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"For it each Star is little more a mathematical Point,

located upon the Hemispherc of Heaven bg Right Ascension and Declination,

then all the Stars, taken together, tho' innumerable)

must like any other set of Points,

N turn represent some single gigantic Equation,
to the mind of God as straight?orwar& as, say, the Equation of a Spher ==

tous unreaclable) incalcula

ble.

A lonelg, uncompensated,

Derhaps even imPossible Tas|<,~~~

yet some of us must ever be seeking, | suPPose."

—— Thomas Pgnc]ﬂon, Mason & Dixon



Why Care?

A7

Where do we come from?! What are we! Where are we going?



What Do We Know!?

What Can We See!



Ground

Subaru (8m) Space: HST (2.4m)

'y

.- .HUBBLE ULTRA'DEEP FIELD (-"HUD.F) ol
2 __ Surveys observed by :
Hubble Space Telescope.

- C1ACS (Advanced Camera for Surveys) HUDF

[ NICMOS (Near Infrared Camera and
Multi-Object Spectrometen") HUDF*
[] ACS GOODS (Great Observatories Origins-
| - DeepSurvey) . . - A

M ACS GEMS (Galaxy Evolution from Morphology
anq Spectral energy distributions
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Ground: Subaru (8m)

Space: HST (2.4m)
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. ..HUBBLE ULTRADEEP FIELD (-'AHUD.F) :
e " _Surveys observed by :
Hubble Space Telescope.

SRS B B I R
.. CJACS (Advanced Camera for Surveys

) HUDF
NICMOS (Near Infrared Camera and
Multi-Object Spectrometer) HUDF*

[JACS GOODS (Great Observatories Origins:
- Deep Survey) - 2

M ACS GEMS (Galaxy Evolution from M'orphoiogy
and Spectral energy distributions
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Penetrates
Earth
Atmosphere?

Wavelength

(meters)

Frequency
(Hz)

Temperature

of bodies emitting
the wavelength

(K)
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We can only see
the surface of the

at the Beg

PRESENT cloud where light

13.7 Billion Years was last scattered
after the Big Bang

a=0 and z — o

The cosmic microwave background Radiation’s
“surface of last scatter”is analogous to the
light coming through the clouds to our

eye on a cloudy day.
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Different Scales

o | Toes || D | T
0 | 3.7 viion] O 0 2.725
0.0l [13.5 siion| 3000 30 2.752
0.033 |I3.1] siien| 10,000 100 | 2.815
0.1 |11.9 biion| 30,000 300 | 2.998
1.0 |04.8 :iin| 300,000 3000 | 5.450
4.0 |~ biion| 1.2 mion | 12,000 | 13.625
| 100 [400,000] 0.3 viiion | 3.3 miion | 3000

1 Mpc = 10° pc = 3.26 x 10° Iy = 3.08 x 10%? m




Credit: NASA/WMAP Science Team



(a)

If the universe is closed,
light rays from opposite
sides of a hot spot bend
toward each other ...
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... and as a result, the hot
spot appears to us to be
larger than it actually is.

(b)

If the universe is flat,
light rays from opposite
sides of a hot spot do not
bend atall ...

... and so the hot spot

appears to us with its true

size.

If the universe is open,

light rays from opposite
sides of a hot spot bend
away from each other...
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... and as a result, the hot
spot appears to us to be
smaller than it actually is.
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If the universe is closed,
light rays from opposite
sides of a hot spot bend
toward each other ...
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.. and as a result, the hot
spot appears to us to be
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If the universe is flat,
light rays from opposite
sides of a hot spot do not
bend atall ...
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(b)

()

If the universe is open,

light rays from opposite
sides of a hot spot bend
away from each other...

#q,n

.. and as a result, the hot
spot appears to us to be
smaller than it actually is.
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sure we are counting everything?



Seeing the Unseen... Gravitational Lensing

Quasar  TTTe=-l
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View from Chandra



Seeing the Unseen... Gravitational Lensing

Lensing Galaxy




Seeing the Unseen... Gravitational Lensing







Reconstruction of Darl« Matter Distribution from Observation

Galaxy Cluster Cl 0024+17 (ZwCl 0024+1652) HST+« ACS/WFC
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NASA, ESA, and MI-J- Jee (Johhs Hopkins University) STScI-PRC07-1 7b

X-Ray images of Quasar Q2237+0305
(Mosaic courtesy: Ohio State University)

Optical images of Quasar RX]J1131-1231

(courtesy: Ohio State University)



Reconstruction of Darl< Matter Distribution from Observation
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(courtesy: Ohio State University)



OPTICAL

Dark Matter Expose: Bullet Cluster
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X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScl; Magellan/U.Arizona/
D.Clowe et al.; Lensing Map: NASA/STScl; ESO WFI; Magellan/U.Arizona/D.Clowe et al.



OPTICAL

Dark Matter Expose: Bullet Cluster

X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScl; Magellan/U.Arizona/
D.Clowe et al.; Lensing Map: NASA/STScl; ESO WFI; Magellan/U.Arizona/D.Clowe et al.
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OPTICAL

Dark Matter Expose: Bullet Cluster

" g e o -, .. -'. . . - .' \
. . . - . i o. . ’. ) .p.' . i . N
. ’ - . . .
' | 0.-‘..-- ... . * .
' < - K . -

EE s A Y B / s ’
,.0. \." ......'o.' ‘a"‘.’ _ B Yo
) . o .. A.. . 0. g ~ ‘ y . .. 2 » e ®
-, ) - . BY . ~° ~ ..
- o .. : .-_. . .‘: : . . -. . * } | s -
o - o . 0o e T
;. . ’ . .‘:. t}.\ “ A »~ . .
® .-
".‘ .l‘ - . Q" " . ;. ." . -
- .o R AR .' - Y
. ,.". A, ; e ‘."-_, KR Y s ’ L
. g » i Lo : ., ' ...
i 0- ’ ‘ | . c. R W ) .""
.. . @ . . . ..?. .._. i ’.. . . ‘ N i . - .0
‘ : ,' ., . ‘ e P .: ™ .’ ’ . -
.o \ e . s \‘... '..

X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScl; Magellan/U.Arizona/
D.Clowe et al.; Lensing Map: NASA/STScl; ESO WFI; Magellan/U.Arizona/D.Clowe et al.

HINIES



OPTICAL

Dark Matter Expose: Bullet Cluster
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OPTICAL

Dark Matter Expose: Bullet Cluster
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Distribution of Dark Matter HST = ACS/WFC
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Are we sure we are counting everything?
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TESTS OF COSMOLOGICAL MODELS CONSTRAINED BY INFLATION
P. J. E. PEEBLES

Joseph Henry Laboratories, Princeton University
Received 1954 February 6 accepted 1984 March 23

ABSTRACT

The inflationary scenario requires that the universe have negligible curvature along constant-density sur-
faces. In the Friedmann-Lemaitre cosmology that leaves us with two free parameters, Hubble's constant H,,
and the density parameter Q, (or, equivalently, the cosmological constant A). I discuss here tests of this set of
models from local and high-redshift observations. The data agree reasonably well with Q, ~ 0.2.

Are we sure we are counting everything?
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COSMOLOGY WITH A TIME-VARIABLE COSMOLOGICAL “CONSTANT”

P.J. E. PEEBLES AND BHARAT RATRA

Joseph Henry Laboratories, Princeton University
Received 1987 October 20, accepted 1987 November 23

ABSTRACT

If the potential V(¢) of the scalar field that drove inflation had a power-law tail at large ¢, V ~ ¢ %, the
mass density, p,, associated with ¢ would act like a cosmological constant that decreases with time less
rapidly than the mass densities of matter and radiation. If p, were appreciable at the present epoch it could

help reconcile the low dynamical estimates of the mean mass density with the negligibly small space curvature
preferred by inflation.

Are we sure we are counting everything?
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COSMOLOGY WITH A TIME-VARIABLE COSMOLOGICAL “CONSTANT”

P. J. E. PEEBLES AND BHARAT RATRA
Joseph Henry Laboratories, Princeton University
Received 1987 October 20, accepted 1987 November 23

ABSTRACT

If the potential V(¢) of the scalar field that drove inflation had a power-law tail at large ¢, V ~ ¢ % the
mass density, p,, associated with ¢ would act like a cosmological constant that decreases with time less
rapidly than the mass densities of matter and radiation. If p, were appreciable at the present epoch it could
help reconcile the low dynamical estimates of the mean mass density with the negligibly small space curvature
preferred by inflation.

Are we sure we are counting everything?

PHYSICAL REVIEW D VOLUME 37, NUMBER 12 15 JUNE 1988

Cosmological consequences of a rolling homogeneous scalar field

Bharat Ratra and P. J. E. Peebles
Joseph Henry Laboratories, Department of Physics, Princeton University, Princeton, New Jersey 08544
(Received 16 February 1988)

The cosmological consequences of a pervasive, rolling, self-interacting, homogeneous scalar field
are investigated. A number of models in which the energy density of the scalar field red-shifts in a
specific manner are studied. In these models the current epoch is chosen to be scalar-field dominat-
ed to agree with dynamical estimates of the density parameter, Q4,,~0.2, and zero spatial curva-
ture. The required scalar-field potential is “nonlinear” and decreases in magnitude as the value of
the scalar field increases. A special solution of the field equations which is an attractive, time-
dependent, fixed point is presented. These models are consistent with the classical tests of gravita-
tion theory. The Eotvos-Dicke measurements strongly constrain the coupling of the scalar field to
light (nongravitational) fields. Nucleosynthesis proceeds as in the standard hot big-bang model. In
linear perturbation theory the behavior of baryonic perturbations, in the baryon-dominated epoch,
do not differ significantly from the canonical scenario, while the presence of a substantial amount of
homogeneous scalar-field energy density at low red-shifts inhibits the growth of perturbations in the
baryonic fluid. The energy density in the scalar field is not appreciably perturbed by nonrelativistic
gravitational fields, either in the radiation-dominated, matter-dominated, or scalar-field-dominated
epochs. On the basis of this effect, we argue that these models could reconcile the low dynamical es-
timates of the mean mass density with the negligibly small spatial curvature preferred by inflation.




SCALE OF THE UNIVERSE

BIG RIP

CONSTANT
DARK ENERGY

Bi1G CRUNCH

Measuring Distances with Standard
Light Bulbs

An Object becomes fainter by the square
of its distance

|

PRESENT FUTURE

TIME Credit: NASA/CXC/M.Weiss



Two normal stars
are in a binary pair.

The secondary, lighter star
and the core of the giant
star spiral inward within
a common envelope.

The aging companion
star starts swelling, spilling
gas onto the white dwarf.

The more massive
star becomes a giant...

between the core and the
secondary star decreases.

critical mass and éxplbdes .

...which spills gas onto the
secondary star, causing it to

expand and become engulfed.

The remaining core of
the giant collapses and
becomes a white dwarf.

...causing the companion
star to be ejected away.

IMlustration credit: NASA, ESA, and A. Field (STScI)



SN 1994D in Galaxy NGC 4526

‘Credit: NASA, ESA, The Hubble Key Project Team
and the Hugh-Z Supernova Search Team



15 Supernovae

Each shown in three wavelengths: Optical, Ultraviolet and X-ray...
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Credit: NASA, Swift, S. Immler
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OBSERVATIONAL EVIDENCE FROM SUPERNOVAE FOR AN ACCELERATING UNIVERSE
AND A COSMOLOGICAL CONSTANT

ApaM G. Riess,! ALExEI V. FILIPPENKO,! PETER CHALLIS,> ALEJANDRO CLOCCHIATTL> ALAN DIERCKS,*
PETER M. GARNAVICH,2 RON L. GILLILAND,> CRAIG J. HOGAN,* SAURABH JHA,?> ROBERT P. KIRSHNER,?
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Received 1998 March 13 revised 1998 May 6

[llustration: John Kascht
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ABSTRACT

We use the Simon et al. determination of the redshift dependence of the Hubble parameter to constrain cosmological
parameters in three dark energy cosmological models. We consider the standard ACDM model, the XCDM param-
eterization of the dark energy equation of state, and a slowly rolling dark energy scalar field with an inverse power-
law potential. The constraints are restrictive, consistent with those derived from Type Ia supernova redshift-magnitude
data, and complement those from galaxy cluster gas mass fraction versus redshift data.



THE ASTROPHYSICAL JOURNAL, 650: L5-L8, 2006 October 10
© 2006. The American Astronomical Society. All rights reserved. Printed in U.S.A.

COSMOLOGICAL CONSTRAINTS FROM HUBBLE PARAMETER VERSUS REDSHIFT DATA

LADO SAMUSHIA AND BHARAT RATRA
Department of Physics, Kansas State University, 116 Cardwell Hall, Manhattan, KS 66506
Received 2006 July 12; accepted 2006 August 25; published 2006 September 22

ABSTRACT

We use the Simon et al. determination of the redshift dependence of the Hubble parameter to constrain cosmological
parameters in three dark energy cosmological models. We consider the standard ACDM model, the XCDM param-
eterization of the dark energy equation of state, and a slowly rolling dark energy scalar field with an inverse power-
law potential. The constraints are restrictive, consistent with those derived from Type Ia supernova redshift-magnitude
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Constraints on dark energy from baryon acoustic peak and galaxy
cluster gas mass measurements

Lado Samushia'? and Bharat Ratral

ABSTRACT

We use baryon acoustic peak measurements by Eisenstein et al. (2005) and
Percival et al. (2007a) and galaxy cluster gas mass fraction measurements of
Allen et al. (2008) to constrain parameters of three different dark energy mod-
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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



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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Gravitational Lensing 201

The Deflection:
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Gravitational Lensing 201

The Deflection:
B=60-a@
= Na(f) = Vs
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D.5., F. Serra, A. Cooray, K. lchiki, D. Baumann,

PRD, 77,10%515 (2008)
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A Journey hrough the
“Clumpy” Universe

Devdeep Sarkar

Center for Cosmology, UC Irvine

in collaboration with:

Alexandre Amblard (UCI), Paoclo Serra (UCI), Daniel Baumann (Princeton),
Kiyotomo Ichiki (Tokyo), Daniel Holz (Chicago/LANL),
Asantha Cooray (UCI)

Kansas'State University High Energy Physics Seminar  October 15,2008 (Wed)
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Two Stories

Start With...
Lensing of Supernova

3K DE Equation of State (EOS)
3K SN plays a key role

3K Systematics:Worry! Worry!
3K SN Lensing

Details of Photon Path
Effect on the EOS




Dark Energy Equation Of State
p=wp

‘e\ativis tio 0(\-\’ elaty Vig,.

Consider y Qo %
a constant 3
density - -
sphere of: :
- .
|

Mmatte’

IE v

ttractive w — 1 3

For Cosmological Constant... w = —1



Dark Energy Equation Of State
p=wp

Constraints on dark energy models from radial baryon acoustic

scale measurements

Lado Samushia'*? and Bharat Ratral

ABSTRACT

We use the radial baryon acoustic oscillation (BAO) measurements of
Gaztanaga et al. (2008a) to constrain parameters of dark energy models. These
constraints are comparable with constraints from other “non-radial” BAO data.
The radial BAO data are consistent with the time-independent cosmological con-
stant model but do not rule out time-varying dark energy.

For Cosmological Constant... w = —1
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DE EOS Revisited: Different Approaches...

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

w(a) = wy + (1 — a)w,
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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]



“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)]
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“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
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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).

CMBFAST
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Systematic Matters!

Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)
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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 OO | 5 - High-resolution spectroscopy

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

2-Population | DS.,A. Amblard,A. Cooray, and D. Holz; ApJL, 684, L13 (2008)

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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Our Analysis with Mock Catalogs

| | | "P_mu-PLOT-z-1.dat"
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i F (z,0) = p(z,n)F (%)
Valid for all cosmologies
i and at all redshifts
L Tt T - —e e
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mu

Wang,Y, Holz, D. E., & Munshi, D, 2002,Apj, 572, L15
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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;Ap|, 678, | (2008)




Effect of Removing the Outliers

0.08

0.06 [~
- Outliers (25%)
- Removed

~ 50 SNe
0.04

=

O

N
|

Frequency (Normalized to unity)

- 10,000 Realizations

Whole Dataset Used... |
2000 SNe

BN
0.00 e e
—1.02 —1.07 —1.00 —-0.99 —-0.96
Wo
D.S.,A.Amblard, D. Holz,A. Cooray;ApJ, 678, | (2008)



Challenges: Systematic Uncertainties

source of
uncertainty

common | sample-

treatment
(mag) |dep.(mag)

Extinction | 0.013 - M”'ﬂjﬁ;‘i;:‘;ﬁ?"; "y
Calibration | 0.021 | 0.021 &féﬁﬁ:ﬂ ::ir;g?;rfosiﬁ"j
almquie | - | 0,020 |85 g
Lightcurve | 0.028 - SNtSeF;f;gfamgQ:r:;d A
Evolution 0.015 - High-resolution spectroscopy

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

2-Population

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

Lensing

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




Two Stories

Start With...
Lensing of Supernova

3K DE Equation of State (EOS)
3K SN plays a key role

3K Systematics:Worry! Worry!
3K SN Lensing

Details of Photon Path
Effect on the EOS




Two Stories

And Now...
of the CMB Bispectra

3K Why Non-Gaussianity?
3K Why in CMB Bispectrum?

3K The fu

3K WL of CMB Bispectrum
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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
lAT

i gr ((I) + fq)(I)z) I Pyne & Carroll (1996)

Non-Gaussian CMB Anisotropy




Primordial Non-Gaussianity:
Primary CMB Bispectrum

Combining all the contributions:

where:
O(x) = Dr(x) + fnvr [PL(x) — (DL (x))]

Non-Linear
Coupling Parameter

Measurement of non-Gaussian CMB anisotropies potentially
constrains non-linearity, “slow-rollness™, and “adiabaticity’ in inflation.



Primordial Non-Gaussianity:
Primary CMB Bispectrum

Non-Gaussianity from the simplest inflation model is very small:

fn, ~0.01 -1

Much higher level of primordial non-Gaussianity is predicted by

€ Models with multiple scalar fields
€ Non-Adiabatic Fluctuations

@ Features in the inflation potential
& Non-canonical kinetic terms

¢

Review: N. Bartolo, E. Komatsu, S. Matarrese, and A. Riotto, Phys. Rep. 402, 103 (2004).



Primary CMB Bispectrum

The CMB Temperature Perturbation in the Sky:
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Im

Power Spectrum:

<@lm@l’m’> — 5l,l’5m,m’ l@@

Angular Bispectrum:
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Weak Lensing of the Primar
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CMB Bispectrum of the Equilateral Case
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Start With...
Lensing of Supernova

3K DE Equation of State (EOS)

3K SN plays a key role
3K Systematics:Worry! Worry!
3K SN Lensing

) Details of Photon Path
) Effect on the EOS

Two Stories

And Then...
of the CMB Bispectra

3K Why Non-Gaussianity?
3K Why in CMB Bispectrum?

3K The fue

3K WL of CMB Bispectrum

NVA

Zs Analytic Sketch

N/
e Numerical Results

Summary



Summary

3K We have discussed the concordance model of the Universe. Understanding the
nature of the mysterious dark energy component, search for dark matter
candidates, and constraining inflationary models are some of the major challenges.

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 For a |DEM-like survey, we have shown that the bias in the equation of state
measurement, introduced due to gravitational lensing of SNe, 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 ignorance will bias
the estimate at the level of 30%.
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