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Cosmic History







THE HISTORY AND FATE OF THE UNIVERSE
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HISTORY OF THE UNIVERSE A
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History of the Universe

Suggests a complete story

1. Early phase of inflation

2. Reheatingupto 7T > 1TeV

3. Standard model cools through expansion

4. (Perhaps) WIMP Dark Matter freeze-out




This story is plausible but hardly proven

Direct
Observation



This story is plausible but hardly proven

Inferred



This story is plausible but hardly proven

Unproven(?)
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probe
this
regime? 0.1 — 1 TeV Electroweak phase transition

L b 7 0.1 — 1 GeV QCD phase transition

\ Il B BN .

Aol 0.1 — 10 MeV BBN / Neutrino decoupling

2% 10~ 1eV Recombination
2% 107%eV CMB (today)




Does it matter?

Cosmology is tied to every basic problem

» Cosmological Constant

. Dark Matter / Dark Sectors

 Solution to strong CP problem (axion)

« Cosmological solutions to Hierarchy Problem
« Relics from new symmetries (e.g. gravitino)

« Origin of structure, baryogenesis, B-fields, ...




ldeas are not consistent with a single cosmic history
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| will focus on two related goals:
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Does it matter?

Observations will be relevant to:

» Cosmological Constant

. Dark Matter / Dark Sectors

 Solution to strong CP problem (axion)

« Cosmological solutions to Hierarchy Problem

OOO6

» Relics from new symmetries (e.g gravitino)

« Origin of structure, baryogenesis, B-fields, ...




Cosmic Sound




Cosmic Microwave Background (CMB
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Angular scale
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Angular scale
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But we have to Match to long wavelength
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kphysical X A H xa

In the past kphysical < H
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Recombination.
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+ diffusion, gravitational forces / redshift, etc.
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Cosmic Neutrinos







Cosmic Neutrino Background
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Decoupling: T° ~ Gy?/My = O(1MeV)




Cosmic Neutrino Background

In equilibrium, light fields share entropy evenly

[
S X (G« (T)T3 gx =~ Nbosons ] Nfermions

Neutrino number density = photon number density
All the power of cosmology starts here

The Universe prepares for us a pristine, high-density
state of neutrinos
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Cosmic Neutrino Background

Cosmology sensitive to the neutrino energy density

8 /11\*3 Oy
7\ 4 P
Perfect decoupling - N.g = 3.
Imperfect decoupling + QED : N_g = 3.045

Conventional to define

Neff

Salas & Pastor (2016);
Mangano et al. (2005)




Cosmic Neutrino Background

After decoupling the state doesn’t change

where 1,,p x a~

Neutrino temperature redshifts like CMB

Today, these are very low energy neutrinos




Light Relics
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Light Relics

Any light thermalized particle looks like a neutrino
If a light particle decouples at temperature I'r

Only diluted by annihilation after decoupling

Standard Model derees of freedom
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Light Relics

Coming generations will make a lot of progress
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Implications for Axions
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Implications for Axions

Current Constraints Future CMB Constraints

Coupling Bound [GeV] Origin Freeze-Out [GeV] Freeze-In [GeV] AN.g
Aee 1.2 x 10 White dwarfs 6.0 x 107 2.7 x 106 1.3
A 2.0 x 105  Stellar cooling 1.2 x 1010 3.4 x 107 0.5
A 2.5 x 104 Stellar cooling 2.1 x 104 9.5 x 107 0.05
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A 6.4 x 10° B"-BY 4.8 x 101 3.7 x 108 0.04
Aps 6.1 x 107 b— s¢ 4.8 x 1011 3.7 x 108 0.04
At 6.6 x 10" Mixing 1.8 x 1013 2.1 x 10Y 0.03
Ay 2.2 x 10? Mixing 1.8 x 1013 2.1 x 10? 0.03

Baumann, DG & Wallisch (2016)




Signals in the CMB




Cosmic Microwave Background

Angular scale
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Cosmic Microwave Background

Damping drives the constraints for ACDM + Ng

Neg = 2.99 + 0.17 (TTTEEE + BAO + kk)

== Boson (g=1)
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Phase Shift

Neutrinos fluctuations move faster than sound
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Phase Shift

Information propagates ahead of the sound horizon

baryon-photon
fluid

Gravitational force of
cT heutrinos regenerates sin

\\/al7 — AE COS CskT + B sincgkT




Phase Shift

The sine is equivalent to a phase shift
cos(krs) — cos(krs + ) p~ B/A

Supersonic fluctuations encoded in phase shift

1 |||||||||||||||||||
2T [

Bashinsky & Seljak (2003); Baumann, DG, Meyers, Wallisch (2015)




Phase Shift

Neutrinos produce a unique shift in the CMB
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Phase Shift

Neutrinos produce a unique shift in the CMB
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Phase Shift

This phase shift is detected in the CMB

2_ 1L.OF N
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Follin et al. (2015)

Baumann, DG, Meyers, Wallisch (2015);

Brust, Cui, Sigurdson (2017)




Baryon Acoustic Oscillations (BAO)

Signal is frozen in distribution of galaxies / matter
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BAO Phase Shift

Phase shift appears in BAO

0.05

= 0.00f

—0.05F




BAO Phase Shift

Applying same idea to BOSS data

Positive phase shift seen with 99.5% confidence

Baumann et al. (2018)




Neutrino Mass




Neutrino Mass

Rotan Xuwbok A adowry of Nrvre

2015 NOBEL PRIZE IN PHYSICS

Neutrinos have mass
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We know neutrinos were relativistic at recombination

|||||||||||||||||||

3T, .. /

If is wasn’t, then ¢, =
my

|||||||||||||||||||

Phase shift doesn’t arise when non-relativistic

TCMB (Zrecomb.) ~ (0.25eV Z my, < 0.26eV (95%)
Planck TTTEEE (2018)

We can still improve by going to lower redshift




Neutrino Mass

Massive neutrinos free stream / suppress growth

Image from Agarwal & Feldman (2010)




Neutrino Mass

Massive neutrinos free stream / suppress growth

c, ~ 8.7x 10 3¢ ! o8 mev Cdm ~ 0
14+2\ > my,




Neutrino Mass

o(k)

Massive neutrinos free stream / suppress growth
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Suppression is really two separate effects:
1. Neutrinos redshift like matter but don’t cluster
At fixed, total matter density

Prmy # 0] = (1 = 2f,) P |my # 0
2. Dark matter clusters more slowly

I + 2nr

1+ 2 )Pm[m,/#()]

Pulm, # 0] ~ (1~ =, log

Enhanced by a large log (time of growth)




Neutrino Mass

Combine to give a large suppression
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Cosmological Observables

Images from ESA T




Cosmological Observables

Hard because we don’t measure kx

10_7 — Ym, :I 0OmeV
= — Xm, = 30meV
g —_— Ym, = 60meV
g —— Ym, = 90meV
O 10-8l —— Sm, = 120meV ||
— 0 CMB-S4
: B CV limit
R
1079} | | | | | .
0 500 1000 1500 2000 2500 3000
L
. 0.04
o
= 0.02¢+
=
%Q,q 0.00
~—
< —0.02¢
&
< —0.04¢
%q 0.0
A —0.06¢
0 500 1000 1500 2000 2500 3000
L




Cosmological Observables

We need to measure 3 numbers:

(1) (dark) matter power spectrum - lensing

2
Plensing X Qm X As

(2) High accuracy matter abundance - BAO

(3) Primordial Amplitude of Fluctuations - CMB

With planned observations: 1-3 are easiest-hardest




Realistic Goals

Data we have in hand + DESI BAO can reach
o ( E m,) ~ 30 meV

95% exclusion of Zmy — 0 for minimum mass

With improved measurements of reionization:
O'(Z my) < 15meV

Best bet is a satellite, possible from ground/balloon




Realistic Goals

Future CMB-+DESI 20
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Beyond neutrinos

Neg and Zm,, are gravitational measurements

Sensitive probes of dark / hidden sectors

From current constraints on Zmy
Q,h* < 1.2 x 1077 (95%)

Implies the fraction of hot dark matter is

i < 0.0045 (95%)




Summary




Cosmic neutrinos background exists

. CMB detects change to expansion rate at 300
. CMB detects phase shift at 100

. Galaxy clustering sees phase shift at 99.5%

. Detection of neutrino expected in 2020s

All detections are gravitational

Provides a very sensitive window into new particles




5 ’ .. ’ 2 ‘ .. i . :
. ', L 2L N 3 £ Wes 0”.. :
» . o e RN o
LT - ,
. ' -
L ' e '
et ) o . ‘) 1

. = ', \ ;&_b *
wseinnn o The. Simons Observatory

Next Generation CMB Experiment

Ll






Now 2022
I 4|—> time

Simons Observatory* ——
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Summary

Coming generations will make a lot of progress
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Summary

Coming generations will make a lot of progress

Future CMB+DESI 20
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