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WMAP 7-YEAR DATA
Released January 2010

Big Bang Data Agrees with Double Dark Theory!
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Also Agrees with Double Dark Theory!

Max Tegmark
        2003

P(k)

Distribution of Matter



9

10−3 10−2 10−1 100

k [Mpc−1]

101

102

103

104

105

P(
k,

z=
0)

[M
pc

3 ]

SDSS DR7 (Reid et al. 2010)
LyA (McDonald et al. 2006)
ACT CMB Lensing (Das et al. 2011)
ACT Clusters (Sehgal et al. 2011)
CCCP II (Vikhlinin et al. 2009)
BCG Weak lensing
(Tinker et al. 2011)
ACT+WMAP spectrum (this work)

1012 1013 1014 1015 1016 1017 1018 1019 1020 1021 1022 1023

Mass scale M [Msolar]
10−6

10−5

10−4

10−3

10−2

10−1

100

101

102
M

as
s

Va
ria

nc
e

∆ M
/M

SDSS DR7 (Reid et al. 2010)
LyA (McDonald et al. 2006)
ACT CMB Lensing (Das et al. 2011)
ACT Clusters (Sehgal et al. 2011)
CCCP II (Vikhlinin et al. 2009)
BCG Weak lensing (Tinker et al. 2011)
ACT+WMAP spectrum (this work)

Fig. 5.— The reconstructed matter power spectrum: the stars show the power spectrum from combining ACT and WMAP data (top
panel). The solid and dashed lines show the nonlinear and linear power spectra respectively from the best-fit ACT ΛCDM model with
spectral index of ns = 0.96 computed using CAMB and HALOFIT (Smith et al. 2003). The data points between 0.02 < k < 0.19 Mpc−1

show the SDSS DR7 LRG sample, and have been deconvolved from their window functions, with a bias factor of 1.18 applied to the data.
This has been rescaled from the Reid et al. (2010) value of 1.3, as we are explicitly using the Hubble constant measurement from Riess et al.
(2011) to make a change of units from h−1Mpc to Mpc. The constraints from CMB lensing (Das et al. 2011), from cluster measurements
from ACT (Sehgal et al. 2011), CCCP (Vikhlinin et al. 2009) and BCG halos (Tinker et al. 2011), and the power spectrum constraints
from measurements of the Lyman–α forest (McDonald et al. 2006) are indicated. The CCCP and BCG masses are converted to solar mass
units by multiplying them by the best-fit value of the Hubble constant, h = 0.738 from Riess et al. (2011). The bottom panel shows the
same data plotted on axes where we relate the power spectrum to a mass variance, ∆M/M, and illustrates how the range in wavenumber k
(measured in Mpc−1) corresponds to range in mass scale of over 10 orders of magnitude. Note that large masses correspond to large scales
and hence small values of k. This highlights the consistency of power spectrum measurements by an array of cosmological probes over a
large range of scales.

Density Fluctuation Data Now Agrees Even Better with LCDM

R. Hlozek et al 2011 The Atacama Cosmology Telescope: a measurement of the primordial power spectrum arXiv:1105:4487



Cosmological Simulations
Astronomical observations represent snapshots 
of moments in time.  It is the role of astrophysical 
theory to produce movies -- both metaphorical 
and actual -- that link these snapshots together 
into a coherent physical theory.  

Cosmological dark matter simulations show 
large scale structure, growth of structure, and 
dark matter halo properties

Hydrodynamic galaxy formation simulations: 
evolution of galaxies, formation of galactic 
spheroids via mergers, galaxy images in all 
wavebands including stellar evolution and dust



doubling every 
~16.5 months

Particle number in N-body simulations vs. publication date

Millennium

adaptive refinement tree

Bolshoi



Springel et al. 2005

The Millennium Run
• properties of 
halos (radial 
profile, 
concentration, 
shapes)
• evolution of the 
number density 
of halos, essential 
for normalization of 
Press-Schechter- 
type models
• evolution of the 
distribution and 
clustering of 
halos in real and 
redshift space, for 
comparison with 
observations
• accretion 
history of halos, 
assembly bias 
(variation of large-
scale clustering with 
as- sembly history), 
and correlation with 
halo properties 
including angular 
momenta and 
shapes
• halo statistics 
including the mass 
and velocity 
functions, angular 
momentum and 
shapes, subhalo 
numbers and 
distribution, and 
correlation with 
environment

• void statistics, 
including sizes and 
shapes and their 
evolution, and the 
orientation of halo 
spins around voids
• quantitative 
descriptions of the 
evolving cosmic 
web, including 
applications to weak 
gravitational lensing
• preparation of 
mock catalogs, 
essential for 
analyzing SDSS 
and other survey 
data, and for 
preparing for new 
large surveys for 
dark energy etc.
• merger trees, 
essential for semi-
analytic 
modeling of the 
evolving galaxy 
population, including 
models for the 
galaxy merger rate, 
the history of star 
formation and 
galaxy colors and 
morphology, the 
evolving AGN 
luminosity function, 
stellar and AGN 
feedback, recycling 
of gas and metals, 
etc.
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WMAP+SN+Clusters Determination of σ8 and ΩM 

WMAP7●WMAP5 ●

Millennium is now 
about 4σ away from 

observations
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1 Billion Light Years

Bolshoi Cosmological 
Simulation



Bolshoi Cosmological 
Simulation

100 Million Light Years

1 Billion Light Years



Bolshoi Cosmological 
Simulation

100 Million Light Years



Bjork   “Dark Matter”  
Biophilia



σ8  = 0.82
h = 0.70

Cosmological parameters are consistent with 
the latest observations

Force and Mass Resolution are nearly an
order of magnitude better than Millennium-I

Force resolution is the same as Millennium-II, 
in a volume 16x larger

Halo finding is complete to Vcirc > 50 km/s, 
using both BDM and ROCKSTAR halo finders

Bolshoi and MultiDark halo catalogs were 
released in  September 2011 at Astro Inst 
Potsdam; Merger Trees will soon be available

0



z = 8.8

Curve:
    Sheth-
       Tormen
          approx.

FOF halos
  link = 0.20

SO halos

The Sheth-Tormen approximation with the same WMAP5 parameters used for the Bolshoi 
simulation very accurately agrees with abundance of halos at low redshifts, but increasingly 
overpredicts bound spherical overdensity halo abundance at higher redshifts.  ST agrees 
well with FOF halo abundances, but FOF halos have unrealistically large masses at high z.

Sheth-Tormen Fails at
High Redshifts

Klypin, Trujillo-Gomez, & Primack, 2011  ApJ 



Each panel shows 1/2 of the dark matter particles in cubes of 1h-1 Mpc size. The center of each 
cube is the exact position of the center of mass of the corresponding FOF halo. The effective 
radius of each FOF halo in the plots is 150 − 200 h-1 kpc. Circles indicate virial radii of distinct 
halos and subhalos identified by the spherical overdensity algorithm BDM. 

= ratio of FOF mass / SO mass

FOF linked together a chain of 
halos that formed in long and 
dense filaments (also in panels b, 
d, f, h; e = major merger) 

Klypin, Trujillo-Gomez, & Primack, 2011 ApJ 



BigBolshoi / MultiDark1000 Mpc/h

7 kpc/h resolution, complete to Vcirc > 170 km/s

8G particles

Same cosmology as Bolshoi:  h=0.70, σ8=0.82, n=0.95, Ωm=0.27



Halo mass–concentration relation of distinct halos at
different redshifts in the Bolshoi (open symbols) and 
MultiDark (filled symbols) simulations is compared with 
an analytical approximation.

Comparison of observed cluster concentrations (data points with error 
bars) with the prediction of our model for median halo concentration of 
cluster-size halos (full curve). Dotted lines show 10% and 90% 
percentiles. Open circles show results for X-ray luminous galaxy clusters 
observed with XMMNewton in the redshift range 0.1-0.3 (Ettori et al. 
2010). The pentagon presents galaxy kinematic estimate for relaxed 
clusters by Wojtak &  Lokas (2010). The dashed curve shows prediction
by Macci`o, Dutton, & van den Bosch (2008), which significantly
underestimates the concentrations of clusters.

Halo concentrations in the standard CDM cosmology
Francisco Prada, Anatoly A. Klypin, Antonio J. Cuesta, Juan E. Betancort-Rijo, and Joel Primack

Note the upturn
at high M and z

90%ile

10%ile

median

Maccio

Cluster Concentrations



BOLSHOI 
Merger Tree 

Peter Behroozi, et al.

Merger History 
of a Big Halo



Bolshoi z=0 Dark Matter Bolshoi z=0 SHAM Galaxies

Wechsler et al.



The correlation 
function of SDSS 
galaxies vs. Bolshoi 
galaxies using halo 
abundance matching, 
with scatter using our 
stochastic abundance 
matching method.  
This results in a better 
than 20% agreement 
with SDSS.  Top left: 
correlation functinon 
in three magnitude 
bins, showing Poisson 
uncertainties as thin 
lines.  Remaining 
panels: correlation 
function in each 
luminosity bin 
compared with SDSS 
galaxies (points with 
error bars: Zehavi et 
al. 2010).

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky 

2011 ApJ 

Theory & Observations
Agree  Pretty  Well

Bolshoi Projected Galaxy Correlation Functions



Projected correlation 
functions for galaxies in 
different stellar mass 
ranges, in SAM based on 
Millennium I and II. Black 
solid and blue dashed 
curves give results for 
preferred model applied to 
the MS and the MS-II, 
respectively. Symbols with 
error bars are results for 
SDSS/DR7 calculated 
using the same techniques 
as in Li et al. (2006). The 
two simulations give 
convergent results for M✴ > 
6X109 Msun. At lower mass 
the MS underestimates the 
correlations on small 
scales.The model agrees 
quite well with the SDSS at 
all separations for M✴ > 
6X1010 Msun. But at smaller 
masses the correlations 
are overestimated 
substantially, particularly 
at small separations.  The 
authors attribute this to 
the too-high σ8 = 0.90 
used in MS-I & II.

Guo, White, et al. 

2011 MNRAS 

Millennium-II
Millennium-I

Millennium Projected Galaxy Correlation Functions

SDSS data

MWy luminosity galaxies
     2x too correlated



steeper slope LF

median Vcirc with AC

median Vcirc without ACLuminosity-Velocity 
Relation

“AC” = Adiabatic Contraction of 
dark matter halos when baryons 
cool & condense to halo centers,

following Blumenthal, Faber, 
Flores, & Primack 1986

Bolshoi
Sub-Halo
Abundance
Matching

Theory & Observations
Agree Pretty Well

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky        

2011 ApJ



Bolshoi
Sub-Halo
Abundance
Matching

Baryonic Mass - Velocity 
Relation

Theory & Observations
Agree Pretty Well

median Vcirc with 
baryons and AC

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky        

2011 ApJ



Velocity 
Function

observed VF
(HIPASS + 

SDSS)

theoretical 
VF with AC

theoretical VF 
without AC

Discrepancy due to
incomplete observations 

or ΛCDM failure?

 

Theory & Observations
Agree Pretty Well

Bolshoi
Sub-Halo
Abundance
Matching

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky        

2011 ApJ

ALFALFA distant
dataset is similar 
Papastergeis+11 



Klypin, Karachentsev, Nasonova 2012

Total sample:   813 galaxies
Within 10Mpc:    686
       MB<-13  N=304
       MB<-10  N=611

80-90% are spirals or dIrr (T>0)

Accuracy of distances are 8-10%

80% with D<10Mpc have HI 
linewidth

Vrot = 
  150x10^(-(20.5+MB)/8.5)km/s

Local Volume: D <10Mpc

Distribution of observed line-widths     
(similar after correction for inclination)

No disagreement 
for V > 60 km/s

A factor of two disagreement at  V = 40 km/s

ΛCDM

Presented at KITP Conference “First Light and Faintest Dwarfs” Feb 2012

Deeper Local Survey -- better 
agreement with ΛCDM but 
still more halos than galaxies 
below 50 km/s



The  Milky Way has two large satellite galaxies, 
the small and large Magellanic Clouds

The Bolshoi simulation + halo abundance matching 
predicts the likelihood of this
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Apply the same absolute 
magnitude and isolation cuts 
to Bolshoi+SHAM galaxies as 
to SDSS:

Identify all objects with 
absolute 0.1Mr = -20.73±0.2 
and observed mr < 17.6

Probe out to z = 0.15, a 
volume of roughly 500 (Mpc/
h)3

leaves us with 3,200 objects.

Comparison of Bolshoi with 
SDSS observations is in 
close agreement, well within 
observed statistical error 
bars.

Statistics of MW bright satellites: 
SDSS data vs. Bolshoi simulation

Mr,host = -20.73±0.2

Mr,sat = Mr,host + (2−4)

0 1 2 3 4 5
# of Satellites

0.001

0.010

0.100

1.000
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Simulation
SDSS

Busha et al. 2011 ApJ
Liu et al. 2011 ApJ

Risa Wechsler

# of Subs Prob (obs) Prob (sim)

0 60% 61%

1 22% 25%

2 13% 8.1%

3 4% 3.2%

4 1% 1.4%

5 0% 0.58%

Similarly good agreement with SDSS for brighter satellites with 
spectroscopic redshifts compared with Millennium-II using 
abundance matching -- Tollerud, Boylan-Kolchin, et al. 2011 ApJ

Every case agrees within 
observational errors!



Similarly good 
agreement with SDSS 
for brighter satellites 
with spectroscopic 
redshifts compared 
with Millennium-II 
using abundance 
matching.

Real Pairs

False Pairs

Good agreement 
between simulated 
and observed pairwise 
velocities

ApJ 2011                        



ΛCDM:
hierarchical formation 
(small things form first)

“Downsizing”:
massive galaxies are old, star

formation moves to smaller galaxies

small structures

large structures

early

late

large galaxies

small galaxies

ΛCDM vs. Downsizing



ΛCDM:
hierarchical formation 
(small things form first)

“Downsizing”:
massive galaxies are old, star

formation moves to smaller galaxies

How are these 

processes related?
mass assembly star formation history

present-day structure current stellar population

= =

simulations (DM) semi-analytic models

ΛCDM vs. Downsizing



©          Nature Publishing Group1984

©          Nature Publishing Group1984

©          Nature Publishing Group1984

Blumenthal, Feber, Primack, & Rees  --  Nature 311, 517 (1984)

Star 
Forming 

Band:
1010 - 1012

Msun
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Implications and 

Predictions of the Model

1) Each halo has a unique dark-matter 
growth path and associated stellar mass 
growth path.

3) A mass sequence comes from the fact that different halo masses 
enter the star-forming band at different times.  A galaxy’s position is 
determined by its entry redshift into the band.  More massive galaxies 
enter earlier.  Thus:



zentry  <-->  Mhalo <-->  Mstar

2) Stellar mass follows halo mass until 
Mhalo crosses Mcrit.

   SAMs:       Mstar < 0.05 Mhalo 

Key assumption: 
star-forming band 
in dark-halo mass

Sandy Faber

 star-forming band
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Implications and Predictions 
of the Model

 Started forming stars late.

 Are still making stars today.

 Are blue today.

 Populate dark halos that match 
their stellar mass.

Small galaxies:

 Started forming stars early.

 Shut down early.

 Are red today.

 Populate dark halos that are much 
more massive than their stellar mass.

Massive galaxies:

Star formation is a wave that 
started in the largest galaxies and 

swept down to smaller masses later 
(Cowie et al. 1996).

“Downsizing”

Sandy Faber

 star-forming band
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Thanks to Piero Madau!



Satellites and Subhalos

Cusps

Angular momentum
small scale issues

WDM doesn’t resolve cusp issues.  New observations and 
simulations suggest that observed velocity structure of LSB, 
dSpiral, dSph galaxies may be consistent with cuspy ΛCDM 
halos.  But the “too big to fail” problem needs solution.

The Eris simulation shows that ΛCDM simulations are 
increasingly able to form realistic spiral galaxies, as 
resolution improves and feedback becomes more realistic.

The discovery of many faint Local Group dwarf galaxies is 
consistent with ΛCDM predictions.  Satellites, reionization, 
lensing flux anomalies, gaps in stellar streams, and Lyα 
forest data imply that WDM must be Tepid or Cooler.   



The Angular Momentum Problem

Navarro & Steinmetz 

Cooling was too effective particularly in low-mass halos at early times.

“Agreement between 
model and observations 
appears to demand 
substantial revision to the 
CDM scenario or to the 
manner in which baryons 
are thought to assemble 
and evolve into galaxies in 
hierarchical universes.”

Can ΛCDM Simulations Form Realistic Galaxies?

Obse
rva

tio
ns

Sim
ula

tio
ns

Navarro & Steinmetz 2000 ApJ



Eris 
Simulation    
Guedes et al.



Structural Properties: Eris Bulge-to-Disk Ratio
Sersic Bulge

Exponential Disk
Total

R [kpc]

μ i
 [m

ag
 a

rc
se

c-2
]

I-band
B/D = 0.35
n=1.4
Rs = 2.5 kpc

Photometric decomposition 
in i-band using Galfit 
(Peng et al. 2002)

Late-type spirals
Early-type spirals
Eris

Ganda et al. 2006, 2009

Guedes, Callegari, Madau, Mayer 2011 ApJ 



No Angular Momentum Problem in the Eris Simulation

Simulations tend to produce too many stars at the center, which translates into steeply rising 
rotation curves.

V
ci

rc
 [k

m
/s

]

V
ci

rc
 [k

m
/s

]

r [kpc]r [kpc]

Solution:
* Mimic star formation as occurs in real galaxies, i.e. localized, on high-density peaks only. 
* Feedback from SN becomes more efficient in removing gas from high-density regions. 
These outflows remove preferentially low angular momentum material, suppressing the 
formation of large bulges. Guedes, Callegari, Madau, Mayer 2011 ApJ 

Total

Halo

Disk+BulgeDisk

Bulge

Eris (z=1)

Eris (z=0)



Cusps

New Developments

● New simulations show that gas blowout during evolution of 
dwarf spiral galaxies can remove cusps

● The properties of density cores of dwarf spiral galaxies are 
inconsistent with expectations from WDM

WDM doesn’t resolve cusp issues.  New observations and 
simulations suggest that observed velocity structure of LSB 
and dSpiral galaxies may be consistent with cuspy ΛCDM 
halos.  But the “too big to fail” problem needs solution.

● New observations undermine some previous evidence for 
dark matter cores in dwarf galaxies

● But the biggest subhalos in MWy size dark matter simulations 
may be too dense to host the observed satellites
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We here present measurements and anisotropic Jeans models for late-type 
dwarfs obtained from stellar kinematics. Until recently, DM mass profiles in such 
systems have been obtained exclusively from atomic or ionized gas. The nearby 
member of the M81 group, NGC 2976 (SAc), has been measured in ionized gas 
to have a DM core with a strong constraint on the DM power law index of 
0.01<α<0.17 (Simon et al. 2003), where α=1 corresponds to the center of an 
NFW profile. In our first work on NGC 2976, we confirm that the simplest 
models from gas kinematics reveal a cored DM halo but find that the stellar 
kinematic are most consistent with an NFW profile. We advocate the stellar 
kinematics as more robust due to the tracer's collisionless nature while 
the gas is subject to more uncertainties from radial motion, warped disks, 
and pressure support. We are making an ongoing study by which the type, 
strength, and conditions of feedback can be constrained from new 
measurements and comparison to simulations.

Joshua Adams poster at KITP Conference “First Light and Faintest Dwarfs” February 2012



Rachel Kuzio de Naray, Gregory D. Martinez, James S. Bullock, Manoj Kaplinghat

The Case Against Warm or Self-Interacting Dark Matter as Explanations for 
Cores in Low Surface Brightness Galaxies 2010, ApJ, 710L, 161

Warm dark matter (WDM) and self-interacting dark matter (SIDM) are often motivated by 
the inferred cores in the dark matter halos of low surface brightness (LSB) galaxies. We 
test thermal WDM, non-thermal WDM, and SIDM using high-resolution rotation curves of 
nine LSB galaxies. If the core size is set by WDM particle properties, then even the 
smallest cores we infer would require primordial phase space density values that are 
orders of magnitude smaller than lower limits obtained from the Lyman alpha forest 
power spectra. We also find that the dark matter halo core densities vary by a factor of 
about 30 while showing no systematic trend with the maximum rotation velocity of the 
galaxy. This strongly argues against the core size being directly set by large self-
interactions (scattering or annihilation) of dark matter. We therefore conclude that the 
inferred cores do not provide motivation to prefer WDM or SIDM over other dark matter 
models.

The Case Against Warm Dark Matter 3

Fig. 1.— Observed LSB galaxy rotation curves with the best-fitting early decay dark matter (α = 3: solid red, α = 4: dotted orange)
and thermal WDM (α = 1: short-dash blue; α = 2: long-dash green) halo fits overlaid. (A color version of this figure is available in the
online journal.)

TABLE 1
Best-Fit Cored Halo Parameters and Primordial Phase Space Densities

Early Decay DM α = 3 Early Decay DM α = 4
Galaxy rcore ρ0 χ2

r
Qp rcore ρ0 χ2

r
Qp Mtot

UGC 4325 4.6a 106b 3.1 · · · 4.6a 106b 3.1 · · · · · ·

F563-V2 1.1±0.1 188±30 0.65 4.8 1.3±0.2 167±25 0.74 5.9 9.8
F563-1 1.4±0.1 106±16 0.50 3.2 1.8±0.1 90±12 0.50 3.1 14
DDO 64 2.7a 57b 3.3 · · · 2.7a 57b 3.3 · · · · · ·

F568-3 2.8±0.4 40±6 1.5 0.71 3.0±0.4 38±5 1.4 1.0 28
UGC 5750 4.3±0.7 11±1 0.92 0.42 4.8±0.8 10±1 0.89 0.53 30
NGC 4395 0.6±0.1 346±42 2.6 21 0.7±0.1 278±33 3.0 29 2.6
F583-4 0.9±0.1 98±22 0.59 13 1.1±0.2 82±18 0.68 14 2.9
F583-1 1.7±0.1 48±4 0.58 2.9 2.1±0.2 43±3 0.54 2.9 11

Thermal WDM α = 1 Thermal WDM α = 2
Galaxy rcore ρ0 χ2

r
Qp rcore ρ0 χ2

r
Qp Mtot

UGC 4325 4.1±1.0 88±6 3.1 · · · 4.3±1.0 90±5 3.1 · · · · · ·

F563-V2 1.5±0.2 118±18 0.71 72 2.5±0.2 93±14 1.4 14 4.3
F563-1 2.1±0.2 66±9 0.43 35 3.8±0.2 47±6 0.69 5.9 7.3
DDO 64 2.7a 45b 3.1 · · · 2.7a 47b 3.1 · · · · · ·

F568-3 3.8±0.4 27±3 1.2 9.3 5.0±0.4 25±2 1.1 3.4 9.2
UGC 5750 5.7±0.8 7.1±0.7 0.83 5.4 7.1±0.7 7.0±0.2 0.74 2.4 6.9
NGC 4395 0.7±0.1 262±34 2.9 478 1.7±0.1 121±16 5.1 42 1.7
F583-4 1.3±0.2 66±16 0.67 149 2.4±0.3 38±8 1.2 26 1.5
F583-1 2.5±0.2 30±2 0.50 31 4.0±0.2 22±1 0.77 7.0 4.2

Note. — Best-fit halo parameters (rcore, ρ0), lower limits on the primordial phase
space densities (Qp), and the total mass of the system, Mtot. The units for rcore are
kpc and the units for ρ0 are 10−3 M" pc−3. The units for Qp are 10−9 M" pc−3 (km
s−1)−3. The units for Mtot are 1010M".
a upper limit
b lower limit

We fit these dark matter 
models to the data and 
determine the halo core radii 
and central densities. While 
the minimum core size in 
WDM models is predicted to 
decrease with halo mass, we 
find that the inferred core radii 
increase with halo mass and 
also cannot be explained with 
a single value of the primordial 
phase space density. 
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New simulations show that several episodes of gas blowout 
during evolution of dwarf spiral galaxies can remove cusps 

Bulgeless dwarf galaxies and dark matter cores from supernova-driven outflows
F. Governato, C. Brook, L. Mayer, A. Brooks, G. Rhee, J. Wadsley, P. Jonsson, B. Willman, G. Stinson, T. Quinn & P. Madau Nature 463, 203 (Jan 2010)

Most observed dwarf galaxies consist of a rotating stellar disk embedded in a massive dark-matter halo with a 
near-constant-density core. Models based on CDM, however, invariably form galaxies with dense spheroidal 
stellar bulges and steep central dark-matter profiles, because low-angular-momentum baryons and dark 
matter sink to the centers of galaxies through accretion and repeated mergers. Here we report 
hydrodynamical simulations in which the inhomogeneous interstellar medium is resolved. Strong outflows 
from supernovae remove low-angular-momentum gas, which inhibits the formation of bulges and 
decreases the dark-matter density to less than half of what it would otherwise be within the central 
kiloparsec. The analogues of dwarf galaxies—bulgeless and with shallow central dark-matter profiles
—arise naturally in these simulations.  Simulations using the same implementation of star formation and 
feedback reproduce some global scaling properties of observed galaxies across a range of masses and 
redshifts.

the disk plane are typically a few hundred parsecs wide, expanding at
10–30 km s21, similar to those observed in dwarfs25. Star formation
happens in short, spatially concentrated bursts including several
coeval star particles, so the typical energy per unit mass released in
the surrounding gas is sufficient to disrupt gas clouds and generate
gas fountains that unbind gas from the shallow potential of the galaxy
at 2–6 times the instantaneous star-formation rate, consistent with
observations17. As predicted in earlier studies20, feedback from spa-
tially resolved star formation results in a realistic low star-formation
efficiency and a total baryon mass loss equal to a few times the final
amount of stars. Star-forming regions are centrally biased or rapidly
sinking to the galaxy centre owing to dynamical friction, so most of
the gas becoming unbound is preferentially removed at small radii
and at z. 1.

Mock images26 (Fig. 1c and d) show that in redder bands the optical
disk is relatively featureless, although star-forming regions are visually
associated with short-lived spiral arms. The striking feature of this

galaxy is the complete absence of a stellar spheroid evenwhenobserved
edge-on (Fig. 1). The radial light distribution in all optical and near-
infrared bands has an almost perfect exponential profile (Fig. 2), as
is observed in dwarf galaxies. This galaxy would thus be classified
as ‘‘bulgeless’’2, that is, lacking a visible central stellar spheroid. The
formation of a pure disk galaxy with structural properties typical of
observed gas-rich dwarfs27 is a fundamental success of this set of
simulations.

The underlying dark-matter and baryonic-mass profile of DG1 has
been measured using kinematic estimators. The rotation curve of
DG1 (Fig. 3) was obtained measuring the rotational motion of cold
(T, 104 K) gas as a function of radius using the ‘tilted ring analysis’,
which reproduces the effects of observational biases such as disk
distortions and warping, bars and pressure support from non-
circular motions28. The rotation curve of DG1 rises almost linearly
out to one stellar disk scale length, and is still rising at four scale
lengths (,4 kiloparsecs), similar to the rotation curves of real dwarf
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Figure 1 | The observable properties of simulated galaxy DG1. a, Colour-
coded density map of the gas distribution at z5 1.5, showing the gas outflows
and super shells. Distances on the axes are relative to the dark matter density
maximum. b, The gas distribution at z5 0.5 when the disk has fully formed
(note the larger scale). At z5 0 the total mass of the system within the virial
radius is 3:5 | 1010M8. As a result of outflows and inefficient star formation,
the disk (including HI gas and stars) to virial mass ratio is only 0.04, 70% of
the disk mass is H I, and theMHI/LB ratio is 1.2 (where LB is the luminosity in
the B band). The amount of baryons within the virial radius is only 30% of the
cosmic fraction. These values are consistent with those observed in real
galaxies of similar mass7. c, The face-on light distribution at z5 0 in the Sloan
Digital Sky Survey (SDSS) i band. d, The galaxy seen edge-on in the same
band. The effect of dust absorption is included. The total magnitude of the

galaxy in the i SDSS band is 216.8, giving an i band M/L ratio of ,20. The
galaxy g2 r colour is 0.52, typical of star-forming dwarf galaxies27. The
rotation velocity is,55 kms21, as measured using theW20/2 linewidth (where
W20 is the HI 21-cm linewidth in kilometres per second at 20% of maximum
brightness for the galaxy observed). This simulation resolves the internal
structure of galaxy DG1 with several million resolution elements, achieves a
mass resolution of 103M8 for each star particle and a force resolution of
86parsecs. In the Supplementary Information we show that high resolution
coupled with star formation being spatially associated to small gas clouds is a
fundamental requirement for supernova feedback to generate outflows and
lower the density at the centre of galaxy halos. Simulations using the same
implementation of star formation and feedback reproduce some global scaling
properties of observed galaxies across a range of masses and redshifts29,30.
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the disk plane are typically a few hundred parsecs wide, expanding at
10–30 km s21, similar to those observed in dwarfs25. Star formation
happens in short, spatially concentrated bursts including several
coeval star particles, so the typical energy per unit mass released in
the surrounding gas is sufficient to disrupt gas clouds and generate
gas fountains that unbind gas from the shallow potential of the galaxy
at 2–6 times the instantaneous star-formation rate, consistent with
observations17. As predicted in earlier studies20, feedback from spa-
tially resolved star formation results in a realistic low star-formation
efficiency and a total baryon mass loss equal to a few times the final
amount of stars. Star-forming regions are centrally biased or rapidly
sinking to the galaxy centre owing to dynamical friction, so most of
the gas becoming unbound is preferentially removed at small radii
and at z. 1.

Mock images26 (Fig. 1c and d) show that in redder bands the optical
disk is relatively featureless, although star-forming regions are visually
associated with short-lived spiral arms. The striking feature of this

galaxy is the complete absence of a stellar spheroid evenwhenobserved
edge-on (Fig. 1). The radial light distribution in all optical and near-
infrared bands has an almost perfect exponential profile (Fig. 2), as
is observed in dwarf galaxies. This galaxy would thus be classified
as ‘‘bulgeless’’2, that is, lacking a visible central stellar spheroid. The
formation of a pure disk galaxy with structural properties typical of
observed gas-rich dwarfs27 is a fundamental success of this set of
simulations.

The underlying dark-matter and baryonic-mass profile of DG1 has
been measured using kinematic estimators. The rotation curve of
DG1 (Fig. 3) was obtained measuring the rotational motion of cold
(T, 104 K) gas as a function of radius using the ‘tilted ring analysis’,
which reproduces the effects of observational biases such as disk
distortions and warping, bars and pressure support from non-
circular motions28. The rotation curve of DG1 rises almost linearly
out to one stellar disk scale length, and is still rising at four scale
lengths (,4 kiloparsecs), similar to the rotation curves of real dwarf
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Figure 1 | The observable properties of simulated galaxy DG1. a, Colour-
coded density map of the gas distribution at z5 1.5, showing the gas outflows
and super shells. Distances on the axes are relative to the dark matter density
maximum. b, The gas distribution at z5 0.5 when the disk has fully formed
(note the larger scale). At z5 0 the total mass of the system within the virial
radius is 3:5 | 1010M8. As a result of outflows and inefficient star formation,
the disk (including HI gas and stars) to virial mass ratio is only 0.04, 70% of
the disk mass is H I, and theMHI/LB ratio is 1.2 (where LB is the luminosity in
the B band). The amount of baryons within the virial radius is only 30% of the
cosmic fraction. These values are consistent with those observed in real
galaxies of similar mass7. c, The face-on light distribution at z5 0 in the Sloan
Digital Sky Survey (SDSS) i band. d, The galaxy seen edge-on in the same
band. The effect of dust absorption is included. The total magnitude of the

galaxy in the i SDSS band is 216.8, giving an i band M/L ratio of ,20. The
galaxy g2 r colour is 0.52, typical of star-forming dwarf galaxies27. The
rotation velocity is,55 kms21, as measured using theW20/2 linewidth (where
W20 is the HI 21-cm linewidth in kilometres per second at 20% of maximum
brightness for the galaxy observed). This simulation resolves the internal
structure of galaxy DG1 with several million resolution elements, achieves a
mass resolution of 103M8 for each star particle and a force resolution of
86parsecs. In the Supplementary Information we show that high resolution
coupled with star formation being spatially associated to small gas clouds is a
fundamental requirement for supernova feedback to generate outflows and
lower the density at the centre of galaxy halos. Simulations using the same
implementation of star formation and feedback reproduce some global scaling
properties of observed galaxies across a range of masses and redshifts29,30.
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the disk plane are typically a few hundred parsecs wide, expanding at
10–30 km s21, similar to those observed in dwarfs25. Star formation
happens in short, spatially concentrated bursts including several
coeval star particles, so the typical energy per unit mass released in
the surrounding gas is sufficient to disrupt gas clouds and generate
gas fountains that unbind gas from the shallow potential of the galaxy
at 2–6 times the instantaneous star-formation rate, consistent with
observations17. As predicted in earlier studies20, feedback from spa-
tially resolved star formation results in a realistic low star-formation
efficiency and a total baryon mass loss equal to a few times the final
amount of stars. Star-forming regions are centrally biased or rapidly
sinking to the galaxy centre owing to dynamical friction, so most of
the gas becoming unbound is preferentially removed at small radii
and at z. 1.

Mock images26 (Fig. 1c and d) show that in redder bands the optical
disk is relatively featureless, although star-forming regions are visually
associated with short-lived spiral arms. The striking feature of this

galaxy is the complete absence of a stellar spheroid evenwhenobserved
edge-on (Fig. 1). The radial light distribution in all optical and near-
infrared bands has an almost perfect exponential profile (Fig. 2), as
is observed in dwarf galaxies. This galaxy would thus be classified
as ‘‘bulgeless’’2, that is, lacking a visible central stellar spheroid. The
formation of a pure disk galaxy with structural properties typical of
observed gas-rich dwarfs27 is a fundamental success of this set of
simulations.

The underlying dark-matter and baryonic-mass profile of DG1 has
been measured using kinematic estimators. The rotation curve of
DG1 (Fig. 3) was obtained measuring the rotational motion of cold
(T, 104 K) gas as a function of radius using the ‘tilted ring analysis’,
which reproduces the effects of observational biases such as disk
distortions and warping, bars and pressure support from non-
circular motions28. The rotation curve of DG1 rises almost linearly
out to one stellar disk scale length, and is still rising at four scale
lengths (,4 kiloparsecs), similar to the rotation curves of real dwarf
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radius is 3:5 | 1010M8. As a result of outflows and inefficient star formation,
the disk (including HI gas and stars) to virial mass ratio is only 0.04, 70% of
the disk mass is H I, and theMHI/LB ratio is 1.2 (where LB is the luminosity in
the B band). The amount of baryons within the virial radius is only 30% of the
cosmic fraction. These values are consistent with those observed in real
galaxies of similar mass7. c, The face-on light distribution at z5 0 in the Sloan
Digital Sky Survey (SDSS) i band. d, The galaxy seen edge-on in the same
band. The effect of dust absorption is included. The total magnitude of the

galaxy in the i SDSS band is 216.8, giving an i band M/L ratio of ,20. The
galaxy g2 r colour is 0.52, typical of star-forming dwarf galaxies27. The
rotation velocity is,55 kms21, as measured using theW20/2 linewidth (where
W20 is the HI 21-cm linewidth in kilometres per second at 20% of maximum
brightness for the galaxy observed). This simulation resolves the internal
structure of galaxy DG1 with several million resolution elements, achieves a
mass resolution of 103M8 for each star particle and a force resolution of
86parsecs. In the Supplementary Information we show that high resolution
coupled with star formation being spatially associated to small gas clouds is a
fundamental requirement for supernova feedback to generate outflows and
lower the density at the centre of galaxy halos. Simulations using the same
implementation of star formation and feedback reproduce some global scaling
properties of observed galaxies across a range of masses and redshifts29,30.
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the disk plane are typically a few hundred parsecs wide, expanding at
10–30 km s21, similar to those observed in dwarfs25. Star formation
happens in short, spatially concentrated bursts including several
coeval star particles, so the typical energy per unit mass released in
the surrounding gas is sufficient to disrupt gas clouds and generate
gas fountains that unbind gas from the shallow potential of the galaxy
at 2–6 times the instantaneous star-formation rate, consistent with
observations17. As predicted in earlier studies20, feedback from spa-
tially resolved star formation results in a realistic low star-formation
efficiency and a total baryon mass loss equal to a few times the final
amount of stars. Star-forming regions are centrally biased or rapidly
sinking to the galaxy centre owing to dynamical friction, so most of
the gas becoming unbound is preferentially removed at small radii
and at z. 1.

Mock images26 (Fig. 1c and d) show that in redder bands the optical
disk is relatively featureless, although star-forming regions are visually
associated with short-lived spiral arms. The striking feature of this

galaxy is the complete absence of a stellar spheroid evenwhenobserved
edge-on (Fig. 1). The radial light distribution in all optical and near-
infrared bands has an almost perfect exponential profile (Fig. 2), as
is observed in dwarf galaxies. This galaxy would thus be classified
as ‘‘bulgeless’’2, that is, lacking a visible central stellar spheroid. The
formation of a pure disk galaxy with structural properties typical of
observed gas-rich dwarfs27 is a fundamental success of this set of
simulations.

The underlying dark-matter and baryonic-mass profile of DG1 has
been measured using kinematic estimators. The rotation curve of
DG1 (Fig. 3) was obtained measuring the rotational motion of cold
(T, 104 K) gas as a function of radius using the ‘tilted ring analysis’,
which reproduces the effects of observational biases such as disk
distortions and warping, bars and pressure support from non-
circular motions28. The rotation curve of DG1 rises almost linearly
out to one stellar disk scale length, and is still rising at four scale
lengths (,4 kiloparsecs), similar to the rotation curves of real dwarf
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band. The effect of dust absorption is included. The total magnitude of the

galaxy in the i SDSS band is 216.8, giving an i band M/L ratio of ,20. The
galaxy g2 r colour is 0.52, typical of star-forming dwarf galaxies27. The
rotation velocity is,55 kms21, as measured using theW20/2 linewidth (where
W20 is the HI 21-cm linewidth in kilometres per second at 20% of maximum
brightness for the galaxy observed). This simulation resolves the internal
structure of galaxy DG1 with several million resolution elements, achieves a
mass resolution of 103M8 for each star particle and a force resolution of
86parsecs. In the Supplementary Information we show that high resolution
coupled with star formation being spatially associated to small gas clouds is a
fundamental requirement for supernova feedback to generate outflows and
lower the density at the centre of galaxy halos. Simulations using the same
implementation of star formation and feedback reproduce some global scaling
properties of observed galaxies across a range of masses and redshifts29,30.
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the B band). The amount of baryons within the virial radius is only 30% of the
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band. The effect of dust absorption is included. The total magnitude of the

galaxy in the i SDSS band is 216.8, giving an i band M/L ratio of ,20. The
galaxy g2 r colour is 0.52, typical of star-forming dwarf galaxies27. The
rotation velocity is,55 kms21, as measured using theW20/2 linewidth (where
W20 is the HI 21-cm linewidth in kilometres per second at 20% of maximum
brightness for the galaxy observed). This simulation resolves the internal
structure of galaxy DG1 with several million resolution elements, achieves a
mass resolution of 103M8 for each star particle and a force resolution of
86parsecs. In the Supplementary Information we show that high resolution
coupled with star formation being spatially associated to small gas clouds is a
fundamental requirement for supernova feedback to generate outflows and
lower the density at the centre of galaxy halos. Simulations using the same
implementation of star formation and feedback reproduce some global scaling
properties of observed galaxies across a range of masses and redshifts29,30.
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See also Pontzen & Governato arXiv:1106.0499
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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-
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ABSTRACT

We examine the evolution of the inner dark matter (DM) and baryonic density
profile of a new sample of simulated field galaxies using fully cosmological, ΛCDM,
high resolution SPH + N-Body simulations. These simulations include explicit H2

and metal cooling, star formation (SF) and supernovae (SNe) driven gas outflows.
Starting at high redshift, rapid, repeated gas outflows following bursty SF transfer
energy to the DM component and significantly flatten the originally ‘cuspy’ central
DM mass profile of galaxies with present day stellar masses in the 104.5– 109.8 M!

range. At z=0, the central slope of the DM density profile of our galaxies (measured
between 0.3 and 0.7 kpc from their centre) is well fitted by ρDM ∝ rα with α "

−0.5 + 0.35 log10
(

M"/108M!

)

where M" is the stellar mass of the galaxy and 4
< logMstar < 9.4. These values imply DM profiles flatter than those obtained in
DM–only simulations and in close agreement with those inferred in galaxies from the
THINGS and LITTLE THINGS survey. Only in very small halos, where by z = 0
star formation has converted less than ∼ 0.03% of the original baryon abundance into
stars, outflows do not flatten the original cuspy DM profile out to radii resolved by our
simulations. The mass (DM and baryonic) measured within the inner 500 pc of each
simulated galaxy remains nearly constant over four orders of magnitudes in stellar
mass for Mstar < 109 M!. This finding is consistent with estimates for faint Local
Group dwarfs and field galaxies.

These results address one of the outstanding problems faced by the CDM model,
namely the strong discrepancy between the original predictions of cuspy DM profiles
and the shallower central DM distribution observed in galaxies.

Key words: Galaxies: formation – Cosmology – Hydrodynamics.

1 INTRODUCTION

The predictions of the ΛCDM cosmological model are
in excellent agreement with observations of the assem-
bly of cosmic structures on large scales (Eke et al. 1996;
Riess et al. 1998; Spergel et al. 2007). The observed prop-
erties of dwarf galaxies, however, have presented strong

! E-mail:(FG); fabio@astro.washington.edu

challenges to the model at galactic scales. DM-only sim-
ulations predict that DM halos should follow a quasi–
universal Einasto profile (Navarro et al. 1996b; Moore et al.
1999; Reed et al. 2005; Macciò et al. 2009; Stadel et al.
2009; Navarro et al. 2010), defined by a power law den-
sity profile ρ ∝ rα with −1.5 < α < −1 in their cen-
tral regions. Such simulations therefore predict steep (or
“cuspy”) inner density profiles. Observations of small galax-
ies (Vpeak ∼ 30−60 km/s), however, have repeatedly shown
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ABSTRACT

We examine the evolution of the inner dark matter (DM) and baryonic density
profile of a new sample of simulated field galaxies using fully cosmological, ΛCDM,
high resolution SPH + N-Body simulations. These simulations include explicit H2

and metal cooling, star formation (SF) and supernovae (SNe) driven gas outflows.
Starting at high redshift, rapid, repeated gas outflows following bursty SF transfer
energy to the DM component and significantly flatten the originally ‘cuspy’ central
DM mass profile of galaxies with present day stellar masses in the 104.5– 109.8 M!

range. At z=0, the central slope of the DM density profile of our galaxies (measured
between 0.3 and 0.7 kpc from their centre) is well fitted by ρDM ∝ rα with α "

−0.5 + 0.35 log10
(

M"/108M!

)

where M" is the stellar mass of the galaxy and 4
< logMstar < 9.4. These values imply DM profiles flatter than those obtained in
DM–only simulations and in close agreement with those inferred in galaxies from the
THINGS and LITTLE THINGS survey. Only in very small halos, where by z = 0
star formation has converted less than ∼ 0.03% of the original baryon abundance into
stars, outflows do not flatten the original cuspy DM profile out to radii resolved by our
simulations. The mass (DM and baryonic) measured within the inner 500 pc of each
simulated galaxy remains nearly constant over four orders of magnitudes in stellar
mass for Mstar < 109 M!. This finding is consistent with estimates for faint Local
Group dwarfs and field galaxies.

These results address one of the outstanding problems faced by the CDM model,
namely the strong discrepancy between the original predictions of cuspy DM profiles
and the shallower central DM distribution observed in galaxies.
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1 INTRODUCTION

The predictions of the ΛCDM cosmological model are
in excellent agreement with observations of the assem-
bly of cosmic structures on large scales (Eke et al. 1996;
Riess et al. 1998; Spergel et al. 2007). The observed prop-
erties of dwarf galaxies, however, have presented strong
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challenges to the model at galactic scales. DM-only sim-
ulations predict that DM halos should follow a quasi–
universal Einasto profile (Navarro et al. 1996b; Moore et al.
1999; Reed et al. 2005; Macciò et al. 2009; Stadel et al.
2009; Navarro et al. 2010), defined by a power law den-
sity profile ρ ∝ rα with −1.5 < α < −1 in their cen-
tral regions. Such simulations therefore predict steep (or
“cuspy”) inner density profiles. Observations of small galax-
ies (Vpeak ∼ 30−60 km/s), however, have repeatedly shown
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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-
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Figure 4. The total mass (baryons and DM) within the central 500pc as a function of stellar mass: Large and small crosses: simulations.
Open squares: galaxies from THINGS (Oh et al. in prep). Stars: dSph from Walker (priv. comm.). Theoretical predictions reproduce
the observed flat trend from 105 to 109M!. This is largely due to the large drop in SF efficiency at small halo masses, that stretches
the range of galaxy luminosities over a relatively smaller halo mass range. The solid and dashed lines assume different stellar mass -
total halo mass relations. A close fit to the simulations as M! ∝ MV ir

2 (solid) and one showing M! ∝ MV ir (dashed). Only when the
star formation efficiency is a steep function of halo mass it is possible to reproduce the observed trend, as discussed in §4. More massive
galaxies above the solid line have a small bulge component.

first converted the dark matter rotation curves derived
subtracting the baryons from the total kinematics of the
22 dwarf galaxies to the dark matter density profiles (see
Oh et al. (2011a,b) for more details),

ρ(R) =
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(
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R

)2]
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where V is the rotation velocity observed at radius R, and G
is the gravitational constant. We then measured the logarith-
mic inner slopes α of the derived dark matter density profiles
assuming a power law (ρ ∼ rα). After determining a break-
radius (< 1 kpc) where the slope changes most rapidly,
we measured the inner slope by performing a least squares
fit to the data points of a given profile within the break-
radius. A similar analysis had been performed by OH11 on
two simulated dwarfs that were compared to galaxies from
the THINGS survey. Their analysis compared estimates of
α obtained from the observed mass distributions and from
artificial observations (HI datacubes paired with artificial
photometric images) of the simulations. The two methods
showed good agreement. Relevant to the results presented
here, OH11 also showed that observations can correctly re-
cover the DM profile of galaxies with no significant biases.
Those tests support the analysis and the results presented
here. In a future work (Oh et al in prep) the observational
dataset will be presented in more detail and it will be com-
pared with results obtained by artificial observations of the
new simulations.

We have verified that our results are robust versus un-

wanted numerical effects. In particular we find that the
graininess of the DM potential (due to a finite number
of particles) does not substantially affect its response to
gas outflows. To this aim we increased the number of DM
particles by a factor of eight for all the halos in in Field
3, finding that the measured DM slopes remain substan-
tially unchanged. In G10 we verified that gas resolution ef-
fects dominate over pure DM resolution effects as poorer
resolution creates more cuspy cores, likely as outflows be-
come poorly resolved and artificial viscosity brings more
gas to a galaxy centre. As most halos were re–run includ-
ing only the DM component we also verified that the cen-
tral DM profiles in the absence of baryons were as cuspy
as those in the literature (Reed et al. 2005; Macciò et al.
2007, e.g.). Fig.2 shows good agreement between the slopes
measured from our simulations and the predictions inferred
from Macciò et al. (2007) over the whole sample range in
mass and resolution. This test, combined with the existing
data points in the halo range 1010-1011 that span a range in
mass and force resolution (Table 1), show that core forma-
tion and sizes are stable quantities over the resolution range
explored in this work.

The analytical model of core formation presented in
Pontzen & Governato (2012) shows that the creation of DM
cores should be a generic property of fast, repeated gas
(out)flows. Core creation should then be a common out-
come of any feedback scheme that can create such flows
(Springel et al. 2005; Kereš et al. 2009; Oppenheimer et al.
2010; Choi & Nagamine 2011; Hopkins et al. 2011) as long
as sufficient spatial resolution and high SF surface densi-
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Figure 4. The total mass (baryons and DM) within the central 500 pc as a 
function of stellar mass: Large and small crosses: simulations. Open 
squares: galaxies from THINGS (Oh et al. in prep). Stars: dSph from Walker 
(priv. comm.). Theoretical predictions reproduce the observed flat trend from 
105 to 109 M⊙. This is largely due to the large drop in SF efficiency at small 
halo masses, that stretches the range of galaxy luminosities over a relatively 
smaller halo mass range. The solid and dashed lines assume different stellar 
mass - total halo mass relations. A close fit to the simulations as M*~MVir2 
(solid) and one showing M*~MVir (dashed). Only when the star formation 
efficiency is a steep function of halo mass it is possible to reproduce the 
observed trend, as discussed in §4. More massive galaxies above the solid 
line have a small bulge component.

Rapidly decreasing SF efficiency at 
decreasing halo masses and SN 
feedback lowering the central DM 
density in more massive galaxies cause 
galaxies over a large range in 
luminosities to inhabit halos with            
a relatively small mass range              
within the central kpc.
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first converted the dark matter rotation curves derived
subtracting the baryons from the total kinematics of the
22 dwarf galaxies to the dark matter density profiles (see
Oh et al. (2011a,b) for more details),
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where V is the rotation velocity observed at radius R, and G
is the gravitational constant. We then measured the logarith-
mic inner slopes α of the derived dark matter density profiles
assuming a power law (ρ ∼ rα). After determining a break-
radius (< 1 kpc) where the slope changes most rapidly,
we measured the inner slope by performing a least squares
fit to the data points of a given profile within the break-
radius. A similar analysis had been performed by OH11 on
two simulated dwarfs that were compared to galaxies from
the THINGS survey. Their analysis compared estimates of
α obtained from the observed mass distributions and from
artificial observations (HI datacubes paired with artificial
photometric images) of the simulations. The two methods
showed good agreement. Relevant to the results presented
here, OH11 also showed that observations can correctly re-
cover the DM profile of galaxies with no significant biases.
Those tests support the analysis and the results presented
here. In a future work (Oh et al in prep) the observational
dataset will be presented in more detail and it will be com-
pared with results obtained by artificial observations of the
new simulations.

We have verified that our results are robust versus un-

wanted numerical effects. In particular we find that the
graininess of the DM potential (due to a finite number
of particles) does not substantially affect its response to
gas outflows. To this aim we increased the number of DM
particles by a factor of eight for all the halos in in Field
3, finding that the measured DM slopes remain substan-
tially unchanged. In G10 we verified that gas resolution ef-
fects dominate over pure DM resolution effects as poorer
resolution creates more cuspy cores, likely as outflows be-
come poorly resolved and artificial viscosity brings more
gas to a galaxy centre. As most halos were re–run includ-
ing only the DM component we also verified that the cen-
tral DM profiles in the absence of baryons were as cuspy
as those in the literature (Reed et al. 2005; Macciò et al.
2007, e.g.). Fig.2 shows good agreement between the slopes
measured from our simulations and the predictions inferred
from Macciò et al. (2007) over the whole sample range in
mass and resolution. This test, combined with the existing
data points in the halo range 1010-1011 that span a range in
mass and force resolution (Table 1), show that core forma-
tion and sizes are stable quantities over the resolution range
explored in this work.

The analytical model of core formation presented in
Pontzen & Governato (2012) shows that the creation of DM
cores should be a generic property of fast, repeated gas
(out)flows. Core creation should then be a common out-
come of any feedback scheme that can create such flows
(Springel et al. 2005; Kereš et al. 2009; Oppenheimer et al.
2010; Choi & Nagamine 2011; Hopkins et al. 2011) as long
as sufficient spatial resolution and high SF surface densi-
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the range of galaxy luminosities over a relatively smaller halo mass range. The solid and dashed lines assume different stellar mass -
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2 (solid) and one showing M! ∝ MV ir (dashed). Only when the
star formation efficiency is a steep function of halo mass it is possible to reproduce the observed trend, as discussed in §4. More massive
galaxies above the solid line have a small bulge component.
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subtracting the baryons from the total kinematics of the
22 dwarf galaxies to the dark matter density profiles (see
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where V is the rotation velocity observed at radius R, and G
is the gravitational constant. We then measured the logarith-
mic inner slopes α of the derived dark matter density profiles
assuming a power law (ρ ∼ rα). After determining a break-
radius (< 1 kpc) where the slope changes most rapidly,
we measured the inner slope by performing a least squares
fit to the data points of a given profile within the break-
radius. A similar analysis had been performed by OH11 on
two simulated dwarfs that were compared to galaxies from
the THINGS survey. Their analysis compared estimates of
α obtained from the observed mass distributions and from
artificial observations (HI datacubes paired with artificial
photometric images) of the simulations. The two methods
showed good agreement. Relevant to the results presented
here, OH11 also showed that observations can correctly re-
cover the DM profile of galaxies with no significant biases.
Those tests support the analysis and the results presented
here. In a future work (Oh et al in prep) the observational
dataset will be presented in more detail and it will be com-
pared with results obtained by artificial observations of the
new simulations.

We have verified that our results are robust versus un-

wanted numerical effects. In particular we find that the
graininess of the DM potential (due to a finite number
of particles) does not substantially affect its response to
gas outflows. To this aim we increased the number of DM
particles by a factor of eight for all the halos in in Field
3, finding that the measured DM slopes remain substan-
tially unchanged. In G10 we verified that gas resolution ef-
fects dominate over pure DM resolution effects as poorer
resolution creates more cuspy cores, likely as outflows be-
come poorly resolved and artificial viscosity brings more
gas to a galaxy centre. As most halos were re–run includ-
ing only the DM component we also verified that the cen-
tral DM profiles in the absence of baryons were as cuspy
as those in the literature (Reed et al. 2005; Macciò et al.
2007, e.g.). Fig.2 shows good agreement between the slopes
measured from our simulations and the predictions inferred
from Macciò et al. (2007) over the whole sample range in
mass and resolution. This test, combined with the existing
data points in the halo range 1010-1011 that span a range in
mass and force resolution (Table 1), show that core forma-
tion and sizes are stable quantities over the resolution range
explored in this work.

The analytical model of core formation presented in
Pontzen & Governato (2012) shows that the creation of DM
cores should be a generic property of fast, repeated gas
(out)flows. Core creation should then be a common out-
come of any feedback scheme that can create such flows
(Springel et al. 2005; Kereš et al. 2009; Oppenheimer et al.
2010; Choi & Nagamine 2011; Hopkins et al. 2011) as long
as sufficient spatial resolution and high SF surface densi-
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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

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 (lim r →0 d log M/d log r] = 3) and cusped (lim r →0 d log M/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, lim r→0 [d log M/d log r] = 2). These 
measurements rule out NFW and/or steeper cusps (γDM ≥ 1) with significance s ≥ 96% (Fornax) and s ≥ 99% (Sculptor).
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ABSTRACT
We introduce a method for measuring the slopes of mass profiles within dwarf spheroidal (dSph) galaxies

directly from stellar spectroscopic data and without adopting a dark matter halo model. Our method combines
two recent results: 1) spherically symmetric, equilibrium Jeans models imply that the product of halflight radius
and (squared) stellar velocity dispersion provides an estimate of the mass enclosed within the halflight radius
of a dSph stellar component, and 2) some dSphs have chemo-dynamically distinct stellar subcomponents that
independently trace the same gravitational potential. We devise a statistical method that uses measurements of
stellar positions, velocities and spectral indices to distinguish two dSph stellar subcomponents and to estimate
their individual halflight radii and velocity dispersions. For a dSph with two detected stellar subcomponents,
we obtain estimates of masses enclosed at two discrete points in the same mass profile, immediately defining a
slope. Applied to published spectroscopic data, our method distinguishes stellar subcomponents in the Fornax
and Sculptor dSphs, for which we measure slopes Γ ≡∆ logM/∆ logr = 2.61+0.43

!0.37 and Γ = 2.95+0.51
!0.39, respec-

tively. These values are consistent with ‘cores’ of constant density within the central few-hundred parsecs of
each galaxy and rule out ‘cuspy’ Navarro-Frenk-White (NFW) profiles (d logM/d logr ≤ 2 at all radii) with
significance ! 96% and ! 99%, respectively. Tests with synthetic data indicate that our method tends system-
atically to overestimate the mass of the inner stellar subcomponent to a greater degree than that of the outer
stellar subcomponent, and therefore to underestimate the slope Γ (implying that the stated NFW exclusion
levels are conservative).
Subject headings: dark matter — galaxies: dwarf — galaxies: fundamental parameters — galaxies: kinematics

and dynamics

1. INTRODUCTION

Cold dark matter (CDM) halos produced in collisionless
cosmological N-body simulations follow a nearly univer-
sal mass-density profile that diverges toward the center as
limr→0 ρ(r) ∝ r!γ with γ ! 1, forming a so-called ‘cusp’
(Dubinski & Carlberg 1991, Navarro, Frenk & White 1996,
1997 (‘NFW’ hereafter), Moore et al. 1998, Klypin et al.
2001, Diemand et al. 2005, Springel et al. 2008). Many
observations aim to test this scenario by using the mea-
sured motions of dynamical tracers in individual galax-
ies to constrain slopes of the underlying dark mat-
ter density profiles (e.g., Moore 1994; Flores & Primack
1994; de Blok & McGaugh 1997; Salucci & Burkert 2000;
McGaugh et al. 2001; Simon et al. 2005, de Blok 2010, and
references therein). However, comparisons to cosmological
models tend to be inconclusive for the simple reason that
while most cosmological N-body simulations consider only
dark matter particles, one observes only baryons. Baryons
complicate not only the measurement of a dark matter den-
sity profile but also its interpretation within the context of the
CDM paradigm. Complicating the measurement is the fact
that any uncertainty (e.g., uncertain stellar mass-to-light ra-
tios) in the baryonic mass profile propagates to the inferred
dark matter profile, as the latter is merely the difference be-
tween dynamical and baryonic mass profiles. Complicating
the interpretation of even a clean measurement is the possi-
bility that various poorly-understood dynamical processes in-
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volving baryons might alter the original structure of a dark
matter halo (e.g., Blumenthal et al. 1986; Navarro et al. 1996;
El-Zant et al. 2001; Gnedin et al. 2004; Tonini et al. 2006;
Governato et al. 2010; Pontzen & Governato 2011).

One mitigates both of these complications at once by con-
sidering the Milky Way’s (MW’s) dwarf spheroidal (dSph)
satellites, which have the smallest sizes (∼ 102!3 pc), small-
est baryonic masses (LV ∼ 103!7L") and the largest dynami-
cal mass-to-light ratios ([M/LV ]/[M/LV ]" ! 10) of any ob-
served galaxies (Aaronson 1983, Mateo 1998, and references
therein, Gilmore et al. 2007). Dark matter dominates even at
the centers of dSph gravitational potential wells, implying that
uncertainties in baryonic mass profiles have negligible im-
pact on inferred dark matter profiles. Furthermore, dynami-
cal processes that invoke baryon physics to alter the central
structure of dark matter halos are subject to strong constraints
in dSphs, where one finds the smallest baryon densities and
infers the largest dark matter densities of any galaxy type
(Pryor & Kormendy 1990).

Recent work identifies several mechanisms that in prin-
ciple are capable of altering the central structure—i.e.,
of transforming primal ‘cusps’ into ‘cores’ of constant
density—of cold dark matter halos on dSph-like scales.
Such mechanisms typically invoke either the dynamical
coupling of the dark matter to rapid baryonic outflows
(e.g., Read & Gilmore 2005; Mashchenko et al. 2006, 2008;
de Souza et al. 2011) or the transfer of energy and/or angu-
lar momentum to the dark matter from massive infalling ob-
jects (e.g., Sánchez-Salcedo et al. 2006; Goerdt et al. 2006,
2010; Cole et al. 2011). While both channels for baryon-
driven core creation are physically plausible, their applica-
tion to real dSphs must eventually satisfy a large body of
observational constraints. It is therefore instructive to con-

Using	  separately	  higher	  metal	  stars	  at	  lower	  radiu	  plus	  lower	  metal	  stars	  farther	  out	  gives	  dm	  radial	  slope	  
inconsistent	  with	  NFW	  at	  high	  con:idence	  for	  Sculptor	  and	  Fornax	  dwarf	  spheroidal	  MWy	  satellites.	  

cusp core

Similar	  results	  for	  Sculptor	  in	  Amorisco	  &	  Evans	  2012	  MNRAS.	  	  Jardel	  &	  Gebhardt	  present	  
a	  Schwarzschild	  model	  :it	  to	  the	  Fornax	  dwarf,	  again	  favoring	  core	  rather	  than	  cusp.	  	  
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Satellites and Subhalos
The discovery of many faint Local Group dwarf galaxies is 
consistent with ΛCDM predictions.  Satellites, reionization, 
lensing flux anomalies, stellar streams, and Lyα forest data 
imply that WDM must be Tepid or Cooler.   

New Developments

High resolution ΛCDM simulation substructure is consistent 
with quad-lens radio quasar flux and galaxy-galaxy lensing 
anomalies and indications of substructure by stellar stream gaps.

●

● ΛCDM predicts that there is a population of low-luminosity 
stealth galaxies around the Milky Way.  Will new surveys with 
bigger telescopes find them?

The “too big to fail” problem appears to be the most serious 
current challenge for ΛCDM, and may indicate the need for a 
more complex theory of dark matter.

●



dwarf satellites around the Milky Way

250 kpc 
sphere

S. Okamoto

12 bright satellites (LV > 105L⊙)

!CDM subhalos vs. Milky Way satellites

V. Springel / Virgo Consortium

>105 identified subhalos

“Missing satellites”: Klypin et al. 1999, Moore et al. 1999

The “too big to fail” problem

Aquarius Simulation



MBK, Bullock, & Kaplinghat (2012)

“massive failures”: 
highest resolution 
LCDM simulations 
predict ~10 subhalos in 
this range in the MW, 
but we don’t see any 
such galaxies [except 
Sagittarius (?)]

SMC

LMCObserved Milky Way Satellites

All of the bright 
MW dSphs are 
consistent with 
Vmax � 25 km/s

No indication that more 
massive halos host more 

luminous galaxies

c.f. Strigari et al. 2008

(see also Strigari, Frenk, 
& White 2010)

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

???

???

Image credits: V. Springel / Virgo Consortium; A. Riess / HST; SDSS; M. Schirmer

???

???

???
???

???

???

Possible Solutions 
to “too big to fail”

Baryons strongly modify the 
structure of subhalos? 

The Milky Way is anomalous?

The Milky Way has a low 
mass dark matter halo? 

Galaxy formation is 
stochastic at low masses?

Dark matter is not just 
CDM -- maybe WDM or 
even self-interacting?

(Or maybe existing high-
resolution CDM simulations 
are being misinterpreted?)

Michael Boylan-Kolchin, Bullock, Kaplinghat 2011, 2012
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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-

c© 2011 RAS, MNRAS 000, ??–8

WDMCDM

Diameter of visible Milky Way
30 kpc = 100,000 light years

Diameter of Milky Way Dark Matter Halo
1.5 million light years

Diameter of visible Milky Way
30 kpc = 100,000 light years

Diameter of Milky Way Dark Matter Halo
1.5 million light years

Lovell, Eke, Frenk, et al. arXiv:1104.2929

WDM simulation at right has no “too big to fail” subhalos, but it 
doesn’t lead to the right systematics to fit dwarf galaxy properties as 
Kuzio de Naray et al. showed.  It also won’t have the subhalos needed 
to explain radio flux anomalies and gaps in stellar streams.

Aquarius simulation. Springel et al. 2008 



Possible Solution: Milky-Way-size halos in low-density regions 
have fewer DM satellites, according to new simulations.
Environmental effect on the subhalo abundance -- a solution to the missing dwarf 
problem, Tomoaki Ishiyama, Toshiyuki Fukushige, Junichiro Makino

We have performed simulation of a single large volume and measured the abundance of subhalos in all massive 
halos. We found that the variation of the subhalo abundance is very large, and those with largest number of 
subhalos correspond to simulated halos in previous studies. The subhalo abundance depends strongly on the 
local density of the background. Halos in high-density regions contain large number of subhalos. Our galaxy is in 
the low-density region. For our simulated halos in low-density regions, the number of subhalos is within a factor of 
three to that of our galaxy. We argue that the ``missing dwarf problem'' is not a real problem but caused by the 
biased selection of the initial conditions in previous studies, which were not appropriate for field galaxies.

Subhalo-poor halo from low-density region Subhalo-rich halo from high-density region

PASJ, 60, 13 (2009a)

Ishiyama+09 Variation of the Subhalo Abundance in Dark Matter Halos
Halos formed earlier have smaller number of subhalos at present. ApJ, 696, 2115 (2009)

 New miniBolshoi simulation will provide statistics

See also Ishiyama, 
Makino, + 
CosmoGrid Sim  
arXiv:1101:2020

http://arxiv.org/find/astro-ph/1/au:+Ishiyama_T/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Ishiyama_T/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Fukushige_T/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Fukushige_T/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Makino_J/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Makino_J/0/1/0/all/0/1


Milky-Way-size halos have large variation in number of DM 
satellites, according to new simulations.

Subhalo-poor halo  z=0

Subhalo-rich halo  z=0

Variation of the Subhalo Abundance in Dark Matter Halos
Galaxy halos formed earlier have higher concentration and smaller number of subhalos at present .

ApJ, 696, 2115 (2009b)

Subhalo-rich halo  z=1

Subhalo-poor halo  z=1

1.6 Mpc

1.6 Mpc

0.8 Mpc

0.8 Mpc

Halo Concentration

3 − 10
1.5 − 3Halo

Mass

Ishiyama, Fukushige, and Makino

Mass resolution 1x106 Msun (3x better than 2009a). Force resolution 700 pc (2x better than 2009a).

N>x = # subhalos
with Vmax, sub 
> x Vmax, main

Formed Earlier



Quasar lenses

(CASTLES project, http://www.cfa.harvard.edu/castles)

Flux ratio anomalies

“Easy” to explain image positions (even to ∼0.1% precision)

� ellipsoidal galaxy

� tidal forces from environment

But hard to explain flux ratios!

expected observed (Marlow et al. 1999)

Anomalies are generic
Close triplet of images: Taylor series expansion yields

A−B + C ≈ 0

Universal prediction for smooth models. (CRK, Gaudi & Petters 2003)

(models, CRK et al. 2003; B2045+265, Fassnacht et al. 1999)

Can also apply to lens time delays. (Congdon, CRK & Nordgren 2008, 2010)

Substructure and lensing

Q) What happens if lens galaxies contain mass clumps?

A) The clumps distort the images on small scales.

without clump with clump

(cf. Mao & Schneider 1998; Metcalf & Madau 2001; Chiba 2002) Chuck Keeton

Radio flux-ratio anomalies ⇒
Strong evidence for dark matter 

clumps ~ 106 - 108 Msun
as expected in ΛCDM

Radio flux-ratio anomalies



The Aquarius simulations have not quite enough substructure to 
explain quad-lens radio quasar flux anomalies -- but perhaps 
including baryons in simulations will help.
Effects of dark matter substructures on gravitational lensing: results from the Aquarius simulations

D. D. Xu, Shude Mao, Jie Wang, V. Springel, Liang Gao, S. D. M. White, Carlos S. Frenk, Adrian Jenkins, 
Guoliang Li and Julio F. Navarro MNRAS 398, 1235–1253 (2009)

We conclude that line-of-sight structures can be as important as 
intrinsic substructures in causing flux-ratio anomalies. ... This alleviates
the discrepancy between models and current data, but a larger 
observational sample is required for a stronger test of the theory.

D. D. Xu, Shude Mao, Andrew Cooper, Liang Gao, Carlos S. Frenk, Raul Angulo, John Helly   MNRAS (2012)

Constraints on Small-Scale Structures of Dark Matter from Flux Anomalies in Quasar Gravitational Lenses

We investigate the statistics of flux anomalies in gravitationally lensed 
QSOs as a function of dark matter halo properties such as 
substructure content and halo ellipticity.  ... The constraints that we 
are able to measure here with current data are roughly consistent 
with ΛCDM N-body simulations.

R. Benton Metcalf, Adam Amara     MNRAS 419, 3414 (2012)

 Effects of Line-of-Sight Structures on Lensing Flux-ratio Anomalies in a ΛCDM Universe



Substructure in lens galaxies: first constraints on the mass function
Simona Vegetti (MIT) 

S
D

S
S
 J

12
0
6
0
2
+
51

4
2
2
9

Extended galaxy

How do we recognise the effect of substructure?
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Quasar

Substructure as SIS

Substructure as a truncated pseudo Jaffe

Msub = (1.9± 0.1)× 108M⊙

M(< 0.6) = (1.15± 0.06)× 108M⊙

M(< 0.3) = (7.24± 0.6)× 107M⊙

M(< 0.3) = 3.4× 107M⊙

σv ≈ 16 km s−1

Vmax ≈ 27 km s−1
∆ log E = 65.0 12 σ detection

Conclusions
Surface brightness anomalies can be used to find low mass galaxies 
at high z

Simulations show that with HST quality data, 10 systems are sufficient 
to constrain the mass function

Using high resolution adaptive optics data and the gravitational 
imaging technique we discovered an analogue of the Fornax satellite 
at redshift about 1

The first constraints on the mass function are consistent with prediction 
from CDM (large errors ....)

LOS contamination is not necessarily bad

J0946+1066 - Double ring
Power-Law smooth model + Power-Law substructure 

∆ log E = −128.0

equivalent to a !16! detection

rt = 1.1 kpc

Msub = (3.51± 0.15)× 109M⊙

M3D(< 0.3) = 5.83× 108M⊙

Talk at KITP conference “First Light and Faintest Dwarfs”
Gravitational detection of a low-mass dark satellite galaxy at cosmological distance, 2012 Nature

Our results are consistent with the predictions from 
cold dark matter simulations at the 95 per cent 
confidence level, and therefore agree with the view that 
galaxies formed hierarchically in a Universe composed 
of cold dark matter.  Vegetti et al. 2012 Nature 481, 341.
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CLUMPY STREAMS FROM CLUMPY HALOS:
DETECTING MISSING SATELLITES WITH COLD STELLAR STRUCTURES

Joo Heon Yoon1!, Kathryn V. Johnston1, and David W. Hogg2

ApJ Accepted

ABSTRACT

Dynamically cold stellar streams are ideal probes of the gravitational field of the Milky Way. This
paper re-examines the question of how such streams might be used to test for the presence of “miss-
ing satellites” — the many thousands of dark-matter subhalos with masses 105 − 107M! which are
seen to orbit within Galactic-scale dark-matter halos in simulations of structure formation in ΛCDM
cosmologies. Analytical estimates of the frequency and energy scales of stream encounters indicate
that these missing satellites should have a negligible effect on hot debris structures, such as the tails
from the Sagittarius dwarf galaxy. However, long cold streams, such as the structure known as GD-1
or those from the globular cluster Palomar 5 (Pal 5) are expected to suffer many tens of direct im-
pacts from missing satellites during their lifetimes. Numerical experiments confirm that these impacts
create gaps in the debris’ orbital energy distribution, which will evolve into degree- and sub-degree-
scale fluctuations in surface density over the age of the debris. Maps of Pal 5’s own stream contain
surface density fluctuations on these scales. The presence and frequency of these inhomogeneities sug-
gests the existence of a population of missing satellites in numbers predicted in the standard ΛCDM
cosmologies.
Subject headings: cosmology: theory – dark-matter – Galaxy: halo – Galaxy: kinematics and dynamics

– Galaxy: structure

1. INTRODUCTION

Standard ΛCDMmodels of the Universe allow us to ex-
plain structure formation on large scales. However, they
predict an order of magnitude more dark-matter subha-
los within the halos of typical galaxies than the num-
ber of known satellite galaxies orbiting the Milky Way
(Klypin et al. 1999; Moore et al. 1999; Diemand et al.
2007; Springel et al. 2008). Recent, large-area stellar
surveys have discovered dozens of new satellite galaxies,
most notably using the Sloan Digital Sky Survey (SDSS,
e.g. Willman et al. 2005; Belokurov et al. 2006a, 2007;
Zucker et al. 2006; Irwin et al. 2007; Koposov et al.
2007; Walsh et al. 2007) but the number discrepancy
between simulated dark-matter subhalos and observed
satellite populations is still significant. This discrep-
ancy can partially be explained by accounting for the
the incomplete sky-coverage of SDSS and the distance-
dependent limit on this survey’s sensitivity to low-surface
brightness objects (Koposov et al. 2008; Tollerud et al.
2008). Indeed, models which take this into account and
consider diffuse, (i.e. undetectable) satellite galaxies can
reconcile the number counts for subhalos (Bullock et al.
2010). However, when they impose the suppression of
stellar populations in low mass subhalos (which have
masses below 5 × 108M!) the number of undetected
galaxies significantly declines and the prediction of nu-
merous purely dark-matter subhalos less massive than
5× 108M! remains.
There could be a genuine absence of “missing satel-

lites” in the inner halo due to destruction by disk

!jhyoon@astro.columbia.edu
1 Department of Astronomy, Columbia University, New York

10027, USA
2 Center for Cosmology and Particle Physics, Department of

Physics, New York University, New York 10003, USA

shocks, as illustrated in the calculations D’Onghia et al.
(2010). However, note that these analytic descrip-
tions of disk shocking based on the energy criterion
are known to overestimate disruption rates of subhalos
significantly(Goerdt et al. 2007). Once these destructive
effects are accurately accounted for, proof of the exis-
tence (or lack) of these “missing satellites” could provide
an important constraint on the nature of dark matter,
which sets the minimum scale for the formation of dark-
matter subhalos (e.g. Hooper et al. 2007).
Along with the discovery of new satellite galaxies,

SDSS has also uncovered a multitude of stellar struc-
tures in the Milky Way halo from disrupting glob-
ular clusters or satellite galaxies. In many cases,
the debris is dynamically cold and distributed nar-
rowly in space (Odenkirchen et al. 2001; Belokurov et al.
2006b; Lauchner et al. 2006; Grillmair & Johnson 2006;
Grillmair & Dionatos 2006b; Grillmair 2006, 2009). Such
cold stellar streams should be sensitive probes of the
gravitational potential. On global scales, they can be
used to constrain the radial profile, shape and orienta-
tion of the Milky Way’s triaxial dark-matter halo (e.g.
Johnston et al. 1999; Ibata et al. 2002; Johnston et al.
2005; Binney 2008; Eyre 2010; Koposov et al. 2010;
Law & Majewski 2010). The presence of dark-matter
subhalos would add asymmetries to the global potential
over a range of smaller scales which will perturb these
cold streams or even destroy them. Hence, if the missing
satellites do exist they will add random uncertainties to
any stellar-dynamical assessment of the global potential.
Gravitational lensing has been suggested to be

a useful tool to probe the presence of subha-
los (Chiba 2002; Metcalf & Zhao 2002; Chen et al.
2003; Moustakas & Metcalf 2003; Metcalf et al. 2004;
Keeton & Moustakas 2009; Riehm et al. 2009; Xu et al.
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DARK MATTER SUB-HALO COUNTS VIA STAR STREAM CROSSINGS

R. G. Carlberg1

Draft version December 20, 2011

ABSTRACT

Dark matter sub-halos create gaps in the stellar streams orbiting in the halos of galaxies. We
evaluate the sub-halo stream crossing integral with the guidance of simulations to find that the linear
rate of gap creation, R∪, in a typical Cold Dark Matter (CDM) galactic halo at 100 kpc is R∪ !
0.0066M̂−0.35

8 kpc−1Gyr−1, where M̂8(≡ M̂/108M#) is the minimum mass halo that creates a visible
gap. The relation can be recast entirely in terms of observables, as R∪ ! 0.059w−0.85 kpc−1Gyr−1,
for w in kpc, normalized at 100 kpc. Using published data, the density of gaps is estimated for M31’s
NW stream and the Milky Way Pal 5 stream, Orphan stream, and Eastern Banded Structure. The
estimates of the rates of gap creation have errors of 50% or more due to uncertain dynamical ages and
the relatively noisy stream density measurements. The gap rate-width data are in good agreement
with the CDM predicted relation. The high density of gaps in the narrow streams require a total halo
population of about 105 sub-halos above a minimum mass of 105M#.

Subject headings: dark matter; Local Group; galaxies: dwarf

1. INTRODUCTION

The dark matter halos in which galaxies are embedded
are satisfactorily modeled as smooth quasi-isothermal
spheroids, such as Hernquist (1990) or Navarro-Frenk-
White (NFW, 1997) functions, as described in author-
itative texts such as Binney & Merrifield (1998) and
Binney & Tremaine (2008). Such mass models, with
addition of the visible stars, gas and dust, can ade-
quately account for most of the observed internal kine-
matics of galactic systems. On the other hand, N-body
simulations of the formation of dark matter halos ro-
bustly predict that approaching 10% of the mass of any
galactic dark halo should be in the form of sub-halos
with numbers that rise steeply towards lower masses
(Klypin et al. 1999; Moore et al. 1999; Springel et al.
2008; Diemand, Kuhlen & Madau 2007). The baryonic
disk and bulge components of a galaxy will lead to sub-
halo depletion in the central regions (D’Onghia et al.
2010) relative to a pure dark matter model. Although
galaxies do contain visible dwarf galaxies embedded in
dark matter sub-halos, the numbers are far short of the
many thousands expected. Hence, it appears that either
the predicted sub-halos are very dark, or, substantially
not present.
An accurate census of the relatively low mass com-

pletely dark sub-halos remains a significant challenge.
In principle the dark matter itself must have some cross-
section for interaction with either itself or baryons, which
could potentially give rise to annihilation radiation, but
so far there is no clear association of gamma-rays with
known sub-halos (Buckley & Hooper 2010; Vivier et al.
2011). The gravitational effects of the large num-
bers of sub-halos quickly average with distance. Sub-
halos are potentially detectable through micro-lensing
of multiple-image background sources (Mao & Schneider
1998; Dalal & Kochanek 2002). The anomalous flux ra-

1 Department of Astronomy and Astrophysics, Univer-
sity of Toronto, Toronto, ON M5S 3H4, Canada carl-
berg@astro.utoronto.ca

tios of multiple image gravitational lenses are explained
with the addition of at least one moderately massive
sub-halo projected onto the central region of the galaxy
(Vegetti et al. 2010), but this is not a detection of a vast
population. Over a Hubble time sub-halos lead to heat-
ing of some ∼ 30 kms−1 (Carlberg 2009). Such heating
is not easily detectable in most of the visible components
of a galaxy.
The ongoing discovery of thin, low mass, stel-

lar streams in galaxies opens up the possibility
that the sub-halos can be detected through their
gravitational effects on star streams. In partic-
ular, sub-halos that pass near or through a star
stream create a gap in the stream (Ibata et al. 2002;
Siegal-Gaskins & Valluri 2008; Yoon, Johnston & Hogg
2011; Carlberg et al. 2011; Helmi et al. 2011). Detect-
ing gaps in stream pseudo-images is observationally less
expensive than measuring stream kinematics. The chal-
lenge of the image analysis is that the stars in any im-
age are overwhelmingly in the foreground or background
and the signal above the statistical noise at any point
in the stream is often fairly low. Detections of gaps
and lumps have been claimed with good statistical con-
fidence for the Pal 5 stream (Odenkirchen et al. 2003;
Grillmair & Dionatos 2006), the 100 kpc NW stream of
M31 (Carlberg et al. 2011), the Eastern Banded Struc-
ture of the galaxy (Grillmair 2011) and discussed for the
Orphan stream (Newberg et al. 2010).
The purpose of this paper is to develop a basic analytic

prediction of the rate at which sub-halos create visible
gaps in star streams as a statistical measure of the num-
bers of sub-halos present. The relation can be applied
to either simulations or observational data. In principle,
the density of dark matter sub-halos (and other bound
structures) in a galactic halo is simply measured with
the number of times they cross a stellar stream to cre-
ate visible gaps (Carlberg 2009; Yoon, Johnston & Hogg
2011). The rate at which gaps are created in a stream
is the product of the density of sub-halos, the distance
between sub-halo and stream which creates a gap, and

Star Stream Gaps 9

Fig. 11.— The estimated gap rate vs stream width relation for
M31 NW, Pal 5, the EBS and the CDM halo prediction. All data
have been normalized to 100 kpc. The width of the theoretical re-
lation is evaluated from the dispersion in the length-height relation
of Fig. 8. Predictions for an arbitrary alternative mass functions,
N(M) ∝ M−1.6 normalized to have 33 halos above 109 M" is
shown with a dotted line.

when the other streams work fairly well with the adopted
CDM spectrum the Orphan stream is expected to fall
into line and could potentially be a case against a rich
sub-halo population in our galaxy.

5. DISCUSSION AND CONCLUSIONS

This paper lays a basis for understanding the rate at
which dark matter sub-halos create visible gaps in stellar
streams. Restricted n-body experiments guide a calcula-
tion based on the impact approximation. The outcome
is a prediction of the local rate at which gaps are in-
duced in a stellar stream which effectively counts the

number of sub-halos massive enough to produce visible
gaps. The rate of gap creation is cast as a relationship
with the stream width, which gives a predicted relation-
ship between observables that tests the CDM sub-halo
prediction.
Comparison of the CDM based prediction of the gap

rate-width relation with published data for four streams
shows generally good agreement within the fairly large
measurement errors. The result is a statistical argument
that the vast predicted population of sub-halos is indeed
present in the halos of galaxies like M31 and the Milky
Way. The data do tend to be somewhat below the pre-
diction at most points. This could be the result of many
factors, such as the total population of sub-halos is ex-
pected to vary significantly from galaxy to galaxy, allow-
ing for the stream age would lower the predicted number
of gaps for the Orphan stream and possibly others as
well, and most importantly these are idealized stream
models.
There are many improvements possible to strengthen,

or, destroy this result. Each observed stream could be
realized through an n-body model and inserted into an
appropriate model of a sub-halo rich galactic halo. The
result would still be statistical but the various time de-
pendent and mass dependencies would be fully taken into
account. On the observational side the presence or ab-
sence of a particular gap in a stream are somewhat uncer-
tain due to the relatively low signal to noise of streams
at the present time. A statistically robust measure of
the number of gaps needs to be developed. However,
the observations are improving quickly and much more
secure gap descriptions will soon be available. Overall,
within our simplified general modeling of sub-halos cross-
ing streams to create gaps, we finding a perhaps surpris-
ingly good agreement between data acquired for other
purposes and the CDM prediction of a large population
of sub-halos.

This research is supported by NSERC and CIfAR.
Rosie Wyse, Carl Grillmair and an anonymous referee
made helpful suggestions.
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Comparison of the CDM based prediction of the gap rate-width relation with 
published data for four streams shows generally good agreement within the fairly 
large measurement errors. The result is a statistical argument that the vast 
predicted population of sub-halos is indeed present in the halos of galaxies like 
M31 and the Milky Way. The data do tend to be somewhat below the prediction at 
most points. This could be the result of many factors, such as the total population of 
sub-halos is expected to vary significantly from galaxy to galaxy, allowing for the 
stream age would lower the predicted number of gaps for the Orphan stream and 
possibly others as well, and most importantly these are idealized stream models.
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ΛCDM predicts that there is a population of low-luminosity stealth 
galaxies around the Milky Way.

STEALTH GALAXIES IN THE HALO OF THE MILKY WAY
James S. Bullock, Kyle R. Stewart, Manoj Kaplinghat, and Erik J. Tollerud

We predict that there is a population of low-luminosity dwarf galaxies with luminosities 
and stellar velocity dispersions that are similar to those of known ultrafaint dwarf 
galaxies but they have more extended stellar distributions (half light radii greater than 
about 100 pc) because they inhabit dark subhalos that are slightly less massive than their 
higher surface brightness counterparts. One implication is that the inferred common mass 
scale for Milky Way dwarfs may be an artifact of selection bias. A complete census of these 
objects will require deeper sky surveys, 30m-class follow-up telescopes, and more refined 
methods to identify extended, self-bound groupings of stars in the halo.

Satellite 
Infall 

redshift

2010 ApJ



Two main “DG Problems” (which may or may not be related)

1) Missing Satellite Problem: 
discrepancy between the relatively 
small number of satellite galaxies 
known to be orbiting the Milky Way 
(~20) and the vastly larger number 
of dark matter subhalos seen in N-
body “zoom-in” cosmological 
simulations (Moore et al. 1999; 
Klypin et al. 1999; Diemand et al. 
2007,2008; Springel et al. 2008).

J. Bullock

Tuesday, February 14, 12

SDSS satellite search 
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small number of satellite galaxies 
known to be orbiting the Milky Way 
(~20) and the vastly larger number 
of dark matter subhalos seen in N-
body “zoom-in” cosmological 
simulations (Moore et al. 1999; 
Klypin et al. 1999; Diemand et al. 
2007,2008; Springel et al. 2008).

Tuesday, February 14, 12

The search for faint Milky Way satellites has just begun

The Dark Energy Survey will cover a larger region of the 
Southern Sky, and LSST will go much deeper yet



Satellites and Subhalos

Cusps

Angular momentum
small scale issues

WDM doesn’t resolve cusp issues.  New observations and 
simulations suggest that observed velocity structure of LSB, 
dSpiral, dSph galaxies may be consistent with cuspy ΛCDM 
halos.  But the “too big to fail” problem needs solution.

The Eris simulation shows that ΛCDM simulations are 
increasingly able to form realistic spiral galaxies, as 
resolution improves and feedback becomes more realistic.

The discovery of many faint Local Group dwarf galaxies is 
consistent with ΛCDM predictions.  Satellites, reionization, 
lensing flux anomalies, gaps in stellar streams, and Lyα 
forest data imply that WDM must be Tepid or Cooler.   



Conclusions
CMB and large-scale structure predictions of ΛCDM with 
WMAP5/7 cosmological parameters are in excellent agreement 
with observations.  There are no known discrepancies.

On galaxy and smaller scales, many of the supposed former 
challenges to ΛCDM are now at least partially resolved.  The 
“angular momentum catastrophe” in galaxy formation appears to 
be resolved with better resolution and more realistic feedback.  
Cusps can be removed by starbursts blowing out central gas.

Lensing flux anomalies and gaps in cold stellar streams appear 
to require the sort of substructure seen in ΛCDM simulations.  
However, the biggest subhalos in ΛCDM MWy-type dark 
matter halos do not host observed satellites.  This “too big to 
fail” problem appears to be the most serious current challenge 
for ΛCDM, and may indicate the need for a more complex 
theory of dark matter -- or perhaps just better understanding 
of DM simulations and/or of baryonic physics.
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