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Recap of Lecture 1
• The Universe is expanding: R(t) = a(t)R0
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Scale factor

• The rate of expansion is determined by the Friedmann equation:
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• The energy density of matter, radiation and dark energy dilutes as

E = const

<latexit sha1_base64="Zme6bAul5qdt+HNmxb302B/fw3Y=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsKuKAoiBkTwGME8IFnC7GSSDJmZXWZmhbjkS7x4UMSrn+LNv/ATnGxy0MSChqKqm+6uMOZMG8/7cnJLyyura/n1wsbm1nbR3dmt6yhRhNZIxCPVDLGmnElaM8xw2owVxSLktBEOryd+44EqzSJ5b0YxDQTuS9ZjBBsrddziDbpEaVsJRCKpzbjjlryylwEtEn9GSlffkKHacT/b3YgkgkpDONa65XuxCVKsDCOcjgvtRNMYkyHu05alEguqgzQ7fIwOrdJFvUjZkgZl6u+JFAutRyK0nQKbgZ73JuJ/XisxvfMgZTJODJVkuqiXcGQiNEkBdZmixPCRJZgoZm9FZIAVJsZmVbAh+PMvL5L6cdk/KZ/enZQqF9M0IA/7cABH4MMZVOAWqlADAgk8wQu8Oo/Os/PmvE9bc85sZg/+wPn4AVeXk60=</latexit>

⇢m / a�3

<latexit sha1_base64="VJTkdrUvZmJKagYHUxIDL6QA8HY=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIbiyJVhRcWHDjsoJ9QFvDZDpph04yYWYilFDwV9y4UMSt3+HOv/ATnKZdaOuBC4dz7uXee/yYM6Ud58vKLSwuLa/kVwtr6xubW/b2Tl2JRBJaI4IL2fSxopxFtKaZ5rQZS4pDn9OGP7ge+40HKhUT0Z0exrQT4l7EAkawNpJn77VlX3ghasdSxFogfJ8en448u+iUnAxonrhTUrz6hgxVz/5sdwVJQhppwrFSLdeJdSfFUjPC6ajQThSNMRngHm0ZGuGQqk6anT9Ch0bpokBIU5FGmfp7IsWhUsPQN50h1n01643F/7xWooOLTsqiONE0IpNFQcKR+XOcBeoySYnmQ0MwkczcikgfS0y0SaxgQnBnX54n9ZOSWy6d3ZaLlctJGpCHfTiAI3DhHCpwA1WoAYEUnuAFXq1H69l6s94nrTlrOrMLf2B9/ABD6JZ1</latexit>

⇢r / a�4

<latexit sha1_base64="hE4n53Xx0Em9q/qo3UAc+TI5S60=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIbiyJVBRcWHDjsoJ9QBPLZDpph04yYWYilFDwV9y4UMSt3+HOv/ATnKYutPXAhcM593LvPUHCmdKO82kVFhaXlleKq6W19Y3NLXt7p6lEKgltEMGFbAdYUc5i2tBMc9pOJMVRwGkrGF5N/NY9lYqJ+FaPEupHuB+zkBGsjdS19zw5EF2JvESKRAuE77Lj6rhrl52KkwPNE/eHlC+/IEe9a394PUHSiMaacKxUx3US7WdYakY4HZe8VNEEkyHu046hMY6o8rP8/DE6NEoPhUKaijXK1d8TGY6UGkWB6YywHqhZbyL+53VSHZ77GYuTVNOYTBeFKUfmz0kWqMckJZqPDMFEMnMrIgMsMdEmsZIJwZ19eZ40TyputXJ6Uy3XLqZpQBH24QCOwIUzqME11KEBBDJ4hGd4sR6sJ+vVepu2FqyfmV34A+v9G01Mlns=</latexit>

E / a�1

<latexit sha1_base64="ShoTrwNpv0pFYTy4zBW7Oh44pKw=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSRSUXBhQQSXFewD2lgm00k7dJIMMxOlxH6KGxeKuPVL3PkXfoLTtAttPXDhcM693HuPLzhT2nG+rIXFpeWV1dxafn1jc2vbLuzUVZxIQmsk5rFs+lhRziJa00xz2hSS4tDntOEPLsd+455KxeLoVg8F9ULci1jACNZG6tiFK9QWMhY6RgjfpUfuqGMXnZKTAc0Td0qKF9+QodqxP9vdmCQhjTThWKmW6wjtpVhqRjgd5duJogKTAe7RlqERDqny0uz0ETowShcFsTQVaZSpvydSHCo1DH3TGWLdV7PeWPzPayU6OPNSFolE04hMFgUJR+bRcQ6oyyQlmg8NwUQycysifSwx0SatvAnBnX15ntSPS265dHJTLlbOJ2lADvZgHw7BhVOowDVUoQYEHuAJXuDVerSerTfrfdK6YE1nduEPrI8fb4KUPw==</latexit>

E / V

<latexit sha1_base64="NtURCobsFad/Z2/XoZJVkmK3F9g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRcGFBRFcVrAPmA4lk2ba0EwyJBmhDP0MNy4UcevXuPMv/ATTaRfaeiBwOOdecs8JE860cd0vp7Cyura+UdwsbW3v7O6V9w9aWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+HoZuq3H6nSTIoHM05oEOOBYBEj2FjJv0XdRMnESNTqlStu1c2Blok3J5Xrb8jR6JU/u31J0pgKQzjW2vfcxAQZVoYRTielbqppgskID6hvqcAx1UGWnzxBJ1bpo0gq+4RBufp7I8Ox1uM4tJMxNkO96E3F/zw/NdFlkDGRpIYKMvsoSjmyEaf5UZ8pSgwfW4KJYvZWRIZYYWJsSyVbgrcYeZm0zqperXp+X6vUr2ZtQBGO4BhOwYMLqMMdNKAJBCQ8wQu8OsZ5dt6c99lowZnvHMIfOB8/KDKR8w==</latexit>

⇢⇤ / a0

<latexit sha1_base64="I8sKr7OW43KHuQXbxqTO6c1B/WE=">AAACA3icbVC7SgNBFL0bXzG+Vu20GQyCVdiViIKFARsLiwjmAdk1zE4myZDZnWVmVghLwMZfsbFQxNafsPMv/AQnmxSaeGDgcM493LkniDlT2nG+rNzC4tLySn61sLa+sbllb+/UlUgkoTUiuJDNACvKWURrmmlOm7GkOAw4bQSDy7HfuKdSMRHd6mFM/RD3ItZlBGsjte09T/ZF27s2iQ5GXixFrAXCd6kzattFp+RkQPPEnZLixTdkqLbtT68jSBLSSBOOlWq5Tqz9FEvNCKejgpcoGmMywD3aMjTCIVV+mt0wQodG6aCukOZFGmXq70SKQ6WGYWAmQ6z7atYbi/95rUR3z/yURXGiaUQmi7oJR+bMcSGowyQlmg8NwUQy81dE+lhiok1tBVOCO3vyPKkfl9xy6eSmXKycT9qAPOzDARyBC6dQgSuoQg0IPMATvMCr9Wg9W2/W+2Q0Z00zu/AH1scPMRaYpw==</latexit>

Recap of Lecture 1
• The Universe is expanding: R(t) = a(t)R0

<latexit sha1_base64="vGuJqPRFFlH91fXFgtU/SYTMP34="></latexit>

Scale factor

• The rate of expansion is determined by the Friedmann equation:

✓
ȧ
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Recap of Lecture 1
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• The Universe started hot and dense, but then cooled and diluted:

Recap of Lecture 1

10−10 10−8 10−6 10−4 10−2 1 102 104
10−5

1

105

1010

1015

1020

1025

1030

C
M

B

B
B

N
ρr

ρm

ρΛ

a(t)

ρ(
a)

radiation era matter era dark energy era

todayHot Big Bang

• The Universe started hot and dense, but then cooled and diluted:

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Recap of Lecture 1

This history of the Universe is an observational fact:

10 μs 370 000 yrs1 s 3 min
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formation

1 billion yrs

• The basic picture has been confirmed by many independent observations. 
• Many precise details are probed by measurements of the CMB.
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Our best answer to these questions involves a fascination connection between 
the physics of the very small and the very large:

Gravitational  
clustering

Quantum  
fluctuations

CMB  
fluctuations Galaxies

Cosmic 
sound waves

Part II.1Part II.2

Part III

10�32 s
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The density contrast therefore satisfies 
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<latexit sha1_base64="gRaLkHmjwqtWTsRq5iywhI3LE6g=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBhZREKxVcWHDjsoJ9QBPKZDpph04ezEyEEOqvuHGhiFs/xJ1/4Sc4TbvQ1gP3cjjnXubO8WLOpLKsL6Owsrq2vlHcLG1t7+zumfsHbRklgtAWiXgkuh6WlLOQthRTnHZjQXHgcdrxxjdTv/NAhWRReK/SmLoBHobMZwQrLfXN8nndck4tS7fMEQFKhZz0zYpVtXKgZWLPSeX6G3I0++anM4hIEtBQEY6l7NlWrNwMC8UIp5OSk0gaYzLGQ9rTNMQBlW6WHz9Bx1oZID8SukKFcvX3RoYDKdPA05MBViO56E3F/7xeovxLN2NhnCgaktlDfsKRitA0CTRgghLFU00wEUzfisgIC0yUzqukQ7AXv7xM2mdVu1a9uKtVGlezNKAIh3AEJ2BDHRpwC01oAYEUnuAFXo1H49l4M95nowVjvlOGPzA+fgACi5SE</latexit>
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<latexit sha1_base64="v8HD0bxbcA3kN7vZEB2gkNmCDls=">AAAB/nicbVDLSgNBEOz1GeMrKp68DAbBg4RdiSh4MODFYwTzgOwSZieTZMjsg5leMSwBf8WLB0W8+h3e/As/wckmB00saCiquunu8mMpNNr2l7WwuLS8sppby69vbG5tF3Z26zpKFOM1FslINX2quRQhr6FAyZux4jTwJW/4g+ux37jnSosovMNhzL2A9kLRFYyikdqFfcc9cZE/YOoLKY1EhkqP2oWiXbIzkHniTEnx6hsyVNuFT7cTsSTgITJJtW45doxeShUKJvko7yaax5QNaI+3DA1pwLWXZuePyJFROqQbKVMhkkz9PZHSQOth4JvOgGJfz3pj8T+vlWD3wktFGCfIQzZZ1E0kwYiMsyAdoThDOTSEMiXMrYT1qaIMTWJ5E4Iz+/I8qZ+WnHLp7LZcrFxO0oAcHMAhHIMD51CBG6hCDRik8AQv8Go9Ws/Wm/U+aV2wpjN78AfWxw/shJbm</latexit>

M =
4⇡

3
R3(t) ⇢̄(t) [1 + �(t)] = const

<latexit sha1_base64="YrKeuA47Hp7+IwiBHNb+RTHxhfQ="></latexit>

Adding Expansion

Mass conservation implies , so that

R(t) / ⇢̄�1/3(t)
h
1 + �(t)

i�1/3
/ a(t)


1� 1

3
�(t)

�

<latexit sha1_base64="0W8NwhPEidHgOmXKmNJIq4oM1ho="></latexit>

Substituting this into the equation of motion, we get

R̈

R
=

ä

a
� 1

3
�̈ � 2

3

ȧ

a
�̇ = �4⇡G

3
⇢̄ � 4⇡G

3
⇢̄�

<latexit sha1_base64="y6/uLc8z+zjIVFlxbzYKDfwwgqY="></latexit>

�̈ + 2H �̇ = (4⇡G⇢̄)�

<latexit sha1_base64="SfjI/u+YNnRBCTuGKINqWAvAO74="></latexit>

The density contrast therefore satisfies 
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The observed matter power spectrum is Horizon scale at  
matter-radiation equality
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What created the features in the power spectrum?

CMB Power Spectrum

Recap of Lecture 1

This history of the Universe is an observational fact:

10 μs 370 000 yrs1 s 3 min

QCD phase 
transition

Neutrino 
decoupling BBN

e-

Photon 
decoupling

Structure 
formation

1 billion yrs

• The basic picture has been confirmed by many independent observations. 
• Many precise details are probed by measurements of the CMB.



Questions?
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Cosmic Sound Waves

Consider the evolution of a single localized density fluctuation: 

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Cosmic Sound Waves

Consider the evolution of a single localized density fluctuation: 

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Cosmic Sound Waves

This creates a radial sound wave in the photon-baryon fluid: 

The wave travels a distance of 50 000 light-years (called the sound horizon) 
before the Universe becomes transparent to light.

Dark matter

Photons + baryons

rs

<latexit sha1_base64="MhtzwphAoGBJCKlyNDa1K7Yulz8=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0xMMN6CXjxGNAskQ+jp9CRNerqH7h4hDPkELx4U8eoXefNv7CyC64OCx3tVVNULE8608bx3Z2l5ZXVtPbeR39za3tkt7O03tUwVoQ0iuVTtEGvKmaANwwyn7URRHIectsLR5dRv3VGlmRS3ZpzQIMYDwSJGsLHSjerpXqHoudXTSum8jH4T3/VmKMIC9V7hrduXJI2pMIRjrTu+l5ggw8owwukk3001TTAZ4QHtWCpwTHWQzU6doGOr9FEklS1h0Ez9OpHhWOtxHNrOGJuh/ulNxb+8TmqiapAxkaSGCjJfFKUcGYmmf6M+U5QYPrYEE8XsrYgMscLE2HTyNoTPT9H/pFly/bJbuS4XaxeLOHJwCEdwAj6cQQ2uoA4NIDCAe3iEJ4c7D86z8zJvXXIWMwfwDc7rB+/MjkE=</latexit>
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Cosmic Sound Waves
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The wave travels a distance of 50 000 light-years (called the sound horizon) 
before the Universe becomes transparent to light.

Dark matter
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<latexit sha1_base64="MhtzwphAoGBJCKlyNDa1K7Yulz8=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0xMMN6CXjxGNAskQ+jp9CRNerqH7h4hDPkELx4U8eoXefNv7CyC64OCx3tVVNULE8608bx3Z2l5ZXVtPbeR39za3tkt7O03tUwVoQ0iuVTtEGvKmaANwwyn7URRHIectsLR5dRv3VGlmRS3ZpzQIMYDwSJGsLHSjerpXqHoudXTSum8jH4T3/VmKMIC9V7hrduXJI2pMIRjrTu+l5ggw8owwukk3001TTAZ4QHtWCpwTHWQzU6doGOr9FEklS1h0Ez9OpHhWOtxHNrOGJuh/ulNxb+8TmqiapAxkaSGCjJfFKUcGYmmf6M+U5QYPrYEE8XsrYgMscLE2HTyNoTPT9H/pFly/bJbuS4XaxeLOHJwCEdwAj6cQQ2uoA4NIDCAe3iEJ4c7D86z8zJvXXIWMwfwDc7rB+/MjkE=</latexit>
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The wave travels a distance of 50 000 light-years (called the sound horizon) 
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In reality, there is an infinite 
number of  perturbations … 
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number of  perturbations … 



CMB Anisotropies

This sound horizon is imprinted in the pattern of CMB fluctuations:
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<latexit sha1_base64="7uf481fktMFD/i/NHEVWeriS4fU=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexKxNwMeBG8RDAPyC5hdjKbDJnZWWZmhbDkM7x4UMSrX+PNv/ATnGxy0MSChqKqm+6uMOFMG9f9cgpr6xubW8Xt0s7u3v5B+fCorWWqCG0RyaXqhlhTzmLaMsxw2k0UxSLktBOOb2Z+55EqzWT8YCYJDQQexixiBBsr9XyRosxXAt1N++WKW3VzoFXiLUjl+htyNPvlT38gSSpobAjHWvc8NzFBhpVhhNNpyU81TTAZ4yHtWRpjQXWQ5SdP0ZlVBiiSylZsUK7+nsiw0HoiQtspsBnpZW8m/uf1UhPVg4zFSWpoTOaLopQjI9HsfzRgihLDJ5Zgopi9FZERVpgYm1LJhuAtv7xK2hdVr1a9vK9VGvV5GlCEEziFc/DgChpwC01oAQEJT/ACr45xnp03533eWnAWM8fwB87HD1rZkhE=</latexit>
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<latexit sha1_base64="gEio6RSYrZwADMh5MNSMIs6omiQ=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBAEIexqxNwMePEYwTwgWcLsZDYZMjO7zMwKYckvePGgiFd/yJt/4Sc4u8lBEwsaiqpuuruCmDNtXPfLWVldW9/YLGwVt3d29/ZLB4ctHSWK0CaJeKQ6AdaUM0mbhhlOO7GiWASctoPxbea3H6nSLJIPZhJTX+ChZCEj2GTS+aXr9ktlt+LmQMvEm5PyzTfkaPRLn71BRBJBpSEca9313Nj4KVaGEU6nxV6iaYzJGA9p11KJBdV+mt86RadWGaAwUrakQbn6eyLFQuuJCGynwGakF71M/M/rJias+SmTcWKoJLNFYcKRiVD2OBowRYnhE0swUczeisgIK0yMjadoQ/AWX14mrYuKV61c3VfL9dosDSjAMZzAGXhwDXW4gwY0gcAInuAFXh3hPDtvzvusdcWZzxzBHzgfP1rRjo0=</latexit>

�300

<latexit sha1_base64="KdfY2+QU6zIL10Dy0Mpmuf/OySo=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBC8GHY1Ym4GvHiMYB6QLGF2MpsMmZldZmaFsOQXvHhQxKs/5M2/8BOc3eSgiQUNRVU33V1BzJk2rvvlrKyurW9sFraK2zu7e/ulg8OWjhJFaJNEPFKdAGvKmaRNwwynnVhRLAJO28H4NvPbj1RpFskHM4mpL/BQspARbDLp/NJ1+6WyW3FzoGXizUn55htyNPqlz94gIomg0hCOte56bmz8FCvDCKfTYi/RNMZkjIe0a6nEgmo/zW+dolOrDFAYKVvSoFz9PZFiofVEBLZTYDPSi14m/ud1ExPW/JTJODFUktmiMOHIRCh7HA2YosTwiSWYKGZvRWSEFSbGxlO0IXiLLy+T1kXFq1au7qvlem2WBhTgGE7gDDy4hjrcQQOaQGAET/ACr45wnp03533WuuLMZ47gD5yPH13fjo8=</latexit>

The CMB has tiny variations in its intensity, corresponding to small density 
fluctuations in the primordial plasma:

These fluctuations aren’t random, but are highly correlated.



CMB Anisotropies

This sound horizon is imprinted in the pattern of CMB fluctuations:
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CMB Anisotropies

This sound horizon is imprinted in the pattern of CMB fluctuations:
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CMB Anisotropies

This sound horizon is imprinted in the pattern of CMB fluctuations:

Temperature Polarization 

�2�

<latexit sha1_base64="CNEjetAJTWTTCn45udqvF56s2MI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHZDJB4DXjxGMA9I1jA76U2GzM6uM7NCCPkJLx4U8ervePNvnCR70MSChqKqm+6uIBFcG9f9dtbWNza3tnM7+d29/YPDwtFxU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm5nfekKleSzvzThBP6IDyUPOqLFS+7L80GVcsV6h6JbcOcgq8TJShAz1XuGr249ZGqE0TFCtO56bGH9CleFM4DTfTTUmlI3oADuWShqh9ifze6fk3Cp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMyeJ32ukBkxtoQyxe2thA2poszYiPI2BG/55VXSLJe8SunqrlKsVbM4cnAKZ3ABHlShBrdQhwYwEPAMr/DmPDovzrvzsWhdc7KZE/gD5/MHXFWPgQ==</latexit>
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<latexit sha1_base64="cg7aAbvGu/u06R7rpfHPILUMHiw=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBAEIeyGSDwGvHiMYB6QrGF20psMmZ1dZ2aFEPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSK4Nq777aytb2xubed28rt7+weHhaPjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81jem3GCfkQHkoecUWOl9mX5ocu4Yr1C0S25c5BV4mWkCBnqvcJXtx+zNEJpmKBadzw3Mf6EKsOZwGm+m2pMKBvRAXYslTRC7U/m907JuVX6JIyVLWnIXP09MaGR1uMosJ0RNUO97M3E/7xOasJrf8JlkhqUbLEoTAUxMZk9T/pcITNibAllittbCRtSRZmxEeVtCN7yy6ukWS55ldLVXaVYq2Zx5OAUzuACPKhCDW6hDg1gIOAZXuHNeXRenHfnY9G65mQzJ/AHzucPWT+Pfw==</latexit>
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<latexit sha1_base64="ts2ysOwCnq7OuY3lJnUCrHUWgHQ=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArkXgMePEYwTwgWcNsZzYZMju7zswKIeQnvHhQxKu/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5ThayBsYhVO6CaCS5Zw3AjWDtRjEaBYK1gdDPzW09MaR7LezNOmB/RgeQhR2qs1L7wHrrIFfaKJbfszkFWiZeREmSo94pf3X6MacSkQUG17nhuYvwJVYajYNNCN9UsoTiiA9axVNKIaX8yv3dKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+xMuk9QwiYtFYSqIicnsedLniqERY0soKm5vJTikiqKxERVsCN7yy6ukeVn2KuWru0qpVs3iyMMJnMI5eFCFGtxCHRqAIOAZXuHNeXRenHfnY9Gac7KZY/gD5/MHWsuPgA==</latexit>
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<latexit sha1_base64="G9O2ffSRW5RoscakTkBf+uGnKrY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgCGFXIvEY8OIxgnlAsobZzmwyZHZ2nZkVQshPePGgiFd/x5t/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nClkDYxGrdkA1E1yyhuFGsHaiGI0CwVrB6Gbmt56Y0jyW92acMD+iA8lDjtRYqX3hPXSRK+wVS27ZnYOsEi8jJchQ7xW/uv0Y04hJg4Jq3fHcxPgTqgxHwaaFbqpZQnFEB6xjqaQR0/5kfu+UnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlhEheLwlQQE5PZ86TPFUMjxpZQVNzeSnBIFUVjIyrYELzll1dJ87LsVcpXd5VSrZrFkYcTOIVz8KAKNbiFOjQAQcAzvMKb8+i8OO/Ox6I152Qzx/AHzucPV7WPfg==</latexit>
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<latexit sha1_base64="cjT03rS3lFUzQCII3jBgvc0nbmA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W96+pN87pSr+VxFOEMzuESPKhBHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDeGKMsQ==</latexit>
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+1�

<latexit sha1_base64="G9O2ffSRW5RoscakTkBf+uGnKrY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgCGFXIvEY8OIxgnlAsobZzmwyZHZ2nZkVQshPePGgiFd/x5t/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nClkDYxGrdkA1E1yyhuFGsHaiGI0CwVrB6Gbmt56Y0jyW92acMD+iA8lDjtRYqX3hPXSRK+wVS27ZnYOsEi8jJchQ7xW/uv0Y04hJg4Jq3fHcxPgTqgxHwaaFbqpZQnFEB6xjqaQR0/5kfu+UnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlhEheLwlQQE5PZ86TPFUMjxpZQVNzeSnBIFUVjIyrYELzll1dJ87LsVcpXd5VSrZrFkYcTOIVz8KAKNbiFOjQAQcAzvMKb8+i8OO/Ox6I152Qzx/AHzucPV7WPfg==</latexit>

0

<latexit sha1_base64="cjT03rS3lFUzQCII3jBgvc0nbmA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqceCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W96+pN87pSr+VxFOEMzuESPKhBHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDeGKMsQ==</latexit>

�20

<latexit sha1_base64="Qxr9kWtmDOsPj/U096biVGaYw9Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbI3oMePEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh4uK2yuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrzxJ1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqalbJXLV/dV0u1yyyOPJzAKZyDB9dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AUY+NIA==</latexit>

�40

<latexit sha1_base64="LQNTSXKmzPEVWbkBKyckSB4lHMw=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSRa0WPBi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0cF51e6WyW3FnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MbPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTQvKl61cnVfLdcu8zgKcAwncAYeXEMN7qAODWAwgGd4hTdHOC/Ou/Mxb11x8pkj+APn8wdUmY0i</latexit>

�60

<latexit sha1_base64="t0sWgFBevf2Et7RXuLCnj3YidfU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbCr8XEMePEY0TwgWcLsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwup36zSeujYjUI45j7od0oERfMIpWeji7crvFklt2ZyDLxMtICTLUusWvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/OTp2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf6NnwoVJ8gVmy/qJ5JgRKZ/k57QnKEcW0KZFvZWwoZUU4Y2nYINwVt8eZk0zstepXx5XylVL7I48nAEx3AKHlxDFe6gBnVgMIBneIU3RzovzrvzMW/NOdnMIfyB8/kDV6ONJA==</latexit>

�80

<latexit sha1_base64="67a3RyNQAZ+14Hg6L12Ke+d9jp4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbCrEXMMePEY0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh4uq2yuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJqz6Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNy7JXKV/fV0q1qyyOPJzAKZyDBzdQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AWq2NJg==</latexit>

0

<latexit sha1_base64="VJ92yozg5zAZM2/27hglBuYx+a8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolW9Fjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjrZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWrluVMu1qzyOApzCGVyABzdQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBdy6MrQ==</latexit>

0.4

<latexit sha1_base64="nH6yIxc1NMaNzrkol6g3vhIK5cE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0i0oseCF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04LnVXrniud4cZJX4OalAjnqv/NXtJyyLURomqNYd30tNMKHKcCZwWupmGlPKRnSAHUsljVEHk/mpU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CaYcJlmBiVbLIoyQUxCZn+TPlfIjBhbQpni9lbChlRRZmw6JRuCv/zyKmleuH7VvbqvVmqXeRxFOIFTOAcfrqEGd1CHBjAYwDO8wpsjnBfn3flYtBacfOYY/sD5/AFWHY0j</latexit>

�0.2

<latexit sha1_base64="Sr3rj1FA4Z/7zoH9m5zPoQ+hgXI=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4MSS1oseCF48V7Ae0oWy2m3bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOFMG8/7dtbWNza3tks75d29/YPDytFxW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa5dOm5tUGl6rneHGiV+AWpQoHmoPLVH8YkFVQawrHWPd9LTJBhZRjhdFbup5ommEzwiPYslVhQHWTzW2fo3CpDFMXKljRorv6eyLDQeipC2ymwGetlLxf/83qpiW6DjMkkNVSSxaIo5cjEKH8cDZmixPCpJZgoZm9FZIwVJsbGU7Yh+Msvr5J2zfXr7vVDvdq4KuIowSmcwQX4cAMNuIcmtIDAGJ7hFd4c4bw4787HonXNKWZO4A+czx+8uI1Y</latexit>

�0.4

<latexit sha1_base64="emVB7e8/SsPITDPsC603VGWsUgA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBiyHRih4LXjxWsB/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwoQzbTzv2ymtrW9sbpW3Kzu7e/sH1cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh5C73O09UaRbLRzNNaCDwSLKIEWxy6cJz64NqzXO9OdAq8QtSgwLNQfWrP4xJKqg0hGOte76XmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90GGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JdfXiXtS9evu9cP9VrjqoijDCdwCufgww004B6a0AICY3iGV3hzhPPivDsfi9aSU8wcwx84nz+/wI1a</latexit>

intensity of 11396 cold spots

✓s

<latexit sha1_base64="gYmxU3SS3i+m1Zbp4fQYiDg/Hbo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFYwX5AG8pmu2mXbjZxdyKU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpW6vRwxJH2Tb9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHq16uV9rVK/yeMowgmcwjl4cAV1uIMGNIGBhGd4hTfn0Xlx3p2PRWvByWeO4Q+czx8y4pAS</latexit>

✓s

<latexit sha1_base64="LAqXWibfk+x/UwWG4FJis2/T/so=">AAAB73icdVDJSgNBEO2JW4xb1KOXxiB4GnrMphcJePEYwSyQDKGn05M06VnsrhHCkJ/w4kERr/6ON//GniSCij4oeLxXRVU9L5ZCAyEfVm5ldW19I79Z2Nre2d0r7h+0dZQoxlsskpHqelRzKULeAgGSd2PFaeBJ3vEmV5nfuedKiyi8hWnM3YCOQuELRsFI3T6MOdCBHhRLxCYVp1quYWKXSa3sZKROSLV2gR2bzFFCSzQHxff+MGJJwENgkmrdc0gMbkoVCCb5rNBPNI8pm9AR7xka0oBrN53fO8MnRhliP1KmQsBz9ftESgOtp4FnOgMKY/3by8S/vF4C/rmbijBOgIdsschPJIYIZ8/joVCcgZwaQpkS5lbMxlRRBiaiggnh61P8P2mf2U7Frt5USo3LZRx5dISO0SlyUB010DVqohZiSKIH9ISerTvr0XqxXhetOWs5c4h+wHr7BJCFkFM=</latexit>

1
2✓s

<latexit sha1_base64="zfV/Efr3s0Po2pTS5lj4k6b6yQI=">AAAB/XicdVDJSgNBEO2JW4xbXG5eGoPgaZhJJhovEvDiMYJZIDOEnk5P0qRnobtGiEPwV7x4UMSr/+HNv7GzCCr6oODxXhVV9fxEcAWW9WHklpZXVtfy64WNza3tneLuXkvFqaSsSWMRy45PFBM8Yk3gIFgnkYyEvmBtf3Q59du3TCoeRzcwTpgXkkHEA04JaKlXPHAhkIRm9iQrT1wYMiA91SuWLPO84pQdB1umU6tVqqeaWLVK2XKwbVozlNACjV7x3e3HNA1ZBFQQpbq2lYCXEQmcCjYpuKliCaEjMmBdTSMSMuVls+sn+FgrfRzEUlcEeKZ+n8hIqNQ49HVnSGCofntT8S+vm0JQ8zIeJSmwiM4XBanAEONpFLjPJaMgxpoQKrm+FdMh0WmADqygQ/j6FP9PWmXTdszqtVOqXyziyKNDdIROkI3OUB1doQZqIoru0AN6Qs/GvfFovBiv89acsZjZRz9gvH0CSU+Vxw==</latexit>

Planck (2015)Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



CMB Anisotropies

The precise pattern of the CMB fluctuations depends on the composition of the 
Universe (and its initial conditions):

Atoms

Dark matter

Dark energy

Observations of the CMB have therefore allowed us to determine the parameters 
of the cosmological standard model.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Without dark matter, the data would look very different:

Figures courtesy of Zhiqi Huang and Dick Bond [ACT collaboration] 

Data No Dark Matter 

Dark Matter

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



2 10 30
0

2000

4000

6000

8000

10000

P
ow

er
[µ

K
2
]

500 1000 1500 2000

Multipole

This can also be seen in the power spectrum: ⌦m = 0.32

<latexit sha1_base64="oTeptNf860oZAvnEjzZ84AVP3Pc=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPIWkVvQiFETwZgVbC00Im+2mXbq7CbsboYSCf8WLB0W8+ju8+W/ctjlo64OBx3szzMyLUkaVdt1vq7S0vLK6Vl6vbGxube/Yu3ttlWQSkxZOWCI7EVKEUUFammpGOqkkiEeMPETDq4n/8Eikoom416OUBBz1BY0pRtpIoX3g33LSR2HuSw75GF5C1zmthXbVddwp4CLxClIFBZqh/eX3EpxxIjRmSKmu56Y6yJHUFDMyrviZIinCQ9QnXUMF4kQF+fT8MTw2Sg/GiTQlNJyqvydyxJUa8ch0cqQHat6biP953UzHF0FORZppIvBsUZwxqBM4yQL2qCRYs5EhCEtqboV4gCTC2iRWMSF48y8vknbN8erO2V292rgu4iiDQ3AEToAHzkED3IAmaAEMcvAMXsGb9WS9WO/Wx6y1ZBUz++APrM8f7N2ULA==</latexit>

without dark matter

Planck (2018)
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Without dark energy, the data would look very different:

Data No Dark Energy 

Dark Energy

Figures courtesy of Zhiqi Huang and Dick Bond [ACT collaboration] 
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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This can also be seen in the power spectrum:

Planck (2018)

⌦⇤ = 0.68

<latexit sha1_base64="sANq/8m+DShtmmqAn06nuBOHaBo=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5BI1W6EggguBCvYBzQhTCaTduhkEmYmQgl146+4caGIW//CnX/jtM1CWw8MHM65hzv3BCmjUtn2t7GwuLS8slpaK69vbG5tmzu7LZlkApMmTlgiOgGShFFOmooqRjqpICgOGGkHg8ux334gQtKE36thSrwY9TiNKEZKS765797GpIf83L3RoRCN4AW0rbMa9M2KbdkTwHniFKQCCjR888sNE5zFhCvMkJRdx06VlyOhKGZkVHYzSVKEB6hHuppyFBPp5ZMLRvBIKyGMEqEfV3Ci/k7kKJZyGAd6MkaqL2e9sfif181UVPNyytNMEY6ni6KMQZXAcR0wpIJgxYaaICyo/ivEfSQQVrq0si7BmT15nrROLKdqnd5VK/Wroo4SOACH4Bg44BzUwTVogCbA4BE8g1fwZjwZL8a78TEdXTCKzB74A+PzB/W8lUg=</latexit>

without dark energy

with dark energy

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



with  
dark energy

without  
dark energy

Riess et al (1998) 
Perlmutter et al (1998)

This is consistent with the direct observation of dark energy from supernova 
observations: 

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



The peak heights depend on the baryon density: ⌦b = 0.04

<latexit sha1_base64="X3b3J1IGmmZkX1CYd41e1x1ApjE=">AAAB/3icbVDLSgMxFM34rPU1KrhxEywFV2VGKroRCiK4s4J9QGcomfROG5rMDElGKGMX/oobF4q49Tfc+Tem7Sy09UDI4Zxc7skJEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheTfzWA0jF4uhejxLwBelHLGSUaCN17UPvVkCfdDNPChyM8SV2Kk4Vd+2SuafAi8TNSQnlqHftL68X01RApCknSnVcJ9F+RqRmlMO46KUKEkKHpA8dQyMiQPnZNP8Yl43Sw2EszYk0nqq/JzIilBoJE68siB6oeW8i/ud1Uh1e+BmLklRDRGeLwpRjHeNJGbjHJFDNR4YQKpnJiumASEK1qaxoSnDnv7xImqcVt1o5u6uWatd5HQV0hI7RCXLROaqhG1RHDUTRI3pGr+jNerJerHfrY/Z0ycpnDtAfWJ8/NqSUSg==</latexit>

The measured baryon density is consistent with BBN.

more baryons
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Planck (2018)

Baryons

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

The peak heights depend on the baryon density: ⌦b = 0.04

<latexit sha1_base64="X3b3J1IGmmZkX1CYd41e1x1ApjE=">AAAB/3icbVDLSgMxFM34rPU1KrhxEywFV2VGKroRCiK4s4J9QGcomfROG5rMDElGKGMX/oobF4q49Tfc+Tem7Sy09UDI4Zxc7skJEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheTfzWA0jF4uhejxLwBelHLGSUaCN17UPvVkCfdDNPChyM8SV2Kk4Vd+2SuafAi8TNSQnlqHftL68X01RApCknSnVcJ9F+RqRmlMO46KUKEkKHpA8dQyMiQPnZNP8Yl43Sw2EszYk0nqq/JzIilBoJE68siB6oeW8i/ud1Uh1e+BmLklRDRGeLwpRjHeNJGbjHJFDNR4YQKpnJiumASEK1qaxoSnDnv7xImqcVt1o5u6uWatd5HQV0hI7RCXLROaqhG1RHDUTRI3pGr+jNerJerHfrY/Z0ycpnDtAfWJ8/NqSUSg==</latexit>

The measured baryon density is consistent with BBN.

more baryons

2 10 30
0

1000

2000

3000

4000

5000

6000

7000

8000

P
ow

er
[µ

K
2
]

500 1000 1500 2000

Multipole

Planck (2018)

Baryons
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◆ns�1

<latexit sha1_base64="tdtpamLoE1uTKAxX4eNmOGxFjNc="></latexit>

The CMB power spectrum also probes the initial conditions: 

A B C D

A

B

C

D

Amplitude
scale-dependence

As = 2.20⇥ 10�9

<latexit sha1_base64="NRWxEw1JTmfvSP3Kh/n4jXr1mzg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSEpFXUhVN24rGAf0MQwmU7boTNJmJkIJWTpxl9x40IRt36CO//GaZuFth64cDjnXu69J4gZlcq2v43CwuLS8kpxtbS2vrG5ZW7vNGWUCEwaOGKRaAdIEkZD0lBUMdKOBUE8YKQVDK/HfuuBCEmj8E6NYuJx1A9pj2KktOSb+5d+6goOZQYvYMWq2NBVlBMJHfs+PT7PfLNsW/YEcJ44OSmDHHXf/HK7EU44CRVmSMqOY8fKS5FQFDOSldxEkhjhIeqTjqYh0su8dPJIBg+10oW9SOgKFZyovydSxKUc8UB3cqQGctYbi/95nUT1zryUhnGiSIini3oJgyqC41RglwqCFRtpgrCg+laIB0ggrHR2JR2CM/vyPGlWLKdqndxWy7WrPI4i2AMH4Ag44BTUwA2ogwbA4BE8g1fwZjwZL8a78TFtLRj5zC74A+PzB/okl2k=</latexit>

evolution

Initial Conditions

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



ns = 0.96
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The primordial power spectrum is close to scale invariant: 

WMAP (2009) 
Planck (2018)
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The observed deviation from scale invariance is significant. 
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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The primordial power spectrum is close to scale invariant: 

WMAP (2009) 
Planck (2018)
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The observed deviation from scale invariance is significant. 



CMB Anisotropies

This sound horizon is imprinted in the pattern of CMB fluctuations:
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Angular separation

primordial acoustic oscillations leave particular 
signatures in the formation of  large scale 
structures



primordial acoustic oscillations leave particular 
signatures in the formation of  large scale 
structures

108Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

Without dark energy, the data would look very different:

Data No Dark Energy 

Dark Energy

Figures courtesy of Zhiqi Huang and Dick Bond [ACT collaboration] 



from primordial perturbations to the statistical study of  galaxies’ positions  
[cf. C. Yèche's lecture]
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from primordial perturbations to the statistical study of  galaxies’ positions  
[cf. C. Yèche's lecture]
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Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

from primordial perturbations to the statistical study of  galaxies’ positions  
[cf. C. Yèche's lecture]



The Standard Model

A simple 5-parameter model fits all observations:

Amount of ordinary matter

Amount of dark matter

Amount of dark energy

Amplitude of density fluctuations

Scale dependence of the fluctuations

⌦b = 0.04
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The Standard Model

A key challenge of modern cosmology is to explain these numbers:

⌦b = 0.04
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Why is there more matter 
than antimatter?

What is the dark matter?

What is the dark energy?

What was the origin of 
the fluctuations?

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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Quantum Origin

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



So far, we have described the evolution of fluctuations in the hot Big Bang 
and the formation of the large-scale structure of the Universe:

Gravitational  
clustering

Primordial  
fluctuations

CMB  
fluctuations Galaxies

Cosmic 
sound waves

What created the primordial fluctuations?

We now want to ask:

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

What created the primordial fluctuations?
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Angular separation

An important clue is the fact that the CMB fluctuations are correlated over 
the whole sky:

Superhorizon

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

COBE



distance light travelled 
since the Big Bang

In the standard hot Big Bang theory, this is impossible:

2�

<latexit sha1_base64="vHL43p4vwSh3v07goP/6U+hXmi8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4Kkmp6EkKXjxWsB/QxrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GtzO//YRK81g+mEmCfkSHkoecUWOldvWxx7hi/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/m5U3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2e9kwBUyIyaWUKa4vZWwEVWUGZtQ0YbgLb+8SlrVilerXN7XyvWbPI4CnMIZXIAHV1CHO2hAExiM4Rle4c1JnBfn3flYtK45+cwJ/IHz+QP0Ao9R</latexit>

Big Bang

Observable 
Universe

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



The correlations must have been created before the hot Big Bang: 

Big Bang

?

Photon 
decoupling

distance light travelled 
since the Big Bang

CMB

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Inflation solves the problem by invoking a period of superluminal expansion: 

Guth (1980) 
Linde (1982) 

Albrecht and Steinhardt (1982)

Inflation 

Big Bang

Photon 
decoupling

CMB

a(t) = eHt
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Inflation

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



In less than

The entire observable Universe then originated from a microscopic, causally 
connected region of space.
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seconds, the Universe doubled in size at least 80 times:

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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conversion of the field 
energy into particles?

Inflation

To achieve inflation requires a substance with a nearly constant energy density  
(like dark energy):

V (�)
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Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

Acceleration Equation

Combining the Friedmann equation with the fluid equation
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energy into particles?

Inflation

To achieve inflation requires a substance with a nearly constant energy density  
(like dark energy):
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Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

quantum uncertainty  
➔ metric perturbations 

Acceleration Equation

Combining the Friedmann equation with the fluid equation
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Inflation

To end inflation, this substance must decay (like a radioactive material):

The product of this decay is the hot Big Bang. One of these bubbles 
is our Universe.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

space-time still 

experiencing inflation?



Inflation

In quantum mechanics, the end of inflation is probabilistic and varies 
throughout space:

This creates the primordial density fluctuations.
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Quantum Fluctuations

In quantum mechanics, empty space is full of violent fluctuations:
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Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

credits: Wikipedia. The animation illustrates the typical four-dimensional structure of  gluon-field configurations averaged over in describing the vacuum properties of  
QCD. The volume of  the box is 2.4 by 2.4 by 3.6 fm, big enough to hold a couple of  protons. Contrary to the concept of  an empty vacuum, QCD induces chromo-
electric and chromo-magnetic fields throughout space-time in its lowest energy state. After a few sweeps of  smoothing the gluon field (50 sweeps of  APE smearing), a 
lumpy structure reminiscent of  a lava lamp is revealed.



Quantum Fluctuations

In quantum mechanics, empty space is full of violent fluctuations:
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lumpy structure reminiscent of  a lava lamp is revealed.



Lamb shift

Quantum Fluctuations

These quantum fluctuations are real, but usually have small effects:

Lamb shift

Quantum Fluctuations

These quantum fluctuations are real, but usually have small effects:

The electron interacts with the fluctuating quantum vacuum → its effective 
position “jitters” (Lamb called this the electron’s “self-field”).

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Fluctuations during Inflation

Each Fourier mode of the inflaton fluctuations satisfies:
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End of inflation

Hubble friction k2/a2(t)
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This is the equation of a time-dependent harmonic oscillator.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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Quantum Harmonic Oscillators
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Zero-point fluctuations

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Quantum Fluctuations during Inflation

This holds as long as the mode evolves adiabatically (inside the horizon):
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At horizon crossing , k/a(t⇤) = H(t⇤),
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After inflation, these become nearly scale-invariant density fluctuations.
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Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



During inflation, these quantum fluctuations get amplified and stretched:

Quantum Fluctuations

After inflation, these fluctuations become the large-scale density fluctuations.
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



The nearly constant inflationary vacuum energy leads to an approximately 
scale-invariant power spectrum:

Primordial Correlations

The slow decay of the inflationary energy predicts slightly more power on 
large scales: 
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The well-understood physics of the photon-baryon fluid turns these primordial 
correlations into correlations of the CMB anisotropies:

CMB Anisotropies

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



The predicted correlations are in remarkable agreement with the data:
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Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

➔ observations are already in remarkable 
agreement with single-field slow-roll inflation: 
• super-horizon fluctuation 
• adiabaticity 
• gaussianity 
• density perturbations tilt ns < 1 



How can inflation become part of the standard history of 
the Universe with the same level of confidence as BBN?

“Extraordinary claims require extraordinary evidence”
Carl Sagan
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How can inflation become part of the standard history of 
the Universe with the same level of confidence as BBN?
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Carl Sagan

How can inflation become part of  the standard history of  
the Universe with the same level of  confidence as BBN?
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Besides density fluctuations, inflation predicts gravitational waves:

Primordial Gravitational Waves

The strength of the signal depends on the energy scale of inflation, which 
may be as high as 1016 GeV. 

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

Besides density fluctuations, inflation predicts gravitational waves:

Primordial Gravitational Waves

The strength of the signal depends on the energy scale of inflation, which 
may be as high as 1016 GeV. 



•According to single field, slow-roll inflationary scenario, quantum vacuum 
fluctuations excite cosmological scalar and tensor perturbations 

• With the definition of  the tensor-to-scalar ratio “r” 
which characterizes the amplitude of  GW and gives direct constraints on  

• the shape of  the potential 

• energy scale of  inflation 

•  inflaton field excursion 

•  derivative of  the potential
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Detecting tensor perturbations would also give us a measurement of the inflaton field excursion since
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In this generic formula (known as the Lyth bound), MPl is the reduced Planck mass and Ne is the number of
e-folds probed in the observational window (in practice, Ne ' 7). This implies that the field excursion during
inflation can easily be of the order of, or even larger than the Planck mass depending on r. In fact, this leads
to a “natural” value of r, namely r ' 10�3, corresponding to a field excursion of the order of the Planck mass.
From an e↵ective field theory point of view this means that the higher order operators that are the “remnants”
of quantum gravity at the inflationary scale can become crucial and can a↵ect the shape of the inflationary
potential. This inflationary Ultra-Violet (UV) sensitivity can be turned to our advantage and used to probe
quantum gravity if one can reach the limit r ' 10�3.

Another consequence of a detection would be a measurement of the first derivative of the inflaton potential.
Indeed, the tensor-to-scalar ratio can be written as

r = 8M2
Pl

 
V�
V

!2

, (4)

and, hence, a detection of the B-polarization would allow us to infer the first derivative of the inflaton poten-
tial, V�. This is important because, today, we only have a measurement of the second derivative, V��, and no
significant constraint of the higher derivatives. The constraint on V�� is derived from the measurement of the
scalar spectral index

nS � 1 ⌘
d lnP⇣
d ln k
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Planck has shown for the first time at the 5� level that nS , 1 (a crucial prediction of inflation) and has obtained
nS ' 0.96. Further improving the precision of the determination of nS , and possibly a detection of its variation
(the so-called running index), is of key interest for constraining models of inflation. Next generation can extend
the lever arm for nS , particularly in the polarization spectrum (EE-modes). It may indeed be possible to extend
the primary E-mode spectrum to multipoles of a few thousands because of the very low level of polarized
foregrounds at high ` (see § 3). It allows a direct determination of the primary metric fluctuation spectrum of
wave-modes of about k = 0.35 h/Mpc for an ` of about 5000 (the maximum values of ` and k are proportional).

A measurement of r would also significantly impact model building and model selection outlook since
precise observations of nS and r can bring constraints on specific models of inflation. In other words, with a
detection of B-polarization, our understanding of the shape of the potential would drastically improve, opening
the possibility to learn about the physical nature of the inflaton field. Of particular interest, the minimal Higgs
inflation (HI) model introduced before predicts r ' 10�3, see Fig. 4, a target already encountered before. As
a consequence, checking observationally whether the inflaton field is the Higgs field is within reach of – and
therefore an exciting goal for – future CMB experiments.

Of course, many other models than HI can also be constrained. This is also illustrated in Fig. 4 where
the predictions of a small field model, SFI4, have been displayed [The corresponding potential is given by
V(�) = M4[1 � (�/µ)p] where µ and p are two free parameters]. In fact preliminary studies on model selection
indicate that the next experiments should be able to exclude more than 4/5 of the vanilla scenarios (Martin et al.
2014c), as opposed to 1/3 for Planck which gives an idea of the constraining power of those observational
projects. It is very important to stress that this conclusion is true if a detection of B-modes is achieved but also
in the situation where only an upper bound on r is obtained.

Finally, the next generation of experiments will allow us to significantly improve our knowledge of reheat-
ing (the phase that concludes inflation). Again, this is illustrated in Fig. 4. For a given potential and for fixed
values of the free parameters characterizing the shape of the potential, di↵erent reheating histories lead to dif-
ferent points in the (nS , r) space. Those points can be inside or outside the experimental contours thus opening
the possibility to probe the reheating phase. We have already seen that Planck has obtained model-dependent
constraints corresponding to prior-to-posterior reduction of about 40%. Preliminary studies show that an ex-
periment such as CORE could raise this number to 90% (Martin et al. 2014c). Again, this conclusion is true
even if only an upper bound on r is obtained. In any case, obtaining relevant constraints on the reheating epoch
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2.1 The early universe 7

Figure 2: Existing and expected constraints on nS and r. The orange and yellow contours show the 68% and
95% confidence regions expected from the baseline configuration of COrE+. The possibility to improve the error
bars by delensing is not included in this forecast. The fiducial model is the Starobinsky R2 model [7]. The blue and
cyan contours show the Planck 2013 constraints, while the gray contours show the WMAP 9-year constraints. The
symbols show predictions of a few other well known inflationary models. The violet, yellow, and red regions show
vacuum-dominated convex potentials (V �� > 0), convex potentials vanishing at their minimum, and concave potentials
(V �� < 0; hilltop or plateau inflation), respectively.

parity ‘E mode’ and an odd parity ‘B mode’ [9, 10]. The scalar fluctuations produce only E modes, whereas
the tensor fluctuations produce both E and B modes. Thus B mode polarization o�ers a sensitive and highly
model-independent probe of tensor fluctuations.

Detection of the long wavelength, nearly scale-invariant tensor fluctuations is considered as an observa-
tional tell-tale sign that inflation occurred at energies a trillion times higher than the ones achieved by the
Large Hadron Collider (LHC) at CERN. At such high energies we may also see hints of quantum gravity.
Consequently, the main science goal of COrE+ will give us a powerful clue concerning how the Universe
began and the precise character of the fundamental laws of nature (i.e., how gravity and the other forces in
nature are unified).

Inflation is thought to be powered by a single energy component called ‘inflaton’. The precise physical
nature of the inflaton is unknown but it is often assumed to be a scalar field, just like the Higgs field recently
discovered by the LHC [11, 12]. The simplest models of inflation are based on a single scalar field � with
a potential energy density V (�). We can easily generalize to models involving more fields. The potential
energy drives the scale factor of the Universe to evolve as a(t) � exp(Ht) where H2 � (8�G/3)V (�). As a
result, the Universe is quickly driven to a spatially flat, Euclidean geometry, and any memory of the initial
state of the observable Universe is e�ectively erased, since a patch of space that undergoes inflation becomes
exponentially stretched and smoothed.

According to inflation, the large patch of the Universe that we live in originated from a tiny region in
space that was stretched to a large size by inflation. The original region was so tiny that quantum mechanics
played an important role. Namely, the energy density stored in the inflaton field � varied from place to
place according to the laws of quantum mechanics. This scalar quantum fluctuation is the seed for all the
structures that we see in the Universe today [6]. This is a remarkable prediction of inflation, which agrees
with all the observational data we have collected so far [8]. The only missing piece is the existence of tensor
quantum fluctuations, which would appear as long-wavelength gravitational waves propagating through our
Universe [7]. We wish to detect this using the B mode polarization of CMB.

An important prediction of inflation is that the scalar and tensor fluctuations are nearly, but not exactly,
scale-invariant—namely that the variance of fluctuations depends only weakly on the spatial length scale.
More specifically, the variance of fluctuations decreases slowly toward smaller length scales [6]. This behavior
in the scalar fluctuations has now been convincingly detected by WMAP [13, 14] and Planck [8]. While

7

Figure 4: Existing and expected constraints on nS and r. The orange and yellow contours show the 68% and 95% confi-
dence regions expected from the baseline configuration of a typical next generation medium size CMB space experiment
(specifically CORE+, as was proposed at ESA for the M4 call). The possibility to improve the error bars by delensing is
not included in this forecast. The fiducial model is the Higgs inflation model (or equivalently Starobinsky R + R2 model,
see text). The blue and cyan contours show the Planck 2013 constraints, while the grey contours show the WMAP 9-year
constraints. The symbols show predictions of a few other well known inflationary models. The purple, yellow, and red
regions show vacuum-dominated convex potentials (V�� > 0), convex potentials vanishing at their minimum, and concave
potentials (V�� < 0; hilltop or plateau inflation), respectively. Taken from Martin et al. (2014b).

of a quantum gravitational wave, clearly a breakthrough for quantum gravity (moreover, the amplitude of these
primordial gravitational waves cannot be seen by experiments such as LIGO or VIRGO, even by eLISA). In
fact, inflation is probably the only case in physics where an e↵ect based on general relativity and quantum me-
chanics leads to predictions that, given our present day technological capabilities, can be tested experimentally.
As a consequence, if any experimental signatures of quantum gravity is ever obtained, it is very likely that this
will be through the study of inflation and its cosmological predictions. Probing B-polarization precisely exem-
plifies the idea of using inflation as a tool towards a better understanding of the theoretical and observational
aspects of quantum gravity. In other words, our ability to see through the inflationary window has turned the
early universe into a laboratory for ultra-high energy physics at energies entirely inaccessible to conventional
experimentation.

Another crucial aspect related to a detection of the B-modes is that this would lead to a determination of the
energy scale of inflation which is, as recalled above, still presently unknown. More precisely the energy scale
of inflation is

V1/4(�) ' 1016 GeV
✓ r
0.01

◆1/4
, (2)

where V(�) is the potential of the inflaton field �. This determination of the energy scale is the primary goal
of any CMB missions. Determining the value r would undoubtedly be a major discovery, re-enforcing the
inflationary paradigm and it would set the stage for any subsequent theoretical attempts to build global models
of inflation. We would know how far from the Planck or string scale inflation proceeded.
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Inflation

To achieve inflation requires a substance with a nearly constant energy density  
(like dark energy):

V (�)
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CMB polarization and its 
description
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2. Thomson Scattering Equation
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Angular dependence leads to linear polarization.
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Thomson scattering 
in stretched space

gravitational waves generated during inflation

cold

hot

cold

hot

e

gravitational waves generated during inflation
Grishchuk (1974) 
Starobinsky (1979)

cold

hot
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hot

e

over density
under density

Thomson scattering + quadrupolar anisotropies = linear polarization



One could describe the polarization by means of standard Stokes Q and U parameters, but 
that will make their value dependent of the choice of x- and y-axes.

Quantifying polarization

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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To do that, we write the polarization as a complex vector, which behaves as a spin-2 
field. (We will then choose special spin-2 spherical harmonic coefficients which has 
the rotation term in-built, which cancels out the rotation of Q + iU vector.)

P ≡ Q2 + U2

U
Q

≡ tan α
Q + iU = Pe2iα

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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To do that, we write the polarization as a complex vector, which behaves as a spin-2 
field. (We will then choose special spin-2 spherical harmonic coefficients which has 
the rotation term in-built, which cancels out the rotation of Q + iU vector.)

P ≡ Q2 + U2

U
Q

≡ tan α
Q + iU = Pe2iα

α → α + ψunder rotation:  

The magnitude of Q±iU is preserved, but its phase changesP remains invariant …
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Q(n) ± iU(n) = ∫ d2ℓ
(2π)2 ∓2aℓ exp(±2iϕℓ + iℓ ⋅ n)

±2aℓ ≡ − (Eℓ ± iBℓ)
and defining:

We thus write:
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Q(n) ± iU(n) = ∫ d2ℓ
(2π)2 ∓2aℓ exp(±2iϕℓ + iℓ ⋅ n)

±2aℓ ≡ − (Eℓ ± iBℓ)
and defining:

We thus write:

Q(n) ± iU(n) = ∫ d2ℓ
(2π)2 (Eℓ ± iBℓ) exp(±2iϕℓ + iℓ ⋅ n)

by construction Eℓ and Bℓ do not pick up a factor of exp(2iɸ) under 
coordinate rotation. !

Eℓ and Bℓ are invariant under rotation. 
 
What kind of polarization patterns do these quantities represent? 

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Q(n) = ∫ d2ℓ
(2π)2 (Eℓ cos(2ϕℓ) − Bℓ sin(2ϕℓ)) exp(iℓ ⋅ n)

U(n) = ∫ d2ℓ
(2π)2 (Eℓ cos(2ϕℓ) + Bℓ sin(2ϕℓ)) exp(iℓ ⋅ n)

Q and U produced by E and B modes are given by:
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a wave vector, we obtain x
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Q(n) = Re (Eℓ exp(iℓn))
U(n) = Re (Bℓ exp(iℓn))
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to wave vector 

direction

45 deg tilted 
wrt wave 

vector 
direction

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Images credit: BICEP collaboration
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• E-modes are Stokes Q defined wrt to ℓ axis 
• B-modes are Stokes U defined wrt to ℓ axis

coordinate-
independent 
statement!

mirror parity even

parity odd

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



An Introduction to the CMB 07: Polarization anisotropies (part 1)

Parity of E & B modes on a sphere

27

Images credit: Wayne Hu

The E- and B-modes are distinguished by 
their behavior under a parity transformation 
n ➔ -n. 

• E-modes are Stokes Q defined wrt to ℓ axis 
• B-modes are Stokes U defined wrt to ℓ axis

coordinate-
independent 
statement!

mirror parity even

parity odd

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



E and B modes
• Superimposing wavevectors
• B-modes have handedness or odd parity 

E-modes B-modes

credits: 
Wayne Hu



E-modes = Q in k coordinates 
B-modes = U in k coordinates

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



gravitational waves generated during inflation
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gravitational waves generated during inflation
Grishchuk (1974) 
Starobinsky (1979)
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over 
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density perturbations
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only
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These gravitational waves would produce a characteristic swirl pattern  
(called B-modes) in the polarization of the CMB:

B-modes

Detecting these B-modes is a central goal of observational cosmology.
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



is space flat 
or curved?

how much of  the Universe is 
ordinary matter?

how many light relic 
particles are there?

when did the first 
stars form?

what is the mass of  
neutrinos?

when and how did 
inflation happen?

These gravitational waves would produce a characteristic swirl pattern  
(called B-modes) in the polarization of the CMB:

B-modes

Detecting these B-modes is a central goal of observational cosmology.
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Ongoing Experiments

EBEX

SPIDER

POLARBEAR

BICEP

SPTPol

ACTPol

ABS

CLASS CMB Stage III

Past and On-going experiments

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



• single frequency:150GHz
• modular design 
• 7 wafers of 91 dual-polarized pixels
• planar superconducting dipole antennas with contacting lensless
• TES detectors cooled to 250 mK
• 2012-mid 2014 = small patches
• since mid 2014 = large patches

exemple d’observatoire de 
la polarisation du CMB : 
POLARBEAR

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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15+ Countries, 60+ Institutions, 375+ Researchers

F2F Chicago, July 2024

Zoom on an  
On-going experiment:  
the Simons Observatory
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15+ Countries, 60+ Institutions, 375+ Researchers

F2F Chicago, July 2024

Zoom on an  
On-going experiment:  
the Simons Observatory
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6m mirror Wide maps with 
high angular 

resolution

Small aperture 
telescope (SAT)

0.5m mirrorDeep maps with 
low angular 
resolution

Two surveys are needed to measure large- and 
small-angular scales

Excellent site for CMB 
observations:  
● PWV ~1.2 mm (good 

but 3x South Pole)  
● Low latitude (-23°) gives 

high fsky Large aperture 
telescope (LAT)

From: Gabriele Coppi, Rolando Dunner, 
Federico Nati, Matias Rojas

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Small aperture 
telescope (SAT)

0.5m mirrorDeep maps with 
low angular 
resolution

3x SATs each with 12,000 detectors  
Measuring large-scale correlations

SAT focal plane with 7 detector arrays From: Gabriele Coppi, Rolando Dunner, 
Federico Nati, Matias Rojas

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



From: Gabriele Coppi, Rolando Dunner, 
Federico Nati, Matias Rojas

6m mirror Wide maps with 
high angular 

resolution

Large aperture 
telescope (LAT)

Over 30,000 detectors 
in six tubes 
Targeting small scale 
correlations

3x detector arrays per tube

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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Galaxy maps

Galaxy center maps in comparison with Planck demonstrate 
instrument performance and larger scale recovery.
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Started mapping 
the sky with two 
MF SATs. 

Applied low-pass 
filter to maps. → 
Zoom-in  

Q/U 
polarization 
patterns start 
being visible in 
the targeted SAT 
regions.

CMB maps
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CMB maps
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Martin, Ringeval, Vennin, 
arXiv:2404.15089 (2024) 

— marginalized over 287 
inflationary models

r=0.0038

1-
σ



Josquin Errard (APC/CNRS), seminar @ LPC2E, May 13th 2022Josquin Errard (APC/CNRS), seminar @ LPC2E, May 13th 2022

4700 multichroic TES detectors  
50x Planck sensitivity on large angular scales

15 frequency bands  
 40 ≤ ν ≤ 402 GHz

telescopes + 3 instruments  
rotating half-wave plates 
year observation at L23

LiteBIRD is the next-generation CMB satellite selected by JAXA as a Strategic Large 
Mission to be launched in 2029

LFT (40 - 140GHz)

MFT and HFT (100 - 402GHz) 165

σ(r) ~ 5.7 x 10-4

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



A B-mode detection would be a milestone towards a complete 
understanding of the origin of all structure in the Universe:

10�32 s
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In classical electromagnetism birefringence refers 
to the optical property where polarization 
states experience a different refractive index 
and propagate in different paths. 

Cosmic Birefringence

In a cosmological context — The interaction with new particles or fields beyond the standard 
model, potentially linked to dark matter or dark energy, would rotate the polarization plane of  
CMB photons as they travel through space. 

This effect is called cosmic birefringence. It creates specific correlations in CMB polarization that 
would be zero otherwise and a B-mode signal not due to primordial gravitational waves. A detection 
would provide evidence for new physics and valuable insights into the dark components of  the 
Universe.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Scalar field DM/DE coupled to the CS term
DM = Dark Matter; DE = Dark Energy

• χ is a neutral pseudoscalar field (spin 0).


• Why consider χ as a good DM/DE candidate?


• Why not? We have an example in the Standard Model: a neutral pion.


• We expect  and  GeV.


• χ can be composed of fermions like a pion, or a fundamental pseudoscalar 
like an “axion” field. 

ν ∂ νEM ∂ 10≃2 f < MPl ∂ 2.4 − 1018

22

We wrote

Imagine that space is filled with a pseudoscalar field coupled to photons via the CS term.

FF in the action
Chern-Simons term

• Consider


• α: a dimensionless constant


• θ: a dimensionless pseudoscalar field


• This is not a surface term! Integration by parts gives


• This is a special case of the so-called Chern-Simons term(*), 

~

with

with

Ni (1977); Sikivie (1983); Turner, Widrow (1987)

Jim Simons in 2023
https://einstein-chair.github.io/simons2023/


1
2

Carroll, Field, Jackiw (1990)

(*) Strictly speaking, Chern-Simons 3-form for an Abelian gauge field is AνF̃0ν = Aiϵijk∂jAk

; CS = Chern Simons



Josquin Errard (josquin@apc.in2p3.fr)

Alternative solution: artificial calibrator

mailto:josquin@apc.in2p3.fr


Conclusions
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10 μs 370 000 yrs1 s 3 min

e-

1 billion yrs

We have a remarkably consistent picture of the history of the Universe from 
fractions of a second after the Big Bang until today:

We also have tantalizing evidence that the primordial seed fluctuations for the 
formation of structure were created during a period of inflation:

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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Yet, many fundamental questions remain:

• What is dark matter and dark energy?
• Did inflation really occur? And what was driving it?
• What is the origin of the matter-antimatter asymmetry?

We hope that future observations will shed light on these questions.

Observations of the CMB have revolutionized cosmology:

⌦m
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Gravitational lensing 

Planck
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