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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

�⇥ �⌃⇥

⇥

�⇤̇(⌅⇥ �⌅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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• Lack of dissipation

• What drives structures to form?
• What prevents structures to collapse?
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Adding mass/particles

Modifying gravity

Deeper gravitational 
potential
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Dissipation

(Acceleration)
Hard :(

Require a relativistic 
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The first guiding principle
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• mass and no dissipation = weakly interacting massive particles 



Weakly Interacting Massive Particles 
Assuming similar behaviour as SM particles 

Celine Boehm

Structure formation + direct detection Collider / 
Particle Physics experiments

Relic density + indirect detection

cosmology nuclear/particle particle
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The second guiding principle

• Relic density 
   (the corresponding energy density changes the geometry of  the Universe) 
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SUSY parameter space is severely constrained. 
Pushing theoreticians to consider mass degeneracies…

Relic density: a SUSY example
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The pros and cons of having a theory (SUSY)

Pros:

Cons:

• Motivated by fundamental principles (at least partially)
• If found, then direct access to new fundamental laws of Nature 
• For collider searches, it is ideal because it gives clues where to look 
(And for theoreticians, where to hide their favourite candidates!)

• Biased (in the worse case towards one very specific theory)
• Not necessary for direct nor indirect searches 
• Depend on parameters which may be motivated at high energy 
   but effective value is what counts…

Perhaps no need for a theory after all
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The many assumptions in (thermal) heavy DM

• Thermal production
• One dominant DM particle 
• Annihilations 
• No decay
• Annihilations into SM particles
• In most scenarios annihilation into charged particles
• Symmetry in DM and anti DM number densities
• No modified gravity
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Alternative models of cross sections?
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DM can be lighter than a proton!
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Alternative models of cross sections?
neutrino case with 2 twists
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Abandoning the thermal assumption
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Abandoning the relic density constraint

Should there be annihilations at all?
Asymmetric DM, annihilation into dark 
sectors, decaying DM, regeneration, 
cannibalism, sterile neutrinos etc

0911.1120

+ implications on the number of sub-structures…
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Very light candidates?
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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
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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.

Dark Matter interactions & structure formation 

DM-photon (require a ~weak interactions)

DM-neutrino (require a weak interactions)

DM-baryon  (require large interactions)
DM self-interactions (require large interactions)

astro-ph/0012504, astro-ph/0112522,  
astro-ph/0205406, astro-ph/0410591   

CDM (no interaction) — observedOther DM (with interaction) — dissipation

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


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

arXiv:1404.7012

Dark Matter interactions & structure formation 



Dark matter self-interactions

DM

DM

DM

DM

DM-DR 1512.05349



Alternatives to particle DM

Celine Boehm



Primordial Black Holes
OGLE detected events (0.1-0.3 days light curve timescale) 

18/58 events consistent with 2-5 Msol PBH

(See Kuhnel’s talk at DSU2022 + papers)

DM?

Lensing from M31 Subaru



GR’ + SU(3)XSU(2)XU(1)

µ

✓
|~a|
a0

◆
~a = �r�

µ(x) = 1 if x > 1 µ(x) ' x if x < 1

astro-ph/0505519

TEVES: astro-ph/0403694

empirical

Modifying Gravity

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


Modifying Gravity
https://arxiv.org/pdf/2007.00082.pdf

In preparation

P. Vermayen et al



Conclusion & evolution of the field so far

(Thermal) heavy DM

(Thermal) light/MeV DM

(Non-thermal) ultra-light DM

Modified gravity???


