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ΛCDM: The End of the Road?
(or)

The End of the Road for ΛCDM?

�

Astrophysical motivations for considering alternatives 
to collisionless Cold Dark Matter



ΛCDM: a remarkably successful theory on large scales
Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the

27

Planck Collaboration

⌦
b

, ⌦
m

, n
s

,�
8

, H
0

, z
reion



ΛCDM: a remarkably successful theory on large scales

Mass scale [M�]

Hlozek et al. 2012

p
�

2
(M

)



© 2006 Nature Publishing Group 

 

When expressed in units of the critical density required for a flat cos-
mic geometry, the mean density of dark matter is usually denoted by 
Ωdm. Although a variety of dynamical tests have been used to constrain 
Ωdm, in general such tests give ambiguous results because velocities are 
induced by the unseen dark matter and the relation of its distribution 
to that of the visible tracers of structure is uncertain. The notion of a 
substantial bias in the galaxy distribution relative to that of dark matter 
was introduced in the 1980s to account for the fact that different samples 
of galaxies or clusters are not directly tracing the underlying matter 
distribution15–17. Defined simply as the ratio of the clustering strengths, 
the ‘bias function’ was also invoked to reconcile low dynamical estimates 
for the mass-to-light ratio of clusters with the high global value required 
in the theoretically preferred flat, Ωdm = 1 universe. But because massive 
clusters must contain approximately the universal mix of dark matter 
and baryons (ordinary matter), this uncertainty is neatly bypassed by 
comparing the measured baryon fraction in clusters with the universal 
fraction under the assumption that the mean baryon density, Ωb, is the 
value inferred from Big Bang nucleosynthesis18. Applied to the Coma 
cluster, this simple argument gave Ωdm ≤ 0.3 where the inequality arises 
because some or all of the dark matter could be baryonic18. This was 
the first determination of Ωdm < 1 that could not be explained away by 
invoking bias. Subsequent measurements have confirmed the result19 
which also agrees with recent independent estimates based, for example, 
on the relatively slow evolution of the abundance of galaxy clusters20,21 or 
on the detailed structure of fluctuations in the microwave background 
radiation22.

The mean baryon density implied by matching Big Bang nucle-
osynthesis to the observed abundances of the light elements is 
only Ωbh2 ≈ 0.02, where h denotes the Hubble constant in units of 
100 km s–1 Mpc–1. Dynamical estimates, although subject to bias uncer-
tainties, have long suggested that Ωm = Ωdm + Ωb ≈ 0.3, implying that the 
dark matter cannot be baryonic. Plausibly it is made up of the hypotheti-
cal elementary particles postulated in the 1980s, for example axions or 
the lowest mass supersymmetric partner of the known particles. Such 

low estimates of the mean matter density Ωm are incompatible with the 
flat geometry predicted by inflation unless the Universe contains an 
additional unclustered and dominant contribution to its energy density, 
for example a cosmological constant Λ such that Ωm + ΩΛ ≈ 1. Two large-
scale structure surveys carried out in the late 1980s, the APM (automated 
photographic measuring) photographic survey23 and the QDOT redshift 
survey of infrared galaxies24, showed that the power spectrum of the 
galaxy distribution, if it traces that of the mass on large scales, can be 
fitted by a simple CDM model only if the matter density is low, Ωm ≈ 0.3. 
This independent confirmation of the dynamical arguments led many 
to adopt the now standard model of cosmology, ΛCDM.

It was therefore with a mixture of amazement and déjà vu that cos-
mologists greeted the discovery in 1998 of an accelerated cosmic expan-
sion25,26. Two independent teams used distant type Ia supernovae to 
perform a classical observational test. These ‘standard candles’ can be 
observed out to redshifts beyond 1. Those at z ≥ 0.5 are fainter than 
expected, apparently indicating that the cosmic expansion is currently 
speeding up. Within the standard Friedmann cosmology, there is only 
one agent that can produce an accelerating expansion: the cosmological 
constant first introduced by Einstein, or its possibly time- or space-
dependent generalization, ‘dark energy’. The supernova evidence is 
consistent with ΩΛ ≈ 0.7, just the value required for the flat universe 
predicted by inflation.

The other key prediction of inflation, a density fluctuation field con-
sistent with amplified quantum noise, received empirical support from 
the discovery by the COsmic Background Explorer (COBE) satellite in 
1992 of small fluctuations in the temperature of the cosmic microwave 
background (CMB) radiation27. These reflect primordial density fluc-
tuations, modified by damping processes in the early Universe which 
depend on the matter and radiation content of the Universe. More recent 
measurements of the CMB28–32 culminating with those by the WMAP 
(Wilkinson Microwave Anisotropy Probe) satellite22 have provided a 
striking confirmation of the inflationary CDM model: the measured 
temperature fluctuation spectrum is nearly scale-invariant on large 

Figure 1 | The galaxy distribution obtained from 
spectroscopic redshift surveys and from mock 
catalogues constructed from cosmological 
simulations. The small slice at the top shows the 
CfA2 ‘Great Wall’3, with the Coma cluster at the 
centre. Drawn to the same scale is a small section 
of the SDSS, in which an even larger ‘Sloan 
Great Wall’ has been identified100. This is one of 
the largest observed structures in the Universe, 
containing over 10,000 galaxies and stretching 
over more than 1.37 billion light years. The cone 
on the left shows one-half of the 2dFGRS, which 
determined distances to more than 220,000 
galaxies in the southern sky out to a depth of 
2 billion light years. The SDSS has a similar 
depth but a larger solid angle and currently 
includes over 650,000 observed redshifts in the 
northern sky. At the bottom and on the right, 
mock galaxy surveys constructed using semi-
analytic techniques to simulate the formation 
and evolution of galaxies within the evolving 
dark matter distribution of the ‘Millennium’ 
simulation5 are shown, selected with matching 
survey geometries and magnitude limits.
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ΛCDM: plenty left to explain

95% of the Universe is “beyond the Standard Model” physics
Image: Planck / ESA / NASA
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Table 1. Galaxy stellar mass function. The φ values for masses
lower than 108 M! should be regarded as lower limits (see Sec-
tion 3.2). The errors quoted are pseudo-Poisson errors derived
from the square root of the sum of weights squared.

log(M/M!) Bin φ/10−3 Error Number
mid-point width dex−1 Mpc−3

6.25 0.50 31.1 21.6 9
6.75 0.50 18.1 6.6 19
7.10 0.20 17.9 5.7 18
7.30 0.20 43.1 8.7 46
7.50 0.20 31.6 9.0 51
7.70 0.20 34.8 8.4 88
7.90 0.20 27.3 4.2 140
8.10 0.20 28.3 2.8 243
8.30 0.20 23.5 3.0 282
8.50 0.20 19.2 1.2 399
8.70 0.20 18.0 2.6 494
8.90 0.20 14.3 1.7 505
9.10 0.20 10.2 0.6 449
9.30 0.20 9.59 0.55 423
9.50 0.20 7.42 0.41 340
9.70 0.20 6.21 0.37 290
9.90 0.20 5.71 0.35 268

10.10 0.20 5.51 0.34 260
10.30 0.20 5.48 0.34 259
10.50 0.20 5.12 0.33 242
10.70 0.20 3.55 0.27 168
10.90 0.20 2.41 0.23 114
11.10 0.20 1.27 0.16 60
11.30 0.20 0.338 0.085 16
11.50 0.20 0.042 0.030 2
11.70 0.20 0.021 0.021 1
11.90 0.20 0.042 0.030 2

completeness of 0.93 because of the reduced coverage in the K
band (fig. 3 of Baldry et al. 2010). This scaled GLF is shown by
the blue line in Fig. 12(b). Note that strictly the V ′

max values should
be recomputed because of the different coverage across the regions
but this should have minimal impact on the shape. We also show the
GAMA K-band GLF from Driver et al. (2012), which was derived
from a different sample (0.013 < z < 0.1, rPet < 19.4 and KAB <

18.1 with r-defined Kauto magnitudes) with the same M/LK applied.
The flattening from 1010.6 to ∼1010 M! and upturn below these

masses shown in the i-band-derived GSMF is also seen directly
in the K-band GLF (Fig. 12b). Though in the case of the Driver
et al. (2012) result (standard Vmax) it is less pronounced. This is
an important confirmation of this upturn since, while there is some
variation in M/LK , the K-band GLF is often used as a proxy for
the GSMF. Previous measurements of the K-band field GLF had
failed to detect this upturn either using Two Micron All Sky Survey
(2MASS) photometry down to LK ! 109 L! (Cole et al. 2001;
Kochanek et al. 2001) or using UKIDSS with SDSS redshifts
(Smith, Loveday & Cross 2009); see fig. 14 of Smith et al. for
a compilation. These measurements nominally probe far enough
down the GSMF (∼109 M!) that the upturn should have been noted.
We note that Merluzzi et al. (2010)’s measurement of the K-band
GLF in the z = 0.048 Shapley Cluster shows an upturn particularly in
the lower density environments; however, this does rely on statistical
background subtraction. The explanation for 2MASS-based GLFs
missing this could be the SB limit. However, GAMA and Smith
et al. both used UKIDSS photometry. The difference in this case
is that GAMA has redone the near-IR photometry using r-band-

Figure 13. GSMF with a double Schechter fit to data at M > 108 M!.
The data points represent the GAMA-fitted stellar mass results. The solid
line represents the fit to the data with extrapolation shown by the dashed
line. The fit parameters are shown with their 1σ errors. Also shown is a fit
to zCOSMOS data from Pozzetti et al. (2010).

defined matched apertures (Hill et al. 2011), and the magnitude
limit is higher, meaning that the galaxies are typically further away
(smaller on the sky) making near-IR photometry more reliable.

3.5 The double Schechter function

The shape of the GSMF is well fitted with a double Schechter
function with a single value for the break mass (M∗), i.e. a five-
parameter fit (BGD08; Pozzetti et al. 2010). This is given by

φM dM = e−M/M∗
[
φ∗

1

(
M
M∗

)α1

+ φ∗
2

(
M
M∗

)α2
]

dM
M∗ , (6)

where φM dM is the number density of galaxies with mass between
M and M+ dM; with α2 < α1 so that the second term dominates
at the faintest magnitudes. Fig. 13 shows this function fitted to
the GSMF data providing a good fit. The fit was obtained using a
Levenberg–Marquardt algorithm on the binned GSMF between 8.0
and 11.8 (Table 1), and the fit parameters are given in the plot. The
fit to the Pozzetti et al. GSMF for z = 0.1–0.35 is also shown, which
is similar.

A natural explanation for this functional form was suggested by
Peng et al. (2010b). In their phenomenological model, SF galaxies
have a near-constant specific star-formation rate (SFR) that is a
function of epoch. Then there are two principal processes that turn
SF galaxies into red-sequence or passive galaxies: ‘mass quenching’
and ‘environmental quenching’. In the model, the probability of
mass quenching is proportional to a galaxy’s SFR (mass times the
specific SFR). This naturally produces a (single) Schechter form for
the GSMF of SF galaxies. Considering only mass quenching, the
GSMF of passive galaxies is also determined to have a Schechter
form with the same value of M∗ but with the faint-end (power-
law) slope +1 compared to that of the SF galaxies. To see this,
consider a single Schechter function GSMF and multiply by mass:
Mα → Mα+1. Overall, the GSMF of all galaxies is represented by
a double Schechter function with α1 = α2 + 1. This is in agreement
with our fit (Fig. 13), which has α1 − α2 = 1.12 ± 0.19. In fact,
a good fit can be obtained by restricting α1 = α2 + 1, making a
four-parameter fit (at M > 108 M!).

In the model, environmental quenching does not change the over-
all double Schechter shape as some SF galaxies are turned to red

C© 2012 The Authors, MNRAS 421, 621–634
Monthly Notices of the Royal Astronomical Society C© 2012 RAS

Baldry et al. 2012
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Constraining particle physics through astrophysics

• Early 1980s: standard model neutrinos ruled out as dominant DM 
component via observations of galaxy clustering 

• Mid-1980s: agreement between observed and simulated universes 
led to support for CDM models, provided early hints for cosmological 
constant

• Mid-1990s: structure in Lyman-alpha forest ruled out then-popular 
C+HDM models

• Can history repeat itself? Looking at the smallest, densest 
remnants of structure formation is likely to be most fruitful in 
discriminating between standard CDM and alternative dark matter 
models.



ΛCDM predictions

slope of ~ -0.9
n(

>M
ha

lo
)  

   
     

Springel et al. 2005, MBK et al. 2009
(goes as far back as Press & Schechter 1974, and maybe farther)

Abundance of dark matter halos



ΛCDM predictions
“Universal” profile for dark matter halos
[Navarro, Frenk, & White (NFW) 1996, 1997; also Dubinski & Carlberg 1991]:



ΛCDM predictions
“Universal” profile for dark matter halos
[Navarro, Frenk, & White (NFW) 1996, 1997; also Dubinski & Carlberg 1991]:

1/r3

1/r
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Profile defined by 2 parameters:
(⇢0, r�2) or (Mvir, cvir)



ΛCDM predictions
Correlation between density profile parameters (Bullock et al. 2001):
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Mass Profiles
• Dark matter densities are hard to measure; enclosed mass is often 

the observable quantity

• Astronomers often use circular velocity and enclosed mass 
interchangeably:

V 2
circ =

GM(< r)

r

108 Msun

1015 Msun

Vmax: peak value of  Vcirc



What do observations say?

Local Group galaxy M33

Image: Wallis & Provin



What do observations say?

Local Group galaxy M33
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Dark Matter : Definitely Needed*!

Local Group galaxy M33
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*in context of Newtonian dynamics



Dark Matter : Definitely Needed!
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Core-Cusp Problem (crisis / catastrophe)

Moore (1994); also Flores & Primack (1994)
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Core-Cusp Problem (crisis / catastrophe)
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Problem: slowly-rising rotation curves

No. 2, 2010 THE CASE AGAINST WARM DARK MATTER L163

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

Table 1
Best-fit Cored Halo Parameters and Primordial Phase-space Densities

Galaxy rcore ρ0 χ2
r Qp rcore ρ0 χ2

r Qp Mtot

Early Decay DM α = 3 Early Decay DM α = 4

UGC 4325 4.6a 106b 3.1 · · · 4.6a 106b 3.1 · · · · · ·
F563-V2 1.1 ± 0.1 188 ± 30 0.65 4.8 1.3 ± 0.2 167 ± 25 0.74 5.9 9.8
F563-1 1.4 ± 0.1 106 ± 16 0.50 3.2 1.8 ± 0.1 90 ± 12 0.50 3.1 14
DDO 64 2.7a 57b 3.3 · · · 2.7a 57b 3.3 · · · · · ·
F568-3 2.8 ± 0.4 40 ± 6 1.5 0.71 3.0 ± 0.4 38 ± 5 1.4 1.0 28
UGC 5750 4.3 ± 0.7 11 ± 1 0.92 0.42 4.8 ± 0.8 10 ± 1 0.89 0.53 30
NGC 4395 0.6 ± 0.1 346 ± 42 2.6 21 0.7 ± 0.1 278 ± 33 3.0 29 2.6
F583-4 0.9 ± 0.1 98 ± 22 0.59 13 1.1 ± 0.2 82 ± 18 0.68 14 2.9
F583-1 1.7 ± 0.1 48 ± 4 0.58 2.9 2.1 ± 0.2 43 ± 3 0.54 2.9 11

Thermal WDM α = 1 Thermal WDM α = 2

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

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

because entropy increases or, equivalently, because “phase-
space density” decreases. More correctly, the values of the
minimum core size reflect a situation where the particles have
not phase-space mixed.

The lower limit to the primordial average phase-space density
for thermal WDM models may be written as

Qp !
(

84
71

)
M" pc−3 (km s−1)−3ρ

−1/2
0 r−3

core,

[
Th1
Th2

]
, (5)

where the upper and lower numbers are for Th1 and Th2 models,
respectively, and ρ0 is in M" pc−3 and rcore is in pc. Note that
the dependence on the actual shape of the halo profile is mild.

For models of non-thermal WDM from early decays, the
lower limit to the primordial average phase-space density may
be written in terms of the total mass of the dark matter halo as
follows:

Qp ! 82 M" pc−3 (km s−1)−3

√
M"

Mtot

(
pc

rcore

)3

. [ED]. (6)

Kuzio de Naray et al. (2010)

⇢ / r�↵ ! Vcirc / r1�↵/2
↵ = 0 : Vcirc / r

↵ = 1 : Vcirc / r0.5



The Debate Persists....

de Blok et al. 2008

HI gas profile from 
THINGS survey: strongly 
indicates cored 
distribution of dark matter

NGC 2976



The Debate Persists....

The Astrophysical Journal, 745:92 (17pp), 2012 January 20 Adams et al.

Figure 14. Data and fits to the [O ii] velocity field representing the two ways that the kinematic twist can be recovered. Left: the fit with a tilted-ring (TR) model and
a variable position angle. Right: the fit with a harmonic decomposition (HD) model through three orders. Significant radial velocity is observed, particularly in the
galaxy’s center. The sign of the radial velocity is uncertainty as we cannot identify the galaxy’s near side. If we speculate that the galaxy’s near side is in the SW, the
gas near the center is outflowing. The higher-order terms are noisy, but similar rotational and radial velocity fits are made when the higher-order terms are not fit.
(A color version of this figure is available in the online journal.)

Figure 15. Comparison between the circular velocity determinations from stellar
and gas kinematics. The solid line in each panel shows the circular velocity for
the mass model favored by the stellar kinematics with an SPS penalty (right
panel of Figure 13). The circular velocity as determined by the gas kinematics
is shown with data points and the dotted line as a power-law fit. The 68%
confidence interval is indicated by an upper and lower dotted line. The fits to
the gas data use fixed ϒ∗ values per Table 5. Left: the [O ii] data and fit for the
tilted-ring model with a varying position angle. Middle: the [O ii] data and fit
for the harmonic decomposition model through third order. The fit is steeper
than the stellar-based model and consistent with a cored DM halo. Right: the
Hα data of SBLB03. These data are fit by removing a radial velocity component
at small radius and similar to our [O ii] harmonic decomposition model.

rotation curve; these systematic uncertainties are larger than the
statistical errors and included in the error determination of α.

The estimates of α from the gas kinematics are presented in
Table 5 for a variety of data sets and assumptions on ϒ∗. The
HD fits to the [O ii] data require a cored DM halo, regardless
of the ϒ∗ assumptions. The [O ii] TR fits require DM slopes
that are steeper than the HD fits at 3σ significance, but still
deviating from NFW expectations at 1.5σ significance. The HD

Table 5
Dark Matter Density Index Constraints from Gaseous Kinematicsa

Assumption This Data Set’s This Data Set’s SBLB03 Data Set
Tilted Ring Fit Harmonic Decomposition

ϒ∗ = 0 0.80 ± 0.08 0.31 ± 0.13 0.43 ± 0.06
ϒ∗ fixedb 0.84 ± 0.10 0.14 ± 0.17 0.16 ± 0.08
Freely fit ϒ∗ 0.81 ± 2.20 0.31 ± 0.98 0.12 ± 0.44

Notes.
a The confidence ranges are based on rms circular velocity uncertainties in order
to capture both statistical and systematic errors.
b Assuming ϒ∗,R = 1.1 for our data and ϒ∗,K = 0.19 for the SBLB03 data.

can fit for radial infall or outflow, but some other motions may
be degenerate with rotation such as the motions due to a bar-
like potential (Spekkens & Sellwood 2007). A bar is expected
to show power in the third-order terms, and our m = 3 sine term
does show some power at large radius. Finally, we fit the HD data
of SBLB03 in the same manner. From their fits with a range in ϒ∗
chosen to represent maximal and submaximal disks, SBLB03
reach ranges of 0.01 < α < 0.17. We find agreement with
their determinations. We find a larger, but still deviating from
a cusp by 5σ significance, DM halo slope when we constrain
the disk to have no mass. We conclude that a mass model based
on the gas data with a single position angle and harmonic terms
favors a cored DM halo, but that this result is not robust against
an equally viable model that fits the data with a twist in the
position angle. The mass profile conclusions drawn from the
gas kinematics in this object are subject to severe dependencies
in the modeling choices.

A comparison between the gas velocity field in Figure 14
and the stellar line-of-sight velocity in Figure 6 shows that the
zero velocity contours in both are twisted in the same way
and with similar magnitude along the minor axis. This may
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Issue: Baryons dominate 
mass profile in the center



The Halo-Galaxy Connection

Behroozi et al. 2013, 
plus MANY others

M★ - Mdark matter relation



The Halo-Galaxy Connection

M33: 
M★ ~ 0.02 Mhalo

DDO 154: 
M★ ~ 0.001 Mhalo

Behroozi et al. 2013, 
plus MANY others

M★ - Mdark matter relation



The Halo-Galaxy Connection



Going Fainter

Oh et al. (2011)

DDO 154:  M★=3x107 M☉,  Mgas=4x108 M☉

The Astronomical Journal, 141:193 (45pp), 2011 June Oh et al.

Figure A.26. Rotation curves: the tilted-ring model derived from the bulk velocity field of DDO 154. The open gray circles in all panels indicate the fit made with all
ring parameters free. The gray dots in the VROT panel were derived using the entire velocity field after fixing other ring parameters to the values (black solid lines)
as shown in the panels. To examine the sensitivity of the rotation curve to the inclination, we vary the inclination by +10◦ and −10◦ as indicated by the gray solid
and dashed lines, respectively, in the right-middle panel. We derive the rotation curves using these inclinations while keeping other ring parameters the same. The
resulting rotation curves are indicated by gray solid (for +10◦ inclination) and dashed (for −10◦ inclination) lines in the VROT panel. Harmonic analysis: harmonic
expansion of the velocity fields for DDO 154. The black dots and gray open circles indicate the results from the Hermite h3 and IWM velocity fields, respectively. In
the bottom-rightmost panel, the solid and dashed lines indicate global elongations of the potential measured using the Hermite h3 and IWM velocity fields.
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Status of the Core-Cusp Issue for Central Galaxies

Observations of Low Surface Brightness galaxies and nearby dwarf 
galaxies typically show that there is less dark matter in the 
central regions than dark-matter-only CDM simulations predict

The precise distribution of dark matter in these galaxies is more 
controversial: often inconsistent with NFW profiles, sometimes 
consistent with NFW profiles but with parameters inconsistent with 
expectations; perhaps fully consistent with predictions from ΛCDM 
simulations in some cases. 

Obvious next step: go to even fainter galaxies, where baryons 
are even less dynamically relevant



Image: C. Mihos

The Local Group of galaxies



Dwarf spheroidal galaxies
Luminosity: ~106 Lsun
Mass: ~108-9 Msun

~25 known satellite galaxies around the Milky Way, 
spanning a factor of 107 in luminosity. 



ΛCDM vs. the Milky Way, Round 1: Missing Satellites

V. Springel / Virgo Consortium

>105 identified subhalos

Klypin et al. 1999, Moore et al. 1999

12 bright satellites (LV > 105L�)

J. Bullock



Number mismatch: maybe explained through (1) additional ultra-faint satellites 
and (2) galaxy formation processes (supernova feedback, reionization)?

ΛCDM vs. the Milky Way, Round 1: Missing Satellites
Klypin et al. 1999, Moore et al. 1999



Aquarius project: Springel et al. (2008)

?
?

?

More recent work: compare kinematic 
observations with predictions from 

simulations (structure of satellites)



Kinematic data for “bright” dwarfs

MBK, Bullock, & Kaplinghat 2011, 2012

Data from Walker et al., 
Munoz et al., Koch et al., 
Simon & Geha, Mateo et al.

Strong constraint 
on total mass within 
half-light radius
(Walker et al. 2009, Wolf et al. 2010)

M★ =105-107 Msun



MBK, Bullock, & Kaplinghat 2011, 2012

Missing the biggest substructure?

“Too big to fail?”





Brightest Milky Way satellites: why so low mass?
4 M. Boylan-Kolchin, J. S. Bullock and M. Kaplinghat

the largest samples of spectroscopically confirmed member
stars to resolve the dynamics at r1/2. The census of these
bright dwarfs is also likely complete to the virial radius of
the Milky Way (⇤ 300 kpc), with the possible exception of
yet-undiscovered systems in the plane of the Galactic disk;
the same can not be said for fainter systems (Koposov et al.
2008; Tollerud et al. 2008). Finally, these systems all have
half-light radii that can be accurately resolved with the high-
est resolution N -body simulations presently available.

The Milky Way contains 10 known dwarf spheroidals
satisfying our luminosity cut of LV > 105 L�: the 9 clas-
sical (pre-SDSS) dSphs plus Canes Venatici I, which has a
V -band luminosity comparable to Draco (though it is sig-
nificantly more spatially extended). As in BBK, we remove
the Sagittarius dwarf from our sample, as it is in the pro-
cess of interacting (strongly) with the Galactic disk and is
likely not an equilibrium system in the same sense as the
other dSphs. Our final sample therefore contains 9 dwarf
spheroidals: Fornax, Leo I, Sculptor, Leo II, Sextans, Ca-
rina, Ursa Minor, Canes Venatici I, and Draco. All of these
galaxies are known to be dark matter dominated at r1/2
(Mateo 1998): Wolf et al. (2010) find that their dynamical
mass-to-light ratios at r1/2 range from ⇤ 10� 300.

The Large and Small Magellanic Clouds are dwarf ir-
regular galaxies that are more than an order of magnitude
brighter than the dwarf spheroidals. The internal dynamics
of these galaxies indicate that they are also much more mas-
sive than the dwarf spheroidals: Vcirc(SMC) = 50�60 km s�1

(Stanimirović et al. 2004; Harris & Zaritsky 2006) and
Vcirc(LMC) = 87 ± 5 km s�1 (Olsen et al. 2011). Abun-
dance matching indicates that galaxies with luminosities
equal to those of the Magellanic Clouds should have Vinfall ⌅
80 � 100 km s�1 (BBK); this is strongly supported by the
analysis of Tollerud et al. (2011). A conservative estimate
of subhalos that could host Magellanic Cloud-like galaxies
is therefore Vinfall > 60 km s�1 and Vmax > 40 km s�1. As in
BBK, subhalos obeying these two criteria will be considered
Magellanic Cloud analogs for the rest of this work.

3 COMPARING �CDM SUBHALOS TO
MILKY WAY SATELLITES

3.1 A preliminary comparison

Density and circular velocity profiles of isolated dark mat-
ter halos are well-described (on average) by Navarro et al.
(1997, hereafter, NFW) profiles, which are specified by two
parameters – i.e., virial mass and concentration, or Vmax

and rmax. Average dark matter subhalos are also well-fitted
by NFW profiles inside of their tidal radii, though recent
work has shown that the 3-parameter Einasto (1965) profile
provides a somewhat better match to the profiles of both
simulated halos (Navarro et al. 2004; Merritt et al. 2006;
Gao et al. 2008; Ludlow et al. 2011) and subhalos (Springel
et al. 2008) even when fixing the Einasto shape parameter
(thereby comparing models with two free parameters each).
To connect this work to the analysis of BBK, Figure 1 com-
pares the measured values of Vcirc(r1/2) for the nine bright
MW dSphs to a set of dark matter subhalo rotation curves
based on NFW fits to the Aquarius subhalos; the shaded
bands show the 1� scatter from the simulations in rmax at

Figure 1. Observed Vcirc values of the nine bright dSphs
(symbols, with sizes proportional to log LV ), along with ro-
tation curves corresponding to NFW subhalos with Vmax =
(12, 18, 24, 40) km s�1. The shading indicates the 1� scatter in
rmax at fixed Vmax taken from the Aquarius simulations. All of
the bright dSphs are consistent with subhalos having Vmax ⇥
24 km s�1, and most require Vmax � 18 km s�1. Only Draco, the
least luminous dSph in our sample, is consistent (within 2�) with
a massive CDM subhalo of ⇤ 40 km s�1 at z = 0.

fixed Vmax. More detailed modeling of subhalos’ density pro-
files will be presented in subsequent sections.

It is immediately apparent that all of the bright dSphs
are consistent with NFW subhalos of Vmax = 12�24 km s�1,
and only one dwarf (Draco) is consistent with Vmax >
24 km s�1. Note that the size of the data points is pro-
portional to galaxy luminosity, and no obvious trend exists
between L and Vcirc(r1/2) or Vmax (see also Strigari et al.
2008). Two of the three least luminous dwarfs, Draco and
Ursa Minor, are consistent with the most massive hosts,
while the three most luminous dwarfs (Fornax, Leo I, and
Sculptor) are consistent with hosts of intermediate mass
(Vmax ⌅ 18 � 20 km s�1). Each of the Aquarius simulations
contains between 10 and 24 subhalos with Vmax > 25 km s�1,
almost all of which are insu⇥ciently massive to qualify as
Magellanic Cloud analogs, indicating that models populat-
ing the most massive redshift zero subhalos with the bright-
est MW dwarfs will fail.

3.2 Assessing the consistency of massive �CDM
subhalos with bright Milky Way satellites

The analysis in Sec. 3.1, based on the assumption that sub-
halos obey NFW profiles, is similar to the analysis presented
in BBK. On a case-by-case basis, however, it is possible that
subhalos may deviate noticeably from NFW profiles. Conse-
quently, the remainder of our analysis is based on properties
of subhalos computed directly from the raw particle data. We
employ a correction that takes into account the unphysical

c� 2011 RAS, MNRAS 000, 1–17

MBK, Bullock, & Kaplinghat 2012

Bright spheroidal satellites: 
Mhalo = 108 -109 Msun 

Biggest predicted satellites: 
Mhalo ~ 1010 Msun 

Similar results found for 
isolated, low-mass galaxies 
(Ferrero, Abadi, Navarro + 2012)



Possibly related: dark matter cores in MW satellites

also: Battaglia et al. 2008, Amorisco & Evans 2012,  ...

Walker & Peñarrubia 2011

The Astrophysical Journal, 742:20 (19pp), 2011 November 20 Walker & Peñarrubia

Figure 10. Left, center: constraints on half-light 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 log M/d log r] = 3) and cusped (limr→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, limr→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).
(A color version of this figure is available in the online journal.)

for Sculptor’s inner subcomponent) is several times larger than
the median velocity error in the MMFS data set.

Second, by setting the lower limit of the integra-
tion in Equation (20) at the value of the central slope
limr→0[d log M/d log r] = 2, we extend maximum generos-
ity to models with γDM ! 1, which have instantaneous slopes
d log M/d log r < 2 at all nonzero radii (Section 4.2 and
Figure 4). At the radii ("300 pc) where we evaluate Γ for Fornax
and Sculptor, the highest-resolution Aquarius simulations pre-
dict that dSph-like CDM halos have d log ρ/d log r ∼ 1.3, or
equivalently, d log M/d log r ∼ 1.7 (see Figure 23 of Springel
et al. 2008). Our measurements rule out these slopes with sig-
nificance !99.54% (Fornax) and !99.97% (Sculptor).

Third, we have assumed that the stellar subcomponents con-
tribute negligibly to the gravitational potential. This assumption
generally holds for dSphs, but least so for Fornax, where the dy-
namical mass-to-light ratio is M/LV ∼ 10 in solar units (Mateo
1998). If we attempt to remove the stellar contribution to the en-
closed mass at each radius using the best-fit Plummer profiles to
both stellar subcomponents, we find that for any plausible stellar
mass-to-light ratio 0.5 # M/LV /[M/LV ]# # 5, our estimates
of Γ increase by a few percent (because the stars contribute a
larger fraction of mass to the inner than to the outer point), again
exacerbating the discrepancy with halo models having γDM ! 1.
In summary, all systematic errors that we have identified behave
such that the significance levels we report are conservative.

Finally, we note that for dark matter density profiles of the
form given by Equation (16), values of d log M/d log r > 3
are unphysical, as they imply γDM < 0 (Inequality (19)).
We note that our method does not rule out such unphysical
values, which is unsurprising since we have not imposed any
physicality constraints. However, it is reassuring that the bulk of
our posterior PDFs correspond to physically plausible scenarios
with Γ < 3.

6. DISCUSSION

Let us review the assumptions that enter into our measure-
ment of Γ. In formulating our method we assume that a dSph

consists of either one or two spherically symmetric, equilib-
rium stellar subcomponents that independently trace the same
spherical dark matter potential. In order to quantify probabil-
ity distributions for observed quantities, we further assume that
both stellar subcomponents have Plummer surface brightness
profiles, Gaussian Mg index distributions, and Gaussian line-
of-sight velocity distributions with constant dispersions that re-
ceive negligible contributions from “non-thermal” phenomena
such as rotational support and/or binary-orbital motions. The
tests described in Section 4 indicate that for a range of models
that explicitly violate our assumptions about Plummer surface
brightness and constant velocity dispersion profiles, our method
tends to underestimate Γ, implying that the stated NFW exclu-
sion limits are conservative. Here we discuss the potential for
sensitivity to several assumptions inherent in our method that
are not violated in the tests of Section 4 but might be violated
by real dSphs.

6.1. Spherical Symmetry

Fornax and Sculptor both have projected minor-to-major
axis ratios of ∼0.7 (Irwin & Hatzidimitriou 1995) and are
among the roundest of the Milky Way’s dSph satellites. In
order to investigate the degree to which the observed flattening
of Fornax and Sculptor might affect our measurements of Γ,
we repeated our analysis using elliptical instead of circular
radii, where a star’s “elliptical radius” is the semimajor axis
of the ellipse (with center listed in Table 1, position angle and
ellipticity listed in Table 2 of Irwin & Hatzidimitriou 1995)
that passes through the position of the star. Use of elliptical
instead of circular radii gives constraints of Γ = 2.72+0.50

−0.43 for
Fornax (exclusion significance s(γDM ! 1) ! 96.1%) and Γ =
2.40+0.32

−0.26 for Sculptor (exclusion significance s(γDM ! 1) !
93.9%). Thus the NFW exclusion level for Fornax is relatively
robust while the exclusion level for Sculptor shows mild
sensitivity to whether or not we adjust for Sculptor’s elliptical
morphology.
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Walker & Peñarrubia: 
CDM cusps excluded at 

99% (Sculptor)
96% (Fornax)

Why “possibly” related?

• TBTF: only indicates that the 
total mass within ~500 pc 
of observed dSph galaxies is 
substantially lower than simple 
LCDM predictions. 

• Can have cores in dSphs 
without solving TBTF or explain 
TBTF without cores

• This distinction is important 
in the context of non-CDM 
particle physics models



Cores in MW satellites?

• Fundamental issue: Limited by degeneracy between mass profile 
and velocity anisotropy of stars. Internal proper motions may help. 

• DM distribution in Fornax: 

‣ Jeans models: strongly prefer cores (Walker & Peñarrubia), or maybe not 
(Strigari et al.)? 

‣ Orbit modeling:  evidence for core (Jardel & Gebhardt) or neutral as to cusp / 
core (Breddels & Helmi).

• Additional hints at cores in some MW satellites?

‣ Globular clusters in Fornax (Goerdt, Moore, Read, Stadel, & Zemp 2006; Cole, Dehnen, 
Read, & Wilkinson 2012): should have merged in a cuspy DM halo

‣ Cold clump in Ursa Minor: a subhalo within a subhalo? (Pace et al. 2013) Should 
be short-lived phenomenon in a cuspy DM distribution (Lora et al. 2013)



From CDM to observations

Too big to fail, cores in MW satellites: 
Pointing to a problem with CDM-
only predictions for densities on 
small scales (0.1-1 kpc)

need ~50% less dark matter 
mass in the inner 500 pc

Recent work argues this can 
be achieved with WDM, 
SIDM, or baryonic feedback



6 M. Vogelsberger et al.

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

has no velocity dependence in this case and the particle scattering
works at full strength irrespective of (sub)halo mass. Although this
case is ruled out by current astrophysical constraints (see Section
2.1), it serves as a reference for the effect of a large scattering cross
section at the scales of MW-like haloes in a full cosmological sim-
ulation. On the contrary, RefP2 and RefP3 result in a main halo
whose density profile follows very closely the one from the CDM
prediction of RefP0 down to 1 kpc from the centre. At smaller radii,
where the typical particle velocities are smaller, self-interaction is
large enough to produce a core. The mean free path radial profile
clearly illustrates the radius where collisions are more important
for the different SIDM models, which is around the core radius. It

also highlights the difference between the RefP2 and RefP3 mod-
els, with the former having a larger core than the latter, because
its self-interaction cross section peaks at a larger velocity disper-
sion (occurring at larger radii) despite of having a lower value of
�T /m�.

3.3 Subhaloes

Our main focus in this work is the structural change of the sub-
halo population in a SIDM halo. In the following we will mainly
focus on the subhalo population within 300 kpc halocentric dis-
tance. In the left panel of Figure 5 we first show the ratio of the

© 2012 RAS, MNRAS 000, 1–13

Self-interacting dark matter 
(e.g., Spergel & Steinhardt 2000; Feng et al. 
2009; Loeb & Weiner 2011)

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

has no velocity dependence in this case and the particle scattering
works at full strength irrespective of (sub)halo mass. Although this
case is ruled out by current astrophysical constraints (see Section
2.1), it serves as a reference for the effect of a large scattering cross
section at the scales of MW-like haloes in a full cosmological sim-
ulation. On the contrary, RefP2 and RefP3 result in a main halo
whose density profile follows very closely the one from the CDM
prediction of RefP0 down to 1 kpc from the centre. At smaller radii,
where the typical particle velocities are smaller, self-interaction is
large enough to produce a core. The mean free path radial profile
clearly illustrates the radius where collisions are more important
for the different SIDM models, which is around the core radius. It

also highlights the difference between the RefP2 and RefP3 mod-
els, with the former having a larger core than the latter, because
its self-interaction cross section peaks at a larger velocity disper-
sion (occurring at larger radii) despite of having a lower value of
�T /m�.

3.3 Subhaloes

Our main focus in this work is the structural change of the sub-
halo population in a SIDM halo. In the following we will mainly
focus on the subhalo population within 300 kpc halocentric dis-
tance. In the left panel of Figure 5 we first show the ratio of the

© 2012 RAS, MNRAS 000, 1–13

Self-Interacting 
Dark Matter

(Vogelsberger et al. 2012; also Rocha, 
Peter, Kaplinghat, & Bullock 2013)



Subhaloes in Self-Interacting Galactic Dark Matter Haloes 9

Figure 7. Circular velocity profiles at z = 0 for the top 15 most massive subhaloes (largest peak circular velocity) of the Aquarius-A halo for the different
SIDM reference models as given in the legends. The upper left panel shows the standard CDM case, while the bottom panels show two examples of the
vdSIDM models described in section 2.1. Observational estimates of Vcirc(r1/2) for the MW dSphs are shown with black circles with error bars (Walker et al.
2009; Wolf et al. 2010). All SIDM results are shown at level 3 resolution which is sufficient for convergence due to the subhalo density cores that form in these
models (see Figures 6 and 8). RefP0 is shown at level 2 resolution (2.8� 65.8 ⇥ 184 pc spatial resolution), because the CDM subhaloes form cuspy profiles
which require higher numerical resolution for convergence (see Figure 8). Clearly, the most massive subhaloes in the CDM model are dynamically inconsistent
with the MW dSphs, whereas the SIDM subhaloes are consistent with the data. We note that the constant cross section RefP1 case is ruled out by different
observations at the scale of galaxy clusters and is shown here only as a reference. One of the shown subhaloes of RefP1 entered already the core-collapse
regime clearly visible from the circular velocity profiles (see also Figure 6 for the corresponding steep density profiles).

4 SUBHALO POPULATION: COMPARISON WITH THE
BRIGHT MW DWARF SPHEROIDALS

To check the the consistency between the subhalo population of
our SIDM simulations and the kinematic data of the MW dSphs we
construct circular velocity curves for the most massive subhaloes
within 300 kpc halocentric distance for RefP0-3. The dSphs sam-

ple consists of the 9 galaxies used in Boylan-Kolchin et al. (2011b):
Fornax, Leo I, Sculptor, Leo II, Sextans, Carina, Ursa Minor, Canes
Venatici I and Draco, selected with the criterion LV > 105M�.
The Sagittarius dwarf was removed from this sample since it is
in the process of interacting strongly with the galactic disc. This
sample of bright dSphs (plus Sagittarius) is complete within the
virial radius of the MW (excluding the possibility of undiscovered
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Figure 7. Circular velocity profiles at z = 0 for the top 15 most massive subhaloes (largest peak circular velocity) of the Aquarius-A halo for the different
SIDM reference models as given in the legends. The upper left panel shows the standard CDM case, while the bottom panels show two examples of the
vdSIDM models described in section 2.1. Observational estimates of Vcirc(r1/2) for the MW dSphs are shown with black circles with error bars (Walker et al.
2009; Wolf et al. 2010). All SIDM results are shown at level 3 resolution which is sufficient for convergence due to the subhalo density cores that form in these
models (see Figures 6 and 8). RefP0 is shown at level 2 resolution (2.8� 65.8 ⇥ 184 pc spatial resolution), because the CDM subhaloes form cuspy profiles
which require higher numerical resolution for convergence (see Figure 8). Clearly, the most massive subhaloes in the CDM model are dynamically inconsistent
with the MW dSphs, whereas the SIDM subhaloes are consistent with the data. We note that the constant cross section RefP1 case is ruled out by different
observations at the scale of galaxy clusters and is shown here only as a reference. One of the shown subhaloes of RefP1 entered already the core-collapse
regime clearly visible from the circular velocity profiles (see also Figure 6 for the corresponding steep density profiles).

4 SUBHALO POPULATION: COMPARISON WITH THE
BRIGHT MW DWARF SPHEROIDALS

To check the the consistency between the subhalo population of
our SIDM simulations and the kinematic data of the MW dSphs we
construct circular velocity curves for the most massive subhaloes
within 300 kpc halocentric distance for RefP0-3. The dSphs sam-

ple consists of the 9 galaxies used in Boylan-Kolchin et al. (2011b):
Fornax, Leo I, Sculptor, Leo II, Sextans, Carina, Ursa Minor, Canes
Venatici I and Draco, selected with the criterion LV > 105M�.
The Sagittarius dwarf was removed from this sample since it is
in the process of interacting strongly with the galactic disc. This
sample of bright dSphs (plus Sagittarius) is complete within the
virial radius of the MW (excluding the possibility of undiscovered

© 2012 RAS, MNRAS 000, 1–13

Self-interacting dark matter
(Vogelsberger, Zavala, Loeb, Walker 2012, 2013)

Above: velocity-dependent σ 
Velocity-independent σ should work for 
σ ~0.3 cm2/g 
(Vogelsberger et al. 2013, Rocha et al. 2013, Peter et al. 2013)



Satellite Galaxies in WDM 5

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates density, and hue
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.

a similar rmax. By assuming that the mass density in the
subhaloes containing the observed dwarf spheroidals follows
an NFW profile (Navarro et al. 1996, 1997), Boylan-Kolchin
et al. (2011) found the locus of possible (rmax, Vmax) pairs
that are consistent with the observed half-light radii and
their enclosed masses. This is represented by the shaded re-
gion in Fig. 4. As Boylan-Kolchin et al. (2011) observed with
their larger sample, several of the largest CDM subhaloes
have higher maximum circular velocities than appears to be
the case for the Milky Way bright dwarf spheroidals. By
contrast, the largest WDM subhaloes are consistent with
the Milky Way data.

Rather than assuming a functional form for the mass
density profile in the observed subhaloes, a more direct ap-
proach is to compare the observed masses within the half-
light radii of the dwarf spheroidals with the masses within
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 Large and Small Magellanic Clouds 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
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Figure 4. The correlation between subhalo maximum circular ve-
locity and the radius at which this maximum occurs. Subhaloes
lying within 300kpc of the main halo centre are included. The
12 CDM and WDM subhaloes with the most massive
progenitors are shown as blue and red filled circles re-
spectively; the remaining subhaloes are shown as empty
circles. The shaded area represents the 2σ confidence region for
possible hosts of the 9 bright Milky Way dwarf spheroidals deter-
mined by Boylan-Kolchin et al. (2011).

the Magellanic Clouds, while Sagittarius is in the
process of being disrupted so its current mass is
difficult to estimate. Boylan-Kolchin et al. hypoth-
esize that these three galaxies all have values of
Vmax > 60kms−1 at infall and exclude simulated sub-
haloes that have these values at infall as well as
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Reduction in dark matter density through supernova feedback?

Rooted in earlier work by Larson 1974, White & Rees 1978, Dekel & Silk 1986, Navarro et al. 1996, ....
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How supernova feedback turns dark matter cusps into cores
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ABSTRACT
We propose and successfully test against new cosmological simulations a novel analytical
description of the physical processes associated with the origin of cored dark matter density
profiles. In the simulations, the potential in the central kiloparsec changes on sub-dynamical
time-scales over the redshift interval 4 > z > 2, as repeated, energetic feedback generates large
underdense bubbles of expanding gas from centrally concentrated bursts of star formation. The
model demonstrates how fluctuations in the central potential irreversibly transfer energy into
collisionless particles, thus generating a dark matter core. A supply of gas undergoing collapse
and rapid expansion is therefore the essential ingredient. The framework, based on a novel
impulsive approximation, breaks with the reliance on adiabatic approximations which are
inappropriate in the rapidly changing limit. It shows that both outflows and galactic fountains
can give rise to cusp flattening, even when only a few per cent of the baryons form stars. Dwarf
galaxies maintain their core to the present time. The model suggests that constant density dark
matter cores will be generated in systems of a wide mass range if central starbursts or active
galactic nucleus phases are sufficiently frequent and energetic.

Key words: galaxies: dwarf – dark matter.

1 IN T RO D U C T I O N

Over the last two decades, galaxies formed in numerical simulations
based on the inflationary " cold dark matter ("CDM) paradigm
have suffered from a number of well-documented mismatches with
observed systems. One of the most prominent of these has been
the rotation curves of disc-dominated dwarf galaxies (e.g. Flores
& Primack 1994; Moore 1994; for more recent updates, see Simon
et al. 2005; Oh et al. 2011b, and references therein). The observed
kinematics imply a constant density core of dark matter interior to
1 kpc, whereas simple physical arguments and simulations suggest
that the CDM density should be increasing roughly as ρ∝r−1 to
vastly smaller radii (e.g. Dubinski & Carlberg 1991; Navarro, Frenk
& White 1996b).

Since some of the earliest work on dark matter profiles it has
been suggested that sufficiently violent baryonic processes might
be responsible for heating dark matter cusps into cores (Flores
& Primack 1994). The proposed mechanisms identified in these
papers fall in two broad categories: supernova-driven flattening
(Navarro et al. 1996a; Gelato & Sommer-Larsen 1999; Binney,
Gerhard & Silk 2001; Gnedin & Zhao 2002; Mo & Mao 2004;
Read & Gilmore 2005; Mashchenko, Couchman & Wadsley 2006;

!E-mail: andrew.pontzen@astro.ox.ac.uk

Mashchenko, Wadsley & Couchman 2008), and dynamical friction
from infalling baryonic clumps or disc instabilities (El-Zant, Shlos-
man & Hoffman 2001; Weinberg & Katz 2002; Tonini, Lapi &
Salucci 2006; Romano-Dı́az et al. 2008, 2009; Goerdt et al. 2010;
Pasetto et al. 2010; Cole, Dehnen & Wilkinson 2011). Within the
former category, most early works focused on a single, explosive
mass-loss event. It then became clear that even with extreme pa-
rameters such an event transferred insufficient energy to dark matter
particles (Gnedin & Zhao 2002). On the other hand, Read & Gilmore
(2005) showed that several more moderately violent bursts could
be effective in creating a core. Increasingly sophisticated numer-
ical work by Mashchenko et al. (2006, 2008) strongly supported
the notion of stellar feedback and energy transfer from baryons to
dark matter as the generator of cores, but did not fully explain the
physical mechanism behind this transfer or follow the evolution of
dwarf galaxies to z = 0 to ensure that the cores were long-lived.

Recently, simulations were able to produce realistic, present-day
cored dwarf galaxies within a fully cosmological context (Gover-
nato et al. 2010, hereafter G10). These simulations resolve indi-
vidual star formation ‘clumps’ at the density of molecular clouds
leading to galaxies that are additionally realistic because, like many
observed dwarfs (Dutton 2009), they have no bulge – a consequence
of preferentially expelling low angular momentum gas from the pro-
genitors via naturally occurring galactic winds (Brook et al. 2011;
see also Bullock et al. 2001; van den Bosch, Burkert & Swaters
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BARYONS MATTER: WHY LUMINOUS SATELLITE GALAXIES HAVE REDUCED CENTRAL MASSES
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ABSTRACT

Using high-resolution cosmological hydrodynamical simulations of Milky Way-massed disk galaxies, we demon-
strate that supernovae feedback and tidal stripping lower the central masses of bright (−15 < MV < −8) satellite
galaxies. These simulations resolve high-density regions, comparable to giant molecular clouds, where stars form.
This resolution allows us to adopt a prescription for H2 formation and destruction that ties star formation to the pres-
ence of shielded, molecular gas. Before infall, supernova feedback from the clumpy, bursty star formation captured
by this physically motivated model leads to reduced dark matter (DM) densities and shallower inner density profiles
in the massive satellite progenitors (Mvir ! 109 M#, M∗ ! 107 M#) compared with DM-only simulations. The
progenitors of the lower mass satellites are unable to maintain bursty star formation histories, due to both heating
at reionization and gas loss from initial star-forming events, preserving the steep inner density profile predicted
by DM-only simulations. After infall, gas stripping from satellites reduces the total central masses of satellites
simulated with DM+baryons relative to DM-only satellites. Additionally, enhanced tidal stripping after infall due
to the baryonic disk acts to further reduce the central DM densities of the luminous satellites. Satellites that enter
with cored DM halos are particularly vulnerable to the tidal effects of the disk, exacerbating the discrepancy in
the central masses predicted by baryon+DM and DM-only simulations. We show that DM-only simulations, which
neglect the highly non-adiabatic evolution of baryons described in this work, produce denser satellites with larger
central velocities. We provide a simple correction to the central DM mass predicted for satellites by DM-only
simulations. We conclude that DM-only simulations should be used with great caution when interpreting kinematic
observations of the Milky Way’s dwarf satellites.

Key words: galaxies: dwarf – Galaxy: halo
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1. INTRODUCTION

The favored cold dark matter (CDM) cosmological model
has been successful in reproducing many large-scale observable
properties of the universe (e.g., Efstathiou et al. 1992; Riess et al.
1998; Spergel et al. 2007). The CDM model, however, still faces
many challenges from observations of galaxies on small scales.
The most well known of these problems has been termed the
“missing satellite problem,” since CDM-based models predict
orders of magnitude more DM subhalos within the virial radii
of Milky Way (MW)-massed galaxies than are observed as
luminous satellites of such systems (Moore et al. 1999; Klypin
et al. 1999; Wadepuhl & Springel 2011). Another aspect of
the missing satellite problem is the discrepancy between the
masses of the most massive predicted subhalos and the most
massive observed satellites (Moore et al. 1999; Klypin et al.
1999; Boylan-Kolchin et al. 2011, 2012). Simulated ∼1012 M#
halos consistently have several subhalos that are too massive and
too dense to host the most luminous dwarf spheroidal (dSph)
satellites of the MW (Boylan-Kolchin et al. 2011, 2012; Wolf &
Bullock 2012; Hayashi & Chiba 2012). This appears to provide
a new challenge for the CDM paradigm on small scales, because
the most massive subhalos of an L! galaxy should not be devoid
of stars.

The tension between the predicted and observed inner den-
sities of the MW’s dSph satellites is reminiscent of the

longstanding tension between the predicted and observed shapes
of the central density profiles of galaxies (known as the
“core/cusp problem”). The steep inner density profiles and con-
centrations predicted for DM halos and their satellites (Navarro
et al. 1997, 2010; Lia et al. 2000; Dekel et al. 2003a, 2003b;
Reed et al. 2005; Springel et al. 2008; Madau et al. 2008; Macciò
et al. 2009) are inconsistent with those observed in isolated field
galaxies (Persic et al. 1996; van den Bosch et al. 2000; de Blok
et al. 2001, 2008; de Blok & Bosma 2002; Simon et al. 2003;
Swaters et al. 2003; Weldrake et al. 2003; Kuzio de Naray et al.
2006; Salucci et al. 2007; Gentile et al. 2007; Spano et al. 2008;
Trachternach et al. 2008; Donato et al. 2009; Oh et al. 2011; Del
Popolo 2012), and observed in satellites (Kleyna et al. 2002,
2003; Mashchenko et al. 2005; Goerdt et al. 2006; Strigari et al.
2006; Gilmore et al. 2007; Walker et al. 2009; Strigari et al.
2010; Walker & Peñarrubia 2011; Jardel & Gebhardt 2012;
Wolf & Bullock 2012; Hayashi & Chiba 2012; Salucci et al.
2012). This inconsistency is independent of whether the den-
sity slope in simulations follows log(ρ) ∝ γ log(radius), with
1.0 < γ < 1.5 (i.e., a Navarro–Frenk–White (NFW) profile;
Navarro et al. 1997), or a power-law slope (i.e., an Einasto
profile; Navarro et al. 2010).

Baryonic processes have often been proposed to address the
apparent discrepancies between observations and the predic-
tions of DM-only simulations. Within the CDM paradigm,
the missing satellite problem is likely reconciled through

1
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ABSTRACT
We investigate the formation and evolution of satellite galaxies using smoothed particle hy-
drodynamics (SPH) simulations of a Milky Way (MW) like system, focusing on the best
resolved examples, analogous to the classical MW satellites. Comparing with a pure dark mat-
ter simulation, we find that the condensation of baryons has had a relatively minor effect on
the structure of the satellites’ dark matter haloes. The stellar mass that forms in each satellite
agrees relatively well over three levels of resolution (a factor of ∼64 in particle mass) and
scales with (sub)halo mass in a similar way in an independent semi-analytical model. Our
model provides a relatively good match to the average luminosity function of the MW and
M31. To establish whether the potential wells of our satellites are realistic, we measure their
masses within observationally determined half-light radii, finding that they have somewhat
higher mass-to-light ratios than those derived for the MW dSphs from stellar kinematic data;
the most massive examples are most discrepant. A statistical test yields an ∼6 per cent proba-
bility that the simulated and observationally derived distributions of masses are consistent. If
the satellite population of the MW is typical, our results could imply that feedback processes
not properly captured by our simulations have reduced the central densities of subhaloes, or
that they initially formed with lower concentrations, as would be the case, for example, if the
dark matter were made of warm, rather than cold particles.

Key words: methods: numerical – galaxies: evolution – galaxies: formation – cosmology:
theory.

1 IN T RO D U C T I O N

Substantial progress has been made over the last few years in
modelling the formation of galactic dark matter haloes using high-
resolution N-body simulations (Diemand et al. 2008; Springel et al.
2008; Stadel et al. 2009). Hydrodynamical simulations of such sys-
tems inevitably lag behind in terms of resolution, but are now reach-
ing a point where they can be used to investigate the detailed evolu-
tion of the baryonic component of satellite galaxies, as demonstrated
by several recent studies. Okamoto et al. (2010) studied the effects
of different feedback models on the chemical properties and lumi-
nosities of the satellite populations around three Milky Way (MW)
mass haloes. Okamoto & Frenk (2009) showed that a combination
of the early reionization of pre-galactic gas at high redshift and the
injection of supernovae (SNe) energy is sufficient to suppress star
formation in the myriad of low-mass subhaloes that form in the
" cold dark matter ("CDM) cosmology, confirming results from
earlier semi-analytical modelling (Benson et al. 2002; Somerville
2002). Wadepuhl & Springel (2011) further argued that cosmic rays

!E-mail: o.h.parry@durham.ac.uk

generated by SNe may play an important role in suppressing star
formation in satellites.

From an observational point of view, the release of data from the
Sloan Digital Sky Survey (SDSS; York et al. 2000) over the last
decade has transformed the study of the Local Group satellites. The
∼30 faint dwarf galaxies discovered using those data (e.g. Zucker
et al. 2004; Martin et al. 2006; Belokurov et al. 2007; McConnachie
et al. 2008) have prompted a new phase of detailed testing of cur-
rent galaxy formation theories on smaller scales and in more detail
than ever before. The SDSS data also reduced the discrepancy that
existed between the number of low-mass dark matter haloes pre-
dicted by the "CDM cosmological model and the number of faint
satellites identified around the MW: the ‘missing satellite problem’
(Klypin et al. 1999; Moore et al. 1999). Over the same period, nu-
merous theoretical models (e.g. Li, De Lucia & Helmi 2010; Macciò
et al. 2010; Font et al. 2011) have confirmed early conclusions that a
combination of a photoionizing background and feedback processes
from SNe is capable of bringing the two into good agreement.

However, it is important to recognize that the satellite problem
is not simply a statement that star formation must be suppressed in
low-mass haloes. A more subtle but equally important test of any
cosmological model is whether the potential wells in which satellite

C© 2011 The Authors
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 26 June 2012 (MN LATEX style file v2.2)

Cusp-core transformations in dwarf galaxies: observational

predictions

Romain Teyssier

1,4?
, Andrew Pontzen

2
, Yohan Dubois

3
and Justin I. Read

5,6

1Institute for Theoretical Physics, University of Zurich, CH-8057 Zürich, Switzerland
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ABSTRACT
The presence of a dark matter core in the central kiloparsec of many dwarf galaxies
has been a long standing problem in galaxy formation theories based on the stan-
dard cold dark matter paradigm. Recent cosmological simulations, based on Smooth
Particle Hydrodynamics and rather strong feedback recipes have shown that it was
indeed possible to form extended dark matter cores using baryonic processes related
to a more realistic treatment of the interstellar medium. Using adaptive mesh refine-
ment, together with a new, stronger supernovae feedback scheme that we have recently
implemented in the RAMSES code, we show that it is also possible to form a promi-
nent dark matter core within the well-controlled framework of an isolated, initially
cuspy, 10 billion solar masses dark matter halo. Although our numerical experiment
is idealized, it allows a clean and unambiguous identification of the dark matter core
formation process. Our dark matter inner profile is well fitted by a pseudo-isothermal
profile with a core radius of 800 pc. The core formation mechanism is consistent with
the one proposed by Pontzen & Governato (2012). We highlight two key observational
predictions of all simulations that find cusp-core transformations: (i) a bursty star
formation history (SFH) with peak to trough ratio of 5 to 10 and a duty cycle com-
parable to the local dynamical time; and (ii) a stellar distribution that is hot with
v/� ⇠ 1. We compare the observational properties of our model galaxy with recent
measurements of the isolated dwarf WLM. We show that the spatial and kinematical
distribution of stars and HI gas are in striking agreement with observations, support-
ing the fundamental role played by stellar feedback in shaping both the stellar and
dark matter distribution.

Key words: galaxies: formation, dwarf – cosmology: dark matter – methods: numer-
ical

1 INTRODUCTION

Dwarf galaxies, although very numerous and common in our
present day universe, are also very faint and di�cult to ob-
serve. Nevertheless, it is now established that star formation
proceeds at a very ine�cient rate in dwarf galaxies, making
them ideal laboratories to study the spatial distribution of
their parent dark matter halo. Indeed, if dwarf galaxy are
dark matter dominated, a stellar kinematic analysis gives
direct constraints on the dark matter mass distribution. Al-
though theoretical predictions of pure N-body models favor

? E-mail: romain.teyssier@gmail.com

the formation of a cusp in the inner region of dark mat-
ter halos (Moore 1994; Navarro et al. 1997), the observed
rotation curve of dwarf and low surface brightness galaxies
was shown to be more consistent with a shallower profile,
even a constant density core (de Blok & McGaugh 1997;
de Blok et al. 2001; de Blok & Bosma 2002; Kuzio de Naray
et al. 2008). This apparent disagreement led to the so-called
“cusp-core” problem, a serious challenge for the currently
favored Cold Dark Matter paradigm (Moore 1994; Flores &
Primack 1994). Many solutions to this problem have been
proposed in the recent years – for example a warm dark mat-
ter particle (Kuzio de Naray et al. 2010; Villaescusa-Navarro
& Dalal 2011; Macciò et al. 2012) – but the only viable ex-
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EXPLAINING THE OBSERVED VELOCITY DISPERSION OF DWARF GALAXIES BY BARYONIC MASS
LOSS DURING THE FIRST COLLAPSE
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ABSTRACT

In the widely adopted ΛCDM scenario for galaxy formation, dwarf galaxies are the building blocks
of larger galaxies. Since they formed at relatively early epochs when the background density was
relatively high, they are expected to retain their integrity as satellite galaxies when they merge to
form larger entities. Although many dwarf spheroidal galaxies (dSphs) are found in the galactic halo
around the Milky Way, their phase space density (or velocity dispersion) appears to be significantly
smaller than that expected for satellite dwarf galaxies in the ΛCDM scenario. In order to account
for this discrepancy, we consider the possibility that they may have lost a significant fraction of their
baryonic matter content during the first infall at the Hubble expansion turnaround. Such mass loss
arises naturally due to the feedback by relatively massive stars which formed in their centers briefly
before the maximum contraction. Through a series of N-body simulations, we show that the timely
loss of a significant fraction of the dSphs initial baryonic matter content can have profound effects
on their asymptotic half-mass radius, velocity dispersion, phase-space density, and the mass fraction
between residual baryonic and dark matter.
Subject headings: Methods: numerical, Galaxies: dwarf, Galaxies: evolution, Galaxies: structure,

(Cosmology: ) dark matter

1. INTRODUCTION

Dwarf galaxies play an important role in the ΛCDM
scenario for galaxy formation. They form early, in rela-
tively dense background environments, and are the build-
ing blocks of larger galaxies. ΛCDM simulations show
that these dwarf galaxies retain their integrity during
their merger process and predict a rich population of
satellite dwarf galaxies around large galaxies such as
the Milky Way (e.g. Diemand et al. 2008; Springel et al.
2008).
Many satellite dwarf spheroidal galaxies (dSphs) in

the Galactic halo have been found through SDSS and
other surveys. Follow-up spectroscopic observations re-
veal these dSphs are surrounded by dark-matter ha-
los. But, the internal phase space density of the
most newly discovered (faint) satellite dSphs is sig-
nificantly smaller than that predicted from the dark-
matter-only simulations. This discrepancy poses a
challenge to the standard ΛCDM scenario in its sim-
plest form (e.g. Boylan-Kolchin et al. 2011; Ferrero et al.
2011; Rashkov et al. 2012; Boylan-Kolchin et al. 2012;
Wolf & Bullock 2012). Recent observations show that
this problem is not limited to the Milky Way, but present
in Andromeda as well (e.g. Tollerud et al. 2012).
We examine the dSphs’ structural adjustment associ-

ated with the loss of baryonic matter due to star for-
mation feedback. Today, the dSphs’ total dark to bary-
onic matter ratio is generally much larger than the cor-
responding cosmological value (Mateo 1998). The pref-
erential loss of baryonic matter may be the potential so-
lution to both the “missing baryonic matter” and the
“missing satellite” (e.g Klypin et al. 1999; Moore et al.
1999) puzzles.

Electronic address: gritschneder@ucolick.org

There is very little detectable molecular or atomic gas
inside the dSphs today. In §2, we briefly discuss the
possibility that a significant fraction of the initial gas
content may be lost due to the feedback effect of first
generation stars in them. Presumable, this effect is most
intense during the collapse following the dSph progeni-
tors’ turn around from the Hubble flow. We show, in §3,
how the loss of a small fraction of the total mass may sig-
nificantly affect dSphs’ asymptotic dynamical structure.
Baryonic matter may also be removed from the dSphs
through tidal or ram pressure stripping by tenuous gas in
the Galactic halo (Lin & Faber 1983). However, gradual
loss of gas from the dSphs’ virialized potential would not
significantly affect their internal dynamical structure.
There have been several attempts to include bary-

onic matter in comprehensive cosmological simulations
of galaxy formation (Gnedin et al. 2009). For compu-
tational efficiency, a simple-to-use prescription for star
formation rates (as a function of local gravity, gas den-
sity, temperature, metallicity, and background radiation)
is clearly technically desirable. However, there are many
competing effects including atomic processes, radiation
transfer, hydrodynamics and magnetic fields, which are
sensitive to the diverse initial and boundary conditions
over a large dynamic range in spacial extent and time
scales. The determining factors for the onset, efficiency,
and impact of star formation remain enigmatic.
If the present-day stellar content is distributed widely

in the form of initial gas through dSphs, the background
UV flux after the epoch of re-ionization would easily
ionize the gas within typical dwarf galaxies, delaying
or even preventing cooling and star formation within
them (Dong et al. 2003; Brown et al. 2012). Most dSphs
within the Local Group are observed to contain multiple
generations of stars, the oldest of which formed in the
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ABSTRACT
Dwarf spheroidal galaxies (dSphs) are extremely gas poor, dark matter-dominated galaxies,
which make them ideal laboratories to test the predictions of the Cold Dark Matter (CDM)
model. We argue that the removal of a small baryonic component from the central regions
of forming dSphs may substantially reduce their central dark matter density. Thus it may
play an important role in alleviating one of the problems of the CDM model related with
the structure of relatively massive satellite galaxies of the Milky Way. Traditionally, colli-
sionless cosmological N -body simulations are used when confronting theoretical predictions
with observations. However, these simulations assume that the baryon fraction everywhere in
the Universe is equal to the cosmic mean, an assumption which can be incorrect for dSphs.
We point out that the combination of (i) the lower baryon fraction in dSphs compared to the
cosmic mean and (ii) the concentration of baryons in the inner part of the Milky Way halo
can go a long way towards explaining the observed structure (circular velocity profiles) of
dSphs. We perform controlled numerical simulations that mimic the effects of baryons. From
these we find that the blowing away of baryons by ram pressure, when the dwarfs fall into
larger galaxies, lowers the circular velocity profile of the satellite. In the likely scenario that
baryons are blown away after the central ∼200–500 pc region of the galaxies was formed,
we show that the dark matter density in the central regions of dSphs declines by a factor of
(1− fb)4 ≈ 0.5, where fb is the cosmological fraction of baryons. In addition, the enhanced
baryonic mass in the central regions of the parent galaxy generates tidal forces, which are
larger than those experienced by subhaloes in traditional N -body simulations. Increased tidal
forces substantially alter circular velocity profiles for satellites that come as close as 50 kpc.
We show that these two effects are strong enough to bring the observed structure of dSphs
of the Milky Way into agreement with the predictions of the subhaloes in CDM simulations,
regardless of the details of the baryonic processes.

Keywords: cosmology: theory – dark matter – galaxies: haloes – galaxies: dwarfs – methods:
N-body simulations.

1 INTRODUCTION

According to the concordance cosmological model, a large frac-
tion of the matter in the Universe ought to be collisionless and
dark. This Cold Dark Matter (CDM) model is supported by the ob-
served large-scale structure in the Universe, as traced by galaxies,
and the emergence of this structure from the level of initial density
fluctuations observed in the cosmic microwave background (e.g.,
Komatsu et al. 2011). However, some inconsistencies between a
number of observations and the predictions of the CDM model on

∗ NSF Graduate Research Fellow.
† E-mail: karraki@nmsu.edu

small (galactic) scales have understandably produced concern and
attracted a great deal of attention from both observers and theorists.

The first of the small-scale problems for the CDM model
is the so-called “missing satellites problem” (Klypin et al. 1999b;
Moore et al. 1999). Numerical simulations of the CDM theory pre-
dict a large number of low mass substructures to be present in
a dark matter halo comparable in size to that of the Milky Way
(MW). However, the number of subhaloes is much larger than the
number of satellite galaxies found around MW and in the Local
Group, even after accounting for the extreme low surface brightness
dwarf galaxies that have been recently found using the Sloan Dig-
ital Sky Survey (Tollerud et al. 2008; Koposov et al. 2008, 2009;
Bullock et al. 2010).

c© 2012 RAS
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Figure 1. The slope of the DM density profile α versus stellar mass mea-
sured at 500 pc and z = 0 for all the resolved haloes in our sample. The
solid ‘DM-only’ line is the slope predicted for the same CDM cosmolog-
ical model assuming (i) the NFW concentration parameter trend given by
Macció et al. (2007) and (ii) the same stellar mass versus halo mass relation
as measured in our simulations to convert from halo masses. Large crosses:
haloes resolved with more than 0.5 × 106 DM particles within Rvir. Small
crosses: more than 5 × 104 DM particles. The small squares represent 22
observational data points measured from galaxies from the THINGS and
LITTLE THINGS surveys.

Figure 2. The slope of the DM density profile α measured at 500 pc versus
virial mass and at z = 0 for the same galaxies shown in Fig. 1. Crosses mark
haloes from the DM+gas simulations. Open circles are from the haloes that
have been re-run in DM-only simulations. Size of symbols is the same as in
Fig. 1. The solid line is the average slope predicted in Macció et al. (2007)
for haloes in the same "CDM cosmology.

in determining the structure of the interstellar medium and where
SF can occur (Kennicutt 1998; Krumholz & McKee 2005; Bigiel
et al. 2008; Elmegreen, Bournaud & Elmegreen 2008; Gnedin et al.
2009;Feldmann, Gnedin & Kravtsov 2011).With this approach, the

local SF efficiency is linked directly to the local H2 abundance,
as regulated 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 having to resort
to simplified approaches based on a fixed local gas density threshold
(Saitoh et al. 2008; G10; Guedes et al. 2011; Kuhlen et al. 2011). A
Kroupa (1993) initial mass function and relative yields are assumed.
We include a gas heating spatially uniform, time evolving UV cos-
mic background following an updated model of Haardt & Madau
(1996). Gas heating from UV radiation progressively suppresses SF
in galaxies below 1010 M#, making small DM haloes completely
void of stars (Benson et al. 2002) and reducing the overabundance
of dwarf satellite galaxies (Moore et al. 1998). The smallest galax-
ies 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 imple-
mentation and its applications have been described in several papers
and shown to reproduce many galaxy properties over a range of red-
shifts (Stinson et al. 2006; Brooks et al. 2007; Governato et al. 2007,
2009; Pontzen et al. 2008; Zolotov et al. 2009; Pontzen et al. 2010;
Brook et al. 2011; Brooks et al. 2011; Guedes et al. 2011). As in
G10, the star formation rate (SFR) in our simulations is set by the
local gas density (ρgas)1.5 and a SF efficiency parameter, c∗ = 0.1,
to give the correct normalization of the Kennicutt–Schmidt relation
(the SF efficiency for each star-forming region is much lower than
the implied 10 per cent, 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 3000 K and the efficiency of SF is
then further multiplied by the H2 fraction, which effectively drops
to zero in warm gas with T >; 10 000 K. As massive stars evolve
into SN, mass, thermal energy and metals are deposited into nearby
gas particles. Gas cooling is turned off until the end of the snow-
plough phase as described by the Sedov–Taylor solution, typically
a few million years. The amount of energy deposited amongst those
neighbours is 1051 erg 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 (Brook et al.
2011). We have verified that in this set of simulations the ‘loading
factor’ of the winds, i.e. the amount of baryons removed, is typi-
cally 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, Martin & Finlator 2011; van der Wel 2011).

As SF is limited by the local H2 abundance, stars form only in
high-density peaks sufficiently shielded from radiation from hot
stars and the SFHs of the galaxies in our simulated sample are
bursty over a significant fraction of the Hubble time, but especially
at high redshift, where each galaxy is still divided into individ-
ual progenitors. Bursty phases typically last 10–100 Myr with SFR
variations on shorter time-scales and SF enhanced by a factor of
∼4–20, similar to what measured in Local Group dwarfs (McQuinn
et al. 2010). As discussed in Pontzen & Governato (2011), a bursty
SF is necessary to create the fast outflows able to transfer energy
to the DM component. Outflows also decrease the SF efficiency in
haloes with total mass smaller than a few 1010 M#. In our set of
simulations, outflows are predominant at high-z2 when SF peaks and
galaxy interactions are common. These outflows affect the haloes
that will subsequently merge to form the central regions of the final,
present-day galaxies.

2 http://youtu.be/FbcgEovabDI?hd=1
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Figure 1. The slope of the DM density profile α versus stellar mass mea-
sured at 500 pc and z = 0 for all the resolved haloes in our sample. The
solid ‘DM-only’ line is the slope predicted for the same CDM cosmolog-
ical model assuming (i) the NFW concentration parameter trend given by
Macció et al. (2007) and (ii) the same stellar mass versus halo mass relation
as measured in our simulations to convert from halo masses. Large crosses:
haloes resolved with more than 0.5 × 106 DM particles within Rvir. Small
crosses: more than 5 × 104 DM particles. The small squares represent 22
observational data points measured from galaxies from the THINGS and
LITTLE THINGS surveys.

Figure 2. The slope of the DM density profile α measured at 500 pc versus
virial mass and at z = 0 for the same galaxies shown in Fig. 1. Crosses mark
haloes from the DM+gas simulations. Open circles are from the haloes that
have been re-run in DM-only simulations. Size of symbols is the same as in
Fig. 1. The solid line is the average slope predicted in Macció et al. (2007)
for haloes in the same "CDM cosmology.

in determining the structure of the interstellar medium and where
SF can occur (Kennicutt 1998; Krumholz & McKee 2005; Bigiel
et al. 2008; Elmegreen, Bournaud & Elmegreen 2008; Gnedin et al.
2009;Feldmann, Gnedin & Kravtsov 2011).With this approach, the

local SF efficiency is linked directly to the local H2 abundance,
as regulated 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 having to resort
to simplified approaches based on a fixed local gas density threshold
(Saitoh et al. 2008; G10; Guedes et al. 2011; Kuhlen et al. 2011). A
Kroupa (1993) initial mass function and relative yields are assumed.
We include a gas heating spatially uniform, time evolving UV cos-
mic background following an updated model of Haardt & Madau
(1996). Gas heating from UV radiation progressively suppresses SF
in galaxies below 1010 M#, making small DM haloes completely
void of stars (Benson et al. 2002) and reducing the overabundance
of dwarf satellite galaxies (Moore et al. 1998). The smallest galax-
ies 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 imple-
mentation and its applications have been described in several papers
and shown to reproduce many galaxy properties over a range of red-
shifts (Stinson et al. 2006; Brooks et al. 2007; Governato et al. 2007,
2009; Pontzen et al. 2008; Zolotov et al. 2009; Pontzen et al. 2010;
Brook et al. 2011; Brooks et al. 2011; Guedes et al. 2011). As in
G10, the star formation rate (SFR) in our simulations is set by the
local gas density (ρgas)1.5 and a SF efficiency parameter, c∗ = 0.1,
to give the correct normalization of the Kennicutt–Schmidt relation
(the SF efficiency for each star-forming region is much lower than
the implied 10 per cent, 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 3000 K and the efficiency of SF is
then further multiplied by the H2 fraction, which effectively drops
to zero in warm gas with T >; 10 000 K. As massive stars evolve
into SN, mass, thermal energy and metals are deposited into nearby
gas particles. Gas cooling is turned off until the end of the snow-
plough phase as described by the Sedov–Taylor solution, typically
a few million years. The amount of energy deposited amongst those
neighbours is 1051 erg 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 (Brook et al.
2011). We have verified that in this set of simulations the ‘loading
factor’ of the winds, i.e. the amount of baryons removed, is typi-
cally 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, Martin & Finlator 2011; van der Wel 2011).

As SF is limited by the local H2 abundance, stars form only in
high-density peaks sufficiently shielded from radiation from hot
stars and the SFHs of the galaxies in our simulated sample are
bursty over a significant fraction of the Hubble time, but especially
at high redshift, where each galaxy is still divided into individ-
ual progenitors. Bursty phases typically last 10–100 Myr with SFR
variations on shorter time-scales and SF enhanced by a factor of
∼4–20, similar to what measured in Local Group dwarfs (McQuinn
et al. 2010). As discussed in Pontzen & Governato (2011), a bursty
SF is necessary to create the fast outflows able to transfer energy
to the DM component. Outflows also decrease the SF efficiency in
haloes with total mass smaller than a few 1010 M#. In our set of
simulations, outflows are predominant at high-z2 when SF peaks and
galaxy interactions are common. These outflows affect the haloes
that will subsequently merge to form the central regions of the final,
present-day galaxies.
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Supernova feedback: limited by number of stars

Low stellar mass of dSphs  ⇒ 
(probably) impossible to reduce 
density with SN feedback alone
(Garrison-Kimmel et al. 2013; see also Peñarrubia et 
al. 2012)

Combine with tidal effects?
(Zolotov et al. 2012, Brooks et al. 2013, Arraki et al. 2013)

10 brightest dSphs: 
M★ ~105-107 Msun



Why is this still under debate?
Collisionless simulations: exact solution to an approximate problem

Hydrodynamical simulations: approximate solutions to full problem

‣ How much energy from a single supernova explosion couples to gas in galaxy? 
All simulations must make a choice for this (not unique)

‣ How important is radiation pressure versus thermal or kinetic energy?

‣ What physics is important? Cosmic rays? Magnetic fields?

‣ Inherently limited by spatial and temporal resolution -- how do we treat 
processes on smaller length and time scales than we resolve?

• All simulations require parameter choices and approximations



Why is this still under debate?

• Only in past ~1-2 years have simulations produced fairly realistic-looking 
“Milky Way” galaxies. Simulating the MW satellites and the 
Galaxy together is a very demanding problem and will be 
for the foreseeable future.

‣ Mass profiles are typically resolved at ~10 resolution elements 

‣ 2008: DM-only simulations of MW with 109 particles, each of 
mass 103 Msun, and force resolution of 20 pc.

‣ 2011: Hydro simulations of MW with 107 (DM) particles, each of 
mass 105 Msun, and force resolution of 90 pc.



A test of the baryonic feedback model?

10 brightest dSphs: 
M★ ~105-107 Msun

Possible test of the 
baryon feedback model: 
Does CVnI (M★ ~105) have a 
~1 kpc core? If not, can tidal 
effects explain its extremely low 
density?

Gaia proper motions should help 
with the 2nd question



How can we differentiate between effects 
of astrophysics and fundamental physics in 

low-mass galaxies?



(1) Look at recently-accreted satellites

• 420 kpc from galactic center
• stellar mass of ~105 Msun - not affected by SN feedback
• HI content (~2.5x105 Msun)
• ongoing star formation
• falling into MW for first time

➡ Prototype for discriminating between baryonic and dark matter 
physics in a “satellite”

Leo T: 



(1) Look at recently-accreted satellites

➡ Prototype for discriminating between baryonic and dark matter 
physics in a satellite

Leo T: 

M★~105 

r1/2=160 pc
𝜎 = 7.5 km/s

De Jong et al. (2008), 
Simon & Geha (2007)



Garrison-Kimmel, MBK, Bullock, & Lee (in preparation)

3 
M

pc

(2) Look at objects beyond the influence of the Local Group



Low densities in isolated Local Group dwarfs
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Fig. 1.—MOND rotation curves (solid curves) for the four sample galaxies
assumed to be at the distances adopted by Begum et al. The filled circles show
the rotation curve obtained from the 21 cm line observations. In the case of
KK98 250, the crosses show the rotation curve in the inner region derived
from Ha observations. The dotted and dashed curves show the Newtonian
rotation curves for the stars and the gas, respectively.

mary errors, not present in higher quality samples, result from
uncertain distance determinations, nonsymmetric or irregular
gas distributions, ambiguous inclinations, and highly uncertain
asymmetric drift corrections. Note also that here, as in all other
data presented in the literature, only errors on the measured
rotation curves are given, but there are no errors quoted on the
mass distribution, which must be reflected as errors in the pre-
dicted MOND rotation curve.
We now discuss the results for individual galaxies:

KK98 250.—The plotted rotation curve is from two sources:
in the inner region, the higher resolution Ha data going up to
∼2 kpc (McGaugh et al. 2001), and the lower resolution
21 cm observations that extend twice as far (Begum & Chen-
galur 2004a). In the inner parts the agreement with the MOND
prediction is clearly better for the Ha data. This emphasizes
the importance of higher resolution data in the inner parts,
especially for such small, low-velocity galaxies. With the best-
fit MOND value, the stars and gas turn out to contributeM/L
similarly to the mass in this galaxy.
NGC 3741.—This is a strongly gas-dominated galaxy, with

, so that the adopted for the stellar disk hardlyM /L ≈ 7 M/Lgas
matters—the overall shape of the MOND rotation curve is
determined essentially by the gas distribution. Indeed, the prin-
cipal uncertainty in this predicted curve results from the un-
certainty of the azimuthally averaged gas density distribution.
A 15% larger distance for this galaxy (consistent with the dis-
tance uncertainty) improves the agreement between the MOND
and observed curves.
KK98 251.—The predicted asymptotic rotation velocity

agrees well with that observed. With the adopted stellar M/L
value, the stars contribute only ∼0.1 of the total mass, so the
deduced asymptotic MOND velocity is practically a prediction
based only on the observed gas mass and is rather insensitive
to the assumed value (within reasonable range). As forM/L
KK98 250, the MOND curve lies above the observed 21 cm
points in the inner regions. For KK98 250 this is rectified by
the Ha data. The two galaxies are similar, and we can expect,
or predict, that the Ha rotation curve, which is still lacking for
KK98 251, will better agree with the MOND curve in the inner
parts.
DDO 210.—This galaxy was already considered in light of

MOND by Begum & Chengalur (2004a), who found good
agreement with MOND, but leaving a free parameter theya 0
found a best-fit value of , which is!8 !2a p 1.7# 10 cm s0
higher than the standard value; we use the standard value in
our analysis. We included this galaxy in our analysis mainly
for the opportunity to demonstrate and discuss some of the
sources of uncertainty besetting the analysis. The deduction of
the gravitational acceleration in the plane of the galaxy (as
expressed in terms of the published “rotation curve”) still re-
quires a large asymmetric drift correction (although not as large
as in Cam B): In the outer parts the “pressure” force is 4 times
larger than centripetal force. The indicated errors stem only
from the measured H i rotation curve and do not include un-
certainties in the asymmetric drift correction. In addition, the
adopted inclination is small and uncertain: The velocity field
is clearly distorted and the tilted ring inclination fit failed to
converge. For these reasons Begum & Chengalur (2004a) as-
sumed a constant inclination estimated from the ellipticity of
the H i distribution, which gave (this value totallyi p 27! " 7!
disagrees with the optical inclination, which may be dominated
by patches). This galaxy has . With the stellarM /L ≈ 1.3gas

value we find of ∼0.2, the stellar mass is rather unimportantM/L
so the fit is not sensitive to . However, this value could beM/L
significantly higher than what we give, especially considering
the above mentioned uncertainties.
A large sample of dwarf galaxies has been collected by

Swaters (1999), and an analysis in terms of MOND is in prep-
aration (R. Swaters & R. H. Sanders 2007, in preparation). The
predicted MOND rotation curves agree, in general, quite well
with the observed curves, particularly considering that galaxies
in this sample are subject to similar uncertainties to those dis-
cussed here.

Low densities in isolated Local Group dwarfs

DDO 210 
DMW=DM31=1.1 Mpc
M★=106

MHI=4x106

(Begum et al.)



Low densities in isolated Local Group dwarfs

VV 124: 
DMW=1.4 Mpc
M★=9.5x106 
𝝈=9.4 km/s 
r1/2=350 pc

Leo A:
DMW: 0.800 Mpc
M★=8x106 
𝝈=9.3 km/s 
r1/2=670 pc

Leo P: 
DMW=1.5 Mpc
M★~6x105 
Vrot=10 km/s (maybe??)
2D Rgas=500 pc

No difference between MW satellites and isolated galaxies of the same mass ⇒ 
preliminary evidence that reduced densities aren’t from interaction with MW



Summary of Controversies

• Cusp-core problem: persists in isolated galaxies. Supernova 
feedback may explain this in LCDM; SIDM can also explain this.

• Cores in MW satellites: controversial at this point; imperative to 
get additional data. LCDM may explain this for the most massive 
satellites; need to understand SIDM predictions for core sizes.

• Too big to fail: evident in dSphs of MW and M31 (makes 
“unlucky” Milky Way less likely explanation). May be explained in 
LCDM if SN feedback is very efficient and most dwarfs have been 
orbiting for a long time and MW mass is low. Can be explained in 
SIDM for specific values of interaction cross-section.

• Missing satellites: persists to today, at some level. May be 
explained by reionization suppression + inefficient galaxy formation; is 
this too finely-tuned, or is it natural? SIDM likely faces similar issue.

• Additional issue(s)? Planes of satellites? Unlikely to be solved through 
modification of DM properties



Conclusions and outstanding questions

• There are good motivations from astrophysics to consider scenarios 
beyond vanilla WIMPs. At this point, there is not incontrovertible 
evidence that LCDM is lacking. 

‣ Core-cusp, missing satellites, too big to fail: could point to failings of 
LCDM model on small scales ... or could be telling us about physics 
of galaxy formation. 

• Understanding effects of galaxy formation in both CDM and SIDM is 
crucial ... but extremely difficult. Numerical simulations including baryons 
are not (yet?) fully predictive.

• Comparison of low-mass galaxies in the MW with isolated galaxies of 
the same mass will be very revealing in testing the galaxy formation 
physics hypothesis. Preliminary evidence argues against environmental 
effects as cause of low dark matter densities.



Conclusions and outstanding questions

• Good news: 

‣ SIDM (constant cross section): likely ruled out for σ > 1cm2/g; unable to 
produce relevant cores for σ < 0.1 cm2/g ⇒ narrow range to explore

‣ WDM: likely ruled out by Ly-alpha forest for m < 2 keV; no astrophysical 
signatures if m > 10-15 keV ⇒ narrow range to explore

• Generic prediction of CDM models: vast spectrum of dark matter 
halos within the Milky Way containing no stars. How can we test 
if this is true? (Thin-ness of stellar streams? Gravitational lensing in 
external galaxies?)

• What are the generic, testable predictions of SIDM models?

• Do we still need to consider WDM as a viable alternative?


