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DM interactions are omitted

LCDM  is successful but É
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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 ßuctuations and essentially
erase all structures below a given scale (referred to as the
collisional damping scale) [32Ð34]. The effect is exacerbated
when DM couples to photons and therefore, one can set a
strong upper limit on the DMÐ! interaction cross section by
examining the resulting CMB spectra.

In fact, a non-zero DM! ! coupling has two speciÞc
signatures. Firstly, as was shown in Ref. [33], large
interactions lead to the presence of signiÞcant 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 ÔlinearÕ translation of the matter power
spectrum and can also be constrained (if the effect is
substantial enough). Therefore, with the Þrst data from the
Planck satellite [41], one can set a limit on DMÐ! interactions
with unprecedented precision.

In this study, we extend the preliminary analysis of
Ref. [33] much further and show that a non-negligible DMÐ!
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 DMÐ!
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 DMÐ! interactions and the qualitative
effects on theTT andEE components of the angular power
spectrum. In Sec.III A , we constrain these interactions by
comparing the spectra to the latest Planck data, and Þnd the
best-Þt 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 DMÐ ! INTERACTIONS

In this section, we recall the modiÞed 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 ofCLASS offers a choice between two
gauges for the deÞnition 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 DMÐ! decoupling happens before the gravitational collapse
of such ßuctuations 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 Þxed by imposing" DM = 0 at the initial
time but not at all times. For simplicity, we implemented
the DMÐ! interactions in the Newtonian gauge only. All
equations in this section refer to that gauge, assuming a ßat
universe and taking derivatives with respect to conformal
time,#. Our notation is consistent with Ref. [44].

A. ModiÞed Boltzmann equations

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

ú" b = k2$ ! H " b + c2
sk2%b ! R! 1ú&(" b ! " ! ) , (1)

ú" ! = k2$ + k2
!

1
4

%! ! ' !

"
! ú&(" ! ! " b) , (2)

ú" DM = k2$ ! H " DM , (3)

where" b, " ! and" DM are the baryon, photon and DM velocity
divergences respectively.%! and' ! are the density ßuctuation
and anisotropic stress potential associated with the photon
ßuid, $ is the gravitational potential,k is the comoving
wavenumber,H = ( úa/ 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 andú&" a' Th cne is the Thomson
scattering rate (the scale factor,a, appears since the derivative
is taken with respect to conformal time).

DMÐ! interactions are accounted for by a term analogous
to ! ú&(" ! ! " b) in the DM and photon velocity equations. The
new interaction rate reads úµ" a' DM! ! cnDM, where' DM! ! is
the DMÐ! 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! úµ(" ! ! " 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 factorS" (3/ 4)( ( DM/ ( ! ), which grows in proportion to
a. Thus, the Euler equations become

ú" b = k2$ ! H " b + c2
sk2%b ! R! 1ú&(" b ! " ! ) , (4)

ú" ! = k2$ + k2
!

1
4

%! ! ' !

"

! ú&(" ! ! " b) ! úµ(" ! ! " DM) , (5)
ú" DM = k2$ ! H " DM ! S! 1úµ(" DM ! " ! ) . (6)

The DMÐ! 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 úµ 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 ßuid will not be
signiÞcantly modiÞed by a DMÐ! coupling.

No DM mass ; 
no DM interaction in the DM equation.
Just a modification of gravityÉ

and yet DM should have interactions!

Cold DM after all !mass and kinetic decoupling at a few MeV in several models"



Impact of DM interactions on CMB physics



The physics of DM interactions on primordial fluctuations

primordial 
fluctuations

DM collisions

decoupling

DM free#streaming

Fluctuations first erased by collisional damping then free#streaming



The physics of DM interactions on primordial fluctuations

primordial fluctuations

DM collisions

decoupling

DM free#streaming

Fluctuations first erased by collisional damping then free#streaming

 astro-ph/0410591astro-ph/0012504

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


astro-ph/0112522

last until DM stop interacting

efficient if DM is coupled to a species that is also interacting with other fluids

efficient if the DM is coupled to a 
relativistic species

The physics of DM interactions on primordial fluctuations

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 ßuctuations and essentially
erase all structures below a given scale (referred to as the
collisional damping scale) [32Ð34]. The effect is exacerbated
when DM couples to photons and therefore, one can set a
strong upper limit on the DMÐ! interaction cross section by
examining the resulting CMB spectra.

In fact, a non-zero DM! ! coupling has two speciÞc
signatures. Firstly, as was shown in Ref. [33], large
interactions lead to the presence of signiÞcant 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 ÔlinearÕ translation of the matter power
spectrum and can also be constrained (if the effect is
substantial enough). Therefore, with the Þrst data from the
Planck satellite [41], one can set a limit on DMÐ! interactions
with unprecedented precision.

In this study, we extend the preliminary analysis of
Ref. [33] much further and show that a non-negligible DMÐ!
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 DMÐ!
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 DMÐ! interactions and the qualitative
effects on theTT andEE components of the angular power
spectrum. In Sec.III A , we constrain these interactions by
comparing the spectra to the latest Planck data, and Þnd the
best-Þt 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 DMÐ ! INTERACTIONS

In this section, we recall the modiÞed 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 ofCLASS offers a choice between two
gauges for the deÞnition 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 DMÐ! decoupling happens before the gravitational collapse
of such ßuctuations 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 Þxed by imposing" DM = 0 at the initial
time but not at all times. For simplicity, we implemented
the DMÐ! interactions in the Newtonian gauge only. All
equations in this section refer to that gauge, assuming a ßat
universe and taking derivatives with respect to conformal
time,#. Our notation is consistent with Ref. [44].

A. ModiÞed Boltzmann equations

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

ú" b = k2$ ! H " b + c2
sk2%b ! R! 1ú&(" b ! " ! ) , (1)

ú" ! = k2$ + k2
!

1
4

%! ! ' !

"
! ú&(" ! ! " b) , (2)

ú" DM = k2$ ! H " DM , (3)

where" b, " ! and" DM are the baryon, photon and DM velocity
divergences respectively.%! and' ! are the density ßuctuation
and anisotropic stress potential associated with the photon
ßuid, $ is the gravitational potential,k is the comoving
wavenumber,H = ( úa/ 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 andú&" a' Th cne is the Thomson
scattering rate (the scale factor,a, appears since the derivative
is taken with respect to conformal time).

DMÐ! interactions are accounted for by a term analogous
to ! ú&(" ! ! " b) in the DM and photon velocity equations. The
new interaction rate reads úµ" a' DM! ! cnDM, where' DM! ! is
the DMÐ! 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! úµ(" ! ! " 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 factorS" (3/ 4)( ( DM/ ( ! ), which grows in proportion to
a. Thus, the Euler equations become

ú" b = k2$ ! H " b + c2
sk2%b ! R! 1ú&(" b ! " ! ) , (4)

ú" ! = k2$ + k2
!

1
4

%! ! ' !

"

! ú&(" ! ! " b) ! úµ(" ! ! " DM) , (5)
ú" DM = k2$ ! H " DM ! S! 1úµ(" DM ! " ! ) . (6)

The DMÐ! 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 úµ 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 ßuid will not be
signiÞcantly modiÞed by a DMÐ! 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 ßuctuations and essentially
erase all structures below a given scale (referred to as the
collisional damping scale) [32Ð34]. The effect is exacerbated
when DM couples to photons and therefore, one can set a
strong upper limit on the DMÐ! interaction cross section by
examining the resulting CMB spectra.

In fact, a non-zero DM! ! coupling has two speciÞc
signatures. Firstly, as was shown in Ref. [33], large
interactions lead to the presence of signiÞcant 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 ÔlinearÕ translation of the matter power
spectrum and can also be constrained (if the effect is
substantial enough). Therefore, with the Þrst data from the
Planck satellite [41], one can set a limit on DMÐ! interactions
with unprecedented precision.

In this study, we extend the preliminary analysis of
Ref. [33] much further and show that a non-negligible DMÐ!
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 DMÐ!
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 DMÐ! interactions and the qualitative
effects on theTT andEE components of the angular power
spectrum. In Sec.III A , we constrain these interactions by
comparing the spectra to the latest Planck data, and Þnd the
best-Þt 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 DMÐ ! INTERACTIONS

In this section, we recall the modiÞed 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 ofCLASS offers a choice between two
gauges for the deÞnition 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 DMÐ! decoupling happens before the gravitational collapse
of such ßuctuations 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 Þxed by imposing" DM = 0 at the initial
time but not at all times. For simplicity, we implemented
the DMÐ! interactions in the Newtonian gauge only. All
equations in this section refer to that gauge, assuming a ßat
universe and taking derivatives with respect to conformal
time,#. Our notation is consistent with Ref. [44].

A. ModiÞed Boltzmann equations

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

ú" b = k2$ ! H " b + c2
sk2%b ! R! 1ú&(" b ! " ! ) , (1)

ú" ! = k2$ + k2
!

1
4

%! ! ' !

"
! ú&(" ! ! " b) , (2)

ú" DM = k2$ ! H " DM , (3)

where" b, " ! and" DM are the baryon, photon and DM velocity
divergences respectively.%! and' ! are the density ßuctuation
and anisotropic stress potential associated with the photon
ßuid, $ is the gravitational potential,k is the comoving
wavenumber,H = ( úa/ 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 andú&" a' Th cne is the Thomson
scattering rate (the scale factor,a, appears since the derivative
is taken with respect to conformal time).

DMÐ! interactions are accounted for by a term analogous
to ! ú&(" ! ! " b) in the DM and photon velocity equations. The
new interaction rate reads úµ" a' DM! ! cnDM, where' DM! ! is
the DMÐ! 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! úµ(" ! ! " 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 factorS" (3/ 4)( ( DM/ ( ! ), which grows in proportion to
a. Thus, the Euler equations become

ú" b = k2$ ! H " b + c2
sk2%b ! R! 1ú&(" b ! " ! ) , (4)

ú" ! = k2$ + k2
!

1
4

%! ! ' !

"

! ú&(" ! ! " b) ! úµ(" ! ! " DM) , (5)
ú" DM = k2$ ! H " DM ! S! 1úµ(" DM ! " ! ) . (6)

The DMÐ! 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 úµ 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 ßuid will not be
signiÞcantly modiÞed by a DMÐ! coupling.

without DM interactions with DM interactions

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


DM-photon interactionsastro-ph/0112522

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

Thomson cross section

vanilla CDM

dark matter cannot be a baryonÉbut CMB does not prevent a coupling to photons 
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ZOOMING IN (with Class)

IDM  d i f fe rs  f rom 
CDM at  small#scales 
but  are  these  cross 
sections  allowed  by 
Planck data?
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arXiv:1309.7588

CMB can exclude large DM!photon interactions!  
This limit is not competitive for heavy DM but it is reliable!

DM-photon interactions

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


DM-neutrino interactions
R. Wilkinson, CB, J. Lesgourgues arXiv:1401.7597



Impact of DM interactions  

on cosmological parameters



H0 changes because of the additional source of damping!

DM!nu interactions

Planck

CMB alone

Could reconcile cepheids and CMB measurements!

Impact on cosmological parameters
arXiv:1401.7597
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FIG. 3: A comparison between theTT angular power spectra for the maximally allowed (constant) DMÐ! cross section (u ! 10" 4), and the
9-year WMAP [3] and one-year Planck [41] best-Þt 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 theTT
component of the angular power spectrum at high! .
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FIG. 4: The effect of DMÐ! interactions on theB-modes of the
angular power spectrum, where the strength of the interaction
is characterised byu #

!
" DM" ! / " Th

"
[mDM/ 100 GeV]" 1 (with a

constant" DM" ! ) and we use the ÔPlanck+ WPÕ best-Þt parameters
from Ref. [41]. The data points are the recentB-mode polarisation
measurements from the SPT experiment, where SPTpol 1, SPTpol
2 and SPTpol 3 refer to( öE150ö#CIB) $ öB150, ( öE95ö#CIB) $ öB150 and
( öE150ö#CIB) $ öB150

$ respectively in Ref. [54]. For the maximally
allowed (constant) DMÐ! cross section (u ! 10" 4), we see a
deviation from the Planck best-Þt%CDM model for ! ! 500 and a
signiÞcant suppression of power for larger! .

Fig. 1) and the matter power spectrum (see Fig.5). While the
overall effect is small foru " 10" 4, if we consider! ! 500,
one can use theB-modes alone combined with the Þrst-season
SPTpol data [54] to effectively rule outu ! 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 inßuence of DMÐ! 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 ÔPlanck+ WPÕ best-Þt 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) DMÐ!
cross sections (u " 10" 4), signiÞcant damping effects are restricted
to the non-linear regime (k ! 0.2 h Mpc" 1).

an even stronger limit on the DMÐ! 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 nonÐlinear
evolution of the matter power spectrum (for whichk !
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


DM#neutrino interactions in the Early Universe
5

if it is constant and

! DM! " ,0 ! 10! 35 (mDM/ GeV) cm2 , (8)

if it is proportional to the temperature squared.
Forthcoming polarisation data from e.g. Planck [4],

ACTpol [48], POLARBEAR [49] and SPIDER [50] will
improve these results and could provide us with a powerful
tool to study DM interactions in the future.

B. Large-Scale Structure

The effects of introducing DM–neutrino interactions on the
matter power spectrum, P(k), are shown in Fig. 2 (where
for simplicity, we assume that the cross section is constant).
We obtain a series of damped oscillations, which suppress
power on small scales (see Ref. [10]). For the cross sections
of interest, significant damping effects are restricted to the
non-linear regime (for which k " 0.2 h Mpc! 1).

In general, the reduction of small-scale power for a DM
candidate is described by a transfer function, T (k), defined by

P(k) = T 2(k) PCDM(k) , (9)

where PCDM(k) is the equivalent matter power spectrum for
CDM.

For a non-interacting warm DM (WDM) particle, the
transfer function can be approximated by the fitting
formula [51]:

T (k) = [ 1 + ( #k)2" ]! 5/ " , (10)

where

# =
0.049

h Mpc! 1

! mWDM

keV

" ! 1.11
#

$ DM

0.25

$ 0.11 #
h

0.7

$ 1.22
, (11)

" " 1.12 and mWDM is the mass of the warm thermal relic [52].
From Fig. 2, one can see that cosmological models

including DM–neutrino interactions can provide an initial
reduction of small-scale power in a similar manner to the
exponential cut-off of WDM. The presence of damped
oscillations is unimportant for setting limits since we are only
interested in the cut-off of the spectrum and the power is
already significantly reduced by the first oscillation. However,
we note that this difference could allow one to distinguish the
two models in high-resolution N-body simulations [53].

Using an analysis of the Lyman-# flux from the HIRES [54]
and MIKE spectrographs [55], Ref. [33] obtained a bound
on the free-streaming scale of a warm thermal relic,
corresponding to a particle mass of mWDM " 3.3 keV (or
equivalently, # " 0.012). This constraint is represented by
the solid grey curve in Fig. 2.

By comparing models of DM–neutrino interactions with
WDM, we can effectively rule out cross sections in
which the collisional damping scale is larger than the
maximally-allowed WDM free-streaming scale. Taking into
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FIG. 2: The impact of DM–neutrino interactions on the matter power
spectrum, where u # [! DM! " / ! Th] [mDM/ 100 GeV]! 1 (such that
u = 0 corresponds to no coupling). We take ! DM! " to be constant
and use the ‘Planck + WP’ best-fit parameters from Ref. [32]. The
solid grey curve represents the most recent constraint on warm DM
models from the Lyman-# forest [33]. The new coupling produces
(power-law) damped oscillations, reducing the number of small-scale
structures with respect to vanilla %CDM [10].

account the freedom from the other cosmological parameters,
we obtain the conservative upper bounds:

! DM! " ! 10! 33 (mDM/ GeV) cm2 , (12)

if the cross section is constant and

! DM! " ,0 ! 10! 45 (mDM/ GeV) cm2 , (13)

if it scales as the temperature squared.
These limits are significantly stronger than those obtained

from the CMB analysis in Sec. III A and will improve
further with forthcoming data from LSS surveys such as
SDSS-III [56] and Euclid [57]. However, CMB constraints
are important to compare to as they do not depend on the
non-linear evolution of the matter fluctuations.

We can now fix the cross section to be the maximum value
allowed by these constraints and redo our CMB analysis.
Applying Eq. (12) for a constant cross section, we obtain the
bounds on the cosmological parameters shown in Table II and
illustrated in Fig. 5. These results are similar to the case of no
interaction with Neff free to vary, corresponding to the second
line in Table I (especially after correcting the central value
of 100 h by 0.6, as explained in Footnote 6). The reason is
that the cross section imposed by the Lyman-# data is small
enough to not significantly modify the CMB spectrum.

Finally, we note that if more than one species were
responsible for the observed DM relic density (which is
the case that we consider here), larger values of the elastic
scattering cross section would be allowed.



C.B., J. Schewtschenko et al

http://www.youtube.com/watch?v=YhJHN6z_0ek

arXiv:1404.7012

http://www.youtube.com/watch?v=YhJHN6z_0ek
http://arxiv.org/abs/arXiv:1404.7012


C.B., J. Schewtschenko et al

arXiv:1404.7012



C.B., J. Schewtschenko et al

Structure formation severely constrains such primordial DM interactions!

!factor 100 better than CMB"
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With MeV DM (mN=mDM)

DM-neutrino interactions
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The future for data-driven analysis 



Courtesy JP Kneib

DESI and LSST will set strong bounds (stronger than CMB)

With DESI we gain a factor 10  
for the DM!photon interactions

What will LSST bring?

arXiv:1505.06735

http://arxiv.org/abs/arXiv:1505.06735


DM indirect detection searches arXiv:1602.07282

Extragalactic gamma!ray signal: damping + annihilations

Issues about extrapolations of P!k" at small scales
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FIG. 3: A comparison between theTT angular power spectra for the maximally allowed (constant) DMÐ! cross section (u ! 10" 4), and the
9-year WMAP [3] and one-year Planck [41] best-Þt 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 theTT
component of the angular power spectrum at high! .
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FIG. 4: The effect of DMÐ! interactions on theB-modes of the
angular power spectrum, where the strength of the interaction
is characterised byu #

!
" DM" ! / " Th

"
[mDM/ 100 GeV]" 1 (with a

constant" DM" ! ) and we use the ÔPlanck+ WPÕ best-Þt parameters
from Ref. [41]. The data points are the recentB-mode polarisation
measurements from the SPT experiment, where SPTpol 1, SPTpol
2 and SPTpol 3 refer to( öE150ö#CIB) $ öB150, ( öE95ö#CIB) $ öB150 and
( öE150ö#CIB) $ öB150

$ respectively in Ref. [54]. For the maximally
allowed (constant) DMÐ! cross section (u ! 10" 4), we see a
deviation from the Planck best-Þt%CDM model for ! ! 500 and a
signiÞcant suppression of power for larger! .

Fig. 1) and the matter power spectrum (see Fig.5). While the
overall effect is small foru " 10" 4, if we consider! ! 500,
one can use theB-modes alone combined with the Þrst-season
SPTpol data [54] to effectively rule outu ! 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 inßuence of DMÐ! 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 ÔPlanck+ WPÕ best-Þt 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) DMÐ!
cross sections (u " 10" 4), signiÞcant damping effects are restricted
to the non-linear regime (k ! 0.2 h Mpc" 1).

an even stronger limit on the DMÐ! 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 nonÐlinear
evolution of the matter power spectrum (for whichk !
0.2 h Mpc" 1). Typically, one would expect it to be somewhat
intermediate between cold and warm dark matter (WDM)



DM indirect detection searchesarXiv:1602.07282

Extragalactic gamma!ray signal: damping + annihilations

Same signal as in LCDM but suppressed 
so one could mistaken the damping effect with a smaller annihilation cross section  

wo/with damping 



Conclusion

¥ CMB observations alone constrain primordial DM interactions

¥ CMB observations do not exclude DM interactions though

¥ N#body simulations of LSS beat CMB constraints but they are more 
uncertain

¥  If ÒH0 discrepanciesÓ persists, it may be that DM has interactions

Cosmology can  probe the DM microphysics



DM without DM particles
Mond /Bekenstein

Black Holes

C. Skordis, D. Mota, P. Ferreira, C.Boehm : astro-ph/0505519

Bekenstein  astro-ph/0403694

Impossible to explain  
Planck 2015!

0709.0524v1
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Fig. 9.Ñ (left) Upper limits on the present abundance of PBHs. The thi ck lines are the results obtained in the present work. The sol id
lines show the upper limits using WMAP3 data (CMB anisotropi es) for two values of the black hole duty cycle f duty = 1 and 0 .1. The
dashed lines show the limits using FIRAS data (CMB spectral d istortions) at 95% and 68% conÞdence. The other lines refer t o previous
upper limits from microlensing (EROS and MACHO experiments ) and dynamical constraints (see introduction). (Right) Up per limits on
the abundance of PBHs at the epoch of their formation ! as a function of their mass. We assume that the mass of PBHs is a fraction f Hor
of the mass of the horizon at the epoch of their formation. The thick curves show the upper limits obtained in the present wo rk and the
thin dotted curve are limits from the EROS collaboration (mi crolensing experiment).

Thompson scattering to ! e ∼ 0.2. Since the scalar spec-
tral index ns and the amplitude of density ßuctuations
As and " 8 are correlated to! e, their best Þts also increase
to ns ∼ 1 and " 8 ∼ 0.9. PBHs in this mass range may be
produced in two-stage inßationary models designed to Þt
the low WMAP quadrupole (Kawasaki et al. 2006). We
emphasize again that this e! ect is more general than the
speciÞc case of PBHs discussed in this paper. Any mech-
anism or energy source that modiÞes the standard recom-
bination history may a! ect the estimate of cosmological
parameters in a way similar to that discussed here.

Our results are in contradiction with the suggestion
that MACHOs are PBHs with mass ∼ 0.1− 1 M! and
f pbh ∼ 0.2 (Alcock et al. 2000). Such a PBH population
would produce spectral distortions incompatible with FI-
RAS data.

The luminous QSOs found by SLOAN at z ∼ 6 are
thought to be powered by 108 − 109 M! SMBHs. It
is di" cult to produce such massive black holes starting
from small seeds by gas accretion because the age of the
universe at z = 6 is a few tens the Salpeter accretion
timescale. A few massive PBHs or numerous less mas-
sive PBHs may help explain the origin of SMBHs at high
redshift and in present day galaxies by producing rela-
tively massive ÒseedsÓ. Are the upper limits on the num-
ber of PBHs derived in this work compatible with this
scenario? The fraction of mass in SMBHs today is ap-
proximately # smbh/ # dm ∼ 2.13× 10" 5 (Gebhardt et al.
2000; Ricotti & Ostriker 2004). For PBHs with mass
> 1000 M! we found f pbh = # pbh/ # dm

<∼ 10" 6/f duty.
Hence, assuming that only a fractionFagn ≤ 1 of PBHs
is incorporated into SMBHs and grows by gas accre-
tion by a factor X acc ≥ 1 we have: f pbhX accFagn ∼
2 × 10" 5 or X accFagn

>∼ 20f duty. The most massive
PBHs have Fagn → 1 because they spiral in to the
centers of galaxies by dynamical friction on a shorter
timescale (tfric/t H(z) ∼ 0.02M halo(z)/M pbh, where tH
is the Hubble time) and because they may accrete gas
more e" ciently. Hence, for f duty ∼ 3% and Fagn = 1
we Þnd X acc

>∼ 1 indicating that even scenarios with
negligible mass accretion onto PBHs (i.e., only growth
through mergers) are consistent with the observed mass

in SMBHs today.
Less massive PBHs have lower probability for growing

to masses typical of SMBHs because the Bondi accretion
rate is ∝ M 2. However, the upper limit on the abun-
dance of PBHs increases steeply with decreasing mass
for M pbh < 1000 M! . Thus, although a smaller fraction
of the seed PBHs can grow substantially, the number of
seeds available can be much larger. PBHs with masses
smaller than 100 M! , assuming Bondi type accretion
from the ISM of a typical high-z galaxy, are unlikely to
accrete rapidly enough to grow to SMBH masses in less
than 1 Gyr, even if they constitute a few per cent of the
dark matter (Kuranov et al. 2007; Pelupessy et al. 2007;
Ricotti & K¬ockert 2007).

The increased fractional ionization of the cosmic gas
produced by non-standard recombination also increases
the primordial molecular hydrogen abundance toxH2 ∼
10" 4 − 10" 5 after redshift z ∼ 100. This value is be-
tween ten and one hundred times larger than the stan-
dard value, xH2 ∼ 10" 6, obtained neglecting PBHs. The
increase of the cosmic Jeans mass due to X-ray heating
is negligible for models consistent with the CMB data.
Therefore, the formation rate of the Þrst galaxies and
stars may be enhanced if a population of PBHs exists.
Several aspects of Þrst-star and galaxy- formation physics
would be a! ected by the enhanced molecular fraction:
(i) the mass of the Þrst stars may be reduced due to
formation of HD molecules (Nagakura & Omukai 2005);
(ii) the intergalactic medium would be optically thick
to H2 photo-dissociating radiation in the Lyman-Werner
bands, allowing molecular hydrogen to survive in the low
density IGM even at relatively low redshifts z ∼ 10−15;
(iii) the epoch of domination of the Þrst stars and galax-
ies would probably start earlier and perhaps last longer.
The number of Þrst galaxies that remain completely dark
would be reduced. It is not obvious that the star forma-
tion e" ciency and other internal properties of the Þrst
galaxies would be a! ected because feedback e! ects such
as photo-evaporation from internal sources and SN ex-
plosions are probably dominant (Ricotti et al. 2002a,b).
We leave quantitative calculations on the impact of PBHs
on the formation of the Þrst galaxies to a future work.

a fraction of PBH is  
possible but one still  
needs a collisionless  
ßuid.

http://arxiv.org/abs/astro-ph/0505519
http://arxiv.org/abs/astro-ph/0403694


LSS in the Universe  
are modified too! 

lengths 100/h Mpc and 300/h Mpc
10243 particles

 arXiv:1404.7012

http://arxiv.org/abs/arXiv:1404.7012


NeutrinosPhotons

EE & BB spectra
arXiv:1309.7588 arXiv:1401.7597

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


Numbers of MW satellite galaxies

CDM prediction is  
well above observation

Interacting DM agrees  
with observation

Too many interactions

arXiv:1404.7012

small satellites Sterilise the MW!Solve the MW satellite problem!

http://arxiv.org/abs/arXiv:1404.7012


self - interacting DM 
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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 Þt 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
ADM wDAO . 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 Þrst 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 signiÞcantly 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 r DAO ,
as a function of the scale factora is shown in Fig. 2. The scale factors of kinetic decouplingaD , used in Eqs. (7)
and (8), are also shown as vertical dashed lines. As expected, (r DAO /r SD )|a= aD " 1 in the strong DAO case, while
(r DAO /r SD )|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 scalesr DAO and r SD (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
wavenumberk is approximately:

M (k) $ (1012 M " )
!

k

Mpc! 1

" ! 3

. (11)

For comparison, in supersymmetric models with a ÒstandardÓ 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 aroundT # 30 MeV
[112Ð115]. The physical Jeans wavenumber, setting the scale at which perturbations will begin gravitational collapse
(assuming sound speedvs) is:

kJ =
!

4#$(T)
m2

Pl v
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 iskJ # 106 Mpc! 1, and so dark matter

Thomson-like cross section:  dark Coulomb or similar needed!

1405.2075
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FIG. 2. Galactic gamma-ray exclusion region (shaded) for a constant value of ! ! v" against DM mass, for DM annihilation
into øee (top left) and øqq (top right) and øbb (bottom) where q = u, d, s (with mDM > 0.1 GeV for øss). The exclusion includes
propagation of electrons and their subsequent secondary photon emission, and the solid green line is for no propagation (prompt
ßux only). For comparison, recent limits set by Fermi-LAT [ 61] from emission from Milky WayÕs dwarf satellite galaxies (dSph,
the solid orange line) and CMB bounds from Planck as calculated in [ 62, 63] (dashed red line).

we solve semi-analytically with the GreenÕs function approach of Refs. [72, 73], with energy-loss terms from ICS,
bremsstrahlung and synchrotron radiation. In contrast with direct annihilation to charged leptons, propagation of
electrons from quark Þnal states is only important for light (! 100 MeV) DM, where it slightly strengthens constraints
Ð we caution, however, that propagation of cosmic rays at such low energies is not well-understood. In almost every
case, the prompt emission therefore dominates:

d! prompt

dE!
=

1
4"

!#v"
2

!
$%!

mDM

" 2 dN
dE!

#

los

!
%(r )
%!

" 2

ds d! , (1)

where r is the galactocentric radius and$ # ! " / ! c is the fraction of the annihilating DM candidate with respect to
the total DM density today. If the DM particles are not identical (i.e. complex bosons or Dirac fermions), an extra

p!wave annihilations still allowed
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keV!MeV is possible depending on mediator  
but  indirect detection constraints are important
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Figure 1: One-loop scotogenic neutrino mass fromU(1) breaking to Z2.
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arxiv: 1512.08796

3 Radiative Neutrino Mass Through Dark Matter

The simplest Þnite one-loop radiative model of neutrino mass through dark matter is the

scotogenic model (from the Greek ÒscotosÓ meaning darkness) proposed in 2006 [27]. It

assumes an exactly conservedZ2 symmetry [28] and extends the standard model (SM) of

particle interactions with the addition of one scalar doublet (! + , ! 0) and three singlet Ma-

jorana fermionsN1,2,3 which are odd underZ2. Many aspects of its phenomenology have

been studied in detail [29]. Whereas the masses of! and N are usually considered to be

heavy, this mechanism also allowsN to be light [30]. With the discovery [31, 32] of the 125

GeV particle at the Large Hadron Collider (LHC) and its identiÞcation with the long-sought

Higgs bosonh of the SM, important constraints on! are now applicable. From the limit on

the invisible width of h, a light scalar (! MeV) is not allowed in the context of the original

scotogenic model.

In this paper we consider the further addition of a complex scalar singlet" and impose

a dark U(1) symmetry which is softly broken toZ2. The scalar potential is given by

V = m2
1!   ! + m2

2!   ! + m2
3" ! " +

1
2

m2
4[" 2 + ( " ! )2]

+ µ[!   ! " + !   !" ! ] +
1
2

#1(!   ! )2 +
1
2

#2(!   ! )2 +
1
2

#3(" ! " )2

+ #4(!   ! )( !   ! ) + #5(!   ! )( !   ! ) + #6(" ! " )( !   ! ) + #7(" ! " )( !   ! ), (8)

where them2
4 term breaksU(1) softly to Z2. Note that the quartic term (!   ! )2 present in

the original Z2 model [27] is now forbidden. The one-loop mechanism for neutrino mass is

depicted in Fig. 1.

Note that the assumed Majorana mass forN breaksU(1) to Z2 as well. This diagram is

also similar to that required in a supersymmetric extension [33].

Let ! = [ $+
1 , (v + h + i%I )/

"
2]T , ! = [ ! + , (! R + i ! I )/

"
2]T , " = ( " R + i " I )/

"
2. The

7

3 singlet Majorana fermions !N"

1 scalar doublet

Figure 3: Scatter plot for R!! in (! 4, m" ± ) plane (left) and in (! 4, ! 5) plane (right). All

points pass bothC1 and C2 sets.

cross sections in the numerator and denominator ofR!! cancel, and the signal strength is

simply given by the ratio of branching fractions. ThusR!! is independent of the LHC energy

at Run 1 or 2.

As is well knownh ! "" is fully dominated by W ± loop with some subleading contri-

bution from top quark loop which interferes destructively with theW ± loop. As alluded

earlier, h ! "" receives additional contribution from charged Higgs#± in this model [46].

The coupling of the SM Higgs to the#± pair is proportional to ! 4. If ! 4 is negative (posi-

tive) then the #± loop is constructively (destructively) interference with theW ± s, resulting

in an enhanced (suppressed)h ! "" rate with respect to SM one. By comparing with the

color palettes forR!! on the right side of both panels of Fig. (3), it is evident thatR!! is

enhanced for negative! 4 but suppressed for positive! 4. Note that ! 4 is restricted only to a

small range of negative! 4 [" 0.65, 0] which could enhanceh ! "" rate with respect to SM.

This range of negative! 4 corresponds to! 5 in the range [0.5, 3.7]. These two ranges for! 4

and ! 5 imply that the charged Higgs#± is in [100, 325] GeV range whereR!! > 1.

In Fig. (4) we illustrate R! Z and its correlation with R!! . In the left panel, we showR! Z

as a function of! 4 while scanning all other parameters. As in theR!! case,R! Z is enhanced

21
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Abstract

We consider the radiative generation of neutrino mass through the interactions of

neutrinos with MeV dark matter. We construct a realistic renormalizable model with

one scalar doublet (in additional to the standard model doublet) and one complex

singlet together with three light singlet Majorana fermions, all transforming under a

dark U(1) symmetry which breaks softly to Z2. We study in detail the scalar sector

which supports this speciÞc scenario and its rich phenomenology.
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Abstract

We consider the radiative generation of neutrino mass through the interactions of

neutrinos with MeV dark matter. We construct a realistic renormalizable model with

one scalar doublet (in additional to the standard model doublet) and one complex

singlet together with three light singlet Majorana fermions, all transforming under a

dark U(1) symmetry which breaks softly to Z2. We study in detail the scalar sector

which supports this speciÞc scenario and its rich phenomenology.
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