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Era of Precision Cosmology

Combining theoretical works with new measurements and
using statistical techniques to place sharp constraints on
cosmological models and their parameters.
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Standard Model of Cosmology

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

Extreme accelerated expansion of the early universe.

It can be realized by scalar fields (or some other
mechanisms).

So far the best theory that can resolve the magnetic
monopole problem (absence of relics), flatness
problem, horizon problem and explain the initial
perturbations from quantum fluctuations.

It has many many models.

These models are different in their statistical properties
and we may be able to distinguish between them
using cosmological observations.



Models of Inflation

old, new, pre-owned,

chaotic, quixotic, ergodic,
ekpyrotic, autoerotic,
faith-based, free-based,

D-term, F-term, summer-term,
brane, braneless, brainless,
supersymmetric, supercilious,
natural, supernatural, au natural,
hybrid, low-bred, white-bread,
one-field, two-field, left-field,
eternal, internal, infernal,
self-reproducing, self-promoting,
dilaton, dilettante,

[shamelessly stolen from Rocky Kolb]

[Shamelessly stolen from Jan Hamann]




Constraints on inflationary scenarios
from cosmological observations:

« Form of the primordial spectrum (degenerate with other
cosmological quantities).

» Tensor-to-scalar ratio of perturbation amplitudes
(near future potential probe)

* Primordial non-Gaussianities
(near future potential probe)



| P(k) Assumption suggested by
Primordial power inflation
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Standard Model of Cosmology-

Vanilla Model
g2b
. Flat Lambda Cold Dark Matter Q
Universe (LCDM) with power—law )24

form of the primordial spectrum
* |t has 6 main parameters:
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Cosmological Parameters from
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Parameter estimation within a

cosmological framework
Harisson-Zel’dovich (H2) PL with Running (RN)
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Parameter estimation within a

cosmological framework
Harisson-Zel’dovich (H2) PL with Running (RN)
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Dark Energy Reconstruction

* Any uncertainties in matter density is bound to
affect the reconstructed w(z).

2(1 +z) H'

( =)

T (—0> 0y (1+2)

Shafieloo et al, MNRAS 2006 ; Shafieloo MNRAS 2007
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Model Independent Estimation of Primordial Spectrum

Bridle et al, MNRAS 2003

0.04 0.06 0.08 1 0.1 : 0.14
k / Mpc

Figure 4. Reconstruction of the shape of the primordial power spectrum in 16 bands after marginalising over the Hubble constant,

baryon and dark matter densities, and the redshift of reionization.

Spergel et al, APJ 2007

Binning Primordial Spectrum
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Model Independent Estimation of Primordial Spectrum
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Richardson-Lucy Deconvolution

=> [terative algorithm

=>» Not sensitive to the initial guess.

=» Enforce positivity of P(k).

| IS positive definite and IS positive]

C” = 2 G(l, k)P (k)

PV (k)= PV (k) = P<l>(k)2 s C(

ClD has some finite error bars.

Regularizing function

Shafieloo & Souradeep PRD 2004 ;
Shafieloo et al, PRD 2007;
Shafieloo & Souradeep, PRD 2008;
Nicholson & Contaldi JCAP 2009
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Is the recovered spectrum unusual for inflationary scenarios?

« Starobinsky (1992): sharp changes in the slope in the inflation
potential.

Vilenkin and Ford (1982): pre-inflationary radiation dominated
epoch.

P(k) = P.(K)YD(k, k.. 7) = AK™"[1=3( 1)~ (1 - iz) sin2y +

Y Y
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logg P(k)
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The recovered spectrum is NOT unusual!!
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Regularized Least Square Method
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Combining different CMB data sets
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FIG. 3: Current limits from a combination of CMB data sets
(WMAP, ACBAR, QUaD, BOOMERanG and CBI). There is
some evidence of a dip in power at around k = 0.002 below
the best fit power law model. Shaded regions are defined as

in Fig.

Nicholson & Contaldi, JCAP 2009
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FIG. 4: As an indication of the origin of the dip at k£ = 0.002
Mpe™! we remove the data between ¢ = 18 and £ = 26 and
re-run the estimator. The red/yellow contours show the effect
of the removal over the original estimate (blue/cyan).




Model A: SDSS
Model B: 2df
Model C: BAO
Model D: SN +BAO
Model E: WMAP1
Model F: SCDM
Model G: PL

Shafieloo &
Souradeep, PRD
2008
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Q. =0.058

Q =0.416
Q, =0.526
H, =60

Ay’ =-29.014

A. Shafieloo & T. Souradeep PRD 2008
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Power Law Assumption

Optimized over Primordial Spectrum

Shafieloo & Souradeep, NJP 2012

() = \/E (B =)

7 (o)

p(a,b) = p(b,a)

0(HZ,PL) = 6.89
O(RN, PL) = 4.85

0(HZ,RN) =11.09
0(PL, RN) = 2.44

o(PL,HZ) =14.56
O(RN,HZ) = 43.79




o(e.5) = \/E (B =)

7 (Oib)z

p(a,b) = p(b,a)

0(HZ,PL) = 6.89
O(RN, PL) = 4.85

O(HZ,RN) =11.09 I

Power Law with Running Assumption O(PL,RN) = 2.44
Optimized over Primordial Spectrum

o(PL,HZ) =14.56
O(RN,HZ) = 43.79




Using Power Law Sample

Shafieloo & Souradeep, NJP 2011




Shafieloo & Souradeep, NJP 2011
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At the current status of cosmology one cannot
tell with high certainty what is the actual form
of the primordial spectrum, however, we can
test the consistency of different forms to the
data.

Note, that while there is only ONE actual
model of the universe, depends on the
precision of the observations many models
can be consistent to the data.

If a model of the universe is consistent to the
data, it does not mean that it is THE actual
model of the universe.



Testing the Standard Power-Law form of PPS

Smoothing Spline Method
along with Cross Validation

0.0001 0.0010 0.0100 0.1000 0.0010 0.0100 0.1000
k K

Peiris & Verde PRD 2010



Testing the Standard Power-Law form of PPS

Frequentist test using IRL
deconvolution method

P-value = 26%

Hamann, Shafieloo & Souradeep,
JCAP 2010

relative frequency

It is evident that the spectrum

reconstructed from real data does
not have an unusual amount of
features. The apparent feature at
0.05 Mpc < k < 0.07 Mpc is caused
by the noise term becoming
dominant at the corresponding
multipoles in the WMAP data.




Full picture

T dk T
G =[Pk G (k)

Ci* = [ P(k) G (k)

BB dk BB
CP* = [ P(k) G (k)

TE dk TE
CIF = [ (k) GI* (k)

G (k),GI* (k), G (k), G (k
P (k). By (k). P, () I et e e

Post recombination Radiative

Primordial power spectra transport kernels in a given
from Early universe cosmology
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Gaussian Process & Detecting Features

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

Processes
= Provides us with all covariance matrices

A. Shafieloo. A. Kim & E. Linder,

m Mean Function PRD 2012

4

m(Z) Yool(Z,Z) YoolZ,Z:) XolZ,Zy) _ |

m(Z,) Yoo(Z1,Z) Yoo(Z1,21) Yo1(Z1,Z1) Xoa(Zy, 24, - dletB K
m'(Zy) |’ | X1w0(Z1,2Z) E1wl(Z1.21) X2y, Z,) " | ’ ~ap

m" (Z;) Yoo(Z1,Z) Yoo(Z1,Z1) E1(Z1,Z1)

m(Z,) Yoo(Z1.Z)
m'(Zy) | + | 10(Z1.2) | B9 (Z,.2Z) y
m"(Z1)

Yoo(Z1,7Z)

Yo1(Z1,Z1) Yo2(Z1. 24 Yoo(Z1.2)
Y12y, Zy) X2y, 24 Yw(Z1.2) E—()I(Z.Z:I [Xoo(Z, Z1),X01(Z, Z1), Lo2(Z, Z1)) .
Yo1(Z1,2Zy) Xao(Z4,2,) YoolZy,Z)

Note: Results shown in the talk are removed as they are not yet published.



Summary

By assuming any form of PPS, we in fact find a region in the
parameter space which prefers these specific forms.

The regions where considerably better likelihoods are obtained
allowing free PPS lie outside these basins.

The current cosmological parameters estimates are strongly
prejudiced by the assumed form of PPS.

Our results strongly motivate approaches toward simultaneous
estimation of the cosmological parameters and the shape of
primordial spectrum from upcoming cosmological data.

Though standard power-law form of the PPS is very well
consistent to the data, It is also important to keep an open mind
towards early universe scenarios that produce features in the
PPS.



