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Outline

» Lensing of the Cosmic Microwave Background
» Neutrino Mass (large-scale lensing)

» Curvature, Dark Energy (small-scale lensing)

- Gravitational Waves from Inflation (delensing)

» Dark Matter (ultra-high resolution lensing)
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Cosmic Microwave Background




CMB Lensing

Image Credit: ESA
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Unlensed CMB
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Measuring CMB Lensing
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Measuring CMB Lensing
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Measuring CMB Lensing
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Measuring CMB Lensing
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Measuring CMB Lensing
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First Measurements of CMB Lensing
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First Measurements of CMB Lensing
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Advantage of CMB Lensing
to Probe Structure

1. Directly sensitive to matter via gravitational lensing
2. Source light is at well-defined redshift
3. Properties of primordial CMB are well understood

4. The CMB is behind all matter structures

Neelima Sehgal, Stony Brook
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* Neutrino Mass (large-scale lensing)



First Measurements of CMB
Lensing on Large Scales
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Energy Density in the Universe

B Dark Energy

@ Dark Matter
M Free Hydrogen & Helium

O Stars

O Neutrinos

@ Heavy Elements

Copyright © 2013 wordlessTech

Neelima Sehgal, Stony Brook



Energy Density in the Universe

2 my
03.8 h2eV

QOI/ —

B Dark Energy

@ Dark Matter
M Free Hydrogen & Helium

O Stars

O Neutrinos

@ Heavy Elements

Copyright © 2013 wordlessTech

Neelima Sehgal, Stony Brook



Energy Density in the Universe
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CMB Lensing Power Spectrum

Sensitive to Neutrino Mass
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Suppression of Matter Power
Spectrum Due to Massive Neutrinos
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Neutrino Mass Detection
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Neutrino Mass Detection
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Neutrino Mass Detection
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» Curvature, Dark Energy (small-scale lensing)



First Measurements of CMB
Lensing on Small Scales

APS/Alan Stonebraker
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First Measurements of CMB
Lensing on Small Scales

Madhavacheril, Sehgal, et. al., PRL, 114, 2015
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Can Take Ratio of Two Lensing
Measurements
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First Measurement of Ratio of
Optical Lensing to CMB Lensing
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Outline

- Gravitational Waves from Inflation (delensing)
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Inflation Predicts
Gravitational Waves

e Amplitude of gravitational waves determines
energy scale when inflation happened

1/4
V14~ 29 %10 GeV x (OLZ)

 Doorstep of quantum gravity - a few orders of
magnitude below the Planck scale
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From Gravitational VWaves to
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From Gravitational VWaves to
CMB Polarization
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From Gravitational VWaves to
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CMB Polarization
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CMB Polarization from
Gravitational VWaves
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Polarization pattern from gravitational waves




Effect of Gravitational Lensing
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» Delensing = undo the lensing of the primordial CMB
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T"(n) =T (7 + Vo(n))
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Deflection angle
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Delensing

» Delensing = undo the lensing of the primordial CMB

T"(2) =T (2 + V(i)
\

Projected Deflection angle
lensing potential
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Delensing

» Delensing = undo the lensing of the primordial CMB
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Delensing

» Delensing = undo the lensing of the primordial CMB
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Delensing Tightens Parameter Constraints
Including on tensor-to-scalar ratio, r
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Outline

» Dark Matter (ultra-high resolution lensing)
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CMB Lensing Power Spectrum for
CDM Versus FDM/WDM
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CMB Lensing Power Spectrum for
CDM Versus FDM/WDM
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CMB Lensing Power Spectrum for
CDM Versus FDM/WDM
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Potential Ability to Distinguish
Between Dark Matter Models

Ho Nam Nguyen, NS, Mathew Madhavacheril, 2017, arXiv:1710.03747
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Foregrounds

e Foregrounds: extragalactic radio and infrared galaxies, thermal SZ from galaxy
clusters, kinetic SZ, Galactic dust and synchrotron

* Handles on foregrounds:
e Multi-frequency observations (lensing is not freq dependent but foregrounds are)

e Filter out all scales larger than 1 arcmin (L<5000) - removes 2pt clustering of
extragalactic halos and most emission from the Galaxy

* Remove resolved point sources above some flux by filtering with the beam
profile

e kSZ has no freq dependence and is on small scales - but lensing signal is
correlated with the background gradient and kSZ is not

* Use “source-hardened” lensing estimators (Osborne, Hanson, Dore - 1310.7547)

e Use shear-only estimator which is insensitive to foregrounds with isotropic 2D
power spectra (Schaan and Ferraro - 1804.06403)
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Potential Paths to Make High-Res
CMB Lensing Measurement

The Large Millimeter Telescope - The Green Bank Telescope -

50 meters (~10 arcsec resolution) 60 meters (~10 arcsec resolution)
Photo credit: AP Photo/ credit: NRAO/AUI
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Potential Paths to Make High-Res
CMB Lensing Measurement

The Large Millimeter Telescope - The Green Bank Telescope -

50 meters (~10 arcsec resolution) 60 meters (~10 arcsec resolution)
credit: NRAO/AUI

Photo credit: AP Photo/
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Potential Paths to Make High-Res
CMB Lensing Measurement

The Large Millimeter Telescope - The Green Bank Telescope -

50 meters (~10 arcsec resolution) 60 meters (~10 arcsec resolution)
Photo credit: AP Photo/ credit: NRAO/AUI
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Conclusion

* Precision Measurements of CMB Lensing Powerful Next
Frontier of CMB Research

 Detect Neutrino Mass with Large-scale CMB Lensing
Power Spectrum

* Probe Curvature and Dark Energy with Small-scale
Lensing Ratios

» With Delensing Playing Integral Role, May Detect
Primordial Gravitational Waves

- Ultra-High-Resolution CMB Lensing Power Spectrum can
Probe Small-scale Matter Power Spectrum



