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WHAT DO WE ALREADY KNOW ?



Planck ILC Map : Initial Conditions at z ≈ 1100



Temperature (TT) power spectrum with residuals

P(k) = AS(k/k0)
nS−1



Polarization TE and EE spectra with residuals



Polarization Power Spectrum Reinforces Six-Parameter Orthodoxy



Theory – origin of the CMB anisotropy
Sachs-Wolfe formula
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Φ ≡ Newtonian gravitational potential (dimensionless)
δγ and vγ describe the fractional density contrast and peculiar
3-velocity of of the photon component.

This treatment is somewhat naive
in assuming that the surface of
last scatter is infinitely thin.
In reality the surface of last
scatter has a width that smears
the small-scale anisotropies.



Wiggles in the primordial power spectrum ? (I)

Planck 2018 Results



Wiggles in the primordial power spectrum ? (II)

Planck 2018 Results – Another point of view



Seeing the Acoustic Oscillations in the Matter Power Spectrum

Baryon Acoustic Oscillations

Eisenstein et al. (2005) First Detection with SDSS LRG with
spectroscopic followup.



Same but multiplied by s2



WHAT DON’T KNOW



Cosmic History in Perspective
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Breakdown of the Present Mean Energy Density of the
Universe

Empirical Ansatz

w(a) =
p(a)

ρ(a)
= w0 + (1 − a)wa

w = −1 or something else



Angular Diameter Distance and All That
a = (1 + z)−1, a0 = 1 ds2 = a2(η)[−dη2 + dx2]
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This is physical distance is co-moving coordinates today.
Let ℓphys be the transverse distance of an object at redshift
z = a−1 − 1. The angle in subtended in the sky is given by

∆θ =
a−1ℓphys
DS(a)

=
ℓphys
DA(a)

so that the angular diameter distance is defined as

DA(a) = a DS(a).

Claim : We can recover the expansion history of the universe from
the run of θ(a) for a so-called "standard ruler."



Intensity Mapping : Advantages

Basic Idea :
▶ In the radio redshifts come for free. In the optical redshifts are

extremely costly to acquire, especially spectroscopic reshifts.
▶ BAO needs large volumes because the BAO scale is very large,

and good statistics because the correlations are small.
▶ Intensity Mapping acquires power spectrum directly using a

coarse resolution. No need to catalogue individual objects.
▶ Data cube is 3d : 2d angle + frequency



The Forecasts (Bull et al. (2018)



Intensity Mapping : Challenges

▶ The foregrounds are huge, but believed to be smooth. Galactic
synchrotron emission is a combination of magentic fields + cosmic ray
energy spectrum. Theory well understood. Formulas for emission
frequency spetrum include broad smoothing kernels.

▶ Antenna chromaticity and antenna modelling. Antennas are electrically
large. Antenna pattern changes as a function of frequency, and this can
introduce artefacts. Antenna modelling software was developed for other
purposes : (1) communication, (2) radar etc. to meet other less stringent
requirements.

▶ Far sidelobes and the ground
▶ Radio frequency interference
▶ Calibration
▶ Untested : Signal detected in cross-correlation so far, but forecasts (eg

Bull et al.) have not yet been realized in practice.
▶ Advantages : Comparatively inexpensive. Different systematic errors.



Preview : Devin Crichton HIRAX talk later this week



The Competition : Type Ia Supernovae
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The Problem : Systematic Errors and Evolution

Errors do not go down as 1/
√
N



Alcock-Paczynski Test (1979)

Basic Idea Suppose we have a set of large standard spheres (or
objects that on the average are spherical) at various redshifts. From
∆θ/∆z we may obtain an additional independent constraint on the
cosmological model.

We are sensitive to H(a)

Caveat : The analysis seems to ignore the "pancakes of God",
discussed in the next section, from Kaiser (1987).



Redshift Distortion - Pancakes of God versus Fingers
on God

δHI (kapp) =
(
bHI + f µ2) exp (−µ2k2σ2

NL

)
δprim(k)





From e.g. Peebles (1980) Large-Scale Structure of the
Universe

δ ≡ (density contrast)

δ̈ + 2H δ̇ − 4πGρ0δ = 0

δ̈ + 2H δ̇ −
3
2
HΩmδ = 0

δ(x, t) = Ag (x)Dg (t) + Ad (x)Dd (t) ≈ Ag (x)Dg (t)

For Ωm = 1, Dg ∼ t2/3 ∼ a and Dd ∼ t−1 ∼ a−3/2.

f =
d lnDg

d ln a

For a general cosmology we can use a fitting function (Lahav) :

f (Ω0,ΩΛ) = Ω0
0.6 +

ΩΛ

70

(
1 +

Ω0

2

)
∇ · v = −δ̇ = −fHδ

We can thus “weigh” the universe

f (Ω) =
H−1(∇ · v)

δ



Pre-Kaiser received wisdom (from very famous people) :

"A study of these questions can be made using the RSA itself with its nearly
complete velocity coverage because the three-dimensional distribution of
its member galaxies can be found. The assumption that velocities measure
radial distance is a good first approximation since, as just mentioned, the
mean random motion about the Hubble flow is so small (de Vaucouleurs
1958 ; Sandage 1972, 1975 ; Sandage and Tammann 1975), and clearly
there are no large systematic perturbations (Tammann, Sandage, and Yahil
1980)."

Amos Yahil, Allan Sandage, and G.A. Tammann, THE VELOCITY FIELD OF
BRIGHT NEARBY GALAXIES. HI. THE DISTRIBUTION IN SPACE OF GALAXIES
WITHIN 80 MEGAPARSECS : THE NORTH GALACTIC DENSITY ANOMALY
Astrophysical Journal 242 (1980) 448

Conclusion :

q0 = − äa

ȧ2 ≪ 0.5





Redshift Distortion as Seen by 2dF





Implementation not so simple, but redshift distortion here to stay



Summary

▶ Intensity Mapping is a low-cost alternative to conventional
galaxy surveys, with independent systematic errors, and is well
worth pursuing

▶ The lack of direct link between redshift and radial distance is
both a curse and a blessing. There is more to explore than
simply the BAO scale. In principle, there are a number of
cross-checks and redundancies in the data.

▶ It will be exciting to see to what extent the full dream of
learning about the dark energy through intensity mapping will
be realized.


