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& Now
(14 Gyr)

Transparent universe




Good old Cosmology, ... New trend !

Q =1.024% ~

w< -0.78 (95% CL) Total energy 0310016
Q,= 0.3 CL)

Q 112: 0.0

a0Ng
+0.004 )
-0.0 j
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Dark energy
density

'Standard’ cosmological model:

Flat, ACOM with nearly

Power Law primordial power spec fr'
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Statistics of CMB

CMB Anisotropy Sky map => Spherical Harmonic decomposition

o |
LAT(0,9)=> > a,Y,,(0,4)

s
‘ W I = 2 M=— I

=10 S 41111

Gaussian CMB anisotropy completely specified by the

angular power spectrum Ir
4 N

Statistical <a|ma|*.m.> C, 040mm
_ isotropy

=> Correlation function C(n,n’) is rotationally invariant



Beyond C,
Detecting patterns in CMB

Universe on Ultra-Large scales:

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

Deflection fields

Observational artifacts:

e Foreground residuals

* Inhomogeneous noise, coverage

* Non-circular beams (eg., Hanson et al. 2010)



Statistics of CMB
C(n,n,) = C(n, en,)

Possibilities:
o Statistically Isotropic, Gaussian models
o Statistically Isotropic, non-Gaussian models

o Statistically An-isotropic, Gaussian models \

o Statistically An-isotropic, non-Gaussian models

Ferreira & Magueljo 1997,
Bunn & Scott 2000,
Bond, Pogosyan & TS 1998, 2000



Iso-contours of correlation around a point | (N)=C(,2)

NGP SGP

TETT G=10.06

Radical breakdown of Sl
disjoint 1so-contours
multiple imaging

TETT f=10.8

Mild breakdown of Sl
Distorted iso-contours

FATATY «10°

TOH (=09

Statistically i1sotropic (SI)
Circular 1so-contours

140 degrees 140 degrees

E.g.. Compact hyperbolic
Universe . (Bond, Pogosyan & Souradeep 1998, 2002)




SI violation, or ... Correlation patterns
ol ZRRINY:
::..o 33 ;.:._: Beautiful Correlation patterns :‘: )

could underlie the CMB tapestry !!..':-l“_ L
TF 3D ‘
' .x;g
Figs. J. Levin

Can we measure correlation patterns?

the COSMIC CATCH is

there 1 oaly one CHB sky

| (==




Measuring the Sl correlation

Statistical isotropy

C (9) can be well estimated
I by averaging over the temperature
| product between all pixel pairs
-] separated by an angle @ .

. 7 | I
C(6) =YY AT(R)AT (1,)5(f, -, —cOs6)

n N

C(A, o f,) = 8—7122 [d® C(RA,RA,)




Measuring the non-SI correlation

In the absence of statistical i1sotropy
Estimate of the correlation function from
a sky map given by a single temperature

product C (ﬁ1’ ﬁz) = AT (ﬁl)AT (ﬁz)

IS poorly determined!!

(unless it is a KNOWN pattern)
sMatched circles statistics (Cornish, Starkman, Spergel ‘98)
sAnticorrelated ISW circle centers (Bond, Pogosyan,TS ‘98, 02)
- Planar reflective symmetries (de oliveiraCosta, Smoot Starobinsky '96)



Bipolar Power spectrum (BIPS) :

A Generic Measure of Statistical Anisotropy

Recall: C(A, oh,) = [d% c(wh, Ri,)
87

Bipolar multipole index

- 2
1 A a
= [da, [do,, _yjdﬂ%c (9, 9?”2)_

A weighted avem

14
correlation function over all | z(®)= > D, (R)
rotations "

Characteristic Wigner

function rotation
matrix




Statistical Isotropy
O

Correlation Is invariant
under rotations

C(®Rn, ®n,) = C(n, n,)

K = (2z+1)jdgz de C (A, nz)[ jdiR;( (R

[ jdiR;( (R) = 5, ]




Bipolar Power spectrum (BIPS) :

A Generic Measure of Statistical Anisotropy
 Correlation Is a two point function on a sphere

C(R A . V@Y (A BiPoSH
hl,LM harmonics.
C(n,en,) = ZMC P(nen,) {Yll(ﬁl) LQ<I\>/IY (ﬁz)}LM
=>»C n n
e Inverse-transform 2_Cimn, Vi, (0o, (7o)

MM, Clebsch-Gordan

LV _J'thlj-dQn C(n, ){Y, (n) ®Y, (N,) }y,

Linear combination of
— CLM — :
Z:<a|1mla|2m2 > il off-diagonal elements




Recall: Coupling of angular momentum states
(mlm, [M) =<, <l +¢, m+m,+M =0

BiPoSH ™ _ < * > M
=) (a,a C
coefficients : gt % =y M+ /= iy ey

« Complete,Independent linear combinations of off-diagonal correlations.
« Encompasses other specific measures of off-diagonal terms, such as
- Durrer et al. '98

_ _ M ~ (M
- Prunetetal. '04 : DI = <almal+2 m> — Z Au' C:|+2 mlm
M

0
(i) — _
DI = <almal+1 m+i> - Z |
‘M

Kl\/lcﬁl\/l
K= Zl A\fll\z/l |2 —

[+1 m+i |l m
ML

BIPS:

rotationally invariant

0




Sl violation:

<a‘lmalm>;/:C é]l5

SCH: m004(-5,1) [Qg = 0.300]
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Spherical Bipolar spherical
harmonics harmonics

14
C, K
Angular power BIPS
spectrum

Bipolar Power spectrum (BIPS) :
A Generic Measure of Statistical Anisotropy



Spherical Bipolar spherical
harmonics harmonics

a, "

m

Spherical Harmonic | BipoSH Transforms
Transforms

Statistical Isotropy
1.e., NO Patterns




BIPOLAR maps of WMAP

Hajian & Souradeep (PRD 2007)

Reduced BipoSH

S| part corresponds to the
“monopole” of the map.




Testing Statistical Isotropy of WMARP-3yr

: : : Hajian & Souradeep, (PRD 2007 )
Retaln orientation

information: |
> 0
Reduced BipoSH Outliers (> 95%)
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Even & odd Bipolar coefficients
C(n,N,)= D> AM{Y, (1) ®Y, (R}

l,1,LM

L+1+1"

= C(n,Ny) = Z N”LM'Ei-l)ﬁhJ{Y (N) @Y, (M) Fyy

L+1+1'+1

+ 2 A 'E—*Lu—]{Y L (M) ®Y, (M) iy

If only even L+I"+l « Anisotropic P(k)

contribute, itis SS9 ¢ Linear order templates
becoming (21, +1)(21, +1)

popular to use




BIPOLAR measurements by WMAP-7 team
(Bennet et aI 2010)

ALY 400
9 Non -Zero Blpolar coeffs 1
CLO
101'0 300
Ql Sys. effect : beam distortion ?
E 200 + (Hanson et al. 2010)
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Ol al! el
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Image Credit: NASA / WMAP Science Team



Even & odd parity BipoSH

AlHEM = ALV symmetric

51 1>

= — ALIEM antisymm.

1,

(+)L,— M
1,

)M ATIE"M Odd parity

1,

Even parity




SI violation : Deflection field

TA)=T(A+O)=T(A)+Oe VT (A)

® = Vg(R) + V x Q(A)
= Vi¢(ﬁ) + gijVjQ(ﬁ)
Gradient Curl
WL:scalar WL: tensor/GW




SI violation : Deflection field

Kamionkowski & Souradeep

T (ﬁ) — aIm — aI\?n T 5alm’ ¢(ﬁ)1Q(ﬁ) — ¢LM ’Q

08y, = Zzalm |:¢LI\/I e —1Q oy, ]G C|hql\|/|m

LI\/IIm

L LO
G” _[ ]le 1 (=L[.-1Cg'q for I +1'+ L : even)

cVven. Elll_' :%[1+(—1) o ]&odd OII 2[1 (-1 " L]

Sl violation: (a,,a,.,.) # C,8,.6,

'~ mm'




Deflection field: Even & Odd parity BipoSH

Kamionkowski & Souradeep

L L
APM =g {C'G"+ GGy } WL: scalar

NEEEEN I

WL: tensor

C,G, C,.Gy. }

'6‘1(|_)leI =10Q,, -
ol «/ (I'+1)  JI(1+1)




BipoSH Measures of deflection field

Estimators

) ZQII A1(+)LM/ 2 LM ]
Am = W var(¢LM)={Z(Qﬁ.)2/gﬁ.w’}

ZQII Aﬁ( M/ 2LM L

Variance
-1

S YCHRr LR {Z(Q..) /aﬁﬂ




CMB BipoSHs & Bispectra

Kamionkowski & Souradeep, (arXiv:1010.4504)

For deflection field |4, = a[?n +0q,,

LM S oS LM
I ¢LMZ <almal'm'> Cint'm:

mm'

LM LM
o > A =A ~Z<aLMalmal'm' Imim’

mm'

BipoSH related to Bispectrum
LM
BLII' - Z <auv| almal'm'> Clml'm' ()

Mmm'

_ (+)LM :
Z Ay Consider only: | +1'+L = even
M




Odd parity Bispectra ?
B~ > A

M
Flat sky intuition:

L
7 i 3

X |2 has opposite sign In Fhe
two mirror configurations.




Odd parity Bispectra
For local NG model
B(L1) =2 {fn. - e

1°2

Flat sky approx
} (C,Cy, + perms)

In general
(C|1CI2 + perms_)

fu= o7, 2 6G E
m ’ |1<'ZZ;'3 . Cllclz + C|3C|2 + C|1C|3 1,
f C C + erms.
fn?dd — g? Z 6 G||3| ( L, TP ) o
nl | 12 C|1C|2 + C|3C|2 + C|1C|3 1l

A~

2
0_2 _ Z |:6 G:j2 (C|1C|2 + perms.):|
; A<y C|1C|2 U C|3C|z ki C|1C|3




summary

Curre ations now alldliv a meaningful search for el s@ions ) the “standard’
ZThank.you.!!
Anomalilgs IV g iSiblegre \ W fug L St I

\ }"‘:F
Bipolar harmoni-clgbm rﬁﬂl@lsa§m§mlete, well de %&3
representation of Sl violation. i o

— Possible to include Sl violation in CMB arising both from direction dependent Primordial
Power Spectrum , as well as, Sl violation in the CMB photon distribution function.

— BipoSH provide a well structured representation of the systematic breakdown of rotational
symmetry [Talk by Nidhi Joshi on Friday].

— Bipolar observables have been measured in the WMAP data.

BipoSH coefficients can be separated into even and odd parity parts.

— For a general deflection field, gradient & curl parts are represented by even & odd parity
BipoSH, respectively. Eg., Weak lensing by scalar & tensor (or 2" order scalar) perturbations.

— Estimators for grad/curl deflections field harmonics in terms of even/odd BipoSH
BipoSH for correlated deflection field relate to Bispectra
— Pointed to, hitherto unexplored, odd-parity bispectrum.

— Minor modification to existing estimation methods for even-parity bispectra

— Odd parity bispectrum may arise in exotic parity violations, but, also an interesting
null test for usual bispectrum analysis.
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