
"For if each Star is little more a mathematical Point,
located upon the Hemisphere of Heaven by Right Ascension and Declination,
then all the Stars, taken together, tho' innumerable,
must like any other set of points,
in turn represent some single gigantic Equation,
to the mind of God as straightforward as, say, the Equation of a Sphere,--- 
to us unreadable, incalculable.
A lonely, uncompensated, perhaps even impossible Task,---
yet some of us must ever be seeking, I suppose."

                                                    - Thomas Pynchon, Mason & Dixon
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Can we detect gravity 
waves via its effect on 
weak lensing (cosmic 

shear)? 
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The Power Spectrum of Gravity Waves

Pt(k, z) = Pt(k)Tt(k, η)

〈h(i)(k)h(j)(k′)〉 = (2π)3Pt(k)δijδ
(3)(k− k′)

D. Sarkar, P. Serra, A. Cooray, K. Ichiki, D. Baumann, Phys. Rev. D, 77, 103515 (2008)
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Curl Mode Angular Power Spectrum: Is it Detectable?

D. Sarkar, P. Serra, A. Cooray, K. Ichiki, D. Baumann, Phys. Rev. D, 77, 103515 (2008)
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D. Sarkar, P. Serra, A. Cooray, K. Ichiki, D. Baumann, Phys. Rev. D, 77, 103515 (2008)
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than the 

Noise 
level!
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(

l1 l2 l3
m1 m2 m3

)
BΘ

l1l2l3
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∆T (x)
T

∼ Φ(x)

Φ(x) = ΦL(x) + fNL

[
Φ2

L(x) − 〈Φ2
L(x)〉

]

Non-Linear Coupling parameter

Measurement of non-Gaussianty of CMB anisotropies can potentially 

constrain non-Linearity, “slow-rollness” and “adiabaticity” in inflation.  
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What is the Expected Level of Non-Gaussianity?
The level of Non-Gaussianity predicted by the simplest models of Inflation 

fNL ∼ 0.01− 1

However, much higher values of 
non-Gaussianity can be 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)

Conflicting results in the literature 
have made this field “Hot”! 

27 < fNL < 147 (95% C.L.)

−9 < fNL < 111 (95% C.L.)

With WMAP 3-Yr. Data
A. Yadav and B. Wandelt, Phys. Rev. Lett. 100, 181301 (2008)

With WMAP 5-Yr. Data
E. Komatsu et al., Astrophys. J. Suppl., 180, 330 (2009)
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The Effect of Lensing on the Primary CMB Bispectrum

Θ̃(n̂) = Θ[n̂ + α̂] = Θ[n̂ +∇φ(n̂)]
Vale, Amblard, White (2004) NASA, ESA, and R. Massey (CalTech) Vale, Amblard, White (2004)
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The Effect of Lensing on the Primary CMB Bispectrum

Θ̃(n̂) = Θ[n̂ + α̂] = Θ[n̂ +∇φ(n̂)]

≈ Θ(n̂) +∇iφ(n̂)∇iΘ(n̂) +
1
2
∇iφ(n̂)∇jφ(n̂)∇i∇jΘ(n̂) + . . .

Vale, Amblard, White (2004) NASA, ESA, and R. Massey (CalTech) Vale, Amblard, White (2004)
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The Effect of Lensing on the Primary CMB Bispectrum

Θ̃(n̂) = Θ[n̂ + α̂] = Θ[n̂ +∇φ(n̂)]

≈ Θ(n̂) +∇iφ(n̂)∇iΘ(n̂) +
1
2
∇iφ(n̂)∇jφ(n̂)∇i∇jΘ(n̂) + . . .

B̃Θ
l1l2l3 =

∑

m1 m2 m3

(
l1 l2 l3
m1 m2 m3

)
〈Θ̃l1 m1Θ̃l2 m2Θ̃l3 m3〉

Vale, Amblard, White (2004) NASA, ESA, and R. Massey (CalTech) Vale, Amblard, White (2004)
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The Effect of Lensing on the Primary CMB Bispectrum
*** Let’s dispense with ~ 30 slides full of equations...

B̃Θ
l1l2l3 = [1−R{l1(l1 + 1) + l2(l2 + 1) + l3(l3 + 1)}]BΘ

l1l2l3

+
∑

lpq

Cφφ
l

[
fl2lpfl3lq(−1)n

{
l1 l2 l3
l q p

}
BΘ

l1pq

+fl3lpfl1lq(−1)n

{
l1 l2 l3
p l q

}
BΘ

pl2q

+fl1lpfl2lq(−1)n

{
l1 l2 l3
q p l

}
BΘ

pql3

]

A. Cooray, D. Sarkar, and P. Serra, Phys. Rev. D, 77, 123006 (2008)
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*** Let’s dispense with ~ 30 slides full of equations...

B̃Θ
l1l2l3 = [1−R{l1(l1 + 1) + l2(l2 + 1) + l3(l3 + 1)}]BΘ

l1l2l3

+
∑

lpq

Cφφ
l

[
fl2lpfl3lq(−1)n

{
l1 l2 l3
l q p

}
BΘ

l1pq

+fl3lpfl1lq(−1)n

{
l1 l2 l3
p l q

}
BΘ

pl2q

+fl1lpfl2lq(−1)n

{
l1 l2 l3
q p l

}
BΘ

pql3

]

R =
1
4

∑

l

l(l + 1)
2l + 1

4π
Cφφ

l A. Cooray, D. Sarkar, and P. Serra, Phys. Rev. D, 77, 123006 (2008)
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“seeing” the dark energy

Supernova Cosmology Project Team

1998

High-z Supernova Search Team
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a
(ρ + p)Conservation Equation:



Dark Energy Equation of State

w = 1/3 w = 0 w < −1/3p = wρ

dρ

dt
= −3ȧ
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a
(ρ + p)Conservation Equation:

If “w” depends of cosmic time

ρ(z) = ρ0 exp
(

3
∫ z

0

1 + w(z′)
1 + z′ dz′

)



Dark Energy Equation of State

w = 1/3 w = 0 w < −1/3p = wρ

dρ

dt
= −3ȧ
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Dark Energy Equation of State

w = 1/3 w = 0 w < −1/3p = wρ

dρ

dt
= −3ȧ

a
(ρ + p)Conservation Equation:

If “w” depends of cosmic time

ρ(z) = ρ0 exp
(

3
∫ z

0

1 + w(z′)
1 + z′ dz′

)

Typically, one (popular) approach is to parameterize the EOS:

w(a) = w0 + (1− a)wa 2-Parameter description of w(z)

w = −1 : cosmological constant, Λ

evolving w

w = constant



GW via 
Weak 

Lensing

CMB
Bispectrum

Lensing

Dark Energy
Beyond 

2 param

SHoES
&

Dark Energy

Are
they 

Skewed?

Supernova
 Lensing
in Play

Lack of
Bipartisan-

ship

Thinking BEYOND 2-Parameter Description...

w zup
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w4 0.6

w5 1.2

w6 1.8

D. Sarkar, S. Sullivan, S. Joudaki, A. Amblard, D. Holz, and A. Cooray, 
Phys. Rev. Lett., 100, 241302 (2008)
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Binned Estimates of w(z) from a combination of datasets

D. Sarkar, S. Sullivan, S. Joudaki, A. Amblard, D. Holz, and A. Cooray, 
Phys. Rev. Lett., 100, 241302 (2008)
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SHoES Paper Author List:
A.G. Riess (Johns Hopkins/STScI), L. Macri (Texas A&M), S. 
Casertano (STScI), M. Sosey (STScI), H. Lampeit (Portsmouth), H. C. 
Ferguson (STScI), A. V. Filippenko (Berkeley), S. W. Jha (Rutgers), 
W. Li (Berkeley), R. Chornock (Berkeley), D. Sarkar (UC Irvine).

Supernova and H0 for the Equation of State
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A Journey through the “clumpy” Universe

Fobs,lensed(z, n̂) = µ(z, n̂)Fobs,true(z)

Credit: 
S. Colombi (IAP), 

CFHT Team
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Weak Lensing 
can modify 
SN flux and 
hence can, in 

principle, bias 
the 

measurement 
of the 

equation of 
state (EOS)

µ
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So how much is the magnitude of this effect?

D. Sarkar, A. Amblard, D. Holz, and A. Cooray, Astrophys. J., 678, 1 (2008)

Aim: 
Quantify the 
effect as the 
“bias on w” 
for different 
sample sizes 

of SN dataset. 
Find out the 
significance 

for the future!

Sample sizes: 
A. 300 SNe
B. 2000 SNe 

C. 10,000 SNe
up to z=1.8!

Analyses 
performed on 

10,000 
independent 

mocks!

Distribution 

of 2000 SNe

[∆(m−M)]lensing = −2.5 log10(µ)

(m−M)data(z) = (m−M)fid(z) + [∆(m−M)]int

+ [∆(m−M)]lensing

Fiducial:

w0 = −1
Ωm = 0.3

wa = 0

Distribution 

of 2000 SNe

[∆(m−M)]lensing = −2.5 log10(µ)

(m−M)data(z) = (m−M)fid(z) + [∆(m−M)]int

+ [∆(m−M)]lensing
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Introducing the Parties (Populations)...

SNRIa(t)
(100yr)−1

= B

[
Ṁ∗(t)

1010M◦Gyr−1

]
+ A

[
M∗(t)

1010M◦

]

Scannapieco and Bildsten 
(2005)

Also:
Hamuy et al. (1995)

Livio (2005)

Prompt Delayed

SNe Ia in 
active 
star 

forming 
galaxies!
They are 
Brighter!

and 
dominate 

@ high 
redshift

SNe Ia in 
galaxies 

not 
forming 

stars!
They are 
Dimmer!

and 
dominate 

@ low 
redshift
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Can the Street Feel it? (Signature in the Hubble Diag.)

m−M = 5 log10

(
dL

Mpc

)
+ 25 +M+ δD ∗ fD(z)

D. Sarkar, A. Amblard, A. Cooray, and D. Holz, Astrophys. J. Lett., 684, L13 (2008)
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Can the Street Feel it? (Signature in the Hubble Diag.)

m−M = 5 log10

(
dL

Mpc

)
+ 25 +M+ δD ∗ fD(z)

D. Sarkar, A. Amblard, A. Cooray, and D. Holz, Astrophys. J. Lett., 684, L13 (2008)

Using 192 SNe (Davis et al. 2007), 
the residual is consistent with zero!

δD ∼ (5± 9)%

With future data, one will be able to 
constrain the residual much better.
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Looking @    ’s Future...w

D. Sarkar, A. Amblard, A. Cooray, and D. Holz, Astrophys. J. Lett., 684, L13 (2008)

Constrain the 

residual to under 2% 

level to get rid of the 

bias; not degrading 

the error bar!

Constrain the 

residual to under 2% 

level to get rid of the 

bias; not degrading 

the error bar!

Aim: 
Assuming 

that the 
residual is 
present @ a 
couple of %

level... 
quantify its 
effect on the 

measurement
s of “w”...

Future JDEM 
type survey 
with ~ 2300 
SNe up to 

z=1.8.
Analysis 

performed on 
200 

independent 
mocks!
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"Success is a journey, not a destination." 
- Arthur Robert Ashe, Jr. 
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"At the last dim horizon, we search among ghostly errors of observations for 
landmarks that are scarcely more substantial. The search will continue. The urge is 

older than history. It is not satisfied and it will not be oppressed." -Edwin P. Hubble
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