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13.8 Billion yrs

380,000 yrs 200 Million yrs
BICEP2 Collaboration/CERN/NASA

Age of the Universe
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The coming era of
precision cosmology

. CMB Stage-1V (2203.07638) and others

Simons Observatory - Atacama Desert, Chile

South Pole Observatory - South Pole
Other CMB experiments - CLASS and QUIET

Satellites: LiteBIRD and PIXIE

A.
B.
C.
D.

. 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, SPHEREXx
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Radiation energy density during Reco

Computing CMB observables requires energy density

7/ 4\"?
prad:pfy+pother: 2"'2 <1l> N,

Photon Contribution Non-Photon Contribution

Effective number of neutrinos: parameter for non-photon energy density
Need not be an integer!

Theory: N = 3.045 Cf. 2203.07943




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)




Baryon-Acoustic Oscillation Phase Shift

—

&)

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)]




Matter Power Spectrum

Neutrinos become non-relativistic: 25, ~~ 100

— 60 meV
- 100 meV
— 200 meV
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1072 107!
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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

CMB Lensing
CMB-S4

: Linear | Nonlinear

I! 8 CMB Lensing

/

Galaxy Density
E Cluster Counts Ga/axy DenSity

VRO Gold sample

Cluster Counts
tSZ counts from
CMB-S4

Contributions
weighted by S/N

(x3 for CMB Lensing)
10




Physics of Big Bang Nucleosynthesis

Setting the stage:

a. Homogeneous & Isotropic

b. Nearly CP symmetric (10-19)
[cf. 2204.08668]

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

7
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Time = 100 sec.



Electron Neutrino Decou
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Bond+
Boltzmann neutrino energy transport calculation (In Prep.) 12




Generalized Entropy Formal
Bond, Fuller, Grohs, Meyers, & Wilso

Approach adopted from CMB studies; works well close to equilibri

Parameterization of the neutrino distribution functions (ignoring oscillatio

| oD (e, Tem) = Y & (Tom) €’
ny, (€, Tem) = (expla? (€, Tem )] + 1) =0
Qoq (€, Tem) = € e =FE/Ten
In the mean field, use an entropy functional to find aj(i) at a given T,

ay. chemical potential
aq. inverse temperature
a,: fluctuation constraint 13



Residuals

Fits to Out-of-Equilibrium Neutrino Spectis

Density Fraction
50%
5%
95%

Density Fraction
50%
5%
95%

To = 10.0 MeV
Tom = 6.62 MeV
Tem = 4.39 MeV
T = 2.91 MeV
T = 1.93 MeV
Tom = 1.28 MeV
Tom = 0.85 MeV
Tem = 0.56 MeV
Tem = 0.37 MeV
T = 0.25 MeV
Tom = 0.01 MeV

Qttrans

3-Parameter Fit

T = 10.0 MeV
T = 6.62 MeV
T = 4.39 MeV
T = 2.91 MeV
T = 1.93 MeV
T = 1.28 MeV
T = 0.85 MeV
T = 0.56 MeV
T = 0.37 MeV
T = 0.25 MeV
T = 0.01 MeV

Goodness
of fit




Neutron-to-Proton Rates
Ve +T N4> D+ €

6 rates normalized
et + N <> P + V. |toneutron lifetime

n<pt+e —+Ve |m,—m,=13MeV

10° 1071
Tem (MeV)

Grohs & Fuller (2016)
0.9

0.8

Rule of thumb: *He 25% by mass 0.7
pppppppm =09
ppppppp”n 03

0.2
0.1

n/p~1/7 v




Linear Response to Spectr!
Distortions

Time-independent perturbations

solid : on(e) > 0
dash dot : dnfe) < 0 Time-dependent perturbations

Increase/Decrease in n/p

solid : dn(e) > 0
dashdot : dn(e) <0

Bond+

(In Prep.) 16




N e Utrl n O p ’]VSICS ”:5 Differential v, Visibility
occurring auring BBN |

Calculated
---- Equilibrium

Coincident epochs during BBN:
Weak Decoupling (Diff. Vis.)
Weak Freeze-Out (n/p)

Nuclear Freeze-Out (X;)

Dashed lines: weak equilibrium or NSE

1071

Bond+ (In Prep.) | T (MeV)




Summary

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

Future probes will show even more sensitivity to neutrino energy
spectra

Generalized entropy formalism can capture out-of-equilibrium neutrino
distributions

Abundance predictions require:

a. Neutrino spectra

b. Radiation energy density of the universe

c. Phasing between time and photon temperature

18
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UCNT
Bottle expt.
(1707.01817)

Tn =877.7=x1.18

Tension ~4c0

NCNR

Beam expt.
(1309.2623)

Tn = 887.7 = 3.18
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Helium vs. Neutron lifetime

Grohs & Fuller (2016)
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