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Basics

A A crash course on
CMB lensing and
clustering physics

Techniques

A Methods for
observing and
guantifying CMB
lensing
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The Universe began with a hot Big Bang, followed by the
expansion of space.

L
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Initial Neutrons, protons, Helium and The first Gas and dust Dark Matter Expansion Humans observe
expansion and electrons form  hydrogen form atoms form condense into stars Galaxies form in accelerates the universe

dark matter cradles NASA (2019
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The cosmic microwave background is our best probe of
early-Universe physics
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feature of the CMB
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Temperature fluctuations can be characterized by strength and
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Temperature fluctuations can be characterized by strength and

size

The angular power spectrum captures the
strength of CMB fluctuations vs. angular size
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Temperature fluctuations [ K? ]
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Temperature fluctuations [ K? ]
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The cosmic microwave background is a fantastic probe of
late -Universe physics

i

10732 seconds 1 microsecond 3 minutes 380,000 years 200 million years 400 million years 10 billion years 13.8 billion years

Inflation First Particles First Nuclei First Light First Stars Galaxies & Dark Energy Today
Initial Neutrons, protons, Helium and The first Gas and dust Dark Matter Expansion Humans observe
expansion and electrons form  hydrogen form atoms form condense into stars Galaxies form in accelerates the universe

dark matter cradles NASA (2019



The cosmic microwave background is a fantastic probe of

late -Universe physics

s

10722 seconds

1 microsecond 3 minutes 380,000 years 200 million years 400 million years

10 billion years 13.8 billion years

Inflation First Particles First Nuclei First Light First Stars Galaxies &
Initial Neutrons, protons, Helium and The first Gas and dust Dark Matter
expansion and electrons form  hydrogen form atoms form condense into stars Galaxies form in

dark matter cradles

Dark Energy Today
Expansion Humans observe
accelerates the universe

NASA (2019



The cosmic microwave background is a fantastic probe of
late -Universe physics

s

10732 seconds 1 microsecond 3 minutes 380,000 years 200 million yearg

400 million years 10 billion years 13.8 billion years

Inflation First Particles First Nuclei First Light First Stars Galaxies & Dark Energy Today
Initial Neutrons, protons, Helium and The first Gas and dust Dark Matter Expansion Humans observe
expansion and electrons form  hydrogen form atoms form condense into star Galaxies form in accelerates the universe

dark matter cradles

NASA (2019



Cosmic microwave background photons get gravitationally lensed by
massive structures along their trajectories

ESA (2013)
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Clusters of galaxies are composed primarily of dark matter

NASA (2007)
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Models of dark matter predict different levels of clustering depending
on mass, interactions, etc.

Cold Dark Matter
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Models of dark matter predict different levels of clustering depending
on mass, interactions, etc.

Cold Dark Matter Warm Dark Matter
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The abundance and distribution of massive clusters is dependent on
the nature/composition of matter, as well as gravity

Cold Dark Matter Fuzzy Dark Matter

ESA (2023)



Massive neutrinos have high velocity dispersion, contributing to less
concentrated structures

Lowd Higha

ESA (2023)



Takeaways:

A Cosmic microwave background experiments have been extremely successful at measuii@®M parameters
A Lensedfeaturesin the cosmic microwave background can teach us about massive structures

A The abundance and distribution of massive structures is dictated by matter clustering

A Dark matter model s, gravity, massive neutrinos,

HOW DOES LENSING AFFECT THE COSMIC MICROWAVE
BACKGROUND?
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Cosmic microwave background photons get gravitationally lensed by
massive structures along their trajectories

ESA (2013)
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Features are magnified and demagnified:
Lensing re-distributes CMB power across angular scales
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Gravitational lensing of cosmic background photons is well described
with the Born approximation
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The gravity of massive clusters deflects photons from the original
temperature field
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The gravity of massive clusters deflects photons from the original
temperature field
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The gravity of massive clusters deflects photons from the original
temperature field
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Exi sting oquadratic estimatorso

the lensing field
“YXY%4E) D All gravity along:

Madhavacheritr (ACT, 2023)
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Latest CMB lensing estimates agree well with ¥CDM predictions
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Takeaways:

A Thecosmic microwave background lensing field contains information about massive structures in our
Universe

A Darkmatter, gravity, é
A Cosmic microwave backgrountkénsing techniquess t at i sti cally O&éreconstruct 0

A Current results agree well with those predicted ByCDM

HOW MUCH FURTHER WILL WE BE ABLE TO GO?
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Current results measure the lensing autospectrum to L~1000

Li mitations Include foregrounds,
x10~°
1.2° Planck 2018 CMB aniso. ACDM prediction
\ ¢ ACTDR6 lensing data

Interesting clustering signals
at smallerscales
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Lensing dominates the observed cosmic microwave background
signal at small angular scales; Future data with lower noise here
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Dark matter models can predict both amplitude and shape changes

to the lensing power spectrum A largest effect at smaller scales
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The T gradient varies across the sky
The smallscale power induced by lensing changes along with it
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Large-scale features originate from the primary temperature field

Unlensed
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Large-scale features originate from the primary temperature field
Small-scale features are very weak in the primary temperature field
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Gravitational lensing alters the observed temperature field
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Large-scale features are mostly untouched by lensing
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Large-scale features are mostly untouched by lensing
Small-scale features are generated by |

Unlensed Lensing field
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SCALE intermediate products are HIGHLY correlated!!!
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Small-Correlated-Against-Large-Estimator: Chan+ (2024)

Process T map into relevant SS/LS lensing info, and crossorrelate

10.1103/PhysRevD.109.043527
arxiv:2302.13350
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