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Clusters of Galaxies to Satellite galaxies of 
the Milky Way

Trouble with estimated dark matter densities

Clusters: 10-50 kpc scales

Lower densities than predicted, Cores

Spiral galaxies: 0.5-5 kpc scales 

Classic core-cusp problem

MW satellites: 0.3-1 kpc scales

Massive subhalos in LCDM simulations of Milky Way: “Too big to fail?”

Dark matter cores in some satellites

SIDM: A possible solution to the observed reduced densities in the centers of halos
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Size-Mass relation in hierarchical structure 
formation
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Derived for Cold Dark Matter (CDM) but should hold for any 
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Plan for the talk

Summarize the issues on small scales related to comparison of densities 
predicted and observed.

``Look” at three generic solutions

Baryonic feedback with cold non-interacting dark matter (CDM)

Warm dark matter (WDM) with no significant feedback

Warm enough to affect structure formation

Self-interacting dark matter (SIDM) with no significant feedback

Interact with itself strongly enough to affect structure formation
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Clusters of galaxies

Newman et al 2012 

Massive clusters, with total mass in the 
vicinity of 1015 Msun.

Weak lensing, strong lensing, 
kinematics of stars in the central 
galaxy. 

``gNFW” density ∝ 1/r!(rs+r)3-!

``cNFW” density ∝ 1/(r+core)(rs+r)2

The Density Profiles of Galaxy Clusters: II. Separating Luminous and Dark Matter 7
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Fig. 5.— Correlation between the size of the BCG and the inner
DM profile. Top: Grey points show the total density slope �

tot

presented in Paper I; this is measured over r/r
200

= 0.003 � 0.03
and is not an asymptotic slope. The dashed horizontal line shows
the mean slope measured in CDM-only cluster simulations (Gao
et al. 2012b) over the same interval. Colored points denote the
asymptotic DM density slope � measured in the gNFW models.
Dotted lines show least-squares linear fits. The Spearman rank
correlation coe�cient ⇢ and the corresponding two-sided P

0

-value
are listed. Bottom: The core radii r

core

of the cNFW models are
shown, again indicating a correlation with Re.

We note that while the typical r
core

⇡ 14 kpc is small,
the cNFW profile turns over rather slowly at small radii.
Thus, while r

core

is the radius where the density falls to
half of the corresponding NFW profile, significant devi-
ations extend to r ' (3� 4)r

core

.
We can also ask whether there is evidence for intrinsic

variation in the inner DM profiles. This can be quan-
tified by assuming that the parent distributions of �
and log r

core

are Gaussian, and using the method de-
scribed in Section 3.1 to infer its dispersion. We find
some evidence for intrinsic scatter with �� = 0.22+0.15

�0.11

and �
log r

core

= 0.57+0.33
�0.21. Its statistical significance can

be assessed with the�P statistic (Equation 4): we derive
�P = 1.5 and 2.6 for � and log r

core

, respectively. This
indicates a ' 2� preference for the presence of intrinsic
scatter in the inner DM profile shape.
A possible physical origin of this scatter is illustrated

in Figure 5. Grey points in the top panel show the total

density slope �
tot

. As described in Paper I, these show
mild scatter around the mean slope measured in CDM-
only simulations (dashed line, Gao et al. 2012b) over the
same radial interval (r/r

200

= 0.003 � 0.03). Here we
see signs of a correlation with the size of the BCG, with
more extended BCGs corresponding to shallower total
slopes. The e↵ect on the DM slope (colored points) ap-
pears stronger: larger BCGs are hosted by clusters with
shallower DM slopes �, or equivalently larger core radii
r
core

(bottom panel). Such a correlation is necessary for
the dark and stellar mass to combine to a similar total
density profile. The significance can be assessed using
the Spearman rank correlation test. We find a probabil-
ities P

0

= 0.18 and 0.07 of obtaining an equally strong
correlation between Re and � or r

core

, respectively, in
the null hypothesis of uncorrelated data (see caption to
Figure 5).
Figure 5 shows that the mass profile in the cluster core

is closely connected to the build-up of stars in the BCG.
We return to this point in Section 6 and discuss physical
scenarios that can explain this. Although the correla-
tions with Re are most convincing, they are not unique:
we find correlations between � or r

core

and the stellar
mass or luminosity with nearly equal statistical signifi-
cance. There is no sign of a correlation with the virial
mass M

200

(⇢ = 0.11 and 0.04 for the gNFW and cNFW
models; see caption to Figure 5).7

We emphasize that it is preferable to compare directly
to the physical density profiles (Figure 3) when possi-
ble, rather than only marginalized distributions for �.
These results do not imply, for example, that a CDM
density profile should be modified simply by maintaining
the same rs and changing � = 1 to � = 0.5. Rather, rs
also shifts in our fits such that significant changes in ⇢

DM

are kept within r . 30 kpc. This degeneracy is simply a
result of the gNFW parametrization.

4.3. Systematic uncertainties

A full discussion of the systematic uncertainty a↵ecting
our analysis was presented in Paper I, Section 9.3 (see
also Sand et al. 2004). In the following, we review the
most important e↵ects and estimate their impact on ↵

SPS

and the inner DM halo parameters � and b.
One of the main sources of systematic uncertainty is

our use of spherical dynamical models based on isotropic
velocity dispersion tensors. As discussed in Paper I (Sec-
tion 9.3), this is a good approximation for luminous, non-
rotating giant ellipticals in their central regions (e.g.,
Gerhard et al. 2001; Cappellari et al. 2007). Nonethe-
less, individual galaxies can exhibit mild anistotropy with
|�

aniso

| = |1 � �2

✓/�
2

r | ⇡ 0.2, and the population as a
whole also may be slightly radially biased. To estimate
the impact this has on our analysis, we repeated the dy-
namical analysis taking a constant anisotropy parameter
�
aniso

= ±0.2. Arrows in Figure 2 show that individual
clusters may shift by � log⌥⇤ = �0.16 (�

aniso

= +0.2)
or � log⌥⇤ = +0.10 (�

aniso

= �0.2). Since this bias
may be correlated among the BCGs, we consider these

7 Interestingly, the reverse seems to hold for �
tot

: there is no sign
of a correlation with the stellar mass or luminosity, but a possible
correlation with M

200

(⇢ = �0.68, P
0

= 0.09). The latter may
simply be because the radial range over which �

tot

is measured is
proportional to r

200

.
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Solutions

No concrete feedback solution yet to explain these lowered 
densities/cores.

Viable warm dark matter models cannot create cores this large. 
(See this a bit later.)

Self-interactions could. (Numbers for strength of self-
interaction later.)
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Warmness and Self-interactions

Distance from center of halo
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Warmer

Warm dark matter also 
reduces central halo density 
but not so dramatically

Similar effect for 
SIDM is rather 
benign
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nearby spiral (low surface brightness) 
galaxies

Kuzio de Naray, Martinez, Bullock, Kaplinghat, ApJL 2010

Note the linear rise in rotation velocity at small radii 
for all galaxies => constant density cores
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More nearby spiral galaxies

Oh et al 2011 (THINGS)

Close-by (< 5 Mpc), DM dominated, 
small (V ~ 30-100 km/s)
"=dln(Density)/dln(r)
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Feedback solution

Simulations with feedback from 
supernovae can create cores. 
[Governato et al 2012]

How realistic is this feedback and 
how do we test it?

How about feedback in LSIDM or 
LWDM cosmologies?

4 F. Governato et al.

Simulation Galaxies stellar DM part. Star part. Softening Overdensity Particles Vpeak

masses M! mass M! mass (M!) (pc) ∆ρ/ρ within Rvir km s−1

Fields 1 & 2 1010-108 1.6×105 8 ×103 170 0.38 – 0.03 3.4-0.05×106 100-40
Field 3 & 4 3 × 108-105 2×104 103 85 0.58 – -0.07 2-0.05×106 55-30
Field 5 108-103.5 6×103 4.2×102 64 0.01 2-0.05×106 35-10

Table 1. Properties of the simulated galaxies. All masses in M". Column (2) lists the total stellar mass range for each galaxy in the
subsample at z=0. Columns (3) and (4) list the mass of individual dark matter and star particles, respectively. Column (5) shows ε, the
spline gravitational force softening, in pc. Column (6) shows the overdensity in units of the average density around the most massive
halo in that zoomed-in region measured on a scale of 4h−1 Mpc. (7) lists the range in total number of particles (gas, stars and DM)
within the virial radius of the halo at z=0. (8) gives the peak velocity at z=0. All simulations but Field 4 have also been run as DM-only
(See Fig.2).

local radiation play an important role in determining the
structure of the ISM and where SF can occur (Kennicutt
1998; Elmegreen et al. 2008; Krumholz & McKee 2005;
Bigiel et al. 2008; Gnedin et al. 2009; Feldmann et al. 2011;
Narayanan et al. 2011). With this approach the local SF ef-
ficiency is linked directly to the local H2 abundance, as reg-
ulated by the gas metallicity and local radiation from young
stars. As a result, in our simulations stars naturally form in
high density regions around 10-100 amu cm−3 without hav-
ing to resort to simplified approaches based on a fixed local
gas density threshold (Governato et al. 2010; Saitoh et al.
2008; Guedes et al. 2011; Kuhlen et al. 2011). A Kroupa
(1993) IMF and relative yields are assumed. We include
a gas heating spatially uniform, time evolving UV cosmic
background following an updated model of Haardt & Madau
(1996). Gas heating from UV radiation progressively sup-
presses star formation in galaxies below 1010 M", making
small DM halos completely void of stars (Benson et al. 2002)
and reducing the overabundance of dwarf satellite galax-
ies (Moore et al. 1998). The smallest galaxies in our sample
have some SF occurring before reionization (z ∼ 9 in our
model) likely associated to H2 cooling and then in small,
sparse bursts thereafter.

The full details of our physically motivated SN feedback
implementation and its applications have been described
in several papers and shown to reproduce many galaxy
properties over a range of redshifts: Stinson et al. (2006);
Brooks et al. (2007); Governato et al. (2007); Pontzen et al.
(2008); Governato et al. (2009); Zolotov et al. (2009);
Pontzen et al. (2010); Brook et al. (2011); Brooks et al.
(2011); Guedes et al. (2011). As in G10 The SFR in our
simulations is set by the local gas density (ρgas)

1.5 and a
SF efficiency parameter, c∗ = 0.1 to give the correct nor-
malization of the Kennicutt-Schmidt relation (the SF effi-
ciency for each star forming region is much lower than the
implied 10%, as only a few star particles are formed before
gas is disrupted by SN winds). The maximum temperature
for gas to turn into stars is set to 3000K and the efficiency
of SF is then further multiplied by the H2 fraction, which
effectively drops to zero in warm gas with T > 10,000 K.
As massive stars evolve into SN, mass, thermal energy and
metals are deposited into nearby gas particles. Gas cooling
is turned off until the end of the snow plow phase as de-
scribed by the Sedov-Taylor solution, typically a few million
years. The amount of energy deposited amongst those neigh-
bors is 1051 ergs per SN event. Energy deposition from SN
feedback leads to enhanced gas outflows that remove low
angular momentum gas from the central regions of galaxies

Figure 1. The slope of the dark matter density profile α vs stel-
lar mass measured at 500 pc and z=0 for all the resolved halos
in our sample. The Solid ’DM-only’ line is the slope predicted for
the same CDM cosmological model assuming i) the NFW con-
centration parameter trend given by Macció et al (2007) and ii)
the same stellar mass vs halo mass relation as measured in our
simulations to convert from halo masses. Large Crosses: haloes re-
solved with more than 0.5 × 106DM particles within Rvir . Small
crosses: more than 5 × 104 DM particles. The small squares rep-
resent 22 observational data points measured from galaxies from
the THINGS and LITTLE THINGS surveys.

(Brook et al. 2011). We have verified that in this set of sim-
ulations the ‘loading factor’ of the winds, i.e. the amount of
baryons removed is typically a few times the current SFR,
similar to what is observed in real galaxies over a range
of redshifts (Martin 1999; Shapley et al. 2003; Kirby et al.
2011; van der Wel et al. 2011).

As SF is limited by the local H2 abundance, stars form
only in high density peaks sufficiently shielded from ra-
diation from hot stars and The SFHs of the galaxies in
our simulated sample are bursty over a significant frac-
tion of the Hubble time, but especially at high redshift
whey each galaxy is still divided into individual progeni-

c© 2002 RAS, MNRAS 000, 1–12

Governato et al 2012

α=dln(Density)/dln(r)

spiral
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Warm dark matter (without feedback) does not explain these 
cores: Cores are not big enough for viable wdm models

Kuzio de Naray, Martinez, Bullock, 
Kaplinghat, ApJL 2010

Also: 
Villaescusa-Navarro and Dalal 2011 
Dunstan, Abazajian, Polisensky and 
Ricotti 2011

T
ot

al
 m

as
s

L164 KUZIO DE NARAY ET AL. Vol. 710

Figure 2. Mass of each galaxy–halo system as a function of measured halo core
radius for the early-decay α = 4 and thermal WDM α = 2 models. Lines of
constant Qp for the early-decay case are overplotted. Lines of constant Qp for
the thermal case are similar in shape.

ED3,4
Th1,2

Figure 3. Minimum primordial phase-space density, Qp, inferred from each
galaxy in the sample. Each symbol represents a different model for the dark
matter halo density profile. For a given model, these galaxy data are not
consistent with a single value of Qp. The small gray symbols for F583-1 indicate
the results when a non-zero stellar mass-to-light ratio is assumed.

We calculate the lower limits on Qp for each galaxy and each
dark matter model using Equations (5) and (6) and list them in
Table 1. For the ED4 and Th2 models, we also list the total mass
of the galaxy–halo system, Mtot, inferred from the best-fit density
profile. The masses determined in this way are consistent with
and only marginally larger than the enclosed mass determined
using the last observed rotation curve point. The ED3 and Th1
models formally have divergent masses because of the assumed
profile shape at large r and are not listed in Table 1.

The halo parameters presented in Table 1 do not seem to
obey the rcore ∝ M

−1/3
tot scaling relation that is expected if the

cores are set by the requirement of no phase-space mixing. The
observed core radii of our galaxy sample span a range of about
a factor of 10, which would require a factor of ∼1000 variation
in total mass from system to system to be explained by the same
primordial phase-space density. Given that these galaxies are so
similar in luminosity and asymptotic rotation speeds (Figure 1),
this is highly implausible.

We note that this argument does not rule out the possibility
that the underlying dark matter is warm, but only that core
sizes are not set by the primordial phase-space density of dark
matter particles. In particular, some of the cores could be due
to phase-space mixing as a result of mergers, but this makes
the attribution of cores to fundamental dark matter physics
ambiguous. In addition, we will show that the values of the
primordial phase-space density required are much too small to
be consistent with constraints arising from the matter power
spectrum.

In Figure 2, we present a more detailed comparison of theory
and data by plotting the inferred total mass of each galaxy–halo
system, Mtot, against the measured halo core radii. For clarity,
we plot only the results for the early-decay α = 4 and thermal
WDM α = 2 cases. Qualitatively similar results are obtained for
the ED3 and Th1 cases if we use Mvir rather than Mtot and do not
modify the conclusions. For each galaxy, we plot the combined
range of core radii and masses for the two dark matter models.
For comparison, we have also plotted the Mtot versus (minimum)
rcore relationship that is expected for early-decay dark matter for
two choices of Qp. It is immediately obvious from Figure 2 that
(1) the data span a range of only about 1 order of magnitude in
mass, (2) the data are not consistent with a single value of Qp,
and (3) mass and core radius are not anti-correlated as would be
expected from Equation (6).

The simplest interpretation of this result in the context of
dark matter models is that the cores in these galaxies cannot
be set directly by the primordial phase-space density of dark
matter and therefore must be the result of baryonic processes.
If, however, we insist that a WDM model explain these data, then
to have a single value of Qp for this sample, galaxies with small
cores must preferentially lose more than 2 orders of magnitude
in mass, while galaxies with large cores lose very little. This is
highly unlikely in these undisturbed disk galaxies, as feedback
from powerful radio sources is observed to occur almost always
only in elliptical galaxies or obvious recent mergers (Wilson
& Colbert 1995; Urry & Padovani 1995; Antonucci 1993).
Additionally, feedback from supernova winds is also unlikely
to affect these galaxies, as the star formation rates in LSBs are
known to be lower than the rates in high surface brightness
galaxies of similar morphological type (Bothun et al. 1997;
O’Neil et al. 2007). We note here that recent high-resolution
hydrodynamical simulations have produced galaxies with cored
CDM halos by including baryonic processes that effectively
remove mass (Governato et al. 2010; Mashchenko et al. 2008),
though Ceverino & Klypin (2009) reach a different conclusion.
Finally, even if there were a plausible model to explain Figure 2,
we show below that the required value of Qp is in strong
disagreement with Lyα forest data.

In Figure 3, we plot the range of Qp for the galaxies
and again find that, for a given dark matter model, the data
are not consistent with a single Qp value. For our sample
of galaxies, Qp ranges between ∼10−9 and 10−7 in units of
M$ pc−3 (km s−1)−3. This result does not change when the
baryons are accounted for by assuming a non-zero stellar mass-
to-light ratio, as shown for F583-1 in Figure 3. These limits on
Qp are about 4 orders of magnitude smaller than the lower limit
on thermal WDM implied by the Lyα forest power spectrum of
%10−3 M$ pc−3 (km s−1)−3 (Seljak et al. 2006; Viel et al. 2008).
Thus, even if there were a WDM model whose primordial phase-
space density value was in tandem with some other process that
sets the core sizes in these galaxies, we would have a model that
is inconsistent with the Lyα forest data by orders of magnitude.

Core radius

Thermal DM 
mass O(0.1 keV)

Ruled out by linear 
power spectrum 

constraints
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Does self-interacting dark matter explain 
this?

ED3,4

Th1,2
Kuzio de Naray, Martinez, 

Bullock, Kaplinghat, ApJL 2010

Does this look like 
a prediction of  
self-interacting 
dark matter? 

Keep this in mind; 
we will touch upon 
this later.
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Milky Way satellites
Name  Year Discovered
LMC --
SMC --
Sculptor  1937
Fornax  1938
Leo II 1950
Leo I 1950
Ursa Minor 1954
Draco  1954
Carina  1977
Sextans  1990
Sagittarius  1994
Ursa Major I  2005
Willman I  2005
Ursa Major II 2006
Bootes 2006
Canes Venatici I 2006
Canes Venatici II 2006
Coma  2006
Segue I  2006
Leo IV 2006
Hercules  2006
Leo T  2007
Bootes II 2007
LeoIV           2008
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Discovered in SDSS 

Pre‐SDSS 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1: Too big to fail? The most massive 
apparently don’t light up...

NFW fits to mass profiles 
of the most massive 
subhalos from Aquarius 
simulation [Springel et al 
2009] shown

Bright satellites shown 
with estimated masses 
within half-light radii

Too many dense (massive) 
subhalos

CARI

DRAC

FORN

LEO1
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SCUL
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UMIN

! Lines are LCDM !Aquarius" profiles! Size of points scales as Luminosity1#4"
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Boylan-Kolchin, Bullock, Kaplinghat 2011, 2012
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Not the ``missing satellites” problem: 
observed satellites are not dense enough

More than just missing satellites:
a density issue?

Dark satellites !L!105Lsun"

Luminous
satellites !L"105Lsun"
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Brightest satellites are 
not dense enough in 
dark matter to inhabit 
the most massive 
subhalos predicted in 
LCDM.
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2. Cores in the dark matter halos of satellites 

16

FIG. 9.— Results for the Carina, Fornax and Sculptor dSphs. Panels display posterior PDFs for model parameters, obtained from applying the two stellar subcomponent models

introduced in Section 3. Table 2 lists median values and 68% (95%) confidence intervals derived from these PDFs.

FIG. 10.— Left, center: Constraints on halflight radii and masses enclosed therein, for two independent stellar subcomponents in the Fornax and Sculptor dSphs. Plotted points

come directly from our final MCMC chains, and color indicates relative likelihood (normalized by the maximum-likelihood value). Overplotted are straight lines indicating the central

(and therefore maximum) slopes of cored (limr→0 d logM/d log r] = 3) and cusped (limr→0 d logM/d log r] = 2) dark matter halos. Right: Posterior PDFs for the slope Γ obtained for
Fornax and Sculptor. The vertical dotted line marks the maximum (i.e., central) value of an NFW profile (i.e., cusp with γDM = 1, limr→0[d logM/d log r] = 2). These measurements
rule out NFW and/or steeper cusps (γDM ≥ 1) with significance s! 96% (Fornax) and s! 99% (Sculptor).

sufficiently near the dSph to be observed and counted as
bound members (e.g., Piatek & Pryor 1995; Oh et al. 1995;
Read et al. 2006; Klimentowski et al. 2007; Peñarrubia et al.
2008b, 2009). Both phenomena affect the outer more than
the inner parts of a satellite—thus tidal heating is the only
process we identify that may cause our method to return an
over-estimate of Γ.
However, measurements of their systemic distances and ve-

locities imply that neither Fornax (D∼ 138 kpc, Mateo 1998)
nor Sculptor (D ∼ 79 kpc) experience strong tidal encoun-
ters with the Milky Way. Fornax’s line-of-sight velocity and
proper motion (Piatek et al. 2007, supported by this work)

imply a pericenter distance of rp = 118
+19
−52 kpc (Piatek et al.

2007, error bars give 95% confidence intervals), and Sculp-
tor’s imply rp ∼ 65 kpc (with 95% confidence intervals al-

lowing values as low as ∼ 30 kpc) for either of the two astro-
metric proper motion measurements (Schweitzer et al. 1995;
Piatek et al. 2006). N-body simulations by Peñarrubia et al.
(2009) and Peñarrubia et al. (2010) demonstrate that for satel-
lite halos that follow the generic density profile given by
Equation 16, the instantaneous tidal radius at pericenter is

rt ≈ rp[Mdsph(≤ rt )/(3MMW(≤ rp)]
1/3, where Mdsph(rt) is the

dSph mass enclosed within the tidal radius and MMW(≤ rp)
is the enclosed mass of the Milky Way within the peri-
centric distance. Watkins et al. (2010) have recently used
a sample of tracers (halo stars, globular clusters and satel-
lite galaxies) in the outer Galactic halo to estimate a mass

of MMW(≤ 300kpc) = 0.9± 0.3× 1012M". We obtain con-
servative lower limits for the pericentric tidal radii of For-
nax and Sculptor by considering only the stellar mass of

Walker and Penarrubia, ApJ 742 (2011)

NFW CoreTwo stellar pops with different spatial 
distributions => Two mass measurements at 
different (half-light) radii

Battaglia et al MNRAS 383, 183 (2008)
Amorisco and Evans MNRAS 411, 2118 (2011)

α=dln(Density)/dln(r)
Γ≈3-α
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Perhaps this isn’t really a problem because 
MW is not as massive or just an outlier

The comparison to LCDM expectations is 
not valid because the Milky Way is not as 
massive as the range (9e11 to 2e12 Msun) 
in Aquarius [See also Wang, Frenk, 
Navarro and Gao 2012, Brooks, Kuhlen, 
Zolotov and Hooper 2012] 

Dynamics of Large Magellanic Cloud 
(rare if not bound)

Kinematics of Leo I (not bound if MW 
virial mass less than ~1e12 Msun)

Velocities of halo stars from SDSS argue 
for MW virial mass ~1e12 Msun.

Milky Way is an outlier and just 
doesn’t have these subhalos. Live 
with it! 

Must explain Large and Small 
Magellanic Clouds

Andromeda satellites look 
similar! [Tollerud et al (SPLASH 
collaboration) 2011]

Boylan-Kolchin, Bullock, Kaplinghat 2012

Wednesday, May 22, 13



Feedback solution

Most massive subhalos do become 
luminous but outflows due to feedback 
reduce their central densities. These 
“blow-out” scenarios don’t seem to 
work effectively in satellites. 

[e.g., Navarro, Eke, Frenk 1996, 
Governato et al 2012, Garrison-Kimmel 
et al 2013]

The meagre stellar content of 
the satellites is a stringent 
limitation.

4 F. Governato et al.

Simulation Galaxies stellar DM part. Star part. Softening Overdensity Particles Vpeak

masses M! mass M! mass (M!) (pc) ∆ρ/ρ within Rvir km s−1

Fields 1 & 2 1010-108 1.6×105 8 ×103 170 0.38 – 0.03 3.4-0.05×106 100-40
Field 3 & 4 3 × 108-105 2×104 103 85 0.58 – -0.07 2-0.05×106 55-30
Field 5 108-103.5 6×103 4.2×102 64 0.01 2-0.05×106 35-10

Table 1. Properties of the simulated galaxies. All masses in M". Column (2) lists the total stellar mass range for each galaxy in the
subsample at z=0. Columns (3) and (4) list the mass of individual dark matter and star particles, respectively. Column (5) shows ε, the
spline gravitational force softening, in pc. Column (6) shows the overdensity in units of the average density around the most massive
halo in that zoomed-in region measured on a scale of 4h−1 Mpc. (7) lists the range in total number of particles (gas, stars and DM)
within the virial radius of the halo at z=0. (8) gives the peak velocity at z=0. All simulations but Field 4 have also been run as DM-only
(See Fig.2).

local radiation play an important role in determining the
structure of the ISM and where SF can occur (Kennicutt
1998; Elmegreen et al. 2008; Krumholz & McKee 2005;
Bigiel et al. 2008; Gnedin et al. 2009; Feldmann et al. 2011;
Narayanan et al. 2011). With this approach the local SF ef-
ficiency is linked directly to the local H2 abundance, as reg-
ulated by the gas metallicity and local radiation from young
stars. As a result, in our simulations stars naturally form in
high density regions around 10-100 amu cm−3 without hav-
ing to resort to simplified approaches based on a fixed local
gas density threshold (Governato et al. 2010; Saitoh et al.
2008; Guedes et al. 2011; Kuhlen et al. 2011). A Kroupa
(1993) IMF and relative yields are assumed. We include
a gas heating spatially uniform, time evolving UV cosmic
background following an updated model of Haardt & Madau
(1996). Gas heating from UV radiation progressively sup-
presses star formation in galaxies below 1010 M", making
small DM halos completely void of stars (Benson et al. 2002)
and reducing the overabundance of dwarf satellite galax-
ies (Moore et al. 1998). The smallest galaxies in our sample
have some SF occurring before reionization (z ∼ 9 in our
model) likely associated to H2 cooling and then in small,
sparse bursts thereafter.

The full details of our physically motivated SN feedback
implementation and its applications have been described
in several papers and shown to reproduce many galaxy
properties over a range of redshifts: Stinson et al. (2006);
Brooks et al. (2007); Governato et al. (2007); Pontzen et al.
(2008); Governato et al. (2009); Zolotov et al. (2009);
Pontzen et al. (2010); Brook et al. (2011); Brooks et al.
(2011); Guedes et al. (2011). As in G10 The SFR in our
simulations is set by the local gas density (ρgas)

1.5 and a
SF efficiency parameter, c∗ = 0.1 to give the correct nor-
malization of the Kennicutt-Schmidt relation (the SF effi-
ciency for each star forming region is much lower than the
implied 10%, as only a few star particles are formed before
gas is disrupted by SN winds). The maximum temperature
for gas to turn into stars is set to 3000K and the efficiency
of SF is then further multiplied by the H2 fraction, which
effectively drops to zero in warm gas with T > 10,000 K.
As massive stars evolve into SN, mass, thermal energy and
metals are deposited into nearby gas particles. Gas cooling
is turned off until the end of the snow plow phase as de-
scribed by the Sedov-Taylor solution, typically a few million
years. The amount of energy deposited amongst those neigh-
bors is 1051 ergs per SN event. Energy deposition from SN
feedback leads to enhanced gas outflows that remove low
angular momentum gas from the central regions of galaxies

Figure 1. The slope of the dark matter density profile α vs stel-
lar mass measured at 500 pc and z=0 for all the resolved halos
in our sample. The Solid ’DM-only’ line is the slope predicted for
the same CDM cosmological model assuming i) the NFW con-
centration parameter trend given by Macció et al (2007) and ii)
the same stellar mass vs halo mass relation as measured in our
simulations to convert from halo masses. Large Crosses: haloes re-
solved with more than 0.5 × 106DM particles within Rvir . Small
crosses: more than 5 × 104 DM particles. The small squares rep-
resent 22 observational data points measured from galaxies from
the THINGS and LITTLE THINGS surveys.

(Brook et al. 2011). We have verified that in this set of sim-
ulations the ‘loading factor’ of the winds, i.e. the amount of
baryons removed is typically a few times the current SFR,
similar to what is observed in real galaxies over a range
of redshifts (Martin 1999; Shapley et al. 2003; Kirby et al.
2011; van der Wel et al. 2011).

As SF is limited by the local H2 abundance, stars form
only in high density peaks sufficiently shielded from ra-
diation from hot stars and The SFHs of the galaxies in
our simulated sample are bursty over a significant frac-
tion of the Hubble time, but especially at high redshift
whey each galaxy is still divided into individual progeni-

c© 2002 RAS, MNRAS 000, 1–12
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MW dwarf satellites
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Warm dark matter solution

Warm dark matter [Gunn and Tremaine 1979, 
Bond, Efstathiou, Silk 1980]

Q(satellites) ~ 0.1 Msun/pc3/(20 kmps)3 ~ 
10-5 Msun/pc3/kmps3

This is the primordial phase space 
density of about 0.6 keV thermal 
WDM. There isn’t a viable WDM 
candidate with this mass. However, 
lack of power also leads to lower 
densities in small halos and this could 
solve the TBTF problem [see Wang, 
Frenk, Navarro and Gao 2012]. 

Are there enough satellites in 
simulations where TBTF is solved?

Can large cores be produced?

Models

Sterile neutrinos [Dodelson 
and Widrow 1994, Shi and 
Fuller 1998, Abazajian, Patel 
and Fuller 2001, Petraki and 
Kusenko 2008, Laine and 
Shaposhnikov 2008]

Weak-scale mass gravitinos 
[Kaplinghat 2005, 
Cembranos et al 2005]
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Self-interacting dark matter solution

Original proposals motivated by small-scale issues [Spergel and Steinhardt 
2000, Firmani et al 2000]

More recent work on astrophysically-interesting self-interactions in terms 
of massive and massless force carriers that lead to the right thermal relic 
density [Feng, Kaplinghat, Yu, Tu 2009, Feng, Kaplinghat, Yu 2010, Loeb 
and Weiner 2011]

Implications for direct and indirect detection [Kaplinghat, Linden 
and Yu, in prep]

Enough freedom if you include velocity dependence that TBTF problem 
can be solved with the production of large cores. [Vogelsberger, Zavala and 
Loeb 2012, Vogelsberger, Zavala and Walker 2012] 
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Empirical solution to the core size-halo mass relation

Satellites
Spirals

Clusters
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However, see Vogelsberger, Zavala and Walker 2012 for simulations 
that indicate that a cross section somewhat larger than 0.2 barn/GeV is 
needed to explain the densities of MW satellites
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SIDM is the same as CDM on large scales

Rocha, Peter, Bullock, Kaplinghat, 
Garrison-Kimmel, Onorbe, Moustakas 2012 

See also Vogelsberger, Zavala 
and Loeb 2012 for SIDM with 

v-dependent interaction 
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SIDM is the same as CDM on large scales

Rocha, Peter, Bullock, Kaplinghat, 
Garrison-Kimmel, Onorbe, Moustakas 2012 
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SIDM predictions for rotation speed: 6 example halos

Rocha, Peter, Bullock, Kaplinghat, Garrison-Kimmel, Onorbe, Moustakas 2012 
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Dark matter temperature profile in SIDM: same 6 
example halos as before

Rocha, Peter, Bullock, Kaplinghat, Garrison-Kimmel, Onorbe, Moustakas 2012 

Wednesday, May 22, 13



SIDM predictions for density profile: same 6 example 
halos as before

Rocha, Peter, Bullock, Kaplinghat, Garrison-Kimmel, Onorbe, Moustakas 2012 
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And finally, SIDM scaling relations

rs ~ RMAX/2.2

C
or

e 
ra

di
us

C
or

e 
de

ns
ity

Rocha, Peter, Bullock, Kaplinghat, Garrison-Kimmel, Onorbe, Moustakas 2012 
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Constraints from shapes of halos? Not really.4 Peter et al.

Figure 2. Surface density profiles for the same halo shown in Fig. 1, now projected along the intermediate axis. Deviations from axisymmetry are highest
along this projection.

Figure 3. Host halo shapes in shells of radius scaled by the virial radius in three virial-mass bins as indicated. The black solid lines denote the 20th percentile
(lowest), median (middle), and 80th percentile (highest) value of c/a at fixed r/r

vir

for CDM. The blue dashed lines show the median and 20th/80th percentile
ranges for �/m = 1 cm2/g, and the green dotted lines show the same for �/m = 0.1 cm2/g. There are 440, 65, and 50 halos in each mass bin (lowest mass
bin to highest).

3 SIMULATED HALO SHAPES

3.1 Preliminary Illustration

Before presenting a statistical comparison of CDM and SIDM halo
populations, we provide a pictorial illustration of how an individ-
ual halo changes shape as we vary the cross section. The columns

of Figs. 1 and 2 show surface density maps for the same halo sim-
ulated in CDM, SIDM

0.1

, and SIDM
1

from left to right. In Fig.
1, we project the halo along the major axis, which is the orienta-
tion that maximizes the strong-lensing cross section (van de Ven,
Mandelbaum & Keeton 2009; Mandelbaum, van de Ven & Kee-
ton 2009). In Fig. 2, we project the halo along the intermediate
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Shapes measured in big ellipticals from X-rays seems to be the best local 
measure but unlikely to constrain cross sections of order 0.1 cm2/g.

Wednesday, May 22, 13



Merging clusters

Bullet cluster constraints 
at about 0.7 cm2/g.

Composite Credit: X-ray: NASA/CXC/CfA/ 
M.Markevitch et al.; 
Lensing Map: NASA/STScI; ESO WFI; 
Magellan/U.Arizona/ D.Clowe et al. 
Optical: NASA/STScI; Magellan/U.Arizona/
D.Clowe et al.;
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Summary
Last 5 years have seen a revival of 
small-scale issues

New observations (Satellites, 
Spirals, Clusters)

Progress in simulations with 
baryons

Using observations capable of 
resolving the innermost regions, 
estimated densities of dark matter are 
lower than LCDM predictions.

LSIDM could naturally explain these 
densities while maintaining the 
successes of  LCDM on larger scales.

Milky Way Satellites: SIDM, WDM could 
explain this.

Spirals: feedback, SIDM could explain 
this

Can the scatter in data be explained? 
We should really look at WDM
+feedback, SIDM+feedback since 
feedback exists.

Clusters: SIDM, Feedback?
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