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The coming era of

precision cosmology

. CMB Stage-IV and others

A. Simons Observatory - Atacama Desert, Chile
B. South Pole Observatory - South Pole

c. Other CMB experiments - CLASS and QUIET
D. Satellites: LiteBIRD and PIXIE

. Thirty-meter class telescopes

A. EELT and GMT - Atacama
B. TMT - Mauna Kea, Hawaii

. Surveys
A. DES - Cerro Tololo, Chile
B. DESI - Kitt Peak, AZ
c. Vera Rubin Observatory — Cerro Pachon, Chile
D. Satellites: Euclid, Roman, SPHEREx




Physics of Big Bang Nucleosynthesis

Setting the stage:

a. Homogeneous & Isotropic
b. Nearly CP symmetric (10-19)
c. No free quarks

Synthesis of light-elements:
= Hydrogen ~0.75

= Helium ~0.25

= Deuterium ~107°

= Lithium ~1071°

Sub-epochs of BBN

Weak Freeze Out: n(v, e)p
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Time = 100 sec.



Qut-of-Equilibrium Neutrino Energy TranSport

Neutrino scattering on charged leptons
vV, +V; e -+ 6+

+

V; + € Hyi—l—ei

Important for CMB parameter for
radiation energy density

0p, ~ 1%

Neutrino Transport coupled to Nuclear
Reaction Network (Grohs et al 2016)

6(*He) ~ 4 x 10~*

Grohs & Fuller

S(D/H) ~ 3 x 1077 -

Deuterium sensitive to entropy!




Neutron-to-Proton Rates
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Radiation energy density during Reco

Computing CMB observables requires energy density
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Photon Contribution Non-Photon Contribution

Effective number of neutrinos: parameter for non-photon energy density

Need not be an integer!




Effects of Radiation on CMB

Black points are Planck 2018 data values

10 30 500 1000 1500 2000 2500 950 1000 1050 1100 1150 1200 1250
l l
Temperature Power Spectrum Non-damped Temperature Power Spectrum
Non-photon radiation Free-streaming radiation

Planck 2018: Neg = 2.9270-15 (10)




Matter Power Spectrum

Neutrinos become non-relativistic: 25, ~~ 100
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Power suppressed from neutrino free-streaming at small scales

Planck 2018: Xm,, < 0.120€V (20)




Contributions to Matter Power Spectrum (forecases
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Baryon-Acoustic Oscillation Phase Shiit

—

&)

o,

=
™M ] i &E
’L\\, Wh, Ts, Qeq, A fixed 4 :32
— 0.0 0.1 0.2 0.3 0.4 ]
= 103t 2
A g 0.04 ' '

.00 R g g 1
| . N | . A —004 ) ] ! . . ] . . . ] . . L
10—3 102 101 109 0.16 0.18 0.20 0.22

k [h Mpc™ 1] k [h Mpc™!]

Similar physics of free-streaming radiation influencing CMB phase shifts

Detectable [see Baumann et al (2019)]




Constraints on non-standard Neutrino C

|.  Sterile Neutrinos
a. N sensitivity from O(eV)
b. Dark matter contribution for O(keV)
c. Early Universe dynamics O(MeV)

Il. Neutrino non-standard interactions
a. Influence on free-streaming assumptions (possible Hubble tension amelioration)

Ill. Neutrino lepton numbers
a. Leptogenesis models
b. BBN abundances

IV. Neutrino lifetime (from free-streaming): T, Z 4 X 106 (m,,/005 eV)5

V. Low-temperature Reheating (decrease in N )



Concordance Scenarios for neutrino mass
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Beyond Concordance for neutrino

1. First Scenario
a. Signalin 0v2p
b. No detection of Zm,, # 0
c. Severe challenge to ACDM and thermal history of neutrino spectra
d. Any detection from endpoint experiments would further challenge ACDM

2. Second Scenario
a. Signalin 0v2p
b. Detection of Zm,, # 0
c. Signals discordant, i.e., do not lie in bounded areas of previous plot
d. Possible Causes:

i. Another challenge to ACDM
li. Sterile states contributing to mgg

iii. Exotic physics beyond neutrino mass



Summary

Solid evidence for the existence of neutrinos in hot big bang cosm
1. CMB and BAO show N not equal to zero
2. BBN shows neutrinos have ~thermal spectra

Future probes will show even more sensitivity to neutrino energy
spectra

Convolution of terrestrial experiments and cosmological probes may
reveal basic neutrino properties

Discordance between terrestrial and cosmology will undoubtedly reveal
new physics



