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StarlightWe live in a galaxy

which contains billions of stars2
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Courtesy Ciaran O’Hare
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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
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Abell 370, credit Nasa

Clusters of galaxies 
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Our Local Group belongs to an even larger structure, a supercluster with the rich Virgo cluster of galaxies at its centre, about 70 million 
light years (about 21 Mpc) away. (Courtesy Astronomy @ Swinburn uni) 6

https://astronomy.swin.edu.au/cosmos/V/Virgo+Cluster
https://astronomy.swin.edu.au/cosmos/M/Megaparsec


 Laniakea, our super cluster

7



8



9



The cosmic web
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How did we get this particular Universe?
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This is first and foremost a story about photons 
making their way to us 
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Do photons travel straight? 

Light follows space-time but its path will be distorted and 

therefore its path is curved. 
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We know that matter curves space-time
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The matter inside is curving space 

So all objects appear distorted

One can use these distortions to reconstruct 

the invisible mass

Event horizon is the same phenomena

EHT collaboration 2019

We know that matter curves space-time
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Geometry of the Universe
Content of the Universe
CMB & structure formation
The invisible (challenges)

My take on cosmology
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Part I. Geometry 

The fact that the photons travel means we need to define a metric

Minkowski metric

Metric associated with a flat space-time

But this is not taking into account the key principles from GR 

and the fact that matter can curve space.

How do we generalise?

with <latexit sha1_base64="KRVoINtWw8OTQsPe2txNu4g3fC8=">AAAB+3icbVDLSsNAFJ34rPVV69LNYBFchURE3QhFNy4r2Ac0IUymk3bozCTMQywhv+LGhSJu/RF3/o3TNgttPXDhcM693HtPnDGqtOd9Oyura+sbm5Wt6vbO7t5+7aDeUamRmLRxylLZi5EijArS1lQz0sskQTxmpBuPb6d+95FIRVPxoCcZCTkaCppQjLSVolp9GOUBNzAQpoDX0HVdGNUanuvNAJeJX5IGKNGKal/BIMWGE6ExQ0r1fS/TYY6kppiRohoYRTKEx2hI+pYKxIkK89ntBTyxygAmqbQlNJypvydyxJWa8Nh2cqRHatGbiv95faOTqzCnIjOaCDxflBgGdQqnQcABlQRrNrEEYUntrRCPkERY27iqNgR/8eVl0jlz/QvXvz9vNG/KOCrgCByDU+CDS9AEd6AF2gCDJ/AMXsGbUzgvzrvzMW9dccqZQ/AHzucPr7uS5w==</latexit>gµ⌫ = ...
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Part I. Geometry 

The Universe is mostly homogeneous and isotropic

Center for Astrophysics (CfA) Survey: Geller & Huchra 1989

200 Mpc
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Part I. Geometry 
The Universe is mostly homogeneous and isotropic

16
2dF Galaxy&Redshift Survey (2dFGRS): Colless et al 2001

800 Mpc
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Part I. Geometry 

6400 Mpc

The Universe is mostly homogeneous and isotropic
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Part I. Geometry 
The Universe is mostly homogeneous and isotropic even at very large redshift

Planck 2018
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T
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Part I. Geometry 

P

R

r

The Universe is mostly homogeneous and isotropic means
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P is located on a sphere of radius R

Can be reinterpreted by defining the 

coordinated on the sphere 

P

x

y

z

Part I. Geometry 

(dx)^2 (dy)^2 (dz)^2 23



P

x

y

z

Only geometrical information

Part I. Geometry 

Size of the sphere

derivative
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P

R

r

Projection from 3d to 2dPart I. Geometry 
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P

R

r

with

Let us define r’= r/R 

‘

Projection from 3d to 2dPart I. Geometry 

Singularity
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What if we live in 4d but 

do not see the 4th dimension?
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R(t1)

R(t2)

R(t3)

Nested spheres

Typical situation if the Universe evolved with time 28



Projection from 4d to 3dPart I. Geometry 

4th dimension of time added

Spheres can grow

T1

T2

T3
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P

R

r

Step 1: Getting rid off the 4th dimensions

Projection from 4d to 3dPart I. Geometry 

R fixed
x’ = x/r
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Step 2: taking derivatives

Projection from 4d to 3dPart I. Geometry 

T1

T2

T3

R fixed
x’ = x/r
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with

Step 3: use spherical coordinates

Projection from 4d to 3dPart I. Geometry 
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with

Projection from 4d to 3dPart I. Geometry 

 r’=r/R
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Interpretation of the metric 

(from 4d to 3d)
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and

Projection from 4d to 3dPart I. Geometry 
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with and

Projection from 4d to 3dPart I. Geometry 
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Projection from 3d to 2d

Projection from 4d to 3d

‘

with

Projection from 4d to 3dPart I. Geometry 

with

Singularity

Singularity
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(“chi”) is the angle associated 

with 4th dimension; R = R(t)  and 

R(t) representing spherical Universe 

from the past

Adding time

Projection from 4d to 3dPart I. Geometry 
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Friedman-LeMaitre-Robertson-WalkerPart I. Geometry 

P

R

r

Generalising
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Flat metric in 4d

Spherical metric in 4d

Open metric in 4d

Projection from 4d to 3dPart I. Geometry 
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Grows with time Independent of time evolution “comoving”

Generalisation to FRLW metricPart I. Geometry 

k = 0 

k=+1
k=-1

Spherical

Flat

Hyperbolic
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Singularity in 4d but now the 4th dimension represents the 

time evolution projected onto the Universe at a given time. 

with R(t) the scale factor

Generalisation to FRLW metricPart I. Geometry 

Expansion R(t1)

R(t2)
R(t3)
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Independent of time evolution

“comoving”

Meaning of FRLW Metric

Scale factor; expansion

Geometric factor

Isotropic so it doesn’t change the distance

Part I. Geometry 

The term which matters
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and

Part I. Geometry Consequences of FRLW Metric

Measure the expansion

Measure the curvature …

with
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• Possible singularity which occur when r tends to R (closed Universe)


• This singularity does not exist in a flat (Euclidian/Minkowski) or hyperbolic metric


• Current paradigm: current curvature = 0 but R = R(t) and R(t=0) ~ 0.


• Analogy of a balloon that keeps growing. 


Part I. Geometry Consequences of FRLW Metric

• The photon (i.e. light) defines OUR space-time!


• All coordinates are defined with respect to the light in the Universe!

Metric = contains an information about the size of the Universe today
45



Part I. Geometry How to measure the curvature?
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Part I. Geometry How to measure the curvature?
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Part I. Geometry How to measure the curvature?

Spherical

Flat

Hyperbolic

BOOMERang, MAXIMA, ARCHEOPS
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Original distance that get stretched

expansion

R times original distancesPart I. Geometry 
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Horizon

Light cone, ds= 0

Inside cone, particles (v<c)

Outside cone, tachyons (v>c)

Tachyons are not physical

(we have never seen v>c)

Part I. Geometry 
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Part II. Content of the Universe
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Part II. Content of the Universe

<latexit sha1_base64="jPy2nZMqcH7dSbVaiFjWsyixbq8=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiFw8eKlhbaEN52WzapZtN2N0IJfRHePGgiFd/jzf/jds2B20dWBhm5rHvTZAKro3rfjulldW19Y3yZmVre2d3r7p/8KiTTFHWoolIVCdAzQSXrGW4EayTKoZxIFg7GN1M/fYTU5on8sGMU+bHOJA84hSNldq9OxsNsV+tuXV3BrJMvILUoECzX/3qhQnNYiYNFah113NT4+eoDKeCTSq9TLMU6QgHrGupxJhpP5+tOyEnVglJlCj7pCEz9fdEjrHW4ziwyRjNUC96U/E/r5uZ6MrPuUwzwySdfxRlgpiETG8nIVeMGjG2BKnidldCh6iQGttQxZbgLZ68TB7P6t5F3bs/rzWuizrKcATHcAoeXEIDbqEJLaAwgmd4hTcndV6cd+djHi05xcwh/IHz+QMNnY9j</latexit>

⇤
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Part II. Content of the Universe & metric

Intuitively: 

• Energy should increase distances -> expansion
• Matter feels gravity so it should slow expansion
• Curvature ? 

The mixture of all components must be constrained by the 
observed expansion or lack of…
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Part II. Content Expansion rate (or Hubble rate)

<latexit sha1_base64="Dd4N9mbWz08/b4JfQA87MqBbE6s=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaSIuiy6cVnBPqCNYTKdtEPnEWYmhRDqr7hxoYhbP8Sdf+O0zUJbD1w4nHMv994TJYxq43nfztr6xubWdmmnvLu3f3DoHh23tUwVJi0smVTdCGnCqCAtQw0j3UQRxCNGOtH4duZ3JkRpKsWDyRIScDQUNKYYGSuFboWFeV/xHEsuJ1QMp9PHeuhWvZo3B1wlfkGqoEAzdL/6A4lTToTBDGnd873EBDlShmJGpuV+qkmC8BgNSc9SgTjRQT4/fgrPrDKAsVS2hIFz9fdEjrjWGY9sJ0dmpJe9mfif10tNfB3kVCSpIQIvFsUpg0bCWRJwQBXBhmWWIKyovRXiEVIIG5tX2YbgL7+8Str1mn9Z8+8vqo2bIo4SOAGn4Bz44Ao0wB1oghbAIAPP4BW8OU/Oi/PufCxa15xipgL+wPn8AYjmlVc=</latexit>

l2comoving

<latexit sha1_base64="eyJXC+Jq202Em2yG6NBmXsNMOiw=">AAACIXicbVBLSwMxGMz6rPW16tFLsAiCWHaLaC9C0YvHKvYBfZHNpm1oHkuSLZSlf8WLf8WLB0V6E/+MabsHbR1IGGbmI/kmiBjVxvO+nJXVtfWNzcxWdntnd2/fPTisahkrTCpYMqnqAdKEUUEqhhpG6pEiiAeM1ILB3dSvDYnSVIonM4pIi6OeoF2KkbFSxy2Gul2AN/AChsaSc/ho7yZknaSpeIIll0MqeuPxPJRmQtUudNycl/dmgMvET0kOpCh33EkzlDjmRBjMkNYN34tMK0HKUMzIONuMNYkQHqAeaVgqECe6lcw2HMNTq4SwK5U9wsCZ+nsiQVzrEQ9skiPT14veVPzPa8SmW2wlVESxIQLPH+rGDBoJp3XBkCqCDRtZgrCi9q8Q95FC2NhSs7YEf3HlZVIt5P2rvP9wmSvdpnVkwDE4AWfAB9egBO5BGVQABs/gFbyDD+fFeXM+nck8uuKkM0fgD5zvH7PeoC4=</latexit>

ds2 = �dt2 +R2 l2comoving = �dt2 + dr2
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Part II. Content Expansion rate (or Hubble rate)

<latexit sha1_base64="+HK3p/MfE5Rmq2/y8O2opRmaSYY=">AAAB+XicbZDLSgNBEEVrfMb4GnXppjEIcRNmRNRl0I3LKOYByRB6Oj1Jk56H3TWBMORP3LhQxK1/4s6/sZPMQhMvNBxuVVHV10+k0Og439bK6tr6xmZhq7i9s7u3bx8cNnScKsbrLJaxavlUcykiXkeBkrcSxWnoS970h7fTenPElRZx9IjjhHsh7UciEIyisbq2/VDGM9LhT6kYEWq4a5ecijMTWQY3hxLkqnXtr04vZmnII2SSat12nQS9jCoUTPJJsZNqnlA2pH3eNhjRkGsvm10+IafG6ZEgVuZFSGbu74mMhlqPQ990hhQHerE2Nf+rtVMMrr1MREmKPGLzRUEqCcZkGgPpCcUZyrEBypQwtxI2oIoyNGEVTQju4peXoXFecS8r7v1FqXqTx1GAYziBMrhwBVW4gxrUgcEInuEV3qzMerHerY9564qVzxzBH1mfP5KuklQ=</latexit>

R(t) ⌘ a(t) Modern writing convention( )

<latexit sha1_base64="72kpu7URNCFyvWGxsE7FKyeOcJA=">AAACH3icbVDLSgMxFM3UV62vUZdugkWomzIjUt0IRTdd1mIf0JaSSTNtaOZBckcow/yJG3/FjQtFxF3/xkw7i9p6IJfDOfcmuccJBVdgWTMjt7G5tb2T3y3s7R8cHpnHJy0VRJKyJg1EIDsOUUxwnzWBg2CdUDLiOYK1nclD6refmVQ88J9gGrK+R0Y+dzkloKWBWanhO9xzJaFxbxhA3EhKcJnEjbRqZ9kiC4ukdWAWrbI1B14ndkaKKEN9YP7oO2jkMR+oIEp1bSuEfkwkcCpYUuhFioWETsiIdTX1icdUP57vl+ALrQyxG0h9fMBzdXkiJp5SU8/RnR6BsVr1UvE/rxuBe9uPuR9GwHy6eMiNBIYAp2HhIZeMgphqQqjk+q+YjolOBHSkBR2CvbryOmldle1K2X68Llbvszjy6AydoxKy0Q2qohqqoyai6AW9oQ/0abwa78aX8b1ozRnZzCn6A2P2C+cDoa8=</latexit>

H =
Ṙ(t)

R(t)
=

ȧ(t)

a(t)
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Part II. Content Expansion rate (or Hubble rate)

Today

Hubble rate defines the rate of expansion of the Universe

~
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• If we can access the redshift of an object in the past, we have access to the size of 
the Universe at that time, i.e.


• If we have access to the redshift of many objects in the past we can reconstruct a(t) 
and its evolution. 


• If we have a(t), we can compute the derivative and therefore find H(t) and thus have 

    access to the Universe History, its evolution and a chance to understand what drove  

    the recent expansion. 

Hubble 

Part II. Content Expansion rate (or Hubble rate)

Convention as we can’t measure a0 
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Part II. Content Expansion rate (or Hubble rate)
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Part II. Content Expansion rate (or Hubble rate)
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To all observers we can associate a potential energy and a kinetic energy 

Part II. Content Relation between H and content
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The expansion depends on the density and therefore the Universe’s content 

Relation between H and contentPart II. Content
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Version using General Relativity

Relation between H and contentPart II. Content
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Expansion is driven by the energy associated with particles, curvature & a cosmological constant

Relation between H and contentPart II. Content
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Energy densitiesPart II. Content
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Energy densitiesPart II. Content

We are missing 
• the relation between time and temperature 
• the time evolution of the density 
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• Generic time evolution of an energy density 

66



P = pression; V = volume

with

<latexit sha1_base64="xqSbQgmic5MTdy/C7K6EDiAzjKU=">AAACDnicbVBNS8NAFNzUr1q/qh69LJaCp5KoqBeh6MVjBZsW2lA2m027dLMJuy9CCfkFXvwrXjwo4tWzN/+N2zYHrQ48GGbesPvGTwTXYNtfVmlpeWV1rbxe2djc2t6p7u65Ok4VZW0ai1h1faKZ4JK1gYNg3UQxEvmCdfzx9dTv3DOleSzvYJIwLyJDyUNOCRhpUK33Q0VoFrh5FkCOL/EJniv9IIaM5LkZ7A6qNbthz4D/EqcgNVSgNah+mjxNIyaBCqJ1z7ET8DKigFPB8ko/1SwhdEyGrGeoJBHTXjY7J8d1owQ4jJUZCXim/kxkJNJ6EvlmMyIw0oveVPzP66UQXngZl0kKTNL5Q2EqMMR42g0OuGIUxMQQQhU3f8V0REwbYBqsmBKcxZP/Eve44Zw1nNvTWvOqqKOMDtAhOkIOOkdNdINaqI0oekBP6AW9Wo/Ws/Vmvc9XS1aR2Ue/YH18Ax3cnCg=</latexit>

dV

dt
= 3

ȧ

a
VUsing

Background equation 

Part II. Content Time evolution of densities
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• time evolution of massive particles energy density 
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Time evolution of matter densitiesPart II. Content

Particles ~ dust, p=0
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• time evolution of massless particle energy density 
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with

Time evolution of radiation densityPart II. Content

71



• Hubble evolution

72



Time evolution of Hubble ratePart II. Content

Cosmological parameters
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⌦

} } }
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Converted to Solar Masses / Mega parsec

Given that the typical size of galaxies is around 10^11 solar masses and 

the typical separation between galaxies is 1 Mpc, the Universe must be near the 

critical density and therefore ~ flat. 

Today

Time evolution of Hubble ratePart II. Content
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matter

radiation

Part II. Content Time evolution of Hubble rate
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⌦

} } } =

Past dominated by radiation

Then matter and today Universe 
dominated by Lambda
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• Expansion vs content & geometry
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Part II. Content of the Universe

 

• Energy (lambda and radiation) fuels expansion when they dominate
• Matter too but also slows expansion due to gravity
• Curvature does too for k = -1 (otherwise contraction) 
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Universe with no cosmological constant “Lambda”

Positive curvature (k=1); Sphere; closed Universe

Negative curvature (k=-1); Hypolic; Open Universe

Zero curvature (k=-0); Flat Universe

Part II. Content Role of lambda in expansion

78



Part II. Content Role of lambda in expansion
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If Lambda dominates on the right hand side

Otherwise

Expansion is accelerating

Expansion is deccelerating

Part II. Content Role of lambda in expansion
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What is Lambda? 

(Positive) Lambda exerts (negative) pressure!

forces the Universe to expand faster

Part II. Content Role of lambda in expansion
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• Time dependence of the scale-factor
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(flat, matter dominated)

Time evolution of scale-factorPart II. Content
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Time evolution of scale-factorPart II. Content
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Time evolution of scale-factorPart II. Content
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No number density if lambda is a real constant

wit an

Time evolution of scale-factorPart II. Content
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• Putting it all together
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If dominates, Universe expands

Accelerating expansion

If dominates, Universe expands

Accelerating expansion

If dominates, Universe collapses

Deccelerating expansion

Part II. Content
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We live in a flat Universe; No curvature
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matter

radiation

Part II. Content
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⇢(t) = constant
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Part III. CMB & structure formation
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Part III. CMB & structure formation

We saw how the content of the Universe relates to 
its expansion & geometry 

We saw that the Universe was first dominated by radiation, 
matter and then Lambda

Now we need to understand how structures got to form
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Part III. CMB & structure formationThe Cosmological Microwave Background: CMB 

Cost them the Nobel prize L
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 1970ApJ…162..815P
J. Peebles 

Needed for galaxy formation

Part III. CMB & structure formation
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Part III. CMB & structure formation
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Part III. CMB & structure formation

Credit: COBE (1992)

T̄ = 2.7K
�T

T
' 10�5
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colder regions

hotter regions

T̄ = 2.7K

�T

T
' 10�5

2003, WMAP

Part III. CMB & structure formation
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T̄ = 2.7K

�T

T
' 10�5

Planck 2018

Part III. CMB & structure formation
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ds2 = c2dt2 �R(t)2
�
d�2 + fk(�) d⌦

2
�

<latexit sha1_base64="dllnKZJXOyGufhdwWc+8jS8zdQs="></latexit><latexit sha1_base64="dllnKZJXOyGufhdwWc+8jS8zdQs="></latexit><latexit sha1_base64="dllnKZJXOyGufhdwWc+8jS8zdQs="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="AfLcOUpdjWcAkQSycnSEqasmfKk="></latexit><latexit sha1_base64="AfLcOUpdjWcAkQSycnSEqasmfKk="></latexit><latexit sha1_base64="50LQ3euKqxaeikyYZGk+6hz3suk="></latexit><latexit sha1_base64="dllnKZJXOyGufhdwWc+8jS8zdQs="></latexit><latexit sha1_base64="dllnKZJXOyGufhdwWc+8jS8zdQs="></latexit><latexit sha1_base64="dllnKZJXOyGufhdwWc+8jS8zdQs="></latexit><latexit sha1_base64="dllnKZJXOyGufhdwWc+8jS8zdQs="></latexit><latexit sha1_base64="dllnKZJXOyGufhdwWc+8jS8zdQs="></latexit><latexit sha1_base64="dllnKZJXOyGufhdwWc+8jS8zdQs="></latexit>

Part III. CMB & structure formation

102



Y 0
0 = cst

Y 0
1 = cos ✓

Y m
l

The higher l, the smaller the structures

l > 2000

Part III. CMB & structure formation

103



Part III. CMB & structure formation

After some maths…
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Part III. CMB Extracting the Hubble rate
From David Tong’s lectures
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Planck 2018

Too many baryons lead to a 
deficit of small structures: 
Silk damping (more later)

Follow the dotted line vs hard line!

Part III. CMB Extracting the parameters
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Part III. CMB Extracting the parameters
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Part III. CMB & structure formation

Matter perturbations in matter dominated

Radiation perturbations in radiation dominated
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Part III. CMB & structure formation
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So how did we get there?

S. Perlmutter 

A. Riess 

B. Schmidt

We need particles (photons – light, protons, electrons etc)  

We need gravity

And we will need much more… 
as we will see during the course

Big Bang (relic photons) 

Inflation (flat Universe today)  

Part III. CMB & structure formation
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In fact we don’t even see this much. 
Where are the baryons?

~ 95% of the Universe is unknown

http://www.sciencemag.org/content/347/6226/1100.fullBaryons cannot be (all) the dark matter. 
~5% max of baryons only. 
Consistent with CMB!

https://www.nature.com/articles/s41586-020-2878-4.pdf

PDG @ CERN

Observed

Nucleosynthesis
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F i n d i n g  t h e  b a r y o n s
In radio astronomy, a fast radio burst (FRB) is a 
transient radio pulse of length ranging from a 
fraction of a millisecond to a few milliseconds, 
caused by some high-energy astrophysical 
process not yet understood.
(Wikipedia)

Artist's impression The bright blue, point sources shown here are the signals from Fast Radio Bursts (FRBs) 
that may accumulate in a radio exposure lasting for a few minutes. The radio signal from an FRB lasts for only 
a few thousandths of a second, but they should occur at high rates
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Planck 2018

Too many baryons lead to a 
deficit of small structures: 
Silk damping (more later)

There must be a substance that 
doesn’t interact with photons 
and therefore doesn’t dissipate

Dark Matter!

Part IV. Invisible Universe
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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.

Part IV. Invisible Universe
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~ 95% of the Universe is unknown

http://www.sciencemag.org/content/347/6226/1100.fullPlanck 2018

1807.06209

Part IV. Invisible Universe
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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
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General Relativity seems valid so far

Mercury Perihelion Gravitational waves BH horizon

Einstein rings
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But there are severe issues
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Stars rotate in galaxies

Neutral Hydrogen gas too

Vera Rubin

Albert Bosma

Issue #1
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Expected

Observed
v(r)

Distance to centre (r)

No dissipation but ordinary matter does dissipate

Rotation curves of galaxies
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Strong lensing in galaxy clusters 

Missing mass 

Issue #2
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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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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 Issue #4
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We are on for a major paradigm shift

The physics that we know cannot explain
the formation of the objects that we know
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But adding some invisible mass solves all

Needs to explain all the things 
we have seen so far and explain 
successfully 

70%

5%

25%

Dark energy

Dark matter

Known particles
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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…
127



The modified gravity route
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GR’ + SU(3)XSU(2)XU(1)

µ

✓
|~a|
a0

◆
~a = �r�

µ(x) = 1 if x > 1 µ(x) ' x if x < 1

astro-ph/0505519

TEVES: astro-ph/0403694

empirical

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


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

In preparation

P. Vermayen et al
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The “missing mass” route
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Or ?

“Standard Model” solutions

PBHs
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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
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Dark Matter as ordinary matter

Is it a neutrino?

1983

1980 - Zel’dovich et al develop Hot Dark Matter (HDM) theory
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keV neutrinos = Warm dark matter
1988ApJ...332....1S

Bond & Szalay 1983; Bardeen et al. 1986

1404.7012

# structures

Larger scales -> small scales
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Cold Collisionless Dark Matter

1404.7012

# structures

Larger scales -> small scales
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Assuming NO interaction

137

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


MACHOs

Excluded

Tiny fraction of our 
MW halo allowed but …

EROS & MACHO experiments
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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
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The “missing mass” 
beyond Standard Physics

140



“Dark Matter”

<latexit sha1_base64="XrtCRL1xj+Q3mEZ6wGnv6iFHPAg=">AAACIXicdVBLSwMxGMz6rPVVFbx4CRbBU9ntQXsQKfWgRwv2Ad1SsunXNjTJLklWLEv/ihfP/gsvHhTpTQR/i2mrUF8DgcnMfHlMEHGmjeu+OnPzC4tLy6mV9Ora+sZmZmu7qsNYUajQkIeqHhANnEmoGGY41CMFRAQcakH/bOzXrkFpFsorM4igKUhXsg6jxFiplSmIVuLLeIhPcB77SiRQHWIf+wZu7GlJqMa7r8zpZ+bchlqZrJdzJ8DuL/JlZYu75Xd2X3q4bGVGfjuksQBpKCdaNzw3Ms2EKMMoh2HajzVEhPZJFxqWSiJAN5PJD4f4wCpt3AmVXdLgiTo7kRCh9UAENimI6emf3lj8y2vEplNoJkxGsQFJpxd1Yo5NiMd14TZTQA0fWEKoYvatmPaIItTYUtOzJfxPqvmcd5TzyraNEpoihfbQPjpEHjpGRXSBLlEFUXSLHtATenbunEfnxRlNo3PO58wO+gbn7QO89aZV</latexit>

m⌫ < 2eV or m⌫ > 2GeV

70%
5%

25%
DM

Also Hut 1977
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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
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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) 143



Direct detection constraints
arXiv:2109.03116

Annihilations
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But here is a contradiction

Dark matter is supposedly collisionless 
but it does annihilate and therefore

must be heavier than a proton

Particle Physics CosmologyCosmology

σSIDM ∼ σTσ = 0 σann ∼ σweak

145



Hold on… 

Collisionless but annihilations

Courtesy L. Covi

Scattering with nuclei

DM is heavy

So DM can scatter off SM particles??? 146



How to characterise Dark Matter?

Mass

interactions

Mass, spin, Quantum numbers, interactions…

GR + SU(3)XSU(2)XU(1) X ??

For the DM and mediators
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Mass

interactions

Thermal range

Right RD

~ GeV

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

⌦h2 ' 3⇥ 10�27cm3/s

h�vi

�v ⇠ 3 10�26 cm3/s

3 H

Expansion of the Universe

N = #/volume

3 H

Expansion of the Universe

N = #/volume

3 H

Expansion of the Universe

N = #/volume3 
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Range of interactions is given 
by experimental value & error bars

~ TeV
(W/o coannihilation)

Dark Matter mass range (historically)
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How can we constrain the elastic scattering
other than by using detectors?

149



Effect of collisions in cosmology

Silk damping

The photon fluctuations are erased
but so are baryonic fluctuations! 

And the rest can also be erased due to free-streaming
150



Silk damping revisited l2
Silk ≃

2π2

3 ∫
tdec(b−γ) c2 ργ

ρtot a2 Γγ
(1 + Θγ) dt

Boehm-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

Effect of collisions in cosmology
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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

~ Silk damping

Self-Interacting

Inefficient unless dark Coulomb interactions

New and new regime (Like b-nu interactions by Misner 1966)
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DM-neutrino collisional damping

DM stays coupled to free-streaming neutrinos (i.e. < MeV): the lighter the DM, the more efficient

l2
DM−ν ≃

2π2

3 ∫
tdec(DM−ν) c2 ρν

ρtot a2 H
dt

Γν ≡ ∑
i

Γdec(ν−i)l2
DM−ν ≃

2π2

3 ∫
tdec(DM−ν) c2 ρν

ρtot a2 Γν
dt with

Γν−e > Γν−DM Γν−DM > Γν−e

Γν−e > Γν−DM Γν−DM > Γν−e

BSMSM

Γν > ΓDM−ν

ΓDM−ν > Γν

Γν > ΓDM−ν

ΓDM−ν > Γν

Collisional damping

Mixed damping

Can the annihilation cross section be independent of the dark matter mass?
153



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

��
C2

l + C2
r

�
mf + 2Cl Cr mF

�2

 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
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Evading the Lee-Weinberg limit
Boehm & Fayet hep-ph/0305261

Depends on the DM mass but the cross section can have the right value if mdm = mZ’

==> viable solution for light DM provided that the dark mediator/dark photon is light

Dark Photons/Z’ were used afterwards in a different context:  Pamela anomaly, DAMA, Ultra Light DM etc 

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

P-wave (but D-wave can be important too)
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MeV-GeV range DM : which mediators?

NMSSM-like: light scalar and pseudo scalar (Higgs-like) mediators 

Axions?

Spin 3/2?

DM

DM
F

f

f

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

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

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

1203.3446
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DM can be lighter than a proton but how low can it be?

Should there be annihilations at all? 

Asymmetric DM, Freeze-in, non thermal DM

DM

DM

DM

DM

DM

DM

e+

e−

ν

ν̄

Z′￼

Z′￼

MeV Sub eV? Depends on the dark sector

Burst of alternative models/thinking
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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

Annihilation for RD needs to be p-wave!astro-ph/0208458
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Astrophysical implications of light dark matter
e+e� ! ��Positronium formation

���
511 keV (para)
continuum (ortho)

<latexit sha1_base64="aTUzuTPUea8PlaHbpXS+RJN9Hgk=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCeCkzouiyqAs3QgV7gc5YMmmmDc0kQ5JRytB3cOOruHGhiFs37nwb03YQbT0Q8vH/55CcP4gZVdpxvqyp6ZnZufncQn5xaXll1V5bryqRSEwqWDAh6wFShFFOKppqRuqxJCgKGKkF3fOBX7sjUlHBb3QvJn6E2pyGFCNtpKa968kovbjqQw/+kKTtjkZSintIbvegt2+uAwibdsEpOsOCk+BmUABZlZv2p9cSOIkI15ghpRquE2s/RVJTzEg/7yWKxAh3UZs0DHIUEeWnw536cNsoLRgKaQ7XcKj+nkhRpFQvCkxnhHRHjXsD8T+vkejw1E8pjxNNOB49FCYMagEHAcEWlQRr1jOAsKTmrxB3kERYmxjzJgR3fOVJqB4W3eOic31UKJ1lceTAJtgCO8AFJ6AELkEZVAAGD+AJvIBX69F6tt6s91HrlJXNbIA/ZX18A++EnEI=</latexit>

DM DM ! e+ e�

Morphology of 511 keV line in agreement with DM distribution

511 keV line

astro-ph/0309686

astro-ph/0309484
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astro-ph/0507142

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

Cannot explain the 511 keV morphology 
But can explain the relic abundance

Can explain the observed 511 keV morphology
But cannot explain the relic abundance 

Not the right channelCould explain the observed flux (with scalar dark matter)

Astrophysical implications of light dark matter
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https://arxiv.org/abs/astro-ph/0507142


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

161

https://arxiv.org/abs/1810.01680


g-2 constraints of light dark matter

hep-ph/0305261 : 
electron g-2 sets more severe constraints on this model

arXiv:0708.2768hep-ph/0405240 hep-ph/0408213

hep-ph/0408213

To be compared with ae ~10^-13 
DM unlikely to explain the 511 keV line
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arXiv:2010.02954

Constraints on vector-like fermions
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arXiv:2010.02954

Constraints on dark gauge bosons
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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) 165

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
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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


Overly simplified summary of (Astro) constraints

Indirect detection: mdm < 30 MeV (for the 511 keV line)
P-wave annihilations or s-wave suppressed
But see talk by Francesca! 

Electron g-2 (muon less stringent) mdm < 30 MeV 
and in fact likely kills many “Astro” models

Also 

CMB / Primordial abundance: mdm < 10 MeV
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Cosmological implications of light dark matter

DM-neutrino interactions

1401.7597

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
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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
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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
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⌦b,0
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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.
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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).
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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

DM-photon interactions

DM-b interactions
SIDM
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7

⇤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

1401.7597

Impact on cosmological parameters
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LSST, EUCLID will be essential! 

Interacting DMCDM

DM-SM 1404.7012

DM -SM interactions & large scales

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


Less satellites

The Milky Way in IDM scenarios

�v . 10�36 cm2
⇣mDM

MeV

⌘
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C.B., J. Schewtschenko et al

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

The Milky Way for interacting DM
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http://www.youtube.com/watch?v=YhJHN6z_0ek


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

arXiv:2207.03107

arXiv:2207.03107
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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

174



How to probe Dark Matter interactions?
arXiv:2207.14126
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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). 176



How to probe Dark Matter interactions?
arXiv:2207.14126

Current measurement

Further measurements to come

LCDM almost excluded (!!!) so next measurements will be critical!
177


