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Standard Model of Cosmology

Using measurements and statistical techniques to place
sharp constraints on parameters of the standard
cosmological models.

Baryon density

Initial Conditions:

Form of the Primordial
Spectrum is Power-law

S S

Dark Energy is

Cosmological Constant. Epoch of reionization

Q =1-Q -Q

Hubble Parameter and
the Rate of Expansion




Reconstruction & Falsification

Reconstruction: Understanding the behavior
Falsification: Testing the Consistency

Baryon density

Initial Conditions:

Form of the Primordial
Spectrum and Model of
Inflation and its Parameters

Dark Matter:

Dark Energy:

density, model Epoch of reionization
and parameters

Hubble Parameter and

CurvaitiCy the Rate of Expansion




Statistics of CMB

CMB Anisotropy Sky map => Spherical Harmonic decomposition

=11.08

Gaussian Random field => Completely specified by
angular power spectrum [(1+1)C, -

Power 1n fluctuations on angular scales of ~ 7//
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Planck temperature angular power spectrum,

Planck XV, Planck XVI.

Angular scale
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Figure 15. Top: Planck maximum-likelihood (primary) CMB
spectrum compared with the best-fit six parameter ACDM spec-
trum. Bottom: Power spectrum residuals with respect to the
ACDM model. The error bars are computed from the diagonal
elements of the band-averaged covariance matrix, as given by
Eg. A.25, including contributions from foreground and beam
transfer function errors.
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Planck temperature angular power spectrum,

Planck XV, Planck XVI.

Angular scale
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Figure 15. Top: Planck maximum-likelihood (primary) CMB
spectrum compared with the best-fit six parameter ACDM spec-
trum. Bottom: Power spectrum residuals with respect to the
ACDM model. The error bars are computed from the diagonal
elements of the band-averaged covariance matrix, as given by
Eg. A.25, including contributions from foreground and beam
transfer function errors.
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Cosmological parameters from
Planck and WMAP in the

context of Vanilla LCDM model
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Cosmological parameters from
Planck and WMAP in the

context of Vanilla LCDM model

Lets remember
WMAP 9 probes multipole | <1200 &
Planck probes multipole | <2500
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Modeling the deviation

Testing deviations from an assumed model
(without comparing different models)

Gaussian Processes:

Modeling of the data around a mean function
searching for likely features by looking at the the
likelihood space of the hyperparameters.

Bayesian Interpretation of Crossing Statistic:

Comparing a model with its own possible
variations.



Gaussian Process

=» Efficient in statistical modeling of stochastic variables
=»Derivatives of Gaussian Processes are Gaussian
Processes

= Provides us with all covariance matrices
Shafieloo, Kim & Linder, PRD 2012

- Shafieloo, Kim & Linder, PRD 2013
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Detection of the features in the residuals
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CrOSSing Statistic (Bayesian Interpretation)

Theoretical model Crossing function Comparing a model

M/,];V (Z) o MM (ﬁl.,z) = TN (q,,C ,Z) with its own variations

i —a
0.]0.01 -0.(1)05 CO1 0.(1305 0.01 0-:]0.01 -0.605 C01 ) 0.;)05 0.01 0-]0.01 -0.(1305 C01 O.(;OS 0.01
Ti(Cy, 2) = 1+ Cy(——) Chebishev Polynomials
“maz as Crossing Functions
Tj[(Cl,CQ,Z):].—f—Cl(H& )+C2[2(,~ )2—1],
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Bayesian Interpretation of Crossing Statistics
Shafieloo, JCAP 2012b
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modified —

'T[](C'O, C’vl. C'-p_, I) = Co + C'1 T+ CQ(QIQ — 1)

ﬂ[}(cvo, C'l, C'-p_, .."3, ;17) = C() + Cvl T+ C'Q(Q;lf?' — 1) + C'3(4l’3 — _))l')

Chebychev Polynomials

'T[\-'(CY(), Cl, C‘YQ, CVS C.; l‘) = C(] + Cl T+ C'Q(Q;Tz — ].) + CV3(—11‘3 — 3;’17) + 04(8;'1’-4 — 8'.'1’-2 + ].)

Chebychev polynomials have the properties of orthogonality and
convergence within the limited range of -1 < x < 1.
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Fitting the best fit WMAP LCDM model along with a Crossing function to
Planck and WMAP 9-year data.

Hazra & Shafieloo, PRD 2014
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Fitting the best fit Planck LCDM model along with a Crossing function to
Planck and WMAP 9-year data.

Hazra & Shafieloo, PRD 2014
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C'f | C"[ |best fit model X TN (CO Cl, CQ, C'N, [)

modified —

Ti(Co, Cy, Co,z) = Cy + Cy z + Cp(22° — 1)

Fitting Planck and WMAP data using best fit LCDM models from Planck and WMAP as mean
functions along with second order Crossing functions
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Ti(Co, C1,Ca, ) = Co + Cy =+ Cy(22° — 1)

Recovered Crossing functions

Samples of T,(C,,.C,.£) : WMAP to Planck With overall amplitude
Samples of 1/T,(C,,C,.£) : Planck to WMAP Shlft tWO data are
consistent.

Without amplitude shift,
they are not consistent
at more than 3 sigma
confidence.
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CrOSSing Statistic (Bayesian Interpretation)

Theoretical model Crossing function

TT N TT | :
Cf modified — C[ |best. fit model X TN (COa Cl: C‘Za coey CN» [) .

Test of consistency between Planck and WMAP

Hazra and Shafieloo, PRD 2014 CansiSten. Oniy. Dl lioving
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Bayesian Interpretation of Crossing Statistics

Theoretical Model Crossing Function
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Cnax = 2500

Is standard model consistent to
Planck temperature data?



Theoretical Model Crossing Function

Aume X Tn(Co,C1,Cs, ..., C, ).

C[ |0 Q

modlﬁed cpm,Ho, T

Tu(Co, Cy, Ca,z) = Co + Cy z + Co(22” — 1)

Marginalized C4-C, contours
Mean function = Planck best fit
Varying mean function

02 03 04 05 06
Cq

Hazra & Shafieloo, JCAP 2014



Theoretical Model Crossing Function

C[ |0 QepaaHorAene X IN(Co, C1,Ca,...,Cn, £).

modlﬁed

TIII(C0~ C1, O, Cs, 'l’) =Co+Cyz+ C"Z(Ql??' -




Theoretical Model Crossing Function
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Theoretical Model Crossing Function
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Theoretical Model Crossing Function
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Theoretical Model Crossing Function
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CrOSSing Statistic (Bayesian Interpretation)

Theoretical model Crossing function

_ TT
modified = C¢ |Qb,QCDM_.Ho.,T,As,ns-.f x T:i(Co, C1, O, ..., O, £).
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Theoretical Model Crossing Function

C[ |0 QepaaHorAene X IN(Co, C1,Ca,...,Cn, £).

modlﬁed

TIII(CO- C.Cs, C4, 1) =Cyp+C) z+ C'.Z(QIQ — Y (A4S — ¢ With 217 GHz x 217 GHz



Theoretical Model Crossing Function

C[ IQb_-anr\,hHOqTfAles X T?N(C"Oa th C"Qt ey C'Na [)

modlﬁed

Tin(Co, Cy, Cs, Cs, ) = Co + Cy = + Cy(22% — 1) + Cs(42° — 32) 217 GHz x 217 GHz

<




P l+1)

1 Cl)’ T(i) b -
~ ¢ 2 v (1)
g (() G[k T t-anh [Q[ (Cf - Cf
v 7R
[) ’T(‘l)
— C,v — e — ¢
G' o £ tvanhz £ D, L

al

t’
o
5 v x
Planck
S F'WMAP
WMAP-Fixed amplitude
JF E
s
z
= 9f
d
-0}
Al E
A2
13
00001 0.001 Qo1
A
a+a
4000 T
Planck
WMAP

3950 FWMA P-Fixed amplitude

F%(.)(Iﬂl Q(.X)I

a9

Q0001

Ll

095

“Hooor

N\,
O OO Y \\.\\ SNOULRL Y
\\ \\\ \\\ \\_\_\\\ \\\ SO SO \\\

O OO O

W\ Amphle@ band
N OO
SANAANARNANNANNANNANY - Best fit amplitude factor
1

1
0001 001

a+a

Qal

Amplitude band
Best fit amplitude factor

Hazra, Shafieloo, Souradeep, JCAP 2014

0001 001

al

Comparing the
reconstructed
form of PPS
from Planck data
with WMAP

Hazra Shafieloo, Souradeep

JCAP 2014
Our symbol | Spectra Multipoles(£) | Scales
a low-£ 2-49 Largest scales
a 100 GHz x 100 GHz | 50-1200 Intermediate scales
b 143 GHz x 143 GHz | 50-2000 Intermediate scales
1 217 GHz x 217 GHz | 500-2500 Small scales
2 143 GHz x 217 GHz | 500-2500 Small scales




fne (S1900) o _ T .
1 s 2

P i+1) P(l) P(!) Z (()G[k CT—[;)[ tanh” [Qf(Cf —C ('))
et ¥ t ‘

Emax D, ,Tm T

1 s C{ - 9 C{ C[

+ Z T )G'u T tanh D,

£=£%. (>1900) g ¢ binned.

—C,"heov-i(e, ¢

Qe=)Y (Cp*

t!
4000 — T a'+b' Ll —— T (“b,
Planck Amplitude band
WMAP Best fit amplitude factor
3950 FWMA P-Fixed amplitude . 105 | /7 i
- 1., Comparing the
o | ] reconstructed
- 0ss | ] form of PPS

from Planck data

g%(_)(n)l PP “‘Q.(l)m PR ““6.101 o Ot{)cm} s .,.u.(.m PP ““&01 ol Wlth WMAP
A A
a+a+l a+a+l
4000 Ll
Planck Amplitude band
WMAP Best fit amplitude factor

Hazra Shafieloo, Souradeep

3950 FWMA P-Fixed amplitude JCAP 2014

3900
g Our symbol | Spectra Multipoles(£) | Scales
' gso - a low-£ 2-49 Largest scales
a 100 GHz x 100 GHz | 50-1200 Intermediate scales
et b 143 GHz x 143 GHz | 50-2000 Intermediate scales
Hazra, Shafieloo, Souradeep’ JCAP 2014 1 217 GHz x 217 GHz | 500-2500 Small scales
r 1 1 L
-’%(?CUJI Q(XJI 001 al %9‘]])1 0001 001 al
A A 2 143 GHz x 217 GHz | 500-2500 Small scales




Com (S1900) % _ o ;
1 ~ y T
P — pi = pi) « Goud | L——=t— | tanh? |Qu(Cr* —C™)
gu( () CT(:) g )
=, (
Enax D;, ,Tm T
1 Val] Cl — 2 C[ Cl‘
+ Z P ([) G’ o (’T(' tanh O
y , ag, v
£=Ein(>1900) I £ € binned-
1 ) r—1
Qe= (Co — " ycov(e,¢') EAVISehille Richardson-Lucy Deconvoloution
t!
a+a+2 a+a+2
4000 Ll
Planck Amplitude band
WMAP Best fit amplitude factor
3950 FWMA P-Fixed amplitude
ol .
} Comparing the
7 el reconstructed
form of PPS
) from Planck data
__// H
o5 ; ws . with WMAP
0.0001 0001 001 al Q0001 0001 001 Qal
w00 a+b+l O a+b+l
Planck ' ' Amplitude band ' '
WMAP Best fit amplitude factor Hazra Shafieloo, Souradeep
3950 FWMA P-Fixed amplitude . - —/_/ JCAP 2014
3900 | 4 Our symbol | Spectra Multipoles(£) | Scales
g
_-T' < 1 a low-£ 2-49 Largest scales
3850 .
a 100 GHz x 100 GHz | 50-1200 Intermediate scales
3800 | 095 7 b 143 GHz x 143 GHz | 50-2000 Intermediate scales
Hazra, Shafieloo, Souradeep’ JCAP 2014 1 217 GHz x 217 GHz | 500-2500 Small scales
001 2001 00! ol Qo001 2001 0.01 a1 |2 143 GHz x 217 GHz | 500-2500 | Small scales




B (£1900) ¢ _ o I
(i+1) (1) (:) ~ 2 (1)
P —pY = p; Z p (()G[k T tanh [Qf(Cf -G )
tztlr:xin v L )
&, D, T(i) Dy T(i)] 2 ]
1 . C _ . C v __C J
" '(f)G'““ ) tanh’ | =—p5—
—ev . (>1000) T G e bismed

DB (AR eAR CORININ |\|odified Richardson-Lucy Deconvoloution

t’
a+b+2 a+b+2
4000 — : ———— Ll —————rrrrr ————rrr
Planck Amplitude band
WMAP Best fit amplitude factor

1

3950 FWMA P-Fixed amplitude

y _

1

Comparing the
ssof ] reconstructed

ass| ] form of PPS
from Planck data

A A
a+a+b+142 a+a+b+1+2

e

Planck Amplitude band
WMAP Best fit amplitude factor

3950 FWMA P-Fixed amplitude Hazra Shafieloo, Souradeep

JCAP 2014

SN ' Our symbol | Spectra Multipoles(£) | Scales
ssob a low-£ 2-49 Largest scales
- a 100 GHz x 100 GHz | 50-1200 Intermediate scales
0. 3 -’
3800 . .
b 143 GHz x 143 GHz | 50-2000 Intermediate scales

Hazra, Shafieloo, Souradeep, JCAP 2014
'r’?fmm Bo01 Bo1 al CPooor T 001 a01 a0l
A A

An £

1 217 GHz x 217 GHz | 500-2500 Small scales

[

143 GHz x 217 GHz | 500-2500 Small scales




Summary

We conclude that there is no clear tension between Planck and WMAP 9 year angular power
spectrum data allowing the overall amplitude shift.

While the angular power spectrum from CMB observations is a function of various cosmological
parameters, comparing individual parameters might be misleading in the presence of
cosmographic degeneracies (they are not orthogonal).

Fixing the amplitudes at the reported values by Planck and WMAP results in an unresolvable
tension between the two observations at more than 3o level which can be a hint towards a serious
systematic.

Crossing functions suggest the presence of some broad features in angular spectrum beyond the
expectations of the concordance model.

Best fit Crossing functions indicate that there are lack of power in the data at both low-f and high-{
with respect to the concordance model. Concordance model of cosmology is consistent to the
Planck data only at 2 to 3o confidence level.

This might be due to random fluctuations or may hint towards smooth features in the primordial
spectrum or departure from another aspect of the standard model. This hints that we may need
some modifications in the foreground modeling to resolve the significant inconsistency at high-{.
However, presence of some systematics at high-f might be another reason for the deviation we
found in our analysis (such as the feature at multipole | ~ 1800).
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