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Sydney perspective:

2018: one dark matter person 2023:     CB + Ciaran + Theresa + Laura  

+ Ellen + Tarak 

+ Chiara, Sharry, and more

+ Have already trained 9 
PhD students in the field

+ Hired Ciaran and (60% of) Theresa on centre funds to do Direct Detection and related stuff 

+ Hired Laura on half my salary to also do Direct Detection  

USyd has greatly supported efforts on direct detection + other things



Sydney perspective:

Nature of DM 

What is the kind of interactions we are dealing with? 

Sabre LZ/Xenon-nT/Darwin Axions/Light DM Astro & Cosmo

Dust MGP(k)



Direct detection (experimental)
• Team: Theresa & Sharry
• Involved in three experiments:

• LZ (currently running)
• Circulation and cryogenics paper

• SABRE (in preparation)
• PMT working group
• Sharry will start on background simulations

• XLZD (in planning)
• Simulations work

• Preparing R&D lab space for photosensor 
characterisation
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Mapping the neutrino fog for dark matter-electron scattering

Ben Carew (CDM Vacation Student), Tarak Nath-Maity, Ciaran O’Hare
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Working on finding optimal parameters for the CYGNUS experiment
Nuclear recoils are short, electron recoils are long, as can be seen by plotting number
of events for recoils above a certain threshold against the threshold itself

An experiment that has optimal sensitivity to low-energy nuclear
recoils does not have optimal sensitivity to electron recoils
A future analysis will include directionality to predict the optimal
orientation of the readout plane

Chiara
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Axions form tightly bound clumps called miniclusters in the early Universe. These were thought to threaten prospects 
for direct detection. We have performed simulations to show that the DM density in the solar neighbourhood is mostly 

refilled due to tidal disruption, thereby rescuing prospects for direct detection in haloscopes

°15 °10 °5 0 5 10 15

Galactic X [kpc]
°15

°10

°5

0

5

10

15

G
al

ac
tic

Z
[k

pc
]

105 106 107 108 109

R TMW
0 n?(t)dl [MØ pc2]

0.0
1.0

2.0
3.0

Pre-inflationary lineshape
(Smooth Maxwellian)
Post-inflationary lineshape
(void + streams)

≥
w

ma
° 1

¥
£ 106

S(
w

)
[a

.u
.] Integ

ratio
n tim

e (T int)

N- Monte- Experimental 

Predicting the local axion dark matter distribution
Ciaran O’Hare, Giovanni Pierobon
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Spinning globular clusters show a puzzling correlation between their gamma-ray 
emission and their spin axis inclination.

Spinning globular clusters
Ciaran O’Hare, Alberto Krone-Martins, Celine Boehm, Roland Crocker 
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Ellen Sirks

Use gravitational lensing to do critical tests of CDM theory

Use cosmological simulations  
to devise observational tests

Get high quality data to possibly
do these observational tests!

Postdoc in the Astroparticle
group at USyd





My obsession

Characterising the dark matter interactions
using Astro/Cosmology observations 
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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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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
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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
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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:
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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
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⌅̇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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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
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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:
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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
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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.
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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.
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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–⇥
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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.
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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
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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].
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divergences respectively. �⇥ and ⌃⇥ are the density fluctuation
and anisotropic stress potential associated with the photon
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(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
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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
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We can use Eq. (23e) and Eq. (23g) to obtain approxi-
mative expressions for the photon polarizations
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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

100GeV

1

ne
' 10�2

uDM��
⌦DM,0

⌦b,0
. (58)

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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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
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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

8

We can use Eq. (23e) and Eq. (23g) to obtain approxi-
mative expressions for the photon polarizations

G�0 = �2⌧2Ġ�0 + 2�� +G�2 +O(⌧c
3)

=
5

2
�� � 25

4
⌧2�̇� +O(⌧c

3) , (55a)

G�2 =
10⌧2
9

✓
2k

5
G�1 � Ġ�2

◆
+

2

9
�� +

1

9
G�0 +O(⌧c

3)

=
1

2
�� � 5

3
⌧2�̇� +O(⌧c

3) . (55b)

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

�� =
16

45
⌧2✓� +O(⌧22 ) , (56)

and to second order we obtain

�� =
8⌧2
45


2✓�

✓
1� 11

6
⌧̇2

◆
� 2✓̇�

✓
11

6
⌧2

◆�
+O(⌧32 ) .

(57)
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

100GeV

1

ne
' 10�2

uDM��
⌦DM,0

⌦b,0
. (58)

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

Constant cross section Temperature dependent cross section
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Planck TTTEEE
+ lowTEB

Planck TTTEEE
+ lowTEB
+ lensing

Planck TTTEEE
+ lowTEB

+ Ne↵

Planck TTTEEE
+ lowTEB

+ lensing + Ne↵

⌦bh
2 0.02228 ± 0.00016 0.02228+0.00015

�0.00017 0.02221+0.00022
�0.00026 0.02218+0.00022

�0.00024

⌦ch
2 0.1201+0.0014

�0.0016 0.1197+0.0015
�0.0014 0.1192+0.0030

�0.0032 0.1182+0.0031
�0.0028

H0 [km/(Mpc s)] 67.33+0.67
�0.66 67.52+0.66

�0.60 66.8 ± 1.6 66.78+1.5
�1.6

ln
�
1010

As

�
3.097+0.038

�0.028 3.069+0.021
�0.028 3.087+0.035

�0.039 3.06+0.026
�0.028

ns 0.964+0.0046
�0.0048 0.9646+0.0051

�0.0047 0.961+0.0096
�0.0095 0.9604+0.0091

�0.0095

⌧reio 0.08107+0.019
�0.016 0.06755+0.012

�0.014 0.07734+0.016
�0.018 0.06557+0.012

�0.014

10+4
u��c < 1.579 < 1.490 < 1.623 < 1.359

Ne↵ 3.046 3.046 2.974+0.20
�0.21 2.943+0.19

�0.20

�8 0.8103+0.024
�0.018 0.7982+0.022

�0.012 0.8036+0.027
�0.021 0.7946+0.021

�0.016

TABLE II. Cosmological parameters found from datasets including temperature and polarization data at low and high multipoles
when allowing for dark matter-photon scattering. Upper and lower bounds correspond to the 68% CL interval, when only upper
limits are shown they correspond to 95% c.l. limits.

Planck TT
+ low TEB + Ne↵

Planck TT
+ low TEB

+ lensing + Ne↵

⌦bh
2 0.02241+0.00036

�0.00039 0.02246+0.0031
�0.0046

⌦ch
2 0.1212+0.0034

�0.0044 0.1208 ± 0.0039

H0 [km/(Mpc s)] 68.36+2.6
�3.0 69.27+2.3

�3.5

ln
�
1010

As

�
3.104+0.04

�0.05 3.089+0.037
�0.047

ns 0.9704+0.014
�0.017 0.9746+0.012

�0.02

⌧reio 0.08369+0.018
�0.025 0.07686+0.017

�0.021

10+4
u��c < 2.488 < 1.724

Ne↵ 3.154+0.27
�0.35 3.215+0.25

�0.39

�8 0.805+0.035
�0.025 0.8048+0.027

�0.025

TABLE III. Cosmological parameters found when including
the R16 dataset. Upper and lower bounds correspond to the
68% CL interval, when only upper limits are shown they cor-
respond to 95% c.l. limits.

8 Mpc, precisely.

C. Results including high multipole polarization
data

Tab. II shows our results when we include the polariza-
tion data at high multipoles. We note that the addition
of information from polarization at small scales allows to
further constrain the uDM�� ratio for dark matter-photon
interactions. Including data from temperature and po-
larization at low and high multipoles as well as lensing
potentials, the constraint on the cross section becomes
as small as �DM��  1.49⇥ 10�5

�Th (mDM/GeV). This
makes the constraint 35% stronger than that derived in
Ref. [12].

The addition of small-scale polarization data partially
breaks the degeneracy between H0 and Ne↵ . Now the
data requires values of H0, which are too low to reduce
tensions with local measurements below 2�, even if Ne↵

is free to vary. All results we obtain for the e↵ective
number of neutrinos are perfectly compatible with the
standard model expectation.
As in the previous section, we find lower values for �8

than those obtained for a ⇤CDM-scenario by the Planck
collaboration, namely �8 = 0.831±0.013 for the ”Planck
TTTEEE + lowTEB” dataset and �8 = 0.8150± 0.0087
if lensing data is including. Allowing Ne↵ to vary, this
confidence limits become �8 = 0.828 ± 0.018 and �8 =
0.809± 0.013. As explained in the previous section, this
is due to the onset of collisional damping on the scale of
8 Mpc for the largest couplings allowed by CMB data.
Consequently, all datasets presented here are in less than
1� tension with the KiDS-450 measurement of �8.

D. Results with R16

For those scenarios whereNe↵ is let free to vary and po-
larization data is ignored, the tension between the value
inferred for H0 and local measurements [42] is less than
2�. Applying a Gaussian prior on H0, we, however, no-
tice that larger values of H0 and Ne↵ are not supported
by CMB data. That is true even when dark matter-
photon scattering is allowed. In both cases H0 only shifts
very slightly and tensions remain at 1.9� and 1.7� respec-
tively. Likewise, Ne↵ experiences only a small shift to-
wards larger values remaining compatible with the stan-
dard model expectation at the 1� level.

IV. CONCLUSIONS

In the standard ⇤CDM model dark matter is assumed
to be collisionless. However, interacting dark matter
models are also compatible with current data. In this
work we consider the possibility of elastic scattering be-
tween dark matter and photons. Not only would such an
e↵ect modify the CMB angular spectra for temperature,

Photon-dark matter coupling



Photon-dark matter coupling

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

WDM



Lessons from DM-photon interactions

• Interactions = Dissipation (as expected!)
• Not prohibitive though (more surprising…)
• DM-photon cross section = 10^-5 Thomson is compatible with CMB/LSS
   for a particle of 1 GeV
• DM-photon cross section = 10^-8 Thomson is compatible with CMB/LSS
   for a particle of 1 MeV



Neutrino-dark matter coupling
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⇤CDM + u + Ne↵ + Ne↵ + ⌃m⌫

Parameter Planck TT Planck TT
+ lowTEB + R16 + lowTEB + R16

⌦bh
2 0.02278+0.00026

�0.00025 0.02278 ± 0.00027

⌦ch
2 0.1238+0.0037

�0.0038 0.1240+0.0035
�0.0045

⌧ 0.099+0.019
�0.021 0.100+0.023

�0.021

ns 0.9898+0.0088
�0.0094 0.990+0.009

�0.010

ln(1010As) 3.143+0.041
�0.039 3.145+0.054

�0.037

H0[Km s�1 Mpc�1] 72.1+1.5
�1.7 71.9+1.6

�1.8

�8 0.850+0.024
�0.018 0.846+0.030

�0.025

u < �4.0 < �4.0

Ne↵ 3.54 ± 0.20 3.56+0.19
�0.26

⌃m⌫ [ eV ] 0.06 < 0.87

Table V. 68% CL constraints on cosmological parameters with interactions, for the Planck TT + lowTEB + R16 combination
of datasets. If only upper limits are shown, they are at 95% c.l.

Figure 2. Triangle plot showing the 1D and 2D posterior distributions of the cosmological parameters for Planck TT + lowTEB
in the ⇤CDM + u + Ne↵ scenario.

1710.02559

DM-neutrino interactions 
Neutrinos are prevented to free-stream

1401.7597

Neutrino-dark matter coupling



With neutrino mass hierarchy
Dark matter-neutrino interactions

2011.04206



Neutrino-dark matter coupling



Lessons from DM-neutrino interactions

• Interactions = not just dissipation - can be more subtle
• DM-neutrino cross section = 10^-8 Thomson is compatible with LSS for a 

particle of 1 MeV
• They can affect the cosmological parameters (Ho, sigma8) but.. 
• The lighter DM is the bigger the effect



Effect of the microscopic nature of 
dark matter 

on Large-Scale-Structure formation?



Interacting DMCDM

Dark Matter interactions & structure formation 
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Unexplored: redshift dependence & Ska
arXiv:2207.03107 in agreement with astro-ph/0309652

arXiv:2207.03107

arXiv:2207.03107



arXiv:2207.14126

Probing the P(k) with the gravitational waves



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).

Probing the P(k) with the gravitational waves



arXiv:2207.14126

Current measurement

Further measurements to come

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

Probing the P(k) with the gravitational waves



Miguel de IcazaEllen Sirks

In preparation

Linear Non linear

Probing the P(k) with weak lensing

Following https://arxiv.org/abs/2112.01545





● Histogram dust mass 
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● 2 x R_200c

From Adam with Darren, Robert and Markus



● Histogram dust mass 
of WDM

● 2 x R_200c

From Adam  with Darren, Robert and Markus



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

Dark Matter interactions - Milky Way & lensing 



Can modified gravity explain:

Celine Boehm
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MOND

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

Modification of small acceleration values

(F = ma and F->0 at large radii in Newtonian physics but not 
in MOND to reproduce DM)

Relativistic version (TeVeS)

MOND doesn’t allow to go back in time
(No notion of redshift)

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


New Relativistic theory for modified Newtonian dynamics



2304.05134

AeST with Peter Vermayen
Follow

Newton

Mond
2304.05134



Conclusion / USyd’s contributionsin
te
ra
ct
io
ns

DM interactions

● Histogram dust mass 
of WDM

● 2 x R_200c

°0.3 °0.2 °0.1 0.0 0.1 0.2 0.3

x [deg.]

°0.3

°0.2

°0.1

0.0

0.1

0.2

0.3

y
[d

eg
.]

0

20

40

60

80

100

120

140

160

N
um

berofstars



Additional slides 



What kind of interactions?

DM-photon DM-neutrino DM-baryon
DM-DM

DM-dark sector

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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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.

Intuitively
 A damping scale

l2
Silk ≃

2π2

3 ∫
tdec(b−γ) c2 ργ

ρtot a2 Γγ
(1 + Θγ) dt

Highest possible energy density 

Largest possible interactions (except for Coulomb) 

Last very long

CB & Schaeffer 2000, 2004 using Weinberg 1971 & Chapman, Cowling  1970



Silk damping revisited l2
Silk ≃

2π2

3 ∫
tdec(b−γ) c2 ργ

ρtot a2 Γγ
(1 + Θγ) dt

CB & Schaeffer 2000, 2004 using Weinberg 1971 & Chapman, Cowling  1970

Generalising the Silk damping l2
cd ≃

2π2

3 ∑
i

∫
tdec(DM−i) v2

i ρi

ρtot a2 Γi
(1 + Θi) dt

And the free-streaming l2
fs ∝ ∫

t0

tdec(DM)

v
a(t)

dt

Generalising the Silk damping to dark matter

Dec

Collisions

Free-streaming



Maximising the collisional damping

l2
DM−γ ≃

2π2

3 ∫
tdec(DM−γ) c2 ργ

ρtot a2 Γγ
dt

l2
DM−ν ≃

2π2

3 ∫
tdec(DM−ν) c2 ρν

ρtot a2 Γν
dt

l2
DM−b ≃

2π2

3 ∫
tdec(DM−b) v2 ρb

ρtot a2 Γb
dt

l2
DM−DM ≃

2π2

3 ∫
tdec(DM−DM) v2 ρDM

ρtot a2 ΓDM
dt

Large when the dm-photon cross section is large

Inefficient unless the cross section is very large 
(Thomson like)

Inefficient unless the cross section is very large 
(dark Coulomb interactions)

New and new regime
(Like b-nu interactions by Misner 1966
Expected to be large if DM is MeV and 
coupled to neutrinos even after they 

start free-streaming)

Very suppressed so you can let the DM coupled to these species for a long time

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

-> dark cooling possible (see Edges)

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

