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Plan for the talk: 
!
Argue that estimates of the dark matter density 
are systematically lower than expected for low-
mass galaxies and that the dark and luminous 
matter are correlated in ways that have yet to 
be understood. 
!
Explore self-interacting dark matter as a solution.
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Dark matter densities in the inner 
regions of galaxies

Dark matter halo mass 
of bound objects [Mass 
in solar masses]

Scales of 
interest 
(distance from 
center)

Core (region of 
roughly 
constant 
density)

Lower density 
than predicted 
by CDM-only 
simulations

Clusters of galaxies 
[1e14 to 1e15] 5-50 kpc ? Y

Elliptical galaxies [1e12 
to 1e13] 1-10 kpc ? ?

Dwarf galaxies; Low 
surface brightness 
galaxies [1e10 to 1e11]

0.5-5 kpc Y Y

Dwarf galaxies in the 
local group [~1e9] 0.3-1 kpc ? Y

Too big to fail 
(TBTF)



Too big to fail? The most massive 
apparently don’t light up...4 M. Boylan-Kolchin, J. S. Bullock and M. Kaplinghat

spherical Jeans equation, Thomas et al. (2011) have shown
that this mass estimator accurately reflects the mass as de-
rived from axisymmetric orbit superposition models as well.
This result suggests that Eqns. (1) and (2) are also applica-
ble in the absence of spherical symmetry, a conclusion that
is also supported by an analysis of Via Lactea II subhalos
(Rashkov et al. 2012).

We focus on the bright MW dSphs – those with LV >
105 L� – for several reasons. Primary among them is that
these systems have the highest quality kinematic data and
the largest samples of spectroscopically confirmed member
stars to resolve the dynamics at r

1/2. 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 r

1/2

(Mateo 1998): Wolf et al. (2010) find that their dynamical
mass-to-light ratios at r

1/2 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: V

circ

(SMC) = 50�60 km s�1

(Stanimirović et al. 2004; Harris & Zaritsky 2006) and
V
circ

(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 V

infall

⇡
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 V

infall

> 60 km s�1 and V
max

> 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 V

max

and r
max

. 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

Figure 1. Observed V
circ

values of the nine bright dSphs
(symbols, with sizes proportional to log LV ), along with ro-
tation curves corresponding to NFW subhalos with V

max

=
(12, 18, 24, 40) km s�1. The shading indicates the 1� scatter in
r
max

at fixed V
max

taken from the Aquarius simulations. All of
the bright dSphs are consistent with subhalos having V

max


24 km s�1, and most require V

max

. 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.

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 V

circ

(r
1/2) 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 r

max

at
fixed V

max

. 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 V

max

= 12�24 km s�1,
and only one dwarf (Draco) is consistent with V

max

>
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 V

circ

(r
1/2) or V

max

(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
(V

max

⇡ 18 � 20 km s�1). Each of the Aquarius simulations
contains between 10 and 24 subhalos with V

max

> 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.

c� 2012 RAS, MNRAS 000, 1–17

Predicted satellites are 
denser [Boylan-Kolchin, Bullock, 

Kaplinghat 2011, 2012]. No 
statement about core/cusp. 
Not a counting issue. 

This problem also exists in 
Andromeda [Tollerud et al 2014] 

and in between MW and And.

Predicted satellite 
galaxies not found!



Inside or outside (the Milky Way), there is a 
TBTF problem10 E. N. Kirby et al.
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Figure 7. Velocity dispersion versus projected half-light radius for dwarf galaxies in the field (black circles), satellites of the Milky Way
(red squares) and satellites of M31 (blue triangles). Only galaxies with 105 < LV /L⊙ < 2× 108 are shown. Both panels show the same
data on linear (left) and logarithmic (right) axes. The central masses of galaxies indicated with marks over the points have a significant
component from baryons ((M/LV )1/2 < 6 M⊙ L−1

⊙ ). The velocity dispersions for these galaxies from dark matter alone would be lower.

Rotating galaxies are indicated by marks under the points. For these galaxies, the rotation-corrected velocities for mass estimation (see
Sec. 5.1) are 15–40 per cent larger than σv .

that circular velocity (rmax). Both vmax and rmax are derived
from the directly observable quantities σv and rh. Because
the isolated and satellite galaxies are not obviously distinct
in the σv–rh plane, environment is not an obvious cause of
TBTF.

Another way to frame TBTF is that dark matter simu-
lations predict more dense satellites than are observed. How-
ever, the field of the Local Group has no galaxy denser than
the densest satellite of the MW or M31. Therefore, the iso-
lated galaxies, which are minimally affected by the gravita-
tional and ram pressure influences of the large spiral galax-
ies, also exhibit the same range of structural properties that
give rise to the TBTF problem for satellite galaxies.

Of course, the Milky Way and M31 do tidally dis-
turb some of their dSph satellites, like Sagittarius (Ibata,
Gilmore, & Irwin 1994) and Hercules (Deason et al. 2012).
Brooks & Zolotov (2013) predicted that these tidal forces
would cause satellite galaxies to have a lower average veloc-
ity dispersion than field dwarf galaxies in the same luminos-
ity range. Fig. 8 shows velocity dispersions versus luminosi-
ties for both field and satellite dwarf galaxies. The galaxies
do not separate any more in this space than in the space of
velocity dispersion versus half-light radius. The 2-D K–S test
between the field and satellite galaxies with LV /L⊙ > 106

returns a probability of 97 per cent that the galaxies are
drawn from the same population. Accounting for rotational
support reduces the probability only to 89 per cent. There-
fore, our observations impose limitations on environmental
solutions to TBTF whether the problem is considered in
terms of half-light radius or luminosity.

We have considered only one dynamical tracer popu-
lation: red giants. All of the galaxies in our sample except
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Figure 8. Velocity dispersion versus luminosity for Local Group
dwarf galaxies. The symbols are the same as in Fig. 7.

Cetus also have gas. We have also made only the most basic
estimate of dynamical mass (M1/2). A worthwhile prospect
for future work is detailed models of the mass profiles of the
galaxies we observed. For example, Adams et al. (2012) con-
structed such a model for NGC 2976. Our individual stellar
velocities are available in Table 1 for interested modelers.

c⃝ 2013 RAS, MNRAS 000, 1–12
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Figure 7. Velocity dispersion versus projected half-light radius for dwarf galaxies in the field (black circles), satellites of the Milky Way
(red squares) and satellites of M31 (blue triangles). Only galaxies with 105 < LV /L⊙ < 2× 108 are shown. Both panels show the same
data on linear (left) and logarithmic (right) axes. The central masses of galaxies indicated with marks over the points have a significant
component from baryons ((M/LV )1/2 < 6 M⊙ L−1

⊙ ). The velocity dispersions for these galaxies from dark matter alone would be lower.

Rotating galaxies are indicated by marks under the points. For these galaxies, the rotation-corrected velocities for mass estimation (see
Sec. 5.1) are 15–40 per cent larger than σv .

that circular velocity (rmax). Both vmax and rmax are derived
from the directly observable quantities σv and rh. Because
the isolated and satellite galaxies are not obviously distinct
in the σv–rh plane, environment is not an obvious cause of
TBTF.

Another way to frame TBTF is that dark matter simu-
lations predict more dense satellites than are observed. How-
ever, the field of the Local Group has no galaxy denser than
the densest satellite of the MW or M31. Therefore, the iso-
lated galaxies, which are minimally affected by the gravita-
tional and ram pressure influences of the large spiral galax-
ies, also exhibit the same range of structural properties that
give rise to the TBTF problem for satellite galaxies.

Of course, the Milky Way and M31 do tidally dis-
turb some of their dSph satellites, like Sagittarius (Ibata,
Gilmore, & Irwin 1994) and Hercules (Deason et al. 2012).
Brooks & Zolotov (2013) predicted that these tidal forces
would cause satellite galaxies to have a lower average veloc-
ity dispersion than field dwarf galaxies in the same luminos-
ity range. Fig. 8 shows velocity dispersions versus luminosi-
ties for both field and satellite dwarf galaxies. The galaxies
do not separate any more in this space than in the space of
velocity dispersion versus half-light radius. The 2-D K–S test
between the field and satellite galaxies with LV /L⊙ > 106

returns a probability of 97 per cent that the galaxies are
drawn from the same population. Accounting for rotational
support reduces the probability only to 89 per cent. There-
fore, our observations impose limitations on environmental
solutions to TBTF whether the problem is considered in
terms of half-light radius or luminosity.

We have considered only one dynamical tracer popu-
lation: red giants. All of the galaxies in our sample except
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Figure 8. Velocity dispersion versus luminosity for Local Group
dwarf galaxies. The symbols are the same as in Fig. 7.

Cetus also have gas. We have also made only the most basic
estimate of dynamical mass (M1/2). A worthwhile prospect
for future work is detailed models of the mass profiles of the
galaxies we observed. For example, Adams et al. (2012) con-
structed such a model for NGC 2976. Our individual stellar
velocities are available in Table 1 for interested modelers.

c⃝ 2013 RAS, MNRAS 000, 1–12

No explicit environmental differences between local group dSphs.
Kirby et al, 2014
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Dark matter densities in the inner 
regions of galaxies

TBTFNo consensus yet. See Walker and Penarrubia 
(2011) and Strigari, Frenk and White (2014).
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to 1e13] 1-10 kpc ? ?
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surface brightness 
galaxies [1e10 to 1e11]

0.5-5 kpc Y Y

Dwarf galaxies in the 
local group [~1e9] 0.3-1 kpc ? Y



Nearby dwarf galaxies are under-denseThe dark matter halos of dwarf galaxies 5

Figure 3. Left panel: Outermost rotation velocity, Vout = Vrot(rout), measured for each galaxy in our sample vs V P
out, its predicted

value assuming that the halo mass is given by the Mgal vs M200 abundance-matching relation of Fig. 1. Note that the faintest dwarfs
tend to have velocities well below those expected from the model, implying that they inhabit halos less massive than expected. Right:
The outermost point of the rotation curve of a sample of dwarf galaxies compiled from the literature. Abundance-matching arguments
suggest that all points should lie on or above the shaded area labeled M200 = 1010 M⊙. This is clearly not the case. Instead, 17 out of
the 44 galaxies with Vouter < 35 km/s enclose masses within rout more than a factor of 2 lower than predicted. The same is true for the
faintest dwarfs in our sample: roughly 45% of all galaxies with 106 < Mgal < 107 M⊙ have masses that deviate by a similar amount from
the expected values. If there is a minimum halo mass for dwarf galaxy formation, the data imply that it cannot be much higher than
∼ 5× 108 M⊙.

This is clear indication that the SDIG halo mass is well
below the abundance-matching expectation: a naive fit of
the rotation curve yields M200 ∼ 109 M⊙, a factor of 10
below the mass expected from abundance-matching consid-
erations. Unless the rotation curve measurements are grossly
in error, which we deem unlikely, it is difficult to evade the
conclusion that SDIG truly inhabits a halo of mass much
lower than expected from the model. Note that having a
spatially-resolved rotation curve that probes a large radial
range is crucial to this conclusion. For example, if the data
available were just a rotation velocity of 19 km/s from un-
resolved data, or if that velocity was reached within, say,
500 pc, it would be difficult to discount the possibility that
SDIG might inhabit a much more massive halo.

Could SDIG be instead surrounded by a halo of un-
usually low concentration? Indeed, a M200 = 1010 M⊙ halo
with c = 5 (3σ below the average) would match the observed
(rout,Vout) for this galaxy. If this were true, it would mean
that SDIG is a rare outlier, a possibility that may be checked
by considering the remainder galaxies in our sample.

The results are displayed in Fig. 3, where we show,
in the left panel, the measured outermost velocities ver-
sus the velocities predicted (at each value of rout) assum-
ing halo masses derived from the abundance-matching Mgal

vs M200 relation. Although massive galaxies seem to be in
good agreement with the model, those with stellar masses
below ∼ 3×107 M⊙ (and also a few more massive ones) have
velocities that fall systematically below the expected ∼ 30
km/s corresponding to a halo mass of ∼ 1010M⊙.

About 17% of galaxies in our sample with 107 <
Mgal/M⊙ < 108 have enclosed masses (within rout) more
than a factor of 2 smaller than expected from the abundance-
matching model. This fraction increases to 45% when con-
sidering galaxies with 106 < Mgal/M⊙ < 107, ruling out the
possibility that galaxies like SDIG are just rare exceptions.

The right-hand panel of Fig. 3 illustrates the problem
in a slightly different way. Here we show the outermost point
of the rotation curves (rout,Vout) of galaxies in our sample
and compare them with the rotation curves expected for
NFW halos of virial mass 1010 M⊙ and 5× 108 M⊙, respec-
tively. (Shaded regions correspond to varying the concentra-
tion by ±20%, as in Fig. 2.) There are clearly many dwarf
galaxies, like SDIG, with rotation curves that fall well below
the boundaries imposed by the circular velocity of a halo as
massive as 1010 M⊙.

What could be going on? One possibility is that the in-
terpretation of the data is incorrect. The rotation velocity
of neutral gas in dwarf irregulars is not a direct measure
of the circular velocity, and must be corrected for the par-
tial support provided by gas pressure, by the presence of
non-circular motions, and by the non-negligible velocity dis-
persion of the gas. These corrections are uncertain, and al-
though they are attempted in most published studies, they
may require revision when better data and more sophisti-
cated modeling are available. Indeed, the data available in
the literature on dwarf irregulars are highly heterogeneous
and of varying quality. For example, many of the galaxies in
our sample taken from Begum et al. (2008a,b) have no pub-

c⃝ 2012 RAS, MNRAS 000, 000–000

Ferrero et al 2012

LCDM galaxy formation 
models predict these 
galaxies should be in 
halos with masses ~1010 
Msun or larger. 

!

Almost all are in halos 
with masses ~1010 Msun 
or lower, i.e., lower 
density than expected.



Abundance of Local Volume Galaxies8 Klypin, et al.

Figure 6. Comparison of the distribution function of line-widths Vlos for galaxies in the Local Volume with theoretical predictions for
the LCDM (left panel) and the Warm Dark Matter models (right panel). Left: Filled circles and the long-dashed curve present velocity
function for the 10 Mpc sample. Theoretical predictions for the ΛCDM model with the Planck cosmological parameters are presented
by the upper full curve. The short-dashed curve shows the predictions of the dark matter-only estimates without correction for baryon
infall. Enhanced mass of baryons (mostly due to stars) in the central halo regions results in the increase of the circular velocity observed
in this plot as the shift from the dashed to the full curve.

5 DISCUSSION AND CONCLUSIONS

The abundance of galaxies as a function of their circular
velocity dN/dV is a fundamental statistics, which provides
a sensitive probe for theoretical predictions (Cole & Kaiser
1989; Shimasaku 1993; Gonzalez et al. 2000; Zavala et al.
2009; Trujillo-Gomez et al. 2011; Schneider et al. 2014). It
is more difficult to measure the velocity function as com-
pared with the more familiar luminosity function. Only re-
cently observations became capable of producing reason-
ably converging estimates of dN/dV for different samples
(Zwaan et al. 2010; Papastergis et al. 2011).

Abundance of galaxies with circular and line-width ve-
locities in the Local Volume (distances less than 10 Mpc)
provides a valuable information, which can be difficult to get
from other samples (Karachentsev et al. 2004, 2013). Here
one can observe really small galaxies, and the sample has all
morphological types. Comparison with the SDSS and 2dF-
GRS luminosity functions indicates that the Local Volume is
a typical sample of galaxies for the volume probed. The sam-
ple is 90% complete for galaxies of all morphological types
down to MB = −13.5. Corrected for the selection function,
the sample can be used down to MB = −12 and circular
velocity ≈ 15 km s−1.

Observations: Estimates of the abundance of galaxies
with a given line-width Vlos presented in Figure 5 for differ-
ent observational samples shows that results mostly agree for
intermediate-size galaxies with Vlos ≈ (25−150) kms−1. The
Local Volume results are systematically above the HIPASS
(Zwaan et al. 2010) and ALFALFA (Papastergis et al. 2011)
estimates, but this is mostly due to the fact that HI mea-
surements do not cover early-type galaxies, which are

Figure 7. Relation between circular velocity dN/d log V and
line-width dN/d log Vlos functions for observations (short dashed
and full curves) and for the ΛCDM model (dot-dashed and long
dashed curves). The short-dashed curve shows our estimate of the
circular velocity function in the Local Volume. It produces the
distribution of line-widths that accurately fits the observations.
The disagreement between the ΛCDM model and observations
becomes slightly worse for the circular velocities.

c⃝ 2002 RAS, MNRAS 000, 1–11

If central density 
is reduced

LCDM prediction: 
blue solid curve

Klypin et al (2014)



Constant density cores in nearby 
dwarf galaxies

Oh et al 2015

THINGS and LITTLE 
THINGS: close-by 
dwarfs (<10 Mpc), DM 
dominated, low mass 
(V~30-100 km/s)

18 Oh et al.

IC 2574
NGC 2366
Ho I
Ho II

DDO 154
DDO 53
M81dwB
LITTLE THINGS

DG1
DG2

Fig. 7.— The inner slope of the dark matter density profiles ↵ vs. the radius Rin of the innermost point within which ↵ is measured
as described in the small figure (de Blok et al. 2001). The ↵-Rin of the sample galaxies from LITTLE THINGS, THINGS and the two
simulated dwarf galaxies (DG1 and DG2: Governato et al. 2010) as well as the previous measurements (grey symbols) of LSB galaxies
(open circles: de Blok et al. 2001; triangles: de Blok & Bosma 2002; open stars: Swaters et al. 2003). Filled circles with arrows indicate the
galaxies of which inner density slopes are measured assuming a ‘minimum disk’, giving a steeper slope. The solid and dotted lines represent
the ↵-Rin trends of dark-matter-only ⇤CDM NFW and pseudo-isothermal halo models, respectively. See Section 6 for more details.

versy in ⇤CDM simulations but also as an indirect proof
for the existence of CDM in the Universe.

7. CONCLUSION

In this paper we derive the rotation curves of 26 dwarf
galaxies culled from LITTLE THINGS, and examine
their DM distributions near the centers of the galaxies.
From this, we address the ‘cusp/core’ problem which has
been one of the long-standing problems in ⇤CDM simu-
lations on galactic scales. The high-resolution LITTLE
THINGS Hi data (⇠600angular; ⇠2.6 km s�1 spectral)
complemented with optical and Spitzer IRAC 3.6µm im-
ages are su�ciently detailed to resolve the central region
of the sample galaxies where the cusp- and core-like halo

models are clearly distinguished.
In particular, we use the bulk velocity fields of the

galaxies extracted using the method described in Oh
et al. (2008) to correct for turbulent random non-circular
gas motions. This enables us to derive more reliable rota-
tion curves and thus more accurate DM distributions in
the galaxies. We corrected for the modest dynamical con-
tribution by baryons in dwarf galaxies by using Spitzer
IRAC 3.6µm images combined with model ⌥3.6

? values
based on stellar population synthesis models. This al-
lowed us to derive robust mass models of the stellar com-
ponents of the galaxies and thus better constrain their
central DM distributions.
From this, we found that the decomposed DM rotation
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Constant density cores in low surface 
brightness spiral galaxies

Kuzio de Naray, McGaugh, de Blok, Bosma 2005, 2006

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



There is a large scatter in core densitiesThe Case Against Warm Dark Matter 5

ED3,4
Th1,2

Fig. 4.— Halo central density, ρ0, as a function of the maximum
observed rotation velocity of the galaxy. Each symbol represents
a different model for the dark matter halo density profile. For a
given model, ρ0 is not constant across the sample, and there is no
discernible trend in ρ0 with Vmax. The small gray symbols indicate
the results when a non-zero stellar mass-to-light ratio is assumed.

halo core radii. For clarity we plot only the results for
the Early Decay α = 4 and Thermal WDM α = 2 cases.
Qualitatively similar results are obtained for the ED3
and Th1 cases if we use Mvir rather than Mtot and do
not modify the conclusions. For each galaxy, we plot the
combined range of core radii and masses for the two dark
matter models. For comparison, we have also plotted the
Mtot vs. (minimum) rcore relationship that is expected
for early-decay dark matter for two choices of Qp. It is
immediately obvious from Figure 2 that 1) the data span
a range of only about one order of magnitude in mass,
2) the data are not consistent with a single value of Qp,
and 3) mass and core radius are not anti-correlated as
would be expected from Equation 6.
The simplest interpretation of this result in the context

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

Finally, even if there were a plausible model to explain
Figure 2, we show below that the required value of Qp is
in strong disagreement with Lyman alpha forest data.
In Figure 3, we plot the range ofQp for the galaxies and

again find that, for a given dark matter model, the data
are not consistent with a single Qp value. For our sample
of galaxies, Qp ranges between ∼ 10−9 and 10−7 in units
of M⊙pc−3(km/s)−3. This result does not change when
the baryons are accounted for by assuming a non-zero
stellar mass-to-light ratio, as shown for F583-1 in Figure
3. These limits on Qp are about 4 orders of magnitude
smaller than the lower limit on thermal WDM implied
by the Lyman alpha forest power spectrum of ≃ 10−3

M⊙pc−3(km/s)−3 (Seljak et al. 2006; Viel et al. 2008).
Thus, even if there were a WDM model whose primordial
phase space density value was in tandem with some other
process that sets the core sizes in these galaxies, we would
have a model that is inconsistent with the Lyman alpha
forest data by orders of magnitude.
We now consider the SIDM model predictions. This

is easier to analyze because the SIDM models predict a
correlation between core size and core density. In most
models of dark matter with large self-interactions, all
dark matter halos are predicted to either have the same
core density or to show a trend in ρ0 as a function of ve-
locity dispersion of the halo (Spergel & Steinhardt 2000;
Firmani et al. 2000; Kaplinghat et al. 2000). One reason
for this trend is the dependence of the scattering or anni-
hilation cross section on relative velocity. Additionally,
adiabatic expansion due to particle loss will result in a
systematically smaller core density in less massive halos
(Kaplinghat et al. 2000).
We note that a monotonic relation between the cross

section and the velocity translates to a monotonic rela-
tion between the core density and the velocity disper-
sion of the dark matter particles in the core. We expect
the velocity dispersion in the core to be isotropic and
proportional to Vmax. It therefore follows that the ex-
pectation from SIDM models is that the inferred core
density should be either roughly constant or exhibit a
monotonic trend with Vmax. We note that if the self-
interaction process has been operating for differing times
in these galaxies, for example as the result of a recent ma-
jor merger, then some dispersion may be introduced into
the inferred ρ0 versus Vmax relation. However, this seem
unlikely given the uniformity of the sample and the lack
of observational evidence for any recent disturbance.
In Figure 4, we plot ρ0 against Vmax for each galaxy

and show a representative example of how ρ0 changes if a
non-zero stellar mass-to-light ratio is assumed. We find
that ρ0 is not constant across the sample, nor is there
evidence for a systematic trend in ρ0 as a function of
Vmax. This indicates that the inferred cores in these LSB
galaxies cannot be directly set by large self-interactions
(scattering or annihilation) of dark matter.

5. SUMMARY

Warm dark matter models and strongly self-interacting
dark matter models have been proposed to alleviate some
of the difficulties that CDM faces on small scales. We
have tested models of thermal WDM and non-thermal
WDM from early decays with high-resolution rotation
curves for LSB galaxies. We infer the observed halo core
radii to span about an order of magnitude around a kpc,
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There is a large scatter in core densities

Diversity of dwarf galaxy rotation curves 9

Figure 6. Circular velocity at r = 2 kpc vs the maximum circular velocity, V
max

, for observed and simulated galaxies. For observed galaxies we use
the maximum rotation speed as an estimate of V

max

, and the rotation speed measured at 2 kpc for V
circ

(2 kpc). We show only simulated systems for
which the convergence radius is less than 2 kpc, and observed galaxies for which the nominal angular resolution of the data is better than the angle
subtended by 2 kpc at the galaxy’s distance. Top-left: Results for dark matter-only simulations (grey points), together with the correlation expected for
NFW haloes of average concentration (solid black line). The thick gray line traces the mean V

circ

(2 kpc) as a function of V
max

, whereas the shaded
areas show the standard deviation. Top-right: As the top-left panel, but for simulated galaxies in the LOCAL GROUPS and EAGLE cosmological
hydrodynamical simulations (red symbols). See the legend for details about each symbol type. The grey line and grey shaded region repeat the DMO
correlation in the top-left panel, the red line and shaded region are analogous for the hydrodynamical simulations. Bottom-left: Observed galaxies (small
text labels identify individual objects). Different symbols indicate different survey types, as described in the legend. Solid lines and shaded regions
are as in the top right panel. Note the large variation in V

circ

(2 kpc) at fixed V
max

compared with the simulation results. The dotted, dashed and
dot-dashed lines indicate the changes in V

circ

(2 kpc) induced by removing a fixed amount of mass from the inner 2 kpc of ⇤CDM haloes, as labelled.
The blue-shaded region highlights systems with an inner 2 kpc mass deficit exceeding 5 ⇥ 108M�. Bottom-right: Results of recent simulations that
report the formation of cores in the dark matter profiles of ⇤CDM haloes. These cores lead to a slight reduction in the value of V

circ

(2 kpc) relative
to those in our simulations, but the changes are insufficient to explain the full range of values spanned by the observational data. The dotted lines and
dashed lines are as in the bottom-left panel, for ease of comparison.

Some of those galaxies, like DDO 168 have rotation speeds
at 2 kpc comparable to the maximum (V

max

⇠ 62 km s�1,
V
circ

(2 kpc) ⇠ 58 km s�1), which indicates an enclosed mass
of ⇠ 2.3 ⇥ 109 M�, or about twice as much as the total bary-
onic mass of the galaxy, according to the baryonic Tully-Fisher
relation; M

bar

/M� = 102.3 (V
max

/ km s�1)3.82 (McGaugh
2012). At the other extreme, galaxies like UGC 5750 (V

max

>⇠
73 km s�1) 6 have rotation speeds at 2 kpc of just ⇠ 20 km s�1,

6 A rightward arrow is used in the bottom left panel of Fig. 6 to indi-
cate cases where the rotation curve is still rising at the outermost radius
measured – the maximum observed rotation speed may therefore under-
estimate V

max

.

corresponding to an enclosed mass of only ⇠ 2 ⇥ 108 M�, or
just about 10 per cent of its total baryonic mass.

Within their diversity, many observed galaxies actually
have rotation curves that agree with ⇤CDM, and fall well within
the region of parameter space expected from our simulations
(shown by the red-shaded area in this panel). Others do not.
Galaxies below the solid gray line (which indicates the average
DMO results in all panels) have less mass within 2 kpc than ex-
pected from a DMO simulation: if rotation velocities faithfully
represent the circular velocity at this radius, then some of the
central mass must have been displaced.

The dotted, dot-dashed, and dashed lines in the bottom
panels of Fig. 6 quantify this effect. They indicate the result
of removing a fixed amount of mass, as labelled, from the inner
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dot-dashed lines indicate the changes in V

circ

(2 kpc) induced by removing a fixed amount of mass from the inner 2 kpc of ⇤CDM haloes, as labelled.
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(2 kpc) relative
to those in our simulations, but the changes are insufficient to explain the full range of values spanned by the observational data. The dotted lines and
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Some of those galaxies, like DDO 168 have rotation speeds
at 2 kpc comparable to the maximum (V

max

⇠ 62 km s�1,
V
circ

(2 kpc) ⇠ 58 km s�1), which indicates an enclosed mass
of ⇠ 2.3 ⇥ 109 M�, or about twice as much as the total bary-
onic mass of the galaxy, according to the baryonic Tully-Fisher
relation; M

bar

/M� = 102.3 (V
max

/ km s�1)3.82 (McGaugh
2012). At the other extreme, galaxies like UGC 5750 (V

max

>⇠
73 km s�1) 6 have rotation speeds at 2 kpc of just ⇠ 20 km s�1,

6 A rightward arrow is used in the bottom left panel of Fig. 6 to indi-
cate cases where the rotation curve is still rising at the outermost radius
measured – the maximum observed rotation speed may therefore under-
estimate V

max

.

corresponding to an enclosed mass of only ⇠ 2 ⇥ 108 M�, or
just about 10 per cent of its total baryonic mass.

Within their diversity, many observed galaxies actually
have rotation curves that agree with ⇤CDM, and fall well within
the region of parameter space expected from our simulations
(shown by the red-shaded area in this panel). Others do not.
Galaxies below the solid gray line (which indicates the average
DMO results in all panels) have less mass within 2 kpc than ex-
pected from a DMO simulation: if rotation velocities faithfully
represent the circular velocity at this radius, then some of the
central mass must have been displaced.

The dotted, dot-dashed, and dashed lines in the bottom
panels of Fig. 6 quantify this effect. They indicate the result
of removing a fixed amount of mass, as labelled, from the inner
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Cores of clusters of galaxies

Newman et al 2012 

Weak lensing, 
strong lensing 
and kinematics 
of stars used. 

Cluster masses 
~ 1015 Msun.
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Fig. 5.— Correlation between the size of the BCG and the inner
DM profile. Top: Grey points show the total density slope �

tot

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

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

0

-value
are listed. Bottom: The core radii r

core

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

We note that while the typical r
core

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

core

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

core

.
We can also ask whether there is evidence for intrinsic

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

core

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

�0.11

and �
log r

core

= 0.57+0.33
�0.21. Its statistical significance can

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

core

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

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

density slope �
tot

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

200

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

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

0

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

core

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

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

core

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

200

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

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

DM

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

4.3. Systematic uncertainties

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

SPS

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

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

aniso

| = |1 � �2

✓/�
2

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

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

aniso

= +0.2)
or � log⌥⇤ = +0.10 (�

aniso

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

7 Interestingly, the reverse seems to hold for �
tot

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

200

(⇢ = �0.68, P
0

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

tot

is measured is
proportional to r

200

.
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The puzzles go far deeper than just the 
presence of cores or lowered densities. There 
are correlations that have yet to be fully 
described in any model of galaxy formation.

Correlations



The acceleration scale in galaxy 
formation
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Fig. 3. The mass discrepancy–acceleration relation. The ratio of dynamical to baryonic mass is shown at each
point along rotation curves as a function of the centripetal acceleration at that point. The top panel shows model
galaxies in ⇤CDM (see text). The bottom panel shows data for real galaxies (42). Individual galaxies, of which
there are 74 here, do not distinguish themselves in this diagram, though model galaxies clearly do. The organization
of the data suggest the action of a single effective force law in disk galaxies. This phenomenon does not emerge
naturally from ⇤CDM models.

cal (42). It implies that there is a single effective force law in disk galaxies. The natural interpretation
is that this is indeed caused by a universal force law. The one that works happened to already have a
name: MOND (2).

The observed mass discrepancy–acceleration relation does not occur naturally in ⇤CDM. Indeed,
⇤CDM makes no clear prediction for individual galaxies. One must resort to model building. The
argument then comes down to what constitutes a plausible model. I have spent many years trying to
construct plausible ⇤CDM models. I have never published any, because none are satisfactory. All I can
tell you so far is what does not work.

The first model that did not work was SCDM. In the mid-1990s, the Standard CDM cosmological
model had ⌦

m

= 1 and no cosmological constant. The amplitude of the rotation curve predicted by
this model (43) was far too high to explain observed galaxies. This can be alleviated by lowering ⌦

m

(⇤ is largely irrelevant to this problem). Consequently, ⇤CDM is closer to the right ballpark, though
it still over-predicts velocities (44; 45). Formally, one needs ⌦

m

< 0.2 (46), which is unacceptable
to CMB data (26; 18). This problem motivates an entire sub-field of work on feedback processes in
galaxy formation that seek to redistribute mass in order to dodge this constraint.

In Fig. 3, I show what I consider to be a natural ⇤CDM model. In this structure formation paradigm,
dark matter perturbations are already growing structure at the time of recombination, creating dark
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Baryonic Tully-Fisher relation

No LCDM model 
explains this 
satisfactorily, yet.

Project description: Page 5 of 15

Figure 2: Correlations. Left: Scaled total mass (baryons plus dark matter) of early-type galax-
ies from X-ray measurements (Humphrey & Buote, 2010) showing power-law behavior over two
decades in radius. When decomposed into baryons and dark matter, there is no evidence for cores
in these systems. The mass in the inner part is dominated by baryons and by dark matter in the
outer parts and hence the lack of a feature in the mass profiles is puzzling. Middle: Similar to the
left plot but for a larger sample of galaxies using strong lensing (Oguri et al., 2014). Right: The
baryonic Tully-Fisher relation from Oh et al. (2011) showing a tight correlation between total mass
of baryons and dark matter over 5 decades in baryonic mass.

would imply that there are truly thousands of dark halos in the local volume. This suggestion is
presented pictorially in Fig. 3 (bottom middle plot). Our proposed work will investigate this pos-
sibility and clarify whether there are two distinct problems (cores and overabundance) or one. If
there are two distinct problems, then the solution may require a suppression of power in the power
spectrum. The time is ripe and the sample size large enough to carry out a comprehensive analysis
of cores and velocity function measurements.

In order to be successful in explaining the small-scale issues, it may not be sufficient to just
create cores or lower densities (as discussed in the next section). It seems that the core sizes or
changes in density should be correlated with the baryonic mass (gas and stellar mass). One of
aims of this proposal is to investigate this issue further and provide a clear picture. For example, in
galaxies where baryons dominate the central parts, there are no known examples of large constant
cores in dark matter (except for clusters as already discussed). However, many of these galaxies
(early-type) tend to show a ”conspiracy” of sorts where the dark matter and baryons add together
to give a power-law in mass profile over a couple of decades in radius. Some of these issues
(correlations) are summarized in Fig. 2. How do they constrain possible solutions to the core-cusp
issue? Our investigations will be able to shed light on this issue.

The most significant correlation is undoubtedly the baryonic Tully-Fisher relation that has no
satisfactory explanation (e.g., Begum et al., 2008; Trachternach et al., 2009; Gurovich et al., 2010;
McGaugh, 2012). LCDM models typically fail below about 50 km/s, suggesting that this may be
correlated with the issues discussed above in this section. The existence of a common acceleration
scale in galaxies (“Milgrom’s law”) is another strong observed correlation between the luminous
and dark matter contents (e.g., Fig. 10 of Famaey & McGaugh, 2012) that has defied an explana-
tion across the full range of luminosities (for an early attempt, see Kaplinghat & Turner, 2002).
Could all these galaxies have cores? If so, what should be the relation between the core sizes and
luminosities to explain the Tully-Fisher relation and the velocity function? Something akin to this
has been attempted in the context of TBTF problem and the approach seems promising (Brook &

Oh et al (2011)B
ar

yo
ni

c 
m

as
s 

(M
su

n)

Rotation speed (km/s)



Core sizes and densities of spirals and 
dwarfs

Salucci, Wilkinson, et al 2012

6 P. Salucci et al.

Figure 3. Comparison of the distribution of characteristic baryonic scale RD
versus stellar mass Ms for dSphs (points; this paper) with the corresponding
relation in Spirals (from PSS). See Section 1 for the definition of RD used
for the dSph sample.

Figure 4. ρ0r0 in units of M⊙ pc2 as a function of galaxy magnitude for dif-
ferent galaxies and Hubble types. The data are: (1) the Spano et al. (2008)
sample of spiral galaxy data (open red circles); (2) the URC relation (solid
blue line; Shankar et al. 2006); (3) the dwarf irregulars N 3741 (MB = 13.1;
Gentile et al. 2007) and DDO 47 (MB = 14.6; Gentile et al. 2005) (full
green circles), spirals and ellipticals (black squares; Hoekstra et al. 2005)
investigated by weak lensing; (4) Milky Way dSphs (pink triangles - this
paper); (5) nearby spirals in THINGS (small blue triangles; Walter et al.
2008); (6) early-type spirals (full red triangles; Noordermeer 2006;
Noordermeer et al. 2007). The long-dashed line shows the Donato et al.
(2009) result.

reproduced using Burkert DM halo profiles whose structural pa-
rameters lie on the same scaling relations as those of spirals pro-
vides some support for the claim that the mass distributions in dSph
galaxies can be understood within the same framework as those of
spirals.

4 CONCLUSIONS

Dwarf spheroidal galaxies are the lowest luminosity stellar systems
which show evidence of dynamically significant DM. Their physi-
cal properties (luminosity, stellar scale length, baryon fraction) are
typically two orders of magnitude different from those observed for
spiral and elliptical galaxies. Given these extreme structural prop-
erties, an understanding of the formation of dSphs is crucial for the
development of a complete picture of galaxy formation.

Figure 5. Halo central density ρ0 versus stellar length scale RD for spirals
(solid curve) and dSphs (points).

The main result of this paper is the finding that these galaxies,
despite being very distinct in their physical properties from spirals
and ellipticals and having a large individual scatter in their baryonic
properties, exhibit kinematic properties that can be modelled using
DM haloes with the same mass profiles as those which reproduce
the rotation curves of spiral galaxies. Under the assumption that
the haloes of dSphs have Burkert profiles, we find that the derived
central densities and the core radii are consistent with the extrap-
olation of the relationship between these quantities seen in spiral
galaxies. Conversely a Burkert profile with structural parameters
predicted by the extrapolation of the relation between halo central
density and DM core radius previously found from Burkert fits to
the kinematics of elliptical and spiral galaxies can account for the
observed internal kinematics in dSphs.

This result is intriguing, and could point to a common phys-
ical process responsible for the formation of cores in galactic
haloes of all sizes, or to a strong coupling between the DM
and luminous matter in dSphs. It is worth noting that a poten-
tial connection between spiral galaxies and dSphs does not ap-
pear as natural as one between dSphs and other hot, spheroidal
systems (Dabringhausen et al. 2008; Forbes et al. 2008). For ex-
ample, while the sizes of spiral galaxies are presumably fixed by
the angular momentum of the gas from which they form, most
of the present-day dSphs show no signs of rotation (although
Battaglia et al. (2008) have recently found evidence of rotation in
the Sculptor dSph). However, Mayer et al. (2001) have proposed a
formation scenario for dSphs in which they are initially low-mass
disk galaxies that are subsequently transformed into spheroids by
tidal interaction with the Milky Way. More recently, such models
have been shown to provide reasonable models for the properties
of the Fornax (Klimentowski et al. 2007) and LeoI (Łokas et al.
2008) dSphs. If the haloes of dSphs do indeed follow the scaling
laws defined by more massive disk galaxies, this could lend indirect
support to evolutionary histories of this kind. Suggestive evidence
of such transformation scenarios is also provided by the discovery
of residual disks with spiral structure in luminous dwarf elliptical
galaxies in the Virgo cluster (Lisker et al. 2006).

Further dynamical analysis is needed to derive the actual DM
distribution in dSph and possibly to estimate their halo core radii.
Nevertheless, it interesting to speculate on the possible implications
of these scaling laws for our understanding of DM.Warm dark mat-
ter has been invoked as a potential solution to the over-prediction of
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Total matter in elliptical galaxies is featurelessThe slope of the mass profile in early-type galaxies 3

Figure 1. Radial mass profiles for each object, arbitrarily scaled for clarity. The solid lines are the best-fitting profiles determined from
our “forward fitting” analysis of the temperature and density profiles, while the data-points are determined from the more “traditional”
method (§ 2.2). We stress that the models are not fitted to these data-points but are derived independently.

in Gastaldello et al. (2007, provided by F. Gastaldello 2009,
priv comm.).

Under the hydrostatic approximation, we transformed
these density and temperature data into mass constraints
by two complementary approaches. First, the “traditional”
method involves parametrizing these profiles with arbi-
trary models (for more details on these models, see H09;
Humphrey et al. 2008; Gastaldello et al. 2007), which are
then differentiated and inserted into the equation of hydro-
static equilibrium (e.g. Mathews 1978). An advantage of this
method is that it makes no a priori assumption about the
form of the mass distribution. By evaluating the resulting
mass model at a number of radii (corresponding to each
spectral extraction region) we obtained the mass “data-
points” shown for each system in Fig 1. Error-bars were
estimated via a Monte Carlo technique (Lewis et al. 2003).
We here focus only on the central part of these data; based
on experimentation, we considered the mass within 10Re or
200 kpc, whichever is smaller. Over this radial range, the
profiles are all approximately powerlaw in form, but the ex-
act slope varies from object to object.

We find overall good agreement with previously pub-
lished mass profiles (H06; H09; Gastaldello et al. 2007; Zap-
pacosta et al. 2006; Lewis et al. 2003), although for ESO552-
020 the normalization is ∼0.1 dex higher than that found
by Gastaldello et al. (2007), using XMM data. Neverthe-
less, this discrepancy is comparable with our estimated sys-
tematic error for this object (§ 2.3), and will not affect our
conclusions.

Since the traditional method relies on the adoption of

ad hoc temperature and density profiles, this can lead to sig-
nificant systematic errors in the recovered mass distribution
(e.g. H09). Furthermore, the individual “data-points” are all
correlated, which makes it difficult to interpret a fit made
directly through them. Therefore, to be more quantitative,
we fitted the mass distribution using the “forward fitting”
method described in Humphrey et al. (2008). This involves
solving the equation of hydrostatic equilibrium to compute
temperature and density profile models, given parametrized
mass and entropy profiles. Since the entropy profile must
rise monotonically, we parametrized it as a constant plus a
powerlaw with one or two breaks added, as needed. For the
stellar plus dark mass distribution, we adopted a powerlaw,
corresponding to ρm ∝ R−α, i.e.

M(< R) = M75

(

R
75kpc

)3−α

(1)

where M is the mass enclosed within radius R. M75 and α
were parameters of the fit. An additional gas mass compo-
nent was included self-consistently in the calculation, but
is generally small in the fitted radial range. We fitted only
the inner parts of the density and temperature profiles, as
described above, freely varying logM75, α, the parameters
describing the entropy profile and a term related to the gas
pressure at a suitable reference radius (H09). Following H09,
parameter space was explored with a Bayesian Monte Carlo
method1, assuming flat priors (see § 2.3 for the impact of

1 Specifically, the nested sampling algorithm of Feroz & Hobson
(2008)

Humphrey and Buote 2009

X-rays
6 M. Oguri et al.

Figure 5. Similar to Figure 2, but the best-fit two-component
model is overplotted. The solid line with shading shows the best-
fit and 1σ range of the total mass profile. Dotted lines indicate
best-fit stellar and dark matter distributions.

quasar microlensing measurements of the stellar mass
fraction indeed break the IMF-fDM degeneracy. The best-fit
parameters are αSal

SPS = 0.92+0.09
−0.08 , γDM = −1.60+0.18

−0.13,

and ADM = MDM(< Re)/M
Sal
∗ = 0.21 ± 0.04. The

Salpeter IMF is preferred over the Chabrier IMF,
which is in line with recent claims based on sub-
tle spectral features (van Dokkum & Conroy 2010;
Conroy & van Dokkum 2012; Ferreras et al. 2013;
Conroy et al. 2013; Spiniello et al. 2013, but see also
Ferreras, Saha, & Burles 2008; Ferreras et al. 2010;
Smith & Lucey 2013). In addition, we find that mod-
els without dark matter (ADM = 0) are disfavored at the
5σ level even without the microlensing constraints. The
best-fit two component model is shown in Figure 5.

3.4 Mass and Redshift Dependences

There have been several indications from recent lensing
and/or kinematics studies (Treu et al. 2010; Dutton et al.
2011; Dutton, Mendel, & Simard 2012; Cappellari et al.
2012) as well as from studies of spectral features
(van Dokkum & Conroy 2010; Conroy & van Dokkum
2012; Ferreras et al. 2013; Conroy et al. 2013;
Spiniello et al. 2013) that the IMF is non-universal,
i.e., the IMF changes with galaxy velocity dispersions and
stellar masses. Some previous studies from combined lensing
kinematics analyses have also indicated possible redshift
evolution of the slope of the total mass profile (Ruff et al.
2011; Bolton et al. 2012; Sonnenfeld et al. 2013b).

Here we investigate whether the total mass profile mea-
sured from the ensemble of strong lenses depends on the
stellar mass or the redshift. We divide our strong lens sam-
ple into subsamples of different stellar mass or redshift bins
to see how the fitting parameters change with these param-
eters. Specifically, we consider two stellar mass bins divided
at MSal

∗ = 3 × 1011M⊙ and two redshift bins divided at
zl = 0.4. For each subsample we repeat the power-law fit to
the total mass profile as presented in Section 3.1, and de-

Figure 6. Constraints in the A = Mtot(< Re)/MSal
∗ -γ plane for

the power-law model (see Section 3.1). Filled contours show 1 and
2σ contours from the full strong lens sample. Contours with solid
lines show 1 and 2σ contours from subsamples with stellar mass
MSal

∗ larger or smaller than 3 × 1011M⊙. Contours with dotted
lines show 1 and 2σ contours from subsamples with redshift lower
or higher than 0.4.

rive constraints on the mass normalization A and the radial
slope γ in equation (1).

Figure 6 shows constraints in the A = Mtot(<
Re)/M

Sal
∗ -γ plane. We find trends of the best-fit values, such

that the higher stellar mass sample prefers steeper radial
slope, and the higher redshift sample prefers larger normal-
ization of the total mass profile. One possible interpretation
of the dependence on the stellar mass is that the lower stel-
lar mass sample has a larger satellite fraction and therefore
effectively shallower radial density slope. The larger mass
normalization for the higher redshift sample can be due to
either a larger dark matter fraction or a larger stellar mass
(i.e., larger αSal

SPS). The larger dark matter fraction at higher
redshift may be explained by star formation in these galaxies
or infall of satellite galaxies via dynamical friction. We note
however that these trends with the stellar mass and redshift
are not very significant, at ! 2σ level. Improved statistical
analysis with a significantly larger sample of strong gravita-
tional lenses is necessary for more detailed studies.

4 IMPLICATIONS FOR THE ADIABATIC

CONTRACTION

Our measurements of the average dark matter distribution
at the core of elliptical galaxies enable a direct test of models
of the modification of the dark matter density profile due to
baryonic physics. The most popular model of such a baryonic
effect has been the adiabatic contraction (Blumenthal et al.
1986; Gnedin et al. 2004; Abadi et al. 2010) which predicts
that the dissipative collapse of baryons leads to a more cen-
trally concentrated dark matter distribution as compared
with what we would expect for the case of no baryons.

c⃝ RAS, MNRAS 000, 1–12
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Perhaps cold dark matter with appropriate 
feedback can solve these problems. Here I 
will ask if self-interacting dark matter 
(without feedback for now) can solve all the 
small-scale puzzles and, if so, what are the 
correlated signatures.

Solutions



What is SIDM?
We will define Self-Interacting Dark Matter (SIDM) as a 
form of Cold Dark Matter that has a significant elastic 
scattering cross section. In particular, the dark matter 
perturbation power spectrum is unchanged from the model 
without self-interaction [but see Cyr-Racine and Sigurdson 2012]. 
There is no significant dissipation of energy [but see Fan, 
Katz, Randall, Reece 2013]. 

In its simplest incarnation, SIDM has one extra parameter: 
scattering cross section over mass (σ/m) or mediator 
mass (for cross section that is not constant)



Brief history of SIDM
Proposals motivated by small-scale issues [Spergel and 
Steinhardt 2000, Firmani et al 2000]. Related early work on mirror 
dark matter [Mohapatra, Nussinov, Teplitz 2001; Foot, Volkas 2004]. 
See also Carlson, Machacek and Hall (1992). 

Recent revival of large self-interaction strengths 
motivated first by model building [Ackerman, Buckley, Carroll, 
Kamionkowski (2008), Feng, Kaplinghat, Yu, Tu (2009), Kaplan, Krnjaic, 
Rehermann, Wells 2009, Feng, Kaplinghat, Yu 2010, Buckley and Fox 
2010, Loeb and Weiner 2011, R. Foot 2012, Cyr-Racine and Sigurdson 
2012, Tulin, Yu and Zurek 2012, 2013, Fan, Katz, Randall, Reece 2013, 
Bellazzini, Cliche, Tanedo (2013)] 

Relic density: Thermal (WIMP/SIMP miracle), Asymmetric



Doesn’t the Bullet Cluster rule out SIDM?
Markevitch et al, Clowe et al No.  

Bullet cluster: σ/m < ~1 
cm2/g for relative speed 
v~3000 km/s.  

Generically, σ/m is velocity 
dependent, making this a 
weak constraint on models. 

Merging Cluster Collaboration (MC2)



Don’t cluster halo shapes rule out SIDM?4 Peter et al.

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

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

vir

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

3 SIMULATED HALO SHAPES

3.1 Preliminary Illustration

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

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

0.1

, and SIDM
1

from left to right. In Fig.
1, we project the halo along the major axis, which is the orienta-
tion that maximizes the strong-lensing cross section (van de Ven,
Mandelbaum & Keeton 2009; Mandelbaum, van de Ven & Kee-
ton 2009). In Fig. 2, we project the halo along the intermediate

c
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zoom

Peter, Rocha, Bullock, Kaplinghat 2012 

Constraints using shapes of LoCuSS clusters (Richards et al 
2010) not better than about 1 cm2/g. 



SIDM is the same as CDM on large scales

Rocha et al 2012 

σ/m = 1 cm2/g



Differences only in the centers of galaxies

Rocha et al 2012 



Outside this core radius, solution is CDM-like. 
SIDM solution: core sizes
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σ/m = 1 cm2/g

Rocha et al (2012) 

Core size ~ 0.7rS, 
potentially large 
enough to explain 
spiral and dwarf 
galaxy observations.

Similar results from 
Fry et al (2015)



SIDM solution: Milky Way satellites
Milky Way bright satellite 
problem can be solved 
with the production of large 
cores [Vogelsberger, Zavala 
and Loeb 2012, Vogelsberger, 
Zavala and Walker 2012] 

Includes velocity 
dependence of cross 
section that arises from 
broken U(1) [Feng, 
Kaplinghat and Yu (2010), Loeb 
and Weiner (2011)]

10 M. Vogelsberger et al.

Figure 8. 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 V

circ

(r
1/2

) 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 7 and 9). 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 9). 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 7 for the corresponding steep density profiles).

velop cuspy profiles, but have constant density cores as shown in
Figure 7. This convergence is explicitly demonstrated in Figure 9
(top panels) where we show the circular velocity curves of the 15
most massive subhaloes for RefP0 (left panel) and RefP3 (right
panel) at two levels of resolution: level 4 (dashed lines) and level 3
(solid lines). Clearly vdSIDM subhaloes have essentially converged
circular velocity profiles, whereas CDM subhaloes are still moving

towards a more concentrated mass distribution with increasing res-
olution4. The bottom panels of Figure 9 show the density profiles of
the five most massive subhaloes at all three resolutions (level 5 as

4 Although we do not show the RefP1 and RefP2 cases in Figure 9, they
also show good convergence as the RefP3 case.

© 2012 RAS, MNRAS 000, 1–14

cross section/mass 
= 10 cm2/g

Vogelsberger, Zavala and Loeb 2012



How does SIDM work?

One interaction on average over halo age
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Isothermal



Isothermal => SIDM tracks 
the stellar potential in the 
regions where stars 
dominate, i.e., dark and 
luminous matter are tied. 

When baryons dominate, 
dark matter cores become 
small!

Kaplinghat, Keeley, Linden 
and Yu, PRL 2014

Stars and dark matter tied in SIDM model

See Vogelsberger, Zavala, 
Simpson and Jenkins 2014 for 
an effect in the opposite regime.



We will end this talk by considering a 
simple particle physics realization of 
SIDM with implications for direct and 
indirect searches.



SM example: neutron-proton scattering

0.05 MeV = (1/2) 1 GeV v2  
v = 0.01 c = 3000 km/s 
Bullet cluster relative velocity

0.005 MeV = (1/2) 1 GeV v2  
v = 0.003 c ~ 1000 km/s 
Musket Ball relative velocity

Dwarfs



A simple SIDM model

broken hidden U(1)
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and couples the hidden gauge boson � with a coupling constant g
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. We fix
g
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by the thermal annihilation cross section as required by the correct relic density and GC photon
signal. For ⇠ 20 GeV dark matter, self-interactions mediated by a ⇠ 20 MeV mediator through
the process �� ! �� can soften central density profiles of subhalos, while evading all other cur-
rent constraints []. In the GC, dark matter annihilation ��̄ ! �� produces � which subsequently
decays to Standard Model charged particles. Because of the kinetic limit, the mediator can only
decay to electron-positron pairs. We show that the inverse Compton Scattering of starlight in the
GC by energetic electron/positrons produced via the � decay can produce a �-ray signal consistent
with data. 1 Finally, we note that this model produces a sharp feature in the positron spectrum
at an energy near the dark matter mass. We find that while this feature is unlikely to have been
observed by PAMELA, it should be seen by AMS-02 with two years of data.

The outline of this paper is as follows. In Sec II, we present the model in detail, and discuss the
relic density and dark matter self-interactions. In Sec VI, we show the fit to the gamma-ray signal
at the GC. In Sec V, we study the positron spectrum and signals at PAMELA and AMS-02. We
conclude in Sec. VII.
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A. Dark Matter Self-interactions

We exam dark matter self-interactions mediated by �. In the non-relativistic limit, dark matter
interactions through the mediator can be described by a Yukawa potential V (r) = ±↵
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e�m�r/r.
We use the numerical method developed in Ref. [8, 9] to calculate the transfer cross section �

T

1 A similar model has been discussed in Ref. [6] where the authors consider a wide range of mediator mass range
and both meson and e+e�� final states. Here, we focus on the small mediator mass case as motivated by the small
scale anomalies, and show that inverse Compton scattering dominates the signal.
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Similar SIDM phenomenology in non-abelian hidden sectors. 
Boddy, Feng, Kaplinghat and Tait (2014) 

Model with 2->2 and 3->2 scattering (SIMP miracle). Hochberg, 
Kuflik, Volansky and Wacker (2014)

Symmetric: Relic density achieved through   

Asymmetric: cross section (                   ) >  thermal relic cross section
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A wide range of velocity dependence possible. 
Tulin, Yu, Zurek 2012



Astrophysics can fix the mediator and dark 
matter masses!

Combined fit
90% CL
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Kaplinghat, Tulin and Yu, in prep

Model mX (GeV) m� (MeV) qXe (MeV) qGe (MeV)
A 1000 3 127 74

B 100 15 62 46

C 10 20 10 10

D 5 20 5 5

TABLE I: SIDM benchmark models we consider in this paper. In the two rightmost columns we indicate the
typical values of the momentum transfer for recoils off xenon (relevant for LUX) and germanium (relevant
for SuperCDMS) of a DM particle with typical speed v� = 232 km/s. The maximum attainable momentum
transfer, assuming a maximum DM speed in Earth’s frame vmax = vesc + v� = 776 km/s, is 4.7 times
higher than this typical value, while values that are lower than those shown here are always possible. The
average sensitivity windows of the two experiments are [28 MeV, 81 MeV] for LUX and [15 MeV, 38 MeV]
for SuperCDMS.
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FIG. 1: DM self-scattering cross section per unit mass, as a function of the DM relative velocity. Repulsive
self-interaction is assumed. Curves correspond to the SIDM models A, B, C, D summarized in Table I.

vmax the maximum possible DM speed in Earth’s frame as defined later. From the comparison of
m� with the typical q it can be anticipated for which models the long-range regime m� . q will
be most important.

Figure 1 shows the DM self-scattering cross section of our four benchmark models as a function
of the DM relative velocity. In model A, the self-scattering cross section is suppressed significantly
at large velocities, because DM self-scattering occurs in the Rutherford limit with �XX / 1/v

4

on large scales. For model B, DM self-interactions are important in dwarf galaxies, and mildly in
Milky Way-sized galaxies, but are suppressed on cluster scales. On the other hand, �XX/mX is
relevant from dwarf to cluster scales for both model C and D.

4

A
BCD



A simple SIDM model

Kaplinghat, Tulin, Yu, PRD 2013

The light mediator must decay or it will over-close the 
universe. To be safe, make mediator decay before BBN. 
Unless there are other light particles in the hidden sector, this 
should happen through the coupling to SM fields. Direct and 
indirect searches. 

Direct: Momentum dependent form factor --  1/(q2+mφ2)2 -- 
no longer contact interaction!  

Indirect: annihilation products are elections, positrons, 
photons and neutrinos.

Kaplinghat, Linden, Yu (2015)



Simple model already constrained

Del Nobile, Kaplinghat and Yu, in prep
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FIG. 2: Direct detection constraints on SIDM parameter space. Left: Lower limits on the (mX ,m�) plane,
for different values of ✏� , from LUX (purple lines) and SuperCDMS (dashed green lines). The region below
each curve is excluded at a significance level 1 � ↵ = 90%. The shaded band is where SIDM solves
structure anomalies on dwarf scales. Right: Upper limits on the (m�, ✏�) plane, for different values of mX .
The region above each curve is excluded at a significance level 1� ↵ = 90%. The gray lines are curves of
constant decay time ⌧� = 0.01, 1 and 100 s for the mediator �.

In deriving our bounds, we only use the total number of events in the signal range instead of
using the full spectral information of the rate. While a spectral analysis is ultimately needed in
order to distinguish SIDM from WIMPs (see next section), extracting information on the parti-
cle physics model of DM interactions relies on assuming a model for the DM distribution. The
SHM, used in this work, although motivated in the framework of SIDM, is likely to describe only
partially the DM halo: features like anisotropies in the DM distribution, DM substructure, and
even DM fluxes of extra-galactic origin are possible, if not likely, to occur. Our bounds are there-
fore conservative in the sense that they allow for small variations of the DM distribution, that can
modify the detected event spectrum, but such that the total number of events is fixed.

Fig. 2 shows direct detection constraints on the SIDM parameter space. The blue lines in
the left panel denote the portion of parameter space where SIDM can explain the small scale
anomalies, for three different values of the self-interaction cross section per unit mass �XX/mX =

0.1, 1, 10 cm2
/g. It is clear that both LUX and SuperCDMS put a strong constraint on the mixing

parameter ✏� . As can be seen in the left panel of Fig. 2, LUX excludes all favored (mX ,m�)

regions with ✏� & 10

�9 except for mX . 7 GeV. The SuperCDMS limit is weaker, but it can
exclude SIDM models with mX > 3 GeV. Remarkably, benchmark points A, B and C are ruled
out by LUX for ✏� = 10

�9, while benchmark point D can not be excluded by LUX because of the
small DM mass (see below). It can however be excluded by SuperCDMS for ✏� ⇠ 10

�8 due to its
lower energy threshold and its lighter target compared to xenon. It is remarkable that the LUX and
SuperCDMS constraints on ✏� are much stronger than those from beam dump experiments [63].
Therefore, direct detection experiments provide a unique window for exploring the dark sector.

Fig. 2 (right) shows the exclusion region in the (✏�,m�) plane for given mX . For m� .
10 MeV, the upper bound on ✏� becomes nearly independent of m� because the typical momentum

8

Region above colored lines 
ruled out. 
!
Magenta: LUX 
Green: SuperCDMS 
!
Dotted: DM mass = 10 GeV 
Dashed: DM mass = 100 GeV 
Solid: DM mass = 1 TeV



Distinguishing WIMP from SIDM in direct 
detection experiments

Del Nobile, Kaplinghat and Yu, in prep
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FIG. 5: Measured rates at LUX (left) and SuperCDMS (right), for different DM masses. For each of our
benchmark SIDM models (solid red line), a model with three times the mediator mass (dashed purple line)
and a SI model with contact interaction (dotted green line) are also considered. The spectra are normalized
to have the same area within the signal range, enclosed by the two vertical dashed lines. For LUX, we also
provide on the top axis the average recoil energy ER corresponding to the detected signal S1 in photoelec-
trons. Notice that a 5 GeV DM particle is below threshold for LUX, and therefore the measured rate is
zero.

14



Multiple targets and annual modulation 
crucial

del Nobile, Kaplinghat and Yu, in prep
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FIG. 6: Differential scattering rates for LUX (left) and SuperCDMS (right). Both the unmodulated (top)
and unmodulated (bottom) components of the differential rate are shown. The solid red line is for our
benchmark SIDM model B (mX = 100 GeV, m� = 15 MeV), while the dotted green line is for a 20 GeV
DM particle with contact interactions. All curves are normalized to have the same area between the two
dashed vertical lines, enclosing the region of interest of the experiment.

explained in detail in the next section in the context of a sodium iodide detector such as DAMA.

Finally, our results for this section can be summarized as follows. Despite the limitations im-
posed by detector resolution and efficiency, direct detection experiments such as LUX and Super-
CDM can potentially distinguish SIDM signals from those from WIMPs, provided the DM mass
is heavy enough that the scattering occurs not too close to the experimental threshold. While light
WIMPs may fake a SIDM signal at a direct detection experiment, the degeneracy between the two
spectra could be lifted either by a second experiment employing a different target or by observing
the modulated part of the spectrum. While LUX has a larger sensitivity to heavy DM and a much
higher exposure, SuperCDMS is more sensitive to low-mass DM particles because of its lighter
target and low detector threshold. In fact, LUX is not sensitive to our benchmark model D with
mX = 5 GeV at all. For 10 GeV (5 GeV) DM, LUX (SuperCDMS) almost cannot distinguish
SIDM from WIMPs.

C. Modulation signal

Together with the average rate at LUX and SuperCDMS, we also study the prospects to distin-
guish SIDM from WIMPs using the annually modulated part of the rate. While the modulated rate
is usually much smaller than the average rate and therefore more difficult to detect, it is a cleaner
signature of DM detection: in fact, it is relatively difficult to find background sources that are
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Summary

Observations capable of resolving the innermost regions 
of galaxies and clusters show that densities of dark matter 
are lower than dark-matter-only LCDM predictions with a 
large scatter. The dark and baryonic matter show strong 
correlations. 

LSIDM is a promising explanation and it retains all the 
successes of  LCDM on larger scales. 

Like WIMPs, SIDM particle candidates have direct and 
indirect signals.


