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Cosmic “Super—-IMAX” theater
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a0 YEARS OF DISCOVERY

Half a century after astronomers first detected the cosmic microwave background
(CMB) radiation, it continues to be their clearest window on the early Universe.

1964 -

Arno Penzias and Robert Wilson
detect the CMB radiation and
measure its temperature to be
roughly 3 kelvin.

COBE data reveal minuscule
variations in the CMB's temperature,
a sign of density fluctuations in the
early Universe that would later
condense into galaxies.

2003

NASA's Wilkinson Microwave
Anisotropy Probe (WMAP) charts
the CMB in increased detail.

2013

Europe’s Planck satellite picks up
first hints of gravitational waves
from the infant Universe.

F

1946-1948

Several scientists predict that the
Universe should be filled with
remnant radiation from the Big
Bang, and that this would have a
temperature of just a few kelvin.

1990

NASA's Cosmic Background
Explorer (COBE) satellite measures
the CMB from space and pins its
temperature at 2.725 kelvin.

-~ 1999

Balloon-borne detectors characterize
CMB fluctuations accurately enough
for scientists to do a statistical
analysis, which reveals information
on the Universe's geometry and
energy content.

- 2014

The BICEP2 experiment at the
South Pole detects strong evidence
of gravitational waves in the CMB's
polarization.

2020s

Next-generation CMB observatories
could use the radiation to track
galaxy evolution and probe the
earliest instants of the Universe.
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CMB physics is very
well understood &

accurately computed
C

.. within the standard paradigms
of contemporary cosmology.

CMB@IUCAA: CMBAnNns Boltzmann code by Santanu Das



=) Cosmologlcal Parameters Ly
planck————————e - - -
6 Parameter ACDM
Parameter Planck TT+lowP+lensing
Quh% . ... .. 0.02226 +£ 0.00023 1%
Q> ... 0.1186 + 0.0020 1.7%

...... 04103 + 0.00046 0.04%

'Standard’ cosmological model:
Flat, ACOM with nearly

Power Law (PL) primordial power spectrum




Paradigm of

Statistical isotropy?

- a predicate of the
Cosmological principle



Cosmic “Super—-IMAX” theater

& Now
(14 Gyr)

Transparent universe




Cosmic Hemispherical Asymmetry

e, Full-Sky Map
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are invariant under rotations = Homo. Random field on a sphere

‘Statistical Isotropy’

Statistical measures of the CMB sky fluctuations
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SI violation: (a,,aq,, )= C,0,0,,

Mild
breakdown
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BipoSH Spectra : Natural generalization of C,
Amir Hajian & Souradeep 2003

P;'\‘\/\n» Harmonic decomposition
/ of map (temp, Pol)
Apay At
Harmonic decomposition
of non SI correlation.




BipoSH Spectra : Natural generalization of CZ

Bipolar Spherical Harmonic representation

Amir Hajian & Souradeep 2003

C(n,*n,))= 22“-1 B(n *n,) C€ — <CLngLZm>

C(ny,n,) = ;/ 1, {Yll (’/7\1)®Y12 (1)}

Bipolar spherical harmonics.

LM LM
oo AL = Sl €
CoefEiciem‘!—' hlz hm 12m+M mamy M
m

Linear combination of off-diagonal elements
BipoSH provide complete representation of SH space correlation matrix



Beyond C, : patterns in cms

Sources of Sl violation:

* Global topology
 Global anisotropy/rotation
» Breakdown of global symmetries, Magnetic field, ...

 Doppler boost: Local motion wrt CMB
« Weak Lensing: Scalar (LSS) & tensor (GW)

Observational artifacts:
* Foreground residuals
* Inhomogeneous noise, coverage
* Non-circular beam response function



BipoSH spectra measurements
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WMAP-7 beams

(Nidhi Joshi, Santanu Das, Aditya Rotti, Sanjit Mitra, TS : A&A 2016)




Full Num. WMAP-beam +Scan

W1 Band
—W2 Band
W3 Band
—W4 Band
+ WMAP code
+ WMAP Digitized
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Weak Lensing




SI violation : Deflection field

T(h")=T(H+0O)=T(A)+O*VT(H)

© = V(i) +V xQ(n)
=V.¢(n)+¢.V Q(n)
Gradient  Curl
WL:scalar  \WL: tensor/GW




Deflection field: Even & Odd parity BipoSH

Book, Kamionkowski & Souradeep, PRD 2012

A(T)LM _ C GZLI C Gl? WL: scalar
! AN TSNS
A( -)LM  _ 'O C GZL '] C Gl? WL: tensor




BipoSH: Recovery of WL power spectrum

% 10~7 Recovered Lensing C{? VS Injected C{?

. Recovered C}?
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Inflation/
Big Bang

Statistical Isotropy violation in Reionization ?

First brightest objects were formed at redshift z=30 and start reionizing the
surrounding medium. The universe becomes fully reionized by z =6.

 Likely brightest objects were not formed isotropically. They
reionize nearby regions earlier compared to the regions far

away — anisotropic reionization.
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Cosmic Dark Ages

Reionization

Z > 15-307 Z=6-157
t < 100-270 Myr t<1Gyr

Neutral IGM

Rare sources form
ionized bubbles S

lonized bubbles

g

First stars L ‘ ®overlap
(z = 15-307) /

First galaxies
(z = 10-30?)

-

5

IGM mostly ionized
z=0-6,t>1Gyr

" Modern galaxies form

K}

Dense, neutral pockets

15 grrelL

4

0 = z‘Aep esaid .



Reconstruction Noise(N,)

Reconstruction Noise

T(”fl) =7 + Z AT v YLM(ﬁ)
L>0

EE correlations
EB correlations




CMB fluctuations 1n a moving reference frame

Observer is moving
at a velocity, v=380km/s
v/ic=1.23x103




OPLANCK ®

EARY wolatlon Doppler boost BlpoSH -

pIanck- -

Direction

Map 18] x 107 (1,b) [°]
SEVEM-100 . ... 1.24+0.66 (277,40) £ 50
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_____________

____________________________________________________________

__________________________________

2 128 256 384 512 640

emin

Fig. 34. Top: Amplitude |3| of the Doppler boost from the
SEVEM-100, SEVEM-143, and SEVEM-217 maps for different mul-
__tipole_bins determined using a BipoSH analysis. The maximum



Cosmic Hemispherical Asymmetry

planck

ESA  SCIENCE & TECHNOLOGY W\ /(e

Mission
- show All Missions HEMISPHERIC ASYMMETRY AND COLD SPOT IN THE COSMIC MICROWAVE
BACKGROUND

Shortcut URL

http://sci.esa.int/jump.cf
m?0ic=51559

Also Ava

+ Mission Team

- Industrial Team

Science
- Planck's cosmology
- Cosmic structure

- Tnrough the Milky Way

See Also
- Spacecraft - Simple but challenging:
the Universe accorcing

to Planck

Cracecraft
z raft

cec

- 3D Model

- Instruments

- Cooling system Two Cosmic Microwave Background anomalous features hinted at by Planck’s predecessor, NASA's
Wilkinson Microwave Anisotropy Probe (WMAP), are confirmed in the new high precision data from
Planck. One is an asymmetry in the average temperatures on opposite hemispheres of the sky

(indicated by the curved line), with slightly higher average temperatures in the southern ecliptic




Cosmic Hemispherical Asymmetry

Salient features of el e e
Need non-SI simulations Jemispherical Asymmef|  asymmetryon the

derived cosmological
parameters

to perform statistical

analysis
2d ar

1tio _
Essential aspects to

understand the

uPesky CHA” b = _180) i 300, Wh|Ch

» NON-ALIGNED: Directi
is not aligned with the Ga

»ACHROMATIC: similar signal rfy s observed at three Planck
frequencies (100, 143, 217 GHz)7T e ..o teatures reduce the chance of its
~wimin feooa coman wasidea| forégré. d contaminations.

e observed excess power is of To find other
ular scales (I<70). Hence, the a cosmological probes to
lenon. CHA

To understand the origin
of CHA



Modulation model of SI violation
AT(n) =1 M(ﬁ)]ATSI(ﬁ)

M(n) : modulation field searched M(7) =) miuYoum(d)

LM

Focus only on L=1 Dipole Modulation in 2014
AT () = [1+ A (p.r)] AT (1)

A=15,/— ~mao)® + [maa[* + Jma
my =
T 3




CMB multipole, ¢
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Dipole modulation: Scale Dependence
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N . =
=.  Hemispherical power asymmetr
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planck=——— - -
Direction deduced from BipoSH Analysis

Planck 2015 XVI: Isotropy & Statistics
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Probability distribution

NS (@ /N - als

2
P(Cy,mig,mi1,mi—1]d) =

P(S,a|d) =

1 { -
VIN + S\(27T)n/2 9—5[6”(5 + N) d}

S (Cl s M1, MM11, M7 — 1) - parameter dependence of covariance matrix

Under the assumption that the noise matrix is diagonal, if S + N has following form:

. D: Diagonal of the matrix S + N
S+ N=D+mi001 O1: Offdiagonal part of the matrix S without mio

2

— %dTD_ld] exp [— (mao — M)ZI exp [ . }

P d) =
(Chymiold) 2072 2072

: |
VD)2

n is number of data points.

T e e e
onditional Mean: = o
N w0 T e [(D 1008
, 2 ,d"(D7101)?D~1d 1+
Conditional variance: 0 — tr[(D_101)2] { tr[(D_101)2] B ]



Bayesian inference on the sphere
beyond statistical isotropy

Santanu Das, B.Wandelt, TS JCAP 2015
(ArXiv: 1509.07137)




Observed Sky Temp

\ |

Observed sky :

Spherical Harmonics basis :
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Test on Stat. Isotropic maps: ¢,

— From the realization (without noise)
From the realization (with noise)
Input CI

© Bayesian inference from HMC

" 100 200
z

... S0, the method does as well (or even better) than Gibbs Sampling




Tests on S| maps: BipoSH

— From the realization (without noise) I — From the realization (without noise)
From the realization (with noise) From the realization (with noise)
— Bayesian inference from HMC — Bayesian inference from HMC

Con5|stent W|th No BlpoSH detectlon |

— From the real|zat|0n (W|thout noise) — From the realization (without noise)
From the realization (with noise) From the realization (with noise)
— Bayesian inference from HMC — Bayesian inference from HMC
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.... with complete posterior distributions
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Bayesian HMC : Doppler boost

BipoSH Spectra
L=1

— Input Signal

— From the realization (without noise) ||

From the realization (with noise)
— Bayesian inference from HMC

Used simulated
Doppler boosted
CMB maps using
CoNIGS

(Suvodip Mukherjee)

- - -Sample mean |

Input value

- - Sample mean ||
Input value

- - Sample mean ||
Input value




Bayesian HMC : CHA

BipoSH Spectra

L=1

Posterior distribution of m,; m,;, m; ; parameters

Used simulated
Doppler boosted
CMB maps using
CoNIGS

(Suvodip Mukherjee)

Distribution of m;y and my; for Scale Independent Dipole Modulation map

2.0 : : : : : 2.0 : : : :
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- Mean (u) - Mean (u)
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CHA: An enigma

Many Theoretical ideas

» Inflationary paradigm

Erickcek, Kamionkowski & Carroll, (2008);
Erickcek, Carroll & Kamionkowski, (2008);
Donoghue, Dutta & Ross (2009); Erickcek, Hirata
& Kamionkowski, (2009); Mazumdar, Wang,
(2013); McDonald, (2014); Abolhasani et al.,
(2014); Liu, Guo & Piao (2014); Jazayeri,(2014);
Liu et al. (2014).; Lyth, (2015); Mukherjee &
Souradeep (2015), Kothari, Rath & Jain, (2015);
Kothari et al., (2015); Wang et al. (2015)

» Dark Energy

Perivolaropoulos (2014);
Dai et al. (2013)

» Cosmic String

Ringeval et al. (2016)

Observational Claims

» WMAP

F. K. Hansen et al. (2004).
H. K. Eriksen et al., (2004).
Godan (2007)

Hoftuft et al (2009)

» Planck

F. Paci et al. (2013)
Flender et al. (2013)
Planck-13 (2014)

Y. Akrami et al., (2014)
Quartin et al. (2015)

S. Aiola et al. (2015)
Planck-15, (2016)



Fast roll inflation with initial inhomogeneities

’ /‘ \ad '/ ’ ] l >
- t » ’). b’ L ' ® &
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> 4 o~ {__J_,.‘_,f—’lr-/ <
(‘ , . homogeneity "
‘ “0‘ A —Q.T‘_‘_\’ preserved
- \ . .\(.‘ - R - -

1+ D% tp A+ Q% t( A A)2 In Single field inflation model, effect in
tensor anisotropies is <0.05%
2

D*(1) = 4x — 2¢, Q°(1) = 6x° — 8x& + 3¢%, D'(1) = 2x and Q'(7) = x°.

Ph.D. Thesis Defence

21-Oct-2016



CHA in B modes from scalar perturbations :
An inevitable window

Mukherjee and Souradeep
Phys. Rev. Lett. 116, 221301 (2016)




CHA in B modes from scalar perturbations
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Phys. Rev. Lett. 116, 221301 (2016)
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Mukherjee and Souradeep
Phys. Rev. Lett. 116, 221301 (2016)
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410 Mukherjee and Souradeep
i+11BB — Phys. Rev. Lett. 116, 221301 (2016)
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CHA in B modes from scalar perturbations

Mukherjee and Souradeep
Phys. Rev. Lett. 116, 221301 (2016)
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CHA in B modes at small angular scales
A new window to put bounds on CHA of primordial origin

Mukherjee and Souradeep
Phys. Rev. Lett. 116, 221301 (2016)

2

10
CMB Multipole, 1

Extent of CHAin Cumulative noise Signal to Noise
lensing (I.,) Ratio (SNR)

25 0.054 1.28
0 0.0456 1.53

40 0.034 2.04
70 0.02 3.46
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