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Observed Milky Way Satellites (circa 2008)

two alternative possibilities. One is obtained by fitting the data in
Koposov et al. (2008, their Table 3), which gives a ¼ 0:684 and
b ¼ 5:667 (dotted curve), and the other is a line that passes through
the new SDSS satellites, on the assumption that some of them are
of marginal detectability (a ¼ 0:666 and b ¼ 6:10; dashed curve).

It is important to recognize that, in principle, the detectability
of satellites at a particular radius is not a step function between
detection and nondetection. It also should not be spherically sym-
metric (independent of latitude with respect to the disk plane),
nor should it be independent of other variables (such as satellite
color or background galaxy density). However, Koposov et al.
(2008) found that a simple radial dependence provided a good
description of their simulation results, and we adopt it for our
corrections here. They did, however, find that galaxies within
this ‘‘completeness’’ boundary were not always detected at 100%
efficiency (depending on their distance and luminosity) and pub-
lished detection efficiencies for the known SDSS dwarfs (their
Table 3). We use these published detection efficiencies in our
fiducial corrections to the luminosity function below. We also
investigate how our results change when we assume 100% ef-
ficiency in the correction.

For reference, the horizontal dotted line in Figure 1 marks our
fiducial adopted Router radius for the Milky Way halo (slightly
larger than the virial radius, in order to include Leo T). According
to this estimate, only satellites brighter than MV ’ "7 are ob-
servable out to this radius. The fact that the faintest dwarf satellite
galaxies known are more than 4 mag fainter than this limit (see

Table 1) immediately suggests that there are many more faint
satellite galaxies yet to be discovered.

2.3. Via Lactea

Diemand et al. (2007a) describe the Via Lactea simulation,
which is among the highest resolution !CDM N-body simu-
lations of a Milky WayYlike dark matter halo yet published. The
mass of Via Lactea is M200 ’ 1:8 ; 1012 M#, with a correspond-
ing virial radius R200 ¼ 389 kpc, whereM200 and R200 are defined
by the volume that contains 200 times the mean matter density.
It resolves a large amount of substructure, recording 6553 sub-
halos with peak circular velocities larger than 5 km s"1 at some
point in their history, of which 2686 are within our adopted
Router ¼ 417 kpc at z ¼ 0.We use the public data release kindly
provided by Diemand et al. (2007a) in what follows.3

Figure 2 presents the cumulative maximum circular velocity
function, N (> vmax), for Via Lactea subhalos with halocentric
radius R < 417 kpc at z ¼ 0 (solid line), along with the cumu-
lative ‘‘peak’’ circular velocity function (dashed line) for the same
halosN (> vpeak). Here vpeak is the maximum circular velocity that
the subhalos ever had over their history. As emphasized by
Kravtsov et al. (2004), many subhalos have lost considerablemass
over their history, and therefore vpeak may be a more reasonable
variable to associate with satellite visibility than the (current)
subhalo vmax. The information contained within this figure is
presented elsewhere in the literature (Diemand et al. 2007a),
although we include it here for the sake of completeness.

An important ingredient in the luminosity bias correction is
the assumed underlying radial distribution of satellites. We de-
termine this distribution directly from Via Lactea. We are in-
terested in determining the total number of satellites, Ntot, given
an observed number within a radius, Nobs(<r). The correction
will depend on the cumulative fraction of objects within a radius
r compared to the total count within some fiducial outer radius,

TABLE 1

Properties of Known Milky Way Satellite Galaxies

Satellite MV

LV
(L#)

dSun
(kpc)

Rhalf

( kpc)a !b

SDSS-discovered Satellites

Boötes Ic........................... "6.3 2.83 ; 104 60 242 1.0

Boötes IIc ......................... "2.7 1.03 ; 103 43 72 0.2
Canes Venatici Ic.............. "8.6 2.36 ; 105 224 565 0.99

Canes Venatici IIc ............ "4.9 7.80 ; 103 151 74 0.47

Comac............................... "4.1 3.73 ; 103 44 77 0.97

Herculesc .......................... "6.6 3.73 ; 104 138 330 0.72
Leo IVc............................. "5.0 8.55 ; 103 158 116 0.79

Leo T................................ "8.0 5.92 ; 104 417 170 0.76

Segue 1d ........................... "1.5 3.40 ; 102 23 29 1.0

Ursa Major Ic ................... "5.5 1.36 ; 104 106 318 0.56
Ursa Major IIc.................. "4.2 4.09 ; 103 32 140 0.78

Willman 1c ....................... "2.7 1.03 ; 103 38 25 0.99

Classical ( pre-SDSS) Satellites

Carina ............................... "9.4 4.92 ; 105 94 210 . . .
Dracoc............................... "9.4 4.92 ; 105 79 180 1.0
Fornax .............................. "13.1 1.49 ; 107 138 460 . . .
LMC................................. "18.5 2.15 ; 109 49 2591 . . .
Leo I................................. "11.9 4.92 ; 106 270 215 1.0

Leo IIc .............................. "10.1 9.38 ; 105 205 160 1.0
Ursa Minor....................... "8.9 1.49 ; 105 69 200 . . .
SMC ................................. "17.1 5.92 ; 108 63 1088 . . .
Sculptor ............................ "9.8 7.11 ; 105 88 110 . . .
Sextans ............................. "9.5 5.40 ; 105 86 335 . . .
Sagittarius......................... "15 8.55 ; 107 28 125 . . .

Note.—Data are fromBothun&Thompson (1988),Mateo (1998), Grebel et al.
(2003), Simon & Geha (2007), Martin et al. (2008), and de Jong et al. (2008).

a Satellite projected half-light radius.
b Detection efficiency from Koposov et al. (2008).
c Galaxy is situated within the SDSS DR5 footprint.
d Satellite is not used in fiducial LF correction.

3 See http://www.ucolick.org /$diemand/vl /data.html.

Fig. 2.—Cumulative count of Via Lactea subhalos as a function of the (current)
maximum circular velocity of the subhalo (vmax; solid line) and as a function of the
largest maximum circular velocity ever obtained by the subhalo (vpeak; dashed
line). [See the electronic edition of the Journal for a color version of this figure.]
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Associating galaxies with (sub)halos

Very simple model of galaxy - halo connection works remarkably well:
(1) every subhalo can host a galaxy,  (2) more massive galaxies hosted by more massive subhalos
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Figure 9. Cumulative subhalo abundance as a function of maximum sub-
halo circular velocity. The top panel shows the raw measurements from the
simulations, while in the bottom panel, we have applied the correction of
equation (10) to compensate approximately for the impact of the gravita-
tional softening on Vmax. We show results for five simulations of the Aq-A
halo carried out with differing mass resolution. The dashed line is the fitting
function given for their own simulations by Reed et al. (2005), which also
accurately matches the result for the ‘Via Lactea I’ simulation (Diemand
et al. 2007a). This is clearly inconsistent with our own data.

showing that we are really seeing the same subhaloes, and that
they are reproduced with the same maximum circular velocity in
all the simulations. This suggests that we are also achieving good
convergence for the internal structure of individual subhaloes, an
issue that we will investigate further below.

However, it is worth noting that the individual measurements
for the velocity functions peel away from their higher resolution
counterparts comparatively early at low velocities, which suggests
worse convergence than found for the subhalo mass functions at
the low-mass end. This behaviour can be understood as an effect
of the gravitational softening length ε, which lowers the maximum
circular velocities of subhaloes for which rmax is not much larger
than ε. To estimate the strength of this effect, we can imagine that
the gravitational softening for an existing subhalo is adiabatically

lowered from ε to zero. The angular momentum of individual par-
ticle orbits is then an adiabatic invariant. Assuming for simplicity
that all particles are on circular orbits, and that the gravitational
softening can be approximated as a Plummer force with softening
length ε, the expected change of the maximum circular velocity is
then

V ′
max = Vmax [1 + (ε/rmax)2]1/2. (10)

In the lower panel of Fig. 9, we plot the cumulative velocity func-
tions for these corrected maximum circular velocities. Clearly, the
measurements line up more tightly down to lower Vmax, demonstrat-
ing explicitly that the convergence in the number of objects counted
as a function of (corrected) circular velocity is in principle as good
as that counted as a function of mass. Note that a similar correction
can also be applied to the measured rmax values. However, for the
remainder of this paper, we focus on the raw measurements from the
simulations without applying a gravitational softening correction.

The dashed line in Fig. 9 shows the fit which Reed et al.
(2005) quote for the subhalo abundance as a function of max-
imum circular velocity in their own simulations, N(>Vmax) =
(1/48)(Vmax,sub/Vmax,host)−3. Diemand et al. (2007a) found this for-
mula to fit the results from their own Via Lactea I simulation very
well. Fig. 9 thus confirms the indication from subhalo mass fractions
that our simulations show substantially more substructure than re-
ported for Via Lactea I. This is particularly evident at lower subhalo
masses which are unaffected by the small number effects which
cause scatter in the abundance of massive subhaloes. With the help
of J. Diemand and his collaborators, we have checked that this abun-
dance difference is not a result of the different subhalo detection
algorithms used in our two projects.

We do not think that this discrepancy can be explained by halo-to-
halo scatter since it is much larger than the variation in substructure
abundance among our own sample of haloes. This is demonstrated
in Fig. 10, which shows the cumulative subhalo abundance dis-
tributions within r50 as a function of maximum subhalo circular
velocity for all our resolution level 2 haloes. We plot subhalo count

Figure 10. Cumulative subhalo abundance as a function of maximum sub-
halo circular velocity in units of the circular velocity of the main halo at
r50. We show results for all six of our haloes at resolution level 2, and in
addition we include our highest resolution result for the Aq-A-1 run. For
comparison, we overplot fitting functions for the Via Lactea I and Via Lactea
II simulations (Diemand et al. 2007a, 2008), appropriately rescaled from a
normalization to Vmax,host to one by V50,host.
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simulations, while in the bottom panel, we have applied the correction of
equation (10) to compensate approximately for the impact of the gravita-
tional softening on Vmax. We show results for five simulations of the Aq-A
halo carried out with differing mass resolution. The dashed line is the fitting
function given for their own simulations by Reed et al. (2005), which also
accurately matches the result for the ‘Via Lactea I’ simulation (Diemand
et al. 2007a). This is clearly inconsistent with our own data.
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all the simulations. This suggests that we are also achieving good
convergence for the internal structure of individual subhaloes, an
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then
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can also be applied to the measured rmax values. However, for the
remainder of this paper, we focus on the raw measurements from the
simulations without applying a gravitational softening correction.
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(2005) quote for the subhalo abundance as a function of max-
imum circular velocity in their own simulations, N(>Vmax) =
(1/48)(Vmax,sub/Vmax,host)−3. Diemand et al. (2007a) found this for-
mula to fit the results from their own Via Lactea I simulation very
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masses which are unaffected by the small number effects which
cause scatter in the abundance of massive subhaloes. With the help
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dance difference is not a result of the different subhalo detection
algorithms used in our two projects.

We do not think that this discrepancy can be explained by halo-to-
halo scatter since it is much larger than the variation in substructure
abundance among our own sample of haloes. This is demonstrated
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Figure 9. Cumulative subhalo abundance as a function of maximum sub-
halo circular velocity. The top panel shows the raw measurements from the
simulations, while in the bottom panel, we have applied the correction of
equation (10) to compensate approximately for the impact of the gravita-
tional softening on Vmax. We show results for five simulations of the Aq-A
halo carried out with differing mass resolution. The dashed line is the fitting
function given for their own simulations by Reed et al. (2005), which also
accurately matches the result for the ‘Via Lactea I’ simulation (Diemand
et al. 2007a). This is clearly inconsistent with our own data.

showing that we are really seeing the same subhaloes, and that
they are reproduced with the same maximum circular velocity in
all the simulations. This suggests that we are also achieving good
convergence for the internal structure of individual subhaloes, an
issue that we will investigate further below.

However, it is worth noting that the individual measurements
for the velocity functions peel away from their higher resolution
counterparts comparatively early at low velocities, which suggests
worse convergence than found for the subhalo mass functions at
the low-mass end. This behaviour can be understood as an effect
of the gravitational softening length ε, which lowers the maximum
circular velocities of subhaloes for which rmax is not much larger
than ε. To estimate the strength of this effect, we can imagine that
the gravitational softening for an existing subhalo is adiabatically

lowered from ε to zero. The angular momentum of individual par-
ticle orbits is then an adiabatic invariant. Assuming for simplicity
that all particles are on circular orbits, and that the gravitational
softening can be approximated as a Plummer force with softening
length ε, the expected change of the maximum circular velocity is
then

V ′
max = Vmax [1 + (ε/rmax)2]1/2. (10)

In the lower panel of Fig. 9, we plot the cumulative velocity func-
tions for these corrected maximum circular velocities. Clearly, the
measurements line up more tightly down to lower Vmax, demonstrat-
ing explicitly that the convergence in the number of objects counted
as a function of (corrected) circular velocity is in principle as good
as that counted as a function of mass. Note that a similar correction
can also be applied to the measured rmax values. However, for the
remainder of this paper, we focus on the raw measurements from the
simulations without applying a gravitational softening correction.

The dashed line in Fig. 9 shows the fit which Reed et al.
(2005) quote for the subhalo abundance as a function of max-
imum circular velocity in their own simulations, N(>Vmax) =
(1/48)(Vmax,sub/Vmax,host)−3. Diemand et al. (2007a) found this for-
mula to fit the results from their own Via Lactea I simulation very
well. Fig. 9 thus confirms the indication from subhalo mass fractions
that our simulations show substantially more substructure than re-
ported for Via Lactea I. This is particularly evident at lower subhalo
masses which are unaffected by the small number effects which
cause scatter in the abundance of massive subhaloes. With the help
of J. Diemand and his collaborators, we have checked that this abun-
dance difference is not a result of the different subhalo detection
algorithms used in our two projects.

We do not think that this discrepancy can be explained by halo-to-
halo scatter since it is much larger than the variation in substructure
abundance among our own sample of haloes. This is demonstrated
in Fig. 10, which shows the cumulative subhalo abundance dis-
tributions within r50 as a function of maximum subhalo circular
velocity for all our resolution level 2 haloes. We plot subhalo count

Figure 10. Cumulative subhalo abundance as a function of maximum sub-
halo circular velocity in units of the circular velocity of the main halo at
r50. We show results for all six of our haloes at resolution level 2, and in
addition we include our highest resolution result for the Aq-A-1 run. For
comparison, we overplot fitting functions for the Via Lactea I and Via Lactea
II simulations (Diemand et al. 2007a, 2008), appropriately rescaled from a
normalization to Vmax,host to one by V50,host.
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Does this picture work?

Comparison of MW satellites to ΛCDM subhalos:

• Dynamical mass at R1/2 constrained to ≲10% by observations (Wolf et al. 2010)

• N-body simulations now resolve R1/2 (Springel et al. 2008, Diemand et al. 2008)

Directly compare observed satellites to simulated subhalos at R1/2

• if mass agrees: the subhalo may be able to host the satellite;

• if mass disagrees: no way for the subhalo to host the satellite.

➡ Use M(<R1/2) measurements to constrain subhalo structure



Vmax

Rmax

Rmax

Vmax

Example of kinematic constraint: Draco

assume NFW mass profiles for subhalos (verified in simulations)

Mass well-determined at R1/2 (291 pc)



Example of kinematic constraint: Draco

assume NFW mass profiles

Mass well-determined at R1/2 (291 pc)



Combined dark matter profile constraints for MW dwarfs

MBK, Bullock, & Kaplinghat (2011)
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Figure 2. Subhalos from all seven simulations, color-coded ac-
cording to their Vinfall. Subhalos from the Aquarius simulations
are shown as circles, while those from VL-II are displayed as tri-
angles. The shaded blue region shows the 2σ confidence interval
for possible hosts of the bright MW dwarf spheroidals (see Fig. 1).

2010) to assign stellar mass to subhalos
2
, we find that the

SMC should have Vinfall = 70 − 80 km s
−1

and the LMC

should have Vinfall = 95−105 km s
−1

. Conservatively, we es-

timate that the Magellanic Clouds have Vinfall > 60 km s
−1

and Vmax(z = 0) > 40 km s
−1

(Stanimirović et al. 2004;

Olsen & Massey 2007) and remove all subhalos with these

properties from our sample of subhalos that are inconsistent

with the dynamics of the bright MW dwarfs. Sagittarius is

in the process of being completely disrupted by the disk,

but estimates of its pre-interaction properties give it a lumi-

nosity similar to the SMC..... (mbk: more). The remaining

subhalos are not compatible with hosting any of the bright

(LV > 10
5 L⊙) satellites of the Milky Way; we refer to these

as massive dark subhalos and focus the remainder of our

analysis on them.

Figure 3 shows the cumulative velocity function of mas-

sive dark subhalos as a function of Vinfall for each of the seven

simulations considered here. In all cases, there are at least

6 – and up to 12 – subhalos with Vmax > 20 km s
−1

and

Vinfall > 30 km s
−1

that are not consistent with any of the

bright MW satellites (i.e, any satellite with LV > 10
5 L⊙).

These subhalos tend to be more massive than the possible

hosts of the dwarf spheroidals, both today and at infall.

The luminosity - Vinfall relation for a representative halo

is shown in Figure 4. The MW dwarfs (blue symbols) were

assigned their Vinfall values by placing the most luminous

dwarf (Fornax) in the subhalo with the largest value of Vinfall

2 We match the stellar mass function of Li & White (2009),
obtained from the final data release of the SDSS (York et al.
2000; Abazajian et al. 2009), to the Vinfall function that we have
calculated from the Millennium and Millennium-II simulations
(Springel et al. 2005; Boylan-Kolchin et al. 2009).

Figure 3. Cumulative Vinfall function of subhalos that cannot
host any classical MW satellite. Each of the seven high resolu-
tion simulations studied here has at least six such subhalos with
Vinfall > 30 km s−1 and at least four with Vinfall > 40 km s−1.

that hasMsub(R1/2) within 1σ of the observed value for For-

nax, then repeating the process for each of the other dwarfs

in order of decreasing luminosity. For each dwarf, the as-

signed value of Vinfall can therefore be considered an upper

limit at 68% confidence within this realization. The mas-

sive dark subhalos (black symbols) are placed on the same

plot according to their Vinfall. The upper limit to the lu-

minosity of each of these subhalos is determined according

to its distance from an observer placed at a random po-

sition 8 kpc from the center of the halo, using the SDSS

detection limit for full sky coverage given in eqn. (2) of

Tollerud et al. (2008). All of the massive dark subhalos have

Vinfall > 40 km s
−1

and LV � 10
4 L⊙. For reference, we also

plot a line (dotted blue) based on an extrapolation of abun-

dance matching, assuming M�/LV = 1. It is clear that nei-

ther the bright dwarf spheroidals nor the dark subhalos de-

scribed in this paper can be easily accommodated by galaxy

formation models in which luminosity is a monotonic func-

tion of halo mass or Vinfall. If anything, there would appear

to be an inverse correlation between Vinfall and LV based on

Fig. 4.

If massive, dark subhalos do exist in the Milky Way

halo, their presence has important implications for indirect

dark matter searches. The total luminosity L from dark

matter annihilations in an NFW subhalo characterized by

(Vmax, Rmax) is L = L0 V
4
max/Rmax, where L0 depends on

the particle physics model. Denser subhalos produce a larger

luminosity; from Fig. 2, the dark subhalos expected in the

Milky Way are denser than their potentially luminous coun-

terparts and therefore may be bright in γ-rays due to anni-

hilations. In Fig. 5, we plot the annihilation flux F ∝ LD−2

within 2.4 × 10
−4

steradians of the center of each subhalo

relative to the predicted flux within the same angular ra-

dius originating from Draco, one of the most promising can-

didates for Fermi. [mbk: removed details of calcula-

c� 2011 RAS, MNRAS 000, 1–6

MBK, Bullock, & Kaplinghat (2011)

MANY subhalos 
consistent with 
dynamics of dSphs

also a population of 
subhalos that is not 
consistent with 
dynamics of dSphs

seven simulations: six Aquarius + Via Lactea II



Adding in simulation data
Massive Dark Subhalos in the Milky Way 3

Figure 2. Subhalos from all seven simulations, color-coded ac-
cording to their Vinfall. Subhalos from the Aquarius simulations
are shown as circles, while those from VL-II are displayed as tri-
angles. The shaded blue region shows the 2σ confidence interval
for possible hosts of the bright MW dwarf spheroidals (see Fig. 1).

2010) to assign stellar mass to subhalos
2
, we find that the

SMC should have Vinfall = 70 − 80 km s
−1

and the LMC

should have Vinfall = 95−105 km s
−1

. Conservatively, we es-

timate that the Magellanic Clouds have Vinfall > 60 km s
−1

and Vmax(z = 0) > 40 km s
−1

(Stanimirović et al. 2004;

Olsen & Massey 2007) and remove all subhalos with these

properties from our sample of subhalos that are inconsistent

with the dynamics of the bright MW dwarfs. Sagittarius is

in the process of being completely disrupted by the disk,

but estimates of its pre-interaction properties give it a lumi-

nosity similar to the SMC..... (mbk: more). The remaining

subhalos are not compatible with hosting any of the bright

(LV > 10
5 L⊙) satellites of the Milky Way; we refer to these

as massive dark subhalos and focus the remainder of our

analysis on them.

Figure 3 shows the cumulative velocity function of mas-

sive dark subhalos as a function of Vinfall for each of the seven

simulations considered here. In all cases, there are at least

6 – and up to 12 – subhalos with Vmax > 20 km s
−1

and

Vinfall > 30 km s
−1

that are not consistent with any of the

bright MW satellites (i.e, any satellite with LV > 10
5 L⊙).

These subhalos tend to be more massive than the possible

hosts of the dwarf spheroidals, both today and at infall.

The luminosity - Vinfall relation for a representative halo

is shown in Figure 4. The MW dwarfs (blue symbols) were

assigned their Vinfall values by placing the most luminous

dwarf (Fornax) in the subhalo with the largest value of Vinfall

2 We match the stellar mass function of Li & White (2009),
obtained from the final data release of the SDSS (York et al.
2000; Abazajian et al. 2009), to the Vinfall function that we have
calculated from the Millennium and Millennium-II simulations
(Springel et al. 2005; Boylan-Kolchin et al. 2009).

Figure 3. Cumulative Vinfall function of subhalos that cannot
host any classical MW satellite. Each of the seven high resolu-
tion simulations studied here has at least six such subhalos with
Vinfall > 30 km s−1 and at least four with Vinfall > 40 km s−1.

that hasMsub(R1/2) within 1σ of the observed value for For-

nax, then repeating the process for each of the other dwarfs

in order of decreasing luminosity. For each dwarf, the as-

signed value of Vinfall can therefore be considered an upper

limit at 68% confidence within this realization. The mas-

sive dark subhalos (black symbols) are placed on the same

plot according to their Vinfall. The upper limit to the lu-

minosity of each of these subhalos is determined according

to its distance from an observer placed at a random po-

sition 8 kpc from the center of the halo, using the SDSS

detection limit for full sky coverage given in eqn. (2) of

Tollerud et al. (2008). All of the massive dark subhalos have

Vinfall > 40 km s
−1

and LV � 10
4 L⊙. For reference, we also

plot a line (dotted blue) based on an extrapolation of abun-

dance matching, assuming M�/LV = 1. It is clear that nei-

ther the bright dwarf spheroidals nor the dark subhalos de-

scribed in this paper can be easily accommodated by galaxy

formation models in which luminosity is a monotonic func-

tion of halo mass or Vinfall. If anything, there would appear

to be an inverse correlation between Vinfall and LV based on

Fig. 4.

If massive, dark subhalos do exist in the Milky Way

halo, their presence has important implications for indirect

dark matter searches. The total luminosity L from dark

matter annihilations in an NFW subhalo characterized by

(Vmax, Rmax) is L = L0 V
4
max/Rmax, where L0 depends on

the particle physics model. Denser subhalos produce a larger

luminosity; from Fig. 2, the dark subhalos expected in the

Milky Way are denser than their potentially luminous coun-

terparts and therefore may be bright in γ-rays due to anni-

hilations. In Fig. 5, we plot the annihilation flux F ∝ LD−2

within 2.4 × 10
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steradians of the center of each subhalo

relative to the predicted flux within the same angular ra-

dius originating from Draco, one of the most promising can-

didates for Fermi. [mbk: removed details of calcula-
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We find at least 6 massive, dark subhalos in each halo

MBK, Bullock, & Kaplinghat (2011)
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Figure 2. Subhalos from all six Aquarius simulations (circles)
and Via Lactea II (triangles), color-coded according to Vinfall. The
shaded blue region shows the 2σ confidence interval for possible
hosts of the bright MW dwarf spheroidals (see Fig. 1).

2010) to assign stellar mass to subhalos
2
, we find that the

SMC should have Vinfall = 70 − 80 km s
−1

and the LMC

should have Vinfall = 95−105 km s
−1

. Conservatively, we es-

timate that the Magellanic Clouds have Vinfall > 60 km s
−1

and Vmax(z = 0) > 40 km s
−1

(Stanimirović et al. 2004;

Olsen & Massey 2007) and remove all subhalos with these

properties from our sample of subhalos that are inconsistent

with the dynamics of the bright MW dwarfs. Sagittarius is

in the process of being completely disrupted by the disk,

but estimates of its pre-interaction properties give it a lumi-

nosity similar to the SMC..... (mbk: more). The remaining

subhalos are not compatible with hosting any of the bright

(LV > 10
5 L⊙) satellites of the Milky Way; we refer to these

as massive dark subhalos and focus the remainder of our

analysis on them.

Figure 3 shows the cumulative velocity function of mas-

sive dark subhalos as a function of Vinfall for each of the seven

simulations considered here. All of the dark subhalos plotted

have current Vmax values larger than 23 km s
−1

, and none

meet our criteria for hosting galaxies similar to the Magel-

lanic Clouds. In all cases, there are at least 6 – and up to 12

– subhalos with Vmax > 20 km s
−1

and Vinfall > 30 km s
−1

that are not consistent with any of the bright MW satellites

(i.e, any satellite with LV > 10
5 L⊙). These subhalos tend

to be more massive than the possible hosts of the dwarf

spheroidals, both today and at infall (see Fig. 4 below).

Moreover, the three halos with the fewest massive dark sub-

halos (Aq-B, Aq-C, and VL-II) do not contain any potential

Magellanic Cloud hosts. If we restrict ourselves to the simu-

lations that do contain reasonable Magellanic Cloud analogs,

2 We match n(> M�) from Li & White (2009) to n(> Vinfall)
that we have calculated from the Millennium and Millennium-II
simulations (Springel et al. 2005; Boylan-Kolchin et al. 2009).

Figure 3. Cumulative Vinfall function of massive subhalos
(Vmax(z = 0) > 23 km s−1) that cannot host any MW satellite
brighter than LV = 105 L⊙ (including the Magellanic Clouds).
Each of the seven high resolution simulations studied here has at
least six such subhalos with Vinfall > 30 km s−1 and at least four
with Vinfall > 40 km s−1.

then the predicted number of massive dark subhalos is closer

to 10, including several with Vinfall > 50 km s
−1

.

The luminosity - Vinfall relation for a representative halo

is shown in Figure 4. The MW dwarfs (blue symbols) were

assigned their Vinfall values by placing the most luminous

dwarf (Fornax) in the subhalo with the largest value of Vinfall

that hasMsub(R1/2) within 1σ of the observed value for For-

nax, then repeating the process for each of the other dwarfs

in order of decreasing luminosity. For each dwarf, the as-

signed value of Vinfall can therefore be considered an upper

limit at 68% confidence within this realization. The mas-

sive dark subhalos (black symbols) are placed on the same

plot according to their Vinfall. The upper limit to the lu-

minosity of each of these subhalos is determined according

to its distance from an observer placed at a random po-

sition 8 kpc from the center of the halo, using the SDSS

detection limit for full sky coverage given in eqn. (2) of

Tollerud et al. (2008). All of the massive dark subhalos

have Vinfall > 40 km s
−1

and LV � 10
4 L⊙. The dotted blue

line shows an extrapolation of abundance matching, assum-

ing M�/LV = 1. It is clear that neither the bright dwarf

spheroidals nor the dark subhalos described in this paper

can be easily accommodated by galaxy formation models

in which luminosity is a monotonic function of halo mass

or Vinfall. If anything, there would appear to be an inverse

correlation between Vinfall and LV based on Fig. 4.

If massive, dark subhalos do exist in the Milky Way

halo, their presence has important implications for indirect

dark matter searches. The total luminosity L from dark

matter annihilations in an NFW subhalo characterized by

(Vmax, Rmax) is L = L0 V
4
max/Rmax, where L0 depends on

the particle physics model. Denser subhalos produce a larger

luminosity; from Fig. 2, the dark subhalos expected in the
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Massive: Vinfall > 30 km/s

All 7 hosts have:
at least 6 dark subhalos with 
Vinfall>30 km/s
at least 4 dark subhalos with 
Vinfall>40 km/s

Note: Magellanic Cloud analogs 
already removed from this sample

Dark: M/L > 104



Of the ~10 biggest subhalos, ~8 cannot host 
any known bright MW satellite

???

???

Image credits: V. Springel / Virgo Consortium; A. Riess / HST; W. Wang; AAO; M. Schirmer

???

???

???
???

???

???



Implications

• Option 1: massive dark subhalos do exist in the MW as predicted

‣ Galaxy formation is stochastic for V < 50 km/s



Stochastic galaxy formation

Tight relation between 
L and Vinfall on scale 
of Magellanic Clouds 
and larger
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Stochastic galaxy formation

No relation between 
L and Vinfall on scale 
of MW dwarf 
spheroidals

Tight relation between 
L and Vinfall on scale 
of Magellanic Clouds 
and larger

MBK, Bullock, & Kaplinghat (2011)



Implications

• Option 1: massive dark subhalos do exist in the MW as predicted

‣ Galaxy formation is stochastic for V < 50 km/s

‣ let’s go find them!  Dark matter annihilation?  ~4 per halo with flux > Draco



Implications

• Option 1: massive dark subhalos do exist in the MW as predicted

‣ Galaxy formation is stochastic for V < 50 km/s

‣ let’s go find them!  Dark matter annihilation?  ~4 per halo with flux > Draco

‣ Already found?   Some ultra-faint galaxies could lie in these subhalos

• Option 2: No massive dark subhalos in MW (ΛCDM interpretation)

‣ the subhalo content of the Milky Way is anomalous compared to expectations

‣ baryonic feedback strongly alters structure of subhalos on ~300-1000 pc scales

‣ MW disk has important effects on subhalo populations

• Option 3: No massive dark subhalos in MW (modifications to ΛCDM)

‣ dark matter is somewhat warm, characteristic suppression scale of ~40-50 km/s 

‣ dark matter has self-interactions

‣ something else??



Summary

• Local Group dwarfs provide many opportunities for studying dark matter, astrophysical 
processes, and cosmology

• Strong constraints exist for dynamical masses of dSphs at R1/2 

• Cosmological N-body simulations now probe subhalos’ mass distributions at R1/2 

• each of the 7 ultra-high-resolution simulations studied have at least 6 massive subhalos 
that are inconsistent with dynamics of all bright MW satellites (LV > 105 Lsun)

‣ these subhalos are always among the most massive in the halo

‣ either these subhalos are effectively dark (global M/L > 104); the MW is a statistical 
anomaly or baryonic physics strongly modifies abundance or structure of dark 
matter subhalos; or ΛCDM needs modification on scales of < 40-50 km/s

• Understanding whether these massive dark subhalos exist & what properties they have 
should provide insight into astrophysics, particle physics, & cosmology on small scales.



In the future

• Observations:

‣ More complete census of Milky Way’s satellites (LSST?)

‣ Kinematics of M31 dwarf spheroidals (ongoing)

‣ Satellites from statistical volume of low-z universe (see poster by Tollerud et al.)

• Simulations

‣ larger number of high-resolution MW-mass halos in WMAP-7 cosmology

‣ include effects of Galactic disk on subhalo properties

‣ understand and accurately model star formation and feedback (easy, right?)

‣ long-term goal: ab initio hydrodynamical simulations of MW & its satellites


