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In doing cosmology:

* |nstrumentalists: People who build the instruments
(telescopes, detectors, mirrors, rockets, space crafts etc)

» Observers: People who run the experiments and observe
the Universe and get the data

* Theorists:
1) People who deal with the data in order to get
meaningful information, those who do simulations

2) People who build models to explain the data



Era of Precision Cosmology

This addon for the Celestia
3D Space Simulator can be found at
www.celestiamotherlode.net
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Era of Precision Cosmology

Combining new measurements and using statistical
techniques to place sharp constraints on cosmological
models and their parameters.

Baryon density

Initial Conditions:

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

Dark Energy:

density, model Epoch of reionization
and parameters

Hubble Parameter and
the Current Rate of
Expansion

Curvature of
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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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Large Scale Structure
Data and Distribution
of Galaxies

galaxies on rings of the same characteristic radius L. The preferred radial scale is clearly
visible in the left hand panel with many galaxies per ring. The right hand panel shows a
more realistic scenario - with many rings and relatively few galaxies per ring, implying that
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Measuring Distances in Astronomy

Supernovae la Observations .
We can see
supernovae
l up to very very
: K . large distances

« By observing their brightness and red shift we

can calculate the distances and understand how
far they are.

Asiago 1.82m + AFOSC = cowrtesy ESC



Measuring Distances in Astronomy

Standard Candles

Supernovae type
la are standard
candles because
we know how
bright they are.

Carbon-Oxygen white dwarfs
that accretes mass from a
binary companion and core
reaches to ignition
temperature for Carbon fusion.

Brightness tells us distance away (lookback time)

Redshift measured in spectrum tells us expansion
factor (average distance between galaxies)



Measuring Distances in Astronomy

High redshift Sne la

SN 1997ap
How to measure | atz=0.83
redshift? o2 A ;Lt Ll .
| o 471
) b
>
k%) s
C I\ // \\
2 A A must stretch by a factor of 1.83
B i // A to majcch; so SN 1997ap is at a
A% \/ redshift of 0.83

Very low redshift Sne la

5000 10000 15000
wavelength (Angstroms, 10-10 meters)

13
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Contreras et al. (2010)
Hicken et al. (2009)
Kowalski et al. (2008) (SCP)
Riess et al. (1999)

Hamuy et al. (1996)

Cluster Search (SCP)
Amanullah et al. (2010) (SCP)

Miknaitis et al. (2007)

Astier et al. (2006)

Knop et al. (2003) (SCP)
Amanullah et al. (2008) (SCP)
Barris et al. (2004)
Perimutter et al. (1999) (SCP)

Riess et al. (1998) + HZ

Holtzman et al. (2009)

Suzuki et al, arXiv:1105.3470
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Average distances between galaxies

relative to today's distances

Blue region:
The expansion of the
universe slowed down for a

long time and then, with
dark energy, sped up.
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Strong lensing of objects
* Multiple images
* Magnification/Demagnification

* Time delays

— Different geometrical path
— Different gravitational potentials

Application for Cosmology ?

Slide from A. Hojjati

quasar RXJ1131-123 by HST



Cosmology with strongly lensed variable sources

Need to measure:
* Lens mass model

e Angular positions
* Mass along LOS

* Time delays

> o 1 DqDxq

Geometric d%
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Variable sources :
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Time delays can be estimated !
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Time delay estimation

Goal : Reconstructing the shift between multiple streams of data

Challenges:

— Measurement noise
— Seasonal gap
— Microlensing

— Flux systematics

Slide from A. Hojjati
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Data Analysis in Cosmology

Reconstruction and numerical modeling
Simulation

Model Selection & Falsification
Parameter Estimation
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Does it really have a good fit?

How can you say thal?\“

44

Easy to rule out
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Distance Modules
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WMAP9 + hyper-parameters best fit [Till quadratic order]
Planck best fit ——
g R
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WMAP9 + hyper-parameters best fit [Till quadratic order]
Planck best fit ————
WMAP9 best fit ——

i Planck 100 X100 GHz ©
Which one has a Planck 143 X 143 GHz ¢

better fit? Planck 143 X 217 GHz
Planck 217 X 217 GHz

In fact we can rule one of these models with
99.9% confidence! Here comes the power of
advanced statistical methods of data analysis.
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Likelihood

éf.i'?_“:_"i; fﬁfﬁ”
| We are interested to calculate the
probability of the observed data given
a model.
02




Likelihood

Minimization of reduced Chi square or effective
Chi square is the most common approach in
cosmology (and many other fields of science)
to do parameter estimation and also model

selection.




Likelihood

We are interested to calculate the probability of the
observed data given the model.

When data is
uncorrelated

X




Likelihood and Model Fitting

When number of data points is more than ~30 one can use relative chi
square for likelihood analysis and N, number of free parameters of the
fitting function, will become the degrees of freedom.




Standard Model of Cosmology

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

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
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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

Combination of Astions

Dark Energy is s

Cosmological Constant. Epoch of reionization

Q =1-Q -Q

Hubble Parameter and
the Rate of Expansion



Consistency of a model and the data:

Frequentist Approach:

Assuming a proposed model, the probability of
the observed data must not be insignificant.

Bayesian Approach:

Priors and simplicity of the proposed model also
matters (in model comparison)

Chi square analysis plays a crucial role in
calculation of the likelihood in both approaches



Bayesian Analysis

« Bayesian approach provides the means to
iIncorporate prior knowledge in data analysis.

« Bayes’s law states that the posterior probability
Is proportional to the product of the likelihood
and the prior probabillity.



Posterior probability and the priors:

Likelihood
Prior probability
N v
2 0 (d
])(;T‘d) . ]) ( ’ ])( l
A\

Posterior probability

Normalization factor




Posterior probability and the priors:

Likelihood
\ Prior probability

AT
plxld) = p(d|x)p(z)

p(d)
& A\

Normalization factor

Posterior probability

Model fitting has Bayesian essence since we
assume that we are considering a correct
model. What if we are wrong?



Reconstruction

To find cosmological quantities and parameters
there are two general approaches:

Parametric methods

Easy to confront with cosmological observations to put constrains on the
parameters, but the results are highly biased by the assumed models and
parametric forms.

Non Parametric methods

Difficult to apply on the raw data, but the results will less biased and more reliable
and independent of theoretical models or parametric forms.



Era of Precision Cosmology

Combining new measurements and using statistical
techniques to place sharp constraints on cosmological
models and their parameters.

Baryon density

Initial Conditions:

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

Dark Energy:

density, model Epoch of reionization
and parameters

Hubble Parameter and
the Current Rate of
Expansion

Curvature of




Era of Precision Cosmology

Combining new measurements and using statistical
techniques to place sharp constraints on cosmological
models and their parameters.

Baryon density

Initial Conditions:

Form of the Primordial
Spectrum and Model of

i Inflation and its Parameters

Dark Energy:

density, model Epoch of reionization
and parameters

Hubble Parameter and
the Current Rate of
Expansion

Curvature of



Parameter estimation within a cosmological framework

Power-Law (PL)

WMAP Cosmological Parameters
Model: ledm
Data: wmap

Harisson-Zel’dovich (HZ) PL with Running (RN)

WMAP Cosmological Parameters
Model: ledm+run
Data: wmap

WMAP Cosmological Parameters
Model: ledm4ns=1

Data: wmap
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Tables from NASA - LAMBDA website

Functional parameterizations affect estimation of cosmological parameters



Era of Precision Cosmology

Combining new measurements and using statistical
techniques to place sharp constraints on cosmological
models and their parameters.

Baryon density

Initial Conditions:

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

Dark Energy:

density, model Epoch of reionization
and parameters

Hubble Parameter and
the Current Rate of
Expansion

Curvature of




Era of Precision Cosmology

Combining new measurements and using statistical
techniques to place sharp constraints on cosmological
models and their parameters.

Baryon density

Initial Conditions:

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

Dark Energy:

density, model Epoch of reionization
and parameters

Hubble Parameter and
the Current Rate of
Expansion

Curvature of




Probes of Dark Energy

L
 Standard candles: — A di

measure luminosity distance.

F =

Supernovae la as
Standardized Candles

« Standard rulers:
measure angular diameter distance.

BAO as standard ruler

0+ 2H6 — 4mGegpd = 0,

 Growth of fluctuations:

testing modified gravity or to distinguish between
physical and geometrical models of Dark Energy.



Dark Energy Models

Cosmological Constant

Quintessence and k-essence (scalar fields)

Exotic matter (Chaplygin gas, phantom, etc.)

Braneworlds (higher-dimensional theories)

Modified Gravity

But which one is really responsible for the

acceleration of the expanding universe?!



Dark Energy Parameterizations

L Supernovae la as
oI Standardized Candles
47ed

BAO as standard ruler

2 dZ' o § dZ'
= (1+z d,(z)=(1+2)
@ ( )fH(z') 5 [H(z )
H*(z2) 3 1. Fitting functions for d_I(z)
H?, ¥ [QOM(1+Z) +(1_QOM@

Most general form

2. Fitting functions for DE density
3. Fitting functions for EOS

HZ(Z) 3 dz
2 = [QOM(1+Z) + (I—QOM)eXp[f3(1+E]]



Problems of Dark Energy Parameterizations
(model fitting)

I
| 1
\

Kink Model

Brane Madel .

Phantom DE?!

Shafieloo, Alam, Sahni & Holsclaw et al, PRD 2011
Starobinsky, MNRAS 2006

Chevallier-Polarski-Linder ansatz (CPL).




Problems of
model fitting

Same data being used. Which one is correct?
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Non Parametric methods of Reconstruction

Usually involves binning and smoothing

dz'
H(z")

4,2) = (1+2)[

H'(2)
e
-1
( : H)
H
L= (1_10)2901\4 (1+z)’

4 [QOM (1+z) +(1- QOM)exp[f3(l +w(z)) lizz]]

2(0+z) H'

Wpp =



The Method of Smoothing

error-sensitive

lnz(1+Zl.)

Ind,(z,A) =Ind,(2)* + N(z) > [Ind,(z,) - Ind, (z,)*Jexp | - l+z

1+

In’(

Z

)

N(Z)_l=z exp | - 1+2

2A*

2A°

Ond, (z)

Smoothing function
(error-sensitive)

az\ 1+z

H(z) = [ d (a’L(z)

|

Wpp =

2(l+z) H'
3l

( Jd

H
L= (22)°Qyy (L4 2)




distance modulus

Smoothing Method

A. Shafieloo, U. Alam, V. Sahni, A. Starobinsky, MNRAS (2006)

A. Shafieloo, MNRAS (2007)
A. Shafieloo & C. Clarkson P
A. Shafieloo JCAP (2012)
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RD (2010)

=> Iterative approach with lognormal
smoothing kernel

=>»Error sensitive

=>» Independent of the initial guess
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Gaussian Process

=» 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, PRD 2013

4

m(Z) YoolZ,Z) YoolZ.Zy) XolZ,Z,) _ .

m(Z;) Yoo(Z1,Z) XoolZ1.Z1) Xo1(Z1.2y) Xoa(Zy.Zy) - det+B K
m'(Zy) |’ | 10(Z1,Z) E10(Z1.2y) X2y, 2y) Eg2(Z4,7Z4) : el T T agLP
m"'(Z) Yoo(Z1,Z) Yoo(Z1,2y) Ya1(Z1.Zy) " | e

m(Zy) Yoo(Z1.Z)
m'(Zy) | + | 10(Z1.2) | B9 (Z,.2Z) y
m"(Z1) Yoo(Z1,7Z)

GP Hyper-parameters

Y112y, Zy) Xy
Yo1(Z1,Z1) X

2Inp(y|f) = —y" Too(Z, Z)"'y—Indet oo(Z, Z)—nln(27), GP Likelihood

Yoo(Z1,Z)

Yo01(Z1,Z1) ] N :| [SDO(ZLZ:'

Yw(Z1.2) ] Eo—ol(ZZI [Eo[)[z. Z1).X01(Z,Zy), Xoa(Z, Zy l .



Gaussian Process

=>» Efficient in statistical modeling of stochastic variables
=>» Derivatives of Gaussian Processes are Gaussian
Processes (we can derive H(z) directly and q(z) indirectly)
=>» Provides us with all covariance matrices

conatructed Results (Mim?e Data)
LCDM Model

Kink Model

Mirage Model

-,.

T,

Reconstructed Resultz (Kink Data) —+—
LCDM Model
Kink Model

A. Shafieloo. A. Kim & E. Linder,
PRD 2012




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




Falsification, signal detection and systematics:

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

Null tests:

Falsifying a hypothesis using special statistical characteristics.

Using modeling of Stochastic variables:

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.



Signal Detection: detection of the features in the residuals

T T T
T T T Data- Assumed Model —+—
Data- Assumed Model —+— Azsumed Model - Azsumed Model
Azsumed Model - Azsumed Model Actual Model - Azsumed Model
Actual Model - Assumed Model i
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Data - Model
Data - Model

Simulations i Simulations
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Signal Detection: Crossing Statistic (Bayesian Interpretation)

Theoretical model

Crossing function

VA
u (z)=u, (p,2)x7 (C,..C, . 2)
s B
0'30.01 41(1305 631 04(1105 0.01 0'14).01 -o.claos C01 ) o.cI>05 0.01 0'14).01 -o.(l)os Co1 o.(;os
Ti(Cy, 2) = 1+ Cy(——) Chebishev Polynomials
“maz as Crossing Functions
Tj[(Cl,CQ,Z):].—f—Cl(H& )+C2[2(,~ )2—1],
~“max ~“max
A. Shafieloo. JCAP 2012 (b)

0.01



Looking for systematics

Modeling different data independent of theoretical assumptions looking for systematics

o -
3
Cluster data +—+—
SN la data: No Systematics
32 1 1 1 1 1 1
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Summary

Cosmological Data is very very expensive so it is important to
extract the most possible amount of information from it.

Dealing with the data is not easy. One should be very careful not
to misinterpret the data. There have been many discoveries which
have been wrong and ends to embarrassment.

About 96% of the universe is still missing. We do not know what is
Dark matter and what is dark energy. Actual model of the early
universe is not known. We should be careful when we model any
of these.

Parametric and Non-Parametric, at the same time, frequentist and
bayesian approaches are all useful and each has some
advantages. Best is to combine and use them in an appropriate
way.
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