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Large-scale Cosmic Homogeneity

« Cosmological principle: Universe is
homogeneous and isotropic

— Homogeneous: different regions of the
Universe have the same properties

— Isotropic: looks the same in all
directions

* Allows use of Friedmann-Robertson-
Walker (FRW) spacetime metric

* Need FRW to convert redshifts to
distances, via Friedmann eqgn:
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Inhomogeneities in the Universe

e Quantum fluctuations during inflation pro-
duce inhomogeneities.

e CMB fluctuations ~ 1 in 100, 000.

e Galaxies in the present Universe are clumped.

Current paradigm:

e Gravity amplifies fluctuations.

e Before Recombination - competing effects of
gravity and pressure.

e Laws of physics predict what we see today -
mainly gravity and electromagnetism.




Inhomogeneity: An alternative to Dark Energy

 |s ‘perturbed FRW' a valid description?

e Large inhomogeneities - breakdown of FRW

— Light paths distorted: distances inferred from
redshifts are wrong (e.g. Wiltshire 2010)

— “Averaging problem” and backreaction:
different-density regions evolve differently, can
have global accelerated expansion without
Dark Energy (e.g. Buchert 2007, Li & Schwarz
2009)

— Void models, e.g. Lemaitre-Tolman-Bondi
model



Quantifying inhomogeneity

Multifractal Analysis

The generalised correlation integral is defined
as

Co(r) = g TM  In(< M)t

where M 15 the number of centers, N is the
total number of galaxies and g — 1 refers to a
particular moment of the galaxy counts.

The generalised Minkowski-Bouligand dimen-

sion Dy 1s given by

Dq('r) = qirdlz?f;jr) Colr) x rD2

Dy = 3 for a homogeneous distribution.



Some results.....
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So far the results are conflicting!

Homogeneity at ~ 70 — 80h—1Mpc
LCRS - Bharadwaj et al. (1999)
SDSS DRI1 - Yadav et al. (2005)
SDSS LRGs - Hogg et al. (2005)
SDSS DR6 - Sarkar et al. (2009)
WiggleZ - Scrimgeour et al. (2012)

But several other works find fractal structures
upto the scale of the survey indicating no tran-
sition to homogeneity.

Coleman & Petronero (1992)

Amendola & Palladino (1999)

Sylos Labini et al. (2007,2009)

Sylos Labini (2011)



Information Entropy
Shannon (1948)

T he Information entropy for a discrete random
variable X with n outcomes {z;:é=1,...n} Is

a measure of uncertainty denoted by H(X) de-

fined as,
H(X)= -1, p(z;)logp(z;)
The information is I(p) = —logy(p), where b is

the base and p is the probablity of the event
happening. 5o the total information from N
occurences I = —3 " , N x p(z;) logp(z;) and
therefore entropy H(z) is the expected average

amount of information in a certain event.



A simple example

o O
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e Pick a ball randomly from the bucket.

» [ he ball can be either red, green or yellow,
total n = 3 outcomes.

» Entropy=(—§ log g)+(—3 log )+(—3 log 3) =
1.5304755 implies that you are expected to
get 1.5304755 bits information each time you
choose a ball from the bucket.

e Minimum entrpy = 0 occurs when one of the
probabilities is 1 and rest are (.

e Maximum entropy = log(n) occurs when all
the probabilties have equal values of .



Shannon entropy as a measure of homogeneity
Pandey(2013)

e Place a number of spheres with radius r and

labell them. At each radius r only a certain {8
number say M(r) spheres can be placed de- [@§

pending on the volume and geometry of the 1

region.

o GO to each galaxy and ask which particular i

sphere does it belong to 7?7 There are M(r)
likely outcomes for each of them. We define
a random variable X, for each radius ¢ which
has M (r) possible outcomes each given by,

=1 n‘i({r}
with the constraint ©M(7 7 —1




e [ he Shannon entropy associated with the
random variable X, can be written as

Hyp = -~ E{{} fir Iﬂ'g ftr
= log (EM("") ni(< r)) — il ni<r) logini{<r))

il n(<r)
» fiy Will have the same value p for all

the centers when n;(< r) is same for all of
them which maximizes the Shannon entropy
to (Hy)max = log M(r) for radius r.

o As the max entropy depends on the num-
ber of possible outcomes we use the relative
Shannon entropy TFEE This quantifies the

degree of uncertainty in the knowledge of the
H

Hrmm:

random variable X, atanyr. 1— quan-

tify the information available in X, at any r.

e | he distribution becomes completely uniform

when Zﬁfm — 1 is reached.
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Some tests on 3D

Effect of number density

Poisson distributions

Effect of volume

r (h'1 MPc)
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Sloan Digital Sky Survey (SDSS)

e S5DSS is the largest galaxy survey todate.

e SDSS is a multi-filter (u,qg,r,i,z) imaging and
spectroscopic redshift survey using a dedicated
2.5-m wide-angle optical telescope at Apache
Point Observatory in New Mexico, United States.

e We use the final data release SDSS DR12
which contains all data taken by all phases of
the SDSS through July 14, 2014. This con-
tains altogether optical spectroscopy of 2401852
galaxies and 477161 quasars.
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SDSS volume Iimited samples
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Results for the SDSS samples and their mock
catalogues from Millennium simulation
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Number of centers ( M,)

Number of spheres as a function of radius r
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H/(Hr) max

Results for the sample 6 (largest) along with
sample 5 and sample 4
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Galaxy distribution seems to be homogeneous

above 140h—1Mpc. Pandey and Sarkar (2015)



Caution

The results should be taken with a grain of

saltl.

Confinement bias and Overlapping bias are mat-
ters of real concern.



Effects of overlapping and confinement

e At cach r we use a finite set of spheres
Sr = {811+ 825183 peees SM{T}:T}.

e | he probability that a randomly drawn point
would appear somewhere in the sample is 1.
IT the spheres are disjoint then at any r there
are M({r) 4+ 1 outcome of this experiment i.e
the point would lie either in any one of the
M (r) spheres or somewhere in the sample out-
side the spheres. But given the fact that the
spheres overlap the point could also appear at
the intersections of multiple spheres.



Effects of overlapping and confinement

e Given a finite sample A the total probability
can be written as,
P(A) = P(UT s, ) + PUUE5,)0)
== EM{T) P(Si,r)
- Eggi P(s;p M 8jy)
M{r)
+ Ltk 1 P(sir Nsjp N8 )
.+ (~1)M-1 p(a M),
+ P((UM(")st %)

= M) P(8i) — Poneriap+ PUUMED5,)9) = 1
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Some recent results on the effects of overlap-
ping and confinement bias on the corrglation

dimension Dy
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The confinement and overlapping biases can
be avoided if we have access to 3D galaxy
samples covering much larger volumes. The
Luminous Red Galaxy {LRG) distribution ex-
tends to a much deeper region of the Universe
as compared to the SDSS Main galaxy sample.
e They can be observed to greater distances
as compared to normal L, galaxies for a given
magnitude limit.

e T heir stable colors make them relatively easy
to pick out from the rest of the galaxies using
SDSS multi-band photometry.

e Not too rare, number density ~ 10~4{Mpc/h) 3.
e Trace matter well, linear bias b ~ 2.



The properties of our Luminous Red Galaxy
(LRG) sample from SDSS DR7

e Absolute magnitude range —23 < Mg < —21.
e Redshift range 0.16 < z < 0.38

o —50 <A« 50and —33.5 <n <« 29.5 where A
and 5 are the survey co-ordinates.

Combining these cuts provides us a LRG sam-
ple which radially extends from 462 *Mpc to
1037 h~1Mpc and consists of 50513 luminous
red galaxies.



Density (10~* (Mpc/h)~3)
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Number of measuring voulmes as a function of length scale
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e Kullback-Leibler divergence: An alternative

measure of inhomogeneity

In information theory KL divergence is used to
measure the difference between two probabil-
ity distributions p(z) and g{z).

Dk (plg) = Zip(w:) log B2

The KL divergence between the actual and ho-
mogeneocus random data is then given by,

= Q.inpi109np;—D ;np; 109nR;) | q 2.imDi
BBy 2 i D 09 Sinri
where np; and ng; are the counts in the ¢tk

voxel for actual data and random data respec-

tively.



KL divergence measure as a function of length scale for the LRG distribution
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e Our studies with the SDSS Main galaxy sam-
ple and the Luminous Red Galaxy {(LRG) sam-
ple suggest that the Universe is homogeneous
beyond a scale of ~ 1502 *Mpc.



THANKS FOR YOUR KIND
ATTENTION



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33

