At the Party with the Phgsicists (and some non-)...

Coulomb got a real charge out of the whole thirxg.

Einstein tlﬁouglﬂt it was a relativelg good time

Cauchg, being the mathematician, still managed to integrate well with everyone.
Thompson enjoyecl the Plum Pudcling.

Pascal was under too much pressure to enjog himself.

Ohm spent most of the time resisting Aml:)ere's oPinions on current events.
Volta thought the social had a lot of Potential.

Hilbert was pretty SPacecl out for most of it.

Heisenberg may or may not have been there.

Fegnman got from the door to the buffet table ]33 taking every Possible Path.
van der Waals forced himself to mingle.

Millikan dropped his Italian ol clressing.

de Broglie mostlgjust stood in the corner and waved.

Hollerith liked the hole idea.
Stelcan an& Boltzman got into some hot clebates.

http://www..phqslink.com/Fun/PhqsicsPartq.cmCm
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At the Party with the Phgsicists (and some non-)...

Coml:)ton was a little scatter-brained at times.

Watt turned out to be a Powemcul speaker.

Hertz went back to the buffet table several times a minute.

Faraclag had quite a capacitg for food.

The microwave started racliating inthe backgroun& when Penzias and
Wilson showed up.

Instead of coming through the front door Josephson tunnelled through.
Shakespeare could not decide whether to be or not to be at the Partg.
Witten bought a present all tied up with suPerstrings.

The food was beauthcu”g laid out 139 Menclelegev on the Perioclic table.
Maxwell's demon arguec] with Dawkin's friend, the selfish Gene.
Rontgen saw through evergbocly.

After one bite Chandrasekhar reached his limit.

Gamow left the party earlg with a big bang while Hogle stageci late in a
stead9 state.

http://www..phqslink.com/Fun/PhqsicsPartq.cmCm
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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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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

‘e\ativis tio 0(\-\’ elaty Vig,.
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For Cosmological Constant... w = —1



“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]
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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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Systematic Matters!

Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)
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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

2-Population

Lensing




Evolution based on Two SN Populations
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Evolution based on Two SN Populations
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Evolution based on Two SN Populations

magnitude difference
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Is there a Signature in the Hubble Diagram?



Is there a Signature in the Hubble Diagram?

d
m — M = 5log (Mf)(:) + 25 + M



Is there a Signature in the Hubble Diagram?

d
m — M = 5log (ML >+25+/\/l+5p>x<fD(z)
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Is there a Signature in the Hubble Diagram?

>—|—25—|—M—|—5D*fp(z)

With current data (192 SNe from
Davis et al. 2007), the residual is
consistent with zero:

5D ~ (5 T 9)%

With future data, one will be able to
constrain the residual much better.

0.4

D.S.,A.Amblard, A. Cooray, and D. Holz; ApJL, 684, L13 (2008)
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Effect on the EOS Estimates: Bias in “‘w’’
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D.S.,A.Amblard,A. Cooray, and D. Holz;ApJL, 684, L13 (2008)



Effect on the EOS Estimates: Bias in “w”’

0.12

I I I
200 indep. mocks analyzed ]
0.10F _ _
op = 0.025
0.08 | : 0.5
Z 0.06f H 1 . _
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0.04_— g l ] -
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w W

While model-fitting the data:
O0p = 0= ~ 1o bias in w
0p = FREE = NO bias in w, BUT Error bar increased by 2.5 times
Best situation: Constrain dp <= 2% with confidence

D.S.,A.Amblard, A. Cooray, and D. Holz;ApJL, 684, L13 (2008)




Challenges: Systematic Uncertainties

source of |[common| sample-

uncertainty | (mag) |dep.(mag) treatment

Ik Multi-band photometry

Extinction ) including near-IR

. . Calibration of standard stars
Calibration | 0.021 | 0.021 | iicai thru nearIR) 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 0015 - High-resolution spectroscopy

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

Constrain the systematics to < 2% level to have the bias on
“w’” less than |-sigma level without increasing error bar!

2-Population

Lensing




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 ~—
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(Normalized to unity)
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Frequency
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Wo

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




Effect of Removing the Outliers
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Challenges: Systematic Uncertainties

source of
uncertainty

common | sample-

treatment
(mag) |dep.(mag)

Extinction | 0.013 - M”'ﬂjﬁ;‘i;:‘;;frr; "y
Calibration | 0.021 | 0.021 (i?)'fc'jtlﬁ:f: ::ir;g?risﬁ"j
amaquie | - | 0.020 | SN e g
Lightcurve | 0.028 - SN::;?;?;F‘:ZQ:S;? A
Evolution 0.015 - High-resolution spectroscopy

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

2-Population

Constrain the systematics to < 2% level to have the bias on
“w’” less than |-sigma level without increasing error bar!

Lensing

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

6 T T T T ' T T T T ' T T T T ' T T T T ' T T T T ' T T T T

"\ e Primary (f,, =1)

: / \ 4
5 | . @ Lensed :

['B, .00 /(270)° (x107)
N

Decrease in the
Amplitude

0 500 1000 1500 2000 2500 3000
[

A. Coorag) B Sarkar) and P, Serra; Phgs. Rev. D, 77, 125006 (2008)



Reduction in the S/N due to Lensing
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Bias in the non-Gaussian Parameter
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Bias in the non-Gaussian Parameter
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Bias in the non-Gaussian Parameter
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Bias in the non-Gaussian Parameter
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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

The Deflection:
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Gravitational Lensing and GW

TI’1€ Dé‘HCCtiOI’]: D.5., F. Serra, A. Cooray, K. Ichiki, D. Baumann,
PRD, 77,10%515 (2Z008)
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At the End of the Hour...

Dark Energy CMB Bispectrum
3K Why Pursue Dark Energy? 3K Why Non-Gaussianity?
3K DE Equation of State (EOS) 3K Why in CMB Bispectrum?
3K DE from SNe la ++ 3K The fue
* Beware of Systematics 3K WL of CMB Bispectrum
) Two Population Model Analytical Sketch
) Gravitational Lensing Numerical Results
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Summary

3K We have shown that the next-generation surveys will be able to constrain the

dark energy equation of state in three or more independent redshift bins to better
than 10%.

3K We have found that a post-calibration shift in the standard candle brightness
between delayed and prompt SNe can introduce bias in the best-fit dark energy
parameters. By controlling the magnitude of any resulting two-population difference
to better than 0.025 mag, the bias can be kept under |-O for a JDEM-like survey
without significantly degrading the accuracy of the dark energy measurements.

3K For a JDEM-like survey, we have shown that the bias in the equation of state

measurement is less than a percent level (so long as all the SNe are used in the
Hubble diagram).

3K We have discussed the lensing modification to the CMB bispectrum and
demonstrated that lensing leads to an overall decrease in the amplitude of the
primary bispectrum at multipoles of interest between 100 and 2000 through
additional smoothing introduced by lensing. For a high resolution experiment such
as Planck, the lensing modification to the bispectrum must be properly included
when attempting to estimate the primordial non-Gaussianity. An ighorance will bias
the estimate at the level of 30%.
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spectrum of the equilateral case
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CMDB B

spec’crum of the equilateral case
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CMbB F)ispectrum of the equilateral case
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CMbB Bisl:)ectrum of the squeezed case(s)
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| CMB Bisl:)ectrum of the squeezed case(s)
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Reduction in the S/N due to Lensing
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Reduction in the S/N due to | ensing
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Primarg CMB Bispectrum

The CMB Temperature Perturbation in the 5|<9:
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Primordial Non-Gaussianity:
Primary CMB Bispectrum

Gaussian Quantum Fluctuation
—1 Starobinsky (1986
Fallc et al. (1993) l 09 ~ gs¢ (77 +my,; f n772)| Gangu et ;.((1994))
Non-Gaussian Inflation Fluctuation
—1 —1 2 Sal k & Bond
Non-Gaussian Curvature Perturbation
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Non-Gaussian CMB Anisotropy




A Word or Two on Weak Lensing

Lensing Potential (under the Born approximation)
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Uncertainty in Star Formation: Bias in “w”
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Frequency (Normalized to unity)

Effect of Weak Lensing on Estimates of “w
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A Little Bit of History

J.E. Gunn and B.M.Tinsley, Nature, 257,454 (1975)

“New data on the Hubble diagram, combined with constraints on the density of the Universe and the
ages of galaxies, suggest that the most plausible cosmological models have a positive cosmological
constant, are closed, too dense to make deuterium in the big bang, and will expand for ever. Possible
errors in the supporting arguments are discussed.”

“...We argue here that the successes of the CDM theory can be retained and the new observations
accommodated in a spatially flat cosmology in which as much as 80% of the critical density is provided
by a positive cosmological constant, which is dynamically equivalent to endowing the vacuum with a non-
zero energy density. In such a universe, expansion was dominated by CDM until a recent epoch, but is
now governed by the cosmological constant ...”

J. P.Ostriker and P.J.Steinhardt, Nature, 377, 600 (1995)

“OBSERVATIONS are providing progressively tighter constraints on cosmological models advanced to
explain the formation of large-scale structure in the Universe ...The observations do not yet rule out the
bossibility that we live in an ever-expanding open Universe, but a Universe having the critical energy
density and a large cosmological constant appears to be favoured.”

“... the conclusion today is inescapable that the standard big bang models without the cosmological
constant are effectively ruled out.”



Evolution based on Two SN Populations
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