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One can constrain the DM microphysics using cosmology!

Dark Matter is a key element to structure formation

That is not quite true! 

It is supposed to be a collisionless fluid         never sensitive to the DM interactions….)



A particle solution to the DM problem?

which DM mass?
which DM cross section?

Weakly Interacting Massive Particle
Invisible Clustered

The CDM microphysics is absent from the equations!
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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)
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� ⇤̇(⌅⇥ �⌅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)
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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.

(we do not include them!)



Which mass? 

This picture is valid if  DM is collisionless but …

Heavy WIMPs Particle of a 3 keV

C.B, J. Schewtschenko et al, MNRAS

Observations agree better in the case of  WDM but it is not the end of  the story



How weakly interacting?

“WIMPs” : no electromagnetic interaction based on the SM.

Let us introduce                  interactionsdm� �

  

Silk damping

We already have a partial answer

But how invisible the DM really needs to be?



Collisional (Silk) damping in modern Cosmology
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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.

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
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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.

Translation in terms of  Cosmological perturbations

without DM interactions with DM interactions

collisional damping length

(astro-ph/0012504, astro-ph/0410591)

astro-ph/0112522

http://arxiv.org/abs/astro-ph/0012504
http://arxiv.org/abs/astro-ph/0410591
http://arxiv.org/abs/astro-ph/0112522


DM-photon interactions
astro-ph/0112522

1 parameter (the ratio of cross section to the DM mass)

Thomson cross section; 
dark matter would be a baryon… it is excluded!

vanilla CDM

http://arxiv.org/abs/astro-ph/0112522
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One cannot tell whether DM has small interactions with photons or other particles!

CMB alone is not probing collisionless DM!

http://arxiv.org/abs/arXiv:1309.7588


What about structure formation?
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FIG. 3: A comparison between the T T angular power spectra for the maximally allowed (constant) DM–⌅ cross section (u ⌅ 10�4), and the
9-year WMAP [3] and one-year Planck [41] best-fit data. Also plotted are the full 3-year data from the SPT [4] and ACT [5] telescopes. On
the left, we see a suppression of power with respect to WMAP-9 and Planck for ⇤& 3000 and on the right, we give our prediction for the T T
component of the angular power spectrum at high ⇤.
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FIG. 4: The effect of DM–⌅ interactions on the B-modes of the
angular power spectrum, where the strength of the interaction
is characterised by u ⇤

�
⇧DM�⌅/⇧Th

⇥
[mDM/100 GeV]�1 (with a

constant ⇧DM�⌅) and we use the ‘Planck + WP’ best-fit parameters
from Ref. [41]. The data points are the recent B-mode polarisation
measurements from the SPT experiment, where SPTpol 1, SPTpol
2 and SPTpol 3 refer to (Ê150⇤̂CIB)⇥ B̂150, (Ê95⇤̂CIB)⇥ B̂150 and
(Ê150⇤̂CIB)⇥ B̂150

⇥ respectively in Ref. [54]. For the maximally
allowed (constant) DM–⌅ cross section (u ⌅ 10�4), we see a
deviation from the Planck best-fit �CDM model for ⇤ & 500 and a
significant suppression of power for larger ⇤.

Fig. 1) and the matter power spectrum (see Fig. 5). While the
overall effect is small for u . 10�4, if we consider ⇤ & 500,
one can use the B-modes alone combined with the first-season
SPTpol data [54] to effectively rule out u & 5⇥10�3. In fact,
future polarisation data from e.g. SPT [4], POLARBEAR [55]
and SPIDER [56] could be sensitive enough to distinguish
u ⌅ 10�5 from �CDM.

Finally, the matter power spectrum may provide us with
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FIG. 5: The influence of DM–⌅ interactions on the matter power
spectrum, where the strength of the interaction is characterised by
u ⇤

�
⇧DM�⌅/⇧Th

⇥
[mDM/100 GeV]�1 (with a constant ⇧DM�⌅) and

we use the ‘Planck + WP’ best-fit parameters from Ref. [41]. The
new coupling produces (power-law) damped oscillations at large
scales, reducing the number of small-scale structures, thus allowing
the cross section to be constrained. For allowed (constant) DM–⌅
cross sections (u . 10�4), significant damping effects are restricted
to the non-linear regime (k & 0.2 h Mpc�1).

an even stronger limit on the DM–⌅ interaction cross section
(see Fig. 5). The pattern of oscillations together with the
suppression of power at small scales, as noticed already in
Ref. [33], could indeed constitute an interesting signature.
The observability of such an effect depends on the non–linear
evolution of the matter power spectrum (for which k &
0.2 h Mpc�1). Typically, one would expect it to be somewhat
intermediate between cold and warm dark matter (WDM)

Dark Oscillations R. Wilkinson, J. Lesgourgues, C. Boehm: arXiv:1309.7588

 (CB, Riazuelo, S. Hansen, R. Schaeffer : astro-ph/0112522)

Structure formation is sensitive to DM interactions!

The P(k) is different from LCDM  
(whatever the interactions)!

http://arxiv.org/abs/arXiv:1309.7588
http://arxiv.org/abs/astro-ph/0112522


C.B., J. Schewtschenko et al

http://www.youtube.com/watch?v=YhJHN6z_0ek
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Numbers of MW satellite galaxies

CDM prediction is  
well above observation

Interacting DM agrees  
with observation Too many interactions

C.B, J. Schewtschenko, R. Wilkinson, C. Baugh, S. Pascoli, arXiv:1404.7012

small satellites Sterilise the MW!Solve the MW satellite problem!
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LSS in the Universe  
are modified too! 
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shape

low redshift Ats are from 
boss21+MMT data

match BOSS quasars in 
luminosity at 1 < z < 2

Quasar science
•Quasar luminosity function

•extend DR7 measurements to 
fainter quasars

•Luminosity dependence of bias and 
HOD

•auto-correlation of quasars

•cross-correlation with galaxy 
samples

•Rich data set of quasar spectra

•BH virial mass estimates

•Composite spectra
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eBOSS in context: exponential growth in 
survey scale 
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Future LSS experiments can set strong bounds 
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Conclusion
CMB cannot probe LCDM deviations!  But P(k) can! 

WIMPS are not always equivalent to collisionless particles

Small interactions can drastically change the way structures form
and the inner structure of our Milky Way halo

Cosmology can constrain the microphysics of  DM! 
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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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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
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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).
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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.
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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
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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
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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
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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.
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ties, (iii) the number density of DM must have been much
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WDM (dashed-dotted, orange). The interaction cross-sections for
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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.
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the WDM mass are given in Table 1. These parameters
are motivated by the constraints obtained in our previous
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the primary scale at which the transfer function is sup-
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II, there are important di↵erences between important dif-
ferences start to appear, thus leading to di↵erent
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trum can be approximated by the transfer function (Bode
et al. 2001)

T (k) =
⇥
1 + (↵k)2µ

⇤�5/µ
, (1)

where
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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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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
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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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A more generic case

Quid of a realistic situation?
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Z t0
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dt

depends on interactions
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depends on the history of the Universe
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Impact on Particle Physics
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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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