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Abstract: The cosmic microwave background radiation has been an indispensable tool for learning about the origins and evolution of our Obs
Universe. Satellites and ground based experiments measuring the temperature and polarization anisotropies with ever increasing angular r
and sensitivity have established the standard cosmological model, LCDM, and constrained or ruled out a huge variety of theoretical model:
early Universe. Most of this cosmological information has thus far been derived from the primary CMB, anisotropies largely sourced durir
epoch of recombination some 380,000 years after the Big Bang. However, experiments are achieving the sensitivity and resolution nece:
access a whole new treasure-trove of cosmological information: secondary temperature and polarization anisotropies induced by photons s:
from mass (CMB lensing) and free electrons (the Sunyaev Zel'dovich effect). Unlike the primary CMB, where cosmological informatic
contained in the pattern of fluctuations in statistically isotropic temperature/polarization anisotropies, the secondary CMB encodes cosma
information in the statistical anisotropies of non-gaussian temperature/polarization fields on the sky. In this talk, | will describe the possibiliti
future CMB experiments, in concert with large galaxy surveys, to reconstruct the cosmological information contained in the statistics
secondary CMB anisotropies. In particular, | will describe the information that can be reconstructed from kinetic/polarized Sunyaev Zel'd
effect, CMB lensing, and the moving lens effect. | speculate on what we might learn from future measurements, and conclude by discussing
projects in progress.
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The primary CMB anisotropies
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The primary CMB anisotropies

® Played an essential role in establishing the standard
cosmological model, ACDM. (Pianck 2015 xi)
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The primary CMB anisotropies

® Some hints for physics beyond ACDM  (Pianci 2015 xv)
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The primary CMB anisotropies

® There is a finite amount of information in the primary CMB
anisotropies - cosmic variance.

® The Planck satellite has gathered nearly all the information in
the primary temperature anisotropies.
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The primary CMB anisotropies

® There is a finite amount of information in the primary CMB
anisotropies - cosmic variance.

® The Planck satellite has gathered nearly all the information in
the primary temperature anisotropies.

How will we look for new physics beyond the
standard cosmological model?
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Observations of the CMB
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The secondary CMB anisotropies
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The secondary CMB anisotropies

CMB lensing
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The secondary CMB anisotropies

® The future of CMB science is at the high resolution and high
sensitivity frontier where secondary anisotropies dominate.

® What new cosmological information could secondary
anisotropies provide! How do we extract it?

® How can this new information be used to constrain new
physics?

Page 11/133



The secondary CMB anisotropies

Secondaries could yield promising new constraints on:

® non-gaussianity

® dark energy

e CMB anomalies
® modified gravity
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The secondary CMB anisotropies

Secondaries could yield promising new constraints on:

non-gaussianity
dark energy
CMB anomalies
modified gravity

by reconstructing the large-scale Universe from
statistical anisotropies in the small-scale fluctuations.

Power asymmetry

long wavelength modulation of small scale power

N
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Outline

® Some generalities about cosmology.
® Review of the primary CMB.
® Introduction to CMB secondaries (SZ).

® Some forecasts for future cosmological constraints.
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Cosmic Geometry
® Approximately homogeneous flat Universe:

Conformal Newtonian gauge metric:

ds® = a?(7) [—(1 + 2U(T, &))dr? + (1 — 2¥(T, :i?'))d;fﬂ
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Cosmic Geometry
® Approximately homogeneous flat Universe:

Conformal Newtonian gauge metric:
ds® = a*(7) [—(1 + 29(r, £))dr? + (1 — 2¥(r, 7))dz?]

t t 1 t

scale Newtonian conformal comoving
factor potential time distance

dz? = dy® + x2dQ?

Page 16/133



Pirsa: 19020072

Cosmic Geometry
® Approximately homogeneous flat Universe:

Conformal Newtonian gauge metric:
ds® = a*(7) [—(1 + 2W(T, :f_))(iT2 + (1 —2¥(T, :f))d.’fg}

t 1 t

scale Newtonian conformal comoving
factor potential time distance

dz? = dy® + x2dQ?
® Our past light cone (neglecting inhomogeneities): 7 = 79 —
® Redshift: a = 1/(1 + 2)

® Comoving volume: V = 47y*/3
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Cosmic Geometry

Observable
Universe
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Cosmic Geometry

Reionization
z ~ 10

., Recombination
2~ 10°
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Cosmic Geometry

2 ~ 20 (1/2 volume)
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Cosmological Perturbation Theory

® Cosmological fields:
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Cosmological Perturbation Theory

e Cosmological fields:
5C(7};f)

Op (T, T)

density
perturbations
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Cosmological Perturbation Theory

e Cosmological fields:

Oc(T,T) PelT, L)

Oy (T, T) Up (T, T)
density peculiar
perturbations velocity
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Cosmological Perturbation Theory

® Cosmological fields:

(5‘(_' (T, :) (_1( (T, L) \I] (Tﬁ J_:)
Op (7, T) VylT, %)
density peculiar gravitational
perturbations velocity potential
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Cosmological Perturbation Theory

e Cosmological fields:

O‘(_' (_T? : ) (_1( (7, i ) /] (,7-ﬁ f!)
Op (7, T) Up (T, T) '

density peculiar gravitational
perturbations velocity potential

radiation field
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