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Our window to the early universe
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A simple early universe

Fluctuations:

* Evolved passively from very early times
e Gaussian, adiabatic and nearly scale-invariant
* No evidence (yet) for non-scalar modes

* Super-Hubble (apparently acausal) correlations
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Cosmic inflation: origin of structure
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Inflation theory — single-field, slow-roll
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Two massless fields in unitary gauge (6¢ = 0):
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Energy scales involved
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More complete picture ...

Energy
A

—— Mp; = 2.4 x 10'1® GeV

i m > Hinf

Hubble rate —— m ~ Hiy¢

m << Hinf

Integrate out to give local self
interactions (EFT)
— equilateral and orthogonal NG

Non-local interactions
— “cosmological collider physics”

— local-model NG



Primordial scalar power
spectrum



CMB power measurements

Angular scale
o

0.05°

/ \.(‘M‘u’”\
o0
10° | Sestt, ase,

Planck (PR3, 2018) CMB-TT
ACT (DR4, 2020)
10° 1 POLARBEAR (2017/2020)
BICEP2/Keck (2018)
! YAYaW" -
., r.\ % 3 '\% t -
. 10% ;’ .
% CMB- EE T ?' ép’ lf'*
< ¥
Q100 ) \
’ _
10

\ Primordial |
\.\ r=0.1

™~
-

1n-3 :

July 2020

®
10-2 CMB- BB X

2 150 500 1000 2000

Choi+ 2020 Multipole ¢

3000

4000




Scalar spectral index

Ex <1
* Single-field inflation: Pec}ns ~

- (£) (8 )

Planck TT,TE,EE+lowE:
ne = 0.9649 & 0.0044 (68 % CL)
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Scale-invariance strongly ruled out:
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* Robust to most model assumptions (e.g., Nef;, curvature, etc.)

Planck Collaboration 2013,2018



Consistent picture from polarization
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Primordial power spectrum reconstruction

10! 102 103 o

4.00
3.75
3.50 L

3.25 =

3.00

In(10"°Pxr)

2.75
(kn,PnN)

2.50

2.25

NETERETIY T ITT B

2.00 TR TR EWETIT S A R TIT R | /ST BT RS R | /|

T T

4.00

Marginalised

3.75
3.50
3.25

3.00

In(10°Pr)

2.75
2.50

2.25

2 /AT BT RETIT SR ETIT By | NEERTT BRI BRI | | EEETTT TR EWETIT S ARETIT R

.00 L
10—4 103 102 101 10— 103 102 10-1 10—4 103 102 101
k [Mpc™] k [Mpc™'] k [Mpc™]

Planck Collaboration 2018
Handley+ 2019



Primordial power spectrum reconstruction
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Pushing to smaller scales

| 0-fold improvement over Planck at 0.2 Mpc-! from high-I polarization
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Better E-mode data will also help with primordial feature searches

Simons Observatory Collaboration 2018



Primordial tensor power
spectrum



Primordial gravitational waves
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Primordial gravitational waves in CMB

B-modes from lensing
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Constraints from Planck T and E
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B-mode power measurements
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B-mode constraints
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Implications for dynamics of inflation
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Single-field model constraints

Tensor-to-scalar ratio (r9.002)
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Planck low-l constraints
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Challenges:
* Instrumental systematics

* Foreground removal and
propagation of uncertainties

* Likelihood approximations

de Belsunce+ in prep.



Forthcoming ground-based constraints

* Stage-3 experiments (SPO and SO) targeting
o(r) = 0.003

* Conclusive search for monomial potentials and start to
reach into plateau models with 7 oc 1/N;

SO-Nominal
Il SO-Enhanced
101 | Planck+BK154+BAO |
—— R2 Starobinsky inflation

1073}

SO Collaboration o0 |
Astro2020 White Paper ~ 0% 0.96 0.97 0.98 0.99




Main challenges

* Tiny signal:

rms B-mode = 10 nK (r/10_3)1/2

- Requires tens of thousands of detectors
- Exquisite control of systematic effects
* Galactic foregrounds (mostly dust)

* Gravitational lensing-induced B modes



Lensing B-modes
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Delensing
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lensing potential

* Want high S/N E modes and highly correlated tracer of lensing

* For SO, should be able to remove 60% of lensing power halving
error on r; even more critical for BICEP Array and CMB-S4

Hanson+ 2014



Multi-tracer delensing

Scales for lensing B-modes
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Delensing now improving o(r)
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CMB-$4 (reference design)

Deep “r” survey

Deep-wide survey

* 3% of sky to depth of 1 uK arcmin at  70% of sky to depth of
0.5 deg resolution from South Pole 1 uK arcmin from Chile
e 20-270 GHz

* Dedicated delensing survey to depth of
I uK arcmin at 1.5 arcmin resolution

o(r) = 0.0005

e |.5 arcmin resolution

500,000 detectors in total



Direct detection?
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Primordial non-Gaussianity



Primordial bispectrum

* Arises in models with non-linear interactions/dynamics

(C(k1)C(K2)C (k3)) o< 61 (K + Kz + ka) B(ky, ko, ks)
Bispectrum probing cubic interactions 7

Local Equilateral Orthogonal

i i \ :
Multi-field inflation Non-canonical kinetic terms

Higher-derivative terms ,
Schmittfull+ 201 3



Primordial non-Gaussianity targets
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Primordial non-Gaussianity: CMB
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Planck bispectrum constraints
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Planck Collaboration 2019




Future CMB constraints

Threshold o(fy;) ~ 1 will remain out of reach with CMB bispectrum

Local Equilateral Orthogonal
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7 MMpc) | . .
Planck o(fX) =5 o(fo1) =47 o(f&R) = 23
SO (goal) o(fif) =3 o(fn1,) = 24 o(f3) =13

Significant improvements in tensor non-Gaussianity, e.g., (v((),
from B-mode measurements

Simons Observatory Collaboration 2018



Reaching o (fx) < 1 with LSS?
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LSS: scale-dependent halo bias
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Sample-variance cancellation

—

el Galaxy overdensity
64 (k) = b(k, £x5*)0m (k) + shot noise
Tracer of matter density

Om (k) ~ 6, (k) + reconstruction noise

Scale-dependent bias without
cosmic variance from d,4(k)/0,. (k)

Want highly correlated matter tracer
<—— From radial velocity from kSZ

or CMB lensing —

Munchmeyer+ 2019; Seljak 2008; Schmittfull & Seljak 2018



Sample-variance cancellation: kSZ

—®— Galaxies + kSZ
—— Galaxies
102 1
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Summary

* Single-field, slow-roll inflation is an excellent fit to current
observations with no statistically-significant departures for CMB
data

* Measured scalar spectral index and non-detection of primordial
GWs imply €; < |e2| ruling out most monomial potentials

e Clear path forward to probe r oc 1/N2 models (e.g., R? inflation)

* Vacuum fluctuations from such models undetectable with future
space-based GW interferometers

* Large-scale structure probes hold promise to reach o( o0y < 1



Constraints from BOSS galaxy P(k)

I Baseline + ns
Il Baseline
Il Planck 2018

72

69

66

63

nnnnn
.....

09F

0.8

()
LMK 4

06 0.7 08 09 0.60 0.75 0.90 1.05

0.7

0.6

Qm Ho

Ng — 0.88 = 0.08

(BBN/Planck prior on baryon density)

NGC, z,4=0.61
! T ]

2000

1500

1000

500§ -

k P,(k), (Mpc/h)?

0.05 0.10 0.15 0.20 0.25

k, h Mpc™
NGC, z¢4=0.38

2000

1500} - A} - F e ey (22 SRREEEE

1000F ¥~ - - g -

k P,(k), (Mpc/h)?

500 SRS o~ ARRLEEL

lvanov+ 2020
See also D’Amico+ 2020 & Philcox+ 2020



Pre-recombination dark energy?
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Single-field, slow-roll consistency relation
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Galactic foregrounds
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Dust-cleaned cross-power
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LiteBIRD

launch around 2027

- Operate for 3 years

* Degree-scale resolution but 20x
sensitivity of Planck

* |5 frequencies (40—400 GHz)

* Targeting primordial B-modes from
recombination and reionization



LiteBIRD spectra forecasts
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Total error budget for r = 0: o(r) < 0.001






No evidence for isocurvature modes

— CDI — NDI — NVI

T'T+lensing

TT+TE+EE
+lensing

P/ Prnax

—0.04 —0.02 0.00 0.02 0.04
Fraction of ((AT)?);<2500 from non-adiabatic modes

Less than 2% contribution to CMB (T) variance from generally correlated
non-adiabatic modes

Planck Collaboration 2018



Bispectrum contaminants

loc
e ISW-lensing has to be subtracted: ~A/NL =
Aforth —93

* Intrinsic bispectrum small correction: |Afi%¢| ~ 0.5

Planck Collaboration 2019; Hill 2018; Pettinari+ 2013 etc.
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Bispectrum contaminants: single frequency

Not including ISW-lensing

) Aflocal Afequil Aforth
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Hill 2018; Coulton, Miranthis & AC in prep.



Bispectrum contaminants: single frequency
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Bispectrum contaminants: ILC cleaning

Not including ISW-lensing

. A flocal A fequil A forth
Experiment Feequency (Gz) Total bia{sNL OExp.  Total biz{sNL OExp.  Total biaJ;NL TExp.
Base 0.1+04 5.3 —6.6 4.5 67 —13+£2.6 32
Planck tSZ deprojected 2004 5.6 —2916.2 69 —63 £+ 3.6 33
CIB deprojected —2.15+0.9 5.3 7.8 4.3 67 17+ 3.1 32
tSZ & CIB deprojected  —0.44+0.4 5.6 —5.8 £ 5.2 69 —6.7 1+ 3.1 34
Base —2.5+0.5 3.3 2.31+8.6 57 —5.914.5 25
SO tSZ deprojected 1.6 £ 0.4 4.1 —55£6.5 63 —75+ 3.6 28
CIB deprojected —4.3+04 3.4 44 £ 7.7 58 42 +4.1 25
tSZ & CIB deprojected  —0.7 0.3 4.2 —8.3+5.6 63 —7.3+£3.2 28
WebSky simulations

e Effectiveness of base ILC relies on cancellation between CIB- and tSZ-
related biases

* Deprojecting both CIB and tSZ recommended for SO

Hill 2018; Coulton, Miranthis & AC in prep.



Scale-dependent halo bias: eBOSS QSOs

------------------------
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* Quasars: highly biased and large volumes (eBOSS DR14:0.8 <z <2.2)

* Prediction for full eBOSS: o ( ll\?f) = 58 (similar to current CMB)

Castorinat+ 2019



