviations from a Poisson distribution can be quanti-
fied by the calculation of the second moment, where

(NN-1)) ~

= L9 3
(67) (N>2 Q/ 7 (3)
For a Poisson distribution, a;; = 1. While studies have found
some evidence for a deviation from Poisson, with as > 1
(Kravtsov et al. 2004; Wetzel & White 2010), the distribu-

2
V‘w@/'t'r(m\more fully quantified by Boylan-Kolchin et al. (2010).

This' work found that the distribution could be much better
modeled using a negative binomial distribution,

PN|r, p) = N +7)

_SNYTTT 1 - N
Torw+n? ¢ p) )

where
1 1

= ; r= ,
1+(a2-1)(N) as-1

although they note that a Poisson distribution is a reasonable
fit when (N) is low, such as the case of the MCs. We plot fits
to both a Poisson and a negative binomial distribution to our
measurements as the dotted and dashed lines in Figure 1. We
again see that Y@, because (N) < 1, the Poisson distribution
provides a reasonable fit, while the negative binomial distri-
bution fit is excellent (at the expense of adding an additional
parameter). Note that, when calculating these fits, it is possi-
ble to either calculate (N) and « directly from the data, or to
treat them as free parameters to the fitting algorithm. How-
ever, in practic{@zdifferences in resulting parameters are

p &)

less than 5%. ile not shown,jour results confirm those of
Boylan-Kolchin etai=(2010);1n that the distribution becomes
significantly more non-Poisson for larger values of (N).

As a final comparison of the Bolshoi halos to previous work
in the literature, we plot in Figure 3 the trends of (N) (top
panel, similar information to Figure 15 in Klypin et al. 2010)
and ay (bottom panel) with mass ratioj/v,,cc,wl7 /Vmax,host for
a range of host masses. Here, Vyp acc 18 the maximum circu-
lar velocity, Viax, that the subhalo had when it was accreted
onto its h s seen in the top panel, the value for (N)
scales alm f-similarly, but with a slight increase in over-
all normalization as has been previously noted in the litera-
ure (Gao et al. 2004; Klypin et al. 2010; Gao et al. 2010)

Qindicating that more massive halos contain somewhat more

substruetures, proportionally, than lower mass ebjeets/, (. ’A

More interesting is the trend in a:; with mass, shown in the
lower panel of Figure 3. Here we see evidence that, for subha-
los With Vg sub/ Vmax,host = 0.25, self similarity breaks down
much more significantly, where lower mass hosts tend to have
systematically higher values of ay, which correlates with a
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larger scatter. There are a number of possible explanations M&%
for this trend, and it is likely;due to the fact that lower mass

objects exist in a wider range of environments than higher
mass halos. As shown earlier in Figure 2, the immediate en-
vironment surrounding a halo can have a significant impact
on its subhalo population. High mass halos always form in
regions of high bias, meaning that the environmental impact
on a high mass object’s subhalo population is minimized. Low
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1027~ 'Mg. In both cases, the blue, green, and red distributions

correspond to the number of salellites with vimax > 50, vimax > 60, and vmax > 70, respectively. Dashed lines show the best fit negative binomial distribution, and

dotted lines show the best fit Poisson distribution. Black points show the observ
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FIG. 2.~ The probability that a 1.2 x 10'2Mg halo hosts Nys subhalos
with vmax > 50km s~ !split by local host density. The black points represent
all halos, while the red and blue points represent the most underdense and
overdense quartiles, respectively. Green circles represent MW-mass halos
that were selected to have M31-mass neighbors.

3.3. Probability distributions

As an extension of the trends show in in Figure 1, it is use-
ful to generalize these results to arbitrary host and subhalo
masses by fitting the probability distribution. A Poisson dis-
tribution seems to be the most natural assumption, and has
been assumed previously in the literature (i.e., Kravtsov et al.
2004). Deviations from a Poisson distribution can be quanti-
fied by the calculation of the second moment, cx, where

oy V=)
Ny

For a Poisson distribution, co = 1. While studies have found
some evidence for a deviation from Poisson, with ap > 1
(Kravtsov et al. 2004; Wetzel & White 2010), the distribu-
tion more fully quantified by Boylan-Kolchin et al. (2010).
This work found that the distribution could be much better
modeled using a negative binomial distribution,

_ T(N+1)
PINIrP) = Foyr v+ 1)

(€)

p(a-p¥ (4)

ational result of Liu et al. (2010).

where
1 1
= 5 e 5
P @—nmy )

a%—l’

although they note that a Poisson distribution is a reasonable
fit when (N) is low, such as the case of the MCs. We plot fits
to both a Poisson and a negative binomial distribution to our
measurements as the dotted and dashed lines in Figure 1. We
again see that the, because (N) < 1, the Poisson distribution
provides a reasonable fit, while the negative binomial distri-
bution fit is excellent (at the expense of adding an additional
parameter). Note that, when calculating these fits, it is possi-
ble to either calculate (N) and « directly from the data, or to
treat them as free parameters to the fitting algorithm. How-
ever, in practice the differences in resulting parameters are
less than 5%. While not shown, our results confirm those of
Boylan-Kolchin et al. (2010), in that the distribution becomes
significantly more non-Poisson for larger values of (N).

As a final comparison of the Bolshoi halos to previous work
in the literature, we plot in Figure 3 the trends of (N) (top
panel, similar information to Figure 15 in Klypin et al. 2010)
and o (bottom panel) with mass ration Vacec,sub /Viax.host fOr
a range of host masses. Here, Vb ace is the maximum circu-
lar velocity, Vpay, that the subhalo had when it was accreted
onto its host . As seen in the top panel, the value for (N)
scales almost self-similarly, but with a slight increase in over-
all normalization as has been previously noted in the litera-
ture (Gao et al. 2004; Klypin et al. 2010; Gao et al. 2010)
, indicating that more massive halos contain somewhat more
substructures, proportionally, than lower mass objects.

More interesting is the trend in a; with mass, shown in the
lower panel of Figure 3. Here we see evidence that, for subha-
108 With Viax sub/Vimashost 2 0.25, self similarity breaks down
much more significantly, where lower mass hosts tend to have
systematically higher values of a, which correlates with a
larger scatter. There are a number of possible explanations
for this trend, and it is likely due to the fact that lower mass
objects exist in a wider range of environments than higher
mass halos. As shown earlier in Figure 2, the immediate en-
vironment surrounding a halo can have a significant impact
on its subhalo population. High mass halos always form in
regions of high bias, meaning that the environmental impact
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models to add galaxies to some of the high rgésolution Aquar-
ius halos (Springel et al. 2008). It was again difficult to readily
reproduce halos with Wf€4fKe luminosities tHaving looked in
detail at a handful of simulated objects, however, this work
indicates that there may be significant halo-to-halo scatter as

o t/h? senge of such massive objects. The idea of intrin-

sic scatter in the halo relation was expanded on in Ishiyama
et al. (2009a). While this work did not concentrate specif-
ically on MC-like subhalos, they did consider the range in
number of subhalo V,uay sub/ Vmaxrost > 0-1. This work showed
an extremely large variation (20-60) in the number of massive
subhalos a galaxy-sized halos would host.

In contrast to the abye ,Work, Libeskind et al. (2007) used
hydrodynamic simulations to model the luminosity functions
for the satellites around Milky Way-like host halos. Their
simulation identified 9 Milky Way-like central galaxies and

bt A = 150 :

found that they, on average, have 1.6 satellites brighter thz?/

My = —16 and a third of them had satellites with luminositjés
comparablejfo the LMC, _— T
The recent Bolshoi-ane Millennium-I1 simulations (Klypin
et al. 2010} Springel-enal~2008) have, for the first time,
ved_us'to probe cgsmological volumes to understand
CDM\predictions for the satellite populations of Milky
Way like halos—S! casuTemeEnts Were
Boylan-Kolchin et al. (2010) wira-quantified the likelihood
for 10'2M, halos to host massive satellite galaxies in the

375 Millennium-II simulation. In this paper, we expand on this
- work by making similar measurements for the Bolshoi simu-
¥ Y

lation, and using an abundance matching technique to assign
luminosities to halos and make detailed comparisons between

_—— the Bolshoi predictions and the measurements from Liu et al.

.
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(2010). Our goal is to understand just how well ACDKT‘;‘ZIe—
produces the statistical properties of lowerrmass

_/companion paper, Busha et al. (2010). That work assumed a
U Mj‘fsatellite population and asked what implications were made
u,vaqu‘for the mass of the host halo. Here, we assume a host halo

pov s

oy

Qé“‘-QTM "

C—"sons to the’work of Liu et al. (2010) concerning the sate
Ainally; i

mass and ask about the implications for the subhalo popula-
tion. There is no reason for both questions to give the same
answer. For example, while Busha et al. (2010) showed that
a 1.2 x 10'>Mg, halos was the most likely object to host two
MC-like satellites, there is no reason to assume that a typical
1.2 x 10'2M, halo will have the MCs as satellites.

We begin by giving an overview of the Bolshoi simulation
used in §2, before proceeding to §3 to investigate the proper-
ties of massive dark matter satellites around dark matter host
halos, focusing on the mass range for hosts and satellites that
is relevant to the MW system. The analysis here is similar to

luminosities to our suite of dark matter halos and extend t
results for a sample that is selected similar to the observz% S.
Using this algorithm we are able to make detaile%’@ par-

that of Boylan-Kolchin et al. (2010). In §4, we assign gal:;;/f

satellite
population ffound Milky Way magnitude galaxies.

de-by~

g
3
5]
“w

+
>
. v

L of dark m

\‘) M DS, Note that this is the reverse question that v/a{; asked in a.§

§5, we expand this study to include the satellite po’bulaﬁ:ion of \\

a more general distribution of hosts. Throughout this paper,
we adopt the convention 4 = 0.7 when reporting values from
either simulations or observations.

2. SIMULATIONS

We use the dark matter halos identified in the Bolshoi sim-
ulation (Klypin et al. 2010; Trujillo-Gomez et al. 2010). This
simulation modeled a 250 A~ 'Mpc comoving box using cos-

g
{/}f\a/(v\/@éo(% =

BUSHA ET AL.

mological -parameters similar to those derived by WMAP7
(Komatsu et al. 2010): €, = 0.27, Q = 0.73, 05 = 0.82,
n=0.95, @rﬁ h =0.7. The simulation volume contains 2048°
particles, €ach with a mass of 1.15 x 10%~'Mg and was run
using thé ART code (Kravtsov et al. 1997). 180 snapshots
from tHe simulation were saved and analyzed. One of the
uniqué aspects of this simulation is the high level of spatial
resolytion employed, allowing objects to be resolved down to
a physical scale of 1 h~'kpc. This gives us excellent ability
to t,fack halos as they merge with and are disrupted by larger
objects, allowing us to track them even as they pass near the
gore of the¢’ halo~ "¢

rithm(Klypin & Holtzman £1997). The algorithm identifies

/ Halgps afid subhalos welxc{tiﬁed using the BDM algo-

/

maxima in the density field éxamines the neighboring region
to identify bound particles’./\ln this way, it treats both halos
and subhalos identica]ly,/andngubhalos are just identified as
objects living within the virial radius of a larger objects. Be-
cause of the high level of mass and spatial resolution, BDM
results in a halo catalog that is complete down to a maximum
circular velocity vmax = 50 km s™!, where

Vmax = Max ( gy’(rf’r’z ) s

&)

oL ¥

N
"7/\1'1’0]5

)

k

This corresponds to a virial mass of roughly 10'°2'Mg. Q&M(J)/(

When BDM halos are identified, the id’s of their 50 most
bound particles are also stored to assist in producing merger
trees.

As discussed in Section 4.2, in order to assign galaxy lu-
minosities to dark matter halos, we need to track the histories
er substructures. This is done using merger trees
created from 180 snapshots of the Bolshoi simulation. The de-
tailed algorfthm®™or creating the merger trees is described in
Behroozi et al. (2010a). Briefly, the algorithm works by first
linking halos across time-steps by tracking the 50 most bound
particles of each halo. Glearly, Some halos will not have any
of their 50 most bound particles identified at a later time steps
(6 very massive objects where the 50 most bound particles

wiFchange rapidly through stochastic processes), while some w4 {1

whife have their particles distributed to multiple halos. The
algorithm corrects for this by running a simple
lation on the locations and masses of all halos inSimulatio

get a prediction of where each halo should Wincnjp at the next
time step. Using this information, it is possible to link halos
across multiple time stegs to very high accuracy.

" 3. SATELLITE STATISTICS FOR DARK MATTER SUBHALOS

We begin by investigating the properties of dark matter
satellites around dark matter hosts in the Bolshoi simulation,
focusing on the mass range for hosts and satellites that is rel-
evant to the MW system. In §3.1, we consider trends with
host halo mass, in §3.2 we investigate trends with halo en-
vironment. We then consider the distribution of the satellite
number §3.3. In the subsequent section, §4, we extend this

analysis to include a more observationally-relevant selection

on galaxy luminosities.

Because the mass resolution of the Bolshoi simulation cre-
ates a halo catalog complete down to 50 km s~!, roughly
equivalent to the lower bound of the mass of the SMC, we
begin by measuring the likelihood of hosting Ny, subhalos ,
more_massive than a givenvm,. This measurement is made
by identifying the virial radius of all distinct (non-subhalo)
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