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Why?
There appear to be (mild?) discrepancies in the small-scale structure 
behavior of the ΛCDM model. These point towards self-interactions: 

i) The Missing Satellites problem: we observe fewer satellite galaxies 
than we would expect. Slowly going away. [astro-ph/9901240] 

ii) Too Big to Fail problem: Related to the point above, it states that 
some of the missing satellites are so big we should not have 
missed them by accident. [1103.0007] 

iii)Core/Cusp problem: There is evidence for cores (flat density 
profiles) in the centers of dwarf galaxies. This may be due to 
baryons, or it may be due to DM.[Nature. 370 (6491): 629–631] 

iv) Diversity of Rotation curves: Real world rotation curves of large 
galaxies exhibit much larger diversity than the rotation curves 
we obtain from full simulations (including baryonic physics) 
[1504.01437] 

Why Not?



For more detailed overview see an 
excellent review by  

Sean Tulin and Hai-Bo Yu: 

[1705.02358]



The Missing Satellites
In 1999 the number of 
observed satellite galaxies 
was much smaller (order 
of magnitude) than 
predicted. 

Since then, we have 
observed more thanks to 
SDSS and DES. 

And perhaps explained 
why some are 
unobservable (baryon 
feedback)
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Fig. 4.— Properties of satellite systems within 200 h
−1 kpc

from the host halo. Top panel: The three dimensional rms ve-
locity dispersion of satellites versus maximum circular velocity
of the central halo. Solid and open circles denote ΛCDM and
CDM halos, respectively. The solid line is the line of equal satel-
lite rms velocity dispersion and the circular velocity of the host
halo. Middle panel: The number of satellites with circular ve-
locity larger than 10 km s−1 versus circular velocity of the host
halo. The solid line shows a rough approximation presented
in the legend. Bottom panel: The cumulative circular velocity
distribution (VDF) of satellites. Solid triangles show average
VDF of Milky Way and Andromeda satellites. Open circles
present results for the CDM simulation, while the solid curve
represents the average VDF of satellites in the ΛCDM sim-
ulation for halos shown in the upper panels. To indicate the
statistics, the scale on the right y-axis shows the total number
of satellite halos in the ΛCDM simulation. Note that while
the numbers of massive satellites (> 50 km s−1) agrees reason-
ably well with observed number of satellites in the Local Group,
models predict about five times more lower mass satellites with
Vcirc < 10 − 30 km s−1.

Fig. 5.— The same as in Figure 4, but for satellites within
400 h

−1 kpc from the center of a host halo. In the bottom panel
we also show the cumulative velocity function for the field ha-
los (halos outside of 400 h

−1 kpc spheres around seven massive
halos), arbitrarily scaled up by a factor of 75. The difference
at large circular velocities Vcirc > 50 km s−1 is not statisti-
cally significant. Comparison between these two curves indi-
cates that the velocity functions of isolated and satellite halos
are very similar. As for the satellites within central 200h

−1 kpc
(Figure 4), the number of satellites in the models and in the
Local Group agree reasonably well for massive satellites with
Vcirc > 50km s−1, but disagree by a factor of ten for low mass
satellites with Vcirc10 − 30 km s−1.

n(> V ) = 1200

(

V

10 km s−1

)−2.75

(h−1Mpc)−3, (4)

again, for R < 200 h−1 kpc and R < 400 h−1 kpc, respec-
tively. This approximation is formally valid for Vcirc >
20 km s−1, but comparisons with the higher-resolution
CDM simulations indicates that it likely extends to smaller

velocities. The numbers of observed satellites and satel-
lite halos cross at around Vcirc = (50 − 60) km s−1. This
means that while the abundance of massive satellites
(Vcirc > 50 km s−1) reasonably agrees with what we find
in the MW and Andromeda galaxies, the models predict
an abundance of satellites with Vcirc > 20 km s−1 that is
approximately five times higher than that observed in the

[astro-ph/9901240]



Too Big to Fail

Sharper take on the missing satellites 

The simulations show that we are missing 
satellites that are too big to fail in 
terms of star formation.

The Milky Way’s bright satellites in ⇤CDM 5

Figure 2. Left panel: circular velocity profiles at redshift zero for subhalos of the Aquarius B halo (top; M
vir

= 9.5⇥ 1011 M�) and E
halo (bottom; M

vir

= 1.4⇥ 1012 M�) that have V
infall

> 30 km s�1 and V
max

(z = 0) > 10 km s�1 (excluding MC candidates). Measured
V
circ

(r
1/2) values for the MW dSphs are plotted as data points with error bars. Each subsequent panel shows redshift zero rotation

curves for subhalos from the left panel with the ten highest values of V
max

(z = 0) (second panel), V
infall

(third panel), or V
max

(z = 10)
(fourth panel). In none of the three scenarios are the most massive subhalos dynamically consistent with the bright MW dSphs: there
are always several subhalos more massive than all of the MW dSphs. (Analogous results are found for the other four halos.)

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

The analysis in Sec. 3.1, based on the assumption that sub-
halos obey NFW profiles, is similar to the analysis presented
in BBK. On a case-by-case basis, however, it is possible that
subhalos may deviate noticeably from NFW profiles. Conse-
quently, the remainder of our analysis is based on properties

of subhalos computed directly from the raw particle data. We
employ a correction that takes into account the unphysical
modification of the density structure of simulated subha-
los due to force softening; this procedure is detailed in Ap-
pendix A. We note, however, that our results do not change
qualitatively if we neglect the softening correction (see Ap-
pendix A and Table A1). By using the particle data directly,
we remove any uncertainties originating from assumptions
about the shape of the subhalos’ density profiles.

The consistency between massive ⇤CDM subhalos and
the bright dSphs of the MW is assessed in Figure 2. As there
is strong theoretical motivation to believe it is V

infall

rather
than V

max

(z = 0) that correlates with galaxy luminosity,
we focus on the most massive subhalos in terms of V

infall

–
those with V

infall

> 30 km s�1. We remove from this group
all subhalos that are Magellanic Cloud analogs according
to the criteria given at the end of Sec. 2.2. The left-hand
panels of the figure show circular velocity profiles of the

remaining massive subhalos in two of the Aquarius halos,
Aq-B (upper panels; M

vir

= 9.5 ⇥ 1011 M�, the lowest of
the Aquarius suite) and Aq-E (lower panels; M

vir

= 1.39⇥
1012 M�). Subsequent panels show the ten most massive of
these subhalos as measured at z = 0 (second column), z =
z
infall

(third column), and z = 10 (forth column).
The most massive subhalos in terms of V

infall

span a
range of profiles at z = 0, as the left panel of Fig. 2 shows.
For each halo, some of these massive subhalos are consistent
with the observed data while others are not. Focusing on
the most massive subhalos at the present day (second panels
from left), we see that these halos are markedly inconsistent
with the dSphs, re-enforcing the results of Sec. 3.1. However,
most subhalos that are massive at z = 0 were also massive in
the past, a point that is emphasized in the two right panels
of the figure: the bright MW dSphs are also inconsistent with
either the most massive subhalos in terms of V

infall

or those
defined by their mass at z = 10 (a possible proxy for the
mass at reionization). Even for Aq-B, the lowest mass host
halo in the sample, four of the ten most massive subhalos
are more massive than any of the dSphs, independent of the
definition of subhalo mass.

The agreement between MW dSphs and massive subha-
los is even worse for the other five Aquarius halos. In Fig. 3,
we compare the redshift zero rotation curves of subhalos
from each of the six Aquarius halos to the observed values

c� 2012 RAS, MNRAS 000, 1–17
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Core/Cusp
NFW density profile predicts a 
“cuspy” density profile. 

Data seems to indicate a flatter 
profiles. 

The bigger the system, the more it is 
“polluted” by baryons.

10 Oh et al.

Fig. 6.— Left: The rotation curve shape of DG1 and DG2 as well as the 7 THINGS dwarf galaxies. The dark matter rotation curves (corrected for
baryons as shown in Fig. 4) are scaled with respect to the rotation velocity V0.3 at R0.3 where the logarithmic slope of the curve is dlogV/dlogR = 0.3
(Hayashi & Navarro 2006). The small dots indicate the NFW model rotation curves with V200 ranging from 10 to 90 km s−1. See text for further
details. The best fitted pseudo-isothermal halo models (denoted as ISO) are also overplotted. See Section 4.2 for more details. Right: The scaled
dark matter density profiles of DG1 and DG2 as well as the 7 THINGS dwarf galaxies. The profiles are derived using the scaled dark matter rotation
curves in the left panel. The small dots represent the NFW models (α∼−1.0) with V200 ranging from 10 to 90 kms−1. The dashed lines indicate
the best fitted pseudo-isothermal halo models (α∼0.0). See Section 4.3 for more details.

estimate M200 as follows,

M200 [M⊙]=200×
3H2

0

8πG
×

4πR3
200

3

≃ 100×
H2

0

G
× (

V200

10H0
)3

≃ 3.29× 105 × V 3
200, (3)

where H0 is the Hubble constant (70.6 kms−1Mpc−1;
Suyu et al. 2010), G is the gravitational constant (4.3×
10−3 pcM−1

⊙ km2 s−2) and V200 in km s−1 is the rotation
velocity at radius R200 as given in Eq. 1. However, the
NFW halo model fails to fit the dark matter rotation
curves of the THINGS dwarf galaxies, giving negative
(or close to zero) c values (Oh et al. 2011). To circum-
vent the unphysical fits, we instead fit the NFW model to
the rotation curves with only V200 as a free parameter af-
ter fixing c to 5 which is lower than typical values (e.g.,
8–9; McGaugh et al. 2003) predicted from ΛCDM cos-
mology. The fitted V200 values of some galaxies are larger
than their measured maximum rotation velocities. This
is because the rotation curves are still rising at the last
measured points. Moreover, as a larger c value induces
a smaller V200 and hence lower halo mass, our choice
of a low c will provide a robust upper limit for our de-
rived halo mass, as indicated by the arrows in Fig. 5. As
shown in Fig. 5, despite the uncertainties remaining in
these estimates, the stellar masses of DG1 and DG2 at
their given halo masses are consistent with those of real
galaxies. Both the real galaxies and the simulations de-
viate from the extrapolated line from the Mstar−Mhalo
relation in Guo et al. (2010) at low halo masses. How-
ever, as discussed in Trujillo-Gomez et al. (2010), there
still remain uncertainties for dwarfs in the sense that the
observational data suffer from small number statistics

and the results of abundance matching are incomplete in
the low-luminosity tail of the luminosity function.

4.2. The rotation curve shape

The rotation curve reflects the total potential (dark
matter + baryons) of the galaxy and thus it is directly
related to the radial matter distribution in the galaxy
(and vice versa). Consequently, the cusp–like dark mat-
ter distributions in the CDM halos impose a unique shape
on the rotation curves, which steeply rise at the inner
regions. Therefore, a relative comparison of galaxy ro-
tation curves between the simulations and observations
can serve as a useful constraint for testing the ΛCDM
simulations.
In this context, we compare the rotation curves of DG1

and DG2 with those of the THINGS dwarf galaxies. In
order to accentuate their inner shapes, we scale the ro-
tation curves of both the simulations and the THINGS
dwarf galaxies with respect to the velocity V0.3 at the
radius R0.3 where the logarithmic slope of the curve is
dlogV/dlogR = 0.3 (Hayashi & Navarro 2006). At the
scaling radius R0.3, the rotation curves of both simula-
tions and the observations are well resolved, which allows
any differences between them to show up.
The scaled rotation curves, with the kinematic contri-

bution of baryons subtracted, are shown in the left panel
of Fig. 6. We overplot the scaled rotation curves of NFW
CDM halos (dark-matter-only) with different maximum
rotation velocities ranging from 10 to 350 km s−1. We
choose c values of ∼9 and ∼8 for dwarf and disk galaxies
respectively, which in turn provide V200 values ranging
from ∼10 to ∼90 km s−1, and ∼100 to ∼350 km s−1,
respectively. Considering that the rotation velocities of
DG1, DG2 and the THINGS dwarf galaxies at the out-

THINGS [1011.2777]

16

FIG. 9.— Results for the Carina, Fornax and Sculptor dSphs. Panels display posterior PDFs for model parameters, obtained from applying the two stellar subcomponent models
introduced in Section 3. Table 2 lists median values and 68% (95%) confidence intervals derived from these PDFs.

FIG. 10.— Left, center: Constraints on halflight radii and masses enclosed therein, for two independent stellar subcomponents in the Fornax and Sculptor dSphs. Plotted points
come directly from our final MCMC chains, and color indicates relative likelihood (normalized by the maximum-likelihood value). Overplotted are straight lines indicating the central
(and therefore maximum) slopes of cored (limr→0 d logM/d log r] = 3) and cusped (limr→0 d logM/d log r] = 2) dark matter halos. Right: Posterior PDFs for the slope Γ obtained for
Fornax and Sculptor. The vertical dotted line marks the maximum (i.e., central) value of an NFW profile (i.e., cusp with γDM = 1, limr→0[d logM/d log r] = 2). These measurements
rule out NFW and/or steeper cusps (γDM ≥ 1) with significance s! 96% (Fornax) and s! 99% (Sculptor).

sufficiently near the dSph to be observed and counted as
bound members (e.g., Piatek & Pryor 1995; Oh et al. 1995;
Read et al. 2006; Klimentowski et al. 2007; Peñarrubia et al.
2008b, 2009). Both phenomena affect the outer more than
the inner parts of a satellite—thus tidal heating is the only
process we identify that may cause our method to return an
over-estimate of Γ.
However, measurements of their systemic distances and ve-

locities imply that neither Fornax (D∼ 138 kpc, Mateo 1998)
nor Sculptor (D ∼ 79 kpc) experience strong tidal encoun-
ters with the Milky Way. Fornax’s line-of-sight velocity and
proper motion (Piatek et al. 2007, supported by this work)
imply a pericenter distance of rp = 118+19−52 kpc (Piatek et al.
2007, error bars give 95% confidence intervals), and Sculp-
tor’s imply rp ∼ 65 kpc (with 95% confidence intervals al-

lowing values as low as ∼ 30 kpc) for either of the two astro-
metric proper motion measurements (Schweitzer et al. 1995;
Piatek et al. 2006). N-body simulations by Peñarrubia et al.
(2009) and Peñarrubia et al. (2010) demonstrate that for satel-
lite halos that follow the generic density profile given by
Equation 16, the instantaneous tidal radius at pericenter is
rt ≈ rp[Mdsph(≤ rt )/(3MMW(≤ rp)]1/3, where Mdsph(rt) is the
dSph mass enclosed within the tidal radius and MMW(≤ rp)
is the enclosed mass of the Milky Way within the peri-
centric distance. Watkins et al. (2010) have recently used
a sample of tracers (halo stars, globular clusters and satel-
lite galaxies) in the outer Galactic halo to estimate a mass
of MMW(≤ 300kpc) = 0.9± 0.3× 1012M⊙. We obtain con-
servative lower limits for the pericentric tidal radii of For-
nax and Sculptor by considering only the stellar mass of

Walker&Penarrubia 
[1108.2404]

The effects of baryonic 
physics might be 
irrelevant for light 
dwarfs => We should 
wait for more data.



Core/Cusp II
2

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 that it works remarkably well.

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 [26]. 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
solutions but note that this situation may be indicative of the
degeneracy between halo profiles with cores that are growing
or shrinking in time [5].

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

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. [19, 27] 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 [19]. 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 [27]. We include
the gravitational effect of the stars following Eq. (2) and allow
for a ±0.1 dex spread in ⇢b to account for systematic uncer-
tainties [19, 27]. Further, as a proxy for fitting to the gravi-
tational lensing data at large radii, we fit to posteriors of the
maximum circular velocity V

max

and the corresponding radius
r
max

that have been obtained from the lensing data [27].
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Figure 3. Density profiles of Pippin (left) and Merry (right) in collisionless CDM and in SIDM (see legend) at z = 0. All SIDM runs with �/m �
0.5 cm2 g�1 produce central density profiles with well-resolved cores within ⇠ 500 pc. Core densities are the lowest (and core sizes the largest) for cross
sections in the range �/m = 5�10 cm2 g�1. The 50 cm2 g�1 run of Pippin has undergone a mild core collapse, with a resultant central density intermediate
between the 10 cm2 g�1 run and 1 cm2 g�1 run. For velocity dispersion profiles of these halos, see Appendix A. NFW fits to the CDM profiles of each halo
yield scale radii of ⇠ 2.7 kpc.

dense enough to reside in a CDM halo larger than 40 km s�1. The
rest appear to reside in halos that are significantly less dense than
expected for the ten most massive systems predicted in CDM sim-
ulations. These missing, or overdense, V

max

' 40 km s�1 halos
are the systems of concern for the TBTF problem.

Figure 4 illustrates this problem explicitly by comparing the
circular velocities of nearby field dwarfs at their half-light radius
(data points) to the circular velocity profiles of our simulated ha-
los (lines), each of which has V

max

' 40 km s�1 and is there-
fore nominally a TBTF halo. The data points indicate dwarf galax-
ies (M⇤ < 1.7 ⇥ 107) farther than 300 kpc from both the Milky
Way and Andromeda that are dark matter dominated within their
half-light radii ( r

1/2), with estimates for their circular velocities
at r

1/2 (V
1/2). We have excluded Tucana, which has an implied

central density so high that it is hard to understand even in the
context of CDM (see Garrison-Kimmel et al., 2014b, for a discus-
sion). V

1/2 for the purely dispersion galaxies are calculated using
the Wolf et al. (2010) formula, where measurements for stellar ve-
locity dispersion, �?, are taken from Hoffman et al. (1996), Simon
& Geha (2007), Epinat et al. (2008), Fraternali et al. (2009), Collins
et al. (2013), and Kirby et al. (2014). However, WLM and Pegasus
also display evidence of rotational support, indicating that they are
poorly described by the Wolf et al. (2010) formalism. For the for-
mer, we use the Leaman et al. (2012) estimate of the mass within
the half-light radius, obtained via a detailed dynamical model. The
data point for Pegasus is obtained via the method suggested by
Weiner et al. (2006), wherein �2

? is replaced with �2

? + 1

2

(v sin i)2

in the Wolf et al. (2010) formula, where v sin i is the projected ro-
tation velocity (also see §5.2 of Kirby et al., 2014).

As expected, the data points all lie below the CDM curves
(black lines), demonstrating explicitly that both Merry and Pippin
are TBTF halos. The SIDM runs, however, provide a much better

match, and in fact all of the SIDM runs with �/m � 0.5 cm2 g�1

alleviate TBTF.

3.3 Expectations for the stellar-mass halo-mass relation

A problem related to TBTF, but in principle distinct from it, con-
cerns the relationship between the observed core densities of galax-
ies and their stellar masses. Specifically, there does not appear to be
any correlation between stellar mass and inner dark matter den-
sity inferred from dynamical estimates of dwarf galaxies in the
Local Group (Strigari et al., 2008; Boylan-Kolchin et al., 2012;
Garrison-Kimmel et al., 2014b). If dark matter halos behave as ex-
pected in dissipationless ⇤CDM simulations, then we would ex-
pect more massive galaxies to have higher dark matter densities at
fixed radius. This ultimately stems from the expectation, borne out
at higher halo masses, that more massive dark matter halos tend to
host more massive galaxies.

Consider, for example, the two galaxies Pegasus (r
1/2 ' 1

kpc) and Leo A (r
1/2 ' 500 pc) in Figure 4. Both of these

galaxies have about the same stellar mass M? ' 107M�. Ac-
cording to the expectations of abundance matching (Garrison-
Kimmel et al., 2014b), each of these galaxies should reside within
a V

max

' 40 km s�1 halo. Instead, their central densities are such
that, if their dark matter structure follows the CDM-inspired NFW
form, they need to have drastically different potential well depths:
V
max

' 30 and 12 km s�1 for Pegasus and Leo A, respectively
(see Figure 12 of Garrison-Kimmel et al., 2014b). However, if we
instead interpret their densities in the context of SIDM, the results
are much more in line with abundance matching expectations.

Abundance matching relations remain unchanged in SIDM
because halo mass functions in SIDM are identical to those in
CDM (Rocha et al., 2013). That is, in SIDM, just like CDM, we
would naively expect both Pegasus and Leo A to reside in ha-

c� 2014 RAS, MNRAS 000, 1–9

Simulations 
[1412.1477]

[1508.03339]
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Diversity of Rotation 
Curves ProblemDiversity 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). The different symbols show the different tracers observed (H I, H ↵, other features in the optical) and whether
the observations are in 1 dimension (1D, e.g. long slit spectroscopy) or 2 dimensions (2D, e.g. radio interferometry, integral field spectroscopy). 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.

shown by the red symbols in the top-right panel of Fig. 6,
which show results for our hydrodynamical simulations. The
main result of including baryons is to shift the expected cor-
relation toward higher values of V

circ

(2 kpc) for galaxies with
V
max

>⇠ 60 km s�1. This is not surprising: the assembly of the
luminous galaxy adds mass to the central few kiloparsecs and
raises the circular velocity there. A tight relation between V

max

and V
circ

(2 kpc) remains, however: the scatter increases only
slightly, to at most ⇠ 0.15 dex (standard deviation).

Observed galaxies are shown in the bottom-left panel of
Fig. 6. The diversity of rotation curves alluded to above is
clearly seen here. At V

max

⇠ 70 km s�1, for example, the
rotation speed at 2 kpc of observed galaxies spans more than

a factor of ⇠ 4, or about a factor of ⇠ 16 in enclosed mass.
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) 5 have rotation speeds at 2 kpc of just ⇠ 20 km s�1,

5 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
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My Personal Definition

Dark Matter particle X is collisional if a typical X 
scatters with another X at least once per characteristic 

time-scale of the system. 

This requires that the four-point function is non-zero:  

As a result we expect a non-zero cross-section for 
 2-to-2 scattering*. 

*Maybe, we should also consider other 2n-point functions 

(typically suppressed) 

hX̄(pf )X̄(qf )X(pi)X(qi)i 6= 0



How? 
Single Particle Dark Sector

Either there is truly one single particle, or we are 
dealing with some effective theory. Either way, we 
can write: 

Since            , the leading operator for self-
scattering today leads to an isotropic velocity 
independent scattering. As a result we can only 
probe a particular linear combination of          .            

Lint = ↵
�
X̄X

�2
+ �

�
X̄@X

�2
+ �

�
X̄X

� �
X̄@2X

�
. . .

vDM ⇠ 10�3c

↵,�, �, . . .



How? 
Particle and a Messenger

That is the way we usually think about forces 
with a messenger Y: 

Heavy* messengers reduce to the case of 
effective theory described on the previous slide. 

However, light messengers lead to a plethora of 
interesting phenomena. 

Cannot be treated by an effective theory of just 
X (pointed out many times before, e.g. 
1603.08002)

Lint ⇠ X̄f(@)Y X

*Heavy in comparison with the available scales (quite different at colliders)



Light Messengers

d�

dq2
/ 1

(m2
Y + q2)

2

q2m2
Y

d�

dq2

+

Leads to Thermalization

Leads to Dissipation
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than the median halo, the inferred �/m become consistent,
within errors, with ⇠ 1 cm

2/g.
Turning this around, we can fix �/m and look at the impact

of the scatter in the ⇢s-rs relation on Vc(2 kpc). Within our
analytic model, we have checked that the spread in the ⇢s-
rs relation in ⇤CDM leads to about a factor of two spread in
Vc(2 kpc) for the relevant galaxies. If we were to add baryons
(which could be important within 2 kpc), it is conceivable that
the bulk of the spread seen in Ref. [31] can be explained.

V. Dark matter particle properties. The energy depen-
dence of the cross section allows one to discern the underly-
ing particle dynamics of SIDM. The data in Fig. 1 range over
a factor of 104 in kinetic energy and prefer a cross section that
mildly falls with energy.

To illustrate the implications for particle physics, let us con-
sider the dark photon model for DM self-interactions. In this
model, self-interactions are governed by a Yukawa potential,
V (r) = ↵0e�µr/r, where ↵0 is the coupling constant (anal-
ogous to the fine structure constant ↵ ⇡ 1/137) and µ is the
dark photon mass, which screens the potential [33–35]. To be
concrete, we will set ↵0

= ↵. We then compute h�vi/m using
standard partial wave methods discussed in Ref. [25]. Com-
paring the theoretical predictions to the data points in Fig. 1
using a ��2 test, we determine the preferred regions for the
DM mass m and dark photon mass µ . To take into account
the uncertainty in our modeling (apparent in our predictions
for the simulated halos), we have included an additional sys-
tematic uncertainty (in quadrature) of �(logh�vi/m) = 0.3
and �(loghvi) = 0.1 for each system.

Our results shown in Fig. 3 illustrate the important comple-
mentarity between observations across different scales in con-
straining DM microphysics. The red, blue, and green shaded
bands show the individual 95% confidence level (CL) regions
preferred by our analysis of dwarf galaxies, LSBs, and clus-
ters, respectively. The solid (dashed) black contour shows the
95% (99%) CL region from all observations combined. These
data prefer DM mass of 15+7

�5

GeV and dark photon mass of
17 ± 4 MeV at 95% CL. For the best-fit values of m and µ,
we plot h�vi /m as a function of hvi in Fig. 1 (dashed).

Fig. 3 also shows the regions excluded by the Bullet Clus-
ter constraint of �/m < 1.25 cm

2/g at 68% CL [36] at
v = 2000 km/s (dot-dashed) and the constraint from an en-
semble of merging clusters of �/m < 0.47 cm

2/g at 95%
CL [37] at v = 900 km/s (long-dashed). A more refined anal-
ysis of the merging clusters, including large dissociative clus-
ters that show offsets between the luminous and dark compo-
nents [36, 38–40], would be interesting in light of the velocity
dependence.

It is remarkable that astrophysical observations can pick out
a closed range for the DM mass m (albeit within the sim-
ple model we have adopted). For m . 10 GeV, the cross
section changes little with velocity, � / m2/µ4, which is
disfavored by the velocity dependence evident in Fig. 1. For
m & 100 GeV, cross section tends to the Rutherford limit,
� / 1/(m2v4), which is too steep a velocity dependence to be
consistent with our fits. The preferred region lies in between
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FIG. 3: Parameter space for dark photon model of self-interactions
(with ↵0 = ↵), preferred by dwarfs (red), LSB spiral galaxies (blue),
and clusters (green), each at 95% CL. Combined 95% (99%) region
is shown by the solid (dashed) contours. The estimated Bullet Clus-
ter excluded region lies below dot-dashed curve and the ensemble
merging cluster excluded region below the long-dashed curve.

these extremes: � is constant at small velocity and turns over
to a Rutherford-like dependence at large velocity.

VI. Conclusions. SIDM paradigm may provide a unified
explanation for the apparent deficit of DM in the central re-
gions of galaxies and clusters. We have explored the direct
connection between self-interactions and astrophysical obser-
vations for a set of twelve galaxies and six clusters using a
simple model for SIDM halos calibrated to N-body simula-
tions. Despite the diversity of DM halo properties in these
systems, the majority of dwarfs and LSBs is remarkably con-
sistent with �/m ⇡ 2 cm

2/s. Clusters favor 0.1 cm

2/g
because their halo profiles are largely consistent with CDM
except in the inner O(10 kpc) region. The velocity depen-
dence discernible in these data provides an important step to-
ward understanding the possible particle physics of DM self-
interactions. Within the dark photon model we considered,
these data prefer DM mass of ⇠ 15 GeV and dark photon
mass of ⇠ 17 MeV. While these conclusions are model-
specific, SIDM in general indicates a new mass scale much
below than the electroweak scale. Using DM halos as particle
colliders, we may be able to unveil the particle physics nature
of DM, independent of whether the dark and visible sectors
are coupled via interactions beyond gravity.
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cussions, O. Elbert for making available his simulation data,
and S.-H. Oh and S. McGaugh for providing the rotation curve
data. This work was supported by the National Science Foun-
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Natural Science and Engineering Research Council of Canada
(ST), the U. S. Department of Energy under Grant No. de-
sc0008541 (HBY), as well as by the National Science Foun-
dation under Grant No. PHY11-25915 as part of the KITP
“Particle-genesis” workshop (ST & HBY).
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Examples 
(in no particular order)

Self-Interacting DM (SIDM) 

Charged DM 

Dissipative DM/ Double Disk DM 

SIMP 

Forbidden DM 

Fermionic DM, Axions, Fuzzy DM



SIDM
 Fitting to dwarfs: 

It seems to solve all of 
the small scale problems. 

The model does not 
determine the interaction 
strength with the SM. 

The self-interactions will 
make the velocity 
distribution at Sun’s orbit 
closer to Maxwellian.

2

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 that it works remarkably well.

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 [26]. 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
solutions but note that this situation may be indicative of the
degeneracy between halo profiles with cores that are growing
or shrinking in time [5].

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

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. [19, 27] 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 [19]. 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 [27]. We include
the gravitational effect of the stars following Eq. (2) and allow
for a ±0.1 dex spread in ⇢b to account for systematic uncer-
tainties [19, 27]. Further, as a proxy for fitting to the gravi-
tational lensing data at large radii, we fit to posteriors of the
maximum circular velocity V

max

and the corresponding radius
r
max

that have been obtained from the lensing data [27].
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�/m = 1 cm2/g ⇠ 1

(60 MeV)3
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than the median halo, the inferred �/m become consistent,
within errors, with ⇠ 1 cm

2/g.
Turning this around, we can fix �/m and look at the impact

of the scatter in the ⇢s-rs relation on Vc(2 kpc). Within our
analytic model, we have checked that the spread in the ⇢s-
rs relation in ⇤CDM leads to about a factor of two spread in
Vc(2 kpc) for the relevant galaxies. If we were to add baryons
(which could be important within 2 kpc), it is conceivable that
the bulk of the spread seen in Ref. [31] can be explained.

V. Dark matter particle properties. The energy depen-
dence of the cross section allows one to discern the underly-
ing particle dynamics of SIDM. The data in Fig. 1 range over
a factor of 104 in kinetic energy and prefer a cross section that
mildly falls with energy.

To illustrate the implications for particle physics, let us con-
sider the dark photon model for DM self-interactions. In this
model, self-interactions are governed by a Yukawa potential,
V (r) = ↵0e�µr/r, where ↵0 is the coupling constant (anal-
ogous to the fine structure constant ↵ ⇡ 1/137) and µ is the
dark photon mass, which screens the potential [33–35]. To be
concrete, we will set ↵0

= ↵. We then compute h�vi/m using
standard partial wave methods discussed in Ref. [25]. Com-
paring the theoretical predictions to the data points in Fig. 1
using a ��2 test, we determine the preferred regions for the
DM mass m and dark photon mass µ . To take into account
the uncertainty in our modeling (apparent in our predictions
for the simulated halos), we have included an additional sys-
tematic uncertainty (in quadrature) of �(logh�vi/m) = 0.3
and �(loghvi) = 0.1 for each system.

Our results shown in Fig. 3 illustrate the important comple-
mentarity between observations across different scales in con-
straining DM microphysics. The red, blue, and green shaded
bands show the individual 95% confidence level (CL) regions
preferred by our analysis of dwarf galaxies, LSBs, and clus-
ters, respectively. The solid (dashed) black contour shows the
95% (99%) CL region from all observations combined. These
data prefer DM mass of 15+7

�5

GeV and dark photon mass of
17 ± 4 MeV at 95% CL. For the best-fit values of m and µ,
we plot h�vi /m as a function of hvi in Fig. 1 (dashed).

Fig. 3 also shows the regions excluded by the Bullet Clus-
ter constraint of �/m < 1.25 cm

2/g at 68% CL [36] at
v = 2000 km/s (dot-dashed) and the constraint from an en-
semble of merging clusters of �/m < 0.47 cm

2/g at 95%
CL [37] at v = 900 km/s (long-dashed). A more refined anal-
ysis of the merging clusters, including large dissociative clus-
ters that show offsets between the luminous and dark compo-
nents [36, 38–40], would be interesting in light of the velocity
dependence.

It is remarkable that astrophysical observations can pick out
a closed range for the DM mass m (albeit within the sim-
ple model we have adopted). For m . 10 GeV, the cross
section changes little with velocity, � / m2/µ4, which is
disfavored by the velocity dependence evident in Fig. 1. For
m & 100 GeV, cross section tends to the Rutherford limit,
� / 1/(m2v4), which is too steep a velocity dependence to be
consistent with our fits. The preferred region lies in between
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FIG. 3: Parameter space for dark photon model of self-interactions
(with ↵0 = ↵), preferred by dwarfs (red), LSB spiral galaxies (blue),
and clusters (green), each at 95% CL. Combined 95% (99%) region
is shown by the solid (dashed) contours. The estimated Bullet Clus-
ter excluded region lies below dot-dashed curve and the ensemble
merging cluster excluded region below the long-dashed curve.

these extremes: � is constant at small velocity and turns over
to a Rutherford-like dependence at large velocity.

VI. Conclusions. SIDM paradigm may provide a unified
explanation for the apparent deficit of DM in the central re-
gions of galaxies and clusters. We have explored the direct
connection between self-interactions and astrophysical obser-
vations for a set of twelve galaxies and six clusters using a
simple model for SIDM halos calibrated to N-body simula-
tions. Despite the diversity of DM halo properties in these
systems, the majority of dwarfs and LSBs is remarkably con-
sistent with �/m ⇡ 2 cm

2/s. Clusters favor 0.1 cm

2/g
because their halo profiles are largely consistent with CDM
except in the inner O(10 kpc) region. The velocity depen-
dence discernible in these data provides an important step to-
ward understanding the possible particle physics of DM self-
interactions. Within the dark photon model we considered,
these data prefer DM mass of ⇠ 15 GeV and dark photon
mass of ⇠ 17 MeV. While these conclusions are model-
specific, SIDM in general indicates a new mass scale much
below than the electroweak scale. Using DM halos as particle
colliders, we may be able to unveil the particle physics nature
of DM, independent of whether the dark and visible sectors
are coupled via interactions beyond gravity.
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Charged Dark Matter
Type of SIDM: a fermion 
coupled with a dark U(1)’ 

Would couple to the SM 
through kinetic mixing with 
the photon. 

A light mediator would 
enhance the low energy 
scattering  

=> Even though the DM 
particle is heavy, we benefit 
from low threshold detectors. 
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Figure 4: Constraints on the darkly-charged dark matter parameter space in them
X

�↵
D

plane. Note
that the constraints aside from relic abundance have the caveats discussed in the text and should not
be taken as strict bounds on the parameter space. The ellipticity constraints (discussed in section 3.1)
are presented as two curves: the original Ref. [8] calculation [dashed yellow], and the more complete
(though still uncertain) calculation that includes the radius dependent constraints on ellipticity from
figure 3 [red]. We also show the constraint from evaporation of Milky Way dwarf galaxies from Ref. [53]
and discussed in section 3.2 [dot-dashed blue]. We also display the Bullet cluster bound adopted from
Ref. [49] and discussed in section 3.3 [purple]. Finally, we show the m

X

� ↵
D

curve for which the
freeze-out mechanism discussed in section 2.1 produces the correct relic density for darkly-charged
dark matter [green], which includes the e↵ects of Sommerfeld enhancement.

Putting all these factors together:

f =
3

2|{z}
log⇤

⇥ 2|{z}
d�/d⌦

⇥ 3|{z}
⇢

= 9 (3.26)

introduces additional uncertainty – up to an order of magnitude in the cross section and a factor of a
few in the mass, for example. However, Ref. [53] have chosen to understate their bound by a factor of
about 4, and so numerically the bound does not change by more than a factor of 2.

However, the bound is in fact even more subtle. The above calculation takes into account multiple
scattering of an individual dark matter particle with multiple halo particles. But it neglects the
interactions of the dark matter particles inside the dwarf – where dark matter is far denser and slower
– leading to core formation and potential core collapse, as discussed in section 4.1 below. Allowing
for this e↵ect redistributes energy so that rather than eventually lifting a particle to escape velocity,
the multiple scatterings of all dark matter particles can redistribute dark matter in the dwarf galaxy
itself. How this does so requires a full detailed calculation. But it seems likely that dwarfs will pu↵
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FIG. 4: Differential scattering rates for LUX (left) and SuperCDMS (right), for a DM particle with mass
100 GeV. The solid red line is for our benchmark SIDM model B (m� = 15 MeV), the dashed purple line
is for a model with three times the mediator mass (m� = 45 MeV), and the dotted green line is for the SI
model with contact interaction (m� � q). All curves are normalized to yield the same number of measured
events when the measured rate is considered. Top: theoretical scattering rate as a function of the recoil
energy ER. Bottom: theoretical scattering rate integrated with the resolution function, or in other words,
the measured rate prior to including the effect of the experimental efficiency ✏, as a function of the detected
signal (S1 for LUX and E0 for SuperCDMS). Also plotted is the range in detected signal probed by the
experiments (dashed vertical lines). For LUX, we also provide on the top axis the average recoil energy ER

corresponding to the detected signal S1 in photoelectrons.

CDMS, dR/dE 0 in Eq. (13). Therefore, it makes sense to compare these rates for our different DM
models, rather than the theoretical recoil rate dR/dER ⌘ P

T dRT/dER. To understand how the
experiment-dependent effects, as resolution and efficiency, affect the spectrum when the rate in S1

and E

0 is computed, we show in Fig. 4 the theoretical spectrum (top) and how it changes after the
detector resolution has been taken into account (bottom), corresponding to neglecting the experi-
mental efficiency ✏ in the measured rate. We choose our benchmark model B for this illustration,
with mX = 100 GeV and m� = 15 MeV (solid red line); the model with three times the mediator
mass, m� = 45 MeV (dashed purple line) is plotted along, together with the SI contact interaction
(dotted green line). While theoretical and measured spectra are almost identical for SuperCDMS
(before considering ✏) due to its high resolution, the effect of adding the detector resolution is
significant for LUX, in particular in the low ER region. This is due to the involved process of
conversion of the nuclear recoil energy into a signal in noble liquid detectors (and possibly due
to the conservative 3 keV cut in the integral in Eq. (12)); our treatment, while lacking a detailed
description of such process, already captures some of the modifications occurring to the spectrum.
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SIMPs and Forbidden DM

Josh Ruderman already introduced these 
(thanks): 

SIMPS: [1402.5143] 

Forbidden DM: [1505.07107]



Quantum Interactions

Fermionic DM 

A 200 eV fermion 
cores dwarf galaxies 
just because of its 
Fermi Degeneracy 
Pressure. [1611.04590] 

Dwarf galaxies behave 
like white dwarf stars.

Axions/Fuzzy DM 

For even smaller masses 

one can solve the core/
cusp problem. This is the 
lightest you can go. 

ma ⇠ 10�23 eV



Conclusions

Astrophysics probes may help us towards a 
particular subset of models to look for. 

Self-interactions may open up some low 
mass parameter space (SIMP). 

Interesting self-interactions come with light 
mediators — change the detection strategy. 

Self-Interactions may also change the 
energy distribution of DM.


