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Echo of the Big Bang:
Cosmic Microwave Background

Planck (2013)
Earliest view of the Universe: 379000 yrs. after Big Bang, 13.8 Gyr ago.
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CMB Temperature Perturbations
Cosmic Structure at Edge Visible Universe

Planck (2013)
CMB temperature map:

T=2725K

AT <10
T

Fluctuation Field
(almost)
perfectly Gaussian

Origin:
inflationary era,
t = 10 sec.
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Gaussian Random Field:
Multiscale Structure

Gaussian Random Field: Density
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Gaussian Random Field: Gr
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Gaussian Random Field: Gravity Vectors
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Gaussian Random Field: Potential
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Power Spectrum




The key characteristic of Gaussian fields is that their structure is
FULLY, COMPLETELY and EXCLUSIVELY determined by the
second order moment of the Gaussian distribution.

P(k) specifies the relative contribution of different scales to the density
fluctuation field. It entails a wealth of cosmological information.

o :j(zdj)a P(k) & P(k) oc <f(|2)f*(|2)>

Power Spectrum

P(k) specifies the relative contribution of different scales to the density
fluctuation field. It entails a wealth of cosmological information.

o’ = | d}fgp(k) o P(k)oc<f(12)f*(|2)>

(27)
Formal definition:

(2ﬂ)3 P(kl) 5D (lzl o lzz)
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Power Spectrum — Correlation Function

Gaussian random field fully described by 2" order moment:

- in Fourier space: power spectrum
- in Configuration (spatial) space: 2-pt correlation function

P(k)=[d°r &(7) e*"

d’k

(27)

P(k)e "

£(r)=|

Primordial Gaussian Field

P, =

/2

[(27)" (detM)]

Key aspects of Gaussian fields:
PPIRNT I NN ~f
« solely & uniquely dependent on 2nd order moment - ~, { ‘ f (k )‘ ] ‘ f (k )‘ d ‘ f (k )
=exp| — ’ ’

2P(k) P(k)

« all Fourier modes mutually independent &
Gaussian distributed
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Power Spectrum

P(Kk) specifies the relative contribution of different scales to the density
fluctuation field. It entails a wealth of cosmological information.

o :j(;f)g P(k) o P(k) oc <f(|2)f*(|2)>

Power Law Power Spectrum:
n
P(K) oc k
as index n lower, density field increasingly dominated by large scale modes.

For an arbitrary spectrum,
d log P(k)

n(k) =
(k) d logk




Power Spectrum

Physical & Observed

CDM Power Spectrum P(k)

k" [In(1 +2.34¢)]
Pepm(k) o - - - 15 = <
[1+3.89¢ + (16.1g)* + (5.469)° + (6.71¢)*] '~ (2.34g)°
qg = k/I
. Qy
I = Qu.h cxp{ —Q, - O—’}
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Power Spectrum P(k)
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Figure 16, The redshift-space power spectrum calculated i this paper (solid circles wigh T ermors sheown by the shaded region) compared with ather
of the 2FGRS | . shape by b Percival et al, {2001}, () Percival {3005}, and ic) Tegmark et al, (3021 For the data with window

fametions. the effct of the window b boen approsimalely cormected by multiplying by the net effect of the window on a model power spectrm with af =
OU68, Oy /Dy = 00, = 072 & 0, = 1. A rero-haryon model was chosen in onder 0 avoid sdding featuees into the power spectrum. All of the data are.
lazedd 1 i the mew ts. Panel id) shows the uncornelated SDS pace L) estimate of Tegmark of al. (2004), caleulased using their

with o FOCG heir Table 31, Th e d fior the SDES wisdow as described above for the 2FGRS data

The solid lime shows & model lmear power spectrum with Qg b = 0068, /{1y = 0T, & = 072 0, = | and sormalization matched to the 2dF
spectrum.
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Spatial wavelength (A~ Mpc)
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Random Field Phases

dk
(27)

f(x)=] f(k)e™*

f(k)=f (k) +if(K) :‘f(g)‘ewm

When a field is a Random Gaussian Field, its phases 6(k) are uniformly
distributed over the interval [0,27]:

(k) e U[0,27]

As a result of nonlinear gravitational evolution, we see the phases acquire a
distinct non-uniform distribution.
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Power Spectrum:
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-0.593403 I +0.530173

-0.446332 I +0.450228

23/01/2017

16



-1.31e6+04 IEEEEEN——— I +6.82BE+03

23/01/2017

17



Ergodic Theorem

Statistical Cosmological
Principle

Cosmological Principle:

Universe is Isotropic and Homogeneous

Homogeneous & Isotropic Random Field 1//(;():

Homogenous ply (x+)] = ply (9] _
soopic Pl (x—=y)]= ply (1 X~y )]

Within Universe one particular realization l//(X) :

Observations: only spatial distribution in that one particular l,V(X)
Theory: ply (X)]
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Ergodic Theorem

Spatial Averages
Ensemble Averages L over one realization
of random field

« Basis for statistical analysis cosmological large scale structure

« In statistical mechanics Ergodic Hypothesis usually refers to time evolution
of system, in cosmological applications to spatial distribution at one fixed time

Ergodic Theorem

Validity Ergodic Theorem:

 Proven for Gaussian random fields with continuous power spectrum
* Requirement:
spatial correlations decay sufficiently rapidly with separation
such that
many statistically independent volumes in one realization

2\ Sg

All information present in complete distribution function p[l//(;()] available
from single sampley/(x) over all space
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Fair Sample Hypothesis

« Statistical Cosmological Principle

+

» Weak cosmological principle
(small fluctuations initially and today over Hubble scale)

+

 Ergodic Hypothesis

fair sample hypothesis
(Peebles 1980)
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