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!CDM has become the standard cosmological model because
its predictions agree so well with observations of the cosmic
microwave background and the large-scale structure of the
universe. However!CDM has faced challenges on smaller
scales. Some of these challenges, including the “angular mo-
mentum catastrophe" and the absence of density cusps in
the centers of small galaxies, may be overcome with improve-
ments in simulation resolution and feedback. Recent simu-
lations appear to form realistic galaxies in agreement with
observed scaling relations. Although dark matter halos start
small and grow by accretion, the existence of a star-forming
band of halo masses naturally explains why the most mas-
sive galaxies have the oldest stars, a phenomenon known as
known as galactic “downsizing." The discovery of many faint
galaxies in the Local Group is consistent with!CDM predic-

tions, as is the increasing evidence for substructure in galaxy
dark matter halos from gravitational lensing )ux anomalies
and gaps in cold stellar streams. However, the “too big to fail"
(TBTF) problem challenges!CDM. It arose from analysis of the
Acquarius and Via Lactea very high-resolution!CDM simu-
lations of dark matter halos like that of the Milky Way. Each
simulated halo has" 10 subhalos that were so massive and
dense that they would appear to be too big to fail to form lots
of stars. The TBTF problem is that none of the observed satel-
lite galaxies of the Milky Way or Andromeda have stars mov-
ing as fast as would be expected in these densest subhalos.
This may indicate the need for a more complex theory of dark
matter – or perhaps just better understanding of dark matter
simulations and/or baryonic physics.

1 Introduction

The first thing everyone interested in dark matter and
cosmology should know is that we now have a standard
model. This represents a breakthrough: cosmology has fi-
nally become a serious science during the past decade,
with predictions now routinely confirmed by observa-
tions. The standard model is known as !CDM – ! for
the cosmological constant, and CDM for Cold Dark Mat-
ter, particles that moved sluggishly in the early universe
and thereby preserved fluctuations down to small scales.
However, if you are talking with a non-astronomer about
modern cosmology, there should be a more friendly
name for the standard model. Since according to !CDM
the cosmic density is mostly dark energy (either a cosmo-
logical constant with "! = 0.728±0.016 or some dynami-
cal field that plays a similar cosmic role) and dark matter,

we recommend the simple name “Double Dark Theory"
for the modern cosmological standard model [1, 2].

Of course, a standard model also has standard limita-
tions. Like the standard model of particle physics, !CDM
requires the determination of a number of relevant con-
stants, and the theory does not attempt to explain why
they have the measured values – or to explain the funda-
mental nature of the dark matter and dark energy. These
remain challenges for the future. But the good news is
that the key cosmological parameters are now all deter-
mined to an accuracy of a few percent, including the
power spectrum normalization parameter !8 = 0.809±
0.024 [3]. It is remarkable and reassuring that the cos-

! E-mail: joel@ucsc.edu, Phone: +1 831 459 2580, Fax: +1 831 459 3043
Physics Department, University of California, Santa Cruz, CA 95064,
USA

© "&%" by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim !"!

goo.gl/TFDYf

Special Issue 
on Dark Matter 

Thursday, January 10, 13

http://goo.gl/TFDYf
http://goo.gl/TFDYf


Tuesday, February 14, 12

Thanks to Piero Madau!
Thursday, January 10, 13



Satellites and Subhalos

Cusps

Angular momentum

small scale issues

WDM doesn’t resolve cusp issues.  New observations and 
simulations suggest that velocity structure of LSB, dSp, and 
dSph galaxies may be consistent with cuspy ΛCDM halos.  

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.  Lensing flux anomalies 
gaps in stellar streams require the substructure predicted 
by CDM.  But the “too big to fail” problem needs solution.
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The Angular Momentum Catastrophe
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?
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Navarro & Steinmetz 2000 ApJ

No. 2, 2000 FEEDBACK AND DISK GALAXY SCALING LAWS 481

FIG. 3.ÈSpeci!c angular momentum vs. circular velocity of model gal-
axies compared with observational data. Data correspond to the samples
of Courteau (1997), Mathewson et al. (1992), and the compilation of
Navarro (2000). Speci!c angular momenta are computed from disk scale
lengths and rotation speeds, assuming an exponential disk model with a
Ñat rotation curve.

tum of disks and their rotation speed,

jdisk B 1.3 ] 103A Vrot
200 km s~1

B2
km s~1 h~1 kpc (8)

(Fig. 3, solid line), suggestive, as in the case of the Tully-
Fisher relation, of a cosmological origin for this scaling law.

Combining equations (7) and (8), we can express the ratio
between disk and halo speci!c angular momenta at z \ 0 as

f
j
\ jdisk

j*
B 0.45

A *
200

B1@2AVrot
V*

B2
. (9)

If the rotation speeds of galaxy disks are approximately the
same as the circular velocity of their surrounding halos,
then disks must have retained about one-half of the avail-
able angular momentum during their assembly.

The velocity ratio can be eliminated using equation (6) to
obtain a relation between the fraction of baryons assembled
into the disk and the angular momentum ratio,

f
j
B 0.5

A *
200

B1@6A fbdsk
)0 h!

I

B2@3
. (10)

This combined constraint posed by the Tully-Fisher and
the angular momentumÈvelocity relations is shown in
Figure 4 for two di†erent cosmological models. As in Figure
2, thick solid lines correspond to SCDM, and thick dashed
lines to the "CDM model. Each curve is labeled by the
value adopted for the disk mass-to-light ratio, The!

I
.

precise values of and along each curve are deter-fbdsk f
jmined by the ratio and are shown by stars for theVrot/V*,

case andVrot \ V* !
I
\ 1.

One important point illustrated by Figure 4 is that disk
galaxies forming in a low-density universe, such as "CDM,

FIG. 4.ÈFraction of the baryons assembled into a disk galaxy vs.( fbdsk)
the ratio between the speci!c angular momenta of the disk and its sur-
rounding halo Thick solid and dashed lines correspond to the con-( f

j
).

straints imposed by the Tully-Fisher relation (Fig. 1) and by the relation
between rotation speed and angular momentum (Fig. 3), respectively.
Thick solid line corresponds to the SCDM scenario and thick dashed line
to "CDM, shown for di†erent values of as labeled. Symbols corre-!

I
,

spond to simulated galaxy models as in Fig. 1.

need only accrete a small fraction of the total baryonic mass
to match the zero point of the Tully-Fisher relation, but
must draw a much larger fraction of the available angular
momentum to be consistent with the spins of spiral galaxies.
For example, if and disk masses amountVrot \ V* !

I
\ 1,

to only about 30% of the total baryonic mass of the halo,
but contain about 60% of the available angular momentum.
This is intriguing and, at face value, counterintuitive.
Angular momentum is typically concentrated in the outer
regions of the system (see, e.g., Fig. 9 of NS97), presumably
those least likely to cool and be accreted into the disk, so it
is puzzling that galaxies manage to tap a large fraction of
the available angular momentum while collecting a small
fraction of the total mass. The simulations in NS97, which
include the presence of a strong photoionizing UV back-
ground, illustrate exactly this dilemma; the UV background
suppresses the cooling of late-infalling, low-density, high
angular momentum gas and reduces the angular momen-
tum of cold gaseous disks assembled at the center of dark
matter halos.

The situation is less severe in high-density universes such
as SCDM; we see from Figure 4 that disks are required to
collect similar fractions of mass and angular momentum in
order to simultaneously match the Tully-Fisher and the
spin-velocity relations. As a result, any difficulty in match-
ing the angular momentum of disk galaxies in SCDM will
only become worse in a low-density "CDM universe.

Note as well that the problem becomes more severe the
lower the mass-to-light ratio of the disk. Indeed, from the
point of view of this constraint, it would be desirable for
disks formed in the "CDM scenario to have in this!

I
Z 2 ;

case, would be consistent with the constraintf
j
D fbdskposed by observed scaling laws. However, this is the
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The Angular Momentum Catastrophe
In practice it is not trivial to form galaxies with massive, extended disks and small spheroids. 
The angular momentum content of the disk determined its final structure.

Scannapieco et al. 2009

Too much 
low angular 
momentum 
material! 

Small 
disk

Javiera Guedes
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The Angular Momentum Catastrophe

In practice it is not trivial to form galaxies with massive, extended disks and small spheroids. 
The angular momentum content of the disk determined its final structure.

≠

Scannapieco et al. 2009

Solution: Stop cooling via SN feedback, AGN, preheating, etc. Javiera Guedes
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Eris 
Simulation    
Guedes et al.
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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 
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Eris Rotation Curve

Eris (z=0)

Eris (z=1)

ErisLT (z=1)

gas
stars

dark

The z=0 is not highly peaked at the center, and falls slowly at large radii, in 
agreement with observations. 

data points from SDSS blue HB stars Sofue et al. ‘09

Javiera Guedes, et al.  2011 ApJ 

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. 
Outflows remove low angular momentum material, suppressing the formation of large bulges.
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Structural Properties: Kinematic Decomposition
A kinematic decomposition can help identify the disk, bulge, stellar halo, pseudo-bulge, thick disk, and 
satellites. 

disk

spheroid

Eris

Javiera Guedes
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The Mstar-Mhalo Relation
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Javiera Guedes
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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

CDM predicts cuspy halos ρDM ~ r−1.  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.  

● New observations call into question some previous 
evidence for dark matter cores in dwarf galaxies

Legal Logic vs. Scientific Logic
●

●
●
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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 
kinematics 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

New observations call into question some previous 
evidence for dark matter cores in dwarf galaxies
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J. Simon+05

ρDM ~ r−αDM

NGC 2976 was least cuspy galaxy in Simon+05

similar to a 20% change in the stellar mass-to-light ratio (Bolatto
et al. 2002; Simon et al. 2003). If we arbitrarily increaseM!=L to
simulate this effect, the slope of the dark matter density profile
(see below) decreases by 2%–12%. Allowing the stellar disk to
have a nonzero thickness (see x 2.2) would offset this decrease.

3.2. Power-Law Density Profile Fits

We can now consider the central density profile slopes of
the dark matter halos of each galaxy. Following the notation
of Simon et al. (2003), we parameterize the rotation curve by
vrot / r(2"!DM)=2, which corresponds to a power-law density
profile: "DM / r"!DM . Allowing the stellar mass-to-light ratios
to vary from zero up to the maximum disk values determined
in the previous paragraph, the limits we place on !DM are given
in Table 3. Obviously, the impact of changing the mass-to-
light ratio on the density profiles is minimal for NGC 4605 and
NGC 5949. These galaxies have very similar dark matter den-
sity profiles in the maximum and minimum disk cases, so their
density profile slopes are tightly constrained.

The rotation curve fits for these limiting cases are displayed
in Figures 4–7. In the left panel of each figure, a minimum disk
power-law fit is displayed, with the residuals from the fit in the
bottom panel. The right panel of each figure contains a power-

law fit to the dark matter halo in the maximum disk case, again
with residuals shown in the bottom panel. In all cases, a power
law provides a reasonable fit to the rotation curve at least out
to the radius at which the rotation curve begins to flatten sig-
nificantly (at which point the density profile slope is obviously
changing with radius, and a single power law cannot be ex-
pected to accurately represent the rotation curve). The numer-
ical parameters of the power-law fits for the disk-subtracted
rotation curves are listed in Table 4 and those for the total ro-
tation curves (with no disk subtraction) in Table 5. The dark
matter density profile slopes we derive after subtracting the
stellar disks are !DM # $0:78; 0:88; 1:20; 0:79% for NGC 4605,
NGC 5949, NGC 5963, and NGC 6689, respectively. If we
fit the velocity fields without allowing radial motions, we find
density profile slopes of !DM # $0:64; 0:98; 1:19; 0:79%. These
changes are small (comparable to or less than the 1 # uncer-
tainties) and go in different directions for different galaxies. We
conclude that including radial motions in our tilted-ring models
does not systematically affect the density profile slopes we derive.

3.3. Alternativve Density Profile Fits

In order to obtain a more complete understanding of the al-
lowed shapes of the inner density profiles of the galaxies in our
sample, we also fit the rotation curves with several other func-
tional forms. The two most commonly used profiles in the liter-
ature are the pseudoisothermal profile (an isothermal sphere with
a central core) and theNavarro-Frenk-White (NFW) profile.7 The
functional form for the pseudoisothermal density profile is

"(r) # "0
1& (r=rc)

2
; '1(

TABLE 3

Limits on Dark Matter Density Profile Slopes

Galaxy Maximum Disk !DM Minimum Disk !DM

NGC 2976............ 0:01 ) 0:13 0:27 ) 0:09
NGC 4605............ 0:71 ) 0:06 0:90 ) 0:02
NGC 5949............ 0:79 ) 0:17 0:93 ) 0:04
NGC 5963............ 0:75 ) 0:10 1:41 ) 0:03
NGC 6689............ 0:43 ) 0:18 1:07 ) 0:06

Fig. 7.—(a) Tilted-ring model for NGC 6689. (b) Disk-subtracted rotation curve of NGC 6689 (for M!=Lr 0 # 1:96 M*=L*; r 0 ). Symbols, colors, and shading are
as in Fig. 4.

7 For our NFW fits, we chose the scale radius rs and the virial radius r200 to
be the two free parameters.
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Fig. 1.—(a) BVR composite image of NGC 2976 from the 1.8 m telescope at Lowell Observatory. Exposure times were 10 minutes in B and 5 minutes in V
andR. Note the distinct lack of a bulge, a bar, or any spiral structure. (b) BVR composite image of NGC 2976 with integrated intensity CO contours overlaid.
Note how well the CO traces out the optical dust lanes. The dashed circle shows the extent of the BIMA primary beam. The contour levels are 0.35, 0.70, 1.4,
2.1, and 2.8 Jy km s!1 inside the primary beam, and a single contour at 1.4 Jy km s!1 is shown outside the primary beam. For these observations, 0.35 Jy km
s!1 corresponds to a molecular hydrogen column density of 2" 1020 cm!2 (assuming that the Galactic CO-H2 conversion factor is valid in NGC 2976). The
BIMA synthesized beam (5>2" 6>0) is shown in the upper left-hand corner.
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Figure 12. Enclosed mass profiles and confidence intervals. Top: using the kinematic data alone. The !!,R fit here exceeds that fit through stellar population synthesis
analysis. With these poor constraints, NGC 2976 may be DM or baryon dominated to the largest radius measured. The median models have similar amounts of
enclosed DM and stellar mass up to 1 kpc where the DM begins to dominate. Bottom: using the combined SPS and kinematic data. The DM halo dominates at least
to r > 200 pc and perhaps everywhere.
(A color version of this figure is available in the online journal.)

Figure 13. "!2 distributions for combinations of the five parameters being minimized in the Jeans modeling. The inner three contours correspond to "!2 = 2.3,
6.2, and 12.9 or 1" , 2" , and 3" significance. The additional contours increase each by a factor of two. Cross symbols mark the formal minima. Left: the confidence
intervals from the kinematic data alone. Right: the confidence intervals when the kinematic and SPS data are combined.

and the H# rotation curve of SBLB03. The irregular structure
in the curve at r = 30"" and r = 60"" is found in both data sets,
particularly in our TR fit.

We next fit a velocity power law of the form vcirc,DM # r$

added in quadrature to the stellar and H i component circular
velocities. The circular velocity of a power-law density profile
is a power law with a different index. The well-known relation

for the density and circular velocity indices for power laws of
# = 2 $ (1 %$) (e.g., SBLB03, Appendix B) is used. A variety
of !! values are tested as detailed in Table 5, some fixed and
some fit live. We also refit the SBLB03 data of their Table 3 in
the same manner, taking their mass model rotation curves and
trying their maximal disk value of !!,K = 0.19. The residuals
from the best fit were used to estimate the uncertainty in the
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ABSTRACT
The free streaming of warm dark matter particles dampens the fluctuation spectrum, flattens the
mass function of haloes and sets a fine-grained phase density limit for dark matter structures.
The phase-space density limit is expected to imprint a constant-density core at the halo
centre in contrast to what happens for cold dark matter. We explore these effects using high-
resolution simulations of structure formation in different warm dark matter scenarios. We find
that the size of the core we obtain in simulated haloes is in good agreement with theoretical
expectations based on Liouville’s theorem. However, our simulations show that in order to
create a significant core (rc ! 1 kpc) in a dwarf galaxy (M ! 1010 M"), a thermal candidate
with mass as low as 0.1 keV is required. This would fully prevent the formation of the dwarf
galaxy in the first place. For candidates satisfying large-scale structure constraints (m" larger
than #1–2 keV), the expected size of the core is of the order of 10 (20) pc for a dark matter
halo with a mass of 1010 (108) M". We conclude that ‘standard’ warm dark matter is not a
viable solution for explaining the presence of cored density profiles in low-mass galaxies.

Key words: galaxies: haloes – dark matter.

1 IN T RO D U C T I O N

The formation of structure in the universe is driven by the mysteri-
ous dark matter component whose nature is still unknown. Over the
last decades, the hierarchical cold dark matter (CDM) model has
become the standard description for the formation of cosmic struc-
tures. It is in excellent agreement with recent observations, such
as measurements of the cosmic microwave background and large-
scale surveys (Tegmark et al. 2006; Komatsu et al. 2011). However,
there are a number of inconsistencies on subgalactic scales that
arise within the CDM scenario. First, the amount of substructure
in Milky Way (MW) sized haloes is overpredicted by roughly one
order of magnitude (Klypin et al. 1999; Moore et al. 1999). Sec-
ondly, the central densities of CDM haloes in simulations show a
cuspy behaviour (Flores & Primack 1994; Moore 1994; Diemand
et al. 2005; Macciò et al. 2007; Springel et al. 2008), whereas
the density profiles inferred from galaxy rotation curves point to a
core-like structure (e.g. Kuzio de Naray, McGaugh & Mihos 1999;
de Blok et al. 2001; Oh et al. 2011). Furthermore, recent studies
(Tikhonov et al. 2009; Zavala et al. 2009; Peebles & Nusser 2010)

!E-mail: maccio@mpia.de

re-emphasized that also the population of dwarf galaxies within
voids is in strong contradiction with CDM predictions.

One possible solution to these issues is that the dark matter par-
ticle is a thermal relic with a mass of the order of 1 keV. The
most prominent representatives of such warm dark matter (WDM)
candidates are the sterile neutrino and the gravitino (Abazajian &
Koushiappas 2006; Boyarsky, Ruchayskiy & Shaposhnikov 2009a),
whose presence is also motivated by particle theory (e.g. Dodelson
& Widrow 1994; Takayama & Yamaguchi 2000; Buchmüller et al.
2007).

Non-zero thermal velocities for WDM particles lead to a strong
suppression of the linear matter power spectrum on galactic
and subgalactic scales (Bond, Efstathiou & Silk 1980; Pagels &
Primack 1982; Dodelson & Widrow 1994; Hogan & Dalcanton
2000; Zentner & Bullock 2003; Viel et al. 2005; Abazajian 2006),
and erase all primordial density perturbations smaller than their
free-streaming scale #fs. Below this scale no structure is expected
to form, at least not in the usual bottom-up scenario. However, the
effective suppression of halo formation already happens well above
#fs and is entirely described by the WDM particle mass (see Smith
& Markovic 2011, and references therein).

Recent observational constraints coming from X-ray background
measurements and Ly$ forest analysis set the allowed mass interval

C$ 2012 The Authors
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Figure 8. Expected core size for the typical dark matter mass of MW
satellites as a function of the WDM mass m! . The shaded area takes into
account possible different values of the local density parameter 0.15 <

"m < 0.6. The vertical dashed line shows the current limits on the WDM
mass from large-scale structure observations.

4 C O N C L U S I O N S

We have used high-resolution N-body simulations to examine the
effects of free-streaming velocities on halo internal structure in
WDM models. We find the following.

(i) The finite initial fine-grained phase-space density (PSD) is
also a maximum of the pseudo-PSD, resulting in PSD profiles of
WDM haloes that are similar to CDM haloes in the outer regions;
however, they flatten towards a constant value in the inner regions.
This is in agreement with previous studies based on simulations
(Colı́n et al. 2008) and theoretical arguments (Villaescusa-Navarro
& Dalal 2011).

(ii) The finite PSD limit results in a constant density core with
characteristic size that is in agreement with theoretical expectations,
i.e. following TG79, especially if the value of the local matter
density is taken into account.

(iii) The core size we expect for thermal candidates, allowed by
independent constraints on large scales (Ly# and lensing, m! ! 1–
2 keV), is of the order of 10–50 pc. This is not sufficient to explain
the observed cores in dwarf galaxies that are nearly of kpc scale
(Walker & Penarrubia 2011; Amorisco & Evans 2012; Jardel &
Gebhard 2012).

(iv) Our results show that a core around kpc scale in dwarf galax-
ies would require a thermal candidate with a mass below 0.1 keV, a
mass value ruled out by all large-scale structure constraints (Seljak
et al. 2006; Miranda & Macciò 2007; Viel et al. 2008). Moreover,
with such a warm candidate, the exponential cut-off of the power
spectrum would make impossible to obtain these dwarf galaxies in
the first place (e.g. Macciò & Fontanot 2010).

(v) Altogether these results lead to a nice ‘Catch 22’ problem
for WDM: if you want a large core you won’t get the galaxy, if you
get the galaxy it won’t have a large core.

We conclude that the solution of the cusp/core problem in Local
Group galaxies cannot completely reside in simple models (ther-
mal candidates) of WDM. If cores are required, then it seems that
baryonic feedback (e.g. Romano-Dı́az et al. 2008; Governato et al.
2010; Macciò et al. 2012a) is still the most likely way to alter the
density profile of dark matter and hence reconcile observations with
CDM/WDM predictions.

ACK NOW L EDG ME NTS

We acknowledge stimulating discussions with George Lake, Jürg
Diemand and Justin Read. We would like to thank A. Boyarsky,
O. Ruchayskiy and S. Sergio Palomares-Ruiz for their help with
the theory part of this work. Finally, we thank the referee of our
paper, Adrian Jenkins, for several comments that improved the pre-
sentation and the clarity of our work. Numerical simulations were
performed on the THEO and PanStarrs2 clusters of the Max-Planck-
Institut für Astronomie at the Rechenzentrum in Garching and on the
zBox3. SP would like to thank Joachim Stadel and Doug Potter for
their crucial contribution to this project. AVM acknowledges fund-
ing by Sonderforschungsbereich SFB 881 ‘The Milky Way System’
(subproject A1) of the German Research Foundation (DFG).

R E F E R E N C E S

Abazajian K., 2006, Phys. Rev. D, 73, 063506
Abazajian K., Koushiappas S. M., 2006, Phys. Rev. D, 74, 023527
Amorisco N. C., Evans N. W., 2012, MNRAS, 419, 184
Bertschinger E., 2001, ApJS, 137, 1
Bode P., Ostriker J. P., Turok N., 2001, ApJ, 556, 93
Bond J. R., Efstathiou G., Silk J., 1980, Phys. Rev. Lett., 45, 1980
Boyarsky A., Ruchayskiy O., Shaposhnikov M., 2009a, Annu. Rev. Nucl.

Part. Sci., 59, 191
Boyarsky A., Lesgourgues J., Ruchayskiy O., Viel M., 2009b, J. Cosmol.

Astropart. Phys., 5, 12
Boyarsky A., Ruchayskiy O., Iakubovskyi D., 2009c, J. Cosmol. Astropart.

Phys., 3, 5
Boyarsky A., Lesgourgues J., Ruchayskiy O., Viel M., 2009d, Phys. Rev.

Lett., 102, 201304
Buchmüller W., Covi L., Hamaguchi K., Ibarra A., Yanagida T., 2007,

J. High Energy Phys., 3, 37
Colı́n P., Avila Reese V., Valenzuela O., 2000, ApJ, 542, 622
Colı́n P., Valenzuela O., Avila Reese V., 2008, ApJ, 673, 203
Dalcanton J. J., Hogan C. J., 2001, ApJ, 561, 35
de Blok W. J. G., McGaugh S. S., Bosma A., Rubin V. C., 2001, ApJ, 552,

L23
de Vega H. J., Salucci P., Sanchez N. G., 2010, preprint (arXiv:1004.1908)
Diemand J., Zemp M., Moore B., Stadel J., Carollo M., 2005, MNRAS, 364,

665
Dodelson S., Widrow L. M., 1994, Phys. Rev. Lett., 72, 17
Dubinski J., Carlberg R. G., 1991, ApJ, 378, 496
Flores R. A., Primack J. R., 1994, ApJ, 427, L1
Gardini A., Bonometto S. A., Murante G., 1999, ApJ, 524, 510
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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 (! = 3: solid red, ! = 4: dotted orange)
and thermal WDM (! = 1: short-dash blue; ! = 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 ! = 3 Early Decay DM ! = 4
Galaxy rcore "0 #2

r
Qp rcore "0 #2

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 ! = 1 Thermal WDM ! = 2
Galaxy rcore "0 #2

r
Qp rcore "0 #2

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, !0), 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 !0 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. 

WDM doesn’t resolve cusp issues
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The Dwarf Galaxy Cuspy Dark Matter Profile Problem   

Bullock et al. 2001b showed that much of the dark matter in 
CDM halos has low angular momentum.

The assumption that stars have the same angular 
momentum distribution as the dark matter yield centrally 
concentrated galaxies and cuspy dark matter profiles.

But dwarf galaxies are observed to be bulgeless.

High resolution simulations with a high threshold for star formation can erode the dark 
matter distribution. 

bulgeless dwarf

Governato et al. 2010

Governato et al. 2010
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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

z = 1.5 z = 0.5

4

2

0

–2

–4

4

2

0

–2

–4

8

4

0

–4

–8

4

2

0

–2

–4

–4 –2 0 2 4

–8 –4 0 4 8

–8 –4 0 4 8

–4 –2 0 2 4

a b

c d

K
ilo

pa
rs

ec
s

Kiloparsecs

26 25 24 23 22 21
M per arcsec2

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.

LETTERS NATURE |Vol 463 | 14 January 2010

204
Macmillan Publishers Limited. All rights reserved©2010

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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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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Gas outflows Face-on i-band image Edge-on i-band image

See also Pontzen & Governato arXiv:1106.0499
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Rapidly changing mass interior to a given radius.
NB similarity with maschenko/wadsley work, but the new picture has no small lumps - 
everything coherent on kiloparsec scales  - and no special resonant frequency
Also Read/Gilmore suggested the possibility of multiple epochs of outflows/condensation, in 
effect we are now confirming and quantifying that idea through better simulations and new 
mathematical modelling. 

Rapidly changing mass interior to a given radius 
causes expansion of the dark matter profile.

NB similarity with Maschenko/Wadsley work, but 
the new picture has no small lumps - everything 
coherent on kiloparsec scales - and no special 
resonant frequency.  Also Read/Gilmore 
suggested the possibility of multiple epochs of 
outflows/condensation, an effect we are now 
confirming and quantifying through better 
simulations and new mathematical modelling.
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arXiv:1106.0499

Andrew Pontzen

IoA, Cambridge

Fabio Governato, UW, Seattle

People have thought about supernova feedback being able to flatten cusps before. However, it 
did seem that it was hard to get it to be a strong enough effect.

This will not be a review talk - there isn’t time.

Although supernova feedback has a reputation as being a ‘quick fix’, the mechanism I will 
present is not contrived - actually, it’s highly generic (I hope to convince you so, anyway)
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Solid lines are circular orbits migrating according to new analytic prescription

Dashed line uses adiabatic approximation - gets the wrong answer.
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Simulation Galaxies stellar DM part. Star part. Softening Overdensity Particles Vpeak

masses M! mass M! mass (M!) (pc) !!/! 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 ", 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 (!gas)

1.5 and a
SF e!ciency parameter, c# = 0.1 to give the correct nor-
malization of the Kennicutt-Schmidt relation (the SF e!-
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 e!ciency
of SF is then further multiplied by the H2 fraction, which
e"ectively 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 o" 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 # 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 su!ciently 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, !CDM,
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 "DM ! r! with # "

#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 !CDM 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 ! ! r" with "1.5 < " < "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, !CDM,
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 "DM ! r! with # "

#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 !CDM 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 ! ! r" with "1.5 < " < "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) !!/! 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 ", 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 (!gas)

1.5 and a
SF e!ciency parameter, c# = 0.1 to give the correct nor-
malization of the Kennicutt-Schmidt relation (the SF e!-
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 e!ciency
of SF is then further multiplied by the H2 fraction, which
e"ectively 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 o" 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 # 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 su!ciently 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 e!ciency at small halo masses, that stretches
the range of galaxy luminosities over a relatively smaller halo mass range. The solid and dashed lines assume di"erent 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 e!ciency 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),

!(R) =
1

4"G

!

2
V
R

#V
#R

+

"

V
R

#2$

, (2)

where V is the rotation velocity observed at radius R, and G
is the gravitational constant. We then measured the logarith-
mic inner slopes $ of the derived dark matter density profiles
assuming a power law (! ! r"). 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
$ 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 e!ects. In particular we find that the
graininess of the DM potential (due to a finite number
of particles) does not substantially a!ect 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 e!ects 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 su"cient 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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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 e!ciency at small halo masses, that stretches
the range of galaxy luminosities over a relatively smaller halo mass range. The solid and dashed lines assume di"erent 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 e!ciency 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),
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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 $ of the derived dark matter density profiles
assuming a power law (! ! r"). 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
$ 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 e!ects. In particular we find that the
graininess of the DM potential (due to a finite number
of particles) does not substantially a!ect 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 e!ects 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 su"cient spatial resolution and high SF surface densi-
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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 e!ciency at small halo masses, that stretches
the range of galaxy luminosities over a relatively smaller halo mass range. The solid and dashed lines assume di"erent 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 e!ciency 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),

!(R) =
1

4"G

!

2
V
R

#V
#R

+

"

V
R

#2$

, (2)

where V is the rotation velocity observed at radius R, and G
is the gravitational constant. We then measured the logarith-
mic inner slopes $ of the derived dark matter density profiles
assuming a power law (! ! r"). 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
$ 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 e!ects. In particular we find that the
graininess of the DM potential (due to a finite number
of particles) does not substantially a!ect 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 e!ects 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 su"cient spatial resolution and high SF surface densi-

c# 2002 RAS, MNRAS 000, 1–12
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Core
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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 ! obtained for
Fornax and Sculptor. The vertical dotted line marks the maximum (i.e., central) value of an NFW profile (i.e., cusp with !DM = 1, limr!0[d logM/d log r] = 2). These measurements
rule out NFW and/or steeper cusps (!DM ! 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 !.
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).

ar
X

iv
:1

10
8.

24
04

v3
  [

as
tro

-p
h.

CO
]  

7 
Se

p 
20

11

ACCEPTED FOR PUBLICATION IN The Astrophysical Journal
Preprint typeset using LATEX style emulateapj v. 11/10/09

A METHOD FOR MEASURING (SLOPES OF) THE MASS PROFILES OF DWARF SPHEROIDAL GALAXIES

MATTHEW G. WALKER1,2,3 & JORGE PEÑARRUBIA2

Draft version September 8, 2011

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 ! !" logM/" logr = 2.61+0.43

−0.37 and ! = 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 ! (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 !(r) # r−! with " ! 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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bridge, MA 02138
2 Institute of Astronomy, University of Cambridge, Madingley Road,

Cambridge CB30HA
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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 fit to the Fornax dwarf, again favoring core rather than 
cusp.  But this isn’t a problem for CDM if cusps are removed in galaxies of this mass 
by episodes of slow infall and rapid expulsion of gas in the centers of these halos.

2011 ApJ
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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.

●

Thursday, January 10, 13



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
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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 
V
max

. 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”

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 high-resolution 
CDM simulations are being 
misinterpreted?  Maybe 
baryons strongly modify the 
structure of subhalos? 

Michael Boylan-Kolchin, Bullock, Kaplinghat 2011, 2012
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Satellite Galaxies in WDM 5

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

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

SMC
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Possible Solutions 
to “too big to fail”

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 high-resolution 
CDM simulations are being 
misinterpreted?  Maybe 
baryons strongly modify the 
structure of subhalos? 

Michael Boylan-Kolchin, Bullock, Kaplinghat 2011, 2012
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Size matters: the non-universal density profile of subhaloes in SPH 
simulations and implications for the Milky Way’s dSphs
Arianna Di Cintio, Alexander Knebe, Noam I. Libeskind, Chris Brook, Gustavo 
Yepes, Stefan Gottlober, Yehuda Hoffman   (Arianna’s poster and arXiv:1204.0515)

ABSTRACT  We use dark matter only and full hydrodynamical 
Constrained Local UniversE Simulations (CLUES) of the 
formation of the Local Group to study the density profile of 
subhaloes of the simulated Milky Way and Andromeda galaxies. 
We show that the Einasto model provides the best description 
of the subhaloes’ density profile, as opposed to the more 
commonly used NFW profile or any generalisation of it. We 
further find that the Einasto shape parameter nE is strongly 
correlated with the total subhalo mass, pointing towards the 
notion of a non-universality of the subhaloes’ density profile. 
Assuming now that the dSphs of our Galaxy thus follow the 
Einasto profile and using the maximum and minimum values of 
nE from our SPH simulations as a gauge, we can improve the 
observational constraints on the Rmax-Vmax pairs obtained for the 
brightest satellite galaxies of the Milky Way. When considering 
only the subhaloes with −13.2 < MV < −8.8, i.e. the range of 
luminosity of the classical dwarfs, we find that all our simulated 
objects are consistent with the observed dSphs if their haloes 
follow the Einasto model with 1.6 < nE < 5.3. The numerically 
motivated Einasto profile for the observed dSphs as well as the 
observationally motivated magnitude cut for the simulated 
subhaloes will eliminate the ”massive failures” problem and 
results in a perfect agreement with observations.

6 Di Cintio et. al

cluded objects with a luminosity lower than Draco, but verified that
the interval for the shape parameter nE is still the same. The grey
symbols correspond to the subhaloes that are brighter than Fornax,
which is the brightest classical dwarf considered here to construct
the observational constraints having MV = !13.2, and the black
circles thus indicate all the remaining subhaloes with luminosity
!13.2

"
< MV

"
< !8.8. We also plot the newly constrained obser-

vational limits, as solid lines, coming from the assumption that the
MW’s dSphs are embedded in haloes that follow the Einasto profile
with varying shape parameter nE between 0.4

"
< nE

"
< 10.4, and,

as dashed lines, the previously used constraints coming from the
NFW model.

We observe that, while the Einasto profile provides a good
agreement between observations and the SPH subhaloes,6 it still
appears to be not sufficient to explain the Rmax-Vmax pairs of the
most massive SPH subhaloes which still lie in the lower right part of
the plane, outside the constraints. Note that with a shape parameter
varying between 0.4

"
< nE

"
< 10.4 we have allowed the observa-

tional constraints to cover a wider range, in the Rmax-Vmax plane,
with respect to the NFW constraints, but even this assumption is
not enough to reconcile simulation and observation.

However, those massive SPH objects, which we color-coded
in grey, appear to have a luminosity, MV

"
< !13.2, not compati-

ble with any of the satellites used to derive the observational con-
straints. Objects withMV

"
< !16.2, having Vmax > 50! 60km/s,

can be conservatively considered as the analogous of the Large and
Small Magellanic Clouds (LMC and SMC, respectively), which
are not used when calculating the observational curves: we should
therefore exclude these simulated subhaloes from the discussion.
Apart from the LMC and SMC candidates, however, there is
still a family of subhaloes with !16.2

"
< MV

"
< !13.2 and

Vmax< 50km/s, most of which are the ones who experienced adi-
abatic contraction, thus being situated in the lower right part of the
Vmax-Rmax plane at redshift z = 0, as studied and explained in
Di Cintio et al. (2011). These subhaloes are substantially different
from the ones found in the work of Vera-Ciro et al. (2012), who
used dark matter only simulations with semi-analytical galaxy for-
mation models that do not show adiabatic contraction: their most
luminous, brightest objects are found in the upper-right of the
Vmax-Rmax plane, contrary to what we obtained in our hydro-
dynamical simulations. Now, since the subhaloes with !16.2

"
<

MV
"
< !13.2 do not correspond to any of the observed satellite

galaxies of the Milky Way, we do not expect them to be compatible
with the kinematic of the dSphs: they should simply not be consid-
ered in the discussion too, as is the case of the Magellanic Clouds
analogs.

We need to mention that the luminosity function averaged be-
tween the MW and M31 subhaloes used here has been shown to be
in agreement with the observational data (Knebe et al. 2011), how-
ever, slightly deviating from them in the interval !16

"
< MV

"
<

!13. Therefore, we computed again the shape parameter range
based only upon those subhaloes that satisfy the luminosity require-
ment, i.e. those objects, indicated as black circles in Fig. 3, whose
MV is within the range of the observed dSphs luminosity. We
were thus able to restrict the range, finding a shape parameter lying
within 1.6

"
< nE

"
< 5.3, with a mean value nE = 3.2. In Fig. 4 we

use the same black-grey colouring scheme for the SPH subhaloes
as before, and we plot the observational limits based on the newly

6 We find a complete agreement between observations and DM only sub-
haloes, which are though not shown in the plot for clarity.

Figure 4. Vmax-Rmax pairs for the SPH subhaloes within the MW and
M31 hosts. The subhaloes have been color-coded by their luminosity: in
black the ones corresponding to the luminosity of the observed classical
dSphs, in grey the ones which are brighter than MV = !13.2. The 2!
observational constraints for the MW’s dSphs are indicated as a solid line
for the Einasto profile with shape parameter 1.6

"
< nE "

< 5.3, obtained
considering only the subhaloes with !13.2 "< MV "< !8.8.

constrained range for the shape parameter 1.6
"
< nE

"
< 5.3. The re-

sult is a perfect agreement between the expected Vmax-Rmax values
of the observed dSphs and the Vmax-Rmax pairs of the simulated
subhaloes with corresponding luminosities.

We conclude that our findings, based upon self-consistent hy-
drodynamical simulations of a constrained Local Group in a cos-
mological context, strongly supports the notion that the observed
satellite galaxies of the MilkyWay are actually compatible with be-
ing embedded in dark matter haloes whose density profiles follow
an Einasto model with 1.6

"
< nE

"
< 5.3 and mean value nE = 3.2:

the majority of the dSphs, thus, should have a profile shallower than
the previously assumed NFW one.

6 CONCLUSIONS

Using a constrained simulation of the Local Group which is part of
the CLUES project we showed that the density profile of subhaloes
in both dark matter only and hydrodynamical simulations is best
approximated by an Einasto profile in which the shape parameter
nE is free to vary. We further observe a clear trend of growing
nE with increasing subhaloes mass. These findings do no longer
support the notion of a universal subhalo mass profile; subhaloes of
differing mass cannot be rescaled to have self-similar profiles: their
mass (or so to speak size) matters.

The majority of our SPH subhaloes have a small nE, as re-
ported in Fig. 2: remarkably, Del Popolo & Cardone (2012) found
similar shallow profiles in observed dwarf galaxies, using high
quality rotation curves. Moreover, evidences of the fact that at least
some of the MW’s dSphs may have a shallow profile are given in
Walker & Peñarrubia (2011), who showed that the profiles of the
Fornax and Sculptor dSphs are consistent with cores of constant
density. Nevertheless, the actual mass profile of the MW’s dSphs is
still uncertain: Wolf & Bullock (2012) demonstrated that not all of
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the MW’s dSphs 

Where are those massive 
luminous subhaloes seen 
in the simulation hiding 
in the real Local Group?

Thursday, January 10, 13



Satellite dynamics 3

3.1. Satellite Kinematics at Redshift 0

Figure 1 shows the total vc at 1 kpc of the gas-free
SPH satellites (dSph analogs, black circles) as a function
of MV . Plotted with the simulation data are observa-
tional results for dSphs with MV brighter than !8 in
both the MW from Walker et al. (2009) and M31 from
Tollerud et al. (2012), and supplemented by the compi-
lation of McConnachie (2012) for And II and AndVI. For
the observational data, vc(r1/2) =

"
3!2, where ! is the

line of sight stellar velocity dispersion, and r1/2 is the
half-light radius of the dSph. Walker et al. (2009) and
Wolf et al. (2010) have shown that assumptions about
isotropy are minimized at r1/2, making the masses deter-
mined at r1/2 the most robust. The half-light radii are !
1 kpc for all of the observed dSph. Our measurements for
the simulated gas-free satellites are upper limits to the
values derived at typical half light radii, as the rotation
curves of these satellites either peak or continue to rise
at 1 kpc.
Figure 1 shows that all of the vc values for the simu-

lated gas-free satellites are less than 22 km/s, consistent
with vc results for MW and M31 dSphs. In contrast,
of the 12 matched DM-only counterparts to the SPH
satellites, nine have 20 < vc(1kpc) < 34 km/s, grossly
inconsistent with the MW and M31 dSph data. Previ-
ous studies using DM-only simulations have found that
subhalos simulated in a CDM-context are significantly
more dense than observations of the MW dSphs suggest
(Boylan-Kolchin et al. 2011, 2012; Wolf & Bullock 2012;
Hayashi & Chiba 2012). Zolotov et al. (2012), however,
have shown that the central 1 kpc of dwarf satellites
can be strongly a!ected by both SN feedback and tidal
stripping, reducing their central DM densities. When
these baryonic e!ects are modeled self-consistently, as
they are here, the kinematics of simulated satellites are
well-matched to the observed kinematics of dSph satel-
lites.
Figure 2 shows the di!erence in the DM contribution

to vc at 1 kpc between the SPH runs used here and the
identical DM-only runs that neglect baryonic e!ects, as
a function of MV of the SPH satellites at z = 0. It is im-
portant to note that these results include both the e!ects
of SN feedback on the DM distribution of the satellites
prior to infall, and tidal stripping after infall. In order to
quantify the change in DM mass that this combination
produce in the central regions of satellites compared to
the DM-only case, we fit a linear regression to the data
points in Figure 2. The resulting fit is shown by the dot-
ted line, and yields "(vc,1kpc) = !10.47 ! 1.35 # MV .
The y-axis range of Figure 2 excludes from the plot one
outlier with "(vc) $25 km/s.4

Figure 2 demonstrates the amount by which DM-only
simulations over-predict the central DM masses of satel-
lite galaxies, and hence why such simulations find that
their satellites are inconsistent with the kinematics of the
MW dSphs. An explicit example of the change quanti-
fied in Figure 2 is demonstrated in Figure 3. The total
rotation curve (DM and baryonic mass) for an SPH simu-
lated subhalo is shown in Figure 3, which closely matches

4 This outlier recently passed directly through the disk of its
parent galaxy, which doesn’t exist in the DM-only run, making
!(vc) for this galaxy larger than in other satellites.

Fig. 2.— The di"erence in vc of the DM rotation curves at 1 kpc
between the SPH and DM-only simulations, as a function of the
V -band magnitude in the SPH satellites, for all satellites listed in
Table 1. The dotted line is a linear fit to the points.

Fig. 3.— The z = 0 rotation curves of a simulated satellite and its
DM-only counterpart. The vc for Fornax is over-plotted, based on
the data in Walker et al. (2009). The combination of SN feedback
(before infall) and tidal stripping (after infall) substantially lower
the vc of the SPH satellite by z = 0, and is in good agreement with
the observed vc of Fornax.

the derived vc at the half light radius of Fornax, along
with the rotation curve for the same subhalo in a DM-
only run without baryons. The DM-only satellite clearly
over-predicts the central mass of this satellite. For almost
all of our satellites, the DM-only runs produce satellites
with 2-4 times more mass in the central 1 kpc than their
SPH counterparts.
It is common when making predictions for the prop-

erties of subhalos within the CDM model to associate
the most massive DM-only subhalos at infall with the
most luminous satellites at z = 0 (e.g., Koposov et al.
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ABSTRACT

We use some of the highest resolution cosmological simulations ever produced of Milky Way-mass
galaxies that include both baryons and dark matter to show that baryonic physics (energetic feedback
from supernovae and subsequent tidal stripping) significantly reduces the dark matter mass in the
central regions of luminous satellite galaxies. The reduced central masses of the simulated satellites
reproduce the observed internal dynamics of Milky Way and M31 satellites as a function of luminosity.
Including baryonic physics in Cold Dark Matter models naturally explains the observed low dark
matter densities in the Milky Way’s dwarf spheroidal population. Our simulations therefore resolve
the tension between kinematics predicted in Cold Dark Mater theory and observations of satellites,
without invoking alternative forms of dark matter.

1. INTRODUCTION

There are fewer small satellite galaxies orbiting our
Milky Way galaxy than predicted by the favored Cold
Dark Matter (CDM) cosmological model (Moore et al.
1999; Klypin et al. 1999). Theories often reconcile the
discrepancy between the number of observed satellites
and CDM predictions by invoking the suppression of star
formation in low mass galaxies, for example by UV heat-
ing at reionization (e.g., Okamoto et al. 2008). If only
the most massive satellites form stars, this can bring the
predicted number of luminous satellites down from thou-
sands to tens, in line with observations. Even then a
serious problem remains, as the most massive satellites
predicted by CDM models are still much too dense com-
pared to what we observe (Boylan-Kolchin et al. 2011,
2012; Wolf & Bullock 2012; Hayashi & Chiba 2012). The
tension between the observations and the predictions
of the CDM model have led some researchers to pro-
pose exotic or alternative forms of dark matter to re-
duce the central masses of satellites (Vogelsberger et al.
2012; Lovell et al. 2012). However, the highest resolu-
tion simulations available to date to study the inter-
nal properties of satellites include only the dark mat-
ter (DM) component of galaxies, neglecting the e!ects of
baryons (e.g., Diemand et al. 2007; Springel et al. 2008;
Boylan-Kolchin et al. 2012).
Studies using high resolution simulations that in-

clude baryons have shown that star formation and
subsequent supernova feedback can alter the DM
structure at the center of galaxies (Navarro et al.
1996; Read & Gilmore 2005; Mashchenko et al.
2006; Governato et al. 2010; Cloet-Osselaer et al.
2012; Macciò et al. 2012; Pontzen & Governato
2012; Governato et al. 2012; Zolotov et al. 2012;
Teyssier et al. 2012). Governato et al. (2010) and
Pontzen & Governato (2012) demonstrated that high
resolution alone is not su"cient to capture the e!ects
of baryons on DM. Rather, it is necessary to adopt a
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Madison, 475 N. Charter St., Madison, WI 53706;
abrooks@astro.wisc.edu

2 Racah Institute of Physics, The Hebrew University,
Jerusalem, Israel 91904; adizolotov@gmail.com

realistic treatment of star formation that restricts stars
to form only in high density regions comparable to
giant molecular clouds. The subsequent supernova (SN)
feedback then naturally creates over-pressurized regions
of hot gas that rapidly expand, flattening the potential
at the center of galaxies, leading to an irreversible
expansion in the DM orbits. Multiple bursts of star
formation push more DM to larger radii, transforming
an initially steep, cuspy DM density profile into a cored
profile (Governato et al. 2012).
Zolotov et al. (2012) are the first to examine how this

impact of baryons on the DM structure a!ects the evo-
lution of satellites around a Milky Way-massed galaxy.
They demonstrate that SN feedback reduces the central
DM densities of satellites with M! ! 107M! before in-
fall. After infall, the presence of a baryonic disk increases
the mass loss rate via tidal stripping for all satellites
(Zolotov et al. 2012; Peñarrubia et al. 2010). This tidal
e!ect is particularly strong for those satellites that en-
ter with cored DM halos, further increasing the discrep-
ancy in the central masses predicted by DM+baryon and
DM-only simulations. In this Letter we examine the ef-
fect that this evolution has on the observed properties of
the satellite population in Milky Way-mass galaxies at
z = 0. We then use our results to interpret the observed
dynamics of the Milky Way and M31 dwarf Spheroidal
(dSph) satellites.

2. THE SIMULATIONS

The satellite sample that we use here is drawn from
Zolotov et al. (2012), and we refer the reader to that pa-
per for full details of the simulations and satellite se-
lection. Briefly, two halos with virial masses of 7 !
1011M! and 8 ! 1011M! at z = 0 were run with
and without baryons. The DM-only simulations were
run with pkdgrav (Stadel 2001), while the simula-
tions with baryons were run with pkdgrav’s N-Body
+ Smoothed Particle Hydrodynamics (SPH) successor,
Gasoline (Wadsley et al. 2004).
In the SPH runs, gas can cool via primordial and

metal lines following Shen et al. (2010). A prescription
for creation and destruction of H2 is implemented fol-
lowing Christensen et al. (2012), and star formation is
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ABSTRACT

We use some of the highest resolution cosmological simulations ever produced of Milky Way-mass
galaxies that include both baryons and dark matter to show that baryonic physics (energetic feedback
from supernovae and subsequent tidal stripping) significantly reduces the dark matter mass in the
central regions of luminous satellite galaxies. The reduced central masses of the simulated satellites
reproduce the observed internal dynamics of Milky Way and M31 satellites as a function of luminosity.
Including baryonic physics in Cold Dark Matter models naturally explains the observed low dark
matter densities in the Milky Way’s dwarf spheroidal population. Our simulations therefore resolve
the tension between kinematics predicted in Cold Dark Mater theory and observations of satellites,
without invoking alternative forms of dark matter.

1. INTRODUCTION

There are fewer small satellite galaxies orbiting our
Milky Way galaxy than predicted by the favored Cold
Dark Matter (CDM) cosmological model (Moore et al.
1999; Klypin et al. 1999). Theories often reconcile the
discrepancy between the number of observed satellites
and CDM predictions by invoking the suppression of star
formation in low mass galaxies, for example by UV heat-
ing at reionization (e.g., Okamoto et al. 2008). If only
the most massive satellites form stars, this can bring the
predicted number of luminous satellites down from thou-
sands to tens, in line with observations. Even then a
serious problem remains, as the most massive satellites
predicted by CDM models are still much too dense com-
pared to what we observe (Boylan-Kolchin et al. 2011,
2012; Wolf & Bullock 2012; Hayashi & Chiba 2012). The
tension between the observations and the predictions
of the CDM model have led some researchers to pro-
pose exotic or alternative forms of dark matter to re-
duce the central masses of satellites (Vogelsberger et al.
2012; Lovell et al. 2012). However, the highest resolu-
tion simulations available to date to study the inter-
nal properties of satellites include only the dark mat-
ter (DM) component of galaxies, neglecting the e!ects of
baryons (e.g., Diemand et al. 2007; Springel et al. 2008;
Boylan-Kolchin et al. 2012).
Studies using high resolution simulations that in-

clude baryons have shown that star formation and
subsequent supernova feedback can alter the DM
structure at the center of galaxies (Navarro et al.
1996; Read & Gilmore 2005; Mashchenko et al.
2006; Governato et al. 2010; Cloet-Osselaer et al.
2012; Macciò et al. 2012; Pontzen & Governato
2012; Governato et al. 2012; Zolotov et al. 2012;
Teyssier et al. 2012). Governato et al. (2010) and
Pontzen & Governato (2012) demonstrated that high
resolution alone is not su"cient to capture the e!ects
of baryons on DM. Rather, it is necessary to adopt a
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realistic treatment of star formation that restricts stars
to form only in high density regions comparable to
giant molecular clouds. The subsequent supernova (SN)
feedback then naturally creates over-pressurized regions
of hot gas that rapidly expand, flattening the potential
at the center of galaxies, leading to an irreversible
expansion in the DM orbits. Multiple bursts of star
formation push more DM to larger radii, transforming
an initially steep, cuspy DM density profile into a cored
profile (Governato et al. 2012).
Zolotov et al. (2012) are the first to examine how this

impact of baryons on the DM structure a!ects the evo-
lution of satellites around a Milky Way-massed galaxy.
They demonstrate that SN feedback reduces the central
DM densities of satellites with M! ! 107M! before in-
fall. After infall, the presence of a baryonic disk increases
the mass loss rate via tidal stripping for all satellites
(Zolotov et al. 2012; Peñarrubia et al. 2010). This tidal
e!ect is particularly strong for those satellites that en-
ter with cored DM halos, further increasing the discrep-
ancy in the central masses predicted by DM+baryon and
DM-only simulations. In this Letter we examine the ef-
fect that this evolution has on the observed properties of
the satellite population in Milky Way-mass galaxies at
z = 0. We then use our results to interpret the observed
dynamics of the Milky Way and M31 dwarf Spheroidal
(dSph) satellites.

2. THE SIMULATIONS

The satellite sample that we use here is drawn from
Zolotov et al. (2012), and we refer the reader to that pa-
per for full details of the simulations and satellite se-
lection. Briefly, two halos with virial masses of 7 !
1011M! and 8 ! 1011M! at z = 0 were run with
and without baryons. The DM-only simulations were
run with pkdgrav (Stadel 2001), while the simula-
tions with baryons were run with pkdgrav’s N-Body
+ Smoothed Particle Hydrodynamics (SPH) successor,
Gasoline (Wadsley et al. 2004).
In the SPH runs, gas can cool via primordial and

metal lines following Shen et al. (2010). A prescription
for creation and destruction of H2 is implemented fol-
lowing Christensen et al. (2012), and star formation is

The z = 0 rotation curves of a simulated satellite and its DM-
only counterpart. The Vcirc for Fornax is over-plotted, based 
on the data in Walker et al. (2009). The combination of SN 
feedback (before infall) and tidal stripping (after infall) 
substantially lower the vc of the SPH satellite by z = 0, and is 
in good agreement with the observed vc of Fornax.

For almost all of our satellites, the DM-only 
runs produce satellites with 2-4 times more 
mass in the central 1 kpc than their SPH 
counterparts.
If a satellite fainter than MV ~ −12 underwent 
substantial stripping (∼90% of its total mass, 
Pen ̃arrubia et al. 2008), it could have started 
off as a more luminous dSph with a DM core.

We use some of the highest resolution cosmological simulations ever produced of Milky Way-mass galaxies that include 
both baryons and dark matter to show that baryonic physics (energetic feedback from supernovae and subsequent tidal 
stripping) significantly reduces the dark matter mass in the central regions of luminous satellite galaxies. The reduced central 
masses of the simulated satellites reproduce the observed internal dynamics of Milky Way and M31 satellites as a function 
of luminosity. Including baryonic physics in Cold Dark Matter models naturally explains the observed low dark matter 
densities in the Milky Way’s dwarf spheroidal population. Our simulations therefore resolve the tension between kinematics 
predicted in Cold Dark Mater theory and observations of satellites, without invoking alternative forms of dark matter.

DM Only

DM+Baryons

Fornax

The presence of cored density profiles at radii 
under ∼ 500 pc in satellites fainter than MV ∼ 
−12 is not ruled out by our simulations, as we 
do not resolve this region.
Regardless of the density profile, the tidal 
effects of the disk can dramatically lower the 
central DM mass of any satellite, depending 
on infall time and orbital eccentricity.
Based on simulations in Zolotov+2012 with 
force softening 174 pc, MDM = 1.3×105 M⊙, 
and Mbaryon = 2.7×104 M⊙.  This is at best 
barely adequate resolution.
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No Massive Missing Satellites 5

Fig. 2.— Criteria to select dark subhalos. vpeak is shown for VL2
subhalos that survive tidal stripping, at the redshift of vpeak. The
solid line shows 1.4vchar following Okamoto et al. (2008), as a func-
tion of z. The shaded region shows varying 1.2 < vmax/vchar < 1.8.
For our analysis, VL2 subhalos below the solid line are considered
“dark.”

of individual subhalos. Adopting vmax/vchar = 1.4 (1.2)
leads to 21 (40) surviving, luminous satellites at z = 0.
Certainly scatter in concentration is expected amongst
the individual VL2 halos, which we have not accounted
for. Further, concentrations at these halo masses are ex-
pected to decrease with increasing z (Bullock et al. 2001;
Eke et al. 2001; Zhao et al. 2003; Macciò et al. 2008;
Prada et al. 2012). Again, we do not account for the
change in concentration with z, but note that the trend
would allow for lower vpeak halos to lie above vchar with
increasing z. The overall determination of whether a par-
ticular halo is likely to be luminous will depend on the
halo’s formation and evolution. For the purposes of this
work, we assume that all halos above the solid line in
Figure 2 (21 subhalos with vmax/vchar > 1.4) are likely
to be luminous.

3.3. Assigning Luminosities

Finally, we assess whether the surviving satellites are
luminous by using the vinfall !Mstar relation from Z128

to assign stellar masses to the VL2 subhalos,

Mstar

M!

= 0.018

!

vinfall
km s"1

"6

(3)

8 In these simulations, Mstar ! M2
vir (Governato et al. 2012).

For the stellar mass range probed here (Mstar >106M!), the
slope of the adopted Mstar-Mvir relation lies between values
commonly adopted (e.g., Koposov et al. 2009; Kravtsov 2010;

Rashkov et al. 2012). Mstar ! v6max because vmax scales as M1/3
vir

(e.g., Klypin et al. 2011).

Fig. 3.— v1kpc vs MV of the VL2 subhalos. The top panel is the
direct result from VL2 at z = 0, while the bottom panel shows the
corrected kinematics based on Z12, along with considerations about
which subhalos are likely to be observable. Filled red symbols are
those satellites that should be observable at z = 0. Subhalos that
are unlikely to survive due to the tidal e!ects of a baryonic disk
are marked by circles with an x through them. Empty symbols are
subhalos that are likely to be dark. Filled black circles should be
luminous, and do not experience enough stripping to satisfy our
destruction criteria, but have lost enough mass that stars should
be stripped and the luminosities should be considered upper limits.

We use the tight log(Mstar)!MV for the subhalos,

log10(
Mstar

M!

) = !0.38! 4.63MV , (4)

in Z12 to further assign V -band magnitudes, MV . Z12
showed that this relation produced simulated satellite
luminosity functions that were in good agreement with
the MW and M31. Additionally, Munshi et al. (2012)
have shown that the simulations that equations 3 and 4
are drawn from yield an excellent match to the z = 0
stellar-to-halo mass relation from Moster et al. (2012).
Most importantly, Governato et al. (2012) demonstrated
that these mass-to-luminosity relations produced excel-
lent agreement with field galaxies in the same luminosity
range as the satellites we examine here. In other words,
despite the fact that past simulations have overproduced
stars (Zolotov et al. 2009; Guo et al. 2010; Sawala et al.
2011; Brooks et al. 2011; Leitner 2012; Moster et al.
2012), the simulations used to derive equations 3 and 4
are in excellent agreement with observed stellar-to-halo
mass relations. There is no indication that the luminosi-
ties predicted by these relations are too bright.
Figure 3 shows the resulting MV and v1kpc for the VL2

satellites. The top panel shows the results directly from
the VL2 catalog at z = 0, while the bottom panel shows
the results after the destruction, heating, and velocity
corrections considered in this paper. Filled red data

Via Lactea subhalos

observable dSph satellites
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A BARYONIC SOLUTION TO THE MISSING SATELLITES PROBLEM
Alyson M. Brooks, Michael Kuhlen, Adi Zolotov, Dan Hooper

Zolotov et al. (2012) have suggested a correction to be applied to the central masses of dark matter-
only satellites in order to mimic the effect of the flattening of the dark matter cusp due to supernova 
feedback in luminous satellites, and enhanced tidal stripping due to the presence of a baryonic disk. In 
this paper, we apply this correction to the z=0 subhalo masses from the high resolution, dark matter-
only Via Lactea II simulation, and find that the number of massive subhalos is dramatically reduced. We 
conclude that baryonic processes have the potential to solve the missing satellites problem.

arXiv:1209.5394
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Kenza Arraki, Anatoly Klypin, Shurud More, Sebastian Trujillo-Gomez   (arXiv:1212.6651) 

Effects of baryons on the circular velocities of dwarf satellites

High resolution N-body simulations: 20 pc, m1 =103 Msun        
Satellites:    rs=4 kpc  vmax=63 km/s m0=3.20x1010

MW halo:   rs=25 kpc  vmax=180 km/s   m0=1.4x1012

MW disk:    r0=3.0 kpc   m0=6x1010

DM onlyno baryonic 
mass removal

DM only

Initial Profile

• Effects of baryons on 
dSph is unexpectedly 
strong, ~ (1 − fb)4 ≈ 50%

• Fast or slow removal of a 
large fraction of baryons 
from the central region 
results in adiabatic 
expansion of the dwarf

• Interaction with central 
disk on close orbits 
further reduces satellite 
central density and Vcirc

• Annihilation signal may 
be overestimated with a 
large boost factor from 
substructure.

(and Kenza’s poster)
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DWARF GALAXIES AND THE COSMIC WEB
Alejandro Ben ́ıtez-Llambay, Julio F. Navarro, Mario G. Abadi, Stefan Gottlöber, Gustavo Yepes, Yehuda Hoffman, Matthias Steinmetz

We use a cosmological simulation of the formation of the Local Group of Galaxies to identify a 
mechanism that enables the removal of baryons from low-mass halos without appealing to feedback 
or reionization. As the Local Group forms, matter bound to it develops a network of filaments and 
pancakes. This moving web of gas and dark matter sweeps a large volume, overtaking many halos. 
Their gas can be efficiently removed by ram-pressure. This “cosmic web stripping” may help to explain 
the scarcity of dwarf galaxies compared with the numerous low-mass halos expected in ΛCDM.

arXiv:1211.0536
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Quasar lenses

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

Flux ratio anomalies

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

I ellipsoidal galaxy

I 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 with M ~ 106 - 108 Msun

as expected in ΛCDM

Radio flux-ratio anomalies

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

�v � 16 km s�1

Vmax � 27 km s�1
� log E = 65.0 12 � 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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Detection of Substructure in the Gravitationally Lensed Quasar 
MG0414+0534 using Mid-Infrared and Radio VLBI Observations                                                            

Chelsea L. MacLeod, Ramsey Jones, Eric Agol, and Christopher S. Kochanek     arXiv:1212.2166

While the observations used here were technically difficult, surveys of flux anomalies in 
gravitational lenses with the James Webb Space Telescope will be simple, fast, and should well 
constrain the abundance of substructure in dark matter haloes.

Constraining the substructure of dark matter haloes with galaxy-galaxy 
lensing  Ran Li, Houjun Mo, Zuhui Fan, Xiaohu Yang, Frank C. van den Bosch    arXiv:1210.6358

Our results show that for SDSS-like surveys, we can only set a loose constraint on the mean 
mass of subhaloes.  With LSST-like surveys, however, both the mean mass and the density profile 
of subhaloes can be well constrained.

Dark Matter Substructure Detection Using Spatially Resolved Spectroscopy 
of Lensed Dusty Galaxies  Yashar Hezaveh, Neal Dalal, Gilbert Holder, Michael Kuhlen, 
Daniel Marrone, Norman Murray, Joaquin Vieira                                             arXiv:1210.4562

We find that in typical dusty star forming galaxy (DSFG) lenses, there is a ∼ 55% probability of 
detecting a substructure with M > 108 M⊙ with more than 5σ detection significance in each 
lens with spatially resolved spectroscopy, if the abundance of substructure is consistent with 
previous lensing results. The full ALMA array, with its significantly enhanced sensitivity and 
resolution, should improve these estimates considerably. Given the sample of ∼ 100 lenses 
provided by surveys like the South Pole Telescope, our understanding of dark matter 
substructure in typical galaxy halos is poised to improve dramatically over the next few years.
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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 !CDM
cosmologies. Analytical estimates of the frequency and energy scales of stream encounters indicate
that these missing satellites should have a negligible e"ect 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 su"er 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 !CDM
cosmologies.
Subject headings: cosmology: theory – dark-matter – Galaxy: halo – Galaxy: kinematics and dynamics

– Galaxy: structure

1. INTRODUCTION

Standard !CDMmodels 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 di"use, (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
e"ects 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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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 e!ects 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-
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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 e!ects 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 e!ectively 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.
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ABSTRACT

Pal 5 is a low-mass, low-velocity-dispersion, globular cluster with spectacular tidal tails. We use the Sloan Digital
Sky Survey Data Release 8 data to extend the density measurements of the trailing star stream to 23 deg distance
from the cluster, at which point the stream runs off the edge of the available sky coverage. The size and the number
of gaps in the stream are measured using a filter which approximates the structure of the gaps found in stream
simulations. We find 5 gaps that are at least 99% confidence detections with about a dozen gaps at 90% confidence.
The statistical significance of a gap is estimated using bootstrap resampling of the control regions on either side
of the stream. The density minimum closest to the cluster is likely the result of the epicyclic orbits of the tidal
outflow and has been discounted. To create the number of 99% confidence gaps per unit length at the mean age
of the stream requires a halo population of nearly a thousand dark matter sub-halos with peak circular velocities
above 1 km s"1 within 30 kpc of the galactic center. These numbers are a factor of about three below cold stream
simulation at this sub-halo mass or velocity but, given the uncertainties in both measurement and more realistic
warm stream modeling, are in substantial agreement with the LCDM prediction.

Key words: dark matter – galaxies: dwarf – Local Group

1. INTRODUCTION

Abell (1955) cataloged the globular cluster Pal 5 in
the National Geographic Society—Palomar Observatory Sky
Survey, noting that Baade and Wilson (1955) had each indepen-
dently discovered the object, which Wilson listed as the Serpens
cluster. Arp (1965) assigned Pal 5 the lowest possible Shap-
ley & Sawyer (1927) concentration class. The cluster also has
an unusually low luminosity (Sandage & Hartwick 1975). The
quantitative King model (von Hoerner 1957; King 1962, 1966)
concentration parameter is a notably, but not uniquely, low 0.52
(King et al. 1968; Woltjer 1975; Harris 1996).

In the early photographic data the density profiles became
uncertain toward the tidal radius as the cluster sinks into the
distribution of foreground and background stars in the galaxy.
Grillmair et al. (1995) acquired new, multi-degree, photographic
data and introduced photometric selection procedures to screen
out background stars, yielding the important discovery that near
the tidal radius the stars were distributed in asymmetric clouds
with a “striking resemblance” to the expected tidal tails. The
depth and photometric uniformity of the Sloan Digital Sky
Survey (SDSS; York et al. 2000) have provided increasingly
good views of the tidal tails of Pal 5. In the SDSS commissioning
data the Pal 5 tails were detected out to a distance of about
±1.#3 from the cluster (Odenkirchen et al. 2001). Increased sky
coverage of the SDSS and the introduction of a statistically
optimal matched filter technique (Rockosi et al. 2002) allowed
the trailing tail to be traced to about 6.#5 from the cluster
(Odenkirchen et al. 2003). Their resulting detection of density
variations along the stream was a major new development. SDSS
DR4 data improved both the sky coverage and the photometry,
allowing Grillmair & Dionatos (2006) to trace the trailing tail
to about 16# from the cluster and the leading tail to about 6#,
where it runs off the edge of the current survey area.

Current data shows Pal 5 to be one of the lower luminosity
(Harris 1996) and lowest velocity dispersion, 1.1 ± 0.2 km s"1

(Odenkirchen et al. 2002), globular clusters known. The long,
thin, cool tidal tails (Grillmair & Dionatos 2006; Odenkirchen
et al. 2009) have significant density variations along their length.

Consequently it has become a key system for the study of the
small-scale dynamics of the galactic halo with an emphasis
on the physics behind the origin of the star stream density
variations.

In a series of papers Küpper et al. (2008, 2010, 2012) use
both dynamical analysis and precise n-body simulations to
demonstrate that stars leaving a globular cluster at low velocity
through the Lagrange points execute coherent epicyclic orbits
which lead to pileups at the low points of the cycloids and
low density regions between. Their detailed n-body simulations
show that the periodic structures are present for general cluster
orbits, but that the range in phase angles emerging through the
Lagrange points cause the structures to blur out with distance
down the stream and that all quantities vary as the cluster and
stream orbit around the galaxy.

Dwarf galaxies also produce star streams although they do
not have the two and three body interactions that provide
a nearly continuous flow of stars to the zero energy sur-
face in a star cluster. The possibility of dynamical instabil-
ities (Comparetta & Quillen 2011) that could create gaps if
they become nonlinear has been raised. However, Schneider &
Moore (2011) demonstrate that dynamical instabilities in the
lengthening star streams in strong tidal fields are not likely
to be present. For globular clusters, stream dynamical insta-
bilities are not seen in the n-body simulations (Küpper et al.
2012).

Cosmological n-body simulations from LCDM initial con-
ditions find that galactic halos will have approaching 10% of
their mass in vast numbers of orbiting sub-halos (Diemand et al.
2007; Springel et al. 2008; Stadel et al. 2009) which will act on
star streams to locally deflect and heat them (Ibata et al. 2002;
Johnston et al. 2002; Siegal-Gaskins & Valluri 2008; Carlberg
2009) and induce visible gaps (Yoon et al. 2011; Carlberg 2012).
The rate at which gaps are randomly created is approximately
constant in time in a relatively slowly evolving, low-redshift,
galactic halo. Whereas the epicyclic pileups decrease with dis-
tance down the stream, sub-halo induced gaps increase in num-
ber and become better defined with age or distance down the
stream.
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ABSTRACT

Pal 5 is a low-mass, low-velocity-dispersion, globular cluster with spectacular tidal tails. We use the Sloan Digital
Sky Survey Data Release 8 data to extend the density measurements of the trailing star stream to 23 deg distance
from the cluster, at which point the stream runs off the edge of the available sky coverage. The size and the number
of gaps in the stream are measured using a filter which approximates the structure of the gaps found in stream
simulations. We find 5 gaps that are at least 99% confidence detections with about a dozen gaps at 90% confidence.
The statistical significance of a gap is estimated using bootstrap resampling of the control regions on either side
of the stream. The density minimum closest to the cluster is likely the result of the epicyclic orbits of the tidal
outflow and has been discounted. To create the number of 99% confidence gaps per unit length at the mean age
of the stream requires a halo population of nearly a thousand dark matter sub-halos with peak circular velocities
above 1 km s"1 within 30 kpc of the galactic center. These numbers are a factor of about three below cold stream
simulation at this sub-halo mass or velocity but, given the uncertainties in both measurement and more realistic
warm stream modeling, are in substantial agreement with the LCDM prediction.
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the National Geographic Society—Palomar Observatory Sky
Survey, noting that Baade and Wilson (1955) had each indepen-
dently discovered the object, which Wilson listed as the Serpens
cluster. Arp (1965) assigned Pal 5 the lowest possible Shap-
ley & Sawyer (1927) concentration class. The cluster also has
an unusually low luminosity (Sandage & Hartwick 1975). The
quantitative King model (von Hoerner 1957; King 1962, 1966)
concentration parameter is a notably, but not uniquely, low 0.52
(King et al. 1968; Woltjer 1975; Harris 1996).

In the early photographic data the density profiles became
uncertain toward the tidal radius as the cluster sinks into the
distribution of foreground and background stars in the galaxy.
Grillmair et al. (1995) acquired new, multi-degree, photographic
data and introduced photometric selection procedures to screen
out background stars, yielding the important discovery that near
the tidal radius the stars were distributed in asymmetric clouds
with a “striking resemblance” to the expected tidal tails. The
depth and photometric uniformity of the Sloan Digital Sky
Survey (SDSS; York et al. 2000) have provided increasingly
good views of the tidal tails of Pal 5. In the SDSS commissioning
data the Pal 5 tails were detected out to a distance of about
±1.#3 from the cluster (Odenkirchen et al. 2001). Increased sky
coverage of the SDSS and the introduction of a statistically
optimal matched filter technique (Rockosi et al. 2002) allowed
the trailing tail to be traced to about 6.#5 from the cluster
(Odenkirchen et al. 2003). Their resulting detection of density
variations along the stream was a major new development. SDSS
DR4 data improved both the sky coverage and the photometry,
allowing Grillmair & Dionatos (2006) to trace the trailing tail
to about 16# from the cluster and the leading tail to about 6#,
where it runs off the edge of the current survey area.

Current data shows Pal 5 to be one of the lower luminosity
(Harris 1996) and lowest velocity dispersion, 1.1 ± 0.2 km s"1

(Odenkirchen et al. 2002), globular clusters known. The long,
thin, cool tidal tails (Grillmair & Dionatos 2006; Odenkirchen
et al. 2009) have significant density variations along their length.

Consequently it has become a key system for the study of the
small-scale dynamics of the galactic halo with an emphasis
on the physics behind the origin of the star stream density
variations.

In a series of papers Küpper et al. (2008, 2010, 2012) use
both dynamical analysis and precise n-body simulations to
demonstrate that stars leaving a globular cluster at low velocity
through the Lagrange points execute coherent epicyclic orbits
which lead to pileups at the low points of the cycloids and
low density regions between. Their detailed n-body simulations
show that the periodic structures are present for general cluster
orbits, but that the range in phase angles emerging through the
Lagrange points cause the structures to blur out with distance
down the stream and that all quantities vary as the cluster and
stream orbit around the galaxy.

Dwarf galaxies also produce star streams although they do
not have the two and three body interactions that provide
a nearly continuous flow of stars to the zero energy sur-
face in a star cluster. The possibility of dynamical instabil-
ities (Comparetta & Quillen 2011) that could create gaps if
they become nonlinear has been raised. However, Schneider &
Moore (2011) demonstrate that dynamical instabilities in the
lengthening star streams in strong tidal fields are not likely
to be present. For globular clusters, stream dynamical insta-
bilities are not seen in the n-body simulations (Küpper et al.
2012).

Cosmological n-body simulations from LCDM initial con-
ditions find that galactic halos will have approaching 10% of
their mass in vast numbers of orbiting sub-halos (Diemand et al.
2007; Springel et al. 2008; Stadel et al. 2009) which will act on
star streams to locally deflect and heat them (Ibata et al. 2002;
Johnston et al. 2002; Siegal-Gaskins & Valluri 2008; Carlberg
2009) and induce visible gaps (Yoon et al. 2011; Carlberg 2012).
The rate at which gaps are randomly created is approximately
constant in time in a relatively slowly evolving, low-redshift,
galactic halo. Whereas the epicyclic pileups decrease with dis-
tance down the stream, sub-halo induced gaps increase in num-
ber and become better defined with age or distance down the
stream.
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Figure 2. Matched filtered star map of the Pal 5 field, with Pal 5 and the foreground M5 cluster masked out. To remove the varying background, the masked image has
been smoothed over 4! subtracted from the original image, and then smoothed with a 2 pixel, or, 0.!2 Gaussian. The analysis is conducted on the original uncorrelated
pixels. We have made no attempt to straighten the southern part of the stream, left of the cluster in this image.

Figure 3. Density profile transverse to the stream averaged over x = [40,272].

relative to the centerline. Figure 3 shows the density profile
summed along the stream in 1 pixel bins transverse to the
centerline. The FWHM of the stream is approximately 3 pixels,
equal to the 0.12 kpc that Odenkirchen et al. (2003) estimate,
but here over a nearly four times longer extent. We will normally
do the analysis over a strip of total width of ±2 pixels from the
centerline, a full width of 4 pixels, capturing more than 95% of
the stream density, which we use as the stream density profile in
all of the analysis. The background is estimated from points on
either side of the stream no closer than 5 pixels to the centerline,
generally using two strips of five times the stream width, or
10 pixels. Using adjacent regions of 3–7 times the stream width
changes the results about 10% or less.

The two-dimensional map of Figure 2 shows that the stream
has small deviations from the centerline along its length, as was
previously noted in Grillmair & Dionatos (2006), so some of
the width is due to centerline wandering, not true width. We
see no clear evidence for a systematic variation of stream width
along its length. The full two-dimensional map is potentially an
extremely powerful tool in the analysis of the physical cause
of variations in the stream density as the image signal to noise
improves with better data.

Figure 4. Density along the stream (solid line) and in the surrounding
background region (dotted line) in 0.!5, or 5 pixel, bins. The background region
is four times the width of the stream to reduce noise. The cluster is at x = 42.

2.2. The Stream Density Profile and Its Errors

The density along the stream and in the two adjacent regions
used to estimate the background, binned over 5 pixels along the
stream to suppress noise, is shown in Figure 4. There is a slight
rise in the background near the visible end of the stream, but
it shows no small-scale systematic deviations from the stream
which would induce systematic errors that could be confused
with gaps. The stream itself is detected at high significance along
its entire length. The subtracted density profile along with the
error estimate, both in the 5 pixels bins, is shown in Figure 5.

2.2.1. Random Errors

Constructing a stream density error estimate is crucial to the
statistical tests for the significance of gaps. Our fundamental
assumption is that the background level at the location of the
stream and the stream error properties can be derived from the
averages and standard deviations of the pixels in the regions to
either side of the stream. The background itself is simply the
average of the two sides.
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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.
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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).
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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
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Conclusions
CMB and large-scale structure predictions of ΛCDM with 
WMAP5/7/9 cosmological parameters are in 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 may indicate the need for a more complex theory 
of dark matter -- but it now seems increasingly likely to just 
require better understanding of the effects of baryonic physics.
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