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Why should you care about MMW?

And why is “~1012 Msun” not good enough?

• Virial mass estimates range from ~(0.5-3)x1012 Msun -- result in very 
different expectations for galaxy formation models

• Example: baryonic content of the MW

‣ if Mvir ~ 7e11, most or all of MW’s baryons are accounted for by observations

‣ if Mvir ~ 2e12, most of the MW’s baryons are “missing”

• Example: satellite galaxy abundance

‣ satellite galaxy abundance scales ~linearly with Mvir, so interpretation of 
potential small scale issues depends on MMW

Note: virial mass defined with respect to 95        throughout ⇢crit



Tracers of the MW’s potential

Is Leo I bound? See: Zaritsky et al. 1989, Fich & Tremaine 1991, Kochanek 1996, Sales et al. 2007, Sohn et al. 2007, Mateo et al. 2008, Watkins et al. 2010
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Tracers of the MW’s potential

• stars (BHB, RR Lyrae): large numbers out to ~50 kpc, density falls off 
quickly at larger radii (Xue et al. 2008, Gnedin et al. 2010, Deason et al. 2012)

• gas: forget about it

• satellite galaxies: small number, but can be studied in detail

‣ Magellanic Clouds: D=50-60 kpc, likely on first infall. Models reproducing the 
Clouds’ orbit and production of the Magellanic Stream can constrain MW mass

‣ Leo I: distant (D=260 kpc) and fast-moving (Vr ~ 175 km/s) classical dSph satellite 
(stellar mass ~ 5x106 Msun, half-light radius of ~400 pc). Plays the largest role of 
all satellites in constraining the MW mass, but is it bound?

Is Leo I bound? See: Zaritsky et al. 1989, Fich & Tremaine 1991, Kochanek 1996, Sales et al. 2007, Sohn et al. 2007, Mateo et al. 2008, Watkins et al. 2010
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In terms of 3D velocity

Leo I

???
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Measuring Leo I’s proper motion

• Proper motion measurements usually use background quasars; 
Anderson, Mahmud van der Marel, & Sohn developed a technique to use 
background galaxies instead (recently used for M31 proper motion).

• requires accurate astrometry for both stars in Leo I, background galaxies

• measurement using HST/ACS with 5 year baseline:

• In “more useful” units:

(µW , µN ) = (114.0± 29.5, �125.6± 29.3)µas yr�1

Vrad = 169.9± 2.8 km s�1

Vtan = 101.0± 34.4 km s�1

V
tot

= 195.9+21.7
�17.1

(+45.8)
(�21.7) km s�1

Sohn et al. (2012, in preparation)
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In terms of 3D velocity

Leo I
Mvir,MW = 7⇥ 1011 M�

Mvir,MW = 1012 M�

Vescape for

Leo I:
Vrad=170 km/s
Vtan=101 km/s
V3D=196 km/s



What does this mean for the MW virial mass?



Phase space in terms of total velocity
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MBK et al. 2012 (in preparation)
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Unbound subhalos: very rare

unbound subhalos very 
rare *in relaxed halos*
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Where is Leo I in this phase space?

Outgoing

Infalling

Mvir [10
12 M�] :

0.7
1.0
1.5
2.0

MBK et al. 2012 (in preparation)
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Deriving a constraint on MMW

MBK et al. 2012 (in preparation)

constant energy 
contour at Leo I’s 
V3D for Mvir=1.5e12
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MBK et al. 2012 (in preparation)

less bound than Leo I

more bound than Leo I
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contour at Leo I’s 
V3D for Mvir=1.5e12



The Virial Mass of the Milky Way

MBK et al. 2012 (in preparation)

Mvir,MW = 1.46⇥ 1012 M�

90% confidence interval :

[0.95� 2.19]⇥ 10

12 M�

conservative estimate: 
Leo I is the least bound 
classical satellite, CDM prior



The Virial Mass of the Milky Way

MBK et al. 2012 (in preparation)

Mvir,MW = 1.46⇥ 1012 M�

90% confidence interval :

[0.95� 2.19]⇥ 10

12 M�

90% confidence interval :

[1.14� 5.18]⇥ 10

12 M�

Mvir,MW = 2.11⇥ 1012 M�

between 0 and 5 
additional classical 
satellites at least as 
energetic as Leo I, 
CDM prior

conservative estimate: 
Leo I is the least bound 
classical satellite, CDM prior



The Virial Mass of the Milky Way

MBK et al. 2012 (in preparation)

between 0 and 5 
additional classical 
satellites at least as 
energetic as Leo I, 
CDM prior

conservative estimate: 
Leo I is the least bound 
classical satellite, CDM prior

at 95% confidence; nearly 
independent of assumptions 
about number of fast-
moving satellites

Best constraint for MW:
Mvir > 0.95⇥ 1012 M�



Cosmology dependence?
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Figure A1. Same as Fig. 2, but also including simulations with
WMAP3 parameters (VL-II: orange circles; GHALO: blue trian-
gles). Subhalos from these simulations populate the phase space
diagram in an identical manner to the Aquarius subhalos; our
Aquarius-based results should therefore be robust to modest
changes in cosmological parameters. Note that VL-II has a mass
of Mvir = 1.7 ⇥ 1012 M�, which is near the upper end of the
Aquarius halo masses, while GHALO has Mvir = 1.08⇥1012 M�,
which is near the lower end. The virial scalings used throught this
work appear to be appropriate.

APPENDIX A: COSMOLOGICAL PARAMETER
(IN)DEPENEDENCE

A possible concern in interpreting the orbit of Leo I through
the use of the Aquarius simulations is that the cosmologi-
cal parameters adopted for Aquarius di↵er slightly from the
currently favored values. In particular, WMAP7 results in-
dicate that �8 = 0.816 ± 0.024, ⌦m = 0.274 ± 0.011, and
ns = 0.968±0.012 (Komatsu et al. 2011), placing the Aquar-
ius parameters 3-10% o↵ of currently measured values. To
investigate the e↵ects of variations in cosmological param-
eters, Figure A1 duplicates Figure 2 but also includes data
for subhalos from two simulations using WMAP3 param-
eters (⌦m = 0.237, �8 = 0.742, ns = 0.951): VL-II (or-
ange circles) and GHALO (blue triangles). Together, first
and third-year WMAP parameters bracket parameters de-
termined from the seven-year WMAP data release. The sub-
halos from WMAP3-based simulations populate phase space
identically to those from the Aquarius simulations, indicat-
ing that small changes to cosmological parameters will have
no e↵ect on interpretations of Leo I’s motion.

• implications for other dwarfs: e.g., Leo II is almost cer-
tainly near pericenter, not apocenter, if the measured Vt

from Lepine et al. (the central value is correct.

c� 2012 RAS, MNRAS 000, 1–12
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Figure 5. Similar to Figure 2, except each subhalo is colored
according to its infall time (cosmic time, in Gyr). Subhalos that
fell in long ago (yellow-orange) exhibit a wide range of orbital
energies, with the largest concentration of points at small radii
and high binding energies. Recently accreted subhalos (dark red-
black) occupy a much narrower range of orbital energies and are
substantially less bound than the typical early-infalling subhalo.

Way. Our analysis indicates that it is exceedingly unlikely
for any subhalo in a relaxed MW-size dark matter halo to be
unbound: the unbound fraction in the simulations analyzed
here never exceeds 0.1%. Leo I is therefore almost certainly
bound to the MW, if subhalos from ⇤CDM simulations can
be associated with observed MW satellites. That Leo I is
almost certainly bound only puts a weak constraint on the
MW mass in the context of ⇤CDM, however: this requires
only that Mvir,MW & 0.7⇥1012 M� (ignoring proper motion
errors). Note that this highlights the importance of the mass
distribution exterior to Leo I’s Galacto-centric distance: an
NFW profile with Mvir = 7 ⇥ 1011 and c = 8 places Leo I
on a parabolic orbit (Vesc = VLeoI), whereas the same mass
distribution, truncated at DLeoI, has an escape velocity that
is 20% lower,⇠ 160 km s�1. The di↵erence between extended
and point-mass distributions is even more pronounced for
higher values of Mvir.

5.1 Orbital Histories for Galaxies Like Leo I

As discussed in the Introduction, we expect to find a rela-
tionship between a satellite’s orbital energy and the time it
was accreted onto its host. The existence of such a correla-
tion could aid in a broader interpretation of Leo I’s space
velocity by constraining when Leo I fell into the Milky Way
and whether or not it has made multiple pericentric pas-
sages.

We explore the relationship between infall time and or-
bital energy in Figure 5, which shows a version of the total
velocity phase space for Aquarius subhalos in which each
subhalo is colored according to its infall time (measured
in cosmic time, with 13.7 Gyr being the present day). We
clearly see an energy-infall time trend: while the early in-

falling objects (yellow-orange) cover a wide range of orbital
energies, with the majority of subhalos being tightly bound
and having apocenters of 0.75 rvir or less, recently accreted
subhalos (dark red-black) lie in a well-defined, narrow range
of energies with corresponding apocenters of ⇡ 2 rvir. Re-
cently accreted subhalos track a curve of constant energy –
corresponding to vtot(rvir) ⇡ 1.15Vvir – quite well, especially
before they reach their first pericenters. This is precisely
what is expected in ⇤CDM:Wetzel (2011) finds that the typ-
ical infall velocity of satellites for hosts of Mvir ⇡ 1012 M�
is 1.1 � 1.15Vvir (the excellent agreement of vtot(rvir) may
be partially coincidental, however, as our definition of bind-
ing energy and virial velocity di↵er slightly from those of
Wetzel).

Given the orbit calculations of Sohn et al., a scenario
in which Leo I fell into the MW within the last 4 Gyr and
has recently completed its first pericentric passage is favored
by our analysis. This orbital history agrees very well with
the observed star formation history of Leo I, which shows
continuous star formation, with bursts at 4.5 and 2 Gyr in
the past, until . 1 Gyr ago, after which the star formation
dropped to zero (mbk: talk to Tammy about best way
to cite this). This is entirely consistent with a picture in
which Leo I had its first pericentric pass ⇡ 1 � 2 Gyr ago,
triggering its last burst of star formation. If Leo I has com-
pleted previous pericentric passages about the Milky Way,
our inferred value of Mvir,MW would need to be revised up-
ward substantially.

mbk: do we want to explore constraints on MMW

for various di↵erent infall times? Early infall will
push the upper bound on the mass higher, while
late infall will push the upper bound slightly lower.

The confinement of first infall orbits to a narrow range
of orbital energies shows how valuable measurements of
transverse velocities can be for interpreting satellite dynam-
ics. We further emphasize this point in Figure 6 by focus-
ing only on recently accreted subhalos and contrasting the
resulting phase space using 3D velocities (left panel) with
the phase space using only radial velocity information (right
panel). The contrast is stark: while recently accreted subha-
los occupy a well-defined and narrow range of the 3D hase
space, these satellites cover a wide range of radial velocities
at every radius. Transverse velocities clearly add a great deal
of information that is missing in the radial phase space. This
also implies that subhalos are typically accreted with non-
negligible angular momentum, and that radial orbit approx-
imations result in substantial information loss. A further
important point is that there are recently-accreted satellites
with small radial velocities but high tangential velocities, in-
dicating that other Milky Way satellites may have binding
energies similar to Leo I even if they have small measured
radial velocities.

The apocentric distance for galaxies with binding en-
ergies consistent with that of Leo I is ⇠ 650 kpc, compa-
rable to the estimate of Peebles et al. (2011) (mbk: ver-
ify / compute more carefully, and discuss. Cite any
other estimates?). Assuming a virial radius of ⇠ 300 kpc
for the Milky Way, this apocentric distance is similar to
the turn-around radius. The first apocenter of an orbit after
turn-around is expected to be at ⇠ 90% of the turn-around
radius.

The results of Section 5.1 have interesting implications

c� 2012 RAS, MNRAS 000, 1–12
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Figure 5. Similar to Figure 2, except each subhalo is colored
according to its infall time (cosmic time, in Gyr). Subhalos that
fell in long ago (yellow-orange) exhibit a wide range of orbital
energies, with the largest concentration of points at small radii
and high binding energies. Recently accreted subhalos (dark red-
black) occupy a much narrower range of orbital energies and are
substantially less bound than the typical early-infalling subhalo.

Way. Our analysis indicates that it is exceedingly unlikely
for any subhalo in a relaxed MW-size dark matter halo to be
unbound: the unbound fraction in the simulations analyzed
here never exceeds 0.1%. Leo I is therefore almost certainly
bound to the MW, if subhalos from ⇤CDM simulations can
be associated with observed MW satellites. That Leo I is
almost certainly bound only puts a weak constraint on the
MW mass in the context of ⇤CDM, however: this requires
only that Mvir,MW & 0.7⇥1012 M� (ignoring proper motion
errors). Note that this highlights the importance of the mass
distribution exterior to Leo I’s Galacto-centric distance: an
NFW profile with Mvir = 7 ⇥ 1011 and c = 8 places Leo I
on a parabolic orbit (Vesc = VLeoI), whereas the same mass
distribution, truncated at DLeoI, has an escape velocity that
is 20% lower,⇠ 160 km s�1. The di↵erence between extended
and point-mass distributions is even more pronounced for
higher values of Mvir.

5.1 Orbital Histories for Galaxies Like Leo I

As discussed in the Introduction, we expect to find a rela-
tionship between a satellite’s orbital energy and the time it
was accreted onto its host. The existence of such a correla-
tion could aid in a broader interpretation of Leo I’s space
velocity by constraining when Leo I fell into the Milky Way
and whether or not it has made multiple pericentric pas-
sages.

We explore the relationship between infall time and or-
bital energy in Figure 5, which shows a version of the total
velocity phase space for Aquarius subhalos in which each
subhalo is colored according to its infall time (measured
in cosmic time, with 13.7 Gyr being the present day). We
clearly see an energy-infall time trend: while the early in-

falling objects (yellow-orange) cover a wide range of orbital
energies, with the majority of subhalos being tightly bound
and having apocenters of 0.75 rvir or less, recently accreted
subhalos (dark red-black) lie in a well-defined, narrow range
of energies with corresponding apocenters of ⇡ 2 rvir. Re-
cently accreted subhalos track a curve of constant energy –
corresponding to vtot(rvir) ⇡ 1.15Vvir – quite well, especially
before they reach their first pericenters. This is precisely
what is expected in ⇤CDM:Wetzel (2011) finds that the typ-
ical infall velocity of satellites for hosts of Mvir ⇡ 1012 M�
is 1.1 � 1.15Vvir (the excellent agreement of vtot(rvir) may
be partially coincidental, however, as our definition of bind-
ing energy and virial velocity di↵er slightly from those of
Wetzel).

Given the orbit calculations of Sohn et al., a scenario
in which Leo I fell into the MW within the last 4 Gyr and
has recently completed its first pericentric passage is favored
by our analysis. This orbital history agrees very well with
the observed star formation history of Leo I, which shows
continuous star formation, with bursts at 4.5 and 2 Gyr in
the past, until . 1 Gyr ago, after which the star formation
dropped to zero (mbk: talk to Tammy about best way
to cite this). This is entirely consistent with a picture in
which Leo I had its first pericentric pass ⇡ 1 � 2 Gyr ago,
triggering its last burst of star formation. If Leo I has com-
pleted previous pericentric passages about the Milky Way,
our inferred value of Mvir,MW would need to be revised up-
ward substantially.

mbk: do we want to explore constraints on MMW

for various di↵erent infall times? Early infall will
push the upper bound on the mass higher, while
late infall will push the upper bound slightly lower.

The confinement of first infall orbits to a narrow range
of orbital energies shows how valuable measurements of
transverse velocities can be for interpreting satellite dynam-
ics. We further emphasize this point in Figure 6 by focus-
ing only on recently accreted subhalos and contrasting the
resulting phase space using 3D velocities (left panel) with
the phase space using only radial velocity information (right
panel). The contrast is stark: while recently accreted subha-
los occupy a well-defined and narrow range of the 3D hase
space, these satellites cover a wide range of radial velocities
at every radius. Transverse velocities clearly add a great deal
of information that is missing in the radial phase space. This
also implies that subhalos are typically accreted with non-
negligible angular momentum, and that radial orbit approx-
imations result in substantial information loss. A further
important point is that there are recently-accreted satellites
with small radial velocities but high tangential velocities, in-
dicating that other Milky Way satellites may have binding
energies similar to Leo I even if they have small measured
radial velocities.

The apocentric distance for galaxies with binding en-
ergies consistent with that of Leo I is ⇠ 650 kpc, compa-
rable to the estimate of Peebles et al. (2011) (mbk: ver-
ify / compute more carefully, and discuss. Cite any
other estimates?). Assuming a virial radius of ⇠ 300 kpc
for the Milky Way, this apocentric distance is similar to
the turn-around radius. The first apocenter of an orbit after
turn-around is expected to be at ⇠ 90% of the turn-around
radius.

The results of Section 5.1 have interesting implications

c� 2012 RAS, MNRAS 000, 1–12
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Figure 5. Similar to Figure 2, except each subhalo is colored
according to its infall time (cosmic time, in Gyr). Subhalos that
fell in long ago (yellow-orange) exhibit a wide range of orbital
energies, with the largest concentration of points at small radii
and high binding energies. Recently accreted subhalos (dark red-
black) occupy a much narrower range of orbital energies and are
substantially less bound than the typical early-infalling subhalo.

Way. Our analysis indicates that it is exceedingly unlikely
for any subhalo in a relaxed MW-size dark matter halo to be
unbound: the unbound fraction in the simulations analyzed
here never exceeds 0.1%. Leo I is therefore almost certainly
bound to the MW, if subhalos from ⇤CDM simulations can
be associated with observed MW satellites. That Leo I is
almost certainly bound only puts a weak constraint on the
MW mass in the context of ⇤CDM, however: this requires
only that Mvir,MW & 0.7⇥1012 M� (ignoring proper motion
errors). Note that this highlights the importance of the mass
distribution exterior to Leo I’s Galacto-centric distance: an
NFW profile with Mvir = 7 ⇥ 1011 and c = 8 places Leo I
on a parabolic orbit (Vesc = VLeoI), whereas the same mass
distribution, truncated at DLeoI, has an escape velocity that
is 20% lower,⇠ 160 km s�1. The di↵erence between extended
and point-mass distributions is even more pronounced for
higher values of Mvir.

5.1 Orbital Histories for Galaxies Like Leo I

As discussed in the Introduction, we expect to find a rela-
tionship between a satellite’s orbital energy and the time it
was accreted onto its host. The existence of such a correla-
tion could aid in a broader interpretation of Leo I’s space
velocity by constraining when Leo I fell into the Milky Way
and whether or not it has made multiple pericentric pas-
sages.

We explore the relationship between infall time and or-
bital energy in Figure 5, which shows a version of the total
velocity phase space for Aquarius subhalos in which each
subhalo is colored according to its infall time (measured
in cosmic time, with 13.7 Gyr being the present day). We
clearly see an energy-infall time trend: while the early in-

falling objects (yellow-orange) cover a wide range of orbital
energies, with the majority of subhalos being tightly bound
and having apocenters of 0.75 rvir or less, recently accreted
subhalos (dark red-black) lie in a well-defined, narrow range
of energies with corresponding apocenters of ⇡ 2 rvir. Re-
cently accreted subhalos track a curve of constant energy –
corresponding to vtot(rvir) ⇡ 1.15Vvir – quite well, especially
before they reach their first pericenters. This is precisely
what is expected in ⇤CDM:Wetzel (2011) finds that the typ-
ical infall velocity of satellites for hosts of Mvir ⇡ 1012 M�
is 1.1 � 1.15Vvir (the excellent agreement of vtot(rvir) may
be partially coincidental, however, as our definition of bind-
ing energy and virial velocity di↵er slightly from those of
Wetzel).

Given the orbit calculations of Sohn et al., a scenario
in which Leo I fell into the MW within the last 4 Gyr and
has recently completed its first pericentric passage is favored
by our analysis. This orbital history agrees very well with
the observed star formation history of Leo I, which shows
continuous star formation, with bursts at 4.5 and 2 Gyr in
the past, until . 1 Gyr ago, after which the star formation
dropped to zero (mbk: talk to Tammy about best way
to cite this). This is entirely consistent with a picture in
which Leo I had its first pericentric pass ⇡ 1 � 2 Gyr ago,
triggering its last burst of star formation. If Leo I has com-
pleted previous pericentric passages about the Milky Way,
our inferred value of Mvir,MW would need to be revised up-
ward substantially.

mbk: do we want to explore constraints on MMW

for various di↵erent infall times? Early infall will
push the upper bound on the mass higher, while
late infall will push the upper bound slightly lower.

The confinement of first infall orbits to a narrow range
of orbital energies shows how valuable measurements of
transverse velocities can be for interpreting satellite dynam-
ics. We further emphasize this point in Figure 6 by focus-
ing only on recently accreted subhalos and contrasting the
resulting phase space using 3D velocities (left panel) with
the phase space using only radial velocity information (right
panel). The contrast is stark: while recently accreted subha-
los occupy a well-defined and narrow range of the 3D hase
space, these satellites cover a wide range of radial velocities
at every radius. Transverse velocities clearly add a great deal
of information that is missing in the radial phase space. This
also implies that subhalos are typically accreted with non-
negligible angular momentum, and that radial orbit approx-
imations result in substantial information loss. A further
important point is that there are recently-accreted satellites
with small radial velocities but high tangential velocities, in-
dicating that other Milky Way satellites may have binding
energies similar to Leo I even if they have small measured
radial velocities.

The apocentric distance for galaxies with binding en-
ergies consistent with that of Leo I is ⇠ 650 kpc, compa-
rable to the estimate of Peebles et al. (2011) (mbk: ver-
ify / compute more carefully, and discuss. Cite any
other estimates?). Assuming a virial radius of ⇠ 300 kpc
for the Milky Way, this apocentric distance is similar to
the turn-around radius. The first apocenter of an orbit after
turn-around is expected to be at ⇠ 90% of the turn-around
radius.

The results of Section 5.1 have interesting implications
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Figure 6. Phase space plots in terms of total velocity (left panel) and radial velocity (right panel) for subhalos accreted within the last
4 Gyr of cosmic time; the color scale is the same as in Figure 5, and the magenta curve gives an example of a surface of constant energy.
Whereas recently accreted satellites occupy a narrow range of velocities at fixed radius (left), they span a wide range of radial velocities
(right). Transverse velocity data adds a great deal of information for such satellites, and Leo I is likely to fall into this class.

for satellites on first infall into their host galaxies: Figure 5
shows that such satellites should populate a narrow range
of energies. For a measured distance and radial velocity of
a satellite, then, the only uncertainties are the halo mass
and transverse velocity. Leo T provides just such an exam-
ple for the Milky Way: a distant satellite (D = 407 kpc)
with a low radial velocity (vr = �61 km s�1 in the Galacto-
centric frame), Leo T is the only known dwarf spheroidal
/ transition object near the Milky Way with substantial HI
gas content, and is therefore almost certainly falling into the
Milky Way for the first time. Our best-fitting virial mass of
1.46⇥1012 M� leads to a prediction for the transverse veloc-
ity of Leo T of vt ⇡ 110± 20 km s�1, i.e., Leo T’s transverse
velocity should be approximately two times larger than its
measured radial velocity. Future measurements of Leo T’s
proper motion will verify or disprove this prediction. Proper
motion measurements for other distant satellites such as Leo
II (D = 235 kpc) and Canes Venatici I (D = 218 kpc) would
also be of great interest.7

Leo I’s measured velocity strongly favors a first in-
fall scenario in which the satellite has only recently joined
the Milky Way. Coupled with (1) convincing evidence that
star formation persisted in Leo I until the past 0.5-1 Gyr
(Smecker-Hane et al. 2009), and (2) the lack of HI detected
in Leo I (MHI < 1.5 ⇥ 103 M�; Grcevich & Putman 2009),
this implies that gas in MW dwarf satellites can be either
expelled or removed on time-scales shorter than one crossing
time (see also Peebles et al. 2011). If the gas was expelled
via internal processes, then further studies of Leo I may shed
light on star formation feedback. If the gas has been removed

7 Lépine et al. (2011) measured a transverse velocity of 265.2 ±
129.4 km s�1 for Leo II; the central value is tantalizingly large,
but is also consistent with zero at 2�.

by ram pressure, Leo I may provide an interesting constraint
on the density of hot gas in the Milky Way halo.

A further implication of a recent Leo I infall, in con-
junction with strong evidence that both Magellanic Clouds
are on their first infall as well (Besla et al. 2007; Boylan-
Kolchin et al. 2011a), is that the Milky Way system is a
dynamic one, with substantial late-time assembly. This ac-
tive recent history at the dark matter halo level initially
seems odd in the context of the implied quiescent merger
history for the Milky Way galaxy; however, it may simply
reflect that the Galaxy’s quiescent merger history over the
past several Gyr is coming to an end. The Local Group’s
orbit, as inferred from recent measurement of M31’s proper
motion (Sohn et al. 2012a; van der Marel et al. 2012a), en-
sures that the Milky Way’s quiescent history has a maximum
future duration of ⇠ 4 Gyr.

6 CONCLUSIONS

While the radial velocity of Leo I has been the basis of a
substantial body of work related to the mass of the Milky
Way and the properties of its satellites, the measurement of
the proper motion of Leo I by Sohn et al. (2012b) adds vital
information about Leo I’s orbit. We have coupled the proper
motion measurement with N -body simulations of dark mat-
ter halos and have presented a new method for combining
these data sets to derive constraints on Mvir,MW. Our pri-
mary results can be summarized as follows:

• Unbound orbits are exceedingly rare in the highest res-
olution ⇤CDM simulations of Milky Way-mass dark matter
halos. In any ⇤CDM-based model of galaxy formation plac-
ing satellite galaxies in dark matter subhalos, therefore, Leo
I is very unlikely to be an unbound satellite of the Milky
Way.

c� 2012 RAS, MNRAS 000, 1–12
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One implication of a 1.5x1012 Milky Way

• baryonic allotment of the MW is ~2.5x1011 Msun. Observed baryonic 
content is ~7x1010 Msun.  Missing ~1.8x1011 Msun of baryons.

‣ Maybe these baryons never made it into the halo?

‣ Maybe these baryons were ejected from the halo?

‣ Maybe these baryons be hidden in an extended hot gas corona?

• These 3 possibilities have very different implications for our 
understanding of galaxy formation



MW hot gas constraints

Fang, Bullock, MBK 2012: constraints on hot (~106 K) gas in the MW halo 
depend strongly on adopted gas profile.

• Hot gas disk (from MW ISM): negligible contribution to MW baryon 
budget

• NFW distribution for gas (c=3 or 12): hot halo can only hold a small 
fraction of missing baryons (cf. Anderson & Bregman 2010)

• extended, cored distribution: most or all of the missing baryons could 
be within the virial radius, even for Mvir ~ 1.5x1012

‣ profile motivated by Maller & Bullock 2004: adiabatic gas in hydrostatic 
equilibrium with NFW dark matter halo



Fang, Bullock, MBK (2012, to be submitted)

NFW 
Extended corona
Local Hot Disk

ram pressure 
stripping of dwarfs

HVC pressure 
confinement in the 
Magellanic Stream



Conclusions

• The virial mass of the Milky Way is important. Reducing the uncertainty 
in Mvir,MW is crucial for making progress in several areas of galaxy 
formation.

• Leo I plays an outsized role in driving satellite-based estimates of 
MMW, but interpreting its motion has been contentious

• Sohn et al. 2012 have measured Leo I’s proper motion: Leo I has 
significant tangential velocity (~100 km/s).

• LCDM simulations: relaxed hosts have virtually no unbound subhalos

• comparing to LCDM simulations, find Mvir,MW=(1.5-2.1)x1012 Msun and 
Mvir,MW > 1012 Msun at 95% confidence

• strong correlation between orbital energy and infall time; in general, 
not present only with radial velocities, need proper motions
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by Seljak (2002). The blue dot-dashed and dotted curves
show the V

200c
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2.2

and V
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80

vs. M⇤ relations derived
by Dutton et al. (2010), before and after “correcting” for
the di↵erences in the TFRs used in that work vs. this one
(note that the two di↵er by ⇡ 0.05 dex). The dark and light
green shaded regions show the variation in V

200c

/V
max,h

for
unmodified pure dark matter NFW haloes, corresponding to
1� and 2� scatter (0.13 and 0.26 dex) in halo concentrations
c
200c

(M
200c

) (given by Eq. 17) at a fixed halo mass. Numbers
in the right vertical axis indicate V

opt

/V
200c

.

best-fitting HSMR from Leauthaud et al. (2011), mod-
elled as Eq. 18, and derived from combined early- and
late-type galaxies in COSMOS (red dotted curve). The
COSMOS result is for galaxies at redshifts 0.2�0.5, and
the rest are for galaxies at a mean redshift of z ⇠ 0.1.

Figure 18 compares the V
200c

vs. M⇤ relation de-
rived from the HSMR in D10 with ours (blue dot-dashed
and black solid curves, respectively). As shown, the two
relations are consistent within ⇠ 2↵ over the range of
stellar masses we study. The figure also compares the
V
2.2

vs. M⇤ TFR used in D10 with the V
2.2

vs. M⇤ and
V
80

vs. M⇤ TFRs from R11. As shown, the V
2.2

vs. M⇤
TFR used in D10 is lower than that in R11 (blue dashed
vs. red dotted lines). The di⇧erence between the TFRs
is significant, even for the same definition of V

opt

; this
may be attributed to di⇧erences in the galaxy samples
and analysis methods in the two analyses.20 Compared

20 There is a large overlap between the TFR sample in R11
and the Pizagno et al. (2007) sample used in D10. Out of
189 galaxies in the R11 sample, 99 galaxies are from the
Pizagno et al. (2007) sample (those out of the galaxies that
passed our selection cuts). However, the analysis methods

to the V
80

vs. M⇤ TFR in R11, the relation used in our
derivation of the VOVR, the V

2.2

vs. M⇤ TFR in D10
turns out to have a similar slope and a lower normaliza-
tion by ⇡ 0.05 dex.

Figure 19 shows the V
200c

/V
2.2

vs. M⇤ relation from
D10, after converting their V

200c

/V
2.2

vs. V
2.2

relation
into a V

200c

/V
2.2

vs. M⇤ relation, using their V
2.2

vs.
M⇤ TFR (blue dot-dashed curve). D10 estimates that
V
2.2

/V
200c

' 1 for stellar masses M⇤ = 5 ⇥ 109 – 2 ⇥
1011M�. For a fairer comparison with our results, we
calculate the V

200c

/V
opt

= V
200c

/V
80

relation that one
would get from D10 if the V

80

vs. M⇤ TFR from R11
is used instead (blue dotted curve); this is simply o⇧set
by �0.05 dex from the former curve.21 This relation is
consistent within 2↵ of our derived VOVR (black solid
curve) for the range of stellar masses we study.

7.4 Comparison with ⇥CDM haloes

Dark matter haloes in a ⇥CDM cosmology form a re-
markably tight relation between halo mass and the max-
imum circular velocity of the halo V

max,h

(Navarro et al.
1997).22 The question of whether the tightness of this
relation translates into the tightness of the TFR is a key
to understanding disk galaxy formation, and therefore,
the relationship between V

max,h

and V
opt

is of crucial
interest.

For a NFW halo profile, the ratio V
200c

/V
max,h

de-
pends only on the halo concentration (Navarro et al.
1997):

V
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V
max,h
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A(c

200c

)
c
200c

(19)

where A(x) = ln(1+x)�x/(1+x). The peak of the halo
velocity curve occurs at a radius r

max,h

' 2.163 r
s

=
2.163 r

200c

/c
200c

. For the range of halo masses we con-
sider, c

200c

ranges from ' 5 – 8, so r
max,h

' 0.3 –
0.4 r

200c

; the velocity curves of these haloes rise gradu-
ally out to an appreciable fraction of their virial radii.

The dark and light green shaded regions in Fig-
ure 19 show the variation in V

200c

/V
max,h

for unmod-
ified pure dark matter NFW haloes, corresponding to
1↵ and 2↵ scatter (0.13 and 0.26 dex) in halo concen-
trations c

200c

(M
200c

) (given by Eq. 17) at a fixed halo
mass. Note that we have ignored the scatter in the hor-
izontal direction (in other words, we have used the cen-
tral HSMR to directly translate a grid of halo masses to
the corresponding stellar masses).

When comparing V
max,h

and V
opt

(i.e., green vs.
grey shaded regions in Fig. 19, showing V

200c

/V
max,h

for deriving both photometric and kinematic quantities and
their uncertainties, as well as fits to the TFR, are completely
independent.
21 If one used our V

2.2

vs. M⇤ TFR to derive the V
200c

/V
2.2

vs. M⇤ relation, the curve will lie between the two blue
curves.
22 The tightness of the relation holds for other cosmologies
as well, but especially for ⇤CDM.
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elled as Eq. 18, and derived from combined early- and
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COSMOS result is for galaxies at redshifts 0.2�0.5, and
the rest are for galaxies at a mean redshift of z ⇠ 0.1.

Figure 18 compares the V
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vs. M⇤ relation de-
rived from the HSMR in D10 with ours (blue dot-dashed
and black solid curves, respectively). As shown, the two
relations are consistent within ⇠ 2↵ over the range of
stellar masses we study. The figure also compares the
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vs. M⇤ TFR used in D10 with the V
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is significant, even for the same definition of V
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; this
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and analysis methods in the two analyses.20 Compared

20 There is a large overlap between the TFR sample in R11
and the Pizagno et al. (2007) sample used in D10. Out of
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Pizagno et al. (2007) sample (those out of the galaxies that
passed our selection cuts). However, the analysis methods
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7.4 Comparison with ⇥CDM haloes

Dark matter haloes in a ⇥CDM cosmology form a re-
markably tight relation between halo mass and the max-
imum circular velocity of the halo V
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1997).22 The question of whether the tightness of this
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to understanding disk galaxy formation, and therefore,
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and the Pizagno et al. (2007) sample used in D10. Out of
189 galaxies in the R11 sample, 99 galaxies are from the
Pizagno et al. (2007) sample (those out of the galaxies that
passed our selection cuts). However, the analysis methods

to the V
80

vs. M⇤ TFR in R11, the relation used in our
derivation of the VOVR, the V

2.2

vs. M⇤ TFR in D10
turns out to have a similar slope and a lower normaliza-
tion by ⇡ 0.05 dex.

Figure 19 shows the V
200c

/V
2.2

vs. M⇤ relation from
D10, after converting their V

200c

/V
2.2

vs. V
2.2

relation
into a V

200c

/V
2.2

vs. M⇤ relation, using their V
2.2

vs.
M⇤ TFR (blue dot-dashed curve). D10 estimates that
V
2.2

/V
200c

' 1 for stellar masses M⇤ = 5 ⇥ 109 – 2 ⇥
1011M�. For a fairer comparison with our results, we
calculate the V

200c

/V
opt

= V
200c

/V
80

relation that one
would get from D10 if the V

80

vs. M⇤ TFR from R11
is used instead (blue dotted curve); this is simply o⇧set
by �0.05 dex from the former curve.21 This relation is
consistent within 2↵ of our derived VOVR (black solid
curve) for the range of stellar masses we study.

7.4 Comparison with ⇥CDM haloes

Dark matter haloes in a ⇥CDM cosmology form a re-
markably tight relation between halo mass and the max-
imum circular velocity of the halo V

max,h

(Navarro et al.
1997).22 The question of whether the tightness of this
relation translates into the tightness of the TFR is a key
to understanding disk galaxy formation, and therefore,
the relationship between V

max,h

and V
opt

is of crucial
interest.

For a NFW halo profile, the ratio V
200c

/V
max,h

de-
pends only on the halo concentration (Navarro et al.
1997):

V
200c

V
max,h

' 2.15

r
A(c

200c

)
c
200c

(19)

where A(x) = ln(1+x)�x/(1+x). The peak of the halo
velocity curve occurs at a radius r

max,h

' 2.163 r
s

=
2.163 r

200c

/c
200c

. For the range of halo masses we con-
sider, c

200c

ranges from ' 5 – 8, so r
max,h

' 0.3 –
0.4 r

200c

; the velocity curves of these haloes rise gradu-
ally out to an appreciable fraction of their virial radii.

The dark and light green shaded regions in Fig-
ure 19 show the variation in V

200c

/V
max,h

for unmod-
ified pure dark matter NFW haloes, corresponding to
1↵ and 2↵ scatter (0.13 and 0.26 dex) in halo concen-
trations c

200c

(M
200c

) (given by Eq. 17) at a fixed halo
mass. Note that we have ignored the scatter in the hor-
izontal direction (in other words, we have used the cen-
tral HSMR to directly translate a grid of halo masses to
the corresponding stellar masses).

When comparing V
max,h

and V
opt

(i.e., green vs.
grey shaded regions in Fig. 19, showing V

200c

/V
max,h

for deriving both photometric and kinematic quantities and
their uncertainties, as well as fits to the TFR, are completely
independent.
21 If one used our V

2.2

vs. M⇤ TFR to derive the V
200c

/V
2.2

vs. M⇤ relation, the curve will lie between the two blue
curves.
22 The tightness of the relation holds for other cosmologies
as well, but especially for ⇤CDM.
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V
opt,MW

= 240± 10 km s�1

median V200c=190 km/s 
for Milky Way’s stellar 
mass. This gives 
Mvir~2.5x1012

Milky Way

for Mvir=1.5x1012, get 
V200c =157 km/s 

for Mvir=7x1011, get 
V200c =122 km/s 


