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• see beyond the edge of the stellar halo 
• fill in the Milky Way’s accretion history 
• improve measurements of the MW’s total mass

With WFIRST-HLS and WINGS, we can

Tests of cosmological predictions 
for structure & substructure 

in the near field
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274 kpc 
(Most distant M giant, 

Bochanski, Willman, Caldwell, RES+2014)

How far does the MW stellar halo extend?
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150 kpc 
(SEGUE K giants,  

Xue+2014)

35 kpc 
(MSTO stars,  
Sesar+2011)

85 kpc 
(F stars,  

Pila-Diéz+2015)

300 kpc 
(Rvir?)

477 kpc 
(Leo T)
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What is out there?
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Surface brightness to 1 Msun/kpc2 

MSTO stars
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Different tracers, 
different views

Bullock & Johnston mock stellar halo  
+ galaxia (Sharma+2011) 

M giants 100-300 kpc 
selected ~as in Bochanski+2014
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Bullock & Johnston mock stellar halo  
+ galaxia (Sharma+2011) 
RR Lyr beyond 100 kpc

Different tracers, 
different views
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Observational selection effects map to accretion space
Distant M giants 
map more recent 
accretions, 

RRLe sensitive to 
older objects

Higher metallicities 
select more luminous 

building blocks, 

RRL include less 
luminous ones

Time since accretion (Gyr)

Luminosity (L⦿)105 107

M Giants, selected 
M Giants, discarded 
RR Lyrae (one halo) 
All building blocks

Figures courtesy Amy Secunda
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What will WFIRST see?

HLS only (2200 deg2) 
HLS+WINGS (4200 deg2)

RR Lyr beyond 100 kpc
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WINGS extends our knowledge of the MW’s accretion history 

HLS only  
(2200 deg2) 
HLS+WINGS  
(4200 deg2) 

# of sats  
with >1 RRL 

#of sats  
with >0 RRL 
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WINGS extends our knowledge of the MW’s accretion history 

HLS only (2200 deg2) 
HLS+WINGS (4200 deg2)

RR Lyr beyond 100 kpc
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The Milky Way’s total mass is uncertain

Kafle+2014

10 Eadie, Harris, and Widrow

for scenario 3, but for both the true curve still lies in the
75% credible region for most r (see Fig. 4). We reiter-
ate, however, that Fig. 4 are examples of M(r) profiles
from a single data set and analysis. Over 500 analyses
we find that the 50, 75, and 95% credible regions do con-
tain the true M(r) 50, 75, and 95% of the time, in both
scenarios 2 and 3, for almost all r.

5.2. Milky Way Results

Assuming an isotropic Hernquist model, and using all
the kinematic data from Table 1, we find a mean Mtot of
1.55±0.08⇥1012 M� and a scale radius of 16.9±2.3 kpc,
where the uncertainties are the standard deviations of
the parameters in the Markov chain. The 95% credible
regions for M

tot

and a are (1.42, 1.73) ⇥ 1012 M� and
(12.8, 21.7) kpc respectively. We also report the mean
Mtot and scale radius, with uncertainties of one stan-
dard deviation, when the other models are assumed (Ta-
ble 2). The mass estimates and scale radii vary only
slightly between Hernquist models. The Ja↵e model’s
mass is similar, but the Ja↵e scale radius radius cannot
be compared directly to that of Hernquist because they
have physically di↵erent definitions.
The mass profile credible regions are shown in Fig. 5.

The innermost dark region corresponds to the 50% cred-
ible region. The vertical dashed lines show the extent
of the data, with NGC 6540 and Leo I being the clos-
est and furthest objects from the Galactic center respec-
tively. The mass contained within the distance of Leo I is
1.37+0.14

�0.10 ⇥ 1012M�, where the uncertainties correspond
to the 95% credible interval.
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Fig. 5.— Mass profile credible regions assuming a Hernquist
model with isotropic velocity dispersion. The dashed lines indi-
cate the location of NGC 6540 and Leo I (the closest and furthest
objects from the Galactic center respectively in our dataset).

Some satellites may have a large e↵ect on the mass
estimate of the Galaxy. Leo I, for example, remained
a contentious object for many years, because it is at a
large distance from the Galactic center and it was un-
clear whether or not it is bound to the MW. Recently,
however, Boylan-Kolchin et al. (2013) showed that Leo
I is likely bound to the MW. Furthermore, when Leo
I’s proper motion is taken into account, the object has
little e↵ect on the mass estimate of the Galaxy (Wilkin-
son & Evans 1999). We run our analysis assuming the
isotropic Hernquist model both with and without Leo
I, and we also find that it has no e↵ect within error
on M

tot

. When Leo I is removed from the analysis,
Mtot = 1.52 ± 0.07 ⇥ 1012M� and a = 16.2 ± 2.2 kpc,
very similar to the values obtained when Leo I is present.
The five other dwarf galaxies in our data set that have

measured proper motions are Draco, Fornax, Sculptor,
and the Large and Small Magellanic Clouds (hereafter
LMC and SMC). We obtain parameter estimates as-
suming an isotropic Hernquist model with each of these
dwarfs removed, and find that the mass and scale radii
do not change within error in any case.
Another object to consider is Sagittarius. In Section 4,

we argued that v
los

⇡ v
r

for tracers with |cos �| � 0.95,
but Sagittarius is relatively close-by at 16 kpc and has
|cos �| = 0.93, so one may question the inclusion of this
object. However, once again we find little change in
the mass estimate without it, for all models. For ex-
ample, the isotropic Hernquist model returned M

tot

=
1.55 ± 0.08 ⇥ 1012M�, which is almost identical to the
result obtained using all the data (see Table 2). The scale
radius is also unchanged within error (17.0± 2.2kpc).
We also investigate the e↵ects on the mass estimate

when tangential velocities are treated as parameters.
To do this, we first obtain a mass estimate using only
the Dinescu data (i.e. using only objects with com-
plete velocity vectors), and find a slightly lower mass of
1.47± 0.08⇥ 1012 M�. Next, we remove five tangential
velocities from the data, and repeat the analysis treating
those missing v

t

’s as parameters. Repeating this process
and removing five di↵erent v

t

’s each time, we find that
the v

t

’s cannot be well estimated. However, treating v
t

’s
as parameters has little to no e↵ect on the mass estimate,
within error. There is one exception to the latter state-
ment: when Pal 3’s tangential velocity was removed, the
mass estimate was reduced significantly.
To investigate the influence of Pal 3 further, we per-

formed an analysis using only the Dinescu data, but with-
out Pal 3’s v

t

value. Treating Pal 3’s v
t

as a parameter,
the mass estimate of the Milky Way fell by more than
50% (M

tot

= 0.76 ± 0.06 ⇥ 1012M�). We also ran the
analysis using only the Dinescu data, but without any

v
t

’s. In this case, M
tot

= 0.8 ± 0.1 ⇥ 1012M�, which is
similar to the estimate obtained in the former analysis.
We note, however, that Pal 3 has the most uncertain v

t

measurement in the list (Table 1). It is evident that in-
cluding measurement uncertainties in the analysis would
reduce its leverage considerably.
Using all kinematic data, but removing Pal 3 from the

analysis, also resulted in reduced mass estimates. Fur-
thermore, the e↵ect is observed regardless of the selected
model (Table 2). Thus, Pal 3’s proper motion, and in-
deed Pal 3 in general, has significant influence on the

Eadie, Harris, & Widrow 2015

…but having objects at 
larger distances helps

…as do 
proper 
motions
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150 kpc

Assuming equilibrium is problematic at large distances

Bullock & Johnston 2005
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RR Lyr trace shells
100<d<200 kpc d<200 kpc

d<200 kpc, y>0Typical errors:  
2% distance, 
10 km/s RV 

LSST  
90% complete  

to 360 kpc 
(Oluseyi+2012)
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Shells can give robust mass estimates

Galactocentric radius of shell
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Requires synergy  
between  
WFIRST,  

LSST, 
 & spectroscopy 

(distances & RVs)

Sanderson & Helmi 2013
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• see beyond the edge of the stellar halo 
• fill in the Milky Way’s accretion history 
• improve measurements of the MW’s total mass

With WFIRST-HLS and WINGS, we can

extra coverage from WINGS 
lets us see more variety

WFIRST-HLS proper motions (100 uas/yr) 
can start untangling substructures

synergies with LSST, spectroscopy
will help untangle accreted components

& constrain the MW mass


