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COMPOSITION OF THE COSMOS
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Early'Evidence for a<Cosmological
Constantdukken derm

1987.Weinberg argued that the energy density of the vacuum coulg
not be very large and positive otherwise galaxies and start would r
have formed. He argued that it should not be very different from the
mean value suitable for life to exist and obtained the value

Q=106
1990 The observations from the LSS started coming showing that

standard flat cold dark matter model struggles to fit clustering datal a

large scales first through IRAS survey and then APfgtdthiowet al.)

1990 EfstathioySunderland anloddox (Nature) suggested that the
universe is dominated today by a cosmological constant!!!!

1998 The first direct evidence came from the Tyfsesupernova
observations and field takes off.
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Some Basic Equations

Friedmann H?>

a-  8x kA
_=_G _
a- 3 P a- 3

Scale factor a(t) depends on the matter distribution

FEnergy Density p(t) and the pressure p(¢)
are related the equation of state p = wp

We also have the energy conservation equation : 0 + 3H(,0 + p) =0

é

Combining these two equations: % = —”T(,O + 3p)
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SomerBasicquations
contae ..

If _— pxo(a%)—B(ler)

Universe Dominated by Quintessence

2, = (8_:)1/3@0:6 1

(f2) =1 — 2, =0.5,0.3 for w, = —2/3, —1.

—1/3w,
Acceleration starts at z, — (—(1 + wa)(g_g;)) —1

2, = 0.7,05 for w, = —2/3, -1
011 < 14w, =0.14  Kopasveta
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Modified Gravity Vs Dark Energy

. There are essentially two ways to explain
this late time acceleration:

@
l

Modified GraVIty New Fundamental Field

Arhere is a third way out:

Aeep the Einstein Gravity and the normal matter ( Baryon+DM )
AChange the metric



Ditiefefr eopretmds. .. Ap p

. A Cosmological Constant,

. SolidDark energy such as theaustrated
network of topological defectse domain
walls and cosmic strings

. Evolving scalar field models
(quintessencé&essencg

. Modification of gravity at large scale
- Inhomogeneous universe
. Anthropic arguements
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CosmologicalCosntant

Dark energy w = constant

Dark energy w = w(z)

Freezing or tracker quintessence
Thawing quintessence

Phantom model

ScalaiTensor models

Coupled quintessence
K-Essence

10) Chaplygirand Generalize@€haplygirGas

11) F(R) and f(G) models

12) DGP model
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Probing The Dark Energy

. Its effect on cosmological expansion. Includes
geometric probes and involves distances and
volumes, coming directly from the metric

- Its indirect effects on the growth of structures
from its influence on expansion. Involves
growth factor and growth rate of matter
density perturbations

. Any direct contribution of it to the growth of
structures. It actually modifies thgrwoth
equations itself.



Dark Energy Observables

. Standard Candles:
SnlaGammaray bursts

. Standard Rulers:

Baq CMB peaksAlcock-Paczinsky
. Standard Clocks:

Galaxy Ages

. Clustering:

ISW, Power SpectruniRedshiftSpace distortion,
Non-linear clustering

. Local effects:
Solar System tests



CosmicDegeneracies

. There are infinite number of models whic
give the same expansion history

. Modified gravity theory can be mimickec
modified matter models

. Decelerated but iInhomogeneous univers
have same Hubble diagram as an
accelerated homogeneous model.



The Light Curve and spectra
of all SNla are remarkably

similar

SNlaas:-a:standard:candle

white dwarf

Hydrogen-rich gas spills
into an accretion disk and
forms a shell of hydrogen
on the white dwarf.

A nova occurs when
the shell becomes hot
enough for a burst of
hydrogen fusion.

companion star

A lightweight star like our Sun uses up it
nuclear fuel in 5 or 10 billion years and
shrinks to an small object called White
Dwarf with its mass (mostly Carbon and
Oxygen) supported against further collap:
by electron degeneracy pressure.

But if the white dwarf is in a close binary
with a large and still active star, there will
be steady stream of mass from this active
star to the WD. And when the mass of the
WD reachesChadrasekhalimit, it triggers
a thermonuclear explosiorSNla

This slow and relentless approach to this
sudden catastrophic condition at a
characteristic mass, erases the most of
initial information about the progenitor
stars



SNlaas:-a:standard:candle

As early as 1938/Valter Baade and FritZwicky, pointed out that
supernovae were extremely promising candidates for measuring the
cosmic expansion. Their peak brightness seemed to be quite uniformn
and they are extremely bright to be seen from large distances

Supernovae witmo hydrogenfeatures in their spectra had previously
classified a/pe 1

By late sixtieKowal (1968) was able to make a Hubble diagram for 1
SNIa and they reachedpto ComaCluster of galaxies.

In the early 1980, a new swdtassification was formed depending on
the presence or absence of Silicon absorption feature at 6150 the
supernovae spectrum and classifiedyase laor Type Ih



Cosmology With:Supernova

Key Property of theType Ila Supernova:

Their intrinsic luminosity is (nearly) constant ‘ Standard Candle

If you can measure the flux, you can measure the distance



Cosmology With-Supernovae

Distance Modulus m=m 1 M
/

T~

apparent absolute
magnitude magnitude
@maximum @maximum

It is related to Luminosity Distance as

=2>5 log]\gm - 25

Using only kinematical quantities and assuming a FRW metric:

HgdL:z{1+%(1—qo)z—% 1—q0—3q8+j0:|:ﬁ 22+0(z3)}

For a specific model witkosw(z)

c / 2 2 T ltw() o
Au(z) = (L4 2) g [ dz{ Qn(l42)7+ QL 427+ Qeexp | [ 3———7—dz




Standard:Rulers:
BAO and(CMB

AngularDiameterDistance

(standardrulers: CMB soundhorizon,clusters)

Result from BAO

Dy = [DAGP=/H G P

Result from CMB

Qo Als dz 1 __
R =\ /12 Sk[Ho/ U] fo" 75] = 1.71£0.03



Cosmology With-Supernovae

Type la Supernovae

Perlmutter, Physics Today (2003)
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Cosmology With-Supernovae

Scale of the Universe
Relative to Today's Scale
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Perlmutter, Physics Today (2003)
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RecentSnladataset

Dataset  Date Released Redshift Range

SNLS1 2005
sold06 2006
ESSENCE 2007
Union 2008
Constitution 2009
SDSS 2009
Union?2 2010
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# of Snla

115
182
192
307
397

Filtered subsets included

SNLS, LR
SNLS1, HST, SCP, HZSST
SNLS1, HST, ESSENCE,
=old06, ESSENCE
Union, CfA3

Nearby, SDSS-II, ESSENCE,
SNLS , HST

Union, CfA3, SDSS-1I

What is the Figure Of Merit for each dataset?

What is the consistency of each data set with LCDM?



Dark EnergyParametrizations

w(a) =w, Vanilla Parametrization
wa) =w, +w(1-a) CPL ParametrizatD
g, .4
a’+a -
w(a) = wymw : HM Parametrization

q g
wa +wya,

Wo
—wy +(1+wp)a

GCG Parametrization

w(a) = S3(+a)



Figures-of-Merit

The Figure of Merit: Inverse area of the 2 A CPL
parameter contour.

A measure of the effectiveness of the dataset in
constraining the given parameters.

Proposed by the Dark Energy Task Force

W, =0.28 W(2) = W +W1TZZ

Om
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Buenoet al. JCAP 2009
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Figures-of-Merit

10 T T T T T T T T T T T T T T T T T T T T T
Dataset # of Snla Figure of Merit _/_,,--”.
SNLS1 115 0.208 0.8l r i
Cold06 182 0.367 j /.-f-""
1 102 45 I
ESSENCE 192 0.245 — 06k . i
SDSS-II (SALT2) 288 0.366 i I o
SDSS-II (MLCS2k2) 288 0.553 i ]
) L().4'_ . _,.--.
Union 307 0.512 AN
Constitution (SALT2) 397 0.708 02 i ‘,/ .- |
Union?2 AT 0.95
CMB+SDSS5 2.028 T T T T
Y - e 100 200 300 400 500 600
CMB+SDSS7 - 2.541

Number of Snla data

Buenoet al. JCAP 2009



Consistency' With LCDM
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d, to ACDM

Difference with! ILCDM
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Dataset

it ~Tin
dy 0

O wo wi

Union2 0.001 0.270 -1.01 0.01
SNLS1 0.004 0.260 -1.03 0.16
SDSS-IT (SALT2) 0.084 0.270 -1.09 0.51
Constitution 0.114 0.285 -0.91 -0.54
ESSENCE 0.227 0.270 -1.20 1.04
Union 0.525 0.285 -1.25 1.40
SDSS-IT (MLCS2K2) 0.623 0.360 -1.06 0.93
Gold06 0.950 0.345 -1.56 2.80
CMB+BAO (SDSSH) | 0.200 0.272 -1.15 0.51
CMB+BAO (SDSS7) | 0.588 0.272 -1.30 0.97




Quintessence

Scalar field: £ = g¢"0,¢0,¢ — V(¢)
ps = 107 +V(¢)
Po = %GbQ — V(Gb)

Acceleration occurs, if equation of state ratio

_ P _ KE-V o _
Wo = 0 = KEFV > 1/3

Potential energy dominates (slow roll): we = —1

Kinetic energy dominates (fast roll): we = 1
po = Eap[— [ 2(1 4 ws)dd

Wy, Wy, g



Dynauimi s @ fQuiiitessanee

Equation of motion of scalar field
b+2Hd+V'(¢) =0

driven by the steepness of the potential
slowed by Hubble friction

Broad categorization -- which term dominates:
field rolls but decelerates as dominates energy
fleld starts frozen by Hubble drag and then rolls

Freezers vs. Thawers

Caldwell & Linder 2005



K-Essence

Fields having non -canonical K.E. term:
S = [d'z\/=gL(¢, X) T = %@“qﬁ@uqb

The most used form for Is that of Dirac  -Born -Infeld
form:

The Energy Density and Pressure Is given by :

The Equation of motion for the field :



