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Abstract: <p>In July 2018 the Planck Collaboration released its fina set of cosmology results. | will discuss some of the& nbsp; interesting new
science that remains to be done with the CMB, including some not so often discussed topics such as the kinetic SZ effect and 21cm
cross-correlations.</p>

<p>& nbsp;</p>
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Talk QOutline

1. Planck Legacy (focusing mainly on primordial aspects)

2. Current high-¢ observations from the ground (largely exploring
the so-called secondary anisotropies, of which we choose the
kSZ as an example)

3. Correlation with 21cm, challenges for 21cm intensity mapping
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2018 Planck Legacy Release

https: / /www.cosmos.esa.int/web/planck/publications

[See Gruber Lecture slides of Reno Mandolesi and Jean-Loup Puget from Tuesday for
more details on Planck 2018 Results]
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Discovery of the cosmic microwave ackground

1963 Penzias and Wilson (Bell Labs) observed a background of
microwaves having a thermal spectrum with T = 2.753K. This
temperature is (almost) the same no matter what the direction in

the sky.
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Theory — origin of the CMB anisotropy

Sachs-Wolfe formula

T(ﬁ) = |=0,+Vv,-n+ O o+ 2 dz;T (n,0(no — n)

5T 1 d /"‘ od’
4 Ji an

I
® = Newtonian gravitational potential (dimensionless)
0~ and v., describe the fractional density contrast and peculiar
3-velocity of of the photon component.

This treatment is somewhat naive
because it assumes that the
surface of last scatter is infinitely
thin.

In reality the surface of last

T=3000 K
. o scatter has a width the smears
c o .
S ace o LasT ScATT —® the anisotropies on small scales.
AIGBANG
t=0
T=infinite
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The Planck mission
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PLANCK Focal Plane
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T & P Signals vs Frequency
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Fig. 4. Frequency dependence of the main components of the submillimetre sky in temperature (left) and polanzation (right). The
(vertucal) grey bands show the Planck channels, with the coloured bands indicating the major signal and foreground components. For
temperature the components are smoothed to 17 and the widths of the bands show the range for masks with 81-93 % sky coverage
For polarization the smoothing is 40 and the range 15 73-93 % . Note that for steep spectra. the rms shown here 1s dominated by the
largest angular scales. But as shown by Fig. 5, on much smaller angular scales in regions far form the Galactic plane, the foreground
signals fall far below the cosmological signal (except at the lowest £, in polarization)
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Planck Raw Temperature Maps
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Cleaned Temperature Map
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CMB Power Spectra: Current State of the Art
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Parameters of the 6-Parameter

Concordance Model

Parameter Plik best fit Plik|1] CamSpec |2] (12]= (1) Combined
Qh- .. 0.022383 0.02237 = 0.00015 0.02229 £ 0.00015 ~(.5 0.02233 £ 0.00015
LN 0.12011 0.1200 = 0.0012 0.1197 £ 0.0012 -0.3 0.1198 + 0.0012
1006y 1.040909 1.04092 + 0.00031 1.04087 + 0.00031 -0.2 |.04089 + 0.00031
Tt s easesicunnens 0.0543 0.0544 = 0.0073 0.0536+09%9 -0.1 0.0540 £ 0.0074
In(10'A4,) 3.0448 3.044 +0.014 3.041 +0.015 -0.3 3.043 +0.014
n, 0.96605 0.9649 + 0.0042 ().9656 + 0.0042 +0.2 0.9652 + (.0042
Q, o 0.14314 0.1430 £ 0.0011 0.1426 £ 0.0011 =().3 0.1428 £ 0.001 1
Ho [ kms™'Mpce "l A 67.32 67.36 = (.54 67.39 + 0,54 +0.1 67.37 +0.534
Q, 03158 0.3153 £ 00,0073 0.3142 £ 00074 -0.2 03147 + 0.0074
Age|Gyr] . ... .. .. 13.7971 13.797 £0.023 13.805 £ 0.023 +0.4 13.801 £0.024
ry 0.8120 08111 + 0.0060 0.8091 + 0.0060 -0.3 0.8101 + 0.0061
S @ og(€),/03)"° 0.8331 0.832 0013 0.828 £ 0.013 -0.3 0.830+0.013
. R 7.68 767 +073 761 +0.75 0.1 764 +074
1006, .. .. . 1.041085 1.04110 = 0,00031 1.04106 + 0.00031 -0.1 1.04108 + 0.00031
Fame (IMpe] ..o o000 147.049 147.09 + 0.26 147.26 + 0.28 +0.6 147.18 £+ 0.29
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Planck 2018 TT With Residuals
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Evolution of Cosmological Parameters
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Inflationary Models: ns-r Plane
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Fig. 23. Limirts on the tensor-to-scalar ratio, rq o> as a function of ng in the ACDM model at 95% CL., from Planck alone (grey area)
or including BICEP2/Keck data 2014 (red) and BAO (blue). Constraints assume negligible running of the inflationary consistency
relation and the lines show the predictions of a number ol models as a function of the number of e-folds, N,. ull the end ol inflation.
This can be compared with the middle panel in the op row of Fig. 14 which gives a temporal perspective
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Concordance Scorecard

Prediction Measurement

A spatially flat universe Qi = 0.0007 +0.0019
with a nearly scale-invariant (red)

spectrum of density perturbations, n, = 0.967 + 0.004

which is almost a power law, dn/dInk = -0.0042 + 0.0067
dominated by scalar perturbations, rooo < 0.07

which are Gaussian fae=25+57

and adiabatic, a_; = 0.00013 + 0.00037
with negligible topological defects f <0.01
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E and B Mode Polarization

E mode B mode
2 1 "
y(E) {vav - 3 vﬂ Y (O
fm.ab \/((1)/(( +1)((+2) b > b ( ( )
2 1 A
Y(B) = < |€ac Vc a€bc Vc yrn
¢fm.ab \/((1)(((+1)((+2)2{ \% vb+V bv } l (Q)
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Secondary CMB Anisotropies

After subtraction of the CMB monpole and dipole, i)?T for

( < 3000 is dominated by the primary CMB anisotropies, which
emanate from the surface of last scatter (i.e., almost at past
intersection of our past light cone with the putative big bang
singularity).

However, there are also other secondary anisotropies, which are
imprinted as the photons propagate from the surface of last scatter
to us today. ! These include:

1. Gravitational Lensing of the CMB by intervening structures at
intermediate redshift.

2. The Thermal Sunyaev-Zeldovich (tSZ) Effect
3. The Kinetic (or Kinematical) Sunyaev-Zeldovich (kSZ) Effect

'"However, the integrated Sachs-Wolfe effect, the effect of rescattering by
homogeneous reionization (i.e., 7) are conventionally regarded as being

‘primary’ anisotropies.
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The Sunyaev-Zeldovich Effects

» Consider the rescattering of the CMB monopole by a cloud of possibly
very hot reionized gas (e.g., from the diffuse ionized gas in a cluster).

» |f the cloud had no peculiar motion (w.r.t. the Hubble flow) and if the
electron gas temperature is exactly equal to the CMB temperature, the
net effect is null, as if the cloud were not there.

> But,
» kSZ: If the cloud is moving w.r.t. the local CMB rest frame, a
dipole contribution
oT T, A
Towsz et Y
Is superimposed on the primary anisotropies, also with a perturbed
blackbody frequency spectrum.

» tSZ: If the cloud is hot T > Tcug. a spectral distortion of the form

(07(“))(52: __F(x) = dy F(x)

To meac?
where x = v/vevs. vemg = ke T/ h. and
X
x(e* +1
Fo = XD,
' eX — 1

Is superimposed.
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kSZ and Peculiar Velocities

The kSZ effect is notoriously hard to measure because:

1. Unlike the tSZ effect, the kSZ has precisely the same
frequency dependence as the primary CMB anisotropies
(i.e., that of a perturbed temperature blackbody).

2. It is much smaller in magnitude than the primary CMB
anisotropies.

Therefore, the easiest and best way to detect the kSZ is through
cross-correlations.

One makes a prediction for 0 T,sz (e.g., using data from 3d galaxy
surveys, possibly combined with tSZ data) and then cross

correlates this template with a properly filtered and cleaned map of

- +sky
0 Tb!ackbody'

Aside: This is how gravitational lensing of the CMB was first detected [K. Smith, O.
Zahn & O. Doré, PRD 76 (2007) 043510 3.40 from WMAP + VLA radio galaxies],
although now Planck measures CMB lensing directly, without resorting to
cross-correlations. [Planck 2013 results. XVIIl. Gravitational lensing by large-scale
structure Planck Collaboration, at 23]

Pirsa: 18100045 Page 22/38



Fingers of God vs. Pancakes of God

m (h~' Mpc)

o (h~! Mpc)

[John A. Peacock et al. “A measurement of the cosmological mass density from
clustering in the 2dF Galaxy Redshift Survey,” Nature 410 (2001) 169]
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kSZ: A unique probe of peculiar velocities to arbitrarily high z

» Competing probes of peculiar velocities (i.e., using “standard candles”)
have errors that increase with z and thus are useful only within a small
sphere in our immediate vicinity.

» kSZ peculiar velocities instead measure velocities relative to the local
CMB rest frame (in which the CMB dipole about the object vanishes).
[This is not a perfect reference but better than any other empirical cosmic
rest frame.] Thus the errors are roughly independent of z. Thus we can
probe peculiar velocities almost anywhere within our causal horizon.

Pirsa: 18100045 Page 24/38



Current status of kSZ observations

There are two basic strategies:

1. Select two massive collapsed objects that should be falling toward each
other and predict 6 T (1) — 0 T(2) including its sign, which is random for
the noise from the primary CMB anisotropies. Challenge is to filter out
the primary CMB signal and also the contamination from kSZ. Use
stacking to accumulate S/N.

2. Reconstruct the entire proper velocity field v(x) to make a template for
the expected § T(f) and cross-correlate with 6 5, . (/) with the
statistic

<{S T(ﬁ) d Tfjltikb()d‘r‘ (ﬁ)> -

Whereas the tSZ signal is dominated by highly collapsed objects (where the gas is
especially hot) and roughly probes gas pressure along the line of sight, the kSZ probes
the peculiar velocity field of the gas everywhere as long as it is ionized, or gas
momentum averaged and projected along the line of sight.

Here we have emphasized proper velocity field, but the baryon density as well as the
ionization fraction enters into determining the signal. Thus given a knowledge of the
peculiar velocity field, we can probe where the ionized gas is situated.
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First detection of kSZ

ZU L L Ll L] L] Ll L]

1.5F 1

1.0t 1 _ _
ost 1 O IT.1 Nick Hand et al. (ACT Collaboration),

“Evidence of Galaxy Cluster Motions

> with the Kinematic Sunyaev-Zeldovich
_:72_5 1 1 1 1 1 n 1 Effect,” PhyS. Rev. Lett 109 (2012)
g 0 20 40 60 80 100 120 140
~ o 041101 (= 2.90 detection)
L T' L Li L] Li L Li J
O'D__‘LE_H—!_H_._H-I_.‘A " . ) (pi-Fi—pjT))e;
- — - Y *l I}' , — )
2.0 _f . Ppaix ...
-40 i i L i i i i A A ] /
0 20 40 60 80 100 120 140 R r; + T, (r; ri )l 1l + cosé#)
Comoving Separation (Mpc) Gy =Ly —5— = ; .
= 2,/rs 4+ r% = 2r;r,cost!
\ i ] ]
F1G. 1: The upper panel shows the mean pairwise lllun.lx'T]I uIm T‘ . ‘r{ 7' =) [‘r’ r 25 N e,
estimator, Eq @ or the 5000 most luminous BOSS DRY }k"/“'] - s’
galaxies within the ACT sky region (red pomts), with boot- ¥ a T‘ g 2

strap errors. The solid line is derived [rom numerical kSZ sim
ilations [34] using a halo mass cutoff of Maon = 4.1 10" M
The probability of the data given a null signal is 2.0 x> 10
including bin covariances. The lower panel displays the same
sum but with randomized map positions. and is consistent

with a null signal

Pirsa: 18100045 Page 26/38



Another example
Planck Collaboration: P. A. R. Ade et al., Planck intermediate results XXXVII.
Evidence of unbound gas from the kinetic Sunyaev-Zeldovich effect A&A 586, A140

(2016)
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Many other papers (e.g., SPT & DES,...)
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21 cm observations as a cross-correlation candidate

(Work in progress with Zahra Kader and Kavilan Moodley)

» Intensity mapping (meaning one does not resolve and pick out individual
galaxies)

» Redshift range z=0.8-2.5 over a large fraction of the Southern sky

» Primary science objective is to characterize the Dark Energy (with BAO)

as with CHIME but in the Southern sky

» But there is also a lot of interesting cross-correlation science possible (of
which X-Correl with kSZ is but one example)

A A

) quv(ﬁ- V) =0 Tsvr:rh(Q- ”) + 9 Tpxr;'n—g.?l’nrrrr(Q- V)

The much hotter parasitic contaminant from our galaxy o T, (€2, 17) is smooth
in frequency (almost a single power law in /) [i.e., dominated by low |k
modes|

~

However, the sought after signal o Texra—gatactic (2. /) is clumpy for all k; and

k.

Consequence: We must throw away the low k| modes, or do something more or

less equivalent to that.
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kSZ: The Future (Toward the CMB Stage-4 Experiment)

> Since galaxy clusters are small, kSZ studies are ideally performed by
mapping the microwave sky from the ground, where telescopes of
diameter 6 — 10 m can be deployed at a reasonable cost.

» The high resolution maps, for example from ACT and SPT, are sufficient
for a proof of concept, but there is much scope for improvement in (1)
the sensitivity of the maps, (2) fraction of sky covered, and (3) better
frequency coverage (in order to remove kSZ as well as the more
conventional foregrounds).

» Likewise, because of the importance of cross-correlations, more extensive
and deeper 3d galaxy surveys promise to improve on what is currently
possible.
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kS/Z cross-correlation with 21cm observations

21cm %()111'(-(') - &
- o X )+ 0p)v
( function (/ f)
inaccessible with 21cm 21cm bispectral signal
N —~N—

" + ((5/))\!

Triangle equalities (here in flat-sky approximation):

kSz 2lcm 2lem
k1 + ki +ki3" =0,

0+ kﬁlzcm o+ k|2‘13cm —0.

Mathematically, somewhat like bispectral non-Gaussianity in CMB
maps except that there is an extra dimension: k.
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The Hydrogen Intensity and Real-time Analysis eXperiment

Science goals:

Measure baryon acoustic
oscillations with HI intensity
mapping

Characterize dark energy
Radio transient searches
Pulsar searches

Neutral hydrogen absorbers

Diffuse polarization of the Galaxy
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Instrumental approach:

1024 close-packed 6-m dishes
Dishes are stationary but can be tilted
Operating frequency: 400 - 800 MHz,
equival:r?t redshift=0.8 - 2.5

Working closely with CHIME:

channelize with FPGA ICE boards,
correlation with GPUs

Location: SKA/Karoo (site agreement
in progress)
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Required specs for BAO intensity mapping

Maximize sensitivity on scales of interest
— Use compact array geometry

Redshift range of interest: 0.8 < 2 < 2.5 to capture dark energy domination at 2~ 2
— Required frequencies: 400 - 800 MHz

BAO 150 Mpc angular scale: 3 - 1.3 degrees at08 <2< 25
— Required baseline lengths: 15 - 60 meters

BAOQ scale along line of sight: 20 - 12MHz at08 <2< 25
— Required freq resolution: minimum ~100 channels, more for foregrounds and higher order peaks

BAO signal level: ~0.1 mK
— Low system temperature, large collecting area
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Oscillations from CHIME—(similar but different)

1.1 Single slice properties

h‘ : CygA beam widih, EW pol
. CygA beam widhh, NS pol

ol A EW pol

s 1 - al ¢ m. P

o i <im . NS o

ll; Pathoder, 1hes » o wel-kouws o WOR W oL T DN > Flzwve | and abeo Mol |
From: Berger, Philippe; Newburgh, Bandura, et al., "Holographic beam mapping of
the CHIME pathfinder array,” Proceedings of the SPIE, Volume 9906, id. 99060D 16
pp. (2016) arXiv e-print (arXiv:1607.01473)
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