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Cosmic Microwave Background (CMB)
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Next Generation CMB Experiments
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Standard Model of Cosmology

Flat ACDM Universe

Primordial Fluctuations
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Cosmic Neutrinos in the Early and
Present Universe

Atoms
Neutrinos Dark 4.6% ED::
10% | Matter 2%
63% Dark
Matter
Photons 23%
15%
Atoms =
12% 13.7 BILLION YEARS AGO TODAY
(Universe 380,000 years old)
5 T,0=1.95K

n=112cm
Tu;,0 il 168 x 10746V

Image Credit: NASA/WMAP



Neutrino Mass
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CMB-S4 Science Book (2016)



Neutrino Mass Suppresses Matter
Power Spectrum
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Eisenstein, Hu (1997); Kaplinghat, Knox, Song (2003); Park, et al. (2016); CMB-S4 Science Book (2016)



Gravitational Lensing

Image Credit: ESA



CMB Lensing

Hu and Okamoto (2002); Image Credit: Sigurd Naess



CMB Lensing

Hu and Okamoto (2002); Image Credit: Sigurd Naess



Gravitational Lensing Map

Planck (2018)



Effect of Neutrino Mass on Lensing
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BAO measurements,
such as from DESI,
will tightly constrain
expansion history and
thus matter density

Snowmass-Dark Energy (2013)
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Optical Depth to Reionization and the
Primordial Amplitude
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CMB polarization measurements on large scales
(from space) will significantly improve optical
depth and primordial amplitude measurement

Figure credit: Reichardt (2015)



Optical Depth and Neutrino Mass
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Sterile Neutrino Constraints
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Figure Credit: :Bridle, et al. (2016)



Thermal Relics and N
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Figure Credit: Benjamin Wallisch; Wallisch (2018); Green, et al (2019);
CMB-S4 Science Book (2016); Simons Observatory White Paper (2018); PICO White Paper (2019)



Free Streaming and the Phase Shift
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Bashinsky, Seljak (2004); Follin, Knox, Millea, Pan (2015);
Baumann, Green, JM, Wallisch (2015); Baumann, Green, Wallisch (2018)



Sterile and Exotic Neutrinos
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Testmg BBN with the CMB
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Green, JM, van Engelen (2016); CMB-S4 Science Book (2016)



Thank You!

Image Credits: BEBC/CERN and Planck/ESA



