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DM not a baryon because 

* charged  
* signatures of interactions in P(k)
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What about ~ baryonic DM?
cross section needs to be ~ 0.1-10 cm^2/g



The Silk damping
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DM collisions

decoupling
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are non relativistic

Fluctuations first erased by collisional damping

The damping mechanisms in the case of baryons

cut-off is at too high scale 
and it is more or less the end of the story 

but the beginning for DM
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The different damping mechanisms in the case of 
Dark Matter



Let us start with the free-streaming  
as it is the most well-known effect



Free-streaming when DM has (even small) collisions
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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)
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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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Generalising the free-streaming 



Free-streaming for generalised DM models
(astro-ph/0012504, astro-ph/0410591)
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Lecture 3: damping

Scale factors

equalityNon-relativisticDecoupling

How to compute the damping of any generic candidate?

sterile neutrino
WIMPs-like

self-interactions

neutrinos



DM physics without having a DM model
(astro-ph/0012504, astro-ph/0410591)
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Lecture 3: damping
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Lecture 3: damping Constraint on DM from structure formation
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(astro-ph/0012504, astro-ph/0410591)
Free-streaming when DM has (even small) collisions
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Can we have light Interacting DM?
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arXiv:1604.01025

Neutrino experiments (CHARM II) also provide strong constraints! 
And do expect even better limits now with the coherent interactions

‘

http://arxiv.org/abs/arXiv:1604.01025


Light thermal DM is hard to achieve given current constraints 

Coulomb interactions have a huge cross section  
so there is room for small couplings

but both the Z’ and light DM had a life on their own 



Courtesy Bryan Zaldivar

Going long-range interactions



Courtesy Bryan Zaldivar

But beware of signatures …



Can we have light SELF & STRONGLY Interacting DM?



New ways to explain the relic abundance

Freeze-in mechanism but there are more…0911.1120

Including 3 ->2 processes 

Canibal DM revived by Hochberg, Kuflik, Volansky & Wacker '14



SELF & STRONGLY Interacting DM & relic abundance

Bryan’s favourite
Freeze-in

SIMPs in  
kinetic equilibriumSIMPs not in  

kinetic equilibrium

Courtesy Camilo Garcia Cely



Regime 3A

3->2 is quite constrained!
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Can we have light SELF & STRONGLY Interacting DM?



Courtesy Sebastian Wild

or pseudo scalar mediator

Direct Detection if interactions with SM

(Maria’s favourite?)



Courtesy Nicolas Bernal



Camilo must be having some fun…

small couplings give  
GR & SIDM

subGeV SIDM candidate

Courtesy  
Camilo Garcia Cely
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What kind of cross section?

Courtesy Bryan Zaldivar



What kind of cross section?
Courtesy Mauro Valli



What kind of cross section?
Courtesy Mauro Valli



Probing SIDM 
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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 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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P(k) for Dark Matter-neutrino interactions
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if it is constant and

sDM�n,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
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matter power spectrum, P(k), are shown in Fig. 2 (where
for simplicity, we assume that the cross section is constant).
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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+(ak)2n]�5/n , (10)

where

a =
0.049

h Mpc�1

⇣mWDM

keV

⌘�1.11
✓

WDM

0.25

◆0.11✓ h
0.7

◆1.22
, (11)

n ' 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-a 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, a ' 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 ⌘ [sDM�n/sTh] [mDM/100 GeV]�1 (such that
u = 0 corresponds to no coupling). We take sDM�n 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-a forest [33]. The new coupling produces
(power-law) damped oscillations, reducing the number of small-scale
structures with respect to vanilla LCDM [10].

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

sDM�n . 10�33 (mDM/GeV) cm2 , (12)

if the cross section is constant and

sDM�n,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-a 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.

arXiv:1401.7597

3 keV Warm DM

astro-ph/0112522
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DM-Dark radiation interactions



DM-Dark radiation interactions

impact on CMB
Courtesy Maria Archidiacono 



DM self-interactions



astro-ph/9502087
Self-interacting DM interactions

(66 citations…)

(135 citations…)

versus the 1000s  
by Spergel&Steinhardt 



Francis

Courtesy Jesus Zavala



ALMA might not distinguish SIDM from SCDM
SIDM substructure lensing signature is not Gaussian

Courtesy Jesus Zavala

Francis-Yan Cyr-Racine



C.B., J. Schewtschenko et al

arXiv:1404.7012



Quick understanding

“Real” Physics

lfs =

Z t0

tdec

v

a(t)
⇥ dt

Both effects together!

Collisional damping free-streaming

A3 2	 (

:B2AB A A 3 ; 3 1 2 ::

l2id ⇠ 2 ⇡2

3

Z tdec(dm�i)

0

⇢i v2i
⇢t a2 �i

dt

DM self-interactions DM interactions with radiation

BUT SIDM has both a primordial and late-time effect!  
(which others don’t have…perhaps)

v_i is higher, rho_i is higher

“induced damping” stronger … 
as a result smaller cross section  
makes the same effect as SIDM
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Figure 8. The mass-concentration concentration–mass rela-
tion (top) shows a mass-dependence for both interacting DM
�CDM, ⌫CDM and WDM, which develops at scales below
⇠ 1011 h�1M�. These models are indistinguishable from CDM
for more massive haloes. This deviation in the concentration de-
pends strongly on the interaction cross-section (middle) and be-
comes slightly smaller at higher redshifts (bottom). The data
points are the median values for the mass bins ranging from
4⇥109 h�1 M� to 1011 h�1 M�, while the shaded regions mark
the 95% CL, given the underlying scatter in the halo sample set
(small dots in the top plot). The error bars mark the 20% to 80%
interval for this distribution.
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Figure 9. The mass-spin spin–mass relation (top) shows a
mass-dependence for both interacting DM �CDM, ⌫CDM and
WDM, which develops at scales below ⇠ 1011 h�1M�. These
models are indistinguishable from CDM for more massive haloes.
This spin reduction on small scales depends on the interaction
cross-section (middle) while the relative deviation from standard
CDM remains constant over time (bottom). The data points are
the median values for the mass bins ranging from 4⇥109 h�1 M�
to 1011 h�1 M�, while the shaded regions mark the 95% CL,
given the underlying scatter in the halo sample set (small dots in
the top plot). The error bars mark the 20% to 80% interval for
this distribution.

c� 2014 RAS, MNRAS 000, 000–000

Differences with CDM
http://arxiv.org/pdf/1412.4905.pdf

Differerent from CDM but quite similar to WDM 
Céline Boehm

http://arxiv.org/pdf/1412.4905.pdf
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A few important points



Courtesy Hai-Bo Yu
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Mass function
the signatures at high redshift
astro-ph/0309652 Courtesy J.A. Schewtschenko



Courtesy Laura Lopez-Honorez



Probing SIDM 
with cosmology



Courtesy David Harvey



Courtesy David Harvey



Courtesy Thejs Brinckmann

velocity dispersion can constrain SIDM1  
(work in progress)



Courtesy David Harvey



Offsets in individual galaxies
SDSS J1011+0143 Abell 3827

Williams & Saha (2011), MNRAS 415, 0448 
Massey et al. (2015), MNRAS 449, 3393 
Taylor et al. (2017), MNRAS 468, 5004Shu et al. (2016), ApJ 820, 43

Courtesy Richard Massey



Courtesy David Harvey



Courtesy David Harvey



Courtesy David Harvey

bimodality: new constraints 0.47cm^2/g



Courtesy David Harvey



New ways to parameterise skewness

Kahlhoefer et al. (2014), MNRAS 437, 2865
Taylor et al. (2017), MNRAS 468, 5004

Courtesy Richard Massey



    Update in 2017

Courtesy Richard Massey



ALMA mm integral field spectroscopy  
(contours; background image HST)

Courtesy Richard Massey



A3827 mass distribution – 2017
Courtesy Richard Massey

No offset!!!



Courtesy Liliya Williams

Offsets/wobbles in massive galaxies of  
Hubble Frontier Field clusters

allow model free conclusions

Simulations give no offset for many of the clusters
None of the 5 galaxy-mass offsets is larger than ~15 kpc.

Abell370

Offseting the centers of the stellar and dark matter distribution by <1kpc can reproduce observations.



Courtesy Andrew Robertson

Constraints on SIDM cross-sections from offsets in merging clusters may be 
over-stated 
For the simplest well-motivated velocity-dependent SIDM, expect only small 
offsets in merging galaxy clusters 



Courtesy David Wittman

We can get big offset with cdm (can’t tell by more than 95%)

Radio selection gives more clusters

in line with the other conclusions??



Courtesy Surhud More

profile falls at a location that is 20%  
smaller than expected 

Edge of MW could  
touch Andromeda. 

last caustic  — physical boundary for the DM;

SIDM then dissipative force can reduce the splash radius but ?  

How do you define the  
edge of the halo? 



New signatures



Courtesy Prasenjit Saha



The Shadow of the Earth

(Kavanagh, CK, Catena ’17)

Courtesy Chris Kouvaris 

Possible signature in annual  
and diurnal modulation 

Sabre (Australia) in a good place





THEIA
Microarcsecond Astrometric Observatory

Faint objects in motion : the new astrometry frontier
Proposal for a medium size mission opportunity in ESA’s science programme (M5) mission

Theia lead proposer :  Prof Céline Bœhm
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Dmytro made a point  
about proper motions 

it is good…



THEIA
Microarcsecond Astrometric Observatory

Faint objects in motion : the new astrometry frontier
Proposal for a medium size mission opportunity in ESA’s science programme (M5) mission

Theia lead proposer :  Prof Céline Bœhm

G
r
a
p
h
is

m
e
 :
 R

o
x
a
n
e
 A

r
le

o

We can tell how DM is distributed 
and discriminate between cusp/core

distributions

Theia can probe self-interactions 

Dark Matter 
in dSphs

CDM halos can be heated by bursty star 
formation inside the stellar half light radius 
R1/2, if star formation proceeds for long enough. 

Some dSphs like Fornax have formed stars for 
almost a Hubble time and so should have large 
central dark matter cores, while others, like 
Draco and Ursa Major2 should retain their 
steep central dark matter cusp. 
But it depends on the DM nature.





Conclusion
“Long lived” SIDM

Model building 

N-body simulations 

Observations

1992…



END


