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ABSTRACT

We use recent proper motion measurements of the tangential velocity of M31, along with its radial velocity
and distance, to derive the likelihood of the sum of halo masses of the Milky Way and M31. This is done
using a sample halo pairs in the Bolshoi cosmological simulation@DM cosmology selected to match
properties and environment of the Local Group. The resulting likelihood gives estimate of the sum of masses of
Muw, 200+ Mwm31,.200 = 2.40° 132X 10" M, (90% confidence interval). This estimate is consistent with individual
mass estimates for the Mllﬁy Way and M31 and is consistent, albeit somewhat on the low side, with the mass
estimated using the timing argument. We show that although the timing argument is unbiased on average
for all pairs, for pairs constrained to have radial and tangential velocities similar to that of the Local Group the
argument overestimates the sum of masses by a facto8.0f/sing similar technique we estimate the total dark
matter mass enclosed within 1 Mpc from the Local Group barycenterk bé < 1 Mpc) = 4.2733x 102 M,

(90% confidence interval). '
Subject headings: Galaxy: fundamental parameters, halo — galaxies: Local Group — dark matter

1. INTRODUCTION the argument has withstood the test of time and new observa-

; = . ‘ )

Understanding the connection between dark matter (DM) tions (Li & White 2008_"van der Marel & Guhathakurta 2008;
halos and galaxies they host is a key question in galaxyYan der Marel et al. 2012). Nevertheless, the masses of both

formation theory. Theoretical models of hierarchical struc- e Milky Way and M31 are both uncertain to a factor of
ture formation(White & Reés 1978: Fall & Efstathiou 1080: two (e.g., Boylan-Kolchin et al. 2013, and references therein).

Blumenthal et al. 1984) envision dark matter halos to be the(?]i"ef1 the large unce{rLt.ati&n;[/i\?ﬁ., :{h260(|)_£§ masds d&rive:j _usiInQ
sites of galaxy formation and this framework is supported 1€ iming argument. (LI lfe .van der Marel el al.
by a variety of observations (see, e.g., recent reviews by2012) is generally consistent with mass estimates derived us-
Frenk & Whité 2012/ Courteau etlal. 2013), such as galaxy N other methods (Klypin et al. 2002; Widrow & Dubinski
rotation curves (Rubin & Ford 1970: Roberts & Rbts 1973) 2005; Karachentsev etlal. 2009; Watkins et al. 2010, and ref-
X-ray halos [(Forman et al. 1985: Buote & Canizares 1994. erences therein), but is on the high side of the measurement
Buote et all 200Z; Humphrey et al. 2011; Bogdan &t al. 2013, "ange.

see_Mathews & Brighenti 2003 for a review), satellite kine- !N this paper we present afférent way to constrain the
matics (Zaritsky et al. 1993, 1997 Zaritsky & White 1994; Mass of the Local Group using approach similar to that used

McKav et al. | 2002: Prada etial. 2003: Conrov etlal. 2007: Py/Busha et ali(2011) to constrain the mass of the Milky Way.

Klypin & Pradal 2009] More et al. 2011), and weak Iensing’ In this approach a set of observed properties of a system is

measurements (e.., Mandelbaum &t al. 2006: van Uitert et alYSed to estimate likelihood that a system in simulation is a

2017 {Velander et al. 2013; Hudson et al. 2013). counterpart of this system. Distribution of the likelihood as a

The Local Group (LG hereafter) played an important role function of halo mass can then be used to estimate the mass
in establishing existence of extended massive halos aroundf OPserved system. In this study we select a population of

galaxies. Indeed, the first flat rotation curve was measuredi€ LG analogues from the Bolshoi cosmological simulation

for M31 (Babcock 1939) and the mass estimate for the LG by °f ACDM cosmology((Klypin et &l. 2021) and use observed
Kahn & \(Nolt_ier (1959) 3vas one of the very first COmpe”ingypropertles of the MW and M31 to derive likelihood distribu-

indications for existence of massive dark matter halos. Thetio\'/’vfortheir comblineq mass. define the LG pai |
elegant argument in the latter study relied on the assumption e use several criteria to define the LG pair analogues
that LG can be approximated by two point masses on a ra-"" the cosmological simulation. In addition to distance and
dial orbit on the first approach. Orbit integration backward '2dial and tangential velocities, we also consider parame-
in time, given the present day separation, velocity, and cos-ters characterizing environment, such as the distance to the
mological parameters, then constrains the mass of the Sys[learest cluster, local large-scale den5|ty,_ and coldness of
tem. This framework is now known as the timing argument the local galaxy flow. The Local Group is known to re-

B e e ; side in a region of rather low (“cold”) radial velocity disper-
(TA hereafter). Despite its simplicity and strong assumptions, sion of galaxiesey < 70km s (Sandage & Tammann 1575

1 Department of Ast & Astrophsics. The University of Chi Governato et al. 1997; Karachentsev et al. 2003; Klypin let al.
ChicaZ%ange% Uganomy &Astrophysies, The niversity of Chicago, - 5603; Aragon-Calvo et al. 2011, and references therein), as
2Kavli Institute for Cosmological Physics, The University of Chicago, COmpared to velocity dlSperSIon around_MW'3|Zed halos in
Chicago, IL 60637 USA o _ _ the ACDM cosmology. This can be explained by the fact the
3Enrico Fermi Institute, The University of Chicago, Chicago, IL 60637 | G is located in an average density environment (Klvpin et al.

USA ; : : P N :
4Particle Astrophysics Center, Fermi National Accelerator Laboratory, ZQO‘;)' We will e.xplore In morg de,ta” this dens_',ty and veI00|t_y
Batavia, IL 60510 USA dispersion relation, and use it to impose additional constrains
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The paper is organized as follows. $@ we describe the  neighbor hald within a 5h~*Mpc radius of the pair center-

simulation and halo catalogs, while i3 we describe selec- of-mass,F;; is the force between the pair, ards a con-

tion criteria for the LG analogues andi@irent synthetic LG stant parameter. The isolation criterion becomes increasingly

samples. We present our results for the likelihood distribution strict for decreasing values @f The Milky Way and M31

of the LG mass ir§[4 and compare mass estimated using this do not have massive neighbors within 5 Mpc, and should thus

method with previous estimates using the timing argument inhavex < 0.1. The actual value of is, however, uncertain,

§[E. We discuss our results and summarize conclusiofin ~ and we use = 0.25 based on our previous tests reported in

In this paper we use madd,qo, defined as the mass withinra- |Gonzalez et al! (2013).

diusRygp enclosing the mean density of 200 times the critical ~ The third selection criterion is intended to mimic the ab-

density at the redshift of analysis. For the Milky Way-sized sence of massive clusters in the immediate vicinity of the Lo-

halos,Myqg is related to the commonly used virial mass defi- cal Group. We require that halos in the LG sample have no

nition defined using cosmology and redshift dependent over-neighbor halo with mas§l,gp > 1.5x10% M, within 12 Mpc.

density Bryan & Norman (1998) ad,i /M2 ~ 1.2. The mass and distance limits are somewhat lower than the

actual values for the Virgo Cluster (e.g., Fouqué et al. 2001;
2. SIMULATIONS AND HALO CATALOGS Nulsen & Bohringéf 1995, and references therein) to allow

To construct a sample of the Local Group analogues, wefor a larger number of systems.

use halos from the Bolshoi simulation SCDM cosmology: We found 4177 pairs in the snapshotzat 0 under these

Qn =1-Q, = 027, Hy = 70km/s/Mpc, og = 0.82, constraints, and for the full composite sample using 10 more

ns = 0.95 (Klypinetal.l2011), compatible with the con- snapshots at < 0.1 we found 45844 pairs, which we use

straints from the WMAP satellite (Hinshaw etlal. 2013). The as the sample of LG analogues. We find tkaB0% of LG

simulation followed evolution of dark matter in a 256Mpc analogues in this sample are gravitationally bound under the

box with spatial resolution of 1h~! kpc and mass resolution  two-body approximation. Note that the environment criteria

of my = 1.35x 10° M. Halos are identified with the BDM  are very restrictive: from the initial sample of pairs selected

algorithm (Klypin & Holtzman 1997). The BDM algorithm  only by mass and separation, less than 1% satisfy the environ-

is a spherical overdensity halo finding algorithm and is de- ment criteria.

signed to identify both host halos and subhalos. In this study,

however, we will only use the host halos. 4. MASS LIKELIHOOD

The catalog of host halos is completle down to halos with  we compute the mass likelihood of the MW-M31 pairs us-
maximum circular velocities of 50 km s, and we use only ing the sample of the LG analogues and method similar to
halos of larger mass to identify pairs of the MW-sized halos. that used by Busha etlal. (2011) dnd Gonzalezlet al. (2013).
To construct a sample of the MW-M31 pairszat O, we use  Namely, for each of the LG analogues we compute the likeli-
a series of simulation SnapShOtSZﬂk 0.1 (l.e. in the .la.St hood that the ana|ogue matches a set of the actual LG prop-
~ 1.3 Gyr before present) spaced by150— 250 Myr, sim-_  erties and use the distribution of such likelihood values as a
ilarly to the strategy adopted in Gonzalez etial. (2013). This function of the sum of the two halo masses to estimate the
is done because a particular configuration of MW and M31 is range of the LG masses.
transient and would correspond to a relatively small number  The specific properties we use in the calculation of likeli-
of systems at one snapshot. By using multiple snapshots weygod are:
can increase the sample of systems in such configuration dur-

ing a period of time in which secular cosmological evolution 1. Galactocentric radial velocitWrap = 1093 + 4.4

is small. kms?, of M31 measured recently by Sohnet al.
3. THE SAMPLE OF LOCAL GROUP ANALOGUES (2012).

The Local Group is dominated by the pair of the Milky 2. Distance between M31 and MWr = 770+ 40
Way and M31 and includes a number of smaller galax- kpc, adopted by van der Marel & Guhathaklfta (2008)
ies. Environment around the Local Group has density quite to span the range of recent measurements usiier-i
close to the average density of the universe (Klypin et al. ent methods, tip of the red giant branch (Durrell ét al.
2003;| Karachentsev 2005; Karachenstev 2012). In addition, 2001 McConnachie et dl. 2005), cepheids (Joshilet al.
the closest massive galaxy cluster, the Virgo Cluster is 2003; Karachentsev etlal. 2004), and eclipsing binaries
16.5 Mpc away I(Mei et al. 2007). It is not clear to what ex- (Ribas et all. 2005).

tent the environment of the Local Group shapes its properties
and dynamics. Therefore, we include environmental criteria 3. The 1 upper limit on the tangential component of

in our set of selection criteria. M31 velocity relative to the Milky WayVran < 34.3
To identify the LG analogues, we first search for host halo km s recently derived by Sohn etlal. (2012).
pairs in which both members have masses in a wide range
of masses fromVizpe: = 5 x 10° M, to 5 x 1013 M, and 4. We use the local environment constraint using the local
are separated by.®— 1.3 Mpc. About a million host halos velocity dispersiong, and logarithm of the overden-
satisfy these criteria at the = 0 snapshot. However, most sity log(1+ 6) in a shell with inner radius of 1 Mpc, and
of these pairs will be discarded in the next selection criteria, outer radius of 5 Mpc from the pair center-of-mass. We
because they have low masses and are located in high density use constraint ofry < 70 kms?to reflect the range
environment close to more massive structures. of observational estimates (sg@€l). In the appendix
Second, to select pairs in relative isolation and to avoid we show that the velocity dispersion is correlated with
pairs in triplets or larger groups we define a quantitative isola- overdensity, and that our fiducial choice @f, < 70
tion criterion using the force constraiRtcom < «F12, where kms approximately corresponds to the upper limit on

Ficom is the gravitational force between the pair and any overdensity log(% 6) < 0.3.
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Fic. 1.— The likelihood distribution for the sum &,00 masses (mass within radius enclosing density equal to 200 times the critical density of the universe)
of MW and M31 constructed using the LG halo pair analogues and using obsevational measurements of the relative separation and motion of MW and M31 with
interval corresponding toc2of their measurement errors, as well as constraints on their environment (see legend). The median mass and corresponding 68% and
90% confidence intervals for each set of constraints are given in Table 1.

Our fiducial choice for the mass constraints presented in themain constraint on the masses. Nevertheless, inclusion of the
paper is to use the range of observed values of constraint patangential velocity constraint eliminates the tail of objects at
rameters with interval corresponding4@o- of their observa-  very high masses and shifts the peak of the likelihood to lower
tional errors. Namely, we use the followingis uncertainties:  masses. This is because imposing constraint of low tangential
TVeny = 44 kmsfor radial velocity andr,, = 40 kpc for velocity removes more massive pairs with higher orbital ener-
separation. We do not have a complete information about thegies for a given fixed range of radial velocities.
confidence interval for the tangential velocity and we use the The local density and velocity dispersion constraints do not
estimate of the average tangential velocity of 17kkaad its affect the peak of the likelihood distribution but slightly nar-
1o upper limit of VTay < 34.3 kms'to extrapolate to @ row the width of the likelihood. Overall, we find that inclu-
upper limit of Vray < 516 kms?, and 3r of Vray < 68.6 sion of the environment constraints in the likelihood calcula-
kms. We have explored thefflect of expanding our sample tions makes no significant fiérence: they shift the median
of pairs by increasing the error in radial velocity, separation and confidence intervals to masse$5% lower.
and tangential velocity, and we found that the mass likelihood We have explored the mass ratio distribufioior different
is stable, even when expanding the allowed constraint rangesamples following constraints from taljle 1 and found no ef-
corresponding to@ of their errors. A more detailed descrip- fect of additional constraints on the mass ratio on the mass
tion of the tests for dferent constraints ranges can be found likelihood.
in the Appendix B.

Figure[1 shows the likelihood distribution for the sum of - COMPARISON WITH e EEE?&%’SST'M'NG ARGUMENT
Moo masses of the two pair halos obtained fdfatient con- ] ] )
straint combinations. In tablé 1 we present the corresponding LL& Whitel (2008, hereafter LW08), computed the bias
median values, with 68% and 90% confidence intervals and ] )
number of pairs in each sample. In addition, we present con- ? Defined as the ratio between the halo mass of the smallest and largest

. L . . pair member. The mass ratio of the MMBL1 pair is quite uncertain, but
straints on t,he mass within the radius of 1 Mpc from the pair recent papers point toward a mass ratio close to unity, where M31 is some-
barycenter in the last two rows of the table. what more massive than the M\W (Karachentsev &t al.I 2009: Reid et al. 2009;

Figurel shows that the radial velocity of M31 provides the [Baiesi Pillastrin[ 2009)
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1

M ass LIKELIHOOD OF MW +M31 pairs IN LG ANALOGUES

Constraints log(M200/Me)  68% conf. internval  90% conf. interval N pairs
VRAD + Ar 12.60 -0.10+0.12 -0.31+0.45 347
VRAD + Ar + V1an 12.45 -0.12+0.11 -0.25+0.25 88
VRaD + Ar + Vian + log(1+ 6) 12.38 -0.07+0.09 -0.25+0.24 66
VRaD + Ar + V1an + OH 12.39 -0.07+0.13 -0.19+0.27 64
VRaD + Ar + Vian + log(1+6) + 1 Mp& 12.62 -0.11+0.13 -0.28+0.26 66
VRaD + Ar + Vran + oH + 1IMpc 12.62 -0.11-0.13 -0.280.27 64

aThe last two rows give constraints for the mass enclosed within 1 Mpc of the barycenter of the pair.

T
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Fic. 2.— Ratio of the true pair mass and the TA mass estinfgig,, for
different combinations of constraints. In the case of radial velocity and sep-
aration constraints (orange), the medigny is close to unity, but when tan-
gential velocity constraint is included, the TA overestimates the true mass
pushing the distribution to lowek, values.

and error distribution of the TA estimator using LG-like sys-
tems in the Millenium Simulation. On average, they found
good match between the triv,oo masses of MWM31 ha-

los and theMta massesMya = 5.32 + 0.48 x 102 M, or
logMra /Mg = [12.68,12.76], which not even overlaps with
our best 90% confidence interval from table 1(Third row).
However, if we compute the TA mass using equations §)
from their paper, but with updated radial velocity and sepa-
ration values, we obtain a somewhat lower valuévif, =
4.14+ 0.60x 102 M (log Mta /M, = [12.55,12.68]) in good

and the TA mass for fierent samples of LG analogues.
The LG analogues sample with an additional cut of 150
Vmax < 300 km s1(corresponding to the broag.x selection
of LW08), shows a distribution with mediafyg ~ 1.1. If
we use a harrowevmax range, the distribution also becomes
narrower, in agreement with results of LW08 (see their Fig-
ures 1 and 2). For the radial velocity and distance constraint
(orange) the mediafygo ~ 0.97 but with a similar scatter.
Inclusion of the tangential velocity constraint in the se-
lection of pairs (solid red), results in a narrow distribution
with the median shifted to smaller value 8&qg 0.75,
while inclusion of the additional local density or velocity dis-
persion constraint shifts the median Aggg ~ 0.62. This
shows explicitly that the TA estimates works quite well for
average halo pairs of separations and radial velocity. How-
ever, pairs with additional constraints on the tangential ve-
locity and local density have systematically lower masses
compared to the TA estimate. In other words, for such
pairs the timing argument estimate overestimates mass by
a factor of~ 1.3 — 1.6. This explains the systematic dif-
ference between our fiducial constraint from the likelihood,

log M2go(MW + M31) ~ 1238739 and the TA estimate

log Mogo(MW + M31) ~ 1262729 It is worth noting that it

is quite surprising that the TA estimate works to within a fac-
tor of two, given how idealized the model underlying such es-
timate is. For example, the MW and M31 are approximated as
point masses of constant mass on a purely radial orbit and sur-
rounding mass distribution is neglected. At the same time, the
mass evolution of MW and M31 is neglected as well. Finally
the evolution of MW and M31 is envisioned within expanding
background corresponding to the mean density of the universe
and thus any dependence of expansion on the local overden-
sity is neglected. Given the simplicity of the model and a
number of assumptions, it is quite remarkable that this model
provides a reasonable ballpark estimate of mass. However,
sensitivity to the tangential velocity and environment that we
find shows that the accuracy of the TA estimate is ultimately

=~

agreement with_van der Marel et al. (2012). The decrease idimited.

due primarily to the lower radial velocity value compared to

Finally, we note that the mass estimate we derive from

that used by LWO08. Therefore, the TA mass range computedthe likelihood is in reasonably good agreement with the re-

with updated velocity values is in good agreement with our
likelihood estimate without taking into account tangential ve-
locity and local environment (first two lines in Table 1). The
somewhat lower estimate in our analysis is due then primarily
to the tangential velocity and environment constraints, which
shift the peak of the likelihood to smaller masses.

In figure 2, we show distribution of the raticdzgp =
Ma2oo(MW + M31)/Mra (after LWO8), of the true pair mass

cent abundance matching results (Kravtsov et al. 2013, see
their Appendix), which for the stellar masses ot 30° M,

and 9x 10'° M,, for the MW and M31, respectively, indi-
cate average halo maddoo(MW + M31) ~ 4.3 x 10* Mg

(or log;p M2go(MW + M31) ~ 12.6). This abundance match-
ing result is based on the new measurement of the stellar
mass function by Bernardi etlal. (2013), which corrects sig-
nificant photometric errors in the standard SDSS magnitudes.
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The average scatter around this average value is thought téthe DM mass enclosed within 1 Mpc from the pair center of
be ~ 0.2 dex and although the scatter is large the agree-mass:Mg(r < IMpc) = 4.17-145x 10'>M,, (68% confidence
ment is encouraging, especially because previous abundancgterval). '

matching results by Moster etlal. (2013) and Behroozietal. Overall, the values we deduce for the sum of the Milky Way
(2013), based on older estimates of the stellar mass functionsind M31 halo masses are consistent with existing constraints
with SDSS photometry, indicated very large average mass ofon the individual halo masses of the Milky Way (see, e.g.,
M2oo(MW + M31) ~ 8 — 10x 10'2 M, for the stellar masses  [Boylan-Kolchin et all. 2012, 2013, and references therein) and
of MW and M31. Reconciling low mass of the Local Group M31 (Widrow & Dubinski’2005). Given that the estimates of
with abundance matching results would require assumptionhalo mass using satellite velocity (elg., Boylan-Kolchin ét al.
that MW andor M31 are outliers from the averadk. — Mzoo: 2013) can give robust lower limits to individual halo masses,
relation. However, better agreement with the new abundancecombination of the estimates of the combined LG mass and
matchingM. — Moo based on the stellar mass function of individual masses should help to narrow down the range of
Bernardi et al.|(2013) indicates that halo masses of the MW possible masses for our Galaxy and for our closest neighbor,
and M31 are consistent with the masses expected from them31.

meanM. — Myqg relation.

6. DISCUSSION AND CONCLUSIONS We would like to thank Anatoly Klypin for making the Bol-

We define the LG analogues in the Bolshoi simulation of shoisimulation and the BDM halo catalogs publicly available.
ACDM cosmology and estimate the MW-M31 pair mass like- This work was supported by NSF via grant OCI-0904482. AK
lihood in such systems. The analogues are selected as halwas in addition supported in part by NSF grants AST-0807444
pairs using broad criteria. The sample is then used to estimat@nd by the Kavli Institute for Cosmological Physics at the
likelihood distribution of mass using several observed proper- University of Chicago through the NSF grant PHY-0551142
ties of the actual Local Group, namely separation, radial andand PHY- 1125897 and an endowment from the Kavli Foun-
tangential velocity, and density of the local environment. To dation. We have made extensive use of the NASA Astro-
characterize the latter, we compute the DM overdensity andPhysics Data System aratXiv.org preprint server.
particle velocity dispersionry, within 5 Mpc from halo pair

center of mass. We found a tight correlation between local APPENDIX
overdensity and velocity dispersion estimated within 5 Mpc
(see Appendix), so that constraint on overdensity is approxi- A. COLD LOCAL HUBBLE FLOW

mately equivalent to the constraint on the velocity dispersion. In order to characterize the local environment of the LG
To set the environment constraint we requite < 70 kms* we use the velocity dispersiany of nearby galaxies. It is
(or log (6 +1) < 0.3) based on the observational values of known that this velocity dispersion is rather low within a few
this dispersion reported in the literature. At a given snapshotMpc from the Local Group, compared to the velocity dis-
aroundz = 0, about 2% of the MW-sized\2po ~ 10" M) persion expected for MW-sized halos in simulations (e.g.,
halos satisfy our broad LG analogue criteria, and less than 5%Governato et al. 1997). This “coldness” of the local Hub-
of these two per cent satisfy the additional orbital and environ- ble flow was noted for quite some time in studies measur-
ment constraints. ing the Hubble constant with local galaxies (de Vaucouleurs
We have shown that the main parameter controlling the[1958;[Sandage & Tammann 1975). The values of velocity
MW-M31 mass likelihood is radial velocity. However, we dispersion were consistently found to be aroung ~ 60
also show that the likelihood is sensitive to the constraints onkms™ up to 8 Mpc (Sandage & Tammann _1975;_Giraud
tangential velocity. In particular, we find that mass likelihood [1986; | Ekholm et all 2001; Karachentsev et/al. 2009, 2003;
peak shifts to lower masses when constraint on the tangeniMaccio et al.. 2005 Tikhonov & Klypin 2009; Klypin et al.
tial velocity is included. This is because this constraint elim- 2003;[Aragon-Calvo et &l. 20111). However, the local veloc-
inates massive pairs with a given radial velocity range. Note ity dispersion increases with the maximum radius adopted to
that there is no such sensitivity to the tangential velocity in measure it[(Sandage & Tamméann 1975; Maccio €t al, 12005;
the timing argument estimate because neither the tangentiafikhonov & Klypin 2009), and thus the specific value of the
velocity nor environment are taken into account in such esti- velocity dispersion used for constraints should correspond to
mate. Indeed, the mass constrain we derive from the likeli- the radius used in observations.
hood is in good agreement with the mass estimate from the Furthermore, the methodology to compute the local veloc-
timing argument when only radial velocity and separation are ity dispersion must also be taken into account when com-
used as constraintddra = 4.14+ 0.60x 10'> Mo, in agree-  paring diferent results; i.el, Karachentsev €t lal. (2003) found
ment with van der Marel et al. (2012) results, but somewhatoy = 85 kms?! within 5 Mpc, but the estimate drops to
lower than LWO8 due to lower updated value of the radial ve- oy = 41 kms? when members of the M81 and Cen A groups
locity used in our estimate. However, when we add tangentialare removed. We adopt the conservative valuergf< 70
velocity and environment constraints the median of the likeli- kms™ as a constraint for the mass likelihood computation.
hood shifts to lower masses by a factorof.6. We show ex-  The coldness of the local flow can be attributed to the rela-
plicitly that for pairs with low tangential velocities and low lo-  tive isolation of the LG, and the relatively low density of the
cal overdensity and velocity dispersion, the timing argument LG environment (Klypin et &l. 2003; Martinez-Vaquero et al.
overestimates true masses of the pair by an average factor ¢2009).
~ 1.6, thereby explaining the lower values derived from the [Maccio et al.[(2005) found correlation betweepn and lo-
likelihood method. These values are summarized in Table 1:cal density inACDM numerical simulations and pointed out
our fiducial mass estimate obtained including the local densitythat observational velocity dispersion measurements around
constraint isMmw 200c+ M1, 200c = 2.407052x 10*2M;, (68% the Local Group imply overdensity 6f0.1 < 6p/p < 0.6 on
confidence interval). For this sample we have also computedhe scale of 7 Mpc. We explore the,—overdensity relation
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10100 AL L L L L L L B TABLE 2
I ) MASS LIKELIHOOD DEPENDENCE ON VRAD CONSTRAINT AMPLITUDE
250 _ ] o(Vrap)/(44 kmsl)  log(Mao/Mo)  90% c. i. 68%C. i.
200 ' 3 e 7 1.0 12.38 -0.13+0.29 -0.05+0.19
S 1.5 12.35 -0.29+0.32  -0.10+0.17
E [ ] 2.0 12.51 -0.31+0.27 -0.19+0.11
% 150 F - 2.5 12.48 -0.28+0.22 -0.17+0.12
= i 1 3.0 1251 -0.31+0.19  -0.17+0.09
© 35 12.51 -0.32+:0.27  -0.17+0.09
100k b 4.0 12.51 -0.40+0.28 -0.17+0.11
50 -_ -
TABLE 3
| MASS LIKELIHOOD DEPENDENCE ON Al' CONSTRAINT AMPLITUDE
Ol v b v b v v b v v e e b Ly
-0.2 00 02 04 06 0.8 1.0 1.2
Log(6+1) o(Ar)/(40 kpc)  logM200/Me) 90% c. i. 68% c. i.
Fic. 3.— The local overdensity and velocity dispersion relation for the MW-
sized halos in the Local Group analogues sample. Blue lines show the mean 2.0 12.36 -0.12+0.31 -0.04+0.17
and standard deviation of the distribution. Density and velocity dispersion 3.0 12.37 -0.24:0.30 -0.07+0.13

are computed using DM patrticles within a shell ranging from 1 to 5 Mpc.

for our sample of LG analogues, estimatitg using halos
and dark matter particles with respect to the pair center ofbe increased if we relax these constraints and assume instead
mass. For the former we compute the radial peculiar velocity that the errors for a particular parameter are two or three times

of host halos with maximum circular velocities \@f,ax > 50 larger than the actual errors. In this section we investigate the
kms. For the latter estimate we use DM particles outside effect of such choices used as a constraint in calculation of
3 %X Ry from any halos withVmax > 50. the likelihood distribution. Larger adopted error allows to in-

Halos should be closer to galaxy tracers used in observa<crease the size of the halo samples and decrease the associated
tions, but for some pairs the number of halos is too low for Poisson errors. However, it means that we allow for inclusion
an adequatey computation. On the other hand, using par- of objects less consistent with observational constraints. The
ticles gives a robusty computation in all cases, but makes actual choice of the error is a tradé-between these two con-
comparison with observations more ambiguous. There is ansiderations.
overall scatter o~ 40 kms' between the two estimates of The 1o error for distance and radial velocity aréAr) = 40
oH, Which decreases te 25 km s?, for velocity dispersions  kpc, ando(Vrap) = 4.4 kms™. The mean value of the tan-
lower than 100 km<. In both casesry is computedin shells  gential velocity is 17 km3with 1o~ upper limit of Vqay <
with the radius ranging within-45 Mpc. The lower limitisset ~ 34.3 kms™, which we extrapolate to2 and 3r upper lim-
because the Hubble flow is observed onliRat> 1 Mpc (e.qg., its of Vyan < 51.6 kmstandViay < 686 kms?, respec-
Karachenstev 2012). This can be used to put an upper limit totively. We repeat our likelihood calculations using errors of
the mass of the LC_(Ekholm etlal. 2001; Karachentsevlet al. constraint parameter inflated by a factor of three for each con-
2002, 20009). straint separately and for all combined constraints. Here we

In figure[3, we show the-y—overdensity relation estimated do not include environment constraint, given that we found
around the LG analogues, in which each pair member is inthat their éfect is relatively small.
the mass range of®- 2.9 x 10*? M, chosen to follow sam- In the first test, we keep the errors for distance and tan-
ple definition from_Gonzalez etal. (2013). We see a fairly gential velocity fixed to their respectiverivalues, while we
tight relation at lowsry values in agreementwith Maccio et al. change the error af-(Vrap). Results are listed in Tabld 2,
(2005) with 20%, 43%, and 65% of the LG analogues having which shows that the median mass value increases when the
on lower than 50, 70, and 100 km's which corresponds to  error of radial velocity is increased from4.4 kms™to 8.8
the average overdensities of log{®) = 0.156, 0237, and km s, but is not sensitive to further increase due to combined
0.303, respectively. For the mass likelihood estimate, we useconstraints to all of the other parameters. The 68% and 90%
the constraint log(% ) < 0.3 corresponding to systems with  confidence intervals also increase somewhat with increasing

on < 70 kms?on average. error. The number of pairs increase from 12 to 60 fortt
40 values.
B. SENSITIVITY OF THE MASS LIKELIHOOD DISTRIBUTION TO In the second test, we have kept the errors of radial and tan-

CONSTRAINT CHOICES gential velocity fixed at &, but increased error of distance,

The pair separation, radial and tangential velocity are theo(Ar) (Table3). The median mass and 68% confidence inter-
main orbital constraints used for the mass likelihood compu- val are not sensitive to increases in the distance errors, while
tation. They are very restrictive due their small associated er-90% confidence interval increases somewhat.Att& num-
rors resulting in small number of halo pairs. The samples canber of pairs increases to 40.
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TABLE 4
MASS LIKELIHOOD DEPENDENCE ON VTAN CONSTRAINT AMPLITUDE

TABLE 5
MASS LIKELIHOOD DEPENDENCE ON INCREASING ALL CONSTRAINTS AMPLITUDES

Vran/(kms1)  log(Mago/Mo) 90% c. i. 68%cC. i. o(testyo  log(M2po/Me) 90%c. i. 68% cC. i.
51.6 12.38 -0.14+0.39 -0.07+0.20 1.0 12.38 -0.13+0.29  -0.05+0.19
68.6 12.54 -0.29+0.23 -0.19+0.05 2.0 12.45 -0.25+0.25 -0.12+0.11

3.0 12.44 -0.32+0.27 -0.13+0.11

In the third test we have kept the radial velocity and sepa-
ration errors fixed at &, while varying the adopted error of
o(V1an) (Table[4). Increase of the tangential velocity con-
straint to 516 km s(207) does not change the median, while
increase to 68 kms1(30) leads to increase of the median
mass value and the confidence intervals. The number of pairs
increases to 20 and 31 foo2and 3r respectively. These tests indicate the our results for the mass likelihood
Finally, when we vary errors of all of the constraining pa- do not depend sensitively to our fiducial choice to inflate ob-
rameters simultaneously (Talple 5), the median mass value inserved errors by a factor of two. In fact, if anything, the
creases by less thaw-dvhen errors are inflated by a factor of derived mass constraint for the actual observational errors is
two. The main &ect on the confidence intervals is to increase slightly smaller with smaller error bars. In this case, however,
the range of mass values smaller than the median, while thehe sample contains only 12 pairs. We therefore think that our

upper error bar does not change and even decreases slightlyfiducial choice is more conservative.
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