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Standard Model of Cosmology

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

cosmological model.

Baryon density

W Neutrino mass and
radiation density:
fixed by
assumptions and
CMB temperature

Dark Energy is

Cosmological Constant.

£2A =1_Qb_gdm

Initial Conditions:
Form of the Primordial
Spectrum is Power-law

Epoch of reionization

Hubble Parameter and
the Rate of Expansion




Standard Model of Cosmology

Using measurements and statistical techniques to place
sharp constraints on parameters of the standard
cosmological model.
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Standard Model in 2018 SN

20 years after discovery of the acceleration of the universe:

From 60 Supernovae la at cosmic distances, we now have ~1000
published distances, with better precision, better accuracy, out to
z~2.0. Accelerating universe in proper concordance to the data.
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Standard Modelin 2018 CMB

Almost 20 years after discovery of the acceleration of the universe:

CMB directly points to acceleration. Didn’ t even have acoustic
peak in 1998!
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Dark Energy in 2018 LSS

Almost 20 years after discovery of the acceleration of the universe:

BOSS collaboration DR12 (2016),
arXiv:Alam et al, MNRAS 2016 , PLANCK+SN
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BAO distances

BOSS DR14Q

+Planck 2015
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Standard Model of Cosmology

combination of reasonable
assumptions, but.....

Baryon density
Initial Conditions:

W Neutrino mass and : .
radiation density: Form of th_e Primordial
assumptions and Spectrum is Power-law
CMB temperature

Dark Energy is
Cosmological Constant. Epoch of reionization

Q =1-Q,-Q

Hubble Parameter and
the Rate of Expansion




the Standard
Model of Cosmology

* The universe might be more complicated than its
current standard model (Vanilla Model).

* There might be some extensions to the standard
model in defining the cosmological quantities.

* This needs proper investigation, using advanced
statistical methods, high performance computational
facilities and high quality observational data.




How to go
the Standard

Model of Cosmology?

Finding features/deviations in the data beyond the flexibility of the standard
model using model-independent reconstructions.

Falsifying the standard model using litmus tests.

Introducing theoretical/phenomenological models that can explain the data
better (statistically significant) than the standard model.

Finding tension among different independent data assuming the standard
model (making sure there is no systematic).

Implementing well cooked statistical approaches to get the most out
of the data is essential!




2014 Omh2

Model Independent Evidence for Dark Energy
Evolution from Baryon Acoustic Oscillation

Introducing litmus
H"(z,)-H’(z) -
2 1 2 tests of Lambda:
Oth(zl,zz) = 3 3l g2()mli() Comparing direct
(1 + Zz) — (1 + Zl) observables assuming

a model.
Sahni, Shafieloo, Starobinsky, ApJ Lett 2014 Only for LCDM
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Omh?2

Model Independent Evidence for Dark Energy
Evolution from Baryon Acoustic Oscillation

H*(z,)-H’

Omi2(z,.5,) =) G o p
(+2,)" -(I+z)

Sahni, Shafieloo, Starobinsky, ApJ Lett 2014 Only for LCDM
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2018 Omh2

Model Independent Evidence for Dark Energy
Evolution from Baryon Acoustic Oscillation

H*(z,)-H*(z

Omi2(z,.5,) =) G o p
(+2,)" -(I+z)

Sahni, Shafieloo, Starobinsky, ApJ Lett 2014 Only for LCDM
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Model Independent Evidence for Dark Energy
Evolution from Baryon Acoustic Oscillation
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Sahni, Shafieloo, Starobinsky, ApJ Lett 2014 Only for LCDM
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What if we combine many different cosmology data?

Should we see evidence for deviation from Lambda?

H*(z,)-H’

Omi2(z,.5,) =) G o p
(+2,)" -(I+z)

Sahni, Shafieloo, Starobinsky, ApJ Lett 2014 Only for LCDM
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The clustering of galaxies in the completed SDSS-III Baryon Oscillation Spectroscopic
Survey: Examining the observational evidence for dynamical dark energy

Gong-Bo Zhao,!»2:* Marco Raveri,®* Levon Pogosian,®? Yuting Wang,'? Robert G. Crittenden,? Will J.
Handley,% 7 Will J. Percival,? Jonathan Brinkmann,® Chia-Hsun Chuang,? 1% Antonio J. Cuesta,'! Daniel

J. Eisenstein,'? Francisco-Shu Kitaura,'3 * Kazuya Koyama,? Benjamin L’Huillier,'> Robert C. Nichol,?
Matthew M. Pieri,'6 Sergio Rodriguez-Torres,? 17:18 Aghley J. Ross,'® 2 Graziano Rossi,?® Ariel G.

Sénchez,?! Arman Shafieloo,'% 22 Jeremy L. Tinker,?® Rita Tojeiro,?* Jose A. Vazquez,?® and Hanyu Zhang!

Zhao et al, Nature Astronomy, 2017
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X

Acronym
’ P15
JLA
6dF
MGS

P(k) The WiggleZ galaxy power spectra

WL The CFHTLenS weak lensing
Hy The Hubble constant measurement
OHD H(z) from galaxy age measurements
gBAO-3z 3-bin BAO from BOSS DR12 galaxies
gBAO-9z 9-bin BAO from BOSS DR12 galaxies
LyaFB  The Lya forest BAO measurements
B P15 + JLA + 6dF + MGS
ALL12  The combined dataset used in [27]
ALL16-3z B+P(k)+WL+Ho+OHD+gBAO-3z+LyaFB
ALL16 B+P(k)+WL+Ho+OHD+gBAO-9z+LyaFB
. DESI++ P15 + mock DESI BAO [49] + mock SN [50]
Surprise

Meaning
The Planck 2015 CMB power spectra
The JLA supernovae
The 6dFRS (6dF) BAO
The SDSS main galaxy sample BAO

References

[6]

Kullback-Leibler (KL) divergence to quantify the degree For LCDM; HO, LyFB and JLA measurements are in tension with
of tension between different datasets assuming a model. the combined dataset, with tension values of T = 4.4, 3.5, 1.7.



Not Yet Statistically Significant to rule our Lambda

Zhao et al, Nature Astronomy, 2017

po S _ (61— 02)TC (61 — 02) — Tr (C2Cy ' + 1)
> Tr (C, ¢! +1)°

0
Surprise

For LCDM; HO, LyFB and JLA measurements are in tension with
the combined dataset, with tension values of T = 4.4, 3.5, 1.7.

-1.5 —— ALLI12, Zhao et al. (2012)

Bl ALLIG6, this work

2.0 . DESI++, this work

redshift z

OHD
37 |2




Not Yet Statistically Significant to rule our Lambda, but
data seems to be persistent.

Zhao et al, Nature Astronomy, 2017
(61— 62)7C (63— 02) — Tr (G + 1) Bautista et al, [1702.00176]

Tr (Co ¢t +1)°
\/ ( ) Found no systematic/mistake in the

previous measurement

Follin & Knox [1707.01175]
Zhang et al, [1706.07573]

Both agrees with Riess et al 2016 HO
measurement
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For LCDM; HO, LyFB and JLA measurements are in tension with AlnE‘ —6.7+0.3 —3.3+£0.3 11.3+0.3
the combined dataset, with tension values of T = 4.4, 3.5, 1.7.
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Tensions may disappear by themselves if they are due
to statistical fluctuations

With popular pseudo-solutions: such as proposing models with more degrees of freedom (having more
parameters) and get larger confidence contours which looks like there are better consistencies (more
overlap between larger contours).

Finding systematics in different data

Touching any aspect of the concordance model, means going beyond the
standard cosmology (which is great!) and its time to consider different
possibilities:

=» Current tensions seems to be persistent at the background level. So just touching
GR (modified gravity models) cannot help.

=> Evolving dark energy? Possible but not yet so easy to satisfy all observations.

= Neutrinos? As always they are a possibility (they may not be able to help much
though)

=» Early Universe and seeds of fluctuations? We can try!




Lets play!

 Lets keep omega CDM and omega b equal to their best fit flat LCDM values

from Planck : 9
wepMm = epmh

Why?: Height and dept of the CMB angular power spectrum acoustic peaks will remain
the same and hence minimal changes at large CMB scales

* Lets assume H0=73.48 and consequently Omega_m=0.259.

Why?: This automatically satisfies local HO observations and weak lensing constraints by
having large HO and low matter density. It may help BAO as well.

Task is now to find a form of Primordial Power Spectrum that by having a
kernel with above background parameters can result to exactly the same
form of the angular power spectrum as given by the best fit Flat LCDM Planck
model ( ).

Why?: To explore the possibility, looking for possible systematics, theoretical implications .

How?: We use the MRL deconvolution algorithm we developed over the years for the
purpose of reconstruction.




Direct Reconstruction of the Primordial Spectrum

Modified Richardson-Lucy Deconvolution

=> [terative algorithm

=> Not sensitive to the initial guess.

=» Enforce positivity of P(k).

[ IS positive definite and IS positive]
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Shafieloo & Souradeep PRD 2004 ;
Shafieloo et al, PRD 2007;
Shafieloo & Souradeep, PRD 2008;
Nicholson & Contaldi JCAP 2009 Il
Hamann, Shafieloo & Souradeep JCAP 2010
Hazra, Shafieloo & Souradeep PRD 2013
Hazra, Shafieloo & Souradeep JCAP 2013
Hazra, Shafieloo & Souradeep JCAP 2014

: Hazra, Shafieloo, Souradeep, arXiv:1810.08110
Hazra, Shafieloo & Souradeep JCAP 2015




Qm

Power law PPS Hazra, Shafieloo, Souradeep, arXiv:1810.08110
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Issues:

1. it appears to be to generate the complex form of the reconstructed
PPS within an without extreme fine tuning. However, we
do not provide any conclusive reason to close the possibility of a physical early
Universe explanation.

2. Using polarization data it should be possible to validate further the possibility of
the reconstructed form of the PPS. Likewise, using polarization data we might
be able to look for a more optimized form of the PPS to remove tensions from
different observations.

3. A wider exploration of the of the cosmological
model would be essential to reveal potential routes to ameliorate the
disagreements in cosmological parameters inferred.

4. Need for a comprehensive iterative approach to derive observational constraints
and confront vs theoretical/phenomenological models.

5. Lensing templates! Are they reliable?




Issues:

5. The features at high k values are very similar to the features we reconstructed
previously when we did not consider CMB lensing (trying to project the effect
on the form of the PPS). Can lensing templates play a key role?

Also see: Kable, Addison, Bennett : . .
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Conclusion

The current standard model of cosmology seems to work fine but this
does not mean all the other models are wrong.

It is possible to put all the blame on PPS but we need suitable EU
scenario to explain reconstructed features.

High multiple CMB lensing: Suspicious (no strong claim though,
yet!)

First target can be testing different aspects of the standard ‘Vanilla’
model. If it is not ‘Lambda’ dark energy or power-law primordial spectrum
then we can look further. It is possible to focus the power of the data for
the purpose of the falsification. Next generation of astronomical/
cosmological observations, (DESI, Euclid, SKA, LSST, WFIRST etc) will
make it clear about the status of the concordance model.




