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Planck CMB Power Spectrum
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CMB Polarization

Polarization: How It Works
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CMB Polarization
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Gravitational Lensing



http://www.youtube.com/watch?v=BkBNf_nFuhM

Gravitational Lensing



http://www.youtube.com/watch?v=BkBNf_nFuhM

CMB Lensin

Image Credit: ESA
Neelima Sehgal, Stony Brook




Unlensed CMB
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Measuring CMB Lensing
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Measuring CMB Lensing
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Measuring CMB Lensing
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Measuring CMB Lensing
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First Measurements of CMB
Lensing on Large Scales
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Two-Season ACTPol Lensing
Power Spectrum
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Current Status of Lensing
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First Measurements of CMB
Lensing on Small Scales

APS/Alan Stonebraker
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http://alanstonebraker.com/

First Measurements of CMB
Lensing on Small Scales

Madhavacheril, Sehgal, et. al., PRL, 114, 2015
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» Neutrino Mass from Lensing Power Spectrum



Neutrinos Have Mass
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Neutrinos Have Mass
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Neutrinos Have Mass
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Neutrinos Have Mass
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Growth of Structure
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Energy Density in the Universe

B Dark Energy

B Dark Matter

B Free Hydrogen & Helium
O Stars

O Neutrinos

B Heavy Elements

Copyright © 2013 wordlessTech

Neelima Sehgal, Stony Brook



Energy Density in the Universe

2 my
03.8 h2eV

QOI/ —

B Dark Energy

B Dark Matter

B Free Hydrogen & Helium
O Stars

O Neutrinos

B Heavy Elements

Copyright © 2013 wordlessTech

Neelima Sehgal, Stony Brook



Energy Density in the Universe

2 my
03.8 h2eV

Q01/ —

B Dark Energy

B Dark Matter

B Free Hydrogen & Helium
O Stars

O Neutrinos

B Heavy Elements

Copyright © 2013 wordlessTech

Larger neutrino mass =» |ess cold dark matter
= |ess dark matter structure

Neelima Sehgal, Stony Brook



[L(L +1))2C¢° /27

CMB Lensing Power Spectrum
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14107
1.2+107"
1.0¢107' /
8.0-10"“;”;
6.0-10-’*}
4.0-1()*’?
2.0-10-“';F

O

0

higher mass
suppresses

structure

200

e ——

im,

im,=1.0eV

0.1 eV
tm,=02eV
im,=03eV
tm,=04¢eV
tm,=05eV
im,=0.6eV _
lm,=0.7eV =
Lm,=08eV 1
tm,=09eV '

400 600 800

L

Figure credit: Alexander van Engelen

1000 1200

Neelima Sehgal, Stony Brook



Current Neutrino Mass
Constraints
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Stage 3 CMB: AdvACT
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Stage 3 CMB: AdvACT

15,000 sq deg

S8uK-arcmin noise
In temp

Advanced ACTPol Survey: 2016-2018

2016 Fields

V™ -

Chile

observable
sky

South Pole

~’:"'.(’l\r|' nNy

00 eo— | — 0.10 mK RJ
FDS dust emission

Neelima Sehgal, Stony Brook



Stage 3 CMB: SPT 3G

Science with the South Pole Telescope

Suman Bhattacharya, John Carlstrom, Clarence Chang, Jared Mehl,
Valentyn Novosad, Gensheng Wang, Volodymyr Yefremenko
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measuring the number of neutrino-like particle species (N),
measuring the neutrino mass scale (Xm,)), and measuring the
energy scale of inflation (r). Projections are in the table and
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Stage 3 CMB:
POLARBEAR, BICEP, CLASS, SPIDER
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Near Future of CMB: SO

The Simons Observatory
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Near Future of CMB: S4

Maintaining Moore’s Law: focal planes are saturated
so must use parallel processing and multiple telescopes.

Stage Il ACTPol / SPTPol

Now
Advanced ACTPol
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ramping up SPT 3G
~10,000 detectors
Stage IV

~2020 - CMB-S4
~500,000 detectqrs

1
1

1
1

| CMB-S4: A program to put 0(500,000)
t detectors spanning 30 - 300 GHz using
i multiple telescopes and sites to map 270% |

i of sky.

Slide credit: Jeff McMahon



Near Future of CMB: S4

Building for Discovery
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Neutrino Mass Detection



Neutrino Mass Detection
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Neutrino Mass Detection
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Neutrino Mass Detection

10_7 | | | | Xm, ; OmeV |-
= —— Ym, = 30meV
g I — Ym, = 60meV
%@ ] \ —_— Ym, =90meV
™ -8 — Xmy = 120meV | |
=W § iy CMB-S4
: T~ Bl CV limit
C’\]q \““F*
10-9} | | | | | =
0 500 1000 1500 2000 2500 3000 Next ste P: measure
L n | |
0.04 | | | | | neutrino mass with

0.02| - AdvACT/SO/CMB-54!

0.00
~
~ —0.02¢
g

2 0.04)

C’fd)(() meV)

ACY?

—0.06}

0 500 1000 1500 2000 2500 3000
L

o(» my) <20 meV

3-sigma detection with BAO and tau prior
Neelima Sehgal, Stony Brook



Outline

* Probing Dark Energy with Lensing Cross Correlations



Lensing Cross Correlations
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Lensing Cross Correlations
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Lensing Cross Correlations
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Distance Ratio
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Distance Ratio
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Distance Ratio
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Distance Ratio
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Distance Ratio
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Dg
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Measured lensing signal
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First Measurement of Distance
Ratio using CMB
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Distance Ratio Forecasts
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Distance Ratio Forecasts
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1% Dist Ratio
~1.782 ,
0.444 0.742 1.040

97
Das and Spergel 2009
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Outline

» Delensing to Probe Primordial Gravity Waves
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Inflation Predicts Tensor
Perturbations

e Spectrum of primordial tensor perturbations
should exist

e Amplitude determines energy scale when
inflation happened

1/4
V14 ~ 29 % 10! GeV x (Oiz)

e Doorstep of quantum gravity - two orders of
magnitude below the Planck scale



Measurement would give us a window on
processes with energy around 1076 GeV
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Figure Credit: Renata Kallosh



Other Implications

e First experimental evidence that gravity is
quantized?

- During inflation have fluctuations of each polarization
direction of gravitational wave

- Say these fluctuations are sourced by quantum
fluctuations of two polarization directions of graviton

-Impose quantum commutation relations and calculate
power spectrum of these fluctuations

-Measure this power spectrum in CMB

Neelima Sehgal, Stony Brook



From Gravity Waves to
Polarization
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Delensing Tightens Parameter Constraints
Including on tensor-to-scalar ratio, r

angular scale 6 [degrees]

100 10 1
0 T Y rrrrrer—r Y rrrr—r— a—
].O ' l I “9'\5/0/
oo
-1 P\

10 o ‘3\)’/ —
C\'T Lensing B modes
G -2
3 1073k —
©
8 1070 | -
N 7
O 10-4 _G-W B modes, o _ De-lensing -
— r = [0.001, 0.01] ~
— /’ /
X _s p /
> 107 A 7 ]

7 ”
//
10-6_ ” —
”
10 100 1000

multipole number ¢

Figure credit: T. Crawford
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» Delensing = undo the lensing of the primordial CMB

T"(n) =T (7 + Vo(n))
\

Deflection angle
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Delensing

» Delensing = undo the lensing of the primordial CMB

T"(2) =T (2 + V(i)
\

Projected Deflection angle
lensing potential

Neelima Sehgal, Stony Brook



Delensing

» Delensing = undo the lensing of the primordial CMB
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Delensing

» Delensing = undo the lensing of the primordial CMB

Unlensed map
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Delensing

» Delensing = undo the lensing of the primordial CMB

Unlensed map _.. Lensed map
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Delensing

» Delensing = undo the lensing of the primordial CMB

Lensed map
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Shift pixels backward using map of projected
large scale structure to reconstruct unlensed CMB
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Delensing Tightens Parameter Constraints
Including on tensor-to-scalar ratio, r
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Delensing Tightens Parameter Constraints
Including on tensor-to-scalar ratio, r

[a—
NN

Orwan = 2

p—
BN

!
- = = OrwaMm = O

-0 Opwam = 10

a (delensing improvement to o(r))

bmith et al. 2010
10° 10*
Ap (pK-arcmin)

Would be nice to demonstrate we can internally delens!
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Detection of Primordial
ravity Waves

10
. |0-3 F l /
|

| e Delensed
1074 No delensing
ll‘"c 16‘? 40% l
fsky
—3
o(r) < 10

Next step: implement delensing in practice
and put bounds on r with AdvACT/SO/CMB-S4
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Conclusion

» Precision Measurements of CMB Lensing Powerful
Next Frontier of CMB Research

« Should Detect Neutrino Mass with AdvACT/SPT-3G/

SO/CMB-S4 from CMB Lensing Power Spectrum

» Precisely Probe Dark Energy Equation of State with
CMB Lens Cross-correlations with Optical Lens

- With Delensing Playing Integral Role, May Detect
Primordial Gravity Waves with, e.g. AdvACT/SPT-3G/

SO/CMB-54



