
Beyond CDM:  
‘New’ DM candidates 

and structure formation

Céline Boehm

IPPP, Durham                               LAPTH, Annecy

Oslo, 16th January 2015



LCDM forever?

Are we stuck?

Planck 2013

Tegmark et al 2002



The `magic’ properties of WIMPs

You don’t need to know the DM particle mass nor cross section  
(i.e. their particle properties) to make predictions

So far observations are consistent with WIMPs
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constraints from the accumulated cosmological data offers a
more robust method to characterise its nature.

The consequence of DM interactions with SM particles is
to dampen the primordial matter fluctuations and essentially
erase all structures below a given scale (referred to as the
collisional damping scale) [32–34]. The effect is exacerbated
when DM couples to photons and therefore, one can set a
strong upper limit on the DM–⇥ interaction cross section by
examining the resulting CMB spectra.

In fact, a non-zero DM � ⇥ coupling has two specific
signatures. Firstly, as was shown in Ref. [33], large
interactions lead to the presence of significant damping in
the angular power spectrum, which can be constrained using
the position and relative amplitude of the acoustic peaks.
Secondly, after DM ceases to interact with photons, the
collisional damping is supplemented by DM free-streaming4;
this appears as a ‘linear’ translation of the matter power
spectrum and can also be constrained (if the effect is
substantial enough). Therefore, with the first data from the
Planck satellite [41], one can set a limit on DM–⇥ interactions
with unprecedented precision.

In this study, we extend the preliminary analysis of
Ref. [33] much further and show that a non-negligible DM–⇥
coupling also generates distinctive features in the temperature
and polarisation power spectra at high ⌅. One can use these
effects to search for evidence of DM interactions in CMB data
and determine (at least observationally) the strength of DM–⇥
interactions that we are allowed. This work will be extended
to other DM interactions in a future publication.

The paper is organised as follows. In Sec. II, we discuss
the implementation of DM–⇥ interactions and the qualitative
effects on the T T and EE components of the angular power
spectrum. In Sec. III A, we constrain these interactions by
comparing the spectra to the latest Planck data, and find the
best-fit cosmological parameters. In Sec. III B, we present our
predictions for the temperature and polarisation spectra for the
maximally allowed value of the elastic scattering cross section
that we obtain. We conclude in Sec. IV.

II. IMPLEMENTATION OF THE DM–⇥ INTERACTIONS

In this section, we recall the modified Boltzmann equations
used to incorporate interactions of DM with photons [33] and
discuss their implementation in the Cosmic Linear Anisotropy
Solving System (CLASS) code5 (version 1.7) [42, 43].

The current version of CLASS offers a choice between two
gauges for the definition of cosmological perturbations: the
Newtonian gauge, and the synchronous gauge comoving with
DM (see e.g. Ref. [44]). In the presence of coupled DM, the
synchronous gauge equations should be slightly reformulated

4 Assuming the DM–⇥ decoupling happens before the gravitational collapse
of such fluctuations and the DM velocity is not completely negligible at
this time; this offers a way to determine the decoupling epoch.

5 class-code.net

since the gauge can be fixed by imposing ⌅DM = 0 at the initial
time but not at all times. For simplicity, we implemented
the DM–⇥ interactions in the Newtonian gauge only. All
equations in this section refer to that gauge, assuming a flat
universe and taking derivatives with respect to conformal
time, ⌥. Our notation is consistent with Ref. [44].

A. Modified Boltzmann equations

In the absence of DM interactions, the Boltzmann equations
simplify to the following Euler equations:

⌅̇b = k2��H ⌅b + c2
s k2�b �R�1⇤̇(⌅b �⌅⇥) , (1)

⌅̇⇥ = k2�+ k2
�

1
4

�⇥ �⌃⇥

⇥
� ⇤̇(⌅⇥ �⌅b) , (2)

⌅̇DM = k2��H ⌅DM , (3)

where ⌅b, ⌅⇥ and ⌅DM are the baryon, photon and DM velocity
divergences respectively. �⇥ and ⌃⇥ are the density fluctuation
and anisotropic stress potential associated with the photon
fluid, � is the gravitational potential, k is the comoving
wavenumber, H = (ȧ/a) is the conformal Hubble rate, R ⇥
(3/4)(⇧b/⇧⇥) is the ratio of the baryon to photon density, cs
is the baryon sound speed and ⇤̇ ⇥ a ⌃Th c ne is the Thomson
scattering rate (the scale factor, a, appears since the derivative
is taken with respect to conformal time).

DM–⇥ interactions are accounted for by a term analogous
to �⇤̇(⌅⇥ �⌅b) in the DM and photon velocity equations. The
new interaction rate reads µ̇ ⇥ a ⌃DM�⇥ c nDM, where ⌃DM�⇥ is
the DM–⇥ elastic scattering cross section, nDM = ⇧DM/mDM
is the DM number density, ⇧DM is the DM energy density and
mDM is the DM mass (assuming that DM is non-relativistic)6.
Thus, the Euler equation for photons receives the additional
source term �µ̇(⌅⇥ �⌅DM).

In order to conserve energy and account for the momentum
transfer in an elastic scattering process, the source term in the
Euler equation for DM has the opposite sign and is rescaled
by a factor S ⇥ (3/4)(⇧DM/⇧⇥), which grows in proportion to
a. Thus, the Euler equations become

⌅̇b = k2��H ⌅b + c2
s k2�b �R�1⇤̇(⌅b �⌅⇥) , (4)

⌅̇⇥ = k2�+ k2
�

1
4
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�⇤̇(⌅⇥ �⌅b)� µ̇(⌅⇥ �⌅DM) , (5)

⌅̇DM = k2��H ⌅DM �S�1µ̇(⌅DM �⌅⇥) . (6)

The DM–⇥ elastic scattering cross section, ⌃DM�⇥, can
be either constant (like the Thomson scattering between
photons and charged particles) or proportional to temperature,
depending on the DM model that is being considered.

6 Intuitively, one can understand why µ̇ must be proportional to the cross
section and the DM number density; if either the number of DM particles
or the cross section is completely negligible, the photon fluid will not be
significantly modified by a DM–⇥ coupling.
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tions have the potential to alleviate the small-scale problems
that have persisted in the standard cold DM (CDM) model
for more than a decade (Moore et al. 1999; Klypin et al.
1999; Boylan-Kolchin et al. 2011). The size of this e↵ect was
shown to depend Since the size of this e↵ect depends
on the elastic scattering cross-section and the DM particle
mass and hence was used to , one can set more stringent
constraints on the strength of the interactions (Bœhm et al.
2014).

Here we We now go a step further and study the
abundance of collapsed DM structures and their proper-
ties, such as shape, spin and density profile, in the presence
of DM–radiation interactions. We highlight the di↵erences
with respect to CDM, in addition to warm DM (WDM),
which shows a qualitatively similar suppression of power on
small scales (Schae↵er & Silk 1988 – check).

The paper is organized as follows. In Sec. 2, we sum-
marise the theoretical background and results obtained thus
far using linear perturbation theory. In Sec. 3, we describe
the setup of our numerical simulations. In Sec. 4 and 5, we
analyse the abundance and properties of collapsed struc-
tures, comparing our results with analytical approximations
from the literature. Our conclusions are presented in Sec. 6.

2 THEORETICAL BACKGROUND

Depending on the interaction strength, DM collisions with
standard model particles erase primordial matter fluctua-
tions in the Universe below a given scale. This can leave a
visible imprint on the CMB and distribution of galaxies.

The largest e↵ect occurs when DM interacts with radi-
ation, i.e. photons (�CDM) or neutrinos (⌫CDM) (Boehm
et al. 2001, 2002; Sigurdson et al. 2004; Boehm et al. 2005;
Boehm & Schae↵er 2005; Mangano et al. 2006; Serra et al.
2010; Dolgov et al. 2013). There are three reasons for this:
(i) photons and neutrinos have the largest energy density
for the longest time (until matter-radiation equality) of any
standard model particle, (ii) they are relativistic and there-
fore tend to drag DM particles out of small mass overdensi-
ties, (iii) the number density of DM must have been much
smaller than that of radiation at early times to explain the
observed DM abundance. [should be about Tdec]

For large values of the scattering cross-section, the
small-scale suppression is prominent in the linear matter
power spectrum and is therefore expected to have a signifi-
cant impact on the subsequent structure formation. A com-
parison between the predicted CMB spectrum and the latest
data from Planck (Ade et al. 2013) gives upper bounds of
8⇥10�31 (mDM/GeV) cm2 and 2⇥10�28 (mDM/GeV) cm2

on the �CDM and ⌫CDM cross-sections respectively, where
mDM is the DM mass (at 68% CL, assuming a constant
cross-section) (Wilkinson et al. 2014a,b).

The reason why these constraints di↵er is that
photons and neutrinos do not have exactly the same e↵ect
on DM fluctuations due to their di↵erent thermal histories,
with photons staying coupled to the thermal bath for much
longer due to Thomson scattering1. This is illustrated in

1 In addition, �CDM has a direct impact on the CMB, while
⌫CDM only a↵ects the CMB indirectly, and the parameter space

Figure 1. The linear matter power spectra for standard CDM
(solid, black), �CDM (dashed, red), ⌫CDM (dotted, blue) and
WDM (dashed-dotted, orange). The interaction cross-sections for
�CDM and ⌫CDM and the particle mass for WDM have been
selected such that the initial suppression with respect to CDM
is identical (see Table 1). This half-mode mass, Mhm, is marked
with an arrow and defines Regions I and II, which are illustrated
in Fig. 2.

Fig. 1, where we present the linear matter power spectra for
non-interacting CDM, �CDM, ⌫CDM and WDM.

Unless explicitly stated, the values we use throughout
this paper for the �CDM and ⌫CDM cross-sections and
the WDM mass are given in Table 1. These parameters
are motivated by the constraints obtained in our previous
work (Bœhm et al. 2014) and have been selected such that
the primary scale at which the transfer function is sup-
pressed by a factor of two with respect to CDM is identical.
This scale is known as the half-mode mass, Mhm, and defines
the transition between Regions I and II in Fig. 1. In Region
II, there are important di↵erences between important dif-
ferences start to appear, thus leading to di↵erent
transfer functions for �CDM, ⌫CDM and WDM.

In the case of a thermalized, non-interacting, fermionic
WDM particle, the suppression in the matter power spec-
trum can be approximated by the transfer function (Bode
et al. 2001)

T (k) =
⇥
1 + (↵k)2µ

⇤�5/µ
, (1)

where

↵ = 0.048
hmDM

keV

i�1.15

⌦DM

0.4

�0.15 
h

0.65

�1.3 Mpc
h

. (2)

Here, ⌦DM is the DM energy density, h is the reduced Hub-
ble parameter and µ ' 1.2 is a fitting parameter2. The scale

for ⌫CDM su↵ers from significant degeneracies (see Wilkinson
et al. 2014b).
2 There is an alternative fit for ↵ and µ that is often used in the
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shown to depend Since the size of this e↵ect depends
on the elastic scattering cross-section and the DM particle
mass and hence was used to , one can set more stringent
constraints on the strength of the interactions (Bœhm et al.
2014).

Here we We now go a step further and study the
abundance of collapsed DM structures and their proper-
ties, such as shape, spin and density profile, in the presence
of DM–radiation interactions. We highlight the di↵erences
with respect to CDM, in addition to warm DM (WDM),
which shows a qualitatively similar suppression of power on
small scales (Schae↵er & Silk 1988 – check).

The paper is organized as follows. In Sec. 2, we sum-
marise the theoretical background and results obtained thus
far using linear perturbation theory. In Sec. 3, we describe
the setup of our numerical simulations. In Sec. 4 and 5, we
analyse the abundance and properties of collapsed struc-
tures, comparing our results with analytical approximations
from the literature. Our conclusions are presented in Sec. 6.

2 THEORETICAL BACKGROUND

Depending on the interaction strength, DM collisions with
standard model particles erase primordial matter fluctua-
tions in the Universe below a given scale. This can leave a
visible imprint on the CMB and distribution of galaxies.

The largest e↵ect occurs when DM interacts with radi-
ation, i.e. photons (�CDM) or neutrinos (⌫CDM) (Boehm
et al. 2001, 2002; Sigurdson et al. 2004; Boehm et al. 2005;
Boehm & Schae↵er 2005; Mangano et al. 2006; Serra et al.
2010; Dolgov et al. 2013). There are three reasons for this:
(i) photons and neutrinos have the largest energy density
for the longest time (until matter-radiation equality) of any
standard model particle, (ii) they are relativistic and there-
fore tend to drag DM particles out of small mass overdensi-
ties, (iii) the number density of DM must have been much
smaller than that of radiation at early times to explain the
observed DM abundance. [should be about Tdec]

For large values of the scattering cross-section, the
small-scale suppression is prominent in the linear matter
power spectrum and is therefore expected to have a signifi-
cant impact on the subsequent structure formation. A com-
parison between the predicted CMB spectrum and the latest
data from Planck (Ade et al. 2013) gives upper bounds of
8⇥10�31 (mDM/GeV) cm2 and 2⇥10�28 (mDM/GeV) cm2

on the �CDM and ⌫CDM cross-sections respectively, where
mDM is the DM mass (at 68% CL, assuming a constant
cross-section) (Wilkinson et al. 2014a,b).

The reason why these constraints di↵er is that
photons and neutrinos do not have exactly the same e↵ect
on DM fluctuations due to their di↵erent thermal histories,
with photons staying coupled to the thermal bath for much
longer due to Thomson scattering1. This is illustrated in

1 In addition, �CDM has a direct impact on the CMB, while
⌫CDM only a↵ects the CMB indirectly, and the parameter space

Figure 1. The linear matter power spectra for standard CDM
(solid, black), �CDM (dashed, red), ⌫CDM (dotted, blue) and
WDM (dashed-dotted, orange). The interaction cross-sections for
�CDM and ⌫CDM and the particle mass for WDM have been
selected such that the initial suppression with respect to CDM
is identical (see Table 1). This half-mode mass, Mhm, is marked
with an arrow and defines Regions I and II, which are illustrated
in Fig. 2.

Fig. 1, where we present the linear matter power spectra for
non-interacting CDM, �CDM, ⌫CDM and WDM.

Unless explicitly stated, the values we use throughout
this paper for the �CDM and ⌫CDM cross-sections and
the WDM mass are given in Table 1. These parameters
are motivated by the constraints obtained in our previous
work (Bœhm et al. 2014) and have been selected such that
the primary scale at which the transfer function is sup-
pressed by a factor of two with respect to CDM is identical.
This scale is known as the half-mode mass, Mhm, and defines
the transition between Regions I and II in Fig. 1. In Region
II, there are important di↵erences between important dif-
ferences start to appear, thus leading to di↵erent
transfer functions for �CDM, ⌫CDM and WDM.

In the case of a thermalized, non-interacting, fermionic
WDM particle, the suppression in the matter power spec-
trum can be approximated by the transfer function (Bode
et al. 2001)

T (k) =
⇥
1 + (↵k)2µ

⇤�5/µ
, (1)

where

↵ = 0.048
hmDM

keV

i�1.15

⌦DM

0.4

�0.15 
h

0.65

�1.3 Mpc
h

. (2)

Here, ⌦DM is the DM energy density, h is the reduced Hub-
ble parameter and µ ' 1.2 is a fitting parameter2. The scale

for ⌫CDM su↵ers from significant degeneracies (see Wilkinson
et al. 2014b).
2 There is an alternative fit for ↵ and µ that is often used in the
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The linear power spectrum has a spectral index ns = 1 and is
normalised to give σ8 = 0.9, withH0 = 100hkms−1Mpc−1 =
73kms−1Mpc−1 (Springel et al. 2008). 2

We have taken two simulations from the Aquarius
project described in Springel et al. (2008), both of the same
halo, Aq-A, but of different resolution, corresponding to lev-
els 2 and 3 in the notation of Springel et al. (2008). The
higher resolution, level 2, simulation has more than a hun-
dred million particles within r200, the radius of a sphere
about the halo centre, encompassing a mean density of 200
times the critical density. The level 3 simulation has 3.6
times fewer particles. In both cases, the mass of the halo
within r200 is about 1.8× 1012M⊙, which is consistent with
the estimated mass of the Milky Way (Li & White 2008;
Xue et al. 2008; Gnedin et al. 2010). The basic properties of
these haloes are given at the top of Table 1. Substructures
were identified using the subfind algorithm (Springel et al.
2001) to find gravitationally bound subhaloes within them.

We created three WDM counterparts to the CDM
haloes by running new simulations using the same code
and numerical parameters as Springel et al. (2008) but with
WDM initial conditions. The WDM initial conditions were
created keeping the same phases and the same unperturbed
particle positions as in the CDM case, but using a WDM
matter power spectrum instead to scale the amplitudes of
the fluctuations. The linear matter power spectrum for both
the CDM andWDM simulations is shown in Fig. 1 with solid
lines adopting an arbitrary normalisation at large scales.

The WDM power spectrum has a strong cut off at high
wavenumbers due to the free streaming of the WDM par-
ticles. In an unperturbed universe at the present day the
typical velocities of WDM particles are only a few tens of
ms−1. This implies that the particles ceased to be relativis-
tic after a redshift of z ∼ 107, well before the end of the
radiation-dominated era, as suggested by the word ‘warm’.
Fig. 2 illustrates the free streaming of a typical WDM par-
ticle over cosmic time. The area under the curve is the
comoving distance traveled. It is evident that the WDM
particle travels the greatest comoving distance during the
radiation-dominated era after it has become nonrelativistic
(Bode et al. 2001). Over the duration of the N-body simu-
lation, which starts at z = 127, a particle typically travels a
distance of around 14 kpc, which is small compared to the
total distance from early times of 400 kpc. For comparison,
the mean interparticle separation for the high resolution re-
gion in our highest resolution simulation is 7.4 kpc, similar
to the free-streaming distance traveled by the particles after
z = 127. This means that the effects of streaming during the
simulation are small, and only affect scales that are barely
resolved in our simulations. For this reason we chose to set
the particle velocities in the same way as in the CDM case,
where the particle velocity is a function of the unperturbed

2 Although this set of parameters is discrepant at about the
3σ level with the latest constraints from microwave background
and large-scale structure data (Komatsu et al. 2011), particularly
with the values of σ8 and ns, the differences are not important
for our purposes. For example, Boylan-Kolchin et al. (2011) show
that the structure of Aquarius subhaloes is statistically similar to
that of subhaloes in the Via Lactea simulations which assume a
value of σ8 = 0.74, lower than that of Komatsu et al. (2011), and
a spectral index of 0.95.

−4 −2 0 2
log10(k/h Mpc−1)

−12

−10

−8

−6

−4

−2

0

2

lo
g 1

0(k
3 P(

k)
)

Cold
Warm
M2L25

Figure 1. The solid lines show the linear power spectra (from
cmbfast; Seljak & Zaldarriaga 1996) used for the two simula-
tions. Black is the original, CDM Aq-A spectrum, and red is
that of Aq-AW. The vertical dashed line marks the peak of the
WDM spectrum peak. The arrow marks the Nyquist frequency of
the level 2 simulations. The dashed red curve corresponds to the
M2L25 model of (Boyarsky et al. 2009b) which is almost identical
to the solid red curve for scales below k ∼ 10 hMpc−1.

comoving position of a particle and is determined solely by
the matter fluctuations.

The WDM matter power spectrum we assume has a
shape characteristic of a ‘thermal relic’ (Bode et al. 2001).
However our WDM matter power spectrum is also an ex-
cellent fit for scales below k ∼ 10 hMpc−1, to the mat-
ter power spectrum of the M2L25 model of Boyarsky et al.
(2009b), which is shown as a dashed line in Fig. 1. At
k = 10 h‘mathrmMpc−1 the power in both WDM curves
is a factor three below that of CDM and falls away very
rapidly beyond here in both models. The M2L25 model cor-
responds to a resonantly produced 2keV sterile neutrino
with a highly non-equilibrium spectrum of primordial ve-
locities. The model is only just consistent with astrophys-
ical constraints (Boyarsky et al. 2009b) and so maximizes
the differences between the substructures in the CDM and
WDM haloes, both in their internal structure and in their
abundance.

For wavenumbers below the peak at 4.5hMpc−1 the lin-
ear WDM power spectrum is well approximated by the prod-
uct of the linear CDM power spectrum times the square of
the Fourier transform of a spherical top-hat filter of unit
amplitude and radius 320 kpc, or equivalently, containing a
mass of 5× 109M⊙ at the mean density.

Images of the CDM and WDM haloes are shown in
Fig. 3. As shown in Table 1, the mass of the main halo in
the WDM simulation is very similar to that of the CDM
halo, just a few per cent lighter. However, the number of
substructures in the WDM case is much lower, reflecting the
fact that the small scale power in these simulations is greatly
reduced. Some of the largest subhaloes can be matched by
eye in the images of the two simulations.

Springel et al. (2008) showed that it is possible to make
precise matches between substructures at different resolu-
tions for the Aq-A halo, allowing the numerical convergence
of properties of substructures to be checked for individual
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2

constraints from the accumulated cosmological data offers a
more robust method to characterise its nature.

The consequence of DM interactions with SM particles is
to dampen the primordial matter fluctuations and essentially
erase all structures below a given scale (referred to as the
collisional damping scale) [32–34]. The effect is exacerbated
when DM couples to photons and therefore, one can set a
strong upper limit on the DM–⇥ interaction cross section by
examining the resulting CMB spectra.

In fact, a non-zero DM � ⇥ coupling has two specific
signatures. Firstly, as was shown in Ref. [33], large
interactions lead to the presence of significant damping in
the angular power spectrum, which can be constrained using
the position and relative amplitude of the acoustic peaks.
Secondly, after DM ceases to interact with photons, the
collisional damping is supplemented by DM free-streaming4;
this appears as a ‘linear’ translation of the matter power
spectrum and can also be constrained (if the effect is
substantial enough). Therefore, with the first data from the
Planck satellite [41], one can set a limit on DM–⇥ interactions
with unprecedented precision.

In this study, we extend the preliminary analysis of
Ref. [33] much further and show that a non-negligible DM–⇥
coupling also generates distinctive features in the temperature
and polarisation power spectra at high ⌅. One can use these
effects to search for evidence of DM interactions in CMB data
and determine (at least observationally) the strength of DM–⇥
interactions that we are allowed. This work will be extended
to other DM interactions in a future publication.

The paper is organised as follows. In Sec. II, we discuss
the implementation of DM–⇥ interactions and the qualitative
effects on the T T and EE components of the angular power
spectrum. In Sec. III A, we constrain these interactions by
comparing the spectra to the latest Planck data, and find the
best-fit cosmological parameters. In Sec. III B, we present our
predictions for the temperature and polarisation spectra for the
maximally allowed value of the elastic scattering cross section
that we obtain. We conclude in Sec. IV.

II. IMPLEMENTATION OF THE DM–⇥ INTERACTIONS

In this section, we recall the modified Boltzmann equations
used to incorporate interactions of DM with photons [33] and
discuss their implementation in the Cosmic Linear Anisotropy
Solving System (CLASS) code5 (version 1.7) [42, 43].

The current version of CLASS offers a choice between two
gauges for the definition of cosmological perturbations: the
Newtonian gauge, and the synchronous gauge comoving with
DM (see e.g. Ref. [44]). In the presence of coupled DM, the
synchronous gauge equations should be slightly reformulated

4 Assuming the DM–⇥ decoupling happens before the gravitational collapse
of such fluctuations and the DM velocity is not completely negligible at
this time; this offers a way to determine the decoupling epoch.

5 class-code.net

since the gauge can be fixed by imposing ⌅DM = 0 at the initial
time but not at all times. For simplicity, we implemented
the DM–⇥ interactions in the Newtonian gauge only. All
equations in this section refer to that gauge, assuming a flat
universe and taking derivatives with respect to conformal
time, ⌥. Our notation is consistent with Ref. [44].

A. Modified Boltzmann equations

In the absence of DM interactions, the Boltzmann equations
simplify to the following Euler equations:

⌅̇b = k2��H ⌅b + c2
s k2�b �R�1⇤̇(⌅b �⌅⇥) , (1)

⌅̇⇥ = k2�+ k2
�

1
4

�⇥ �⌃⇥

⇥
� ⇤̇(⌅⇥ �⌅b) , (2)

⌅̇DM = k2��H ⌅DM , (3)

where ⌅b, ⌅⇥ and ⌅DM are the baryon, photon and DM velocity
divergences respectively. �⇥ and ⌃⇥ are the density fluctuation
and anisotropic stress potential associated with the photon
fluid, � is the gravitational potential, k is the comoving
wavenumber, H = (ȧ/a) is the conformal Hubble rate, R ⇥
(3/4)(⇧b/⇧⇥) is the ratio of the baryon to photon density, cs
is the baryon sound speed and ⇤̇ ⇥ a ⌃Th c ne is the Thomson
scattering rate (the scale factor, a, appears since the derivative
is taken with respect to conformal time).

DM–⇥ interactions are accounted for by a term analogous
to �⇤̇(⌅⇥ �⌅b) in the DM and photon velocity equations. The
new interaction rate reads µ̇ ⇥ a ⌃DM�⇥ c nDM, where ⌃DM�⇥ is
the DM–⇥ elastic scattering cross section, nDM = ⇧DM/mDM
is the DM number density, ⇧DM is the DM energy density and
mDM is the DM mass (assuming that DM is non-relativistic)6.
Thus, the Euler equation for photons receives the additional
source term �µ̇(⌅⇥ �⌅DM).

In order to conserve energy and account for the momentum
transfer in an elastic scattering process, the source term in the
Euler equation for DM has the opposite sign and is rescaled
by a factor S ⇥ (3/4)(⇧DM/⇧⇥), which grows in proportion to
a. Thus, the Euler equations become

⌅̇b = k2��H ⌅b + c2
s k2�b �R�1⇤̇(⌅b �⌅⇥) , (4)

⌅̇⇥ = k2�+ k2
�

1
4

�⇥ �⌃⇥

⇥

�⇤̇(⌅⇥ �⌅b)� µ̇(⌅⇥ �⌅DM) , (5)

⌅̇DM = k2��H ⌅DM �S�1µ̇(⌅DM �⌅⇥) . (6)

The DM–⇥ elastic scattering cross section, ⌃DM�⇥, can
be either constant (like the Thomson scattering between
photons and charged particles) or proportional to temperature,
depending on the DM model that is being considered.

6 Intuitively, one can understand why µ̇ must be proportional to the cross
section and the DM number density; if either the number of DM particles
or the cross section is completely negligible, the photon fluid will not be
significantly modified by a DM–⇥ coupling.
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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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FIG. 5: Di↵erential halo mass function (number density of dark matter halos per unit logarithmic mass) as a function of
halo mass at z = 0 for the simulation suite listed in Table I. The statistical error bars are Poissonian. The clear upturn at
⇠ 1011h�1 M� for WDM is due to spurious halos formed due to discreteness e↵ects associated to the sharp truncation of the
power spectrum at small scales. The vertical dotted red line marks this spurious transition for the WDM case using the formula
from Ref. [141]. This mass also serves as a conservative limit for convergence of the mass function for all simulations. The
dotted black vertical line marks the mass where halos have 100 particles.

as bright magenta. The simulations are ordered from top left to bottom right according to their abundance of low-
mass halos. We only show four of our simulations since the cases of ADMsDAO-env(nc) and ADMsDAO(nc) are very
similar to CDM and ADMsDAO, respectively. It is already clear at a visual level that the ADM simulations preserve
the large-scale structure of CDM but with a deficit of low-mass halos. The case of the WDM simulation is of course
more dramatic given the large scale at which the power spectrum has been truncated.

We show in Fig. 5 the number density of dark matter halos as a function of halo mass at z = 0 (di↵erential halo
mass function) for dark matter models drawn from the simulation suite described in Table I. We emphasize again
that the initial conditions in each simulation (CDM, WDM, ADMwDAO, etc.) are the same except for the input linear
spectra shown in Fig. 1. Halos are identified using the friends-of-friends (FOF) algorithm [138] with a linking length
of b = 0.2. Afterwards, each FOF halo is searched for self-bound substructures using the SUBFIND algorithm [139].
With this algorithm we can identify the center of the gravitational potential for each halo, which we use to construct
spherical density profiles. We then define the virial radius (r200) and mass (M200) of the halo as the radius where
the mean overdensity is 200 times the critical density, and the mass internal to this radius. We caution that these
choices imply that, at low masses for the non-CDM models, some of the objects that we define as “halos” are in reality
structures that are in early stage of collapse or protohalos that are not yet fully virialized [140]. We thus expect the
mass functions shown in this section to be conservative upper limits on the actual mass function of virialized dark
matter halos.

Numerical artifacts due to the discreteness of the density field in simulations are prevalent well above the inter-
particle separation (dp) whenever there is a sharp cut-o↵ in the power spectrum. This situation is well known in WDM
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ma (eV) km(hMpc−1) k̄m(hMpc−1) zosc

10−29 0.0058 0.0575 350

10−30 0.0027 0.0267 74

10−31 0.0012 0.0124 15

10−32 0.0006 0.0057 2.4

keq(fax = 0) = 0.0136hMpc−1

keq(fax = 0.01) = 0.0135hMpc−1

kFS(mν = 0.055 eV, z = 0) = 0.0451hMpc−1

TABLE I: Relevant scales for our fiducial cosmologies with
fax = 0.01. km is the scale at which structure suppression
begins, given by Eq. 16. k̄m is the location of the middle
of the induced feature in P (k), fit for in [90]. zosc is the
redshift at which axion oscillations begin, which has an O(1)
multiplicative uncertainty.

III. THE AXIVERSE AND COSMOLOGICAL
OBSERVABLES

As discussed in Section II, ultra-light axions give rise
to steps in the matter power spectrum, P (k). Fig. 2
shows this effect on the cosmology of WMAP7 [2], with
the introduction of a single axion species with fraction
fax. Large axion fractions, disallowing variation of other
parameters, can easily be ruled out at current sensitivity,
while a small fraction of around 1% is indistinguishable
from ΛCDM using the power spectrum of SDSS alone
[96], c.f. Fig. 1 of [19]. Fig. 2 also shows power spec-
trum constraints coming from the ACT measurement of
the primordial power spectrum [63]. This appears to be
able to rule out a 10% fraction in axions easily using the
CMB alone, which we will see is not the case for Planck.
The reason being that these data points are evolved from
the primordial power assuming pure CDM in the trans-
fer function. This is just one example, of which we will
see others later, of the way in which we might naively
misinterpret data if we do not assume the correct under-
lying cosmology. We will see that the small fractions of
axions in our fiducial models, while still indistinguishable
from ΛCDM with a single observable at a single redshift,
can be distinguished using redshift information and/or a
combination of observables.

In this section we discuss in detail the theoretical ef-
fects of ultra-light axions on the various cosmological ob-
servables. The effects are explored both analytically, us-
ing the fits of [90, 97], and through numerical solution
of the Boltzmann equations obtained from a modified
version of the publicly available code CAMB [98–100].
Our modification introduces a module to deal with scalar
fields having a quadratic potential with mass large com-
pared to the Hubble rate, the bulk of which involves accu-
rately fixing the initial conditions and background evolu-
tion in the presence of rapid oscillations, and integrating
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FIG. 2: The matter power spectrum for three cosmolo-
gies shown with current measurements from SDSS [96], and
ACT [63]. We show first the WMAP7 cosmology (dashed
black line). We also show two axion cosmologies, both with
ma = 10−29 eV: fax = 0.1 (solid blue line), and fax = 0.01
(solid black line), with all other parameters held fixed at their
WMAP7 values. Both axion cosmologies have only a small
effect on the CMB power spectrum, but are clearly distin-
guished in their effect on P (k), with fax = 0.1 clearly ruled
out by the data.

such oscillations accurately 3.

We exactly numerically solve the evolution of the axion
field, φ, the difficulty of which stops us exploring the re-
gion of parameter space with ma ! 10−28 eV, suggested
by [3] to be the most interesting region to look for unique
step-like features in the power spectrum with a high pre-
cision galaxy survey or 21cm tomography survey. We
are also limited to studying a single axion field, however
our results will show that in fact, since constraints from
some observables are mass independent, this is not a lim-
itation. Our technique makes no use of the approximate
treatments of axion sound speed and averaging used in
the analysis of [86]. In addition, the mass range that we
study is the one found in [86] to have the most tightly
constrained axion fraction, but also the range in which
the approximations used are least sound. Future observa-
tions will bound this regime even more tightly; making
reliable predictions for high precision measurements in
this important regime requires an exact treatment such
as ours.

Throughout this section we will use our physical intu-
ition about the suppression of power caused by ultra-light
axions, and the similarities and differences with respect
to neutrino free-streaming, to try and understand our

3 For more details, or a copy of the code, please contact us via
e-mail.
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the analysis of [86]. In addition, the mass range that we
study is the one found in [86] to have the most tightly
constrained axion fraction, but also the range in which
the approximations used are least sound. Future observa-
tions will bound this regime even more tightly; making
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FIG. 8: Effect of axions on the CMB power spectrum. Left panel: TT power spectrum. Right Panel: magnified low ℓ region
showing the ISW effect. Expected error bands from Planck are shown as dotted lines, see Section IVC.

natural in the axiverse scenario. If axions are not to over-
produce isocurvature perturbations, the energy scale of
inflation must be so low that gravity waves would not be
significantly produced. The authors of [37] propose this
as a direct method of falsifying the existence of string
axions, while the authors of [83, 84] propose using infla-
tionary parameters in conjunction with axion isocurva-
ture contributions as a method of quantifying fine tuning
within string axion models. We propose to investigate
axion isocurvature in detail in a forthcoming paper.

2. CMB Lensing

CMB lensing has recently been detected and measured
by ACT [62, 129], and its observation by Planck will be
a powerful cosmological probe.

CMB lensing, like galaxy weak lensing, is a direct
probe of the DM density and expansion history between
the surface of last scattering and us. Hence, in terms of
CMB observables, the EDE fraction and Σmν are most
strongly constrained by CMB lensing [23]. However for
our purposes, we cannot include CMB lensing and galaxy
weak lensing together since addressing correlations be-
tween these observables is beyond the scope of this pa-
per. We do not use CMB lensing in our forecasts, but we
show the power spectrum here and make some comments
for the sake of completeness.

We show the lensing power spectrum in Fig. 9. A large
fraction in axions produces a noticeable effect in reducing
the lensing power. However, if as above we fix zeq and
θS again the effect can be totally removed. This occurs
due to the degeneracy of axions with other parameters
in their effects on the matter power spectrum, as already
discussed.
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FIG. 9: The CMB lensing power spectrum.

IV. COSMOLOGICAL OBSERVABLES:
FORECASTS

In this section we consider the potential to identify
traces of axion dark matter with some of the cosmolog-
ical probes of the upcoming decade. We adopt a Fisher
matrix approach to forecast results achievable with a
next generation galaxy redshift and weak lensing sur-
vey. There are many large weak lensing and galaxy red-
shift surveys proposed for the coming years; we choose to
model our surveys to be similar to the proposed Euclid
mission [130, 131]. We combine these results with Fisher
forecasts for an all sky CMB survey based on the Planck
mission. The Fisher matrix provides the lowest possible
intrinsic statistical uncertainty, thus results from Fisher
forecasts tend to be optimistic when compared to real
results. We describe in detail our own implementation
in galaxy redshift surveys and galaxy weak lensing to-
mography, while our CMB forecasts are made using the
pre-existing package “FisherCodes”.
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Figure 1. Large-scale DM clustering in CDM (left) and DDM with Γ−1 = 40 Gyr, Vk = 100 km/s (right) of a 10 h−1 Mpc deep slice in the 50 ×

50 h−2 Mpc2 cosmological box at z = 0. The color scheme indicates the line-of-sight projected square of the density to emphasize the locations of dense
structures, such as halos within filaments. The large-scale structure of the CDM and DDM simulations are virtually identical.

Figure 2. Small-scale structure in a Milky Way mass halo (Z12) in CDM (left) and DDM models with Γ−1 = 40 Gyr and Vk = 100 km/s (middle) and Γ−1

= 10 Gyr and Vk = 20 km/s (right) within 260 kpc of the halo centers at z = 0. The color scheme indicates the line-of-sight projected square of the density in
order to emphasize the dense structures such as the host halo interiors and the associated subhalos. The DDM halos have slightly more diffuse central regions.
The abundance and structure of subhalos are altered significantly compared to CDM in both of the DDM simulations presented.

light daughters have no effect on halo properties, and they have neg-
ligible effect on the expansion rate of the Universe and the growth
of structure, even at late times, because their abundance is strongly
suppressed by the small mass loss fraction (Wang & Zentner 2012).

In order to make a direct comparison with prior simula-
tions, we used the same initial conditions for both our uniform
resolution simulations (B50) and our zoom simulations (Z12) as
Rocha et al. (2013). Moreover, we included a higher-resolution ver-
sion of the same Galactic halo zoom-in simulation (Z13) with
∼ 1/8 times smaller particle mass for the highest resolution re-
gion in order to test convergence and to study the detailed inter-
nal structures of Galactic subhalos. All simulations have the same
initial conditions as the fiducial CDM run starting at z = 250.
The cosmology used is based on WMAP7 results with ΩM=0.266,

ΩΛ=0.734, ns=0.963, h=0.71, and σ8=0.801. In each case, we have
identified halos using the publicly available Amiga Halo Finder
(AHF) (Knollmann & Knebe 2009) code. The halo radius can be
defined as the radius of a sphere within which the average density
is∆vir times larger than the background density ρb of the Universe:

Mvir = 4π/3ρb∆vir(z)r
3
vir, (1)

where the ∆vir(z) depends on both the redshift and the given cos-
mology (Bryan & Norman 1998). The maximum circular veloc-
ity, Vmax, of a test particle within a halo is given by Vmax ≡
max{[GM(< R) = R]1/2}. The maximum circular velocity is
achieved at a radius of Rmax. For an NFW profile, it is useful to
note that the escape speed from the center of a halo is related to the
maximum circular velocity by Vesc ≈ 3Vmax.

Late or primordial times effect

1406.0527

But if decay too fast, this becomes problematic  
you would see electromagnetic emission (unless you introduce 2 types of DM particles)

http://arxiv.org/pdf/1406.0527.pdf


Is DM a particle?

no DM particle found so far.  
Maybe DM is just a modification of gravity

TeVeS not as good as DM

It will get even worse! How to reproduce the 7-8 peaks seen by Planck & ACT/SPT(pol)?

Probably! 
astro-ph/0505519

1307.5458.pdf



Very heavy DM

needs DM particles interacting  
~100 times stronger than expected

Too small cross section to be seen in LSS 
pure CDM and no signal to be seen in experiments (LHC???)

 life expectancy of heavy WIMP:   

forever (theory) / lost interest in ~5-10 years (unless breakthrough)



No WIMPs, no more LCDM …(???)

cross section smaller  
than neutrinos 

at MeV

Cosmologists	 (e.g.	 structure	 formation&CMB)	 assume	 WIMPs	 exist	 to	 make	 their	 predictions	 
Particle	 physicists	 think	 WIMPs	 will	 be	 seen	 at	 LHC

But is DM made of WIMPs? 14
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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Conclusion

normal/heavy WIMPs: 

Lighter WIMPs:

about to be excluded or to become invisible 

not so many chances to be found 

no LSS effect

LSS effects soon observable 

But, theoretically, much harder and  
much more constrained 

Beyond (L)CDM candidates should show up in 
the non linear regime (true for MG and DM!) agree with Beth Reid’s talk



Elastic scattering cross section 

Annihilation cross section 
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FIG. 1: Left panel: Ne� as a function of the cold thermal dark matter mass m. The green (red) lines are for the case when
the dark matter is in thermal equilibrium with neutrinos (electrons and photons) and show that Ne� increases (decreases) as
m is reduced. Right panel: The blue regions show the 68% and 95% regions determined from Planck+WP+highL+BAO when
both Ne� and Yp are varied freely. The green (red) lines indicate the relationship between Yp and Ne� for particles in thermal
equilibrium with neutrinos (electrons and photons). As m decreases, the prediction for Ne� and Yp falls outside of the Planck
confidence regions.

plasma’ and ‘electromagnetic plasma’ are separately con-
served so that (for T� < TD)

T⇥

T�
=

⌅
g⇧s:⇥
g⇧s:�

����
TD

g⇧s:�
g⇧s:⇥

⇧1/3

. (6)

Here |TD
indicates that g⇧s should be evaluated at the

neutrino decoupling temperature TD while g⇧s:⇥ and
g⇧s:� , defined through s⇥ = 2�2g⇧s:⇥T 3

⇥ /45 and s� =
2�2g⇧s:�T 3

� /45 respectively, are the e�ective number of
relativistic degrees of freedom in the neutrino and elec-
tromagnetic plasmas. Explicitly,

g⇧s:⇥ =
14

8

⌃
N⇥ +

n�

i=1

gi
2
F

⇥
mi

T⇥

⇤⌥
. (7)

where

F (x) =
30

7�4

 ⇥

x
dy

(4y2 � x2)
⌦
y2 � x2

ey ± 1
. (8)

with limits F (�) = 0 and F (0) = 1(8/7) for fermions
(bosons) respectively and the sign + (�) refers to fermion
(boson) statistics.

Again, anticipating that the bound on mi is such that
mi ⌃ T⇥(at recombination) ⌅ 1 eV, we find that for par-
ticles only in thermal equilibrium with neutrinos, eq. (5)
simplifies to

NEquil. ⇥
e� = N⇥

⌃
1 +

1

N⇥

n�

i=1

gi
2
F

⇥
mi

TD

⇤⌥4/3

(9)

For the case of particles in thermal equilibrium with
electrons or photons, we again find eq. (5) and can use
eq. (6) to find the new temperature ratio. In this case,
we find

NEquil. �/e
e� = N⇥

⌃
1 +

7

22

n�

i=1

gi
2
F

⇥
mi

TD

⇤⌥�4/3

(10)

where we have used F (me/TD) ⇧ 1.
The dot-dashed, dashed, dotted and solid lines in the

left panel of fig. 1 show the value of Ne� for a single par-
ticle of mass m for a Dirac fermion, Majorana fermion,
complex scalar and real scalar respectively. The case
where the particle is in equilibrium with neutrinos is
shown by the green lines. Here, Ne� increases above
the standard value of Ne� = 3.046 for particles lighter
than ⌥ 20 MeV. Conversely, Ne� decreases below the
standard value for particles in equilibrium with electrons
and photons, as indicated by the red lines. There is no
e�ect above m ⇤ 20 MeV because the entropy transfer
occurs before the electromagnetic and neutrino plasmas
decouple resulting in the standard neutrino-photon tem-
perature ratio.
With eqs. (9) and (10) we can put a bound on the

dark matter mass by requiring that Ne� is compatible
with the measured value from Planck. The central result
from [28],

Ne� = 3.30+0.54
�0.51 (95%; Planck+WP+highL+BAO),

(11)
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H0 changes as this enables to change the horizon

Compatibility with Planck

Neff is important!

Planck

P(k) + Lyman alpha



But maybe DM particles are just a fake concept?

no DM particle found so far.  
Maybe DM is just a modification of gravity

TeVeS not as good as DM

It will get even worse! How to reproduce the 7-8 peaks seen by Planck & ACT/SPT(pol)?

Probably not! 


