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The Cosmological Dark Matter Problem

Zwicky (1933):   
the “dunkel-materiel”/ the “dark matter” 

First indications: velocity of 
galaxies in a cluster

GM = hv2ir1/2↵�1

) M � Mstars +Mgas



Dark Matter Today: from large scale cosmology

Large Scale Structure: 
SDSS (BOSS), WiggleZ, 6dF

Cosmic Microwave Background: 
Planck, SPT, ACT, PolarBEAR

Planck 2015 + BAO + SNe +H0 
(Planck Collab. 2015)

⌦DM ⌘ ⇢DM

⇢crit
= 0.259± 0.002



What	  is	  dark	  matter?

T. Tait



Large Scale Structure:   
the cosmological density 
perturbation spectrum

• Power spectrum of cosmological  
density fluctuations

   

• Primordial Harrison-Zeldovich: 
from scale invariance

– Natural solution to perturbation spectrum: 
self-similar evolution 

• Predicted by inflation
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Measuring Large Scale Structure P(k)

CMB

SDSS Ly-α
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The Cosmological Matter Power Spectrum



The Primordial Spectrum:  
CMB gives a Precision 

Determination  
at Large Scales

Planck Collaboration 2015: 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�
= 3.094± 0.034 (1.1%)

n = 0.9645± 0.0049 (0.51%)



Perturbation Evolution 
How warm is too warm?

Abazajian astro-ph/0511630



CDM has a natural cutoff 
kinetic coupling until T ~ 1 MeV
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CDM has a natural cutoff 
kinetic coupling until T ~ 1 MeV



Lower Bounds on Mass:  
Suppression of Small-Scale Structure 

• SDSS 3D P(k) Main Galaxies (Tegmark et al 2003)
• SDSS Lyman-alpha forest (McDonald et al 2005)
• High-Resolution Lyman-alpha forest (Viel, Haehnelt & Springel 2004)
• CMB: WMAP, ACBAR, CBI, VSA, BooMERANG-2K2 
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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

Not dependent 
on resolving 
about core/cusp

Where are these 
denser satellites?

Boylan-Kolchin, Bullock, Kaplinghat 2011, 2012



TBTF in the local group

Generic issue in the Local Group (M31, MW and in between) 
[Tollerud + 2014, Kirby + 2014, Garrison-Kimmel + 2014]



Observed Dwarf Galaxy Concentrations are Much 
Too Low, While CDM Subhalos are “Too Big Too Fail”

Boylan-Kolchin et al. 2011, 2012



Cusp/Core: dwarf galaxies 
to clusters of galaxies



Cores in dwarf galaxies

LITTLE THINGS, Oh et al 2015

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

W. J. G. de Blok and A. Bosma: LSB galaxy rotation curves 843

Fig. 14. Value of the inner slope α of the mass-density profiles
plotted against the radius of the innermost point. Open circles
are from the dBMR sample, stars are the Jan. 00 part of our
sample, as published in dBMBR. Filled circles indicate the
new galaxies from the Feb. 01 part of the sample. Over-plotted
are the theoretical slopes of a pseudo-isothermal halo model
(dotted lines) with core radii of 0.5 (left-most), 1 (centre) and
2 (right-most) kpc. The full line represents a NFW model, the
dashed line a CDM r−1.5 model. Both of the latter models have
parameters c = 8 and V200 = 100 km s−1, which were chosen
to approximately fit the data points in the lower part of the
diagram.

breaks down and the stellar component is important in
the inner parts.

9.2.3. Constant M/L⋆ profiles

We tested this by re-deriving the slopes for the constant
M/L⋆ = 1.4 case (see dBMR for a justification of this
value). The halo rotation curve was found by quadratically
subtracting the gas-rotation curve and the rotation curve
of the stars. This treatment is likely to be too naive, as
in a non-minimum disk case one expects the disk to influ-
ence the dark matter distribution to some degree (though
perhaps not for LSB galaxies). A full treatment of this
problem is beyond the scope of this paper, and the naive
procedure suffices to illustrate the main point: as the stel-
lar mass-to-light ratio is increased the inner slope of the
halo mass-density profile becomes flatter.

The slopes for the constant M/L⋆ case are listed in
Table 7. In Fig. 15 we again plot the derived slopes against
the inner radii for the galaxies in our sample where a
constant M/L⋆ model was available. A comparison with
Fig. 14 shows that the data points have all moved up, as
expected. In a number of cases we found rather large pos-
itive slopes, which would imply that these galaxies have
hollow halos. This is rather improbable, and a more re-
alistic explanation is that the value M/L⋆ = 1.4 is an
overestimate of the true M/L∗.

Table 7. Inner power-law slopes α.

Name αmin ∆α rin (kpc) αcon ∆α

F563-1 –0.01 0.70 0.55 0.21 1.38

U628 –1.29 0.08 0.95 –1.37 1.37

U711 –0.12 0.07 0.38 – –

U731 –0.52 0.45 0.35 –0.44 0.15

U1230 –0.13 0.26 0.74 0.08 0.47

U1281 –0.04 0.01 0.08 – –

U3137 –0.20 0.10 0.27 – –

U3371 –0.16 0.10 0.56 –0.02 0.19

U4173 –0.77 0.13 0.73 –0.26 0.46

U4325 –0.33 0.03 0.15 –0.24 0.06

U5005 –0.58 0.09 0.76 –0.53 0.24

U5750 –0.17 0.27 0.81 0.26 0.71

N100 –0.19 0.17 0.19 – –

N1560 –0.26 0.26 0.04 –0.04 0.24

N2366 0.24 0.13 0.09 0.45 0.45

N4395 –0.40 0.07 0.05 –0.52 0.02

N3274 –0.90 0.13 0.10 –0.67 0.17

N4455 –0.57 0.21 0.10 –0.70 0.25

U10310 0.10 0.36 0.22 – –

N5023 –0.39 0.14 0.07 – –

IC2233 –0.20 0.22 0.15 – –

DDO52 0.34 0.50 0.14 – –

DDO64 –0.21 0.11 0.09 –0.16 0.58

DDO47 –0.42 0.25 0.27 –0.28 0.30

DDO185 –0.18 0.29 0.07 –0.23 0.61

DDO189 –0.82 0.05 0.46 –0.87 0.35

Fig. 15. The inner power-law slopes α for the constant
M/L∗ = 1.4 assumption.

N3274 has a slope of −0.66 in the constant M/L⋆

case, which is consistent with the slope one would expect
for a halo with a core-radius of a few tenths of a kpc.
Though this galaxy obviously cannot be used to prove or
disprove either model, it is clear that galaxies which show
steep inner slopes are likely to be of high surface bright-
ness with inner regions dominated by stars. In order to

deBlok and Bosma, 2002
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Cores in more massive (LSB) 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



Cores of clusters of galaxies

Newman et al 2012 

Weak lensing, strong 
lensing and BCG 
stellar kinematics used 

Masses ~ 1015 Msun

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

tot

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

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

0

-value
are listed. Bottom: The core radii r

core

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

We note that while the typical r
core

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

core

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

core

.
We can also ask whether there is evidence for intrinsic

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

core

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

�0.11

and �
log r

core

= 0.57+0.33
�0.21. Its statistical significance can

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

core

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

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

density slope �
tot

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

200

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

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

0

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

core

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

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

core

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

200

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

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

DM

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

4.3. Systematic uncertainties

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

SPS

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

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

aniso

| = |1 � �2

✓/�
2

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

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

aniso

= +0.2)
or � log⌥⇤ = +0.10 (�

aniso

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

7 Interestingly, the reverse seems to hold for �
tot

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

200

(⇢ = �0.68, P
0

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

tot

is measured is
proportional to r

200

.
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Dark matter densities in the inner 
regions of galaxies

Scales of interest 
(distance from 
center of galaxy)

Cores (region of 
roughly constant 
density)

Lower densities 
than predicted 
by CDM-only 
simulations

Clusters of galaxies 
(1014-1015 Msun) 5-50 kpc Not clear Yes

Large spirals and ellipticals 
(1012-1013 Msun) 1-20 kpc Not required No evidence

Dwarf galaxies; Low 
surface brightness 
galaxies (1010-1012 Msun)

0.5-5 kpc Yes Yes

Dwarf galaxies within the 
Milky Way (satellites) 
(109-1010 Msun)

0.3-1 kpc
 ?  

(See Walker and 
Penarrubia and 

Strigari et al)

Yes



Testing WDM vs CDM with Velocity 
Function Schneider+	  1611.09362
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Testing CDM & fractional WDM with 
Velocity Function Schneider+	  1611.09362
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Testing SIDM with Velocity Function
Schneider+	  1611.09362
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Rotation curves: 
Diversity, uniformity and 

correlations



Correlations: Tully-Fisher relations

4

Fig. 1.— The fiducial classic (top left), stellar (top right), atomic gas-only (bottom left), and baryonic (bottom right) Tully-Fisher
relations. The slope, zero-point, scatter, and Pearson r measurement is listed in the top left of each panel. Data points are color-coded by
gas fraction according to the legend in the bottom right panel. As expected, the slight downturn for some low-mass galaxies in the stellar
relation is corrected when atomic gas masses are included in the y-axis. The scatter is minimized in the baryonic relation. The range of
each mass and rotation velocity axis are the same for ease of comparison between relations.

accounts for uncertainty in both Mbaryon and Vrot, cor-
related uncertainty in both Mbaryon and Vrot, uncertain-
ties that may vary in either Vrot or Mbaryon and intrinsic
scatter in the BTFR. The Kelly (2007) algorithm over-
comes heteroscedasticity and sampling (Malmquist) bias
by generating a model of the “true” independent vari-
ables that consists of weighted sums of Gaussian func-
tions. This algorithm follows structural equation mod-

eling, meaning the algorithm generates models that are
valid given the observed data using a maximum likeli-
hood approach. Modeling the intrinsic scatter in the
BTFR is critical because the measured scatter may be
partly due to parameters that are not included in the
data we are fitting (Hogg et al. 2010). Scatter in galaxy
scaling relations is driven by the details of galaxy forma-
tion (Dutton et al. 2007) (e.g., velocity dispersion, feed-

Bradford, Geha, van den Bosch (2016)

3

Fig. 1.— The properties of the BTFR as a function of ⌥⇤: observed scatter (top-left), intrinsic scatter (top-right), slope (bottom-left),
and normalization (bottom-right). Dashed and solid lines show results for the total and accurate-distance samples, respectively.

point scale and have errors ranging from ⇠5% to
⇠10% (see Tully et al. 2013). The majority of these
distances (24/32) are drawn from the Extragalactic
Distance Database (Jacobs et al. 2009).

2. 26 objects are in the Ursa Major cluster, which has
an average distance of 18 ± 0.9 Mpc (Sorce et al.
2013). For individual galaxies, one should also con-
sider the cluster depth (⇠2.3 Mpc, Verheijen 2001),
hence we adopt �D =

p
2.32 + 0.92 = 2.5 Mpc, giv-

ing an error of ⇠14%. We consider two galaxies
from Verheijen (2001) as background/foreground
objects: NGC 3992, having D ' 24 Mpc from
a Type-Ia supernova (Parodi et al. 2000), and
UGC 6446, laying near the cluster boundary in
both space and velocity (D ' 12 Mpc from the
Hubble flow).

3. 60 objects have Hubble-flow distances corrected for
Virgocentric infall (as given by NED3 assuming
H0 = 73 km s�1 Mpc�1). These are very uncer-
tain for nearby galaxies where peculiar velocities
may constitute a large fraction of the systemic ve-

3 The NASA/IPAC Extragalactic Database (NED) is operated
by the Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics and Space
Administration.

locities, but become more accurate for distant ob-
jects. Considering that peculiar velocities may be
as high as ⇠500 km s�1 and H0 has an uncertainty
of ⇠7%, we adopt the following errors: 30% for
D  20 Mpc; 25% for 20 < D  40 Mpc; 20% for
40 < D  60 Mpc; 15% for 60 < D  80 Mpc; and
10% for D > 80 Mpc. The most distant galaxy in
our sample is UGC 1455 at D ' 130 Mpc.

We perform separate analyses for the total sample (mean
�Mb ' 0.2 dex) and for galaxies with accurate distances
(58 objects in groups 1 and 2; mean �Mb ' 0.1 dex).

3. RESULTS

We systematically explore the BTFR for di↵erent va-
lues of ⌥⇤ ranging from 0.1 to 1.0 M�/L� in steps of
0.05. Values higher than 1 are ruled out by maximum-
disc models of high surface brightness (HSB) galaxies
(Lelli et al. in prep.). For each ⌥⇤, we fit a straight line:

log(Mb) = s log(Vf) + log(A). (6)

We use the LTS LINEFIT algorithm (Cappellari et al.
2013), which performs a least-square minimization con-
sidering errors in both variables and allowing for intrinsic
scatter. Figure 1 shows the observed scatter (�obs), in-
trinsic scatter (�int), slope (s), and normalization (A) as
a function of ⌥⇤.

4

Fig. 2.— Top panels: BTFR adopting ⌥⇤ = 0.5 M�/L�. Galaxies are color-coded by fg = Mg/Mb. Solid lines show error-weighted
fits. Dotted lines show fits weighted by f2

g , increasing the importance of gas-dominated galaxies. The dashed line shows the ⇤CDM initial
condition with fV = 1 and fb = 0.17 (the cosmic value). Bottom panels: residuals from the error-weighted fits versus the galaxy e↵ective
radius. The outlier is UGC 7125, which has an unusually high correction for Virgocentric infall and lies near the region where the infall
solution is triple-valued. If we consider only the correction for Local Group motion, UGC 7125 lies on the BTFR within the scatter.

3.1. Observed and Intrinsic Scatter

Figure 1 (top-left) shows that �obs decreases with ⌥⇤
and reaches a plateau at ⌥⇤ & 0.5M�/L�. This plateau
actually is a broad minimum that becomes evident by
extending the ⌥⇤-range up to unphysical values of ⇠10
M�/L� (not shown). The observed scatter is systemat-
ically lower for the accurate-distance sample, indicating
that a large portion of �obs in the full sample is driven
by distance uncertainties.
Figure1 (top-right) shows that �int is below 0.15 dex

for any realistic value of ⌥⇤. The similar intrinsic scat-
ter between the two samples suggests that our errors on
Hubble-flow distances are realistic. For a fiducial value of
⌥⇤ = 0.5 M�/L�, we find �int = 0.10± 0.02 for the full
sample and �int = 0.11 ± 0.03 for the accurate-distance
sample. As we discuss in Sect. 4, this represents a chal-
lenge for the ⇤CDM cosmological model.

3.2. Slope, Normalization, and Residuals

Figure1 (bottom panels) shows that the BTFR slope
(normalization) monotonically increases (decreases) with
⌥⇤. This is due to the systematic variation of the gas

fraction (fg = Mg/Mb) with Vf . Figure 2 (top pa-
nels) shows the BTFR for ⌥⇤ = 0.5 M�/L�, colour-
coding each galaxy by fg. Low-mass galaxies tend to
be gas-dominated (fg & 0.5) and their location on the
BTFR does not strongly depend on the assumed ⌥⇤
(Stark et al. 2009; McGaugh 2012). Conversely, high-
mass galaxies are star-dominated and their location on
the BTFR strongly depends on ⌥⇤. By decreasing ⌥⇤,
Mb decreases more significantly for high-mass galaxies
than for low-mass ones, hence the slope decreases and
the normalization increases.
For any ⌥⇤, we find no correlation between BTFR

residuals and galaxy e↵ective radius: the Pearson’s,
Spearman’s, and Kendall’s coe�cients are consistently
between ±0.4. Figure 2 (bottom panels) shows the case
of ⌥⇤ = 0.5 M�/L�. Similarly, we find no trend with
e↵ective surface brightness. We have also fitted exponen-
tials to the outer parts of the luminosity profiles and find
no trend between residuals and central surface bright-
ness or scale length. These results di↵er from those of
Zaritsky et al. (2014) due to the use of Vf instead of H I
line-widths (see also Verheijen 2001). The lack of any

Lelli, McGaugh, 
Schaumbert (2015)

Also see Papastergis, Adams and Hulst (2016)
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Warm	  dark	  matter	  structures

Lovell	  et	  al,	  MNRAS	  (2012)	  
Based	  on	  a	  resonant	  sterile	  neutrino	  model	  

CDM WDM



What is the relationship 
between particle mass and 

warm dark matter free 
streaming scale?



WDM Particle Mass: Sterile Neutrinos vs 
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WDM Particle Mass: Sterile Neutrinos vs 
“Thermal” WDM

• “Thermal” WDM is frozen-out early, then abundance 
is set by disappearance of degrees of freedom. That is, 
there is a heating up of plasma after freezout to 
reduce WDM abundance to match Ωdm. 
• Cools the DM relative to plasma (photons & 

neutrinos) 
• Dodelson-Widrow Sterile Neutrinos have neutrino 

velocity “thermal” distribution: they are warmer than 
gravitinos 

• Shi-Fuller Sterile Neutrinos are colder versions of 
Dodelson-Widrow neutrinos 

mg̃ = 0.326 keV
⇣ ms

1 keV

⌘3/4
✓
⌦DM
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mg̃ = 2 keV ) ms,DW = 11.2 keV
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Sterile Neutrino Dark Matter Production
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Sterile Neutrino Dark Matter Production

Γ
/H

T (MeV)

Γ(να → νs) ∼
Γα(p)∆2(p) sin2 2θ

∆2(p) sin2 2θ + D2(p) + [∆(p) cos 2θ − V L(p) − V T (p)]2

H2
=

8π

3
Gρ ∼ T 4

∆
2
∼ p−2

∼ T−2
Γα(p) ∼ G2

F pT 4
∼ T 5

[V T ]2 ∼ T
10D(p)2 ∼ T 10

Never in 
Equilibrium!!
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Resonant Production

Shi & Fuller 1998

Matter (thermal) mixing angle:



Resonant Production

Shi & Fuller 1998

Matter (thermal) mixing angle:



1.6
keV

2.0
keV

2.9
keVEquivalent

thermal WDM
particle masses

7 keV Resonant Sterile Neutrino:  
Free streaming cutoff is very different, even for the 

same particle mass

Abazajian PRL  
arXiv:1403.0954



Anderhalden et al.  
arXiv:1212.2967

WDM Solution to TBTF?



Anderhalden et al.  
arXiv:1212.2967

WDM Solution to TBTF?

“massive failures”



Anderhalden et al.  
arXiv:1212.2967

WDM Solution to TBTF?

“massive failures”

no massive failures



Anderhalden et al.  
arXiv:1212.2967

WDM Solution to TBTF?

“It seems that only 
the pure WDM 
model with a 2 keV 
[thermal] particle is 
able to match the all 
observations” of the 
Milky Way 
Satellites: “the total 
satellite abundance, 
their radial 
distribution and 
their mass 
profile” (or TBTF) 

“massive failures”

no massive failures



Self-interacting dark 
matter as a solution of 
the small-scale puzzles



SIDM = CDM (almost)
SIDM looks the same as CDM on large scales, so it passes 
all the cosmological tests. It modifies the inner part of halos 
[Spergel and Steinhardt 2000].

In its simplest incarnation, SIDM has one extra parameter: 
scattering cross section over mass.

Rocha et al 2012
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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).



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 SIDM motivated partly by model building: 
Ackerman, Buckley, Carroll, Kamionkowski (2008), Feng, Kaplinghat, Yu, Tu 
(2009), Feng, Kaplinghat, Yu 2010, Loeb and Weiner 2011



Cluster halo shape constraints4 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
� 0000 RAS, MNRAS 000, 000–000

zoom

Peter, Rocha, Bullock, Kaplinghat 2012 

Constraints using shapes of LoCuSS clusters 
(Richards et al 2010) not better than about 1 cm2/g. 
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One interaction on average over halo age
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How does SIDM work?

One interaction on average over halo age
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Isothermal



Outside this core radius, solution is CDM-like. 

SIDM solution: core sizes
C

or
e 

ra
di

us

σ/m = 1 cm2/g

Rocha et al (2012) 
Elbert et al (2015) 

Core size ~ 0.5 rS, 
large enough to 
explain spiral and 
dwarf galaxy 
observations. 

ρcore α 1/Vmax 

Similar results from Fry 
et al (2015)

clustersmilky way



SIDM solution for satellites

TBTF problem can be solved with the production of large 
cores [Vogelsberger, Zavala and Loeb 2012, Vogelsberger, 
Zavala and Walker 2012]

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

CDM



SIDM fits to galaxies and clusters
NFWCluster A2537 SIDM
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2

to a minimal dark photon model where self-interactions are
described by a Yukawa potential. In Sec. VI, we summarize
our main conclusions.

II. SIDM halo model. Scattering between DM particles
is more prevalent in the halo center where the DM density is
largest. It is useful to divide the halo into two regions, sepa-
rated by a characteristic radius r

1

where the average scatter-
ing rate per particle times the halo age (t

age

) is equal to unity.
Thus,

rate⇥ time ⇡ h�vi
m

⇢(r
1

) t
age

⇡ 1 , (1)

where � is the scattering cross section, m is the DM parti-
cle mass, v is the relative velocity between DM particles and
h...i denotes ensemble averaging. Since we do not assume
� to be constant in velocity, we find it more convenient to
quote h�vi/m rather than �/m. We set t

age

= 5 and 10 Gyr
for clusters and galaxies, respectively. Although Eq. (1) is a
dramatic simplification for time integration over the assembly
history of a halo, we show by comparing to numerical simu-
lations [5, 7] that it works remarkably well. While these sim-
ulations are based on a constant cross section, we expect the
results are valid if � has a mild velocity dependence as in the
case we will show.

For halo radius r > r
1

, where scattering has occurred
less than once per particle on average, we expect the DM
density to be close to a Navarro-Frenk-White (NFW) profile
⇢(r) = ⇢s(r/rs)�1

(1+r/rs)�2 characteristic of collisionless
CDM [27]. In the halo center, for radius r < r

1

, scattering
has occurred more than once per particle. Here, we expect
DM particles to behave like an isothermal gas satisfying the
ideal gas law p = ⇢�2

0

, where p, ⇢ are the DM pressure and
mass density and �

0

is the one-dimensional velocity disper-
sion. Since the inner halo achieves kinetic equilibrium due
to DM self-interactions, the density profile can be determined
by requiring hydrostatic equilibrium, rp = �⇢r�

tot

. Here,
�

tot

is the total gravitational potential from DM and bary-
onic matter, which satisfies Poisson’s equation r2

�

tot

=

4⇡G(⇢ + ⇢b), where G is Newton’s constant and ⇢b is the
baryonic mass density. These equations yield

�2

0

r2

ln ⇢ = �4⇡G(⇢+ ⇢b) , (2)

which we solve to obtain ⇢(r) assuming spherical symmetry.
We model the full SIDM profile by joining the isothermal

and collisionless NFW profiles together at r = r
1

:

⇢(r) =

⇢
⇢
iso

(r) , r < r
1

⇢
NFW

(r) , r > r
1

(3)

where ⇢
iso

is the solution to Eq. (2). We fix the NFW param-
eters (⇢s, rs) by requiring that the DM density and enclosed
mass for the isothermal and NFW profiles match at r

1

. Thus,
our SIDM halo profile is specified by three parameters: the
central DM density ⇢

0

⌘ ⇢(0), velocity dispersion �
0

, and
r
1

. Lastly, we note that this model exhibits a two-fold degen-
eracy in solutions for h�vi/m. We keep the smaller h�vi/m
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FIG. 1: Self-interaction cross section measured from astrophysical
data, given as the velocity-weighted cross section per unit mass as
a function of mean collision velocity. Data includes dwarfs (red),
LSBs (blue) and clusters (green), as well as halos from SIDM
N-body simulations with �/m = 1 cm2/g (gray). Diagonal
lines are contours of constant �/m and the dashed curve is the
velocity-dependent cross section from our best-fit dark photon model
(Sec. V).

solutions but note that this situation may be indicative of the
degeneracy between halo profiles with cores that are growing
or shrinking in time [7].

III. SIDM fits. To constrain DM self-interactions, we con-
sider a set of six relaxed clusters and twelve galaxies with
halo masses spanning 10

9 � 10

15 M�. These objects ex-
hibit central density profiles that are systematically shallower
than ⇢ / r�1 predicted from CDM simulations. To determine
the DM profile for each system, we perform a Markov Chain
Monte Carlo (MCMC) scan over the parameters (⇢

0

,�
0

, r
1

)

characterizing the SIDM halo, as well as the mass-to-light ra-
tio ⌥⇤ for the stellar density. The value for ⇢(r

1

) determines
the velocity-weighted cross section h�vi/m from Eq. (1), as a
function of average collision velocity hvi = (4/

p
⇡)�

0

for
a Maxwellian distribution. We also verify our model and
MCMC fit procedure using a mock data set from simulations.

Clusters. We consider the relaxed clusters from the data
set of Newman, et al. [20, 28] for which spherical modeling
is appropriate (MS2137, A611, A963, A2537, A2667, and
A2390). These clusters have stellar kinematics as well as
strong and weak lensing measurements allowing the mass pro-
file to be measured from stellar-dominated inner region (⇠ 10

kpc) out to the virial radius (⇠ 3 Mpc). The baryonic and
DM densities are disentangled by constraining ⌥⇤ through
the assumption that all the clusters share a similar star for-
mation history. The inferred DM density profile is consistent
with CDM expectations except in the inner O(10) kpc region
where a mass deficit is inferred [20]. These small core sizes
dictate the preference for a velocity-dependent cross section.

We model each cluster using Eq. (3) and fit directly to the
stellar line-of-sight velocity dispersion data [28]. We include
the gravitational effect of the stars following Eq. (2) and allow
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CDM [27]. In the halo center, for radius r < r

1

, scattering
has occurred more than once per particle. Here, we expect
DM particles to behave like an isothermal gas satisfying the
ideal gas law p = ⇢�2

0

, where p, ⇢ are the DM pressure and
mass density and �

0

is the one-dimensional velocity disper-
sion. Since the inner halo achieves kinetic equilibrium due
to DM self-interactions, the density profile can be determined
by requiring hydrostatic equilibrium, rp = �⇢r�

tot

. Here,
�

tot

is the total gravitational potential from DM and bary-
onic matter, which satisfies Poisson’s equation r2

�

tot

=

4⇡G(⇢ + ⇢b), where G is Newton’s constant and ⇢b is the
baryonic mass density. These equations yield

�2

0

r2

ln ⇢ = �4⇡G(⇢+ ⇢b) , (2)

which we solve to obtain ⇢(r) assuming spherical symmetry.
We model the full SIDM profile by joining the isothermal

and collisionless NFW profiles together at r = r
1

:

⇢(r) =

⇢
⇢
iso

(r) , r < r
1

⇢
NFW

(r) , r > r
1

(3)

where ⇢
iso

is the solution to Eq. (2). We fix the NFW param-
eters (⇢s, rs) by requiring that the DM density and enclosed
mass for the isothermal and NFW profiles match at r

1

. Thus,
our SIDM halo profile is specified by three parameters: the
central DM density ⇢

0

⌘ ⇢(0), velocity dispersion �
0

, and
r
1

. Lastly, we note that this model exhibits a two-fold degen-
eracy in solutions for h�vi/m. We keep the smaller h�vi/m

1 cm
2 êg

10 c
m
2 êg

100
cm
2 êg

0.1 c
m
2 êg

sêm = 0.
01 c

m
2 êg

10 50 100 500 1000 5000
1

10

102

103

104

Xv\ HkmêsL

Xsv
\êm

Hcm
2 êgâ

km
êsL

FIG. 1: Self-interaction cross section measured from astrophysical
data, given as the velocity-weighted cross section per unit mass as
a function of mean collision velocity. Data includes dwarfs (red),
LSBs (blue) and clusters (green), as well as halos from SIDM
N-body simulations with �/m = 1 cm2/g (gray). Diagonal
lines are contours of constant �/m and the dashed curve is the
velocity-dependent cross section from our best-fit dark photon model
(Sec. V).

solutions but note that this situation may be indicative of the
degeneracy between halo profiles with cores that are growing
or shrinking in time [7].

III. SIDM fits. To constrain DM self-interactions, we con-
sider a set of six relaxed clusters and twelve galaxies with
halo masses spanning 10

9 � 10

15 M�. These objects ex-
hibit central density profiles that are systematically shallower
than ⇢ / r�1 predicted from CDM simulations. To determine
the DM profile for each system, we perform a Markov Chain
Monte Carlo (MCMC) scan over the parameters (⇢

0

,�
0

, r
1

)

characterizing the SIDM halo, as well as the mass-to-light ra-
tio ⌥⇤ for the stellar density. The value for ⇢(r

1

) determines
the velocity-weighted cross section h�vi/m from Eq. (1), as a
function of average collision velocity hvi = (4/

p
⇡)�

0

for
a Maxwellian distribution. We also verify our model and
MCMC fit procedure using a mock data set from simulations.

Clusters. We consider the relaxed clusters from the data
set of Newman, et al. [20, 28] for which spherical modeling
is appropriate (MS2137, A611, A963, A2537, A2667, and
A2390). These clusters have stellar kinematics as well as
strong and weak lensing measurements allowing the mass pro-
file to be measured from stellar-dominated inner region (⇠ 10

kpc) out to the virial radius (⇠ 3 Mpc). The baryonic and
DM densities are disentangled by constraining ⌥⇤ through
the assumption that all the clusters share a similar star for-
mation history. The inferred DM density profile is consistent
with CDM expectations except in the inner O(10) kpc region
where a mass deficit is inferred [20]. These small core sizes
dictate the preference for a velocity-dependent cross section.

We model each cluster using Eq. (3) and fit directly to the
stellar line-of-sight velocity dispersion data [28]. We include
the gravitational effect of the stars following Eq. (2) and allow

Diversity in cores ~ c(M) relation
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Kaplinghat, Tulin and Yu, 2015

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

AB
C

broken hidden U(1)

�

and couples the hidden gauge boson � with a coupling constant g
�

. We fix
g
�

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.

II. THE MODEL

We consider a scenario where dark matter is a Dirac fermion � and charged under the hidden
sector gauge group U(1)

�

. The relevant Lagrangian in the hidden sector is

L = g
�

�̄�µ��
µ

+m
�

�̄�+m2

�

�µ�
µ

(1)

where m
�

is the dark matter mass, �
µ

is the gauge boson of U(1)

�

and m
�

is its mass. Motivated
by self-interacting dark matter, we consider the case where m

�

� m
�

.
In the early Universe, the annihilation process ��̄ ! �� sets the relic density as given by

⌦

�

h2 ' 0.11 ⇠
f


5⇥ 10

�26

cm

3/s

h�vi
ann

�
, (2)

where ⇠
f

= T h

f

/T v

f

is the ratio of the hidden sector temperature to the visible sector one when �

freezes out [7], and h�vi
ann

' ⇡↵2

�

/m2

�

is the thermally-averaged annihilation cross section with
↵
�

⌘ g2
�

/4⇡. We can determine ↵
�

as

↵
�

' 7.3⇥ 10

�4

p
⇠
f

⇣ m
�

20 GeV

⌘✓
h�vi

ann

⇠
f

5⇥ 10

�26

cm

3/s

◆ 1
2

. (3)

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) = ±↵

�

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.

3

V = ±↵
x

r
exp (�m

�

r)
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Summary

•There remain persistent problems in CDM theories 
of galaxy formation

•Satellite abundance

•Satellite halo density

•Halo density profiles (cores)

•There are solutions proposed 

•WDM

•SIDM

•Fuzzy DM  
(though significantly ruled out by Menci+ 2017)


