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Small Scale Structure



Galaxy Clusters

• Clusters of galaxies provided some of the 
very first evidence that dark matter was 
needed, and they remain interesting 
laboratories to study it today.

• We can study the dark mater content of 
galaxy clusters using a variety of tools.

• The innermost regions can be probed 
by the motion of stars in the central 
galaxy.

• Strong gravitational lensing probes the 
intermediate scales of the cluster.

• Weak gravitational lensing tells us 
about the outer parts of the cluster.

Gravitational Lensing
Strong, weak, and microlensing
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Galaxy Clusters
• N-body simulations of collision-less dark 

matter (CDM) predict a peaked distribution 
following a generalized NFW distribution:

with β typically around 1.

• Putting together characterizations of the 
density at different radii, one can measure 
the slope parameter for various galaxy 
clusters with masses around 1015 x Msun.

• The measurements cluster at smaller slope 
parameters, indicating profiles which are less 
peaked than expected from simulations.

• If one fits a cored profile instead, the fit 
indicates cores on the order of 1 to 10 kpc.
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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

.

⇢(r) / 1

r�(rs + r)3��

Newman et al (2012)
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Dwarf Spiral Galaxies
• Another probe comes from small nearby 

spiral galaxies with masses around 1010 x 
Msun.

• A first thing one can look at is 
population statistics:  CDM simulations 
predict a distribution of masses for such 
galaxies.

• By comparing the distribution of galaxies 
observed to the distribution in the 
simulations, one can establish a mapping 
between the brightness of the galaxy 
(Mgal)and the predicted mass of the halo 
from the simulation.

• Essentially no galaxies with Mgal > 106 x 
Msun should form in dark halos lighter 
than 1010 x Msun.

IC 2574

Ferrero et al (2012)
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Figure 1. Left: The halo virial mass vs galaxy stellar mass relation derived by Guo et al. (2010) using abundance-matching techniques
(solid line). Results from the semianalytic model of Guo et al. (2011) are shown by the solid triangles. Note how steep the relation becomes
at the faint end, implying that essentially no galaxies with Mgal > 106 M⊙ should form in halos with mass below ∼ 1010 M⊙. The dot-
dashed line indicates the baryonic content of a halo according to the latest estimates of the universal baryon fraction, fbar = 0.171.
Right: The “Tully-Fisher” relation for a sample of nearby galaxies. Data are compiled from the sources listed in the figure label. Stellar
masses are taken from each paper, when given, or estimated from their absolute magnitudes and colors as described in the text. Rotation
velocities correspond to the outermost point of the published rotation curve, except for the data of Wolf et al. (2010), which correspond
to circular velocities at the stellar half-mass radius. Note that the relation between rotation velocity and stellar mass is well approximated
by a single power-law despite the strongly non-linear Mgal vs M200 relation shown in the left panel.

curve data, but these authors provide the total mass,
M1/2, enclosed within the half-light radius, r1/2: we shall
adopt then those radii and corresponding velocities, V1/2 =

(GM1/2/r1/2)
1/2, as estimates of rout, and Vout, respectively.

The full rotation curves of galaxies taken from Begum et al.
(2008a,b) are not yet published, but the authors list rout
and Vout in their papers.

Our analysis also makes use of the total stellar mass
of the galaxies, Mgal, for which we adopt the values quoted
in the papers from which the data are taken. When these
are not available, we estimate stellar masses from the B, R
or V -band absolute magnitude, assuming Bell & de Jong
(2001) mass-to-light ratios consistent with the average col-
ors of galaxies in our sample: γB = 0.5, γR = 1 and γV = 2
in solar units. We emphasize that this is not critical for our
analysis, since most dwarfs are heavily dark matter domi-
nated: we have experimented with increasing and decreasing
γ by a factor of two and none of our conclusions are affected
by such changes.

3 ANALYSIS

The solid curve in the left panel of Fig. 1 shows the galaxy-
halo mass relation derived by Guo et al. (2010) assuming
that the abundance of dark halos ranked by virial mass,
M200, can be matched monotonically to the abundance of
galaxies ranked by stellar mass, Mgal. Despite the simplic-
ity of this abundance-matching technique, more sophisti-

cated semianalytic modeling (Guo et al., 2011) actually
yields very similar results, as shown by the solid trian-
gles in the same figure. A dot-dashed curve indicates the
galaxy mass corresponding to all available baryons within
the virial radius, assuming the universal baryon fraction,
fbar = Ωb/ΩM = 0.171.

The Mgal-M200 relation in Fig. 1 shows clearly the sharp
decline in galaxy formation efficiency with decreasing halo
mass alluded to in Sec.1: the baryonic mass of a M200 =
1011 M⊙ halo is fbar M200 = 1.7 × 1010 M⊙ but it typically
hosts a 109 M⊙ galaxy containing ∼ 6% of its baryons in the
form of stars. On the other hand, a 106 M⊙ galaxy inhabiting
a 1010 M⊙ halo would contain just 0.06% of its available
baryons.

Thus, most dwarf galaxies (understood here as those
with Mgal

<
∼ 109 M⊙) should be surrounded by halos in a

fairly narrow range of mass, spanning less than a decade in
M200, or just over a factor of 2 in circular velocity. Little
sign of such characteristic scale is seen in the Tully-Fisher
relation of galaxies in our sample. This is shown in the right-
hand panel of Fig. 1, where we plot the outermost rotation
velocity, Vout, vs Mgal for galaxies in our sample. No obvious
sign of convergence to a characteristic velocity is seen in
these data, which span roughly 5 decades in galaxy mass
(see also McGaugh & Wolf, 2010).

In the ΛCDM scenario, the nearly self-similar structure

c⃝ 2012 RAS, MNRAS 000, 000–000
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Guo et al (2010)
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Figure 3. Left panel: Outermost rotation velocity, Vout = Vrot(rout), measured for each galaxy in our sample vs V P
out, its predicted

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

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

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

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

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

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

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

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

c⃝ 2012 RAS, MNRAS 000, 000–000

Mgal > 106

• Using measurements of the rotation 
curves of one of these galaxies gives 
an independent determination of its 
mass, which is characterized by the 
velocity of the outermost stars.

• Already at the level of population 
statistics, there seems to be 
something odd.  

• Their brightness suggests that their 
masses should be above around   
1010 x Msun.

• But many of them have dynamics 
which are more consistent with 
masses much lower than that.

Ferrero et al (2012)

Dwarf Spiral Galaxies

Correlates with total Mass



• The population study inferred 
the mass of the galaxy based on 
the circular velocity in its outer 
region.

• For some galaxies, one can 
reconstruct the rotation curve  
as a function of the distance  
from the center, and study the 
shape of the dark matter 
distribution.

• The data shows some  
preference for cored profiles, 
even in these dwarf spiral 
galaxies.

Rotation Curves

Oh et al  (2011)  
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• We can also look at the spheroidal dwarf galaxies of the Milky Way.

• Based on their kinematics, these systems are highly dark matter-dominated.

Dwarf Spheroidals
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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

Boylan-Kulchin, Bullock, Kaplinghat, 2010 + 2011

• We can do similar population 
studies on the dwarf spheroidal 
galaxies of the Milky Way.

• These systems are dominated by 
their dark matter content.

• In this case, the dark matter 
densities can be inferred by the 
velocity dispersion of the stars 
they contain.

• Once again, the largest satellites 
are missing, based on 
comparisons of simulations of the 
satellites of typical Milky Way-
sized galaxies..

Different Mass Satellites



• We can do similar population 
studies on the dwarf spheroidal 
galaxies of the Milky Way.

• These systems are dominated by 
their dark matter content.

• In this case, the dark matter 
densities can be inferred by the 
velocity dispersion of the stars 
they contain.

• Once again, the largest satellites 
are missing, based on comparisons 
of simulations of the satellites of 
typical Milky Way-sized galaxies..
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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.
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Where are these systems?!



• One possibility would be if for 
some reason the most massive 
halos don’t light up.

• But that is hard to swallow: the 
more massive objects should end 
up containing more baryons than 
the less massive ones.

• It’s hard to believe that galaxies 
this large would not contain stars 
that would allow us to “see” them.

• These missing large satellite 
galaxies are “too big to fail”...

Too Big to Fail
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• It is very interesting that all of these data seem to point to problems with 
CDM describing small scale structure.  But given the success of CDM and 
reliance on simulations, we should be careful to leap to this conclusion.

• The simulations used in the comparisons do not include baryons, which 
could impact the distribution of dark matter in the central regions 
through feedback.

• Maybe the Milky Way is just a somewhat odd galaxy, with somewhat 
unusual satellites.

• Maybe the Milky Way is actually a bit lighter than we think it is, and thus is 
expected to have less of the most massive sub-halos.

• Maybe the process of being captured by the Milky Way disrupts the dark 
matter cores of its satellites.

• My attitude: this is an interesting (but complicated) set of data; it opens the 
door to theoretical exploration outside of the vanilla WIMP scenarios which 
can hopefully suggest other types of observational probes.

Caveats
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Self-Interacting Dark Matter
• One interesting class of solution 

invokes self-interaction of the dark 
matter.

• Self-interactions will allow dark 
matter in the densest regions to 
scatter, exchanging energy and 
smoothing out these extremely 
over-dense regions.

• Large scale structure will remain 
more or less the same.

• It also helps with the distribution of 
sub-halos around the most massive 
galaxies.

• The degree of self-interaction can be 
parameterized by σ / m.

�

�

�

�

�

CDM

SIDM



SIDM: Subhalos
• The number of sub-halos for a Milky 

Way-like galaxy can be extracted 
from simulations including the self-
interactions.

• Simulations include both cross 
sections assumed to be roughly 
velocity-independent or velocity-
dependent.

• Choosing σ / m ~ 0.1 to 10 cm2 / g 
results in distributions that look a 
lot more like the population of 
observed dwarf galaxies.

• So self-interactions can help explain 
the observed distribution of the 
dwarf galaxies for the right cross 
sections.

Constraining Self-Interacting Dark Matter with the Milky Way’s dwarf spheroidals 3

Figure 2. The circular velocity profiles at z = 0 encompassing the 1st and
3rd quartiles of the distribution of the 15 subhaloes with the largest values
of V

max

(z = 0). The symbols with error bars are estimates of the circu-
lar velocity within the half-light radii for 9 MW dSphs (Walker et al. 2009;
Wolf et al. 2010). Clearly, the most massive CDM subhaloes are inconsis-
tent with the kinematics of the MW dSphs. SIDM can alleviate this problem
only for a constant scattering cross-section �T /m&1 cm2 g�1 (SIDM10
and SIDM1) or if it has a velocity dependence (vdSIDMa and vdSIDMb).
Current constraints from clusters put an upper limit to the constant cross
section case close to �T /m⇠0.1 cm2 g�1 (SIDM0.1). This value is too
low to solve the too big to fail problem. The observational data in the bot-
tom right can be fitted by lower mass subhaloes, not shown here since they
are affected by the limited resolution of our simulations.

We note that the formula for �T /m for the velocity-dependent
cases is only valid in the classical regime, once quantum effects
are important, the finite interaction length of the Yukawa poten-
tial cuts off the zero-velocity divergence of the cross section (see
e.g. Feng et al. 2010). For our purposes, the quantity of relevance
is (�T /m) v which goes to zero at zero velocity. It is clear that
for the vdSIDM models, �T /m�0.1 cm2 g�1 at the character-
istic velocities in MW dSphs (the observed velocity dispersion of
stars along the line of sight is ⇠10 km s�1, e.g. Walker et al. 2009).
This fact alone already casts a doubt on the possibility of SIDM0.1
(�T /m=0.1 cm2 g�1) producing similar results as the vdSIDM
cases that were shown to be consistent with the kinematics of the
MW dSphs in VZL. We note that there is a change in nomen-
clature relative to VZL: RefP0⌘CDM, RefP1⌘SIDM10, RefP2-
3⌘vdSIDMa-b.

Fig.2 shows the inter-quartile range (i.e., 25-75%) of the dis-
tribution of the present-day circular velocity profiles of the 15 sub-
haloes with the largest values of V

max

(z = 0) (the maximum
of the circular velocity) within 300 kpc halocentric distance. The
symbols with error bars correspond to estimates of the circular
velocity within the half-light radii of the sample of 9 MW dSphs
used by Boylan-Kolchin et al. (2011, 2012). Since current data for
the stars in the dSphs provide an incomplete description of the 6-
dimensional phase-space distribution, the derived mass profiles are
typically degenerate with the velocity anisotropy profile. However,

the uncertainty in mass that is due to this degeneracy is minimised
near the half-light radius, where Jeans models tend to give the same
value of enclosed mass regardless of anisotropy (e.g. Strigari et al.
2007; Walker et al. 2009; Wolf et al. 2010). Observations can then
be used to constrain the maximum dark matter density within this
radius. CDM clearly predicts a population of massive subhaloes
that is inconsistent with all the 9 dSphs, whereas for SIDM this
problem disappears as long as �T /m&1 cm2 g�1 on dSph scales.
The currently allowed case with �T /m=0.1 cm2 g�1 is very close
to CDM, only reducing slightly the inner part of the subhalo veloc-
ity profiles. On the contrary, the vdSIDM models clearly solve the
too big to fail problem. We note that the extent of the too big to fail
problem in CDM depends on the mass of the MW halo, if it is in
the low end of current estimates, .1012 M�, the problem may be
resolved (e.g. Wang et al. 2012), although a low halo mass may gen-
erate other difficulties such as explaining the presence of the Mag-
ellanic Clouds. In the context of SIDM, the lower the mass of the
MW halo, the weaker the argument against �T /m=0.1 cm2 g�1.

A simple statistical test of the agreement between the subhalo
distributions of two models and the 9 dSphs is to compute the chi-
square difference associated to the likelihood of having n+(n�)
data points above (below) the median of the distribution of each
model. Assuming that the probability distribution of finding n±

data points is Poissonian:

��2 = 2 (ln(n+

1

! n�
1

!)� ln(n+

2

! n�
2

!)). (2)

Comparing SIDM1 and the vdSIDM models with SIDM0.1,
the difference is driven solely by Draco with the former pre-
ferred over the latter with ��2⇠4.4 (2.1�). Using an interpo-
lation of our three constant cross section cases, we estimate that
�T /m⇠0.6 cm2 g�1 is the minimum value for which ��2 = 0
relative to SIDM1.

To show the typical core size and central densities that are pre-
dicted by the different SIDM models, we plot in Fig. 3 the density
profile of the 15 subhaloes with the largest V

max

(z = 0) values.
A value of �T /m⇠1 cm2 g�1 is needed for a constant cross sec-
tion SIDM model to mimic the effect of the vdSIDM models and
produce ⇠1 kpc cores with central densities of O(0.1M� pc�3).
If the transfer cross section is reduced to 0.1 cm2 g�1, then the
subhaloes are only slightly less dense than in CDM, having cores
(central densities) that are at least twice smaller (higher) than those
in the other SIDM cases.

VZL showed that the SIDM10 and vdSIDM models have con-
vergent density and circular velocity profiles within the central den-
sity core; we have found the same for SIDM1 and to lesser extent
for SIDM0.1. Convergence is harder to achieve for CDM since, at a
fixed radius, the two-body relaxation time is shorter than for SIDM
(due to the reduced densities in the latter case). Power et al. (2003)
showed that the density profile converges at a given radius when
the two-body relaxation time is larger than the Hubble time at this
radius. At the resolution level of our simulations, the convergence
radius for CDM is ⇠600 pc, which implies that the CDM circular
velocity and density profiles shown in Figs. 2 and 3 underestimate
the true dark matter content within ⇠600 pc (Springel et al. 2008),
whereas for SIDM is at least half of this value. In any case, the ex-
pectation is that if the density profile of SIDM0.1 has not converged
yet, higher resolution would drive it towards higher densities, not
lower, bringing it even closer to CDM (this is a trend confirmed for
the cases analysed in VZL, see their Fig. 9).

By using the fact that some MW dSphs have chemo-
dynamically distinct stellar subcomponents that independently
trace the same gravitational potential, Walker & Peñarrubia (2011)

© 2012 RAS, MNRAS 000, 1–6
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Each colored band shows the heaviest satellite 
galaxies predicted by that simulation.



Cores

• As expected, self-interactions can 
also smooth out the cusps  of 
dark matter halos.

• Interesting results occur for the 
same order cross sections as 
before: σ / m ~ 0.1 to 10 cm2 / g.

• These can help explain the dwarf 
and spiral measurements.

Rocha, Peter, Bullock, Kaplinghat, Garrison-
Kimmel, Onorbe, Moustakas 2012 
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Constraints?
• There are constraints on the self-interaction 

cross section from observations of cluster 
mergers like the famous bullet cluster.

• Naively, the bullet cluster indicates            
σ / m < 0.7 cm2 / g at a relative speed of 
~3000 km/s.

• At face value, this constrains but does not 
exclude the lower range of interesting self-
interaction cross sections with observable 
effects implied for dwarf galaxies.

• However, there is likely to be even more 
leeway, since this bound assumes ordinary 
NFW galaxies collide, whereas self-
interactions will puff out the most dense 
regions, resulting in fewer scatterings.

Markevitch et al; Clowe et al

vs



SIDM Parameter Space
• In a typical microscopic description, 

the cross section depends on the 
relative velocity of the collision.

• Dwarf galaxies, LSBs and clusters 
are characterized by different <v>’s, 
allowing us to construct the 
velocity dependence.

• Clusters (with the largest <v> 
prefer a smaller cross section than 
dwarf galaxies and LSBs.

• For simple models, the region 
favored by all three has ~weak scale 
dark matter masses and mediator 
masses ~10 MeV.

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

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 êg
â
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).

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].

4

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.

Acknowledgments: We thank A. Newman for helpful dis-
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-
dation Grant No. PHY-1214648 and PHY-1316792 (MK), the
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).

Kaplinghat, Tulin, Yu 1508.03339



Model Building



The Challenge

This is a large cross section for a vanilla weakly 
interacting massive particle, more typical of hadronic 

interactions.

cm2

g
⇠ 1

(100 MeV)3



A Dark SU(N)
• The simplest module we can consider is a pure 

gauge theory consisting of a hidden sector SU(N).

• To begin with, we imagine that any matter charged 
under the hidden gauge group and the SM is 
extremely heavy, and thus irrelevant for the low 
energy physics.

• This is a variation on models where the dark 
matter is e.g. a dark pion-like object.

• The theory is defined by the number of colors N 
and confinement scale Λ, which characterizes the 
mass of the lowest glueball state, and the splitting 
between the various glueballs.

• From here on, dark/hidden should be understood 
whenever I use terms like “gluons” or “glueballs”.

Hur, Jung, P. Ko, Lee, 
0709.1218 & PLB, 

M
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Glueball Interactions

• In this theory, nothing can be computed very 
reliably in perturbation theory.

• Lattice may help: pure glue is much easier!

• We can cartoon the self-interactions of the 
glueballs by a geometric cross section of strongly 
coupled objects of size ~ 1 / Λ.

• Since the single parameter Λ controls both the 
mass and the cross section (for small N), arranging 
for an interesting value of σ/m essentially fixes              
Λ ~ 500 MeV.

Amusingly close to ΛQCD…

� (gb gb ! gb gb) ⇠ 4⇡

⇤2N2 ⇠ ⇤�1{



Glueball Relic Density
• We can estimate the relic density of the glueballs by 

tracking the relic density of the gluons to the 
temperature at which the theory confines.

• At this temperature, something around Λ, the energy 
in the dark gluons will get converted into glueballs.

• We can estimate the relic density of glueballs by 
matching across the phase transition.

• If there are no relevant connectors between the 
visible and hidden sectors, the temperature in the 
hidden sector Th and the visible temperature T could 
generically be different.

• We parameterize this possibility with the ratio of 
temperatures ξ = Th / Τ.

• There are interesting corrections to the usual 
thermal distribution: cannibalization!

Y ⌘ ngb

s

=
ge↵ [⇣(3)/⇡2]T 3

h

g⇤S [2⇡2/45]T 3

=
ge↵45⇣(3)

g⇤S2⇡4
⇥ ⇠3f

⌦gb ⇠ Y s0⇤

⇢c0

For SU(N), 
geff = 2 x (N2-1)

Carlson, Machacek, Hall  1991
Hochberg, Kuflik, Volansky, Wacker 2014



Glueball Parameter Space

• For a given N, there are two parameters, the confinement scale and the ratio 
of hidden to visible temperatures at the time of confinement, ξΛ.  Provided 
one allows for a somewhat colder hidden sector, one can achieve interesting 
self-interaction rates at the observed relic density!
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FIG. 3: Glueball dark matter in the case of a non-supersymmetric pure gauge SU(N) hidden sector. The
self-interaction cross section and relic density are given in the (⇠

⇤

,⇤) plane, where ⇤ is the confinement
scale in the hidden sector, and ⇠

⇤

⌘ Th/T is the ratio of hidden to visible sector temperatures at the time
that Th = ⇤. The self-interaction cross section is in the range h�T i/mX = 0.1 � 1 cm2/g in the shaded
region. The glueball relic density is ⌦

gb

= ⌦
DM

' 0.23 on the diagonal contours for the number of colors N
indicated.

IV. GLUEBALLINO SELF-INTERACTIONS

The simplest extension to the pure gauge hidden sector discussed in Sec. III is to add a massive
(mass mX � ⇤) gauge adjoint Majorana fermion to the theory, resulting in a spectrum with
two types of composites: the bosonic glueballs of mass ⇠ ⇤ and the fermionic states with masses
⇠ mX [78–81]. Each sector contains excited states whose mass splittings are again characterized
by ⇤. In the absence of further ingredients, the massive fermionic states are stable because of
Lorentz invariance, and this construction allows one to realize a situation where the dark matter
is (mostly) composed of the heavy composite fermions that self-interact via exchange of the much
lighter glueballs, naturally realizing two widely separated energy scales. This dark sector is identical
to a softly broken N = 1 supersymmetric gauge theory and can be considered the supersymmetric
version of the model of Sec. III. In that language, the composite fermions are glueballino states.

The self-interactions of glueballinos are dominated by the exchange of glueballs. At low energies,
when the kinetic energy available is . ⇤, the scattering will be elastic. If there is su�cient kinetic
energy,

1

2
mXv2 � ⇤ , (5)

inelastic scattering into excited states and glueball emission becomes possible, leading to novel
e↵ects, such as additional rapid halo cooling. The inelastic e↵ects are not modeled in the ⇤SIDM
simulations and so are not well understood. For the remainder of this work, we focus on the elastic
scattering regime and comment later in this section on systems where this approximation breaks
down.

NDA suggests that the coupling between glueballs and glueballinos is ↵ ⇠ 1. Even for elastic
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SU(N) + Adjoint
• A very simple extension is to add an 

adjoint (Majorana) fermion to the 
dark sector.

• If one likes, this could be considered a 
supersymmetrized version of the pure 
gauge model, with the adjoint playing 
the role of the gluino.

• The spectrum consists of glueballs as 
before, and (for m >> Λ) a family of 
fermionic glueballinos at mass ~ m.

• These glueballinos are strongly 
interacting with the glueballs and are 
sort of analogues of heavy-light 
mesons in this theory.

M
as

s

meg

2meg

glueballinos

gluinoballs

glueballs
⇤



Self Interactions
• The glueballinos are strongly 

interacting with the glueballs, which 
mediate scattering.

• When m >> Λ, one generally 
expects large cross sections with the 
possibility of Sommerfeld-like 
enhancements.

• We model the glueball exchange as a 
Yukawa potential characterized by 
mass ~Λ and strong coupling.

• We (numerically) solve for the 
transfer cross section as a function 
of the masses of the glueballs and 
glueballinos, and average it over the 
velocity distribution of the dark 
matter for each system. Tulin et al 2013 

�T ⌘
Z

d⌦(1� cos ✓)
d�

d⌦

...



Glueballino Scattering
• We can obtain scattering cross 

sections in the ballpark of the 
interesting region for gluino masses 
on the order of  TeV and Λ ~ MeV.

• Since each type of astrophysical 
object is characterized by a different 
DM velocity, the cross sections are 
different for each one.

• If the typical kinetic energy is large 
enough, inelastic channels will open 
up, and our transfer cross section 
may not characterize the scattering 
very well.

• Clusters are very likely to have 
inelastic processes playing some 
role.
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FIG. 4: The ratio of the thermally-averaged transfer cross section to dark matter mass h�T i/mX in the
(mX ,⇤) plane for ↵ = 1 and three di↵erent astrophysical systems: dwarf galaxies (V

max

= 40 km/s, solid),
LSBs (V

max

= 100 km/s, dashed), and clusters (V
max

= 1000 km/s, dotted). For each system, three values
of the cross section are shown: 0.1 cm2/g (top), 1 cm2/g (middle), and 10 cm2/g (bottom). The region
above the straight magenta lines show where inelastic processes may modify the picture based on elastic
scattering for each type of system.

thus, systems with larger characteristic velocities have smaller cross sections, all else being equal.
The LSB line at 0.1 cm2/g, for instance, lies below that for dwarfs, because a larger interaction
range (smaller ⇤) is needed to counter its larger velocity to give the same �T as the dwarfs.
Toward the lower values of mX , the scattering exhibits resonant behavior due to the formation of
quasi-bound states [82], analogous to Sommerfeld enhancements in annihilations.

The region below the straight magenta lines in Fig. 4 is where the dark matter typically has
(1/2)mXv2 > ⇤, and modifications from inelastic scattering processes can be important. We urge
the reader to keep in mind that while in this region the classical elastic scattering cross section
(for our assumed Yukawa potential) falls below about 3⇡/⇤2, we expect other energy-exchange
mechanisms to become important in dark matter halos. Note that for clusters (v ⇠ 3 ⇥ 10�3),
this is a substantial region of the interesting parameter space: (mX/TeV) & (⇤/10 MeV). This
suggests that the elastic glueballino scattering curves plotted for clusters in Fig. 4 and other figures
are far from the whole story. We expect new astrophysical phenomenology, especially in clusters
of galaxies, and this deserves separate consideration.

V. GLUEBALLINO RELIC DENSITY

One goal of supersymmetrizing the pure gauge hidden sectors considered in Sec. III is to revive
the possibility of dark matter with naturally the right relic density, as in the case of WIMPs,
but now for self-interacting dark matter. In this section, we first review the machinery required to
calculate a glueballino relic density from the freezeout of thermal relic gluinos. We then discuss the
possibility of realizing the correct thermal relic density through the WIMPless miracle in AMSB
models [12].
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WIMPless Miracle
• In the regime m >> Λ, the dark gluinos 

will freeze out when their gauge couplings 
are still perturbative, and this stage looks 
like a rather standard WIMP.

• Without connectors to the SM, they only 
couple to the dark gluons, and once again 
there is generally a separate temperature 
that characterizes the hidden sector.

• The context of a SUSY breaking model 
such as AMSB, this allows us to inherit the 
nice feature of the `WIMPless’ miracle.

• We know that weak couplings and masses 
produce the correct relic density, and 
AMSB fixes the ratio such that it works 
out for the hidden sector too.

YEQ
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Mixed Dark Matter
• Since the theory will still contain glueballs, this is generically a theory of 

multi-component dark matter.

• Which component will dominate depends on their relative masses (m and Λ) 
and the temperature in the hidden sector, ξ.

• The precise behavior under structure formation for this kind of multi-
component system probably requires simulations to understand properly.  
We’ll look at some representative limiting cases.

confinement

mass of gé HmXL

gé freezeout

TeV GeV MeV
0.01
0.1
1
10
100

TeV GeV

Th

a h

T

FIG. 1: Example timeline of events in the supersymmetric pure SU(N) theory without connectors, in terms
of the hidden- and visible-sector temperatures Th and T . The hidden sector coupling ↵h is shown as a
function of these temperatures. It is weak at gluino freezeout but grows as the temperature drops, leading
to confinement and the formation of glueballino and glueball dark matter at a temperature ⇠ ⇤. The
scenario is described in detail in Sec. VI, and the chosen parameters are represented by the yellow dot in
Fig. 5.

supersymmetric case, may be dark matter. As we will see, in di↵erent regions of the AMSB
parameter space, the dark matter may be dominantly glueballinos, dominantly glueballs, or a mix-
ture of the two. For the case where the dark matter is dominantly glueballinos, we detail two
possibilities. In the first case, the hidden sector is coupled to the visible sector only indirectly
through the supersymmetry breaking mechanism. Since this coupling is extremely weak, the sec-
tors can have di↵erent temperatures, and the glueball relic density may be very small for cold
hidden sectors. An example cosmological timeline of events in this case is given in Fig. 1.

In the second case, the hidden sector is coupled to the visible sector through connector fields.
The visible and hidden sectors, therefore, have the same temperature at early times, leading,
a priori, to too-large glueball relic densities. Decays of glueballs are in conflict with big bang
nucleosynthesis (BBN) and other astrophysical and particle constraints. Instead, we rely on a
novel non-thermal process in the early Universe to deplete the gluon density, thereby suppressing
the glueball density after confinement. In this case, the gluons annihilate into singlet right-handed
neutrinos with ⇠ 1 GeV mass, and we reduce the hidden gluon density by forcing the right-handed
neutrinos to decay into SM particles more quickly than they can annihilate back into hidden gluons.
A representative timeline for this case is shown in Fig. 2.

This work is organized as follows. In Sec. II, we review the astrophysical evidence for self-
interacting dark matter. In Sec. III, we begin with the simplest possible case: non-supersymmetric
pure gauge hidden sectors and glueball dark matter. We discuss glueball self-interactions and
relic densities and determine the preferred parameters for this simple model. We then move to
supersymmetric models with pure gauge hidden sectors and glueballino dark matter. In Sec. IV,
we review the calculation of the glueballino self-interaction cross section, and in Sec. V, we discuss
the glueballino relic density and the realization of the WIMPless miracle in the AMSB framework.
Finally, with this groundwork, we present full AMSB models of glueballino/glueball dark matter
without and with connectors in Secs. VI and VII, respectively. We conclude in Sec. VIII.

Last, a note on naming conventions. In the rest of this work, we follow the literature: glue-
ballinos denote gluino-gluon bound states, while gluinoballs denote gluino-gluino bound states. In
addition, unless otherwise stated, “gluon,” “gluino,” “glueball,” and “glueballino” refer to hidden
sector particles and are denoted by g, g̃, gb, and gbino, respectively.
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FIG. 5: Mostly-glueballino dark matter in AMSB models with pure SU(N) hidden sectors without connectors.
Glueballinos make up 90% (top) or 99.99% (bottom) of the dark matter, and glueballs make up the remaining
portion. For a point in the (mX ,⇤) plane, these constraints on the relic densities determine N and ⇠f ;
contours of constant N and ⇠f are shown. The gray, shaded bands are from Fig. 4 and give the regions
where the glueballino self-interaction cross section is in the preferred range. The red, shaded region is
excluded by null searches for visible-sector Winos at LEP2. The yellow dot in the left panel defines a
representative model with mX ' 14 TeV, ⇤ ' 0.35 MeV, N = 2, and ⇠f ' 0.02.

for N2 � 1. When the glueball density is reduced by 3 orders of magnitude, we expect N to
increase by a factor of 103/4 ⇠ 6 and ⇠f to decrease by a factor of 103/2 ⇠ 30; this can be seen in
Fig. 5.

Of course, the goal is not simply to obtain a multi-component model of dark matter with the
correct relic densities, but to obtain self-interacting dark matter. The regions with the preferred
self-interaction cross sections are also shown in Fig. 5. For values of mX ⇠ 10 TeV, ⇤ ⇠ 1 MeV,
2  N . 10 and 10�3 . ⇠f . 10�2, we find models that satisfy the relic density constraints and also
satisfy the scattering constraints for dwarfs and LSBs. Viable models also exist for lower mX down

13
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FIG. 5: Mostly-glueballino dark matter in AMSB models with pure SU(N) hidden sectors without connectors.
Glueballinos make up 90% (top) or 99.99% (bottom) of the dark matter, and glueballs make up the remaining
portion. For a point in the (mX ,⇤) plane, these constraints on the relic densities determine N and ⇠f ;
contours of constant N and ⇠f are shown. The gray, shaded bands are from Fig. 4 and give the regions
where the glueballino self-interaction cross section is in the preferred range. The red, shaded region is
excluded by null searches for visible-sector Winos at LEP2. The yellow dot in the left panel defines a
representative model with mX ' 14 TeV, ⇤ ' 0.35 MeV, N = 2, and ⇠f ' 0.02.

for N2 � 1. When the glueball density is reduced by 3 orders of magnitude, we expect N to
increase by a factor of 103/4 ⇠ 6 and ⇠f to decrease by a factor of 103/2 ⇠ 30; this can be seen in
Fig. 5.

Of course, the goal is not simply to obtain a multi-component model of dark matter with the
correct relic densities, but to obtain self-interacting dark matter. The regions with the preferred
self-interaction cross sections are also shown in Fig. 5. For values of mX ⇠ 10 TeV, ⇤ ⇠ 1 MeV,
2  N . 10 and 10�3 . ⇠f . 10�2, we find models that satisfy the relic density constraints and also
satisfy the scattering constraints for dwarfs and LSBs. Viable models also exist for lower mX down
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FIG. 6: Mostly-glueball dark matter in AMSB models with pure SU(N) hidden sectors and no connectors.
Glueballs make up 90% (top) or 99% (bottom) of the dark matter, and glueballinos make up the remaining
portion. For a point in the (mX ,⇤) plane, these constraints on the relic densities determine N and ⇠f ;
contours of constant N and ⇠f are shown. The gray, shaded band is from Fig. 3 and gives the region where
the glueball self-interaction cross section is in the preferred range. The red, shaded region is excluded by
null searches for visible-sector Winos at LEP2.

is not yet a clear picture of how 109 M� quasars are assembled already by z & 6 within the standard
⇤CDM cosmology. Models starting with the expected 100 M� seeds require special assumptions
about the mass accretion histories of these quasars [93], which become more strained as higher
redshift quasars are found [94]. Self-interactions within the dark matter sector may have a big role
to play in this story, as they generically enhance the early black hole accretion rate.

There is a tight correlation between the mass of supermassive black holes in the centers of
galaxies and the velocity dispersion or luminosity of the bulge [96]. By requiring that the predicted
masses of supermassive black holes are not overly large, it should also be possible to constrain
the ratio ⌦

gb

/⌦
gbino

in mixed self-interacting dark matter models where h�T i
gb

/⇤ is large. To
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FIG. 6: Mostly-glueball dark matter in AMSB models with pure SU(N) hidden sectors and no connectors.
Glueballs make up 90% (top) or 99% (bottom) of the dark matter, and glueballinos make up the remaining
portion. For a point in the (mX ,⇤) plane, these constraints on the relic densities determine N and ⇠f ;
contours of constant N and ⇠f are shown. The gray, shaded band is from Fig. 3 and gives the region where
the glueball self-interaction cross section is in the preferred range. The red, shaded region is excluded by
null searches for visible-sector Winos at LEP2.

is not yet a clear picture of how 109 M� quasars are assembled already by z & 6 within the standard
⇤CDM cosmology. Models starting with the expected 100 M� seeds require special assumptions
about the mass accretion histories of these quasars [93], which become more strained as higher
redshift quasars are found [94]. Self-interactions within the dark matter sector may have a big role
to play in this story, as they generically enhance the early black hole accretion rate.

There is a tight correlation between the mass of supermassive black holes in the centers of
galaxies and the velocity dispersion or luminosity of the bulge [96]. By requiring that the predicted
masses of supermassive black holes are not overly large, it should also be possible to constrain
the ratio ⌦

gb

/⌦
gbino

in mixed self-interacting dark matter models where h�T i
gb

/⇤ is large. To
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Mixed SIDM
Cross Sections in Dwarf Galaxies

There could easily 
be a small 

component of 
dark matter that 

is very self-
interacting.
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FIG. 7: Mixed dark matter without connectors to the Standard Model. We show curves of constant ⌦
gbino

/⌦
gb

in the (h�T igbino/mX , h�T igb/⇤) plane, for fixed N = 2 and considering dwarf systems with V
max

= 40 km/s.
The black curves have ⌦

gbino

/⌦
gb

= 0.1, 1, 10, 100, as indicated. The bound from LEP2 is shown in the
red, shaded region. A stronger bound from clusters is shown in the lower magenta, hatched region; since
the glueball scattering cross section is the same on all scales, its value is limited for the dwarf systems to
avoid violating bounds from cluster scales. We caution the reader that the bound may be stronger and it
is certainly not as sharp as indicated by the hatched region. The magenta hatched wedge near the upper
right-hand portion of the graph represents an upper limit of 10 cm2/g for the case of mostly-glueballino
dark matter, which will have important implications for cores in dwarfs galaxies and may be excluded by a
comparison to the observed core sizes and densities (e.g., Ref. [1, 95]).

correctly implement this constraint, many new features of our simple model and their astrophysical
consequences will have to be worked out. We highlight a few of these below.

The details of capture of glueballs by a seed black hole will di↵er significantly from the treatment
in Ref. [92]. The black hole capture depends sensitively on the density profile of glueballs and this
is tightly correlated with the potential well of the galaxy, which is dominated by glueballinos. In
particular, although an isolated strongly self-interacting dark matter halo will undergo core collapse,
this is not true when the strongly self-interacting component (glueballs) is a small fraction of the
dark matter.

A complicating factor is that the glueballs and glueballinos will scatter o↵ of each other. Each
collision will change the velocity of glueballs by O(1) but the velocity of glueballinos will only
change by ⇤/mX ⌧ 1. The glueballino–glueball scattering cross section should be of the order
the geometric cross section (⇠ 1/⇤2) and, thus, this could be an important e↵ect if the number
density of glueballinos is much larger than that of glueballs (either because of a small ⌦

gb

/⌦
gbino

or as glueballs are depleted due to accretion by the black hole). Conversely, this scattering could
also have an impact on the glueballino density profile if the number density of glueballs is large
enough to overcome the small momentum transfer.

Another important e↵ect, relevant for halo properties as well as black hole growth, is cooling.
We have focused on elastic collisions in this paper, but as mentioned previously there are also
inelastic processes leading to cooling through the emission of glueballs. Cooling will funnel more
glueballs into the inner regions (modulo angular momentum constraints) and increase the black
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Connection to the SM
• If we introduce matter charged under both the SM and the hidden gauge 

symmetry, the dark matter begins to look more like a standard WIMP.

• The temperatures in the visible and hidden sectors will equalize, and in 
general the dark glueballs will be able to decay.

• In general, this last fact is a problem, because for Λ ~ MeV, the dark glueballs 
will typically be over-produced, and decay too late, interfering with BBN.

• We cartoon a mechanism to remove the glueball density after the gluinos 
freeze out, by having them annihilate efficiently to sterile neutrinos, which 
themselves decay quickly into ordinary neutrinos.

confinement

mass of gé HmXL

gé freezeout mass of nR HmRL

depletion of g
via nR-decay begins

g freezeout

TeV GeV MeV
0.01
0.1
1
10
100

T
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FIG. 2: As in Fig. 1, but for supersymmetric pure SU(N) theory with connectors. Since the hidden and visible
sectors communicate e�ciently in the early Universe, they share a temperature T . The gluon population is
depleted through their decays to the ⌫R in the visible sector, and the resulting scenario has pure glueballino
dark matter. The scenario is described in detail in Sec. VII, and the chosen parameters are represented by
the yellow dot in Fig. 8.

II. ASTROPHYSICAL EVIDENCE FOR SELF-INTERACTING DARK MATTER

The ⇤CDM model is quite successful in describing large-scale structure. The predictions of the
standard six-parameter ⇤CDM cosmology match remarkably well to the latest measurements of
the cosmic microwave background (CMB) by WMAP [23] and Planck [24] at large multipoles of
the power spectrum. Additionally, CDM fits the dark matter power spectrum very well [25], using
observations of luminous red galaxy clustering in the Sloan Digital Sky Survey [26].

Despite these agreements on large scales, observations of small-scale structures indicate that
CDM is insu�cient. Challenges to the ⇤CDM paradigm arise largely from tensions between obser-
vation and cosmological simulations. Simulations of CDM create dark matter halos with density
profiles that have steep, inverse-power law behaviors (cusps) towards the center of the halo [27–31].
Conversely, observations show that low-surface-brightness spiral galaxies (LSBs) [32–39], satellite
dwarf galaxies [38, 40], and galaxy clusters [41–46] exhibit constant-density cores. In addition to
the core-cusp discrepancy [47], the simulated central densities of halos are too high. By matching
the luminosity function of the Milky Way to the Aquarius simulations [48], the brightest subhalos
in the Milky Way are a factor of 5 less massive than predicted [49, 50]. If ⇤CDM is correct, we
are left to explain this “too-big-to-fail” problem in which the largest subhalos of the Milky Way do
not luminesce; otherwise, some additional physics is needed in simulations to decrease the central
densities of these overly-massive halos.

To address these concerns with ⇤CDM, there are a few generic possibilities to consider [51]:
adding feedback from baryons in simulations [52–54], warm dark matter (WDM) [55–57], and self-
interacting dark matter [58–60]. Feedback exists and should be included in simulations, but there
may not be enough energy to eject a su�cient amount of mass from the halo center to solve the
too-big-to-fail problem [50]. WDM tends to be too e�cient in wiping out structure, leaving too
few subhalos in the Milky Way [61]. Additionally, lower bounds on WDM masses from Lyman-↵
forest measurements constrain the ability of WDM to solve the core-cusp problem over the full
range of astrophysical scales needed [62, 63]. Even with its mass unconstrained, WDM still leaves
dwarf halos cuspy, though it does lower the central densities [64].

On the other hand, self-interacting dark matter can soften halo cores and lower central densities,
while preserving large-scale structure [58] and satisfying bounds of �/m . 1 cm2/g from the Bullet
Cluster [65]. Indeed, simulations with constant dark matter cross section-to-mass ratios in the range
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FIG. 8: Glueballino dark matter in AMSB models with pure SU(N) hidden sectors and connectors to the
SM. Glueballinos are assumed to make up all of the dark matter. The relic density constraints are given in
the (mX ,⇤) plane with ⇠f = 1; contours of constant N are shown. The gray, shaded bands are from Fig. 4
and give the regions where the glueballino self-interaction cross sections are in the preferred range. The
red, shaded region is excluded by null searches for visible-sector Winos at LEP2. The yellow dot defines a
representative model with mX ' 2.5 TeV, ⇤ ' 1.4 MeV, and N = 2.

be one of the sterile states in a see-saw mechanism to produce neutrino masses. Our goal is for
the gluons to annihilate into right-handed neutrinos, which then decay quickly into SM particles
before they can annihilate back into gluons.

To implement this scenario, we postulate that there is a connector field C with mass mC

that allows communication between the hidden and visible sector. The connector has a Yukawa
interaction �RC⌫̄R⌫R in the visible sector and a gauge interaction with the gluons with strength
gh in the hidden sector. Integrating out the connector produces the e↵ective interaction

L ⇠ 1

16⇡2

�2

Rg
2

h

m3

C

Gh
µ⌫G

hµ⌫ ⌫̄R⌫R . (24)

This interaction leads to an annihilation cross section,

h�vigg!⌫̄R⌫R ⇠ �4

Rg
4

h

8⇡(16⇡2)

T 4

m6

C

⌘ �
0

z�4 , (25)

where z = mR/T . Note that the annihilation of gluons into right-handed neutrinos is subdominant
to the annihilation rate of gluons into gluinos and can be ignored in the gluino freezeout calculations.
The right-handed neutrino decays with a rate

�R ⇠ g2⌫
4⇡

m2

R

T
⌘ �

0

z (26)

into SM particles at tree level with a coupling strength g⌫ . As long as the neutrino decay rate
is much faster than the gluon annihilation into neutrinos (and both are faster than the Hubble
expansion), the gluons cannot maintain their equilibrium density, and their energy is transferred
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Future Directions
• There are a lot of interesting directions one could follow from here.

• A generic feature is the presence of multiple components of dark matter 
with very different masses and scattering cross sections.  One can easily 
imagine very different profiles for the two components (as in e.g. “double 
disk dark matter”).

• If the subdominant component is strongly self-interacting, it could collapse 
and accrete on supermassive black holes.  There is actually a mystery as to 
where 109 x Msun black holes come from, and this kind of scenario could 
help understand it.

• On the other hand, if too much dark matter accretes into the black holes, 
it will conflict with the observed ratios of sizes of central black holes to 
their host halos.

• Inelastic processes could be important, especially on cluster scales, and 
could lead to interesting effects such as halo evaporation/collapse.

Fan, Katz, Randall,  Reece 2013 

Hennawi, Ostriker 2001
Pollack et al 2015



A keV Line?
• Inelastic processes could lead also to interesting signals in the vein of 

eXciting dark matter. 

• This might even be relevant for the few keV X-ray line that has been recently 
observed in a stacked analysis of galaxy clusters (and perhaps Andromeda).

• The desired cross section for an eXciting explanation of the observation is 
in the same ball-park as the SIDM cross sections we have been discussing.

• The glueballino system contains states whose masses are split by the 
analogue of hyperfine interactions, and are ~ Λ2 / m.

• For m ~ few hundred GeV and Λ ~ 10’s MeV, we the right characteristic 
splitting to explain the energy of the line, and are still in the target cross 
section to explain the rate as well as have a theory with interesting SIDM.

Finkbeiner,  Weiner  2007

Finkbeiner,  Weiner  2014

Boddy, Feng, Kaplinghat, 
Shadmi, TMPT  1408.6532

Bulbul et al 2014
Boyarsky et al 2014



keV Line 4
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FIG. 1: Thermal SIMPle dark matter with ⌦G = 0.8⌦DM

and ⌦g̃ = 0.2⌦DM. For fixed (mX ,⇤), N and ⇠f are deter-
mined by the relic densities; contours of N = 3, 5, 10, 100 and
⇠f = 10�3, 5⇥ 10�3, 10�2 are shown. In the indicated bands,
�/m = 0.1�10 barn/GeV and�E = 0.356�35.6 keV. Where
these overlap, the model may explain both self-interactions
and the 3.5 keV line through long-lifetime G̃⇤ decays (see
text). In the lower-right shaded regions, G̃ re-annihilation
may be significant for the values of N indicated.

for Perseus (M31) [MW]. Given the large systematic un-
certainties in the M31 measurement [7], these three sig-
nals are consistent in the long lifetime scenario.

We have checked that the required lifetimes are not
in conflict with cosmic microwave background obser-
vations. Adapting existing constraints on the anni-
hilation cross section of dark matter particles [43] by
equating the energy injection rates in the annihila-
tion and decay processes at z = 1091, we find ⌧ &
2 Myr [TeV/mX ][2⌦G̃⇤/⌦DM][�E/3.5 keV].

Results. We now have all the ingredients to identify
viable example models and their observational implica-
tions. We begin by considering a completely thermal sce-
nario, in which the gluino and glueball relic densities are
given by Eqs. (3) and (5). As an example, we consider
the case with ⌦G = 0.8⌦DM and ⌦g̃ = 0.2⌦DM. The re-
quired values of N and ⇠f are shown in the (mX ,⇤) plane
in Fig. 1. Relatively cold hidden sectors are required to
avoid glueballs overclosing the Universe.

In this glueball-dominated scenario, the self-
interaction cross section is essentially �G, and so
is in the desired range for ⇤ ⇠ 100 MeV. This
constraint and the �E = 3.56 keV band are also
shown in Fig. 1. These bands overlap, for example, at
(mX ,⇤) = (3 TeV, 70 MeV), where ↵X ⇡ 0.013, N ⇡ 10,
and ⇠f ⇡ 4⇥ 10�3. At this point, �G̃⇤ is far too small to
explain the keV line flux in the short lifetime scenario.
However, the flux can be explained by long-lifetime
decays. Equation (14) implies ⌧ ⇠ 30 Gyr, which, given
Eq. (10), implies a connector mass mC ⇠ 4� 6 TeV.

We now consider the case where the gluon density is
depleted to ⌦G ⇡ 0 through some mechanism, such as
the one of Ref. [25] described above. Glueballs then do

sêm=0.1 cm 2êg
10 cm2êg

35.6 ke
V

DE=0.3
56 keV

x=1

N=30 10 3

N=3

10

Flux

Dwarf
LSB

0.01 0.1 1 10 100
0.01

0.1

1

10

100

1000

mX @TeVD

L
@Me

V
D

FIG. 2: Pure glueballino SIMPle dark matter with ⇠f = 1.
For fixed (mX ,⇤), N is determined by ⌦g̃ = ⌦DM; contours
of N = 3, 10, 30 are shown. In the indicated bands, �/m =
0.1�10 barn/GeV, �E = 0.356�35.6 keV, and short-lifetime
G̃⇤ decays give a keV line flux within an order of magnitude to
explain the Perseus observations, assuming �G̃⇤ = �G̃. The
flux may also be explained by long-lifetime G̃⇤ decays (see
text). In the lower-right shaded regions, G̃ re-annihilation
may be significant for the values of N indicated.

not overclose the Universe for any ⇠f , and we consider
⇠f = 1. The resulting parameters are shown in Fig. 2.

In this pure G̃ scenario, the preferred self-interactions
and keV line energy overlap, for example, at (mX ,⇤) =
(350 GeV, 20 MeV), where ↵X ⇡ 0.019 and N ⇡ 10. The
keV line flux may again be explained by long-lifetime
decays; in this case, Eq. (14) implies ⌧ ⇠ 1000 Gyr,
which, given Eq. (10), implies mC ⇠ 3 � 9 TeV. In this
case, however, the self-interactions also imply a large up-
scattering rate, and so the short lifetime scenario is also
viable where all three bands overlap in Fig. 2. A lifetime
of ⌧ ⇠ 1015 s implies mC ⇠ 500� 700 GeV, which is be-
yond collider limits on particles that have electric charge,
but not strong interactions, in the visible sector.

Conclusions. Currently there are tantalizing as-
trophysical indications that dark matter may be self-
interacting and the source of a 3.5 keV X-ray line. Al-
though neither of the indications for self-interactions and
keV lines is unambiguously compelling individually, they
are both interesting, and more so if they may be ex-
plained simultaneously in a simple model.

We have explored these in the context of a simple hid-
den sector: a supersymmetric pure SU(N) gauge the-
ory. The astrophysical hints favor mX ⇠ TeV thermal
relics interacting with ⇤ ⇠ 100 MeV force carriers, with
photons created by transitions between highly degenerate
states with �E ⇠ 10 keV. In this model, the qualitative
hierarchy �E ⌧ ⇤ ⌧ mX and the quantitative relation
�EmX ⇠ ⇤2 are naturally explained by asymptotic free-
dom and, essentially, atomic physics. Despite its simple
formulation, the model has a rich cosmology, with both
glueballs and glueballinos contributing to dark matter,
and decays that can be either short and long compared

One possibility is to have most of the dark matter in the form of glueballs, which 
are self-interacting.  The subdominant glueballino component has a primordial 

population of excited states.  If we tune the lifetime to τ ~ 30 Gyr, we can 
explain the intensity of the Bulbul et al line.



keV Line

If we deplete the glueballs as before, the dark matter is entirely glueballinos and 
we can either invoke a long lifetime scenario, τ ~ 103 Gyr, or the excited states 
could be generated via up-scattering of the dark matter through its strong (self) 

interactions provided τ ~ 1015 s.
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FIG. 1: Thermal SIMPle dark matter with ⌦G = 0.8⌦DM

and ⌦g̃ = 0.2⌦DM. For fixed (mX ,⇤), N and ⇠f are deter-
mined by the relic densities; contours of N = 3, 5, 10, 100 and
⇠f = 10�3, 5⇥ 10�3, 10�2 are shown. In the indicated bands,
�/m = 0.1�10 barn/GeV and�E = 0.356�35.6 keV. Where
these overlap, the model may explain both self-interactions
and the 3.5 keV line through long-lifetime G̃⇤ decays (see
text). In the lower-right shaded regions, G̃ re-annihilation
may be significant for the values of N indicated.

for Perseus (M31) [MW]. Given the large systematic un-
certainties in the M31 measurement [7], these three sig-
nals are consistent in the long lifetime scenario.

We have checked that the required lifetimes are not
in conflict with cosmic microwave background obser-
vations. Adapting existing constraints on the anni-
hilation cross section of dark matter particles [43] by
equating the energy injection rates in the annihila-
tion and decay processes at z = 1091, we find ⌧ &
2 Myr [TeV/mX ][2⌦G̃⇤/⌦DM][�E/3.5 keV].

Results. We now have all the ingredients to identify
viable example models and their observational implica-
tions. We begin by considering a completely thermal sce-
nario, in which the gluino and glueball relic densities are
given by Eqs. (3) and (5). As an example, we consider
the case with ⌦G = 0.8⌦DM and ⌦g̃ = 0.2⌦DM. The re-
quired values of N and ⇠f are shown in the (mX ,⇤) plane
in Fig. 1. Relatively cold hidden sectors are required to
avoid glueballs overclosing the Universe.

In this glueball-dominated scenario, the self-
interaction cross section is essentially �G, and so
is in the desired range for ⇤ ⇠ 100 MeV. This
constraint and the �E = 3.56 keV band are also
shown in Fig. 1. These bands overlap, for example, at
(mX ,⇤) = (3 TeV, 70 MeV), where ↵X ⇡ 0.013, N ⇡ 10,
and ⇠f ⇡ 4⇥ 10�3. At this point, �G̃⇤ is far too small to
explain the keV line flux in the short lifetime scenario.
However, the flux can be explained by long-lifetime
decays. Equation (14) implies ⌧ ⇠ 30 Gyr, which, given
Eq. (10), implies a connector mass mC ⇠ 4� 6 TeV.

We now consider the case where the gluon density is
depleted to ⌦G ⇡ 0 through some mechanism, such as
the one of Ref. [25] described above. Glueballs then do
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FIG. 2: Pure glueballino SIMPle dark matter with ⇠f = 1.
For fixed (mX ,⇤), N is determined by ⌦g̃ = ⌦DM; contours
of N = 3, 10, 30 are shown. In the indicated bands, �/m =
0.1�10 barn/GeV, �E = 0.356�35.6 keV, and short-lifetime
G̃⇤ decays give a keV line flux within an order of magnitude to
explain the Perseus observations, assuming �G̃⇤ = �G̃. The
flux may also be explained by long-lifetime G̃⇤ decays (see
text). In the lower-right shaded regions, G̃ re-annihilation
may be significant for the values of N indicated.

not overclose the Universe for any ⇠f , and we consider
⇠f = 1. The resulting parameters are shown in Fig. 2.

In this pure G̃ scenario, the preferred self-interactions
and keV line energy overlap, for example, at (mX ,⇤) =
(350 GeV, 20 MeV), where ↵X ⇡ 0.019 and N ⇡ 10. The
keV line flux may again be explained by long-lifetime
decays; in this case, Eq. (14) implies ⌧ ⇠ 1000 Gyr,
which, given Eq. (10), implies mC ⇠ 3 � 9 TeV. In this
case, however, the self-interactions also imply a large up-
scattering rate, and so the short lifetime scenario is also
viable where all three bands overlap in Fig. 2. A lifetime
of ⌧ ⇠ 1015 s implies mC ⇠ 500� 700 GeV, which is be-
yond collider limits on particles that have electric charge,
but not strong interactions, in the visible sector.

Conclusions. Currently there are tantalizing as-
trophysical indications that dark matter may be self-
interacting and the source of a 3.5 keV X-ray line. Al-
though neither of the indications for self-interactions and
keV lines is unambiguously compelling individually, they
are both interesting, and more so if they may be ex-
plained simultaneously in a simple model.

We have explored these in the context of a simple hid-
den sector: a supersymmetric pure SU(N) gauge the-
ory. The astrophysical hints favor mX ⇠ TeV thermal
relics interacting with ⇤ ⇠ 100 MeV force carriers, with
photons created by transitions between highly degenerate
states with �E ⇠ 10 keV. In this model, the qualitative
hierarchy �E ⌧ ⇤ ⌧ mX and the quantitative relation
�EmX ⇠ ⇤2 are naturally explained by asymptotic free-
dom and, essentially, atomic physics. Despite its simple
formulation, the model has a rich cosmology, with both
glueballs and glueballinos contributing to dark matter,
and decays that can be either short and long compared



Conclusions
• There are interesting puzzles when one looks at the small scale structure of 

the Universe.

• While subject to the limitations of simulation and a lot of astrophysical 
uncertainty, the fact that a number seem to point in the same direction may 
indicate cracks in the CDM paradigm.

• Large self-scattering of the dark matter is one possible solution.  I explored 
the idea that the dark matter could be a composite particle as a way to 
realize the large cross sections.

• These models naturally lead to multiple components of dark matter, some of 
which may be strongly self-interacting.  There are a lot of astrophysical and 
simulation issues to understand if this is the case.

• More generally, the study of structure could provide a unique window on 
particle properties of dark matter which are very difficult to access through 
the standard particle physics searches.


