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Theories for Dark Matter
• Our knowledge of dark matter most in terms of what it isn’t 

!

• No (unsuppressed) QCD or electromagnetic charges 
!

• Upper limits on annihilation/scattering cross sections 
• Not the neutral component of an EW doublet 
!

• Non-relativistic early in the Universe’s history
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Theories for Dark Matter
• But we know it exists, and existed in the early Universe. 
• So what is it? 

• Lot’s of theoretical options. 
• Common to consider models that are related to other 

problems.
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Confining Dark Matter
• Most visible energy density from a confining gauge force. 

• Reasonable to ask if dark matter is like this too. 
!

• Well motivated from a number of theoretical angles: 
• Asymmetric dark matter 
• Technicolor dark matter 
• Theories of “scale-less” Standard Model+dark matter 
• Provides explicit examples with interesting 

phenomenology in dark matter experiments
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Confining Thermal Relics
• Assume dark matter is a thermal relic. 

• Requires freeze-out annihilation cross-section  
!

!

• For dark confining sector similar to Standard Model QCD, 
dark matter would be stable baryon. 
• Confining scale     will set both               and 
• Thermal relic abundance when 
• Similar to unitarity limit on thermal dark matter.  
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Confining Thermal Relics
• Dark sector is not the visible sector 
• No reason to expect gauge groups, number of flavors, 

ratios of             to be as in the Standard Model. 
• Can we separate        and    ? 

• From QCD:
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Confining Thermal Relics
• Pions can be significantly lighter than  

• Can be made stable if quarks are real or pseudoreal 
reps of confining gauge group. e.g. doublets of 

• Now dark matter depends on multiple parameters 
!

• Still have to have connections to Standard Model:

7
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FIG. 3: Relic abundance evolution for N/N̄ (YDM , blue), charged mesons Π± (red), and neutral mesons Π0 (green) assuming
M = 200 GeV, FΠ = 700 GeV, and decay with widths given by Eq. (18) for Π0 and Eq. (13) for Π±.

In terms of the non-relativistic fields, the corresponding Hamiltonian for interaction of the ectonucleon with the EM
field of an ordinary nucleus is given by [60]

H = −
e
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with resulting scattering cross-sections
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r20
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with µND the reduced mass of the nucleus-dark matter system, and r0 the charge radius of the target nucleus. We
will follow the choice of Ref. [60] by taking r0 ∼ (1.2 fm) 3

√
A, with A the mass number and Z the atomic number of

the target. We neglect the interaction with the magnetic polarizability, which is generally sub-leading.
The coefficients rD and χE are given by low-momentum dynamics of the strongly-coupled dark sector, and non-

perturbative techniques (such as lattice simulation) should be used in order to accurately determine them. However, for
M ≪ 4πFΠ we can reliably compute these quantities in the framework of chiral perturbation theory (χPT), although
at higher orders these expressions will depend on unknown low-energy constants. Many quantities have been computed
to high order in χPT for QCD, but we cannot in general use these results directly, since the chiral Lagrangian for
symmetry breaking with pseudo-real fermions must be modified to accommodate the enhanced symmetry group
[50, 52]. A one-loop computation of rD and χE within this modified framework would be quite interesting, but is
beyond the scope of this work; here we will use symmetry arguments and the known QCD expressions in order to
make order-of-magnitude estimates.
Because Qu and Qd carry equal and opposite electromagnetic charge in our model, in the limit mu → md we find

a Z2 symmetry of the theory with respect to the field redefinition Qu ↔ Qd and Aµ → −Aµ [21]. Since the electric
field is odd under this symmetry, it is clear that the charge radius must vanish identically, r2D = 0. In the presence
of a mass splitting δm = mu −md, the Z2 symmetry is broken, and we expect to generate a charge radius in some
way parameterically small in δm. For example, the charge radius of the K0 in standard QCD χPT and at one loop
is equal to [61]

⟨r2D⟩K0 =
1

16π2F 2
log(M2

K/M2
π). (28)

As expected, this expression vanishes in the limitms → md. Although theK0 is similar to the ectonucleon with δm ̸= 0
in that both are composite states of two equal-charge fermions with different masses, it is clear that the expression
for the ectonucleon charge radius must be qualitatively different, since as we have noted, all of our Goldstone bosons

Buckley & Neil 1209.6054
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Confining Thermal Relics
• Wide range of parameters that give relic abundance. 
• Annihilation cross section goes as  

• Expected from nuclear scattering, somewhat unique in 
“standard lore” of dark matter phenomenology. 

• Direct detection through charge                                                
radius and polarizability. 
• Vanish at leading order for 

!

• Charged states more accessible at                                         
LHC, but limits still weak.

8
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Fig. 2 shows the relic abundance of the N/N̄ particles resulting from this set of assumptions. In Fig. 3, we show
a sample relic abundance calculation for M = 200 GeV and FΠ = 700 GeV; at large x, the decaying particles
depart from the thermal distribution due to the slow pair annihilation of NN̄ → Π Π. For this benchmark point,
the relic abundance of the dark matter N + N̄ is Ωh2 = 0.105, very close to the experimentally measured value of
0.112± 0.006 [49]. As can be seen from Fig. 2, this choice of parameters is not particularly fine-tuned. Though only
a small region of (M,FΠ) space gives the correct relic abundance, this is due to the precision of the experimental
result, not to any required cancellation in the theory. Thus, we can say that ectocolor dark matter can provide a
viable thermal candidate for dark matter over a wide range of parameter space.

FIG. 2: Relic abundance Ωh2 of theN/N̄ particles as a function of M and FΠ, assuming Π± and Π0 are prevented from going out
of thermal equilibrium due to decays. The parameters providing the observed dark matter abundance ΩDMh2 = 0.112±0.006 [49]
are shown in red.

III. EXPERIMENTAL SIGNATURES

A. Direct Detection

Although our dark matter particle is an electroweak-neutral bound state, we expect it to interact with ordinary
matter through photon and Z-boson exchanges with the bound ectoquarks. In the present Universe, such interactions
will occur only at very low energy, so they must be described in terms of electromagnetic form factors of the ectobaryons
(we ignore weak exchanges, which will be further suppressed by mZ and sin2 θw in the context of direct detection.)
The interactions between composite dark matter particles and electromagnetic fields can be treated in an effective

theory, expanding in the velocity vµ of the dark matter. The spin of the dark matter, in particular whether it is
fermionic or bosonic, determines which operators will appear [59]. For the model which we are considering in detail,
the ectobaryon is a spin-0 boson. The leading interactions will then proceed through the charge radius operator,

LCR ⊃
1

Λ2
N̄Nvν∂µF

µν , (23)

and the EM polarizability,

Lpol. ⊃
1

Λ3
N̄NFµνF

µν , Lv−pol. ⊃
1

Λ3
N̄NvµvνF

µσF ν
σ. (24)
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Unsolved Problems
• A problem with dark matter theory is that there are too 

many good ideas. Which to pursue? 
• Always nice to have an experimental push. 

• Consider the “Crisis in small scale structure”

9
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Fig. 5.— The reconstructed matter power spectrum: the stars show the power spectrum from combining ACT and WMAP data (top
panel). The solid and dashed lines show the nonlinear and linear power spectra respectively from the best-fit ACT ⇤CDM model with
spectral index of ns = 0.96 computed using CAMB and HALOFIT (Smith et al. 2003). The data points between 0.02 < k < 0.19 Mpc�1

show the SDSS DR7 LRG sample, and have been deconvolved from their window functions, with a bias factor of 1.18 applied to the data.
This has been rescaled from the Reid et al. (2010) value of 1.3, as we are explicitly using the Hubble constant measurement from Riess et al.
(2011) to make a change of units from h�1Mpc to Mpc. The constraints from CMB lensing (Das et al. 2011), from cluster measurements
from ACT (Sehgal et al. 2011), CCCP (Vikhlinin et al. 2009) and BCG halos (Tinker et al. 2011), and the power spectrum constraints
from measurements of the Lyman–↵ forest (McDonald et al. 2006) are indicated. The CCCP and BCG masses are converted to solar mass
units by multiplying them by the best-fit value of the Hubble constant, h = 0.738 from Riess et al. (2011). The bottom panel shows the
same data plotted on axes where we relate the power spectrum to a mass variance, �M/M, and illustrates how the range in wavenumber k
(measured in Mpc�1) corresponds to range in mass scale of over 10 orders of magnitude. Note that large masses correspond to large scales
and hence small values of k. This highlights the consistency of power spectrum measurements by an array of cosmological probes over a
large range of scales.

Hlozek et al 1105.4887
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A Small Crisis
• Number of dwarf galaxies inconsistent with predictions 

from dark matter simulations. 
!
!
!
!
!

• Predicted dwarf galaxies                                                  
too dense  
• “Too Big to Fail” 

• Profiles of dwarf galaxies                                                    
more cored than simulations.

10
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Via Lactea dark matter simulation
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Figure 2: The left panel is a compilation51 of observed innermost dark matter density profile slopes (↵ where ⇢DM(r) / r↵) for field dwarf
galaxies, plotted at the innermost point where a robust determination has been achieved. Where the slope ↵ can be measured interior to
around one kiloparsec, it is typically much shallower (↵ > �1) than the simulated “NFW” result. The right panel77 shows the probability
distribution function on the parameter � = �↵ for a selection of galaxy clusters (M ⇠ 1015M�). While the constraints on individual
clusters are quite broad, the combined constraints (thick line) again indicate a shallower-than-NFW slope.

and LRIS30. One can either look for blue-shifted absorption in the
spectra of galaxies themselves31 or as ‘intervening’ features in the
spectra of background quasars29. A natural source for the energy
required to generate these outflows is supernovae32 and ionising
radiation33, 34 associated with stellar populations. In addition, en-
ergy released during accretion onto a massive central black hole
may have a role to play, although the available energy is thought to
scale steeply with the black hole’s mass, limiting these effects to
the brightest galaxies or their progenitors19, 20.

Recent results underline the ubiquity of outflows35 and show that
their speed likely scales with the star formation rate of the associ-
ated galaxy (see Figure 1). Galaxies are surrounded by enriched
gas moving at hundreds of kilometres per second36 in bubbles
extending to 100 kpc or more. This result is exceptionally hard
to explain without significant galactic winds. Mounting evidence
also suggests that much of the in-flowing material into galaxies
may also be metal-enriched37, consistent with a picture in which
much of the wind does not attain the escape velocity but instead
re-accretes38, 39.

A separate argument also points to the importance of winds dur-
ing galaxy formation. Observed stellar profiles of small galaxies
are mostly ‘bulgeless’, i.e. well approximated by a disk of gas
and stars with an almost exponential profile40, 41. Yet cosmological
simulations show that the dark matter and baryons accumulated in
all galaxy halos contain a large fraction of low angular momentum
material42 – which would imply the presence of a bulge43. This
problem, known as the ‘angular momentum catastrophe’, is solved

if low angular momentum gas is ejected44, 45 by winds at relatively
high-z when SF peaks46. This makes the physics of galactic winds
of fundamental importance to understanding the population of disk
galaxies, even before the effect on DM is considered.

3 Evidence for a cusp-core discrepancy

We now turn our attention to the excessive quantity of dark matter
predicted by the CDM model compared to measured densities in
the innermost regions of galaxies and clusters.

Dwarf galaxies As explained above, the under-abundance of dark
matter in the centre of dwarf galaxies relative to theoretical pre-
dictions is known as the cusp-core discrepancy. The problem was
discovered as soon as cosmological simulations became capable
of predicting halo structure47, 48. Although acceptance was grad-
ual, it is now firmly established that robust measurements of the
dark matter density can be made from rotation curves of gas-rich
dwarf galaxies ‘in the field’ (i.e. away from the influence of larger
galaxies). In the innermost regions r

⇠

< 0.5 kpc the baryonic con-
tribution to the potential is comparable to that of the dark matter
and must be subtracted11, 49. Consequently inferring the dark mat-
ter density requires (1) high spatial resolution of the gas and stellar
kinematics (2) a comprehensive understanding of how to estimate
and subtract the stellar and gas mass distribution from the central
kiloparsec and (3) careful handling of systematic observational er-
rors. The last category encompasses possible biases arising from
radio beam-smearing, departure from circular orbits, centring diffi-
culties, unknown details of stellar mass-to-light ratios and gravita-

3
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Self-Interacting Dark Matter
• Some of these problems may be “fixed” by self-scattering 

in dark matter 
• Allows fast DM to transfer energy to slow-moving DM

11

4 M. Vogelsberger et al.

Figure 2. Density (left panels) and velocity dispersion profiles (right panels) of haloes of different masses. The top panels are for the case of a constant
cross section (�max

T

/m
�

= 10 cm2 g�1) showing the profiles after 25 t
0

. Bottom panels are for the case of a velocity-dependent cross section (v
max

=
30 km s�1, �max

T

/m
�

= 10 cm2 g�1) after 1 Gyr. In scaled units, the constant cross section curves for all masses collapse to a single one. For the
velocity-dependent case, evolution progresses faster for lower mass systems, because (�

T

v) peaks at a velocity of 30 km/s.

and velocity distribution functions we can now calculate the num-
ber of expected scattering events and compare this to the N-body
/ Monte Carlo results obtained with the technique presented in the
paragraphs above.

As an example of the number of scattering events expected in
a DM halo, we take a smooth spherical distribution of DM with a
Hernquist density profile (Hernquist 1990):

⇢(r) =
Ma

2⇡r
1

(r + a)3
, (7)

where M is the total mass of the halo and a its scale length. The
velocity dispersion profile for the Hernquist halo follows from the
Jeans equation, which for an isotropic velocity distribution and us-

ing Eq. (7) gives:

�

2
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12a


12r(r + a)3

a
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It is then straightforward to compute the scattering rate using
Eq. (5). To compare these analytical expectations with N-body
simulations, it is necessary to take into account the mass resolu-
tion of the simulation. We therefore need to multiply Eq. (5) with
m

�

/m

dm

, where m

dm

is the DM particle mass of the simulation,
which yields the number of scatter events in the simulation volume.

The left panel of Figure 1 shows the analytically calcu-

© 2012 RAS, MNRAS 000, 1–14
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Figure 4. Subhalo mass function for a MW-size halo within CDM and dif-
ferent elastic SIDM models. The only model that leads to a difference rel-
ative to CDM has a constant cross section of �T /m=10 cm2 g�1, which
is clearly ruled out by cluster observations.

SIDM model by suggesting that a value of �T /m=0.1 cm2 g�1 is
seemingly consistent with the inner structure of the MW dSphs.

Motivated by the prospect of a viable constant cross section
SIDM model, we investigate the claims from Rocha et al. (2012)
using high resolution cosmological SIDM simulations of a MW-
size halo. Contrary to Rocha et al. (2012), we are able to resolve
the sub-kpc structure of the massive subhalo population to suffi-
ciently small radii for comparison with the MW dSphs. We find that
a velocity-independent SIDM model is consistent with the kinemat-
ics of dSphs only if �T /m⇡1 cm2 g�1 (see Fig. 2), i.e., a value of
this order is required to solve the too big to fail problem (Boylan-
Kolchin et al. 2011, 2012). If the cross section is lower by an order
of magnitude, the subhalo population is still too dense to be con-
sistent with the MW dSphs. On the other hand, as shown already
in VZL, velocity-dependent SIDM models with a Yukawa-like in-
teraction (as proposed in Loeb & Weiner 2011, see Fig. 1) success-
fully solve the too big to fail problem.

We also use the inner slopes of the mass profiles of For-
nax and Sculptor, from the analysis of Walker & Peñarrubia
(2011), as examples to test the consistency of the different mod-
els we simulate here. For a velocity-independent SIDM model with
�T /m⇠0.1 cm2 g�1, we find that 13 of of the 15 subhaloes with
the largest V

max

(z = 0) values are inconsistent with the data from
Fornax (Sculptor) at > 95(90)% confidence (the other two are in-
consistent at & 81% confidence). A constant cross section ten times
larger is as consistent as the velocity-dependent SIDM models ex-
plored here with only four (three) of the top 15 subhaloes excluded
at > 90(80)% confidence in the case of Fornax (Sculptor); for
all these cases, there are several subhaloes that are unambiguously
consistent with the data.

According to the analysis of Peter et al. (2012), a constant
cross section of �T /m=1 cm2 g�1 is likely inconsistent with the
observed halo shapes of several clusters. We have now shown that
�T /m=0.1 cm2 g�1 is too close to CDM to represent a distinct
alternative. An interpolation of our simulations suggests that the
central densities of the massive subhaloes would be consistent with
the MW dSphs if �T /m⇠0.6 cm2 g�1. We conclude that the hy-
pothesis of a constant scattering cross section as solution to the
core-cusp problem remains viable but within a very narrow range

of �T /m values. The challenges to make a definitive test of this hy-
pothesis are twofold: the cluster-constraints need be refined, and the
impact of conservative baryonic processes needs to be estimated.
Although adding gas physics is the next step of SIDM simulations,
a challenge to make SIDM an even more attractive alternative to
CDM is the prospect of explaining the observed scarcity of MW
satellites and field dwarfs (e.g. Klypin et al. 1999; Zavala et al.
2009) without invoking extreme baryonic processes. As we show
in Fig. 4, all allowed elastic SIDM models essentially produce the
same abundance of dwarf-size haloes as in CDM. A promising pos-
sibility is that of exothermic interactions between excited and non-
excited states of dark matter (e.g. Loeb & Weiner 2011). The ve-
locity kick imparted during the collision might be large enough to
cause the evaporation of low-mass haloes.
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Self-Interacting Dark Matter
• Might also be fixed by baryonic feedback, now being 

included in simulations. 
!

• Until recently, no one had                                                
included both baryons                                                              
and SIDM 

• Baryons might solve                                                             
small-scale crisis, but                                                             
still room for SIDM

12

Dwarf Galaxies in SIDM vs CDM 5

Figure 2. RADIAL PROFILES:Left:The radial density profile of the DM component for halos/galaxies h516 and h2003. Right:The velocity dispersion of DM
component in the same halos/galaxies. h516-CDM: blue. h516-SIDM: red. h2003-CDM: cyan. h2003-SIDM: magenta. Dashed: DM-only runs. Both density
and dispersion profiles become similar in CDM vs SIDM once baryonic processes are introduced.

3.2 Simulations with SF: SIDM similar to CDM when
Baryon Physics are relevant.

We focused our hydrodynamical simulations on the largest galax-
ies formed in the filamentary regions ‘h516’ and ‘h2003’. These are
two well studied fields: h2003 is the same halo simulated in Gov-
ernato et al. (2014) while h516 is the main halo of Governato et al.
(2010) and of the “7 dwarfs” galaxies sample studied in Shen et al.
(2014) and Madau et al. (2014). The SF parameters in our study
were identical for all CDM and SIDM simulations. They also cor-
respond to the fiducial “g5” runs in Governato et al. (2014), where
we explored the effects of different feedback and SF recipes in the
context of comparing the formation of dwarfs in CDM vs Warm
scenarios. Here we emphasize that our SF implementation creates
repeated starburts and gas outflows with significant loading factors
(gas mass ejected from the center divided by star formation rate).
Multi-wavelength evidence for outflows, analysis of the stellar pop-
ulations in the SDSS dwarfs and realistic CMDs (Governato et al.
2014) give strong support to our implementation of SF. This ap-
proach differs from the SIDM study of Vogelsberger et al. (2014)
where less bursty feedback do not create substantial DM cores. The
baryonic content of the galaxies in our study are summarized in Ta-
ble 2.

Figure 2 (left panel) compares the density profiles of the DM
component of galaxies h516 and h2003. In DM-only simulations
halos with masses > 1010 M� have cuspy profiles (halo h2003:
cyan dashed, halo h516: blue dotted). Once baryon physics and
outflows are introduced, flatter DM profiles are created in both
SIDM and CDM cosmologies. The blue dashed (CDM-only) vs
blue (CDM+SF) lines and the red (SIDM+SF) show results for
h516. The cyan dashed (CDM-only) vs cyan solid (CDM+SF) lines
and the magenta (SIDM+SF) lines show results for h2003, the
smaller halo. In both CDM and SIDM models the central cuspy pro-
files have been significantly flattened inside 1 kpc. h516, the most
massive halo studied with the inclusion of SF, is the one where
the central DM density decreases the most. This result is consis-

Figure 3. EFFECTS OF BARYONS PHYSICS: The central density of CDM-
only halos (blue) vs their SIDM (red) counterparts run with baryon physics
and bursty feedback. Lines connect the DM-only runs of h516 and h2003
to their counterparts with baryons. For our choice of the SIDM interaction
cross section and for halos with V

max

> 50 km s�1(corresponding to stel-
lar masses larger than 108 M�) the central mass of CDM and SIDM halos
is similar, but significantly lower than the predictions of CDM-only runs.
Due to low DM interaction rates and lack of bursty outflows, at lower halo
masses both cosmologies give similar predictions: cuspy central DM pro-
files. Larger SIDM cross sections would be able to differentiate the various
models in halos with V

max

< 20km s�1as DM cores would then form in
galaxies were baryon physics do not play a major role.

tent with previous findings (Governato et al. 2012; Di Cintio et al.
2014), showing that the efficiency of core formation peaks in halos
with V

max

⇠ 50 km s�1.
Figure 2 (right panel) compares instead the velocity dispersion

profiles of the DM component in halos h516 and h2003. As for the

© 2012 RAS, MNRAS 000, 1–12

Fry et al in prep
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Confining SIDM
• Necessary SIDM scattering cross section is big 

!

!

• Demands large couplings, or light mediators, or both. 
• Perfect playground for confining dark sectors 
• Not necessary for confining dark matter, but a 

possibility that can be realized depending on 
parameters. 

• Note that “atomic” dark matter also attractive. 
• Why should dark matter be boring?

13
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SIDM in the Early Universe
• Simulations of dark matter with or without self-interactions 

need a set of initial conditions for the Universe. 
• Typical to start with the power-spectrum of cold DM

14
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Fig. 5.— The reconstructed matter power spectrum: the stars show the power spectrum from combining ACT and WMAP data (top
panel). The solid and dashed lines show the nonlinear and linear power spectra respectively from the best-fit ACT ⇤CDM model with
spectral index of ns = 0.96 computed using CAMB and HALOFIT (Smith et al. 2003). The data points between 0.02 < k < 0.19 Mpc�1

show the SDSS DR7 LRG sample, and have been deconvolved from their window functions, with a bias factor of 1.18 applied to the data.
This has been rescaled from the Reid et al. (2010) value of 1.3, as we are explicitly using the Hubble constant measurement from Riess et al.
(2011) to make a change of units from h�1Mpc to Mpc. The constraints from CMB lensing (Das et al. 2011), from cluster measurements
from ACT (Sehgal et al. 2011), CCCP (Vikhlinin et al. 2009) and BCG halos (Tinker et al. 2011), and the power spectrum constraints
from measurements of the Lyman–↵ forest (McDonald et al. 2006) are indicated. The CCCP and BCG masses are converted to solar mass
units by multiplying them by the best-fit value of the Hubble constant, h = 0.738 from Riess et al. (2011). The bottom panel shows the
same data plotted on axes where we relate the power spectrum to a mass variance, �M/M, and illustrates how the range in wavenumber k
(measured in Mpc�1) corresponds to range in mass scale of over 10 orders of magnitude. Note that large masses correspond to large scales
and hence small values of k. This highlights the consistency of power spectrum measurements by an array of cosmological probes over a
large range of scales.
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SIDM in the Early Universe
• SIDM      keeps dark matter in kinetic equilibrium, until 

!

• This can be until very late times (              ) 
• Might expect this to alter the initial power-spectrum of 

dark matter in SIDM, in addition to altering the evolution of 
small-scale structure 

• e.g. “warm” DM
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FIG. 4: Projected dark matter density at z = 0 in a slice of thickness 20h�1Mpc through the full box (64h�1Mpc on a side)
of four of our simulations, which have 5123 particles. Ordered from top left to bottom right, according to the abundance of
low-mass halos: CDM, ADMsDAO, ADMwDAO and WDM (see Table I).

At larger redshifts, the nonlinear matter power spectra shown in Fig. 3 significantly depart from that of CDM.
Indeed, while the power spectra of our three benchmark models were largely indistinguishable at z = 0 for k . 5h
Mpc�1, we note that they all display very di↵erent shapes at z = 5 on the scales probed by our simulations. This
indicates that the structure formation history in each model is in general quite di↵erent, leading to distinct predictions
about the structure of the high-redshift universe as will soon become apparent in our study of the halo mass function.
Essentially, low-mass halos (. 1013h�1 M�) in our two ADM simulations form later than in the CDM case but earlier
than in the WDM analogue model, implying that the densities of ADM halos will be somewhat in between these two
limiting cases (as, for the moment, we are not discussing the impact of self-scattering). Among other e↵ects, this has
implications for the reionization history of the Universe in SIDM models with light mediators and could potentially
be probed with high-redshift tracers of the density field such as the 21-cm line [133–137].

In Fig. 4, we give a visual impression of the simulations at z = 0 by showing the projected dark matter distribution
within a slice that is 20h�1Mpc thick. The color scale is arranged in such a way that regions of higher density appear
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SIDM in the Early Universe
• If SIDM given by “black disk” scattering, then energy 

can’t propagate very far.  
• But add a light force carrier,                    until 

• This will allow energy to free-stream in early Universe
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FIG. 1: Comparison between the linear matter power spectra as a function of wavenumber k for SIDM with a light mediator
(here, dark atoms) and that of WDM with a free-streaming length comparable to the sound horizon of the former. We also
display the standard matter power spectrum for cold collisionless dark matter as well as a fit to the Silk damping envelope of
SIDM. The left panel displays the benchmark model for which rDAO � rSD (strong DAO), while the right panel shows the
scenario for which rDAO ⇠ rSD (weak DAO). Here, ⇠0 ⌘ ⇠(TCMB,0).

In Fig. 1, we show the linear power spectrum of CDM, compared to that of a dark atom model, with two benchmark
parameter sets that exemplify strong (left panel) and weak (right panel) DAOs. The power spectrum is calculated
using the full Boltzmann equations for dark matter coupled to dark radiation [53]. The two parameters sets are:

Strong DAO: mD = 1 GeV, ↵D = 8⇥ 10�3, BD = 1 keV, ⇠(TCMB,0) = 0.5 (9)

Weak DAO: mD = 1 TeV, ↵D = 9⇥ 10�3, BD = 1 keV, ⇠(TCMB,0) = 0.5, (10)

where TCMB,0 is the temperature of the CMB today. In this paper, we will denote the two models as ADMsDAO and
ADMwDAO. We note that both models considered in this work are in agreement with the cosmological constraints
presented in Ref. [74]. In the ADMsDAO case, we observe that the power spectrum displays a number of nearly-
undamped oscillations before the Silk damping cuto↵ (dot-dashed damping envelope) becomes important on smaller
scales. In contrast, for the ADMwDAO case even the first oscillation is strongly Silk-damped as compared to the CDM
amplitude. In both cases, we observe that the overall shape of the linear matter power spectrum of SIDM models with
long range forces significantly departs from that of WDM and CDM (also shown in Fig. 1) on small length scales,
but is otherwise identical to CDM on larger cosmological scales. The evolution of the two key scales, rSD and rDAO,
as a function of the scale factor a is shown in Fig. 2. The scale factors of kinetic decoupling aD, used in Eqs. (7)
and (8), are also shown as vertical dashed lines. As expected, (rDAO/rSD)|a=aD � 1 in the strong DAO case, while
(rDAO/rSD)|a=aD ⇠ 1 in the weak DAO case.

In this work, we are interested in the impact of the dark matter microphysics (through its e↵ect on the matter
power spectrum and the self-scattering cross section) on the number density and distribution of small scale structure
in the Universe. It is therefore useful to convert the length scales rDAO and rSD (or, their equivalent wavenumbers)
into the mass of a collapsed dark matter halo of the corresponding size. The mass of dark matter enclosed today by
wavenumber k is approximately:

M(k) ⇡ (1012 M�)

✓
k

Mpc�1

◆�3

. (11)

For comparison, in supersymmetric models with a “standard” neutralino dark matter candidate, the mass cut-o↵
in the power spectrum is set by the temperature at which the dark matter kinetically decouples from the relativistic
Standard Model neutrinos. Under reasonable assumptions for the neutralino physics, this occurs around T ⇠ 30 MeV
[112–115]. The physical Jeans wavenumber, setting the scale at which perturbations will begin gravitational collapse
(assuming sound speed vs) is:

kJ =

✓
4⇡⇢(T )

m2
Plv

2
s

◆1/2

. (12)

Here ⇢(T ) is the total energy density of the Universe at temperature T . Assuming that the Universe is radiation-
dominated at this point in its history, the Jeans wavenumber for such models is kJ ⇠ 106 Mpc�1, and so dark matter
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Multiple Effects from SIDM
• If your model has such a long-range force, get two sets of 

effects on formation of structure: 
• “Regular” effects of SIDM (small-scale crisis related) 
• Initial suppression of small halos, like warm dark matter

17
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FIG. 3: Evolution of the dimensionless matter power spectrum �2(k) ⌘ k3P (k) for the WDM (upper left, dotted red line),
ADMwDAO (upper right, dashed blue line), and ADMsDAO (lower panel, solid blue line) simulations. In each case, the CDM
power spectrum is shown in black for comparison. We display the fully nonlinear �2(k) evaluated at 6 di↵erent redshifts from
z = 10 to z = 0. The dotted vertical lines at large and small k values denote the Nyquist frequency of our simulation box and
the largest scale (fundamental mode) probed by our simulations, respectively.

particles within individual halos, the 1-halo term). A suppression is also observed for our WDM benchmark at z = 0
for large wave numbers, but its magnitude is slightly larger than in the ADMsDAO case, in line with our expectations
given the absence of acoustic oscillations in this model. At first sight, it thus seems that nonlinearities erase the
distinction between rDAO and rSD in �2(k) at low redshifts in SIDM models with relativistic force carriers, e↵ectively
replacing these two quantities by a single e↵ective damping scale. However, as we discuss below, the actual situation
is more subtle and interesting.
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Multiple Effects from SIDM
• Reduction of the central density of small halos 

• Small halos form later, when Universe less dense 
• Independent of SIDM scattering
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FIG. 7: Radial density profiles for four example halos at z = 0 with masses of M = 1.4 ⇥ 1014, 1.7 ⇥ 1013, 5.5 ⇥ 1012, and
1.6⇥ 1012M� (from top left to bottom right). The vertical dashed line marks the resolution limit 3✏ of our simulation, where
✏ ⇠ 2.8h�1 kpc is the Plummer-equivalent softening length. Notice how only the simulation with self-interactions develops
cored dark matter profiles, clearly resolved at the highest masses. The remaining simulations have less dense low-mass (close
to the filtering mass scale) halos than CDM due to the modification of their initial power spectrum. Although less dense than
CDM, these halos still have a steep NFW-like inner density profile. The value of the virial mass in each legend is that of the
CDM simulation.

only the collisional run has the deviation from NFW profiles in the inner slope of halos, as discussed previously.
This reduction in halo density in simulations with suppressed small scale power (relative to CDM) can be seen

statistically in Fig. 8. Here, for each halo within a simulation, we plot the maximum velocity Vmax (a measure of the
total enclosed mass) versus the radius Rmax at which this maximum velocity is found. The black solid line and shader
area show the median and 1� regions of the CDM distributions. For the other simulations, only the median is drawn.
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This reduction in halo density in simulations with suppressed small scale power (relative to CDM) can be seen
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Return to Confining DM
• These effects only realized when there exists a relativistic 

force carrier. Can we do this with confining DM models? 
• Yes. Assuming similar parameters to QCD 

• Scattering gets boost from deuterium bound state 
• Not guaranteed to get thermal relic abundance
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Figure 6: Isospin-averaged elastic cross section for neutron-
proton scattering versus energy, using data from the ENDF
library [102].

4. DARK “BARYONS”

We turn to our next example of composite strongly
interacting dark matter, in which the candidate is analo-
gous to nucleons of the visible sector: bound states of hid-
den quarks confined by an unbroken SU(N) gauge sym-
metry. For simplicity we will assume a common quark
mass mq and take the number of colors and light fla-
vors each to be three as in QCD. The quark mass and
confinement scale ⇤ are considered as the relevant free
parameters. Equivalently, one can take the pion mass
m⇡ ⇠ p

mq⇤ and ⇤ as the two free parameters. Also
for simplicity, we will at first neglect any additional U(1)
interactions (dark photons) of the hidden quarks.

4.1. SIDM constraints

As a starting point to understand the elastic scatter-
ing of dark “baryons,” we consider the example of real
neutron-proton scattering, whose cross section as a func-
tion of center of mass energy is shown in fig. 6. To fo-
cus on the contribution from the strong force, we are
interested in the flat region starting at energies above
E0 ⇠ 0.1 eV, since the rising cross section below this
value is due to electromagnetic charge-dipole scattering.
In the plateau, � ⇠= 20 b, so that �/m ⇠= 10 cm2/g, which
is 17 times larger than needed for SIDM. We are inter-
ested to know how the parameters of QCD would need
to be rescaled in a dark analog theory to bring this down
to the desired value.

There are two parameters that primarily control the
nucleon-nucleon elastic cross section. One is the confine-
ment scale ⇤ of the strong SU(N) interactions. Naively,
one would estimate on dimensional grounds that the
nucleon mass is Nc⇤ (assuming current quark masses
mq  ⇤), while the cross-section is � ⇠ 4⇡⇤�2. There-
fore �/m ⇠ 4⇡/(Nc⇤3). Using this estimate and the pa-
rameters of real-world QCD, ⇤ ⇠ 250 MeV and Nc = 3,
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Figure 7: Contours of log
10

([�/m]/[0.6cm2/g]) in the plane of
confinement scale ⇤ and pion mass m⇡/⇤. Solid line (labeled
“0”) corresponds to desired value.

we would estimate �/m ⇠ 0.2 cm2/g. The naive estimate
is too low by a factor of 50. The origin of the discrep-
ancy is well-known: there is a resonant enhancement of
the cross section due to the weakly bound deuteron. A
better estimate for �/m is given by 2⇡/(Nc⇤2Eb), where
Eb = 2.2 MeV is the binding energy of the deuteron,
which could be considered as the other parameter con-
trolling �.
Of course Eb is not a fundamental parameter of the

theory, but it gives a clear picture of the physics con-
trolling �. It turns out that Eb depends sensitively on
the mass of the pion (hence the quark masses). The ef-
fective range parameters for nucleon-nucleon scattering
have been studied as a function of m⇡ in lattice gauge
theory [103]. They are the scattering length a and e↵ec-
tive range r0 in terms of which the scattering amplitude
is given by

A =
4⇡

mN (�ip� a�1 + 1
2r0p

2 +O(p4))
(20)

where mN is the nucleon mass and p is the center-of-mass
momentum.
Fitting to the results of fig. 1 of [103], we can express

the scattering lengths in the singlet and triplet spin chan-
nels as

as =
0.58⇤�1

m⇡/⇤� 0.57
, at =

0.39⇤�1

m⇡/⇤� 0.49
(21)

where we have taken ⇤ = 250 MeV for QCD. Here 0.49
and 0.57 are the pion-to-⇤ ratios where the deuteron
and the dineutron become bound; they are unbound for
lighter pions and bound for heavier pions. In the analysis
of [103], only m⇡ was varied while ⇤ was held fixed, but
on dimensional grounds, eq. (21) should encode the right
dependence if ⇤ were to be varied. We can therefore pre-
dict the average scattering cross section for low-velocity
nucleons in a dark sector similar to QCD, but with dif-

Cline et al 1312.3325
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Return to Confining DM
• Split DM mass and scale     via heavy DM constituents 
• “Quirks” with electroweak-mass “quarks” and  
• Add in supersymmetry, can get heavy gluino (glueballino) 

dark matter with light glueball mediators.
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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.

Eq. (13) and the ⌃ and flux values of Table I imply

⌧ ⇠ 200 (500) [300] Gyr


TeV

mX

� 
⌦G̃⇤

1
2⌦DM

�
, (14)

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 [45] 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
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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.

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
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-

Boddy et al 1408.6532
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Conclusions
• Adding in confining gauge sectors to dark matter has 

some attractive theoretical properties. 
• Most of the efforts from particle theorists so far involve 

naïve scaling assumptions, based on QCD 
• Lots of room for improvement,  
• Lots of room for models that differ greatly from 

Standard Model, or the                        assumptions
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Fig. 2 shows the relic abundance of the N/N̄ particles resulting from this set of assumptions. In Fig. 3, we show
a sample relic abundance calculation for M = 200 GeV and FΠ = 700 GeV; at large x, the decaying particles
depart from the thermal distribution due to the slow pair annihilation of NN̄ → Π Π. For this benchmark point,
the relic abundance of the dark matter N + N̄ is Ωh2 = 0.105, very close to the experimentally measured value of
0.112± 0.006 [49]. As can be seen from Fig. 2, this choice of parameters is not particularly fine-tuned. Though only
a small region of (M,FΠ) space gives the correct relic abundance, this is due to the precision of the experimental
result, not to any required cancellation in the theory. Thus, we can say that ectocolor dark matter can provide a
viable thermal candidate for dark matter over a wide range of parameter space.

FIG. 2: Relic abundance Ωh2 of theN/N̄ particles as a function of M and FΠ, assuming Π± and Π0 are prevented from going out
of thermal equilibrium due to decays. The parameters providing the observed dark matter abundance ΩDMh2 = 0.112±0.006 [49]
are shown in red.

III. EXPERIMENTAL SIGNATURES

A. Direct Detection

Although our dark matter particle is an electroweak-neutral bound state, we expect it to interact with ordinary
matter through photon and Z-boson exchanges with the bound ectoquarks. In the present Universe, such interactions
will occur only at very low energy, so they must be described in terms of electromagnetic form factors of the ectobaryons
(we ignore weak exchanges, which will be further suppressed by mZ and sin2 θw in the context of direct detection.)
The interactions between composite dark matter particles and electromagnetic fields can be treated in an effective

theory, expanding in the velocity vµ of the dark matter. The spin of the dark matter, in particular whether it is
fermionic or bosonic, determines which operators will appear [59]. For the model which we are considering in detail,
the ectobaryon is a spin-0 boson. The leading interactions will then proceed through the charge radius operator,

LCR ⊃
1

Λ2
N̄Nvν∂µF

µν , (23)

and the EM polarizability,

Lpol. ⊃
1

Λ3
N̄NFµνF

µν , Lv−pol. ⊃
1

Λ3
N̄NvµvνF

µσF ν
σ. (24)
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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.

Eq. (13) and the ⌃ and flux values of Table I imply

⌧ ⇠ 200 (500) [300] Gyr


TeV

mX

� 
⌦G̃⇤

1
2⌦DM

�
, (14)

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 [45] 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
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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.

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
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-
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Conclusions II
• Experimental anomalies are a good way to see where you 

can push your theories. 
• There are a number of anomalies with cold dark matter 

at small scales. 
• Light mediators may resolve these, and give interesting 

deviations from predications that we will be probing soon.
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FIG. 7: Radial density profiles for four example halos at z = 0 with masses of M = 1.4 ⇥ 1014, 1.7 ⇥ 1013, 5.5 ⇥ 1012, and
1.6⇥ 1012M� (from top left to bottom right). The vertical dashed line marks the resolution limit 3✏ of our simulation, where
✏ ⇠ 2.8h�1 kpc is the Plummer-equivalent softening length. Notice how only the simulation with self-interactions develops
cored dark matter profiles, clearly resolved at the highest masses. The remaining simulations have less dense low-mass (close
to the filtering mass scale) halos than CDM due to the modification of their initial power spectrum. Although less dense than
CDM, these halos still have a steep NFW-like inner density profile. The value of the virial mass in each legend is that of the
CDM simulation.

only the collisional run has the deviation from NFW profiles in the inner slope of halos, as discussed previously.
This reduction in halo density in simulations with suppressed small scale power (relative to CDM) can be seen

statistically in Fig. 8. Here, for each halo within a simulation, we plot the maximum velocity Vmax (a measure of the
total enclosed mass) versus the radius Rmax at which this maximum velocity is found. The black solid line and shader
area show the median and 1� regions of the CDM distributions. For the other simulations, only the median is drawn.

10

FIG. 3: Evolution of the dimensionless matter power spectrum �2(k) ⌘ k3P (k) for the WDM (upper left, dotted red line),
ADMwDAO (upper right, dashed blue line), and ADMsDAO (lower panel, solid blue line) simulations. In each case, the CDM
power spectrum is shown in black for comparison. We display the fully nonlinear �2(k) evaluated at 6 di↵erent redshifts from
z = 10 to z = 0. The dotted vertical lines at large and small k values denote the Nyquist frequency of our simulation box and
the largest scale (fundamental mode) probed by our simulations, respectively.

particles within individual halos, the 1-halo term). A suppression is also observed for our WDM benchmark at z = 0
for large wave numbers, but its magnitude is slightly larger than in the ADMsDAO case, in line with our expectations
given the absence of acoustic oscillations in this model. At first sight, it thus seems that nonlinearities erase the
distinction between rDAO and rSD in �2(k) at low redshifts in SIDM models with relativistic force carriers, e↵ectively
replacing these two quantities by a single e↵ective damping scale. However, as we discuss below, the actual situation
is more subtle and interesting.


