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Astrophysical constraints on dark matter I.



 Oort, 1932: Stars in Milky Way disk

 Zwicky, 1933: Galaxies in Coma cluster

 Results corroborated by rotation curves of spiral galaxies 
[Babcock, 1939, Bosma, 1978; Rubin & Ford, 1980]

History of dark matter

 Astronomers provided first evidence for dark matter



MACHOs: History and recent results

✦ Dark, compact bodies would be 
detected by gravitational lensing 
[Einstein 1936]

✦ Time-scale of a microlensing event is 
proportional to the square of lens mass 

FIG. 4.ÈLight curves for the 29 candidates (25 stars) discussed in ° 3.2. For each object, the top and bottom panels show blue and red passbands,
respectively. Flux is in linear units with 1 p estimated errors, normalized to the Ðtted unlensed brightness. Full light curves are shown with 2 day binning ;
insets of the event regions are unbinned. The thick line shows the Ðt to unblended microlensing (Table 5), except for probable SN, for which both the
unblended Ðt (solid line) and SN Type Ia Ðt (dashed line) are shown.
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MACHOs: History and recent results

Probability for a microlensing event to 
occur is very small, ~ 10-6

 Use a dense field of stars as a target: 
LMC and SMC are ideal

About 20 candidate events have now 
been reported  
  
 However, likely that most of these  
 events  are ̀ `self-lensing” 

What have we learned?

402 P. Tisserand et al.: Limits on the Macho content of the Galactic Halo from EROS-2
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Fig. 14. The tE distribution dΓ/dtE expected for 1M⊙ lenses in a spheri-
cally symmetric isothermal halo with core radius 5 kpc, i.e. the S model
used by the MACHO collaboration (Alcock et al. 2000b).

as a function of τ as given by (9). For this analysis we use the
tE distribution of the S model (Alcock et al. 2000b) shown in
Fig. 14. It relates ⟨tE⟩ to the macho mass (assumed unique):
⟨tE⟩ = 70 d

√
M/M⊙. Limits using other halo models or macho

mass distributions can be found to often good approximation by
simply scaling (9) with ϵ(⟨tE⟩)/⟨tE⟩.

The expected number of LMC events for τlmc = 4.7 × 10−7

as a function of lens mass, M, is shown in Fig. 15a. For M =
0.4 M⊙, we have ⟨tE⟩ = 44 d, ⟨ϵ⟩ = 0.35, Nstar = 5.5 × 106

and Tobs = 2500 d, giving 32 LMC events for EROS-2. We
add 7 LMC events for EROS-1 to give a total of 39 expected
events for τlmc = 4.7 × 10−7.

For no observed events (N < 3.0, 95% CL), the 95% CL
upper limit on the optical depth is

τ

4.7 × 10−7 <
3

Nex(4.7 × 10−7)
· (16)

For 39 expected events, The upper limit is then τlmc < 0.36 ×
10−7. The limit on τlmc as a function of M is shown in Fig. 15b.
In the tE range favored by the MACHO collaboration, we find

τlmc < 0.36 × 10−7 × !1 + log(M/0.4 M⊙)
"

95% CL, (17)

i.e.

f < 0.077 × !1 + log(M/0.4 M⊙)
"

95% CL, (18)

where f ≡ τlmc/4.7 × 10−7 is the halo mass fraction within
the framework of the S model. This limit on the optical depth
is significantly below the value for the central region of the
LMC measured by the MACHO collaboration (Alcock et al.
2000b), τlmc/10−7 = 1.2+0.4

−0.3(stat.) ± 0.36(sys.) and the revised
value of Bennett (2005), τlmc/10−7 = 1.0 ± 0.3. The Alcock
et al. (2000b) optical depth used for the entire LMC predicts
that EROS would see ∼9 LMC events whereas none are seen.

For the SMC, the one observed event corresponds to an op-
tical depth of 1.7 × 10−7 (Nstar = 0.86 × 106). Taking into ac-
count only Poisson statistics on one event, 0.05 < Nobs < 4.74
(90% CL) this gives

0.085 × 10−7 < τsmc < 8.0 × 10−7 90% CL. (19)

This is consistent with the expectations of lensing by objects in
the SMC itself, τsmc ∼ 0.4 × 10−7 (Graff & Gardiner 1999). The
value of tE = 125 d is also consistent with expectations for self-
lensing ⟨tE⟩ ∼ 100 d for a mean lens mass of 0.35 M⊙.
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Fig. 15. The top panel shows the numbers of expected events as a func-
tion of macho mass M for the S model of Alcock et al. (2000b). The
expectations for EROS-2-LMC, SMC (this work) are shown along with
those of EROS-1 (Renault et al. 1997) with contributions from the
photographic plate program (Ansari et al. 1996a) and CCD program
(Renault et al. 1998). The number of events for EROS-2-SMC supposes
τsmc = 1.4τlmc. In the lower panel the solid line shows the EROS 95%
CL upper limit on f = τlmc/4.7 × 10−7 based on no observed events in
the EROS-2 LMC data and the EROS-1 data. The dashed line shows
the EROS upper limit on τlmc based on one observed SMC event in all
EROS-2 and EROS-1 data assuming τsmc−halo = 1.4τlmc. The MACHO
95% CL. curve is taken from Fig. 12 (A, no lmc halo) of Alcock et al.
(2000b).

We also note that the self-lensing interpretation is favored
from the absence of an indication of parallax in the light curve
(Assef et al. 2006).

We can combine the LMC data and the SMC data to give a
limit on the halo contribution to the optical depth by supposing
that the SMC optical depth is the sum of a halo contribution,
τsmc−halo = ατlmc (α ∼ 1.4) and a self-lensing contribution τsl.
(We conservatively ignore contributions from LMC self-lensing
and from lensing by stars in the disk of the Milky Way.) For
one observed SMC event with tE = 125 d and zero observed
LMC events, the likelihood function is

L(τlmc, τsl) ∝
#
ατlmcΓ

′
h(tE) + τslΓ

′
sl(tE)
$

exp [−N(τlmc, τsl)]

where N(τlmc, τsl) is the total number of expected events
(LMC and SMC) as a function of the two optical depths as
calculated with Eq. (8). The function Γ′h(tE) is the distribu-
tion (normalized to unit integral) expected for halo lenses of
mass M (Fig. 14) and Γ′sl(tE) is the expected distribution for
SMC self-lensing taken from Graff & Gardiner (1999). We as-
sume the SMC self-lensing optical depth is that calculated by
Graff & Gardiner (1999) though the results are not sensitive to

Tisserand et al, A&A 2007
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considered in our analysis becomes:

L(D|pW,{p}i) =
�

i

LLAT
i (D|pW,pi)

⇥ 1

ln(10) Ji
⌃
2�⇥i

e�(log10(Ji)�log10(Ji))
2
/2�2

i ,

(1)

where LLAT
i denotes the binned Poisson likelihood that

is commonly used in a standard single ROI analysis
of the LAT data, i indexes the ROIs, D represents
the binned gamma-ray data, pW represents the set of
ROI-independent DM parameters (⌅⇥annv⇧ ,mW , and the
annihilation branching ratios bf ), {p}i are the ROI-
dependent model parameters. In this analysis, {p}i in-
cludes the normalizations of the nearby point and dif-
fuse sources and the J-factor, Ji. log10(Ji) and ⇥i are
the mean and standard deviation of the distribution of
log10 (Ji), approximated to be gaussian, and their values
are given in cols. 5 and 6 respectively of Table I.

The fit proceeds as follows. For given fixed values of
mW and bf , we optimize � lnL, with L given in eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the ‘profile likelihood’ technique, which is a
standard method for treating nuisance parameters in like-
lihood analyses (see e.g., [30]), and consists of calculat-
ing the profile likelihood � lnLp(⌅⇥annv⇧) for several fixed
masses mW , where for each ⌅⇥annv⇧, � lnL is minimized
with respect to all other parameters. The intervals are
then obtained by requiring 2� ln(Lp) = 2.71 for a one-
sided 95% confidence level. The MINUIT subroutine MI-
NOS [31] is used as the implementation of this technique.
Note that uncertainties in the background fit (di⇥use and
nearby sources) are also treated in this way. The cover-
age of this profile joint likelihood method for calculating
confidence intervals has been verified using toy Monte
Carlo for a Poisson process with known background and
Fermi-LAT simulations of galactic and isotropic di⇥use
gamma-ray emission. The parameter range for ⌅⇥annv⇧
is restricted to have a lower bound of zero, to facilitate
convergence of the MINOS fit, resulting in slight over-
coverage for small signals, i.e. conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the bb̄ final state are shown in
Fig. 1, see also [32]. Including the J-factor uncertainties
in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (� 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the �+�� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (� 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large
uncertainties on their J-factors. Conservatively, exclud-
ing these objects from the analysis results in an increase
in the upper limit by a factor ⇤1.5, which illustrates the
robustness of the combined fit.
Finally, Fig. 2 shows the combined limits for all stud-
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MACHOs: History and recent results

 Dark Matter does not clump 
into compact objects!

 Recent low mass MACHO results with high cadence Kepler satellite  
[Griest et al. PRL 2011]

 MACHOs greater than a few hundred Solar masses are constrained fro 
Galactic dynamics: (e.g. Yoo et al. PRL 2004; Quinn et al 2009)

Lesson learned:



Connection to Early Universe Cosmology

✦ Postulate a particle, solve for it’s abundance

✦ Dark matter not contained within Standard 
Model of particle physics 

As these cosmological calculations of the matter abundance in the universe improved and be-
came more precise, an interesting tension came to the forefront between these calculations and the
developing standard model of particle physics. In particular it was not clear that the standard
model of particle physics contained a particle with the necessary properties to be significant on
cosmological scales. The most natural particle to consider for the non-baryonic dark matter was
the neutrino. A neutrino with mass of a few electron volts (eV) was appealing because if it was in
equilibrium in the early universe, the present mass density of neutrinos would be near the critical
density [31]. However, under more detailed scrutiny neutrinos at this mass scale turn out to be dis-
favored as a candidate for the dark matter. On the one hand, phase space limits strongly constrain
neutrino dark matter with mass less than a few hundred eV [32]. Further, numerical simulations
of the large scale structure distribution in the universe revealed that neutrinos with mass below
tens of electron volts were too “hot” to explain the observed galaxy distribution; because they were
relativistic when they decoupled they produced significantly fewer low mass galaxies in comparison
to the observations [33].

Though neutrinos with mass of a few hundred eV or less became disfavored as the dominant
component of non-baryonic dark matter, this analysis within a cosmological context motivated a
general theoretical framework for determining the abundance of a stable particle species that was
in thermal equilibrium in the early universe. Neutrinos with mass greater than about 1 GeV that
fall out of equilibrium while non-relativistic were found to be cosmologically-significant [34], and
that generically heavy leptons with similar interactions could be the dominant component of mass
in galaxies and clusters of galaxies [35]. These results pointed to a preferred scale, the weak scale,
to describe the interactions of a cosmologically-significant component of non-baryonic dark matter.
For a standard thermal history in the early universe, the abundance of a particle is related to its
thermally-averaged annihilation cross section times relative velocity as

h�annvi ⇡
3⇥ 10�27 cm3s�1

⌦DMh2
(1)

[36, 37, 38, 39, 40]. Recent cosmological measurements find that the fraction of non-baryonic dark
matter relative to the critical density is ⌦DMh2 ' 0.11 [41]. For this value of ⌦DMh2, for particles
in the approximate GeV mass range, this scale for the annihilation cross section is characteristic
of weak interactions. A particle with interactions at this scale is broadly referred to as a weakly-
interacting massive particle (WIMP).

Because of their weak scale interaction strength, WIMPs are detectable via non-gravitational
methods. In addition to the prediction of the annihilation strength of WIMPs, Equation 1 leads to
a basic prediction for the WIMP scattering cross section on ordinary matter (i.e. quarks). Com-
bining this scattering cross section with the estimation for the local number density of WIMPs, the
interaction rate is large enough for them to have been detected over two decades ago in the first
generation of low temperature germanium experiments that were primarily designed to search for
signatures of neutrinoless double beta decay. While it was certainly possible that these experiments
would detect WIMPs and render the non-gravitational detection of particle dark matter relatively
straightforward, the first two experiments to systematically search for WIMPs reported null re-
sults [42, 43]. The reported constraints ruled out the simplest model for WIMP interactions with
ordinary matter, and in the process first showed that if WIMPs comprise the dominant component
of dark matter in galaxies, physics must be invoked to suppress the scattering cross section relative
to that derived from the most basic cosmological arguments in Equation 1.

7

✦ A particle’s annihilation cross section and 
abundance are related:

 “Thermal relic scale”

✦ Annihilation cross section characteristic of a weakly-interacting particle

✦ Weakly-interacting particles (WIMPs) a leading candidate for dark matter 

h�annvi ' 3⇥ 10�26 cm3 s�1 (1)

1



Towards closing the window on strongly interacting dark matter: Far-reaching constraints from
Earth’s heat flow

Gregory D. Mack,1,2,* John F. Beacom,1,2,3,† and Gianfranco Bertone4,‡
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We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, which applies when this quantity is larger than for typical weakly interacting dark
matter candidates. When the dark matter capture rate in Earth is efficient, the rate of energy deposition by
dark matter self-annihilation products would grossly exceed the measured heat flow of Earth. This
improves the spin-independent cross section constraints by many orders of magnitude and closes the
window between astrophysical constraints (at very large cross sections) and underground detector
constraints (at small cross sections). In the applicable mass range, from !1 to !1010 GeV, the scattering
cross section of dark matter with nucleons is then bounded from above by the latter constraints and hence
must be truly weak, as usually assumed.

DOI: 10.1103/PhysRevD.76.043523 PACS numbers: 95.35.+d, 91.35.Dc, 95.30.Cq

I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties—especially its mass
and scattering cross section with nucleons—remain un-
known. Assuming dark matter is a thermal relic of the early
Universe, weakly interacting massive particles are prime
candidates, suggested by constraints on the dark matter
mass and self-annihilation cross section from the present
average mass density [1]. However, as this remains unpro-
ven, it is important to systematically test the properties of
dark matter particles using only late-Universe constraints.
In 1990, Starkman, Gould, Esmailzadeh, and Dimopoulos
[2] examined the possibility of strongly interacting dark
matter, noting that it indeed had not been ruled out. Many
authors since have explored further constraints and candi-
dates. In this literature, ‘‘strongly interacting’’ denotes
cross sections significantly larger than those of the weak
interactions; it does not necessarily mean via the usual
strong interactions between hadrons. We generally con-
sider the constraints in the plane of dark matter mass m!

and spin-independent scattering cross section with nucle-
ons "!N .

Figure 1 summarizes the astrophysical, high-altitude
balloon/satellite/rocket detector, and underground detector
constraints in the "!N-m! plane. Astrophysical limits such
as the stability of the Milky Way disk constrain very large
cross sections [2,3]. Accompanying and comparable limits
include those from cosmic rays and the cosmic microwave
background [4,5]. Small cross sections are probed by
cryogenic dark matter search (CDMS) and other under-

ground detectors [6–9]. A dark matter (DM) particle can
be directly detected if "!N is strong enough to cause a
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FIG. 1 (color online). Excluded regions in the "!N-m! plane,
not yet including the results of this paper. From top to bottom,
these come from astrophysical constraints (dark-shaded area)
[2–5], reanalyses of high-altitude detectors (medium-shaded
area) [2,10–12], and underground direct dark matter detectors
(light-shaded area) [6–9]. The dark matter number density
scales as 1=m!, and the scattering rates as "!N=m!; for a fixed
scattering rate, the required cross section then scales as m!. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.
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What has theory done for us? 

Mack, Beacom, 
Bertone 2009
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New 
Physics

• Theory relates annihilation, scattering, 
and production cross sections 

• Simplest model: One new particle, new 
physics at much larger energies 



What are the observables? 
The Aquarius Project: the subhalos of galactic halos 7

Figure 3. Projected dark matter density in our six different high-resolution halos at z = 0, at the ‘2’ resolution level. In each panel,
all particles within a cubic box of side length 2.5 × r50 centred on the halo are shown, and the circles mark the radius r50. The image
brightness is proportional to the logarithm of the squared dark matter density, and the colour hue encodes the local particle velocity
dispersion, with the same colour map as in Figure 2.

to make them feasible on today’s supercomputers. We have
carried out our most expensive calculation, the Aq-A-1 run,
on the Altix 4700 supercomputer of the Leibniz Computing
Center (LRZ) in Garching/Germany, using 1024 CPUs and
about 3 TB of main memory. The calculation took more than
3.5 million CPU hours to carry out about 101400 timesteps
that involved 6.72×1013 force calculations in total. We have
stored 128 simulation dumps for this calculation, amounting
to a data volume of about 45 TB. The other simulations of
the Aquarius Project were in part calculated on the LRZ
system, and in part on other supercomputers across Eu-
rope. These were the COSMA computer at Durham Univer-
sity/UK, the Bluegene/L system STELLA of the LOFAR
consortium in Groningen/Netherlands, and a Bluegene/P
system of the Max-Planck Computing Center in Garching.
For all these simulations we also stored at least 128 outputs,
but for Aq-A-2 and Aq-A-4 we kept 1024 dumps, and for
Aq-A-3 half this number. This provides exquisite time reso-
lution for studies of the detailed formation history of halos
and the evolution of their substructure. In the present study,
however, we focus on an analysis of the objects at z = 0.

2.4 A first view of the simulations

In Figures 2 and 3, we show images† of the dark matter
distribution in our 6 high resolution halos at redshift z = 0.
The brightness of each pixel is proportional to the logarithm
of the squared dark matter density projected along the line-
of-sight,

S(x, y) =

!

ρ2(r) dz, (1)

while the colour hue encodes the mean dark matter velocity
dispersion, weighted as

σ(x, y) =
1

S(x, y)

!

σloc(r) ρ2(r) dz. (2)

Here the local dark matter density ρ(r) and the local veloc-
ity dispersion σloc(r) of the particles are estimated with an
SPH kernel interpolation scheme based on 64 neighbours.
We use a two-dimensional colour-table (see Fig. 2) in which
the information about the local dark matter ‘temperature’ is

† Further images and videos of the formation process of the halos
are available at http://www.mpa-garching.mpg.de/aquarius

c⃝ 0000 RAS, MNRAS 000, 000–000

1) Indirect detection (Siegal-Gaskins) 
✦ Standard model particles are produced in pair 
annihilation 
✦ Most closely connected to cosmology

2) Direct detection (Akerib/Cushman) 
✦ Dark matter scatters off nucleons in underground 
detectors

3) Direct Production (Whiteson) 
✦ Dark Matter produced in colliders during proton 
collisions

4) Astronomical methods (This talk)  
 Sensitive to e.g. self-interaction rate of dark matter, 
velocity at production



Program for next 2 days 

1. Day I (Rest of today): Macroscopic astronomical measurements and their 
implications for the nature of dark matter  

  
• Small-scale dark matter structure: density profiles, missing satellites 

!

• Cold, warm, self-interacting dark matter 
!

  
  
 
2. Day II (tomorrow morning): Astrophysical interplay in `classical’ dark 
matter searches  
!

• Indirect and direct dark matter detection 
  
• Neutrino Floor 



Micro-physics and MACRO-physics Connection

Springel et al. 2008

1690 V. Springel et al.

Figure 2. The top left-hand panel shows the projected dark matter density at z = 0 in a slice of thickness 13.7 Mpc through the full box (137 Mpc on a side) of
our 9003 parent simulation, centred on the ‘Aq-A’ halo that was selected for resimulation. The other five panels show this halo resimulated at different numerical
resolutions. In these panels, all particles within a cubic box of side length 2.5 × r50 centred on the halo are shown. The image brightness is proportional to the
logarithm of the squared dark matter density S(x, y) projected along the line of sight, and the colour hue encodes the local velocity dispersion weighted by the
squared density along the line of sight. We use a two-dimensional colour table (as shown on the left-hand side) to show both of these quantities simultaneously.
The colour hue information is orthogonal to the brightness information; when converted to black and white, only the density information remains, with a
one-dimensional grey-scale colour map as shown on the left-hand side. The circles mark r50.

excursion set method. Based on local dark matter density estimates
calculated with the SPH kernel interpolation approach for all high-
resolution particles, we first identify a set of subhalo candidates,
which are locally overdense structures found within a given input
group of particles identified with a FOF (friends-of-friends) group
finder (Davis et al. 1985). These are then subjected to a gravita-
tional unbinding procedure that iteratively eliminates all unbound
particles. Provided more than 20 bound particles remain, we record
the particle group as a genuine subhalo in our group catalogue. For
each subhalo, we calculate a number of physical properties, such

as the maximum circular velocity, spin and velocity dispersion, and
we store the particles in order of the gravitational binding energy,
which is useful for tracking subhaloes between simulation outputs
at different times. We have fully parallelized the SUBFIND and
FOF algorithms for distributed memory systems and inclined them
in our simulation code GADGET-3. Thus group finding can be done
on the fly during the simulation, if desired. This is often advanta-
geous as these calculations are computationally quite intense and
require equally large memory as the dynamical simulation code
itself.

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 391, 1685–1711

The Aquarius Project: the subhalos of galactic halos 7

Figure 3. Projected dark matter density in our six different high-resolution halos at z = 0, at the ‘2’ resolution level. In each panel,
all particles within a cubic box of side length 2.5 × r50 centred on the halo are shown, and the circles mark the radius r50. The image
brightness is proportional to the logarithm of the squared dark matter density, and the colour hue encodes the local particle velocity
dispersion, with the same colour map as in Figure 2.

to make them feasible on today’s supercomputers. We have
carried out our most expensive calculation, the Aq-A-1 run,
on the Altix 4700 supercomputer of the Leibniz Computing
Center (LRZ) in Garching/Germany, using 1024 CPUs and
about 3 TB of main memory. The calculation took more than
3.5 million CPU hours to carry out about 101400 timesteps
that involved 6.72×1013 force calculations in total. We have
stored 128 simulation dumps for this calculation, amounting
to a data volume of about 45 TB. The other simulations of
the Aquarius Project were in part calculated on the LRZ
system, and in part on other supercomputers across Eu-
rope. These were the COSMA computer at Durham Univer-
sity/UK, the Bluegene/L system STELLA of the LOFAR
consortium in Groningen/Netherlands, and a Bluegene/P
system of the Max-Planck Computing Center in Garching.
For all these simulations we also stored at least 128 outputs,
but for Aq-A-2 and Aq-A-4 we kept 1024 dumps, and for
Aq-A-3 half this number. This provides exquisite time reso-
lution for studies of the detailed formation history of halos
and the evolution of their substructure. In the present study,
however, we focus on an analysis of the objects at z = 0.

2.4 A first view of the simulations

In Figures 2 and 3, we show images† of the dark matter
distribution in our 6 high resolution halos at redshift z = 0.
The brightness of each pixel is proportional to the logarithm
of the squared dark matter density projected along the line-
of-sight,

S(x, y) =

!

ρ2(r) dz, (1)

while the colour hue encodes the mean dark matter velocity
dispersion, weighted as

σ(x, y) =
1

S(x, y)

!

σloc(r) ρ2(r) dz. (2)

Here the local dark matter density ρ(r) and the local veloc-
ity dispersion σloc(r) of the particles are estimated with an
SPH kernel interpolation scheme based on 64 neighbours.
We use a two-dimensional colour-table (see Fig. 2) in which
the information about the local dark matter ‘temperature’ is

† Further images and videos of the formation process of the halos
are available at http://www.mpa-garching.mpg.de/aquarius

c⃝ 0000 RAS, MNRAS 000, 000–000

137 Mpc 1 Mpc



Predictions of the standard Cold Dark Matter model

2. Abundance of ‘sub-structure’  
(sub-halos) in galaxies

1. Density profiles rise towards the centers of galaxies

Navarro-Frenk-White (NFW) model

Most of mass contained in highest-
mass sub-halos
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(r/rs)(1 + r/rs)2
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Sub-halos comprise few percent of 
total halo mass

Universal for all halo masses



Problems with the standard Cold Dark Matter model

2. ‘Missing satellites problem’: 
Simulations have more dark matter subhalos than there are 
observed dwarf satellite galaxies

1. Density of dark matter halos:  
Faint, dark matter-dominated galaxies appear less dense that 
predicted in simulations  
!



3 possible directions from here:

Solutions to the issues in Cold Dark Matter

1. Discuss how to construct and simulate non-CDM models [e.g. 
K. Zurek talk, Feng, et al. 2010; Loeb & Weiner 2011; van den Aarssen 2012; Tulin, Yu, Zurek 2013, Fan et al. 
2013]

2. Talk about how baryons may alter dark matter distributions 
[Wadepuhl & Springel MNRAS 2011; Parry et al. MRNAS 2011; Pontzen & Governato MRNAS 2012; Brooks et 
al. ApJ 2012] 

3. Understand how to measure macroscopic dark matter 
distributions [This talk]



Measuring macroscopic dark matter distributions



• dwarf spheroidals (dSphs) 

• Low Surface brightness (LSBs) (Simon et al. 2005; Kuzio de Naray et al. 2008, 
Adams et al. 2014)

•  Milky Way/M31-mass galaxies (Jo Bovy talk)

• Clusters (Newman et al. 2013)

Different systematics for different galaxies 

•  ``Pure” stellar dynamics

•  Stellar dynamics + lensing + x-rays 

•  Gas motions + Stellar dynamics



dwarf spheroidals (Milky Way satellites)

5

• the area of a group of pixels of S contiguously
above Sth(n∗) (white line, Fig 2) is greater than
60.0 square arcminutes
or

• any single pixel value is greater than 1.75×Sth(n∗).

We implement these adaptive density thresholds as a
function of local stellar density n∗, so that the algorithm
may be run over large fields with varying density and
allow direct comparison between fields of greatly different
densities. The stellar density n∗ is calculated for each
pixel of the smoothed, normalized, spatial array S, as
the 0.9◦ × 0.9◦ running average of the original spatial
density array E.

To summarize our algorithm:

• Apply CMD cuts, bin spatial positions of remaining
stars into E

• Smooth E with Plummer profile to get A

• Calculate the 0.9◦×0.9◦ running mean Ā and run-
ning standard deviation Aσ

• Define S as S = (A − Ā)/Aσ

• Calculate array of threshold values Sth as function
of stellar density n∗ (from 0.9◦×0.9◦ running mean
of E)

• Detections are where contiguous regions of pixels
with S > Sth is greater than 60.0 sq arcmin or any
single pixel is greater than 1.75 × Sth.

3.5. Identifying and Evaluating Detections

For each of our DR6 data strips defined in §3.1, the
steps outlined in the previous sections are repeated in
0.5 magnitude distance modulus intervals, and these 16
frames are layered to form a 3-dimensional array. This
3D approach eliminates complications with multiple de-
tections of a single object using selection criteria for dif-
ferent distance moduli, and selects out the strongest de-
tection. The coordinates of stars within each detection
and the CMD within the detection’s area are plotted for
later visual inspection. Galaxy clusters and point sources
around partially resolved background galaxies (such as
their associated globular clusters) will contaminate the
detections, but these can be identifiable based on their
CMDs (see Figure 9 in §4), leaving a list of potential new
Milky Way satellite galaxies and globular clusters. At
this point follow up observations are typically necessary
to confirm the existence and nature of these candidates.

4. APPLICATION TO SDSS DATA RELEASE 6

We apply our search algorithm (as described in §3) to
21,439,777 sources with r < 22.0 and g − r < 1.0 in the
9,500 deg2 of imaging data in Data Release 6 of the SDSS.
The DR6 footprint is shown in Figure 4, along with pre-
viously known dSphs (open blue circles) and satellites
discovered in SDSS (closed red circles).

The significance of our detections of known objects in
terms of their peak density and area are shown in Figure
5. In the total area of DR6 analyzed, we find 100 unique
detections above the thresholds, defined by the dotted

Fig. 4.— Aitoff projection of the DR6 footprint in Galactic
coordinates, centered on the Galactic center. Previously known
dwarfs are marked with open blue circles, satellites discovered in
SDSS are marked with filled red circles.

lines of Figure 5. The positions of each of these detec-
tions are cross-referenced against the SIMBAD database
4 as well as visually inspected via the SDSS Finding
Chart Tool5. Of our 100 detections, 19 are MW/Local
Group dwarfs (counting Boötes II, Willman 1 and Segue
1), 17 are Galactic globular clusters (including Koposov
1 and 2), 2 are known open clusters, 28 are clustering of
point sources associated with background galaxies such
as unresolved distant globular clusters, and four are Abell
galaxy clusters. The remaining 30 do not correspond to
any catalogued objects, but color-magnitude diagrams of
only a handful of these are consistent enough with a faint
MW satellite to warrant follow-up. The remainder may
be galaxy clusters whose detected center differs from its
cataloged centre by more than ∼ 0.25◦, or perhaps tidal
debris. If the MW stellar halo is the result of accretion
of dSph then evidence of this accretion is expected. It
should be noted that objects with relatively large angu-
lar size, such as Draco and Sextans, substantially increase
the average stellar density of the area they occupy which
increases the threshold density, meaning they are not as
high above the density threshold as one might expect.
Due to the area threshold however, they are still very
prominent detections.

We recover all of the newly discovered objects that are
within DR6 and the “classically” known Draco, Leo, Leo
II, Leo A, Sextans, and Pegasus DIG dwarfs. Our detec-
tions of the new dwarfs are presented in Figures 6, 7, and
8. These figures are identical to those output by the auto-
mated algorithm for each detection, aside from the addi-
tion of figure titles (MV and distances from Martin et al.
2008 and references therein). The left panel shows the
spatial positions of stars passing the photometric selec-
tion criteria at the distance modulus the object was most
strongly detected at. The middle-left panel shows the
contour plot corresponding to S, where the contour lev-
els are (S)/Sth(n∗) = 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0.

4 http://simbad.u-strasbg.fr/simbad/
5 http://cas.sdss.org/astrodr6/en/tools/chart/chart.asp

✦ Dark matter masses from 
motions of individual stars

✦ Most dark matter-dominated 
galaxies known

✦ Luminosities from hundreds to 
millions Solar luminosities

✦ No high energy gamma-rays 
from astrophysical sources

Properties

✦ Interesting astrophysical systems!



Dark matter in dwarf spheroidals
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Dark matter in dwarf spheroidals

✦ Simplest to model stars as single population (i.e. same formation 
time, metallicity) 

ESO

✦ Standard modeling assumes hydrostatic equilibrium, spherical symmetry, 
but not isotropy [e.g. Strigari et al 2008, Lokas 2009, Walker et al 2009, Richardson & 
Fairbairn 2013]

 Caveat! Not guaranteed to have a self-consistent, positive definite stellar 
distribution function

✦ Results: Integrated mass within approximate half-light radius well-constrained 

2 Strigari et al.

central phase-space density than expected if the dark mat-
ter is a cold collisionless particle (Tremaine & Gunn 1979;
Hogan & Dalcanton 2000).

Kinematic studies typically treat dSph galaxies as
spherical, dynamically equilibrated systems. With these sim-
ple assumptions there is a strong degeneracy between the
statistics of stellar orbits (i.e. whether velocity dispersions
are isotropic, or are radially or tangentially biased) and the
shape of the stellar and dark matter density profiles (e.g.
Evans et al. 2009). This ambiguity is reflected in the broad
range of models used in recent attempts to constrain the
dark matter density profiles of the dSphs (Strigari et al.
2008; !Lokas 2009; Walker et al. 2009; Wolf et al. 2009). The
intrinsic parameter degeneracies of the models cast doubt
on the robustness of inferences favoring cored or cuspy cen-
tral density profiles, even given the high-quality data that
are now available (Strigari et al. 2006; Walker et al. 2009).
Breaking these degeneracies may only be possible by ex-
ploiting additional observational constraints, for example,
through measurement of internal stellar proper motions
(Wilkinson et al. 2002; Strigari et al. 2007).

Motivated by the simple question of whether the ob-
served dSphs are kinematically consistent with the ΛCDM
theory of structure formation, we here use six high-
resolution halo simulations performed as part of the Aquar-
ius Project (Springel et al. 2008) to search for subhalos
whose properties would allow them, in principle, to host
the well observed dSph satellites of the Milky Way. We
restrict our attention to the five satellites with abundant,
high-quality stellar kinematic data: Fornax, Sculptor, Leo
I, Carina, and Sextans (Mateo et al. 2008; Walker et al.
2009). Assuming isotropic velocity dispersions, we identify
an Aquarius subhalo with a dark matter potential which
results in a good simultaneous fit to each satellite’s photo-
metric and kinematic data.

In addition to focusing specifically on ΛCDM and mak-
ing direct use of realistic potentials from the Aquarius sim-
ulations, our modeling differs from previous work in that we
simultaneously fit both photometry and kinematics. We al-
low for mildly cusped stellar profiles with ρ⋆ ∼ r−a near the
centre, where a is in the range 0 to 1. Projections of such pro-
files are fitted to the photometric data, and with the results
in hand we make predictions for the kinematic data, both
traditional second moment (line-of-sight velocity dispersion)
profiles and full line-of-sight velocity distributions. The lat-
ter comparison allows us to test whether simple, spherical,
isotropic, ΛCDM-based models are consistent with higher
moments of the observed velocity distribution.

For each of the five satellites we study, the best-fitting
Aquarius subhalo provides an excellent statistical fit to the
data. For four of the five this requires a mildly cusped stel-
lar distribution similar to those found in brighter early-type
galaxies. The only galaxy that requires a true core in the
star distribution is Leo I, but with such a profile its kine-
matics are still consistent with a ΛCDM subhalo. We present
circular velocity curves for the best-fitting subhalo hosts for
each of the MW satellites. Not surprisingly, for a given satel-
lite, the circular velocity curves of “good” subhalos are very
similar at the radii that are well sampled by the stellar trac-
ers. This is a consequence of our assumptions of spherical
symmetry and isotropy. Finally, we determine the mass of
the best-fitting subhalos, both at the time of accretion onto

the host halo and at high redshift, and we show that these
quantities have more scatter than the present-day central
potentials or maximum circular velocities.

2 THEORETICAL MODELING

The goal of our theoretical modeling is ultimately to com-
pare to the full observed line-of-sight velocity distribution for
each satellite. We begin by discussing how to model velocity
dispersion profiles and then move on to modeling of the full
line-of-sight velocity distribution. In our later analysis, we
will use predictions for line-of-sight velocity dispersion pro-
files to identify possible subhalo hosts for each satellite, and
then use the corresponding velocity distributions to check
that our isotropic models are indeed consistent with the ob-
served kinematics.

2.1 Velocity dispersion

We assume spherical symmetry both for the potential and
for the distribution of stars within it. The line-of-sight ve-
locity dispersion of a dSph satellite at projected radius, R,
can then be written as

σ2
los(R) =

2
I⋆(R)

!

∞

R

"

1− β(r)
R2

r2

#

ρ⋆(r)σ2
r r√

r2 −R2
dr, (1)

where ρ⋆(r) is the stellar density profile and I⋆(R) its two-
dimensional projection; β = 1 − σ2

t /σ
2
r is the anisotropy

parameter, where σ2
t (r) is the one-dimensional tangential

velocity dispersion of the stars and σ2
r(r) the corresponding

radial velocity dispersion. These quantities satisfy the radial
Jeans equation:

r
d(ρ⋆σ

2
r)

dr
= −ρ⋆(r)GM(r)/r − 2β(r)ρ⋆σ

2
r . (2)

The total mass distribution, M(r), is the sum of the mass
distributions of dark matter, Mdm(r), and stars, M⋆(r).

For our analysis, we use the dark matter mass distri-
butions, Mdm(r), of subhalos in the next-to-highest resolu-
tion set of Aquarius simulations of galactic halos (level 2 in
the notation of Springel et al. (2008)). At the present day,
each of the six halos contains about 45000 resolved subhalos
within ∼ 400 kpc of its centre (corresponding to the radius,
r50, of the sphere of mean overdensity 50 times the critical
value) with more than 20 particles, each of mass ∼ 104M⊙.
The structure of each subhalo is well resolved down to a
physical radius of ∼ 100 pc, corresponding approximately
to twice the gravitational softening length (Springel et al.
2008). For radii greater than this convergence radius and
less than the radius where the density of bound subhalo
mass drops to ∼ 80% of the local total mass density, the
subhalos are well fit by an “Einasto” profile,

ln[ρ(r)/ρ−2] = (−2/α)[(r/r−2)
α − 1]. (3)

Here ρ−2 and r−2 are the scale density and scale radius (at
the point where the density profile has the isothermal slope)
respectively, and we take α = 0.17 (Navarro et al. 2010). In
our kinematic analysis, we extrapolate an Einasto fit to each
subhalo when it is necessary to evaluate the mass distribu-
tion at radii < 100 pc, and we use the directly determined
mass profiles at all larger radii.



CDM-based models of dwarf spheroidals
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Figure 4 Photometric profiles (left) and velocity dispersion profiles (right) for five classical dSphs,
using LCDM-based models for the dark matter potentials. From Strigari et al. [152].

Schwarszchild mass estimates have now been published for three dSphs, Fornax, Sculptor, and
Draco. Using a cored model for the stellar light profile, Jardel and Gebhardt [154] find a mass
within the half-light radius that is consistent with those deduced from moment and distribution
function-based methods. Breddels et al. [155] determine that the mass of Sculptor within 1 kpc is
⇠ 108 M�, which is again in agreement with the above methods. Jardel et al. [156] determine a
lower bound to the mass of Draco of a few times 108 M� within a physical radius of about 500 pc
where kinematics of stars are measured.

4.3. Ultra-faint satellites

Measuring the velocity dispersion, and thus the mass, of ultra-faint satellites poses di↵erent
sets of challenges in comparison to measuring the velocity dispersions of classical satellites. First,
by their very nature, the constituent stars are fainter, with typical target stars having a magnitude
of r = 20 � 21. For a realistic exposure level, the Keck/DEIMOS spectrograph provides a signal-
to-noise on a star of this magnitude of approximately 15 [157]. Second, the measured uncertainties
derived from the stellar spectra are approximately 2� 3 km/s, which, because it is within about a
factor of two of the intrinsic velocity dispersions of the systems, complicates the extraction of the
intrinsic velocity dispersion that arises from the distribution function (Low velocity dispersions at
this level have been measured in globular clusters [158]). Third, the measured line-of-sight velocities
may contain a component that is due to the motion of the star around a binary companion. Early
studies of classical dSphs indicated that this binary contamination was ⇠ 1 � 2 km/s, so it is a
small systematic to classical satellite mass measurements [159]. However, as measurements of low
velocity dispersion globular clusters clearly indicate that binaries do significantly contaminate the
velocity dispersion of bound stellar systems [160], detailed understanding of this e↵ect is required
in ultra-faint satellites.
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Figure 4 Photometric profiles (left) and velocity dispersion profiles (right) for five classical dSphs,
using LCDM-based models for the dark matter potentials. From Strigari et al. [152].

Schwarszchild mass estimates have now been published for three dSphs, Fornax, Sculptor, and
Draco. Using a cored model for the stellar light profile, Jardel and Gebhardt [154] find a mass
within the half-light radius that is consistent with those deduced from moment and distribution
function-based methods. Breddels et al. [155] determine that the mass of Sculptor within 1 kpc is
⇠ 108 M�, which is again in agreement with the above methods. Jardel et al. [156] determine a
lower bound to the mass of Draco of a few times 108 M� within a physical radius of about 500 pc
where kinematics of stars are measured.

4.3. Ultra-faint satellites

Measuring the velocity dispersion, and thus the mass, of ultra-faint satellites poses di↵erent
sets of challenges in comparison to measuring the velocity dispersions of classical satellites. First,
by their very nature, the constituent stars are fainter, with typical target stars having a magnitude
of r = 20 � 21. For a realistic exposure level, the Keck/DEIMOS spectrograph provides a signal-
to-noise on a star of this magnitude of approximately 15 [157]. Second, the measured uncertainties
derived from the stellar spectra are approximately 2� 3 km/s, which, because it is within about a
factor of two of the intrinsic velocity dispersions of the systems, complicates the extraction of the
intrinsic velocity dispersion that arises from the distribution function (Low velocity dispersions at
this level have been measured in globular clusters [158]). Third, the measured line-of-sight velocities
may contain a component that is due to the motion of the star around a binary companion. Early
studies of classical dSphs indicated that this binary contamination was ⇠ 1 � 2 km/s, so it is a
small systematic to classical satellite mass measurements [159]. However, as measurements of low
velocity dispersion globular clusters clearly indicate that binaries do significantly contaminate the
velocity dispersion of bound stellar systems [160], detailed understanding of this e↵ect is required
in ultra-faint satellites.
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Density Velocity dispersion

✦ Combine jeans-based 
modeling with method of 
isotropic distribution 
functions 

✦ CDM-based NFW models 
fit all dwarf spheroidals

Strigari, Frenk, White 
MNRAS 2010

Kinematics of Milky Way Satellites in a Lambda Cold Dark Matter Universe 3

To model the three-dimensional stellar density profile,
ρ⋆, we use functions of the form (Zhao 1997):

ρ⋆(r) ∝
1

xa(1 + xb)(c−a)/b
(4)

where x = r/r0 and {a, b, c, r0} are free parameters that
will be estimated in the next section by fitting the observed
surface density profile of each satellite. We focus on cuspy
central profiles (0 ! a ! 1) because we find that they are
required to fit the observed, nearly flat velocity dispersion
profiles if we assume isotropic stellar velocity dispersions
(β(r) = 0) and an Einasto halo profile. Although such cuspy
profiles have not been used previously in studies of the MW
satellites, they are, in fact, required to fit the inner surface
brightness profiles of elliptical galaxies of all luminosities,
including faint ones (Gebhardt et al. 1996) and so seem a

priori quite plausible for dSph galaxies also.
If the stellar mass is everywhere negligible compared to

the dark matter mass, the projected velocity dispersion in
Eq. 2 is independent of the constant of proportionality in
Eq. 4 that sets the stellar mass-to-light ratio, M⋆/L⋆. How-
ever, if the stars contribute significantly to the potential of
the galaxy, then we must determine the appropriate normal-
izing factor for Eq. 4 and thus its contribution to the overall
mass distribution of the galaxy. For each of the dSphs we
will take M⋆/L⋆ = 1, consistent with the observational re-
sults (Mateo 1998; Coleman et al. 2005). We find that small
variations in M⋆/L⋆, indicative, perhaps, of multiple stellar
populations or differences in stellar initial mass function,
have little effect on the results we present below.

As also noted above, throughout our analysis we will
assume locally isotropic velocity distributions, β(r) = 0 for
all r. This is a strong assumption and it is thus remarkable
that we find that we can fit all the kinematic data without
relaxing it.

2.2 Velocity Distributions

The preceding discussion demonstrates the well-known fact
that the observable quantities I∗(R) and σ2

los(R) are insuf-
ficient to determine the mass profile, M(r), of a spherical
system unless the velocity anisotropy, β(r), is specified. Ad-
ditional kinematic information is contained in higher order
moments of the line-of-sight velocity distribution, so appro-
priate modeling of these moments may constrain β(r) and
so M(r) (e.g. Gerhard 1993; Lokas & Mamon 2003). A fully
consistent dynamical model must clearly match the full line-
of-sight velocity distribution at all radii.

If we assume β(r) = 0, it is possible to invert the observ-
ables I∗(R) and σ2

los(R) to obtain not only a unique M(r)
but also the unique distribution function, f(ϵ), which repro-
duces these observables within the potential corresponding
to M(r). This distribution function then determines the full
line-of-sight velocity distribution at each R. Thus, once we
have found a subhalo with M(r) consistent with the I∗(R)
and σ2

los(R) measurements for a particular dSph, we can
check the consistency of the resulting model by comparing
its line-of-sight velocity distributions with those observed.

To obtain these velocity distributions, we begin with
the Eddington inversion formula,

f(ϵ) =
1√
8π2

! 0

ϵ

d2ρ⋆
dΨ2

dΨ√
Ψ − ϵ

, (5)

where ϵ = Ψ(r) + v2/2 is the binding energy, Ψ is the grav-
itational potential, and v is the modulus of the velocity.
Potentials for the stars and the dark matter can be sep-
arately constructed numerically via the Poisson equation,
∇2Ψı = 4πGρı. The indices on potential and density repre-
sent a specific component, the dark matter or the stars. The
total potential is then the sum of the two.

The Eddington formula in Eq. 5 determines the velocity
distribution as a function of the binding energy. However, to
compare to observations we need line-of-sight velocity dis-
tributions for a set of circular annuli. Defining vlos as the
component of velocity along the line-of-sight and perform-
ing the appropriate weighting over three-dimensional radii r,
the distribution of line-of-sight velocities at projected radius
R is given by

f̂(vlos;R) ∝
! rlos

R

rdr√
r2 −R2

! 0

Ψ(r)+v2

los
/2

f(ϵ)dϵ, (6)

where rlos is defined by 2Ψ(rlos) = v2los; for a given velocity
vlos, we determine rlos via a numerical root-finding algo-
rithm. The normalization of Eq. 6 will not be important for
the purposes of our discussion.

Once we have determined the velocity distribution in
Eq. 6 it is straightforward to construct higher order moments
of this distribution. In particular, the nth moment of the
distribution is given by

⟨vnlos;R⟩ =
"

vnlosf̂(vlos;R)dvlos
"

f̂(vlos;R)dvlos
, (7)

where, as in Eq. 6, we have explicitly written f̂ as a func-
tion of the line-of-sight velocity. As an example that will
be important for us below, the RMS velocity determined
from Eq. 6 is

#

⟨v2los;R⟩. We are thus able to check our nu-
merical calculation of the velocity distribution function by
comparing the RMS velocity determined from Eq. 7 to the
equivalent quantity determined from Eq. 1.

Eq. 6 gives the theoretical velocity distribution at R,
but in practice, to compare to the observations, we must de-
termine the distribution of f̂ at the position of each observed
star, and then average it over all the stars in each annulus.
Thus, our mean f̂(vlos) for a given annulus is the mean of
the values at the position of the stars, with the individual
f̂ distributions all normalized to unity. With this procedure
there are no approximations related to finite bin size when
comparing our theoretical model to the data.

3 DATA ANALYSIS

In this section we perform our analysis of the photomet-
ric and kinematic data. We first discuss how we use the
star count data to identify parameter values for Eq. 4 that
describe each satellite well. We then describe our handling
and interpretation of the line-of-sight velocity data, and the
way in which we use these data to identify specific Aquar-
ius subhalos that could host each satellite. In particular, we
describe the criterion by which we judge goodness-of-fit for
a given satellite-subhalo match.
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where x = r/r0 and {a, b, c, r0} are free parameters that
will be estimated in the next section by fitting the observed
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ficient to determine the mass profile, M(r), of a spherical
system unless the velocity anisotropy, β(r), is specified. Ad-
ditional kinematic information is contained in higher order
moments of the line-of-sight velocity distribution, so appro-
priate modeling of these moments may constrain β(r) and
so M(r) (e.g. Gerhard 1993; Lokas & Mamon 2003). A fully
consistent dynamical model must clearly match the full line-
of-sight velocity distribution at all radii.

If we assume β(r) = 0, it is possible to invert the observ-
ables I∗(R) and σ2

los(R) to obtain not only a unique M(r)
but also the unique distribution function, f(ϵ), which repro-
duces these observables within the potential corresponding
to M(r). This distribution function then determines the full
line-of-sight velocity distribution at each R. Thus, once we
have found a subhalo with M(r) consistent with the I∗(R)
and σ2

los(R) measurements for a particular dSph, we can
check the consistency of the resulting model by comparing
its line-of-sight velocity distributions with those observed.

To obtain these velocity distributions, we begin with
the Eddington inversion formula,

f(ϵ) =
1√
8π2

! 0

ϵ

d2ρ⋆
dΨ2

dΨ√
Ψ − ϵ

, (5)

where ϵ = Ψ(r) + v2/2 is the binding energy, Ψ is the grav-
itational potential, and v is the modulus of the velocity.
Potentials for the stars and the dark matter can be sep-
arately constructed numerically via the Poisson equation,
∇2Ψı = 4πGρı. The indices on potential and density repre-
sent a specific component, the dark matter or the stars. The
total potential is then the sum of the two.

The Eddington formula in Eq. 5 determines the velocity
distribution as a function of the binding energy. However, to
compare to observations we need line-of-sight velocity dis-
tributions for a set of circular annuli. Defining vlos as the
component of velocity along the line-of-sight and perform-
ing the appropriate weighting over three-dimensional radii r,
the distribution of line-of-sight velocities at projected radius
R is given by

f̂(vlos;R) ∝
! rlos

R

rdr√
r2 −R2

! 0

Ψ(r)+v2

los
/2

f(ϵ)dϵ, (6)

where rlos is defined by 2Ψ(rlos) = v2los; for a given velocity
vlos, we determine rlos via a numerical root-finding algo-
rithm. The normalization of Eq. 6 will not be important for
the purposes of our discussion.

Once we have determined the velocity distribution in
Eq. 6 it is straightforward to construct higher order moments
of this distribution. In particular, the nth moment of the
distribution is given by

⟨vnlos;R⟩ =
"

vnlosf̂(vlos;R)dvlos
"

f̂(vlos;R)dvlos
, (7)

where, as in Eq. 6, we have explicitly written f̂ as a func-
tion of the line-of-sight velocity. As an example that will
be important for us below, the RMS velocity determined
from Eq. 6 is

#

⟨v2los;R⟩. We are thus able to check our nu-
merical calculation of the velocity distribution function by
comparing the RMS velocity determined from Eq. 7 to the
equivalent quantity determined from Eq. 1.

Eq. 6 gives the theoretical velocity distribution at R,
but in practice, to compare to the observations, we must de-
termine the distribution of f̂ at the position of each observed
star, and then average it over all the stars in each annulus.
Thus, our mean f̂(vlos) for a given annulus is the mean of
the values at the position of the stars, with the individual
f̂ distributions all normalized to unity. With this procedure
there are no approximations related to finite bin size when
comparing our theoretical model to the data.

3 DATA ANALYSIS

In this section we perform our analysis of the photomet-
ric and kinematic data. We first discuss how we use the
star count data to identify parameter values for Eq. 4 that
describe each satellite well. We then describe our handling
and interpretation of the line-of-sight velocity data, and the
way in which we use these data to identify specific Aquar-
ius subhalos that could host each satellite. In particular, we
describe the criterion by which we judge goodness-of-fit for
a given satellite-subhalo match.



Orbit-based modeling

Jardel & 
Gebhardt 
ApJ 2013

✦ Construct a `library’ of 
stellar orbits in an assumed 
dark matter potential 

✦ Modeling is consistent with 
an NFW profile 

✦ Use many ‘trial’ potentials 
with density derived from 
poisson equation 

✦ Both parametric and non-
parametric density profiles 
can be used 



✦ Ursa Minor (66 kpc) 
✦ Kinematically cold sub-population of stars (Kleyna et al. 2003, Pace et al. 2012)

Dark matter in all satellites

Figure 1: The integrated mass of the Milky Way dwarf satellites, in units of solar masses, within
their inner 0.3 kpc as a function of their total luminosity, in units of solar luminosities. The circle
(red) points on the left refer to the newly-discovered SDSS satellites, while the square (blue) points
refer to the classical dwarf satellites discovered pre-SDSS. The error bars reflect the points where
the likelihood function falls off to 60.6% of its peak value.
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Strigari et al, Nature 2008

✦ Fornax (140 kpc):  
✦ Five globular clusters 
✦ Separate sub-populations based on metallicity (Walker & Penarrubia ApJ 2011)

Dark matter in all satellites

Figure 1: The integrated mass of the Milky Way dwarf satellites, in units of solar masses, within
their inner 0.3 kpc as a function of their total luminosity, in units of solar luminosities. The circle
(red) points on the left refer to the newly-discovered SDSS satellites, while the square (blue) points
refer to the classical dwarf satellites discovered pre-SDSS. The error bars reflect the points where
the likelihood function falls off to 60.6% of its peak value.
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Strigari et al, Nature 2008

✦ Sculptor (80 kpc) 
✦ Population of X-ray binaries 
(Maccarone et al 2005) 
✦ Separate sub-populations based 
on metallicity (Battaglia et al. 2008)

Dark matter in all satellites

Figure 1: The integrated mass of the Milky Way dwarf satellites, in units of solar masses, within
their inner 0.3 kpc as a function of their total luminosity, in units of solar luminosities. The circle
(red) points on the left refer to the newly-discovered SDSS satellites, while the square (blue) points
refer to the classical dwarf satellites discovered pre-SDSS. The error bars reflect the points where
the likelihood function falls off to 60.6% of its peak value.
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Strigari et al, Nature 2008

Up to now we have assumed dSphs contain a single population of stars 

dSphs are not so simple after all 



Multiple populations in Sculptor dwarf spheroidal

Kinematic status and mass content of the Sculptor dSph 3

FIG. 2.— Number surface density profile of RGB stars in Scl from
ESO/WFI photometry (squares with error-bars) overlaid to the best-fitting
two component model (solid line) given by the sum of a Sersic (dotted line)
and Plummer (dashed line) profiles. These are obtained from the rescaled
profiles that best fit, respectively, the distribution of RHB and BHB stars
(diamonds and asterisks with error-bars, respectively) in Scl. The Galactic
stellar contamination has been subtracted from each point.

defining an elliptical annulus (distance bin), is:
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NT
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2(σ2+σ2
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)

!

2π(σ2 + σ2
i )

. (1)

NMW and N are the expected number of MW and Scl RGB
stars in a distance bin (NT = NMW+N ). fMW is the velocity
distribution of MW stars, which we assume does not change
across the face of Scl, and is derived from the Besançon model
(Robin et al. 2003) selecting stars along the l.o.s. and with
magnitudes and colors similar to the Scl RGB stars. We as-
sume that the Scl velocity distribution is a Gaussian whose
peak velocity v and dispersion σ (the quantities we want to de-
rive) are allowed to vary with projected radius. We derive the
normalization factors,NMW/NT andN/NT directly from the
observed RGB surface density profile and relative foreground
density. To estimate the fraction of MW interlopers in the MR
and MP sub-samples we simply count how many stars with
velocities < vsys − 3σ (i.e. the non-membership region more
populated by foreground stars) are classified as MR and as
MP on the basis of their CaT derived [Fe/H] value. The like-
lihood of observing a set of velocities vi with i = 1, ..., N is
L(v1, ..., vN | v, σ) =

"N
i=1 P (vi). We maximize the likeli-

hood function in each distance bin and find the corresponding
best-fitting v(R) and σ(R). The errors are determined from
the intervals corresponding to 68.3% probability.
The kinematics of the Scl MR andMPRGB stars are clearly

different (Figure 3a,b): the l.o.s. velocity dispersion profile
of MR stars declines from ∼9 km s−1 in the center to ∼2
km s−1 at projected radius R = 0.5 deg, while MP stars are
kinematically hotter and exhibit a constant or mildly declining
velocity dispersion profile.

4.2. Predicted Velocity Dispersion Profile
The l.o.s. velocity dispersion predicted by the Jeans equa-

tion for a spherical system in absence of net-streaming mo-

FIG. 3.— l.o.s. velocity dispersion profile (squares with errorbars), from
rotation-subtracted GSR velocities, for the MR (a), MP (b) and all (c) RGB
stars in Scl. The lines show the best-fitting pseudo-isothermal sphere (solid)
and NFW model (dashed) in the hypothesis of β = βOM. Panel c) shows
that the best-fitting pseudo-isothermal sphere with β = βOM (solid) and the
NFW model with β =const (dashed) are statistically indistinguishable.

tions8 is (Binney & Mamon 1982):

σ2
los(R) =

2

Σ∗(R)

# ∞

R

ρ∗(r)σ2
r,∗ r

√
r2 − R2

(1 − β
R2

r2
)dr (2)

where R is the projected radius (on the sky), r is the 3D
radius. The l.o.s. velocity dispersion depends on: the mass
surface density Σ∗(R) and mass density ρ∗(r) of the tracer,
which in our case are the MR and the MP RGB stars; the
tracer velocity anisotropy β, defined as β = 1− σ2

θ/σ2
r , which

we allow to be different for MR and MP stars; the radial ve-
locity dispersion σr,∗ for the specific component, which de-
pends on the total mass distribution (for the general solution
see Battaglia et al. 2005).
We consider two DM mass models: a pseudo-isothermal

sphere, typically cored, (see Battaglia et al. 2005), and an
NFW profile, cusped (Navarro, Frenk & White 1996). Since
the contribution of the stars to the total mass of the sys-
tem is negligible for reasonable stellar M/L ratios, we do
not consider it further. As β is unknown we explore two
hypotheses: a velocity anisotropy constant with radius, and
an Osipkov-Merritt (OM) velocity anisotropy (Osipkov 1979;
Merritt 1985). For the latter profile, the velocity anisotropy
is β = r2/(r2 + r2

a) where ra is the anisotropy radius.

4.3. Results from the Two-Components Mass Modeling
We explore a range of core radii rc for the pseudo-

isothermal sphere (rc = 0.001, 0.05, 0.1, 0.5, 1 kpc) and
a range of concentrations c for the NFW profile (c =
20, 25, 30, 35). By fixing these, each mass model has two
free parameters left: the anisotropy and the DM halo mass
(enclosed within the last measured point for the isothermal
8 We checked that the assumptions of sphericity and absence of streaming

motions have a negligible effect on the results: the observed l.o.s. velocity
dispersion profiles derived adopting circular distance bins and not subtract-
ing rotation are consistent at the 1σ level in each bin with the observed l.o.s.
velocity dispersion profile derived adopting elliptical binning and by subtract-
ing the observed rotation signal (see B07)
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ESO/WFI photometry (squares with error-bars) overlaid to the best-fitting
two component model (solid line) given by the sum of a Sersic (dotted line)
and Plummer (dashed line) profiles. These are obtained from the rescaled
profiles that best fit, respectively, the distribution of RHB and BHB stars
(diamonds and asterisks with error-bars, respectively) in Scl. The Galactic
stellar contamination has been subtracted from each point.
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NMW and N are the expected number of MW and Scl RGB
stars in a distance bin (NT = NMW+N ). fMW is the velocity
distribution of MW stars, which we assume does not change
across the face of Scl, and is derived from the Besançon model
(Robin et al. 2003) selecting stars along the l.o.s. and with
magnitudes and colors similar to the Scl RGB stars. We as-
sume that the Scl velocity distribution is a Gaussian whose
peak velocity v and dispersion σ (the quantities we want to de-
rive) are allowed to vary with projected radius. We derive the
normalization factors,NMW/NT andN/NT directly from the
observed RGB surface density profile and relative foreground
density. To estimate the fraction of MW interlopers in the MR
and MP sub-samples we simply count how many stars with
velocities < vsys − 3σ (i.e. the non-membership region more
populated by foreground stars) are classified as MR and as
MP on the basis of their CaT derived [Fe/H] value. The like-
lihood of observing a set of velocities vi with i = 1, ..., N is
L(v1, ..., vN | v, σ) =

"N
i=1 P (vi). We maximize the likeli-

hood function in each distance bin and find the corresponding
best-fitting v(R) and σ(R). The errors are determined from
the intervals corresponding to 68.3% probability.
The kinematics of the Scl MR andMPRGB stars are clearly

different (Figure 3a,b): the l.o.s. velocity dispersion profile
of MR stars declines from ∼9 km s−1 in the center to ∼2
km s−1 at projected radius R = 0.5 deg, while MP stars are
kinematically hotter and exhibit a constant or mildly declining
velocity dispersion profile.

4.2. Predicted Velocity Dispersion Profile
The l.o.s. velocity dispersion predicted by the Jeans equa-

tion for a spherical system in absence of net-streaming mo-

FIG. 3.— l.o.s. velocity dispersion profile (squares with errorbars), from
rotation-subtracted GSR velocities, for the MR (a), MP (b) and all (c) RGB
stars in Scl. The lines show the best-fitting pseudo-isothermal sphere (solid)
and NFW model (dashed) in the hypothesis of β = βOM. Panel c) shows
that the best-fitting pseudo-isothermal sphere with β = βOM (solid) and the
NFW model with β =const (dashed) are statistically indistinguishable.
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where R is the projected radius (on the sky), r is the 3D
radius. The l.o.s. velocity dispersion depends on: the mass
surface density Σ∗(R) and mass density ρ∗(r) of the tracer,
which in our case are the MR and the MP RGB stars; the
tracer velocity anisotropy β, defined as β = 1− σ2

θ/σ2
r , which

we allow to be different for MR and MP stars; the radial ve-
locity dispersion σr,∗ for the specific component, which de-
pends on the total mass distribution (for the general solution
see Battaglia et al. 2005).
We consider two DM mass models: a pseudo-isothermal

sphere, typically cored, (see Battaglia et al. 2005), and an
NFW profile, cusped (Navarro, Frenk & White 1996). Since
the contribution of the stars to the total mass of the sys-
tem is negligible for reasonable stellar M/L ratios, we do
not consider it further. As β is unknown we explore two
hypotheses: a velocity anisotropy constant with radius, and
an Osipkov-Merritt (OM) velocity anisotropy (Osipkov 1979;
Merritt 1985). For the latter profile, the velocity anisotropy
is β = r2/(r2 + r2

a) where ra is the anisotropy radius.

4.3. Results from the Two-Components Mass Modeling
We explore a range of core radii rc for the pseudo-

isothermal sphere (rc = 0.001, 0.05, 0.1, 0.5, 1 kpc) and
a range of concentrations c for the NFW profile (c =
20, 25, 30, 35). By fixing these, each mass model has two
free parameters left: the anisotropy and the DM halo mass
(enclosed within the last measured point for the isothermal
8 We checked that the assumptions of sphericity and absence of streaming

motions have a negligible effect on the results: the observed l.o.s. velocity
dispersion profiles derived adopting circular distance bins and not subtract-
ing rotation are consistent at the 1σ level in each bin with the observed l.o.s.
velocity dispersion profile derived adopting elliptical binning and by subtract-
ing the observed rotation signal (see B07)

Metal Rich (MR) and Metal Poor (MP) population 
[Battaglia et al 2008]



• Walker & Penarrubia (ApJ 2011) find that multiple populations are 
inconsistent with an NFW profile

Multiple populations in Sculptor dwarf spheroidal

Mass estimators may be used to determine dark matter masses within 
half-light radii of galaxies [Walker et al. 2009, Wolf et al. 2009] 



• Walker & Penarrubia (ApJ 
2011) find that multiple 
populations are inconsistent with 
an NFW profile

• Agnello & Evans (ApJ 
2012) use projected virial 
theorem to rule out NFW 
profile

A Virial Core in Sculptor 3

Figure 1. Left: Virial stripes for the two stellar populations in Sculptor in a cusped NFW potential, including the self-gravity of the stellar
populations (Υ⋆ = 8). Purple shows the metal-rich population, blue the metal-poor population. In each stripe, the central line is the mean value
of log10(ρ0), whilst the median and outer lines follow the 1σ and 2σ deviations. Center and Right: Virial stripes for the two stellar populations
in a NFW potential with small core, without (Υ⋆ = 0) and with (Υ⋆ = 8) self-gravity.

ϵ = rc/rs rs [in kpc] rs [in kpc] rs [in kpc]
(Υ⋆ → 0) (Υ⋆ = 4) (Υ⋆ = 8)

1 0.72 1.06 1.23
0.5 0.94 1.40 1.54
0.25 1.2 1.92 2.20
0.125 1.6 2.88 3.28
0.0625 2.4 4.48 4.96

Table 1
Minimum rs for two-sigma overlapping of the virial stripes.

Hence, a necessary condition for a NFW halo to support two
stellar populations with Plummer profiles is

!

σ0,r

σ0,p

"2

> 2
!

Rh,r
Rh,p

"

. (14)

This is identical to eq (22) of Amorisco & Evans (2012a),
derived under different assumptions. If, instead of Plummer
profiles, exponential laws are used to fit the surface brightness
profiles, then the numerical factor becomes 1.9 instead of 2 in
eqn (11). The analogue of eqn (13) is unchanged, so that the
necessary condition for an NFW halo to support two stellar
populations with exponential surface brightness profiles is

!

σ0,r

σ0,p

"2

> 1.9
!

Rh,r
Rh,p

"

. (15)

Using the best-fitting values provided above for Sculptor, it is
immediate to check that the NFW potential is ruled out. Note
that the constraints are simply the requirement that there is a
NFW model with rs < ∞. This is a much looser constraint
than requiring consistency with an NFW model with a con-
centration c ≈ 20, as predicted by cold dark matter theories.

3.2. The Virial Stripes
The simple results already suggest that the energetics of the

two populations are inconsistent with an NFW profile. How-
ever, it is prudent to confirm this result numerically, discard-
ing some of the simplifying assumptions made above.
Since the measured profiles come with errors, we operate

in the following manner. For each value of rs, we compute ρ0
separately for the two populations for many different photo-
metric (8) and kinematic (9) profiles. We weight each result
with the likelihood of the fit. Then, varying rs produces a
virial stripe for each population in the (ρ0, rs)-plane. If the
two stripes overlap at 2σ at a particular rs, then the model for
the potential is plausible at the 2σ level. Nothing prevents us
from including the contribution of the luminous tracers to the
potential as well. The virial equations then depend also on

the stellar mass-to-light ratio Υ⋆, which may be different for
the two populations. The projected potential energy Wlos has
a contributionWdm from the dark component and a correction
Wsel f from the two luminous ones. For Plummer profiles, we
have for the i−th population:

Wsel f ,i = π
2Gµ0,iRh,i

#

j
Υ⋆, jµ0, jR2h, jw

$

Rh,i/Rh, j
%

, (16)

with

w(x) =
x3

&

(5x2 + 3)K(1 − x2) − (x2 + 7)E(1 − x2)
'

3(1 − x2)3
, (17)

where K,E are complete elliptic integrals and Υ⋆, j is the lu-
minous mass-to-light ratio of the j−th population. As the µ0, j
are given by number counts and not directly by luminosities,
a common rescaling is applied to both populations such that
the total luminosity is fixed at the observed value (taken from
table 6 in Irwin & Hatzidimitriou 1995).
The leftmost panel of Figure 1 shows the virial stripes for

the two populations in Sculptor, excluding and including the
effects of the self-gravity for the luminous component. The
two stripes never overlap at the 2σ level. This confirms the
result deduced from our simple argument in the previous sec-
tion: there is no NFW halo compatible with the kinetic ener-
gies of the two stellar components in Sculptor. The center and
rightmost panels of Figure 1 show the virial stripes when the
dark halo density is the simplest cored analogue of the NFW
halo, namely

cNFW = ρ0

(ϵ2 + r2/r2s )1/2(1 + r2/r2s )
. (18)

In this case, the stripes do overlap at the 2σ level provided the
core radius rc ≡ rsϵ is at least 150 pc, if the self-gravity of
the stellar populations is neglected. Incorporating self-gravity
causes the core radius to increase somewhat, as we see in
Table 1. This shows how the minimum rs for 2σ overlap
varies with changing Υ⋆ for different models. The first col-
umn (Υ⋆ → 0) stands for models in which the self-gravity of
the stars is omitted. Since both half-light radii are smaller or
equal to rs in the dark matter only case, adding self-gravity is
expected to yield larger cores, as in fact is confirmed by the
results in the Table.

4. DISCUSSION AND CONCLUSIONS
The arguments in this Letter show that the kinematics of

multiple populations in dSphs provide a substantial challenge
to the predictions of cold dark matter cosmogonies. In the
case of one of the best studied dSphs, Sculptor, there is no
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Mass estimators may be used to determine dark matter masses within 
half-light radii of galaxies [Walker et al. 2009, Wolf et al. 2009] 



Multiple populations in Sculptor dwarf spheroidal

Do the multiple stellar populations in the Sculptor dwarf spheroidal rule out cold dark matter? 3

Log10 [ρs (Mo kpc−3)]

L
o
g

1
0
 [
r s

 (
k
p
c
)]

 0.68 
 0.9 

7.0 7.5 8.0 8.5 9.0

−1.0

−0.5

0.0

0.5

1.0

Log10 [M200 (Mo)]

 V
m

a
x
 (
k
m

/
s
)

 0.68 

 0.9 

7 8 9

10

15

20

25

30

35

40

Figure 1. 68% c.l. and 90% c.l. contours for (ρs, rs) (left) and (M200 −Vmax) (right) from an analysis that fits to both the photometry
and the kinematics of the different populations. For both the MR and MP population, we use the velocity anisotropy profile of the form
Equation 3.
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Figure 3. Upper panels: From left to right, the photometry of the MP, MR populations, and the velocity dispersions of the populations for
the set of parameters that maximize the likelihood. In the velocity dispersion figure, the upper data and curve is for the MP population,
and the bottom data and curve is for the MR population. The parameters for these curves are given above the horizontal line in Table 1.
Lower panels: Same as upper three panels, except now assume the variable β(r) model in Equation 3. The parameters of the curves are
given below the horizontal line in Table 1. The data is from (Battaglia et al. 2008)
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•Distribution function model separable in energy and angular momentum 

•Parameters of model control stellar distribution and velocity anisotropy 

Strigari, Frenk, White, 2014



Comparison to predictions of LCDM simulations

Consistent with Vmax in the 
range 20-35 km/s.
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Orbit-based modeling for two populations

First orbit-based models in the context of 
multiple populations [Breddels & Helmi 2014]
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Lessons learned from multiple populations

From modeling perspective: Be careful about assumptions.  
!
Stellar dynamics is complicated!

From statistical perspective: Be careful about question that is being asked:  
Are we comparing models to one another, or trying to exclude a model. 



• No conclusive evidence ruling out NFW models

Take away message for dSphs 

• In this future, we’ll have more radial velocities and stellar proper 
motions

• Probably gone about as far as we can go with spherically-symmetric 
models

• Simplest models give maximum circular velocities in the range 
of 20-35 km/s. Still substantial uncertainties, though. 



• First comparisons of HI rotation curves with CDM simulations 
[Moore 1994; Flores & Primack 1994] 

Low Surface Brightness (LSB) Galaxies

• LSBs are late-type, gas-rich, dark matter-dominated disk galaxies 
[see review by de Blok et al. 2010]

• HI and Halpha results hinted at cored (non NFW) profiles. But 2 
systematics:  
  
 1. Pointing problems 
!

 2. Non-circular motions 
 



• THINGS survey observes HI gas in LSBs and obtain a mean 
slope of 0.29 \pm 0.07 for (Oh et al. ApJ 2011)

Low Surface Brightness Galaxies

• Most systematics mitigated with 2D rotation curves from Integral 
Field Unit (IFU) spectrographs 

• Kinematics as measured from Gas and Stars can give different 
slopes. Stars: 0.67 \pm 0.10; Gas: 0.58 \pm 0.24 (Adams et al. 2014)



Galaxy clusters

• Several observational tools: Strong and weak gravitational lensing, 
X-ray emission, stellar kinematics 

• Measurement of clusters at z = 0.2-0.3 find that the total density 
profile (stars + dark matter) is consistent with NFW model

• However dark matter profiles are shallower than NFW: average 
inner slope is about 0.5 \pm 0.2 (Newman, Treu, Ellis, Sand et al. 2013)



Brighter 
galaxies

A population of missing massive satellites?

✦ Cold dark matter predicts dozens 
of ‘dark’ satellites more massive 
than the dwarf spheroidals  
(‘Too big to fail problem’)

Strigari et al. Nature 2008;  
Boylan-Kolchin et al. MNRAS 2011

✦ Possible solutions: 
1) New dark matter physics 
2) ‘Pesky’ baryons 
3) Observational systematics

Luminosity-mass mapping
Inhomogeneous Reionization and Satellites Galaxies 3

vast majority of the ∼ 2500 potential satellite galaxies; for
these low-mass halos, all star formation must happen before
zreion. With this in mind, we can define a subhalo as being a
satellite galaxy using a two parameter model: A subhalo must
grow to a threshold mass, Mt, above which HI cooling will
allow star formation, before the host halo reionizes at zreion in
order to host a satellite.
While we demonstrate the effects of varying both param-

eters in the next section, the work of Abel et al. (2002) uses
high resolution AMR simulations to model the formation of

the first stars and indicates that we anticipate Mt ≈ 106 −

107h−1M⊙. It is important to note that this process of hy-
drogen cooling simply defines a minimum mass of the pop-
ulation of the dark matter subhalos that could host satellite
galaxies. However, this work predicts the stars forming in
these halos to be very massive and short–lived. As such
these very first star forming halos cannot be the direct pro-
genitors of Milky Way satellites, which are observed to be
metal-enriched objects with stars presumably of masses less
than a solar mass. More relevant here are the calculations of
Wise & Abel (2008), who followed the build up of halos up
to the masses when they start cooling via Lyman-alpha from
neutral hydrogen. They included the radiative as well as the
supernova feedback from the first generation of massive stars.
The short-lived sources keep ionizing the baryonic material
in the halos they form in, as well as their surroundings. How-
ever, as they turn off, material can cool again and repopulate
the dark matter halos. So while the baryon fraction (Fig. 4 in
Wise & Abel 2008) fluctuates and decreases at times to as lit-
tle as 10%, star formation can continue as long as no sustained
external UV flux sterilizes the halo. The latter case severely
limits star formation and has been discussed many time in the
literature (e.g., Babul & Rees 1992; Thoul & Weinberg 1996;
Kepner et al. 1999; Dijkstra et al. 2004). It seems clear then
from the limited guidance we have from numerical simula-
tions that most Milky Way satellite halo progenitors experi-
encedmost of their star formation before they are permanently
ionized.
Once we have identified satellite galaxies in the simula-

tion, we must assign magnitudes to them in order to make
direct comparisons with observations and to account for ob-
servational completeness effects. This is done using two
methods. First, we use a halo abundance matching method
(Kravtsov et al. 2004a; Blanton et al. 2008). Here, luminosi-
ties are assigned to halos by assuming a one-to-one corre-
spondence between n(< MV ), the observed number density
of galaxies brighter than Mv, with n(> vmax), the number
density of simulated halos with maximum circular veloci-
ties larger than vmax. For the distribution of magnitudes, we
use the double-Schechter fit of Blanton et al. (2005) for low
luminosity SDSS galaxies in the g− and r−bands down to
Mr = −12.375. The vmax values are taken from the halo catalog
of a 160 Mpc/h simulation complete down to vmax ≈ 90km/s.
In order to extrapolate this to lower circular velocities, we
calculate a power-law fit to the low end of the dn/dvmax func-
tion. The resulting correspondence is shown in Figure 1 for
the r−, g−, andV−bands (red, green, and black curves). TheV
band magnitudes are calculated using the transformationV =
g − 0.55(g− r) − 0.03 from Smith et al. (2002). This method
implicitly assumes that all galaxies have average color. Since
the data from Blanton et al. (2005) is not deep enough to map
onto the dwarf galaxy distribution, we use a power law to ex-
trapolate the MV (vmax) relation to lower magnitudes. For the
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FIG. 1.— The relationship between magnitude and vmax for the r−, g−, and
V− bands using abundance matching (solid red, green and black lines). The
dashed lines show power law fits to the low-luminosity end.

V−band, we get

MV −5log(h) = 18.2−2.5log

!

" vmax

1km/s

#7.1
$

. (1)

When selecting the appropriate vmax for assigning a luminos-
ity, we follow the method of Conroy et al. (2006) and choose
the peak vmax over the trajectory of the subhalo for subhalos

that eventually cross the 105K post-reionization star forming
threshold. For subhalos that never reach this threshold, we use
the value of vmax at zreion. In both cases, this then corresponds
roughly to the mass the halo had at the redshift they stopped
rapidly forming stars.
The appeal of this method is that we are able to ignore

much of the poorly understood (and poorly simulated) physics
of galaxy formation using a statistical method that has been
shown to, on average, reproduce a wide variety of observ-
able properties for moremassive galaxies (Conroy et al. 2006;
Conroy & Wechsler 2009), as well as some properties of
dwarf galaxies down to vmax ∼ 50km/s (Blanton et al. 2008).
It is still unclear how this method will fare at lower masses;
it must break down for small halos once they no longer host
one galaxy on average. If this transition is sharp, however,
it may be a reasonable approximation for most of the mass
range where halos host galaxies.
As a second approach for assigning magnitudes, we use a

toy model to predict the star formation rate and stellar mass
of a satellite combined with the stellar population synthesis
(SPS) code of Bruzual & Charlot (2003)3. Here, we again as-
sume that star formation begins when the satellite first crosses
the mass threshold, Mt, and ends at the reionization time,
zreion. During this period, the star formation rate is set by the
dark matter mass of the subhalo,

SFR =

%

ϵ
"

fcoldgas
MDM

1 M⊙

#α

ifMDM >Mt, z> zreion

0 otherwise
(2)

where fcoldgas is the fraction of cold gas in the halo, and
α and ϵ are free parameters. This is similar to model 1B
of Koposov et al. (2009), with a couple of key differences.
First, we impose a hard truncation of star formation at the
epoch of reionization, something they only consider using

3 http://www.cida.ve/ bruzual/bc2003
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Warm dark matter simulations

Satellite Galaxies in WDM 5

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square
of the density, and hue the projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high
velocity dispersion). Each box is 1.5 Mpc on a side. Note the sharp caustics visible at large radii in the WDM image, several of which
are also present, although less well defined, in the CDM case.
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Figure 4. The correlation between subhalo maximum circular
velocity and the radius at which this maximum occurs. Sub-
haloes lying within 300kpc of the main halo centre are in-
cluded. The 12 CDM and WDM subhaloes with the most mas-
sive progenitors are shown as blue and red filled circles respec-
tively; the remaining subhaloes are shown as empty circles. The
shaded area represents the 2σ confidence region for possible hosts
of the 9 bright Milky Way dwarf spheroidals determined by
Boylan-Kolchin et al. (2011).

the same radii in the simulated subhaloes. To provide a fair
comparison we must choose the simulated subhaloes that
are most likely to correspond to those that host the 9 bright
dwarf spheroidals in the Milky Way. As stripping of sub-
haloes preferentially removes dark matter relative to the
more centrally concentrated stellar component, we choose to

associate final satellite luminosity with the maximum pro-
genitor mass for each surviving subhalo. This is essentially
the mass of the object as it falls into the main halo. The
smallest subhalo in each of our samples has an infall mass
of 3.2 × 109M⊙ in the WDM case, and 6.0 × 109M⊙ in the
CDM case.

The LMC, SMC and the Sagittarius dwarf are all
more luminous than the 9 dwarf spheroidals considered by
Boylan-Kolchin et al. (2011) and by us. As noted above, the
Milky Way is exceptional in hosting galaxies as bright as
the Magellanic Clouds, while Sagittarius is in the process of
being disrupted so its current mass is difficult to estimate.
Boylan-Kolchin et al. hypothesize that these three galaxies
all have values of Vmax > 60kms−1 at infall and exclude sim-
ulated subhaloes that have these values at infall as well as
Vmax > 40kms−1 at the present day from their analysis. In
what follows, we retain all subhaloes but, where appropri-
ate, we highlight those that might host large satellites akin
to the Magellanic Clouds and Sagittarius.

The circular velocity curves at z = 0 for the 12 sub-
haloes which had the most massive progenitors at infall are
shown in Fig. 5 for both WDM and CDM. The circular
velocities within the half-light radius of the 9 satellites mea-
sured by Wolf et al. (2010) are also plotted as symbols. Leo-
II has the smallest half-light radius, ∼ 200pc. To compare
the satellite data with the simulations we must first check
the convergence of the simulated subhalo masses within at
least this radius. We find that the median of the ratio of the
mass within 200pc in the Aq-W2 and Aq-W3 simulations is
W 2/W 3 ∼ 1.22, i.e., the mass within 200pc in the Aq-W2
simulation has converged to better than ∼ 22%.

As can be inferred from Fig. 5, the WDM subhaloes
have similar central masses to the observed satellite galax-

c⃝ 2011 RAS, MNRAS 000, ??–8

Satellite Galaxies in WDM 5

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square
of the density, and hue the projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high
velocity dispersion). Each box is 1.5 Mpc on a side. Note the sharp caustics visible at large radii in the WDM image, several of which
are also present, although less well defined, in the CDM case.
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Figure 4. The correlation between subhalo maximum circular
velocity and the radius at which this maximum occurs. Sub-
haloes lying within 300kpc of the main halo centre are in-
cluded. The 12 CDM and WDM subhaloes with the most mas-
sive progenitors are shown as blue and red filled circles respec-
tively; the remaining subhaloes are shown as empty circles. The
shaded area represents the 2σ confidence region for possible hosts
of the 9 bright Milky Way dwarf spheroidals determined by
Boylan-Kolchin et al. (2011).

the same radii in the simulated subhaloes. To provide a fair
comparison we must choose the simulated subhaloes that
are most likely to correspond to those that host the 9 bright
dwarf spheroidals in the Milky Way. As stripping of sub-
haloes preferentially removes dark matter relative to the
more centrally concentrated stellar component, we choose to

associate final satellite luminosity with the maximum pro-
genitor mass for each surviving subhalo. This is essentially
the mass of the object as it falls into the main halo. The
smallest subhalo in each of our samples has an infall mass
of 3.2 × 109M⊙ in the WDM case, and 6.0 × 109M⊙ in the
CDM case.

The LMC, SMC and the Sagittarius dwarf are all
more luminous than the 9 dwarf spheroidals considered by
Boylan-Kolchin et al. (2011) and by us. As noted above, the
Milky Way is exceptional in hosting galaxies as bright as
the Magellanic Clouds, while Sagittarius is in the process of
being disrupted so its current mass is difficult to estimate.
Boylan-Kolchin et al. hypothesize that these three galaxies
all have values of Vmax > 60kms−1 at infall and exclude sim-
ulated subhaloes that have these values at infall as well as
Vmax > 40kms−1 at the present day from their analysis. In
what follows, we retain all subhaloes but, where appropri-
ate, we highlight those that might host large satellites akin
to the Magellanic Clouds and Sagittarius.

The circular velocity curves at z = 0 for the 12 sub-
haloes which had the most massive progenitors at infall are
shown in Fig. 5 for both WDM and CDM. The circular
velocities within the half-light radius of the 9 satellites mea-
sured by Wolf et al. (2010) are also plotted as symbols. Leo-
II has the smallest half-light radius, ∼ 200pc. To compare
the satellite data with the simulations we must first check
the convergence of the simulated subhalo masses within at
least this radius. We find that the median of the ratio of the
mass within 200pc in the Aq-W2 and Aq-W3 simulations is
W 2/W 3 ∼ 1.22, i.e., the mass within 200pc in the Aq-W2
simulation has converged to better than ∼ 22%.

As can be inferred from Fig. 5, the WDM subhaloes
have similar central masses to the observed satellite galax-
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Lovell et al 2011



Decaying dark matter simulations

Cold dark matter Decaying dark matter

Mei-Yu Wang et al 2014



Self-interacting dark matter simulations

✦ Simulations show halos, subhalos 
less dense, more spherical than cold 
dark matter

6 M. Vogelsberger et al.

Figure 3. Density projections of the Aq-A halo for the different DM models of Table 1 (RefP0-3). The projection cube has a side length of 270 kpc. Clearly,
the disfavoured RefP1 model with a large constant cross section produces a very different density distribution with a spherical core in the centre, contrary to
the elliptical and cuspy CDM halo. Also, substructures are less dense and more spherical in this simulation. The vdSIDM models RefP2 and RefP3 on the
other hand can hardly be distinguished from the CDM case (RefP0).

for the different models. whereas the right panel shows the mean
free path � = (⇢ h�

T

/m

�

i)�1 as a function of radius for the SIDM
models. The dotted, dashed and solid lines show different levels
of resolution, characterised by a particle mass m

p

and a Plummer
equivalent gravitational softening length ✏: Aq-A-5 (m

p

= 3.143⇥
106 M�, ✏ = 684.9 pc), Aq-A-4 (m

p

= 3.929 ⇥ 105 M�, ✏ =
342.5 pc) and Aq-A-3 (m

p

= 4.911⇥104 M�, ✏ = 120.5 pc). The
runs show good convergence for radii larger than 2.8✏ indicated by
the vertical lines.

In the figure we see that RefP1 develops a large core reach-
ing the solar circle (⇠ 7 kpc). This is because the cross section
has no velocity dependence in this case and the particle scattering

works at full strength irrespective of (sub)halo mass. Although this
case is ruled out by current astrophysical constraints (see Section
2.1), it serves as a reference for the effect of a large scattering cross
section at the scales of MW-like haloes in a full cosmological sim-
ulation. On the contrary, RefP2 and RefP3 result in a main halo
whose density profile follows very closely the one from the CDM
prediction of RefP0 down to 1 kpc from the centre. At smaller radii,
where the typical particle velocities are smaller, self-interaction is
large enough to produce a core. The mean free path radial profile
clearly illustrates the radius where collisions are more important
for the different SIDM models, which is around the core radius. It
also highlights the difference between the RefP2 and RefP3 mod-

© 2012 RAS, MNRAS 000, 1–14

Vogelsberger et al 2012

✦ Canonical WIMP model: 
Interaction rate in Milky Way 1013 
times greater than age of 
Universe!

✦ Upper bounds 20 orders of 
magnitude greater than 
corresponding WIMP cross section

✦ Models with `dark’ photons 



• Cosmological model is correct. It’s just the baryons! [e.g Wadepuhl & 
Springel MNRAS 2011; Parry et al. MRNAS 2011; Pontzen & Governato MRNAS 2012; Brooks 
et al. ApJ 2012]

 Non-dark matter ways out

• Is Milky Way galaxy an odd ball? [e.g. Liu et al. 2010, Tollerud et al. 2011, Guo et 
al. 2011, Strigari & Wechsler ApJ 2012, Nierenberg et al. 2013]

• Maybe we don’t know circular velocities of dSph dark matter halos 
after all (e.g. Stoehr et al. 2002)

Solutions to satellites issues: Redux

• Is our estimate of Milky Way-mass wrong? [e.g. Wang et al. 2013]



Counting satellites, at home and abroad



Too big to Fail in large scale context 

• At the moment we are comparing a handful of theories (simulations) 
to one, maybe two, data points (MW and M31). 

• We don’t have any idea on a large scale of how representative the 
Milky Way galaxies is in terms of its populations of satellites

• It’s difficult to count satellites around other ``Milky Ways”, because 
the satellites are faint and systematic issues 



Dwarf spheroidals around other ‘Milky Ways’

✦ Going fainter difficult because 
unreliable distances to 
satellites 

✦ However it is the most 
important regime for the 
satellite abundance issue

Faintest satellites in SDSS

•Very few systems with spectra 
for Fornax-like satellites

•About 1,000 systems with 
photometric redshifts for Fornax-
like satellites 

✦ Can only use bright, nearby 
‘Milky Ways’

• About 5% of ‘Milky Ways’ have 
‘Magellanic Clouds’ [Liu et al. 2010, Lares 
et al. 2011; James & Ivory 2011; Tollerud et al. 
2011; Guo et al. 2011; Robotham et al. 2012]



Dwarf spheroidals around other ‘Milky Ways’
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Satellites of other ‘Milky Ways’

Cosmic Abundance of Classical Satellites

6 Strigari and Wechsler
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Figure 2. Left: Mean number of satellites brighter than ∆m magnitudes fainter than the primary galaxy, assuming primaries within
±0.25 magnitudes of the Milky Way. Blue diamonds are determined from the spectroscopic sample of satellites (method 1), black squares
from the photometric sample (method 3). The solid errors are the uncertainty on the mean, the thin, dashed errors are the intrinsic scatter
(σs from Eq. 3). The arrows indicate 90% c.l. upper limits. The red triangles indicate the Milky Way satellites. Right: Same as left, except
for primaries within ±0.25 magnitudes of M31.

MW-like primaries and ∆m = [4, 5], we find a mean in-
trinsic scatter of σs = [0.56±0.04, 0.89±0.19], where the
errors represent one-sigma uncertainties as above. The
best-fitting values for σs are shown as thin, dashed er-
ror bars in Fig. 2 for ∆m ≤ 7. Via the method out-
lined in Liu et al. (2011), we are also able to estimate
the full probability distribution down to ∆m = 5; here
we find that the probability to obtain [0, 1, 2, 3] satel-
lites with ∆m < 5 is [0.59, 0.25, 0.11, 0.03, 0.02]. Down
to fainter magnitudes, the spectroscopic sample is too
sparse to measure the full satellite probability distribu-
tion. These results indicate that there is still substantial
intrinsic scatter in the satellite population, even at the
brightest scales.

5. COMPARISON TO PREVIOUS RESULTS

There have been several recent analyses on the pop-
ulation of bright satellites around MW-analog galaxies
along the lines presented in this paper. It is instructive
to compare the results presented here to these previous
analyses.

Guo et al. (2011) used SDSS DR7 to construct the lu-
minosity function of satellites down to the magnitude
scale of Fornax, correcting for the incompleteness of
SDSS. These authors used best-fitting photometric red-
shifts from DR7 to eliminate obvious background galax-
ies. Our analysis differs from these authors in that we
utilize both DR8 imaging and a maximum likelihood
method that incorporates full photometric redshift prob-
ability distributions. We also directly quantify the bias
in abundance counts for faint satellites that is incurred
when utilizing available photometric redshifts. Via some-
what different methods for cutting background galaxies,
Lares et al. (2011) use DR7 data to obtain a mean num-
ber of satellites down to the magnitude of Sagittarius for
projected radii ! 100 kpc. As we discuss above, we have

verified that our results are consistent with these authors
over the radial range considered, and further that we do
not incur a significant bias by including galaxies within
projected radii < 100 kpc. Tollerud et al. (2011) utilize
the DR7 volume-limited spectroscopic sample and find
that ∼ 40% of MW-analogs have satellites brighter than
the LMC within 250 kpc. James & Ivory (2011) use Hα
narrow band imaging to search for start forming galax-
ies around 143 spiral galaxies like the MW, and find that
nearly two-thirds do not have satellites that resemble the
Magellanic Clouds. These latter two results are consis-
tent with the spectroscopic results that we present for
bright satellites.

6. DISCUSSION AND CONCLUSION

We have used DR8 photometric redshift data to limit
the mean number of satellites around MW-analog galax-
ies down to ten magnitudes fainter than the MW. At
least down to the scale of Sagittarius, the results indi-
cate that the MW is not a significant statistical outlier
in its number of bright, classical satellites.
Our 90% c.l. upper bound of " 13 satellites brighter

than the Fornax dSph already places a strict bound on
the efficiency of galaxy formation at the dSph luminos-
ity scale. This is particularly true considering that there
are anywhere from ∼ 25 − 75 dark matter subhalos in
the Aquarius simulations (Springel et al. 2008) that have
present-day circular velocities greater than that of For-
nax. However, it is very interesting to note that the ob-
servational result we present is perfectly consistent with
abundance matching extrapolations for the satellite lu-
minosity function, which predict ∼ 1.2, 1.7 satellites for
magnitude differences ∆m = 7, 10 (Busha et al. 2011).
This does not guarentee that such models will have the
correct velocity function; in fact it appears increasingly
difficult to simultaneously match both the luminosities

Strigari & Wechsler ApJ  2012
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Figure 2. Left: Mean number of satellites brighter than ∆m magnitudes fainter than the primary galaxy, assuming primaries within
±0.25 magnitudes of the Milky Way. Blue diamonds are determined from the spectroscopic sample of satellites (method 1), black squares
from the photometric sample (method 3). The solid errors are the uncertainty on the mean, the thin, dashed errors are the intrinsic scatter
(σs from Eq. 3). The arrows indicate 90% c.l. upper limits. The red triangles indicate the Milky Way satellites. Right: Same as left, except
for primaries within ±0.25 magnitudes of M31.

MW-like primaries and ∆m = [4, 5], we find a mean in-
trinsic scatter of σs = [0.56±0.04, 0.89±0.19], where the
errors represent one-sigma uncertainties as above. The
best-fitting values for σs are shown as thin, dashed er-
ror bars in Fig. 2 for ∆m ≤ 7. Via the method out-
lined in Liu et al. (2011), we are also able to estimate
the full probability distribution down to ∆m = 5; here
we find that the probability to obtain [0, 1, 2, 3] satel-
lites with ∆m < 5 is [0.59, 0.25, 0.11, 0.03, 0.02]. Down
to fainter magnitudes, the spectroscopic sample is too
sparse to measure the full satellite probability distribu-
tion. These results indicate that there is still substantial
intrinsic scatter in the satellite population, even at the
brightest scales.

5. COMPARISON TO PREVIOUS RESULTS

There have been several recent analyses on the pop-
ulation of bright satellites around MW-analog galaxies
along the lines presented in this paper. It is instructive
to compare the results presented here to these previous
analyses.

Guo et al. (2011) used SDSS DR7 to construct the lu-
minosity function of satellites down to the magnitude
scale of Fornax, correcting for the incompleteness of
SDSS. These authors used best-fitting photometric red-
shifts from DR7 to eliminate obvious background galax-
ies. Our analysis differs from these authors in that we
utilize both DR8 imaging and a maximum likelihood
method that incorporates full photometric redshift prob-
ability distributions. We also directly quantify the bias
in abundance counts for faint satellites that is incurred
when utilizing available photometric redshifts. Via some-
what different methods for cutting background galaxies,
Lares et al. (2011) use DR7 data to obtain a mean num-
ber of satellites down to the magnitude of Sagittarius for
projected radii ! 100 kpc. As we discuss above, we have

verified that our results are consistent with these authors
over the radial range considered, and further that we do
not incur a significant bias by including galaxies within
projected radii < 100 kpc. Tollerud et al. (2011) utilize
the DR7 volume-limited spectroscopic sample and find
that ∼ 40% of MW-analogs have satellites brighter than
the LMC within 250 kpc. James & Ivory (2011) use Hα
narrow band imaging to search for start forming galax-
ies around 143 spiral galaxies like the MW, and find that
nearly two-thirds do not have satellites that resemble the
Magellanic Clouds. These latter two results are consis-
tent with the spectroscopic results that we present for
bright satellites.

6. DISCUSSION AND CONCLUSION

We have used DR8 photometric redshift data to limit
the mean number of satellites around MW-analog galax-
ies down to ten magnitudes fainter than the MW. At
least down to the scale of Sagittarius, the results indi-
cate that the MW is not a significant statistical outlier
in its number of bright, classical satellites.
Our 90% c.l. upper bound of " 13 satellites brighter

than the Fornax dSph already places a strict bound on
the efficiency of galaxy formation at the dSph luminos-
ity scale. This is particularly true considering that there
are anywhere from ∼ 25 − 75 dark matter subhalos in
the Aquarius simulations (Springel et al. 2008) that have
present-day circular velocities greater than that of For-
nax. However, it is very interesting to note that the ob-
servational result we present is perfectly consistent with
abundance matching extrapolations for the satellite lu-
minosity function, which predict ∼ 1.2, 1.7 satellites for
magnitude differences ∆m = 7, 10 (Busha et al. 2011).
This does not guarentee that such models will have the
correct velocity function; in fact it appears increasingly
difficult to simultaneously match both the luminosities
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• Down to limits of modern surveys, 
Milky Way is ‘normal’  
[Guo et al. MNRAS 2012; Strigari & Wechsler 
ApJ 2012]

• Significant improvement very soon 
with new larger scale surveys (GAMA, 
DES, LSST...)

• Is the solution to satellites issue 
likely due to incomplete theory?



Final remarks 

• What if anything are astronomical measurements telling us about 
the nature of dark matter? 

• A multi-faceted question 

• Can rule out extreme, simplified assumptions

• Hot and some warm dark matter 

• For many interesting candidates, we are in grey areas

• Progress requires embrace of astronomical issues 


