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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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cause scatter in the abundance of massive subhaloes. With the help
of J. Diemand and his collaborators, we have checked that this abun-
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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 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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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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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.
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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
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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
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Does this picture actually work?

Compare Masses of Bright L>105 Lsun MW satellites 
to

Masses of LCDM subhalos
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Wolf et al. 2010

Mass is best 
constrained near 
3d half-light radius

Dynamical masses at r1/2 known to ~20% for bright dwarfs

Vc(r1/2) =
√

3 σ∗
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• Dynamical mass at r1/2 constrained to ≲20% by observations 

‣ Wolf et al. 10;  ←Walker et al. 09; Koch et al. 07; Munoz et al. 05;

• N-body simulations now resolve r1/2 (~300 pc) 

‣ 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.

Bright Dwarfs vs. Massive Subhalos



Example of kinematic constraint: Draco

r1/2 =291 pc
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Example of kinematic constraint: Draco

assume NFW mass profiles for subhalos (verified in simulations)
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Example of kinematic constraint: Draco
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Rmax

assume NFW mass profiles for subhalos (verified in simulations)



Example of kinematic constraint: Draco
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Kinematic Constraints for all L>105Lsun MW dSphs

Boylan-Kolchin, JSB, Kaplinghat 2011
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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
−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-
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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-
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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-
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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-
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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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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

c� 2011 RAS, MNRAS 000, 1–6

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
(Remove those with Vin>60 and 
Vnow>40)

How Many Massive Failures?

Boylan-Kolchin et al. 2011Vinfall (km/s)

N
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V
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Massive failures
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Mass within 300pc
Wolf et al. 2011

N-body subhalos
    -Via Lactea2

Classical MW
dwarfs

c.f. Strigari et al. 2008



 J. Bullock, UC Irvine

Mass within 300pc

N-body subhalos
    -Via Lactea2

 ~8 massive
subhalos 
unaccounted for 
among bright 
satellites.

Classical MW
dwarfs

Wolf et al. 2011

c.f. Strigari et al. 2008



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
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Of the ~10 biggest subhalos, ~8 cannot host any known bright MW satellite
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Image credits: V. Springel / Virgo Consortium; A. Riess / HST; W. Wang; AAO; M. Schirmer
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Stochastic Galaxy formation for V < 50km/s?

Boylan-Kolchin et al. 2011Vinfall (km/s)

log(Lv)

Massive failures
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Wolf et al. 2011

N-body subhalos
    -Via Lactea2

Classical MW
dwarfs
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N-body subhalos
    -Via Lactea2

Include ultra-faint
dwarfs + classical

Mass within 300pc
Wolf et al. 2011

Classical MW
dwarfs
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Mass within 300pc
Wolf et al. 2011

Given large mass 
uncertainties, 
ultrafaint dwarfs 
could sit within 
most MASSIVE 
subhalos.

Crazy?

Include ultra-faint
dwarfs + classical



Kuzio	
  de	
  Naray	
  et	
  al.	
  2010

NFW

data

data NFW

LCDM	
  +	
  baryonic	
  effects	
  create	
  cores?

Governato	
  et	
  al.	
  2010

Connection with cusp/core problem in LCDM?

If	
  massive	
  subhalos	
  had	
  low-­‐density	
  cores,	
  they	
  could	
  sIll	
  host	
  bright	
  dwarfs.
-­‐	
  modify	
  dark	
  maLer	
  (self-­‐interacIons?)
-­‐	
  baryonic	
  effects	
  make	
  cores?	
  

See poster by Megan Jackson - NGC 1569
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• Option 1: massive dark subhalos do exist in the MW as predicted

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

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

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

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

‣ 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??

Conclusions & Discussion
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End
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Bright and Faint Dwarfs Together

Wolf et al. 2010

Bright

Ultra-Faint

NFW mass profiles:
               Mv ~ 3.e10
               Mv ~ 3.e9
               Mv ~ 3.e8



Ave. 
Density
Msun/pc3

Kaplinghat

Half light radius (pc)



 J. Bullock, UC Irvine

Ultra-faint satellites Classical satellites

Strigari et al. 2008

Surface Brightness bias
(JSB et al. 2010)
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Strigari et al. 2008

Surface Brightness bias
(JSB et al. 2010)

Where are the 
massive subhalos?
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N-body subhalos

MW 
satellites

M31 
satellites

Wolf et al., in prep.
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Volume­Lim. SDSS for ~0.1 L* satellites (z<.034) Mill II simulation “observed” like SDSS sample
Around isolated L* galaxies (not in clusters)

Boylan-Kolchin et al. 2010

Tollerud et al. 2011

~0.1 L* satellites within ~L* galaxy halos

Abazajian et al. 2009

R R

Spectroscopically ID’d
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40% of ~L* galaxies have a ~0.1L* satellite within 250 kpc

Tollerud et al. 2011

Data

Theory
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Kinematic Sample: Segue 1 

Simon et al. 2010 Martinez et al. 2010

σ∗ � 5km/s181 candidate member stars
67 have repeat measurements
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14 Parameter Bayesian Analysis

Raw dispersion

Corrected for 
Binary Stars

Martinez et al. 2010



 J. Bullock, UC Irvine

Raw dispersion

Corrected for 
Binary Stars

Binary Stars of Minimal Importance

Martinez et al. 2010
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Stealth Galaxies? Surface Brightness & Mass Bias

μ>
30

undetectable
by current
methods

JSB et al. 2010

Massive Halo

Less Massive
Halo

For a fixed 
velocity 
dispersion 
and 
luminosity
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Theory: Observation: N~25N~1016 

Diemand, Kuhlen, Madau

“Missing Satellites Problem” circa 2010

(maybe ~500 will be found)(down to ~Earth mass subhalos)
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Volume­Lim. SDSS for ~0.1 L* satellites (z<.034) Mill II simulation “observed” like SDSS sample
Around isolated L* galaxies (not in clusters)

Boylan-Kolchin et al. 2010

Tollerud, Boylan-Kolchin et al. 2011

Spectroscopic ~0.1 L* satellites within ~L* galaxy halos

Abazajian et al. 2009



 J. Bullock, UC Irvine

Abundance matching works at Vinfall~100 km/s

Tollerud et al. 2011

Data

Theory ~100 km/s subhalos

~0.1 L* satellites
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~0.1 L* satellites w/in 
~L* galaxy halos

are RED

Tollerud et al. 2011

Satellites

Not satellites

Bright satellites of isolated L* galaxies are RED
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~0.1 L* satellites w/in 
~L* galaxy halos

are RED

The LMC is unusually blue for a satellite

Satellites

Tollerud et al. 2011


