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This course intends to give you a modern and up-to-date introduction to the science and experimental techniques relating to the Cosmic Microwave Background

No prior knowledge of cosmology is necessary, your prerequisite are a basic understanding of electrodynamics and thermal physics and some familiarity with
Python programming.
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Lecture 11:

Part 1: CMB map-making

Part 2: Anomalies and
non-Gaussianity



The steps for CMB data analysis

16000 T T T T T T T T T

geoe 1

GO0

4800

2000

Signal (nV)
e

-2000

-0.176-03 I A+, 15E-03

-4000 |

-6000 -

-8000 - E

- 1°am 1 l 4 2 ' s L ' '
1] 200 480 600 868 16608 1268 14606 1600 1600 26000
100

Sanple Index 2 T T 3

Time-series data or
Time-ordered data (TOD)

10¢
E .
r rconizaton

|
|
|
r A4
1 ~—

.;.I .Wilhli()ﬂal
!enying !

\
gravitational |
waves 1

\

\

|

L " aakl

10 100 1000
[ (multipole)

ul.'

An Introduction to the CMB 10: CMB Anomalies, Detectors & Experiments



TIME-
ORDERED
DATA

SKY
MAP

PARAMETER
ESTIMATES

An Introduction to the CMB

Why we need a map?
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From Tegmark (1997)

Map-making can be thought as a general
problem of linear transform which
produces from n numbers y;, vz, ..., y» as
raw data or time-ordered data, to m
numbers x;, x2, ..., x» in the map-space or
pixel space:

y=Ax +n

This transformation is always
associated with some information loss.
However, we generally do not have a
complete understanding of all the
signal and noise properties to make
direct use of the time-series data for
cosmological analysis.
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Removal of (correlated)
atmospheric noise
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An example of TOD filtering

The time-series data from a subset of bolometers in the APEX-SZ experiment

Scan: 28937 (1) —x XLSSC—-006—DR_24_69 *— 2007-08-24T08:09:45
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An example of TOD filtering

The same time-series data after the removal of correlated atmospheric noise

Scan: 289357 (J —x XLSSC—-006—-DR_24_69 x— 200/-08-24T108:09:45
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An example of TOD filtering

Now after removal of glitches in the time streams

Scan: 28937 (1) —x XLSSC—006—DR_24_69 x— 2007-08-24T08:09:45
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Deglitching

Unprocessed TOI (uV)
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Figure 13. Examples of raw (unprocessed) TOI for one bolometer at each of six HFI frequencies and one dark bolometer.
Slightly more than two scan circles are shown. The TOI is dominated by the CMB dipole, the Galactic dust emission,

point sources, and glitches. The relative part of glitches is over represented on these plots due to the thickness of the
lines that is larger than the real glitch duration.
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Planck TOI data & differential noise
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Figure 7. Example of results from bogopix obtained for two
HFI detectors, compared with those of the Solar dipole cali-
bration. Gain values for individual rings have been smoothed
with a width of 50 rings (~ 2 days), to increase the signal-to-
noise ratio of the plots. We observe a good agreement between
bogopix results and those obtained with the HFI maps, for
the relative gain variation, except for the time intervals where
the Solar dipole’s amplitude is low with respect to the Galactic
emission. The averaged value of the gains are, however, offset

by factors (different from one detector to the other) of the order
of 0.5to 1 %.
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-25.0

Figure 4. Differences between temperature maps built using data
from detector 143-1a, for surveys 1 and 3 (top) and 2 and 4 (bot-
tom). In both cases, large scale features appear. Their amplitude
and disposition on the sky are compatible with residuals from
the Solar dipole, due to time variations of the detector gain, of
the order of 1 to 2 % These residuals should be compared to the
amplitude of the Solar dipole, 3.353 mKcug.
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Planck scanning strategy
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Spin axis path with a 7 degree amplitude cycloidal scanning, from #dupac2005

143 GHz hit count map

Simplified way to show the Planck scanning
strategy, without additional motion of the spin axis
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De-striping, or the removal of
scanning artefacts

Common to get
stripes in the
scan direction.

Removal easy in
Fourier space.

mMap space
Fourier
transformation
also helps to
separate signal
and noise better Fourier space

(different
temporal signal).

Patanchoﬂr'\ 'et al ; BLAST data
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De-striping, or the removal of
scanning artefacts

3000 N 3000 300 MR . 300
uK CMB uK CMB
Figure 10

Effect of destriping on simulated sky maps. (Left) Map from a raw time stream. (Right) Map
Figure taken from after applying a destriping algorithm (note the different scales). This simulation was done for
Samtleben et al. 2007.  the Planck High Frequency Instrument (38).
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Planck sky maps
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CMB “anomalies” and

non-Gaussianity
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CMB is Gaussian random field

The CMB data is perfectly described as a 6000
Gaussian random field, originating from 5000 |
stochastic density fluctuations created by 000}
inflation and enhanced by baryonic interactions. % .:
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Low multipole “anomaly”
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Fig.39. Left: Planck TT spectrum at low multipoles with 68% ranges on the posteriors. The “rainbow” band show the best fits to c
the entire Planck+WP likelihood for the base ACDM cosmology, colour-coded according to the value of the scalar spectral index f_“
ns. Right: Limits (68% and 95%) on the relative amplitude of the base ACDM fits to the Planck+WP likelihood fitted only to the o
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Low multipole “anomaly”

| WMAP “fi "
Planck’s anomalous sky: the hemispheric asymmetry and the cold spot. Credit: ESA and the Planck n g e rS

Collaboration

)

I=2

Bennett et al. (2011)

"’

Figure 14. [ = 2 quadrupole and [ = 3 octupole maps are added.
L The combined map is then shown superposed on the ILC map
viis from Figure[2] Note that the quadrupole and octupole components
R arrange themselves to match the cool fingers and the warm regions
WMAP cold Spot in between. The fingers and the alignment of the [ =2 and [ = 3
A . multipoles are intimately connected.
n Introduction to the CMB




CMB "anomalies”

Can you find the initials of
Stephen Hawking in this map? @
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WMAP 7 yr result
Bennett et al. (2011)

An Introduction to th

CMB "anomalies”

Figure 17. “SH” initials of Stephen Hawking are shown in the
ILC sky map. The “S” and “H” are in roughly the same font size
and style, and both letters are aligned neatly along a line of fixed
Galactic latitude. A calculation would show that the probability
of this particular occurrence is vanishingly small. Yet, there is no
case to made for a non-standard cosmology despite this extraordi-
narily low probability event. It is clear that the combined selection
of looking for initials, these particular initials, and their alignment
and location are all a posterior:i choices. For a rich data set, as is
the case with WMAP , there are a lot of data and a lot of ways
of analyzing the data. Low probability events are guaranteed to
occur. The a posterior: assignment of a likelihood for a particular
event detected, especially when the detection of that event is “op-
timized” for maximum effect by analysis choices, does not result
in a fair unbiased assessment. This is a recurrent issue with CMB
data analysis and is often a tricky issue and one that is difficult to
overcome.

ctors & Experiments
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CMB "anomalies”

WMAP 7 yr result
Bennett et al. (2011)

Figure 17. “SH” initials of Stephen Hawking are shown in the
ILC sky map. The “S” and “H” are in roughly the same font size
and style, and both letters are aligned neatly along a line of fixed

A large fraction of simulated CMB skies will

have some kind of anomaly or oddity. The key
is whether the oddity is specified in advance.

tumized” IOr maximum erect Dy analyslS Cnolces, dOes Mot result
in a fair unbiased assessment. This is a recurrent issue with CMB
data analysis and is often a tricky issue and one that is difficult to

overcoIne.
An Introduction to th ctors & Experiments
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An Introduction to
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the sky

Ali Frolop & Douglas Scott, arXiv:1603.09703
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Search for anomalies:

Penrose’s

CCC “rings” in

the CMB sky
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Search for anomalies:
Penrose’s CCC “rings” in the CMB sky

Significant Hawking points on the sky

e Expect a gaussian gradient of the It e
Temperature centred at G ot S g S e T

e | ook for annular regions in the CMB
sky and check for significant drop of
temperature from inner to outer
boundary of annulus.

e (Compare with simulations of

randomly generated CMB

@ If marginalized over all
possible ring sizes, there is
no evidence for “excess”
positive-gradient rings
(CCC authors do not provide
an a-priori size estimate)

-0.000467395 0.000433158

arXiv.org > astro-ph > arXiv:1909.09672

Astrophysics > Cosmology and Nongalactic Astrophysics

@ Thel’e |S nO eVIdenCe Of [Submitted on 20 Sep 2019 (v1), last revised 21 Jan 2020 (this version, v2)]
these rings in the polarization = Re-evaluating evidence for Hawking points in the CMB
data either Dylan L. Jow, Douglas Scott
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Signs of non-Gaussianity

Gaussian + statistical isotropy - = :\\
©(L)0(L) = (s + 1), RN ’ﬂ
S e
- power spectrum encodes all the information

- modes with different wavenumber are independent

* Primordial non-Gaussianity:

e Are the initial conditions Gaussian? What is the physics of
inflation?

* Intrinsic CMB bispectrum:

* non-Gaussianity induced by non-linear evolution of
perturbations.

An Introduction to the CMB 10: CMB Anomalies, Detectors & Experiments 25



Quantifying non-Gaussianity

2
Bispectrum ll> L+l +15=0
\ L,

: : 1
Flat sky approximation:  (0(1,)0(1,)0(l)) = £5(l1 + 1, + I3)by,

lyl3

<@(11)@(13)@(13)6(14)>( = (27?)_25(11 + 1o+ 13 + 14)T(h l5, 13, 14)

Trispectrum

| =

©(11)0(12)0(13)0(l4))c =

4

‘

2L ey
/ —— 51 +15+L)é(15 + 1, — L)TY ) (L) + perms.

(2m)2 (£al4)

e

> N-spectra...

e Scalar non-Gaussianity
(0(k1)d(k2)d(ks)) ox Shape X fnr
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Non-Gaussianity from CMB lensing
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= 2000 -
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Primordial non-Gaussianity

In “vanilla” models of inflation, the initial fluctuations are Gaussian
The 3-point correlation function function is zero:

(C(k1)C(k2)C(ks)) =0

However, more exotic models can predict nonzero three-point functions
“Local” shape: e.g. curvaton model

((z) = Calz) + [T ¢a(x)?
(C(k1)¢ (k2)C(ks)) ~ fRE (k31k3 + symm) 5 (Zk>

See Bartolo et al. (2012) Theoretical models of inflation give us predictions
arXiv:1001.3957 for a review. « (C(k1)C(k2)((k3)) < shape X fnrL
1

M ks | ‘
The bispectrum shapes are K1 Ko & ' /’
commonly grouped into three \J—f’
categories: local (squeezed),
orthogonal (equilateral), and k1 ko
folded shapes. L

ks
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fne to parametrize non-Gaussianity

Primordial non-Gaussianities are generally described by a non-zero value of the three-point correlation
function of the primordial curvature function ¢(k) in the Fourier space:

(®(k1)®(kz)®(ks)) = (27)30®) (k1 + kg + ka)F(k1, k2, k3)

F(k) is the shape function of the bispectrum. In this definition, the primordial curvature perturbations can

be parametrized by the dimensionless quantity fnL with respect to the linear Gaussian part in real space:

®(x) = Pr(x) + faL (DL (x) — (DL (x)))

fNL = 3000 Ternperature [y,=3000

020 n— o (.25 mK

From Liguori et al. (2007)
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Planck limits on non-Gaussianity

There is no evidence of a non-zero fni from Planck data

Planck (2018) results

Temperature bispectrum calculations

from different flavors of the CMB maps.
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Questions?

L 3

Feel free to email me or ask questions
in our eCampus Forum
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