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ABSTRACT

We present a new measurement of the mass of the Milky Way (MW) based on observed properties of its
largest satellite galaxies, the Magellanic Clouds (MCs), and an assumed prick@D® universe. The
large, high-resolution Bolshoi cosmological simulation of this universe provides a means to statistically sample
the dynamical properties of bright satellite galaxies in a large population of dark matter halos. The observed
properties of the MCs, including their circular velocity, distance from the center of the MW, and velocity within
the MW halo, are used to evaluate the likelihood that a given halo would have each or all of these properties; the

posterior PDF for any property of the MW system can thus be constructed. This method provides a constraint

on the MW virial mass, 297 (stat)’03 (sys) x 10?M, (68% confidence), which is consistent with recent

determinations that involve very different assumptions. In addition, we calculate the posterior PDF for the
density profile of the MW and its satellite accretion history. Although typical satellites BMLO halos are
accreted over a wide range of epochs over the last 10 Gyr, we find286 probability that the Magellanic
Clouds were accreted within the last Gyr, and a 50%probability that they were accreted together.

Subject headings. Galaxy: formation, fundamental parameters, halo — galaxies: dwarf, Magellanic Clouds,
evolution — dark matter

1. INTRODUCTION Xue et al. (2008) performed a Jeans analysis of measurements
The contents of the Milky Way (MW) Galaxy and the of the radial velocity dispersion profile from satellite galaxies,

satellites that fall under its dynamical spell provide a unique 9lobular clusters, and blue horizontal branch halo stars to es-
testbed for theories of gaIaX))// formationpandpcosmology. %e- timate the MW radial density profile. Smith et al. (2007) used
tailed observations of resolved stars, including proper mo-measurements of high-velocity halo stars to estimate the MW
tions, allow the mass distribution of the galaxy to be measured€Scape speed assuming an NFW profile. Li & White (2008)
with ever higher precision (e.g. Kallivayalil et al. 2006¢; Pi- 00k a complementary approach, using the relative position

atek et al. 2008). Satellite galaxies within the MW have been @1d velocity of the MW and M31, along with the age of the
detected with luminosities three orders of magnitude smallerUNiVerse, to infer properties of the obits of the MW-M31 sys-
than in external galaxies (e.g. Belokurov et al. 2007). In addi- €M which provides constraints on the total mass.

tion, determining the detailed phase space distribution of the, Similarly, there have been a range of studies on the dynam-
MW galaxy is critical for interpreting the results of experi- @l state of the Magellanic Clouds (MCs). Until recently, the
ments to directly or indirectly detect particle dark matter (e.g. Standard picture was that the MCs were objects that have been

Strigari & Trotta 2009: Vogelsherger et al. 2009: Lisanti et al. ©rPiting the MW for some time (Murai & Fujimoto 1980; Gar-

2010; Kuhlen et al. 2010). A full understanding of the Mw's diner et al. 1994). This picture was motivated in part by the
place in the Universe requires not only detailed knowledge of Présence of the Magellanic Stream, a filament of gas extend-

its mass distribution and formation history, but also a sense of'nhg 150 ﬁcross the S'éy' Bﬁcar\]use itis ﬁlpp.arecr;tly dspatir;lly ar]ld

how this one well-studied system fits into the full cosmologi- chemically associated with the Magellanic Clouds, it has of-

cal context. ten been interpreted as a tidal tail and taken as an indication
A variety of methods have been used to put limits on the that the satellites have been around for several Gyr (see, e.g.,

MW mass, ranging from stellar dynamics and dynamics of Lin & Lynden-Bell 1982; Connors et al. 2006). This picture

satellites (Klypin et al. 2002; Battaglia et al. 2005; Dehnen NS recently come under fire, largely as a result of detailed
et al. 2006 Smith et al. 2007: Xue et al. 2008: Watkins et al. Mmeasurements of the three-dimensional velocity of the MCs:

2010; Gnedin et al. 2010) to the dynamics of the local groupthey are observed to have high velocities not aligned with the

; ; ; Magellanic Stream, indicating that they are not in virial equi-
(Li & White 2008). For example, Battaglia et al. (2005) and librium (and suggesting alternative formation methods for the
Magellanic Stream; see Besla et al. 2007, 2010). Similarly,
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In two companion papers, we show that the full probability = We now consider the massive subhalo population of the
distribution (PDF) for the number of bright satellites andu MW that is modeled by the Bolshoi simulation: objects with
MW-luminosity hosts predicted by high resolution numelrica v, > 50 kms™. The two brightest MW satellite galax-
simulations (Busha et al. 2010) is in excellent agreemetiit wi  jes, the LMC and SMC, have both been measured to have
measurements from the SDSS (Liu et al. 2010; Tollerud et al. maximum circular velocities ¥ax 2 60 km s with magni-
2011). This provides evidence that such cosmological sim-tudesMy =-18.5 and -17.1, respectively (van der Marel et al.
ulations realistically represent galaxy halos and theielsa  2002; Stanimirowé et al. 2004; van den Bergh 2000). The
lites, and that they sample the underlying probabilityrétist  next brightest satellite is Sagittarius, some 4 magnitualitas
bution for the properties of halos and subhalos in our Uni- mer, with \payx ~ 20 km s™i(Strigari et al. 2007). Similar
verse. These simulated halo Catalogs therefore consttute constraints, albeit with |arger error bars, can be madehfer t
highly informative prior PDF for the parameters of any par- other bright classical satellites. The census of nearbyatj
ticular galaxy system. In this work we show that combining  brighter thanMy ~ -8 should be complete well beyond the
this prior with basic data about the two most massive MW Mw virial radius (Walsh et al. 2009; Tollerud et al. 2008). It
satellites — their masses, velocities, and positions —iges/ s therefore a robust statement that the MW has exactly two
interesting constraints on the MW mass, the distribution of gatellites with e > 50kms™.
mass within the MW system, and the system’s assembly his- - Applying this selection criterion to the Bolshoi cataloge w
torly. Althlcntj_ghlwe find that thei.S|mqu?rt]|on Uzedl heregé%"?h‘?s find 36,000 simulated halos that have exactly two satellites
only a relatively sparse sampling of the underlying i i -1 -
is the first time that the statistics to study the MW system in ¥|Vr|;? avt?%;t?l;m(;ng ;rmeuslgc\lesglbﬁalgsst%if 2:2 ;i%ﬁggigf?h
this way have been available at all. As high-resolution a@sm iy in terms of massive satellite content. What other proper-
logical simulations probe ever larger volumes, this ap@noa  fie of the LMC and SMC might provide information on the
will have increasing power and applicability. mass and assembly history of the MW system? Repeated ob-
2 SIMULATIONS servations over many years wittST and ground-based spec-
o ' ) o _troscopy have given us excellent limits on both the 3D posi-
Statistical inference from halo dynamical histories reesii  tion and velocity of both objects. Indeed, both of these prop
a large, unbiased set of dark matter halos which samples therties are significantly better constrained than are thoilzr
full range of cosmologically appropriate formation scenar velocities of these objects. We select simulated objecteto
ios. Here, we use halos from the Bolshoi simulation (Klypin MC analogs based ofnay, the maximum circular velocity of
et al. 2010), which modeled a 250'Mpc comoving box with the objectro, the distance of the object to the center of the
Om=0.27,09,=073,05=0.82,n=0.95, andh=0.7. The MW, ands, the total speed of the object relative to the MW.
simulation volume contained 20#particles, each with mass These are summarized in Table 1. In order to be conservative
1.15x 10°h™*M,, and was run using the ART code (Kravtsov with the uncertainties to account for systematics, we rpiylti
et al. 1997). Halos and subhalos were identified using thethe published formal errors in the speed by a factor of two
BDM algorithm (Klypin & Holtzman 1997); see Klypinetal.  when looking for MC analogs in Bolshoi (included in the er-
(2010) for details. One unique aspect of this simulatiomés t  rors shown in Table 1). This increase is necessary to bring
high spatial resolution, which is resolved down to a phyisica the velocity measurements of the SMC by Kallivayalil et al.
scale of Ih™*kpc. This improves the tracking of halos as they (2006b) and Piatek et al. (2008) into agreement.
merge with and are disrupted by larger objects, allowingithe Note that there is a slight discrepancy between the obser-
to be followed even as they pass near the core of the halo. Theational measurements of satellitgay and the simulations:
resulting halo catalog is nearly complete for objects dosvn t While observations measure the circular velocity curve for
a circular velocity of yna = 50 kms™. While the overall sim-  all components of the halo — dark matter and baryons —
ulation suffers from incompleteness in satellites atth20%  the Bolshoi simulation models only the dark matter content.
level at 50kms™, the incompleteness is strongly dependent T'Ujillo-Gomez et al. (2010) sh(())wed that ignoring the bary-
on host mass. Host halos witly; = 0.5-3 x 102hM,, onic component may cause-al0% over-estimate in the mea-
seem to be missing fewer than10% of their subhalos. Be- surement of yax for MC-sized objects. Since this correction

cause we are primarily interested in these lower mass abject is smaller than the error bars on the observations, we choose
the amount of incompleteness is small and can be ignored. to ignore it. Additionally, there is some disagreement i@ th

The large volume probed results in a sample of 2.1 million litérature as to the allowable upper limit fory. In partic-
simulated galaxy halos at the present epoch, including moreulla"?‘r’t sl?mte elzsggl&tes foh thg LMC aredm g{xgeg(s)k(?:‘ﬂloo km/s
than 100,000 halos massive enough to host at least one relPiatek et al. ), well above our adopted sup-
solved subhalo. We can increase this number further by conP€r limit. However, due to the rapidly declining abundance
sidering halos identified at different epochs to be indepand ~ ©f sluch mahs.s'xf subhalos (see,he.g., Bl."Shr? etal. zg;g)’ our
objects representative of local systems: we use halos fom 6 &nalysis is highly insensitive to changes in the upper exaor

simulation snapshots out to redshift 0.25. Throughout,ee d 9N Vmax. Finally, because of resolution effects, there is a ra-
fine “hosts” as halos that are not within the virial radius of dial dependence to the incompleteness of satellite haltts, w

p o ; e the large density contrast and limited force resolution mak
gflgr%((e)rstr.] a[lc_)r,]ignviljs té”gﬁ(s)sgﬁ %n%eo?éighwtugﬁgg lé?; ing it difficult to identify subhalos closer to the center bétr
tance between the MW and M31. Note that our final results N0StS: However, this incompleteness does not appear t-corr
are largely independent of this choice, because we wilt late late with host mass, so we do not expect it to bias our results.

impose more stringent requirements on the distance from the
satellites to the center of their host halo. 4. INFERENCE

The Bolshoi halo catalog is large enough for some of its

3. OBSERVATIONS members to resemble the Milky Way system, with regards to
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FiG. 1.— Left: The MW mass inferred from the properties of its two most |lunis satellites, the Magellanic Clouds. Lines show posté&tidFs (weighted
histograms of Bolshoi halos) given information about (&) éhistence of exactly two satellites withax > 50 km s (blue), (b) the maximum circular velocities
Vmax Of the two satellites (red), (c) the distance of each stdiom the center of the MW (orange), (d) the speed of eadlisat(green), and (e) all of these
properties simultaneously (black). The combined propertiefine a sample of “satellite analogs” and givgy= 1.2’:8-471 (stat)’jg-g (sys) x 10%My (68%
confidence). The dotted line shows a lognormal fit to thisrithistion, with parameters lgqgMuw = 1224 0.1, and the dashed gray lines show the effect of
bootstrap resampling: the uncertainty on the mean of thehiliton from “sampling noise’ in the catalogs was foundhis way to be just @3 dex.

Right: Comparison with various estimates for the mass of the MW filoenliterature. Dashed lines show results from: (a) theatadilocity dispersion profile
(Battaglia et al. 2005) (orange); (b) the escape veloca@ynfhalo stars (Smith et al. 2007) (red); (c) SDSS blue hot@diranch stars (Xue et al. 2008) (green),
and (d) the timing argument (Li & White 2008) (blue). We assumgnormal error distributions, with asymmetric errorgegi by the quoted upper and lower
confidence limits. The solid (black) line shows the posteiDF for the MW mass from our satellite analogs, and the ddite again shows thee lognormal fit
to this distribution.

However, we do have some observational data: we would

TABLE1 therefore like to know the posterior PDF for the parameters
OBSERVED PROPERTIES OF THEMC AND SMC. of the Milky Way system, given this dath Bayes’ theorem
LMC SMC Reference shows this to be:
Vmax[km/s] 65+15  60+15  vdMO02, S04, HZ06 Pr(x|d) o< Pr(d|x)Pr(x) Q)
ro [kpc] 50+2 6042 vdM02

The first term on the right hand side is the joint likelihood
function for the parameters, written as a function of theadat
Given a particular parameter vector we can compute the

s[km/s]*  378+36 301+ 104 K06

NOTE. — For a given satellite, iax is its estimated maxim-

ium circular velocity,rg its estimated distance from the Galac- value of this likelihood in the usual way, given assump-
tic center, ands its estimated speed relative to the Galac- tions about the error distributions of the observationahda
Elgog%ﬂesrb 4Refsetren_ces ﬁreti Yd(“£8§4)= \é%nﬁ de{< l\ﬂ_arel 'Ielt al. Our datad and their uncertainties are given in Table 1:

; = Stanimirogi et al. ; = Kallivayali /. 0bs robs obs ;
et al. (2006a,2006¢) HZ06 = Harris & Zaritsky (2006). d = (Vi 15°%5%%) (for each MC). We use the superscript
* Errors ons have been increased relative to the published val- obs” to make clear the distinction bet_Wﬁ'en the (constant)
ues for conservatism (see text). measured values, and the corresponding (variable) parame-

ters of the model, which are the properties of the Bolshoi ha-
los. We interpret the errors on the observational data agbei
Gaussian-distributed, such that for each datlnts likeli-
hood function Pig;|x) is a Gaussian, with mean and standard
deviation listed in Table 1.

Since theN = 6 observations were made independently by

its two most massive satellites. By weighting the Bolshei ha
los according to how closely their satellites’ propertiestch
those of the MW's, we can infer the mass and assembly his-
tory of the MW system. In this section we explain how this
works, and derive the required weights from probability-the

ory. different groups using different techniques, the joinelik
4.1. Observational constraints and the likelihood function hood is just a simple product:
As outlined above, the Bolshoi halo catalog can be thought N
of as a set of samples drawn from an underlying probability Pr(d|x)=HPr(di|x)7 (2)
distribution. Each halo is characterized by a setngfaram- [
eters,x, which includes the total mass of the halo and the _ N(v2Es 2) 3)
properties of its subhalos, such as their masses, positiods - H max| Vmax O

velocities: x = (Myir, {Vmax "0;S, - - - }tmc.smc) . Given no ob- LMC,SMC

servational data, the set of Bolshoi halos provides a reason XN(r$P9ro, 0?) x N(**Ss,02), (4)
able characterization of our prior PDF for the parameters of
the Milky Way system, PK). For example, if we were asked 5
to guess the mass of the MW halo, we would do much worse N(y|,0) = ex _y-p)

by drawing a random number from some wide range, than we Yir; o221 P 202

would do by drawing one Bolshoi halo at random from the
catalog. is the Gaussian probability densityymwith meany and vari-

where

()
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anceo?. In this subsection, we examine the assumptions we have
Conditional on the values of the parameters, the data meamade in more detail.

surements are independent, and thus the likelihood fumctio

factors into the product of N=6 terms. In the prior, the dy- 4.3.1. Data covariance

namical parameters and halo properties themselves ag corr - aq noted above, the constraints pnands are nearly, but
lated, and not independent, because of the simulation@ysi o quite, independent. Working in galactic coordinates an
We have a measurement of satellite distang®,and aninde-  following the method outlined in van der Marel et al. (2002),
pendent measurement of satellite velos®: the probability the separation between the MCs and the center of the iV,
calculus makes it very clear that the PDFs for these two ob-is given by the relation

served quantities can be multiplied together, even thohgh t 5 s s

corresponding underlyingarameters ro ands are not inde- =ro +rg+2(ro re), (8)
pendently distributed. (We discuss correlations betwéen t
measurements @f ands below.) The dynamics of satellites
around halos is such that their positions and velocitiesare
related according to the orbits they are on. This is a good
thing: it means that by measuring one we can learn about the S=Ve + (nUN + fwUw)le +ViosUlos, 9)
other! In fact, it is this very interdependence that wilballus ] ) )

to infer the MW halo mass given measurements of its satellite Whereve is the relative motion between the sun and the center
properties. All the correlations between the model paranset  Of the galaxy,un anduy are the measured north and west
are correctly taken into account by drawing samples from thetransverse components of the proper motion of the MCs on

wherer, is the location of the center of the galaxy and
location of the MCs, both relative to the sun. Similarly, the
speeds=|g|, for the MCs is given by

joint prior PDF — that is, by using the Bolshoi catalog. the sky,vios the measured line of sight velocity of the MCs,
anduy, Uy, Ujes are the unit vectors defining the (north and
4.2. Importance Sampling west) transverse and radial directions of motion of the MCs

With the likelihood function in hand, we can now calculate relative toghe sun in galactic coordingtesh ” ¢
the posterior PDF for the MW system parameters given our . AS €an be seen in equations 8 andd,the distance from
data. We have the prior PDF R)(in the form of a set oh the Sun to the MCs, is a necessary measurement for deter-
samples drawn from it; this is actually a very convenientcha Mining bothro ands, hence these measurements are not fully
acterization, and will allow us to derive an equally conesnti ~ Independent. In order to determine the degree of dependance
characterization of the posterior. We compute posteritr es W€ calculate COV(:s), the covariance between these vari-
mates using importance sampling (see MacKay 2003 for anables, and and show that this is significantly smaller than th
introduction, and papers by Lewis & Bridle 2002 and Suyu measurement errors on the properties,
et al. 2010 for example applications in astronomy). In gen- COV(fo,9) < 07,0s. (10)
eral, this technique involves generating samples from an im _ o _
portance sampling function, which are then weighted when The covariance can be explicitly written as
computing integrals over the target PDF. In this paper, we

choose the importance sampling function to be the prior PDF, COV(ro,9) = % Egre =

so that the importance weights are proportional to theitikel dredre

hood; this allows us to compute integrals over the posterior 1 ro-re 1 .,

PDF, as shown below. ﬁ(re*' . ) X 2—\/§(N’W+/LN) X Ot (11)

These integrals include mean parameter values, confidence
intervals and so on; a histogram of sample parameter valuedJsing values reported in van der Marel et al. (2002) and Kalli
is a representation of the marginalized distribution fa {ha- vayalil et al. (2006a), we measure CQY,S) = 6.52 and 6.86
rameter, and is also a set of integrals (counts of samples irfor the LMC and SMC, respectively. In both cases, this at

bins). least an order of magnitude smaller than the prodygets =
In general, integrals over the posterior PDF can be written 72, and 208, allowing us to treat the measurementg ahd
as follows: sas independent.
/ f(x) Pr(x|d)d™x = f f(x) Pr(@d|x) Pr(x) d™x (6) 4.3.2. Smulation time resolution
ms
{Pr(d|x) Priqgdmx The observational constraints on the positions of the MCs
> f(x))Prd(x;) are actually tighter by a factor of two than the resolution of

S TPrd|x)) (7) our simulations. The available Bolshoi outputs are sucti¢ha
! ! satellite with the LMC'’s radial velocity of- 90 km/s (Kalli-

where in the first line we have substituted for the posterior vayalil et al. 2006c) will travel roughly 4 kpc between seque
PDF using equation 1, and in the second line we have approxiial snapshots, making this the effective uncertainty @tk
imated the integrals with sums over samples drawn from thedial position of the simulated halos. We increase the size of
prior PDF. The denominator in each case is a normalizationthe positional uncertainties accordingly, when calcotathe
constant.f(x) is any function of interest to be integrated: for likelihood function for the MC positions.
example,f(x) = x gives the posterior mean parameters. The

highest importance samples correspond to halos that most re 4.3.3. Importance sampling failure modes

semble, in terms of its bright satellite properties, theohafl Typically there are two ways in which importance sampling

the MW. can fail. The first is that the sampling function does not cove
4.3. Assumptions the domain of the target PDF, leaving parts of the PDF unsam-

pled. In our case, we assert that the Bolshoi simulation does
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sample the parameter space, in that it contains (in large numon their orbits around the Milky Way, since any object on an
bers) halos and subhalos with masses, positions and vekcit elliptical orbit spends such a small amount of time near-peri
sufficiently close to the members of the MW system to make center. Figure 1 shows the effects of the sampling noise®n th
inferences meaningful. The second failure mode is that tooinference of the MW mass: the faint blue-grey curves show 25
few samples are drawn in the high importance volume, lead-bootstrap-resampled PDFs. The additional uncertaintyjen t
ing to estimates dominated by a small number of high impor- central value is 0.03 in log(Muw) — this is included this in
tance samples. As we shall see, this “sampling noise” doeshe quoted error bars above, which were estimated from the
lead to additional uncertainty on our inferences. Becatise o sum of the resampled PDFs.

the very tight observational constraints on the propedidse Figure 1 (right panel) compares our result with previous
MCs, relatively few Bolshoi halos receive significant impor MW halo mass estimates from the literature. The LMC and
tance —we can only partially compensate for this by seagchin SMC properties lead to a halo mass that is in excellent agree-
through multiple simulation outputs to improve the statsst ~ ment with the dynamical estimates in the literature. Inipart

of our sample. In Sections 5 and 6 below, we estimate the un-ular, our results are in near perfect agreement with the most
certainty, due to sampling noise, on each of our estimates byrecent stellar velocity measurements (Xue et al. 2008}y wit

bootstrap resampling. similar error bars.
o Throughout the paper, we refer to the collection of hosts
4.3.4. The effect of the Galactic disk weighted by the likelihood of themy, ro, ands of their satel-

duces a systematic error. The more concentrated mass in thénPly that we have selected a specific subset of hosts. Rather
stellar disk at the halo center should increase the spedoft We have takemll hosts withNgs = 2 and weighted each ob-
satellites orbiting their hosts at small radii. We can eaten  J€Ct Dy its satellite properties. It is this sample of wegght
the impact of this by artificially increasing the total veloc objects that defines our satellite analogs. It is worth mptin
ity of our simulated satellites by the circular velocity doe ~ however, while we formally use all 35,008, = 2 halos in

the stellar disk of the Milky Wayyare = v/(GM.,. /rx), where Bolshoi, the~ 500 1- and 2= halos provide more than 95%

M., = 6 x 101°%M, (Klypin et al. 2002). This correction is ad- ©f the total weight. .
mittedly simplistic, but is also small. To conservativelyam- Because we want to further understand what impact the
tify the residual systematic error associated with thiseor ~ MCS have on other other halo properties, we also define “mass
tion, we take the difference in mass estimates with and with- analogs” to be the set of halos randomly drawn from the mass
out the above correction. This gives us an approximate up-PDF of the sat<_e|_l|te analogs. Thus, the mass ar]alogs have the
per limit on the size of the two-sided systematic error due to SMe PDF of virial masses as the black line of Figure 1, butno
baryon physics constraints on their satellite properties. Comparisowbeh

' our satellite analogs and mass analogs allows us to disentan
5. THE MASS DISTRIBUTION OF THE MILKY WAY gle impacts on the system due to the satellite properties fro

Figure 1 (left panel) shows the posterior PDF for the MW those due to the particular mass range probed by our satellit

> U : analogs.
halo mass, computed by weighting every Bolshoi halo by the When interpreting Figure 1, it is also helpful to consider
probability that its bright satellite population looksdikhat of the full dependence of the predicted satellite propertiethe
the MW in various ways. Some observations provide signif- )¢ of the host halos. This is shown in Figure 2, which com-
icantly more information about the host halo mass than oth- : !

) - . pares the satellite parametergy , o, ands with the M;. of
ers: the distance to and speed of the MCs are most constraing, o; hosts. The plots show contours containing 68, 90, 85, 9
ing, while the maximum circular velocity of the LMC and

. : : ; and 99% of our prior probability (that is, all hosts with ettac
gmecrﬁéﬂrlgﬁggoﬁgt% 'mgmai‘gﬁgéﬁg?ﬁ% gﬁi;{%gggé&ea’ two satellites, black lines), as well as the exact locatadrmair
that is most im 6rtant as internal degeneracies are b okenz'a (open red circles) and &-hosts (filled circles). Also plot-
; ; P ’ 1eg TOKEMie are thepbserved properties of the LMC and SMC (blue
i.e., there is a high degree of covariance between positiona

: ; : e and green lines). These plots highlight a number of impdrtan
and kinematic properties. The combination of all datasetstrends_ First, we can see that the MCs are atypical sublalos i

gives Maw = 1.2707(stat)’33 (sys) x 10°Mg (68% confi-  most regards. The LMC in particular is roughly ar-dutlier
dence) and a virial radius;; = 250%5%kpc. The systematic  in each of these properties. Second, correlations betwaen p
errors are estimated by repeating this process with and with rameters can be seen, such as the that between speed and host
out the baryon correction discussed at the end of Section 4. mass, which shows explicitly how the higiserved speed
How many halos contribute to this inference? We find of the satellites skews the posterior PDF towards highesmas
114 1r matches (systems that are within an averagecof 1 hosts. Additionally, it is interesting to note that, whilere,
from observations of the MCs in the 6 properties listed in Ta- there are a few objects withi, < 10"M, with satellites that
ble 1) and nearly 400&matches in the 60 snapshots. How- are well matched to the MCs. These satellites are fast mov-
ever, many more contribute statistically. The effectivenrAu  jng, massive subhalos roughly 50 and 60 kpc from their host
ber of halos contributing to the posterior can be estimased a centers — well within their host virial radii, but not enetige
Net = N/(1+Var(w)) (Neal 2001), wherevis the normalized  cally bound to their hosts, and hence merely transient event
importance of each halo ai in our case, is Z1x 10° (total Finally, while it can be seen that observations pfovide the
number of halos over all 60 snapshots). We filag= 10,051. most stringent constraints individually, these plotstertem-
While this is a healthy number of samples to compute statis- phasize that it is the combination of observed propertias th
tics with, the lowfraction of halos that contribute is driven is necessary to place tight constraints ogy
largely by the combination of the total speexi,and radial We can also determine the impact of the MCs on the in-
position,ro, constraints. This gives additional support to the ternal mass distribution of a halo by comparing the density
idea that the MCs are currently at-or-near pericentric ggess
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find that the presence of the MCs has only a modest impact on
the halo concentration, but can impact density profilesiign
icantly in other ways. In particular, when looking at the shas
enclosed within a fixed 8 kpc (the distance from the sun to
the center of the galaxy), satellite analogs have a 60% highe
central density than mass analogs. This tells us that the MCs
are correlated with a more strongly peaked inner dark mat-
ter distribution. For the full density profile (which inclag
contributions from substructures), however, satellitalegs
have concentrationi; = 11+ 2, a little less than T higher
thanc,i, = 8.7+ 3.5 for the mass analogs (hergi, = r.ir/rs).
While this still implies a correlation between the preseote
the MCs and a more peaked mass distribution, it shows that
the impact is much weaker at larger radii than it is for the
central core.

6. THE ASSEMBLY OF THE MILKY WAY HALO

We now turn our attention to the assembly history of the
Milky Way. We use the same importance-sampled halos from
the previous section to infer the MW assembly history, in the
same way as we inferred its mass and density profile. Fig-
ure 3 shows the distribution of accretion times for theselsat
lite analogs (whergg is the time since the subhalo first came
within 300 kpc of the host); we also show the accretion time
PDF for all hosts witiNs,ps= 2, and for the mass analog sys-
tems defined above. The mass analogs (red line) clearly show
two populations. The first consists of halos whose subhalos
were accreted at high redshift, when the host halo was in its
exponential growth phase, which suppresses tidal stripgin
the subhalos (Wechsler et al. 2002; Busha et al. 2007). The
second population consists of halos with recently accreied
jects that have not had enough time to undergo significaalt tid
disruption. The relative size of these populations changes
when we apply the observational likelihoods. Requiring tha
a host hasN\gps= 2 massive subhalos (with unconstrained
speeds and distances, dotted line) has little impact. Hewyev
for satellite analogs (black line), the size of the receatly
creted population increases dramatically. This is pritpari
driven by the combined requirement that the satellites have
both a high radial velocity and are close to the center of the
halo, and argues that there is roughly a 72% chance that MCs
are recent arrivals, accreted within the past 1 Gyr. While it
is clear that low number statistics are strongly impacthmy t
shape of the probability distribution for the accretioneiwf
the mass analogs in Figure 3, our bootstrap analysis shows
that the measurement of 72% of all subhalos accreting within
the last 1 Gyris a robust result that is not sensitive to thallsm
number statistics. This is again demonstrated by the gias-b
lines in Figure 3, which show the distriubtion of accretion
times in 25 or our resamplings. In all of these cases, thexe is
strong peak at recent accretion times. Our bootstrap aralys
shows that the measurement of 72% of all subhalos accreting
within the last 1 Gyris a robust result, that is not sensitive

FIG. 2.— Relationships betweeW,i;no¢ and various satellite parameters: . - - .
Vmax (top left), ro (top right), ands (bottom left). In all panels, the black ~ sampling noise. Indeed, in 95% of our resamples, there is a

contours denote the regions containing 68, 90, 95, 98, abiel &Pur prior > 65% probability that the Magellanic clouds were accreted
distribution, all satellites in a host witNg,, = 2. The open red and filled within the past 1 Gyr.

circles denote the satellites for 2- and-halos, those that contribute most to . . . .
the posterior PDF. Blue and green lines show the observeevaindt:1-o Did the MCs arrive together? Figure 4 shows the difference

uncertainty for each property, for the LMC and SMC respetyivSimilarly, in accretion timesAt,cg, for the two most massive satellites of
the blue and green circles denote the values for our identifiéC and SMC all hosts withNs,ps= 2 and for the two satellites of the satellite
analogs. analog hosts. For satellite analogs, the distributiorransfly

peaked towards smalhkt,., with roughly 50% of satellites

having been accreted simultaneously (within a Gyr of each
profiles for our satellite and mass analogs. This gives us aother). These simultaneous accretions correspond veritig
handle on how typical the MW is for a halo of its mass. We with the recently accreted population. The noise in thig,plo
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and in particular the peak arounst,..~ 8 —9Gyr is driven

by a few very well matched (high weight) halos that had one 07E T T
satellite accrete within the last Gyr and the other earlywn d : E
ing the exponential buildup phase (see the weaker secondary 06 3
peak in Figure 3). This highlights the current level of naise : E
our analysis due to our modest statistical size. We anteipa 05E
that, with better statistics, this hight,.. bump will smooth E
out, making a smoother distribution that is even more slgarpl . 04F
peaked atAt,c = 0. Still, using out bootstrap analysis, the g E
large fraction of objects accreting within a Gyr of each othe T 0.3 E
appears to be quite robust, as can be seen by the locus of blue- E
gray lines in Figure 4. For comparison, halos wWithps= 2, E
shown as the dashed line, have a much weaker preference for 0.2F
simultaneous accretion.
Both this result and that of Figure 3 favor a method for the 0.1F
creation of the Magellanic Stream other than tidal disiupti
by the MW. For example, the model of Besla et al. (2010), 0.0E
who found good agreement with the dynamics of the Stream
for a model in which it was created by tidal disruption of tace [Gyr]
the SMC by the LMC before they were accreted as a bound S ) o
pair. Additionally, the satellites in the satellite-angdchave a FiG. 3.— Posterior distribution of satellite accretion timésm the MW

hiah d f tial lati ith r satellite analogs (black), from hosts with exactly two salbb (dashed),
Igh degree of spatial correlation, with a mean separation 0 ng from MW mass analogs (red). Selecting hosts with MCHitellites
48+ 8kpc at the epoch where the simulations best match ob-strongly weights the distribution towards recent accretibhe blue-gray dot-

servations of the MCs, aboub3arger than the observed MC ted lines show the distribqtions for 25 random MW satellitelags drawn
separation of 25 kpc (Kallivayalil et al. 2006a), yet roughl ~rom our bootstrap analysis.

30 closer than expected for two randomly drawn points at the
appropriate radii for the MCs. This provides some suppart fo
the notion that the MCs may be a bound pair. However we o5 T T T T T T
do not detect a lower relative speed of the two subhalos in the :
satellite analog sample than in the mass analog sample. The

Bolshoi simulation lacks the volume to address this quastio 0.4
more directly: ideally, we would like to further weight our

sample by the observed separation between the two satellite :
but this would reduce the effective number of halos below the 0.3F
sampling noise limit. While we cannot say very much about :
the boundedness of the LMC and SMC pair, we can make the :
following point: that even without using the observed aagul 0.2F
separation of the LMC and SMC as a constraint, we find a .
high probability of them arriving at the same time.

P(Atacc)

7. CONCLUSIONS 01
The advent of high-resolution cosmological simulations :
which sample the dynamical histories of large numbers of oob . . oy
dark matter halos in a wide range of environments provides us 0 5 10 15
with a new approach for determining the properties of irdtivi Bty [Gyr]

ual halos given their observational characteristics. Here _ o _
use the observed properties of the Magellanic Clouds to con- '??I_-t“-—_ 'i/'lf\SSkaﬂce bft\NeenTaﬁCfeﬂlf?é‘ l?'mes for theggmmosfmﬂs
; s atril i ; . satellites in -like systems. The solid line represen analogs;
strain the mass distrlbutlon a’.‘d assembly hls_tory of th(kWI_ll the dashed line shows all systems with exactly two subhdlbs.blue-gray
Way. In comparison to previous efforts which use detailed dotted lines show the distributions for 25 random MW satetinalogs drawn

observations but a ngecessarily simplified dynami_cail quel,from our bootstrap analysis.
our approach uses simple observations and statisticat- infe 3. Typical bright satellites of halos with MW mass were
ence from sampling of a detailed and cosmologically consis- accreted at a range of epochs, generally at high redshift

ter(‘)t dynami_callmodeil. . _ (c. 10 Gyr ago) or much more recently (within the last
ur principal conclusions are- 2 Gyr). Because of their high speed near the center of

1. We infer the MW halo mass to be W = the halo, we find a 72% probability that the Magellanic
1.2797 (stat) "0 3 (sys) x 10'2M, (68% confidence), in Clouds were accreted within the last Gyr. We also find
very good agreement with the recent stellar velocity a 50% probability that the MCs were accreted within
measurements (Xue et al. 2008), with similarly sized 1 Gyr of each other.
error bars.

This approach clearly allows one to explore a wide range
2. The MW halo has a slightly higher concentration than of additional properties of MW-like halos; however, it pésc
is typical for its mass: 1% 2, compared to § + 3.5. challenging requirements on the simulations used. In@atti
Additionally, the density within 8 kpc is 60% higher for lar, for MW studies we are still limited by the relatively slina
satellite analogs than for mass analogs. simulation volume used. With the constraints used here, we
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found just one good fit halo per 500Mpc, emphasizing the  than that of the MW, we see that the ratio in number densi-
large volume required to perform this analysis. As moreserit  ties is 650 in Bolshoi vs. 63 in Millennium, a suppression
ria are applied we will need to sample a larger range of forma- of roughly ~ 3%. Because the mass function is relatively flat
tion histories and environments drawn from a larger cosmo-here, reproducing the Bolshoi abundance ratio requires tha
logical volume. In addition, the properties of its smalletes- the host mass increases t® % 10'?M,, a correction that
lites are not accessible with our present resolution. Pgshi brings our results into better agreement with theirs. How-
forward on both simulated resolution and volume will be es- ever, it is also important to note that significantly diffiere
sential to realize the full potential of this approach. Aui- selection criteria for identifying “MW-like” objects werem-
ally, the simulations used here ignore the impact of bargons  ployed. Boylan-Kolchin et al. (2010) selected hosts whose
the dark matter distribution. We have included a simple rhode two largest subhalos were within 0.74& and had similar to-
of the stellar disk which is applied to the satellite vel@stto tal velocities and stellar masses to the MCs using abundance
get a handle on the impact of this systematic, but the model ismatching to estimate the stellar content of their simuléizd
simplistic and the effects of the baryonic component need tolos. In this work, we select objects with exactly two subha-
be further studied. _ _ _ los more massive thanmu, = 50kmswithin a fixed 300 kpc

As we were completing this work, Boylan-Kolchin et al. aperture and then weight our sample according to how well
(2010) presented results from a similar study. Their pfinCi the subhalos look like the MCs in terms ofay, position, ra-
pal results regarding the mass of the MW and the accretiongdial velocity, and total speed. These differences likelyoamt
history of the LMC and SMC are in reasonable agreementfor the tension in the resulting iy PDFs. In particular, their
with our own, although they favor a somewhat larger MW focus on the total spees, of the magellanic clouds has likely
mass,Myi ~ (2-3) x 10*M. These studies differ in the biased their mass estimates for the MW high. This is shown
16 times larger volume simulation used here, the cosmologyby comparing the green and black lines in Figure 1, which
of the simulations, as well as our use of statistical infeeen  show the likelihood distribution of masses for hosts having
Boylan-Kolchin et al. (2010) used a simulation with cosmo- two satellites with similar speed to the MCs (green), as a||
logical parameters taken from the 1-year WMAP results, with for hosts with two satellites with similar speeds, massed, a
m =0.25, 0g = 0.9, andh = 0.73, while the Bolshoi sim-  positions (black). The green distribution presents a m&th b
ulation uses the more recent WMAP7 results and features aer agreement with Figure 13 of Boylan-Kolchin et al. (2010)
lower og = 0.82, with QO = 0.27 andh = 0.7. Adopting the
Tinker et al. (2008) mass function, we can understand the
impact of these cosmological differences by considerig th  MTB and RHW were supported by the National Science
abundances of MW and MC mass objects. Differences comeFoundation under grant NSF AST-0908883. MTB recieved
from a number of competing effects. First, due to cosmologi- additional funding from the Swiss National science Founda-
cal differences, their lowerg will tend to suppress our mass tion under contract 200 124835/1. PJM acknowledges the
function, while the loweh will increase the halo masses. In Kavli Foundation and the Royal Society for support in the
this case, the differenceslirhas the more significant impact, form of research fellowships. AK and JRP were supported
and causes the abundances of halos Wigh= 1.2 x 10?M by the National Science Foundation under grant NSF AST-
to be suppressed by about 10% in the Millennium cosmology.1010033. We thank Louie Strigari, Brian Gerke, Nitya Kalli-
However, the more relevant number is the ratio of the num- vayalil, and Gurtina Besla for useful discussions. The Bois
ber density for our selected satellites to their selectestsho  simulation was run using NASA Advanced Supercomputing
Adopting the fiducial mass for the LMC, 100 times lower resources at NASA Ames Research Center.
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