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The problem(s)

Modifying gravity solution

Missing mass solution

Neutrinos, MACHOs, PBHs

WIMPs



The SM framework seems valid

This model perfectly describes everything we see on Earth

Interactions

Strong force Weak force Electromagnetism

All the matter that Particle Physicists know on Earth



General Relativity seems valid so far

Mercury Perihelion Gravitational waves BH horizon

Einstein rings



But there are severe issues



Stars rotate in galaxies

Neutral Hydrogen gas too

Vera Rubin

Albert Bosma

Issue #1



Expected

Observed
v(r)

Distance to centre (r)

No dissipation but ordinary matter does dissipate

Rotation curves of galaxies



Strong lensing in galaxy clusters 

Missing mass 

Issue #2



Evolution of the Universe

How to form cosmological structures 
from rapid expansion?

Ordinary matter is bound by BBN to be < 5%
of the content of the Universe but we need 
more mass to start the genesis of galaxies

Issue #3
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Genesis of Large Scale-structures
J. Peebles The gravitational instability of the Universe      1967APJ…147..859P

Initial conditions for structure formation

Needed for galaxy formation
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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.

Initial conditions for structure formation



Initial conditions for structure formation



Expected

Observed
v(r)

Distance to centre (r)

The 3 main issues

Missing mass Missing mass 
lack of dissipation

Lack of dissipation
Missing mass 

Over long time scales



We are on for a major paradigm shift

The physics that we know cannot explain
the formation of the objects that we know



Solutions?

Adding mass/particles

Modifying gravity

Deeper gravitational 
potential

Fighting 
Dissipation

(Acceleration) Hard :(

It is all about the initial conditions, i.e. the CMB!!! Others…



The modified gravity route



GR’ + SU(3)XSU(2)XU(1)

µ

✓
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◆
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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



The “missing mass” route



Or ?

“Standard Model” solutions



Let us go through these options



Neutrinos

They would need to have a mass > keV to form as many galaxies as we have observed

Or Millie

LMC

SMC

Galaxies within galaxies

Ret II

LMC and SMC are galaxies within the Milky Way and many more

Our place in the Universe

1404.7012



keV neutrinos = Warm dark matter
1988ApJ...332....1S

Bond & Szalay 1983; Bardeen et al. 1986

1404.7012

# structures

Larger scales -> small scales



Heavy dark matter = Cold Dark Matter

1404.7012

# structures

Larger scales -> small scales



MACHOs

Excluded

Tiny fraction of our 
MW halo allowed but …

EROS & MACHO experiments



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



Massive weakly interacting particles 

Collisionless (to avoid dissipation) but annihilation 
Expansion of the Universe

)(3 2
0

2 nnvHn
dt
dn

��� V

Introduction to DM physics: Deriving the Boltzmann equation

Time evolution of 
The number density

Interactions which change
the number density

Ωh2 ≃
3 × 10−27cm3/s

⟨σv⟩ Hut, Lee&Weinberg 77

σv ∝
m2

DM

m4
W

Add some hypothesis about the DM nature (heavy neutrino)

Courtesy L. Covi

Impose that this cross section explains the relic density

σv ∝
m2

DM

m4
W

≃ 3 − 10 × 10−26 cm3/s

Planck 2018

Thermal DM



“Old” prediction

Dark matter is supposedly collisionless 
but it does annihilate and therefore

must be heavier than a proton



Supersymmetric WIMPS
https://arxiv.org/pdf/hep-ph/9810360.pdf

Bino

Bino

f

f

Neutralino-stau co-annihilation

Neutralino mass >> GeV and 
within the reach of LHC (or just at the limit)



Direct detection constraints
arXiv:2109.03116

Annihilations



Hold on… 

Collisionless but annihilations

Courtesy L. Covi

Scattering with nuclei

DM is heavy

So DM can scatter off SM particles???



What does cosmology have to say?

We should assume that DM can scatter off SM and let the particle physics and cosmology data guide us



LSST, EUCLID will be essential! 

Interacting DMCDM

DM-SM 1404.7012

DM -SM interactions & large scales

1404.7012 1404.7012

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


1404.7012

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

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


Newish prediction

Dark matter can be collisional (not too much though)

It can annihilate and therefore
must be heavier than a proton



Can dark matter be lighter than a proton?
hep-ph/0305261

Also found by Feng&kumar (0803.4196) 

Ωh2 ≃
3 × 10−27cm3/s

⟨σv⟩
σv ∝

m2
DM

m4
W

GeV DM

Take a scalar instead of a fermion and assume new interactions 

�v / 1

m4
F
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l + C2
r

�
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 Imposing a specific value for sigma doesn’t constrain mdm so DM can be light and it is ok!

σv ∝
C2

l C2
r

m2
F

https://arxiv.org/abs/0803.4196


Direct detection constraints
arXiv:2109.03116

Annihilations



Light Dark Matter & Light mediators

P"wave:(velocity(dependent

DM(candidate

Exchanged(particle

S"wave:(velocity(independent

A"possible"model"for"MeV DM CB,(Fayet Nucl Phys(2003

Must(be(suppressed(to(satisfy(
the(gamma(ray(constraint

Naturally(suppressed(in(the(galaxy
so(satisfies(the(gamma(ray(constraint

DM can be light if the mediator is light

DM

DM

DM

DM

DM

DM

e+

e−

ν

ν̄

Z′ 

Z′ 

MeV Sub eV? ?

Should there be annihilations at all?
Asymmetric DM, Freeze-in, non thermal DM

0911.1120



Even lighter DM? Revisiting axions



Conclusion
The physics that we know — formulated in a “standard” way — does 
not explain the number and properties of cosmological structures 
that we observe

Solutions involve 

new particles which could be light / heavy but with small (if any) 
interactions with SM particles
modifying gravity 
wave-like components 

Cosmological survey will bring important information if we don’t 
detect the dark matter on Earth but the main thing is 

We need new ideas!



https://phys.org/news/2018-10-era-quest-dark.html

https://phys.org/news/2018-10-era-quest-dark.html


How to probe Dark Matter models?
arXiv:2207.03107 in agreement with astro-ph/0309652

arXiv:2207.03107

arXiv:2207.03107



How to probe Dark Matter interactions?
arXiv:2207.03107 in agreement with astro-ph/0309652

arXiv:2207.03107

arXiv:2207.03107arXiv:2207.03107

arXiv:2207.03107



How to probe Dark Matter interactions?
arXiv:2207.14126



How to probe Dark Matter interactions?
arXiv:2207.14126

The BBH merger rate is thus essentially a delayed tracer of star formation, whose normalisation depends on the efficiency with which massive 
binary stars are converted into BBHs. This efficiency is mostly determined by the stellar metallicity. 

We use a compas dataset of 20 million evolved binaries (resulting in ≈ 0.7 million BBHs) presented in [104], which is publicly available at [105]. 
This gives us the BBH formation efficiency as a function of initial mass and metallicity, as well as the delay time between star formation and BBH 
merger. By combining this with a model for the star formation rate density and metallicity distribution as functions of redshift, we can use the 
compas “cosmic integration” module [106] to average over the synthetic population and obtain the cosmic BBH merger rate
(i.e., the fraction of the stellar mass that is in elements heavier than helium).



How to probe Dark Matter interactions?
arXiv:2207.14126

Current measurement

Further measurements to come

LCDM almost excluded (!!!) so next measurements will be critical!









https://www.youtube.com/watch?v=LR5RBtzh-Qs


Important evolution

No collision but annihilation

Collision and annihilation

No collision, no annihilation

No collision, annihilation into new stuff

Asymmetric DM

FIMPs DM
Decay DM

DM mass range



“Dark Matter”
arXiv:2109.03116

As weakly interacting as neutrinos, if not even worse?



Beacom, Bell & Bertone (0409403)
Using e+e- ann into muons

Astrophysical implications of light dark matter

Boehm&Uwer (0606058)

Introduction to DM physics: Notions of annihilation

Disappearance of 2 particles in the initial state

Creation of 2 new particles in the final state

Interactions 
which change
the number 
density

DM = Lightest particle

DM = Lightest particle

SM particle

SM particle

S-wave must be suppressed
P-wave ok

Gamma-ray emission

See also by Boudaud et al (1810.01680) 
+ X-ray: 2007.11493 (Cirelli et al) — strong constraints m > 20 MeV
+ CMB study in the context of the 511 keV line in 1301.0819

0905.0003

mdm < 20 MeV

mdm < 30 MeV

https://arxiv.org/abs/1810.01680


arXiv:2010.02954

Constraints on vector-like fermions



arXiv:2010.02954

Constraints on dark gauge bosons



Annihilations into neutrinos

Astrophysical implications of light dark matter

Basic model can give rise to neutrino masses in the eV range but UV completion is hard!

hep-ph/0612228

See e.g. work by Yasaman Farzan (e.g. 1009.0829 and 1208.2732) + Arhrib et al (1512.08796) 

https://arxiv.org/abs/1009.0829
https://arxiv.org/abs/1208.2732
https://arxiv.org/abs/1512.08796
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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.

Anticipating that the bound on mi is such that mi �

T⌫(at recombination) ⇠ 1 eV, we set I(mi/T⌫) = 0 so
that

Ne↵ = N⌫

✓
4

11

◆�4/3✓
T⌫

T�

◆4

. (5)

The ratio T⌫/T� is determined by considering entropy
conservation (see e.g. [20, 24, 53]). After neutrino de-
coupling at TD ⇡ 2.3 MeV, the entropy of the ‘neutrino
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⇡

2
g?s:⌫T

3
⌫ /45 and s� =

2⇡
2
g?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⌫ +

nX

i=1

gi

2
F

✓
mi

T⌫

◆#
. (7)

where

F (x) =
30

7⇡4

Z 1

x
dy

(4y
2
� x

2)
p

y2 � x2

ey ± 1
. (8)

with limits F (1) = 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

N
Equil. ⌫
e↵ = N⌫

"
1 +

1

N⌫

nX

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

N
Equil. �/e
e↵ = N⌫

"
1 +

7

22

nX

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

NeffHelium/D abundance

Cosmological implications of light dark matter

Raffelt & Serpico

1303.6270 1207.0497 

M < 10-20 MeV

astro-ph/0403417   

  

M < 10 MeV but [4,10] MeV exciting for 511 keV

https://arxiv.org/abs/1303.6270
https://arxiv.org/abs/1207.0497
https://arxiv.org/abs/astro-ph/0403417
https://arxiv.org/abs/1303.6270
https://arxiv.org/abs/1303.6270


How to probe Dark Matter interactions?
arXiv:2207.03107 in agreement with astro-ph/0309652

arXiv:2207.03107

arXiv:2207.03107



How to probe Dark Matter interactions?
arXiv:2207.03107 in agreement with astro-ph/0309652

arXiv:2207.03107

arXiv:2207.03107arXiv:2207.03107

arXiv:2207.03107



How to probe Dark Matter interactions?
arXiv:2207.14126



How to probe Dark Matter interactions?
arXiv:2207.14126

The BBH merger rate is thus essentially a delayed tracer of star formation, whose normalisation depends on the efficiency with which massive 
binary stars are converted into BBHs. This efficiency is mostly determined by the stellar metallicity. 

We use a compas dataset of 20 million evolved binaries (resulting in ≈ 0.7 million BBHs) presented in [104], which is publicly available at [105]. 
This gives us the BBH formation efficiency as a function of initial mass and metallicity, as well as the delay time between star formation and BBH 
merger. By combining this with a model for the star formation rate density and metallicity distribution as functions of redshift, we can use the 
compas “cosmic integration” module [106] to average over the synthetic population and obtain the cosmic BBH merger rate
(i.e., the fraction of the stellar mass that is in elements heavier than helium).



How to probe Dark Matter interactions?
arXiv:2207.14126

Current measurement

Further measurements to come

LCDM almost excluded (!!!) so next measurements will be critical!
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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.
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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
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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
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These expressions are also used to give initial conditions
for the integration of the full Boltzmann hierarchy (c.f.
Eq. (24)), once the approximation of tight coupling loses
it’s validity. We find for the photon shear at first order
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Finally, a comment on the validity of the tight coupling

approximation is in order. We identified three conditions,
⌧c H ⌧ 1, ⌧c k ⌧ 1, and ⌧c µ̇ ⌧ 1, of which the former
two are also present in ⇤CDM. For the latter we find in
the early universe, before the epoch of recombination

⌧cµ̇ = uDM��
⇢DM
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The critical values of ⌧c H and ⌧c k, that determine when
the tight coupling approximation is no longer valid, and
one needs to integrate the full Boltzmann equations, are
larger than 10�3. Therefore the additional requirement
on ⌧cµ̇ is automatically satisfied in all scenarios with re-
alistic cosmological parameters as long as uDM�� . 0.01.

E. Impact on CMB spectra

The e↵ects of dark matter-photon scattering on the
CMB temperature and polarization spectra have been
discussed in Ref. [12, 16] and are shown in Fig. 1. There
are three major e↵ects: (a) the reduction in magnitude of
the acoustic peaks at small scales by collisional damping,
(b) a shift in the position of the largest Doppler peak
towards higher multipoles caused by the decreased sound
speed of the plasma, and (c) the enhancement of the first
acoustic peaks due to a decrease in the photon’s di↵usion
length.

To compare our results with those of previous works
we ran the same code as was used in Ref. [12]. The main
discrepancy between our work and previous approxima-
tions is a slightly di↵erent expression for the tight cou-
pling approximation (see Eq. (49) and comments above).
Comparing the CMB angular power spectra obtained
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FIG. 1. The temperature, E-mode polarization, and TE
cross correlation CMB angular power spectra computed from
Planck best-fit parameters (⇤CDM) and in the presence of
a non-zero dark matter-photon scattering cross section. Red
data points show the errors bars associated with the Planck
best fit model.

with both codes, we find that the largest di↵erences oc-
cur for the temperature spectrum and can reach up to
10 µK2. However, the code used in Ref. [12] is based
on CLASS version 1.6, and CLASS itself has undergone
major changes since then [35]. Moreover, the default val-
ues of many cosmological and precision parameters in
CLASS, such as e.g. the parameters describing reioniza-
tion or the primordial helium abundance during BBN,
have changed, and, for a meaningful comparison, they
need to be set to the same value in all codes by hand. To
determine the importance of the tight coupling regime,
we transfered the code used in Ref. [12] to an up-to-date
version of CLASS. The resulting di↵erences are depicted
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have changed, and, for a meaningful comparison, they
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