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Cosmic Acceleration
v .

Modified Gravity Dark Energy
H  8nG
H> — — = —
=3 T
Modification of Friedmann Vacuum Energy
equation (5D Gravity) (Cosmological Constant)
Phenomenological Scalar Fields
modification to the GR Evolving Equation of State
Lagrangian

New Physics/Surprises!?
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Q= 0.71375:555 (stat) g3 (sys)

Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)
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What is Dark Energy!?



What is Dark Energy!?

“Dark Energy is made
from an exclusive blend of
vital L-amino acids,
beneficial vitamins and
bionutrients that allows
faster and greater ion
penetration of the cell
walls, visibly enhancing the
rate of growth”

GrowLightSource.com



Dark Energy Equation Of State
p=wp
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“Seeing” The Dark Energy

..via its effect on the expansion of the Universe

H(z) = Ho [Qu(1+2)° + Q1 +2)° + (1 - Q4 — Q) F(2)]



“Seeing” The Dark Energy

..via its effect on the expansion of the Universe

H(z) = Ho [Qn(1+2)° + Q(14+2)° + (1 = Q. — Q) F(2)]

F(z) = exp (3 /O g Tfi’f/» H

1/2




“Seeing” The Dark Energy

..via its effect on the expansion of the Universe

H(z) = Ho [Qn(1+2)° + Q(14+2)° + (1 = Q. — Q) F(2)]

F(z) = exp (3 /O g 1+:},(;/)> H

Approaches...

1/2

@ Standard Candles: Luminosity Distance of SNe

@ Standard Rulers:
> Angular Diameter Distance via BAO
> Distance to the Last Scattering Surface

@ Weak Lensing Tomography



DE EOS Revisited: Different Approaches...

(A) Parameterize w(z) [Adopted by the DETF]

w(a) = wy + (1 — a)w,



DE EOS Revisited: Different Approaches...

(A) Parameterize w(z)

w(z) = wy

wez /(1

[Adopted by the DETF]

?)



DE EOS Revisited: Different Approaches...

(A) Parameterize w(z) [Adopted by the DETF]

w(z) = wo + wez/(1 + 2)

(B) Non-Parametric w(z)

v/ Unbiased Estimate of DE Density

v/ Principal Component Approach
v/ Uncorrelated Estimates

V.

For a review: Please see Sahni and Starobinsky (2006) [arXiv:astro-ph/0610026]



Binned Estimates: Future
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wzBinned Code Other Resources

wzBinned is a numerical code to extract uncorrelated binned estimates of the dark energy COSMOMC
equation of state, w(z), using Type la supemovae distance-redshift data and other cosmological
probes and priors. Itis written in C programming language and based on Markov chain Monte
Carlo method. For further details please refer to Sarkar etal., Phys. Rev. Lett. 100 241302 (2008),
and Sullivan etal., JCAP 09 004 (2007).
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Cosmology with SNe la: Revisited
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Credit: This clip was prepared by the (P. Nugent: spectral sequence; A. Conley: image sequence) with the help of Lawrence
Berkeley National Laboratory's Computer Visualization Laboratory (N. Johnston: animation) at the National Energy Research Scientific Computing Center.



Cosmology W|th SNe la: Revisited

i DESTINY

Advantages

v/ Direct measure of accl.

v/ Small dispersion

v/ Single objects (easier!)

v/ Can be observed over wide z
v/ Not cosmic variance limited

v/ Straightforward tests of sys.

Credit: This clip was prepared by the (P. Nugent: spectral sequence; A. Conley: image sequence) with the help of Lawrence
Berkeley National Laboratory's Computer Visualization Laboratory (N. Johnston: animation) at the National Energy Research Scientific Computing Center.



Cosmology W|th SNe la: Revisited
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Advantages Challenges

v/ Direct measure of accl. € Dust extinction

v/ Small dispersion & Photometric calibration (Vega)

v/ Single objects (easier!) € Malmquist bias

v/ Can be observed over wide z & K-corrections

v/ Not cosmic variance limited 8 Evolution, chemical comp.

v/ Straightforward tests of sys. | ® Population bias + Grav. Lensing

Credit: This clip was prepared by the (P. Nugent: spectral sequence; A. Conley: image sequence) with the help of Lawrence
Berkeley National Laboratory's Computer Visualization Laboratory (N. Johnston: animation) at the National Energy Research Scientific Computing Center.



Challenges: Systematic Uncertainties

source of |[common| sample-
. treatment
uncertainty | (mag) |dep.(mag)
: : Multi-band photometry
EXtInCtIOn 0.0 I 3 - including near-IR
: : Calibration of standard stars
Calibration | 0.021 | 0.021 (optical thru near-IR) to <1%
: High S/N lightcurves & spectra;
MalquISt B 0.020 requirement of pre-rise data
: SN spectra with broad ),
nghtcurve 0.028 B temporal coverage
Evolution OO | 5 - High-resolution spectroscopy

Kowalski et al. (2008), Carnegie Supernova Project:W. Freedman

Lensing

2-Population




Influence of Gravitational Lensing?

Lensing Galaxy




Influence of Gravitational Lensing?




Influence of Gravitational Lensing?
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Influence of Gravitational Lensing?

a4

fobs,lensed (Z ﬂ) _ M(Z ﬂ)fobS,true (Z)
; 9

Weak lensing can modify the SNa flux & bias estimates of w
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Wang,Y, Holz, D. E., & Munshi, D., 2002,ApJ, 572, L1 5
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Our Analy5|s W|th Mock Catalogs
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Effect of Weak Lensing on Estimates of “w”

I
: i3 10,000 Realizations T

- NL
10,000 SNe ~—

0.12

0.10

(Normalized to unity)

0.05

Frequency

0.00

—1.02 —1.00 —0.98 —0.906
Wo

D.S.,A.Amblard, D. Holz,A. Cooray;ApJ, 678, | (2008)




Effect of Removing the Outliers

0.08

0.06 [~
- Outliers (25%)
- Removed
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D.S.,A.Amblard, D. Holz,A. Cooray;ApJ, 678, | (2008)




Challenges: Systematic Uncertainties

source of |[common| sample-
. treatment
uncertainty | (mag) |dep.(mag)
: : Multi-band photometry
EXtInCtIOn 0.0 I 3 - including near-IR
: : Calibration of standard stars
Calibration | 0.021 | 0.021 (optical thru near-IR) to <1%
: High S/N lightcurves & spectra;
MalquISt B 0.020 requirement of pre-rise data
: SN spectra with broad ),
nghtcurve 0.028 B temporal coverage
Evolution OO | 5 - High-resolution spectroscopy

Kowalski et al. (2008), Carnegie Supernova Project:W. Freedman

Lensing

Need a large # of SNe per redshift bin to keep bias < 1%

2-Population
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Evolution based on Two SN Populations
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Challenges: Systematic Uncertainties

source of |[common| sample-
. treatment
uncertainty | (mag) |dep.(mag)
: : Multi-band photometry
EXtInCtIOn 0.0 I 3 - including near-IR
: : Calibration of standard stars
Calibration | 0.021 | 0.021 (optical thru near-IR) to <1%
: High S/N lightcurves & spectra;
MalquISt B 0.020 requirement of pre-rise data
: SN spectra with broad ),
nghtcurve 0.028 B temporal coverage
Evolution OO | 5 - High-resolution spectroscopy

Kowalski et al. (2008), Carnegie Supernova Project:W. Freedman

Lensing

Need a large # of SNe per redshift bin to keep bias < 1%

2-Population

More Important! D.S,A Amblard,A. Cooray, and D. Holz;ApJL, 684, L3 (2008)
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Non~Gaussianitg

.- Begoncl Gaussianity
-» CMDB Bispectrum
.» Lensing of CMB

. | ensed Bispectrum
.» S/N Reduction & Bias




Credit: NASA/WMAP Science Team



Credit: NASA/WMAP Science Team
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Credit: NASA/WMAP Science Team



Primordial non—-Gaussianitg

Primarg CMB Bisl:)ectrum |

(®(x) = @1(x) + fivr [23(x) — (23 (x))]]
L

Non-Linear CouPling Parameter

Measurement of non-Gaussian CMB anisotrol:)ies S ln Potentia”9

- constrain non~|inearit9) “slow-rollness”, and “adiabatici’cg” in inflation.



| Primordial non-Gaussianity

Primary CMB Bispectrum

: Non»-Gaussianitg from the 5iml:>|est inflation model is very small:
fnr ~0.01 —1

' Much higher level of Primordial non—-Gaussianitg IS Preclictecl ]39:

| ..&- Models with Multiple Scalar Fields
..é- Non-Adiabatic Fluctuations
.%- Features in the Inflation Potential

..&- Non-Canonical Kinetic Terms

..&' * 0

Review: N. Bartolo, E. Komatsu, S. Matarrese, and A. Riotto, Phgs. RCP. 402,105 (2004)
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Evidence of Primordial Non-Gaussianity (fyg ) in the Wilkinson Microwave Anisotropy Probe
3-Year Data at 2.80

Amit P.S. Yadav! and Benjamin D. Wandelt!'*?

'Department of Astronomy, University of Illinois at Urbana-Champaign, 1002 W. Green Street, Urbana, Illinois 61801, USA

“Department of Physics, University of Illinois at Urbana-Champaign, 1110 W. Green Street, Urbana, Illinois 61801, USA
(Received 7 December 2007; revised manuscript received 6 March 2008; published 7 May 2008)

We present evidence for primordial non-Gaussianity of the local type (fyn;) in the temperature
anisotropy of the cosmic microwave background. Analyzing the bispectrum of the Wilkinson
Microwave Anisotropy Probe 3-year data up to €,,,, = 750 we find 27 < f, < 147 (95% C.L.). This
amounts to a rejection of fy; = 0 at 2.80, disfavoring canonical single-field slow-roll inflation. The
signal is robust to variations in [,,,, frequency and masks. No known foreground, instrument systematic,
or secondary anisotropy explains it. We explore the impact of several analysis choices on the quoted
significance and find 2.50 to be conservative.

FIVE-YEAR WILKINSON MICROWAVE ANISOTROPY PROBE (WMAP!) OBSERVATIONS:
COSMOLOGICAL INTERPRETATION

E. Komatsu !, J. DuNkLEY 3% M. R. Norta °, C. L. BENNETT ®, B. GoLD °, G. HinsuAw 7, N. JAROSIK 2, D. LARSON
O M P LMONGE [ PR E e D N S PERGED VI A R ERIN = 2 SIS, I T e A O 3 8 6 AV TE VR 2 e ot S D O G
A AN D S WOLEAGK <t AND S, S L v XV RECHI L

Submatted to the Astrophysical Journal Supplement Series

ABSTRACT
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Weak Lensing of the Primarg Bispectrum
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Weak Lensing of the Primarg Bispectrum
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O(n) = O [A + 4]




Weak Lensing of the Primarg Bispectrum
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Weak Lensing of the Primarg Bispectrum
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The EfHect of Lensing on the E)ispectrum
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Reduction in the S/N due to Lensing
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Bias in the non-Gaussian Parameter

R s R R T
el _INL I Cpsl
- fNL INL :
10~ 5- E
| (+)
TR0 :
<
10° :
10~ m !
10_5 1(1_)1 WL o s b CEPRET A e e e o Y AT T T A L et ™
0 500 1000 1500 2000 2500 3000

[

A. Cooray, D. Sarkar, and P, SERA] Phgs. Rev. D, 77, 125006 (2008)



Bias in the non-Gaussian Parameter
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Bias in the non-Gaussian Parameter
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Gravitg Waves via
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Gravitational Lensing and GW
The Deflection:

G=6—a
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Gravitational Lensing and GW
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Gravitational Lensing and GW
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Gravitational Lensing and GW
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: Cosmic Shear Curl Mode Power SPectra
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