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Outline
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● Inflation and Planck & BICEP2
● “Cross-Correlations”
● What's to Come?
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Visualize the Evolution of the Universe

The 
microwave 
background 
light we see 
today was 

created “just 
after”  the 
Big Bang 
(400k yr)

As such, it is a “baby picture” of the early Universe. By 
studying it, we hope to understand it's birth.

http://map.gsfc.nasa.gov/media/060915/index.html
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A History of the CMB in One Slide

1940 202019801960 19701950 1990 2000 2010
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● Smaller characteristic scales indicate a closed 
Universe

● Larger characteristic scales indicate an open 
Universe
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The Constituents of the Universe
The real data resemble simulations with 
“normal” matter, cold dark matter and a 
cosmological constant more than they 
do simulations missing any of these 
three components.  

Baryons only Baryons+CDM Baryons+CDM+Λ

Planck
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The CMB and Ω 
● All else remaining 

constant:
– The first peak position 

measures the total Ω 
– The 1st and 2nd peak 

height difference 
measures baryon 
density (or electrons)

– The amount of matter 
changes the amount of 
structure

– Dark energy affects 
the largest scales

Hu & Dodelson (2002)
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Many Different Effects Together

TT

EE

BB

Lensing GWB

max compression
max rarefaction

photon
diffusion

scale

reionization: peak
location ~ (SLS horizon) x 

sqrt(z_reion / z_rec) 
~ 10

inflation
potential

curvature,
acoustic horizon

baryon density

damping from photon
diffusion, sensitive to

matter density

SLS thickness (~ 860)

Sachs-
Wolfe effect

SLS horizon
scale (~ 100)

oscillations out of 
        phase:
TT ~ density 
        extrema,
EE ~ velocity 
        extrema
oscillation
frequency
differs by factor
of sqrt(3): sound 
vs. light speed

gravitational waves
on small scales 
decay away
(amplitude ~ 1/a)

ratio of quadrupole
moment power = T/S
( = 0.05 in this plot)

Cynthia Chiang
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Degeneracies

Howlett et al. (2012);
http://arxiv.org/abs/arXiv:1201.3654

Different sets of cosmological parameters can give
us the same power spectrum (to within the error bars)
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Matter, Dark Matter & Dark Energy

The CMB has helped 
consolidate dark matter 
and dark energy as real 

(though other probes 
sometimes provide 

somewhat more direct 
glimpses of their 

existence)
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Frequency/wavelength coverage
Planck fills 

the 
SubMM 

range, so 
in addition 

to CMB 
science, 

Planck will 
be able to 
say a lot 

about dust 
emission 

in our 
Galaxy 
and in 

others. 
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Launch, Orbit and Scanning

Scans full sky each 
~6 months the sky in 
(almost) great circles.
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Planck Maps
Planck 
has two
instruments:

- LFI:
-- 30,
-- 44,
-- 70 GHz

- HFI
-- 100,
-- 143,
-- 217,
-- 353,
-- 545,
-- 857 GHz
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“Foregrounds”

Combinations of the nine Planck 
channels allow us to separate the 
signals into CMB, CO, Dust and other 
components such as synchrotron, 
free-free and vibrational dust. 

The Galactic Plane and point sources 
are usually masked for cosmological 
analyses. 

“Radio”
 Emission

CO

Dust
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Temperature & Polarization Spectra
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Gravitational Lensing
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Gravitational Lensing



2014-11-21 Microwave Background & Planck 19/77

The Sunyaev-Zeldovich Effect
http://spiff.rit.edu/classes/phys443/lectures/cluster_2/sunyaev.png

Galaxy Clusters are the 
largest known gravitationally 

bound structures in the 
Universe. Comparing the SZ 
effect and the CMB teaches 

about cosmology and 
clusters.
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Cosmic Infrared Background

● Dominates the extragalactic sky in the higher Planck 
frequencies

● Has a spectrum similar to Galactic dust
● Tracer of star formation, much of it around z~2.
● Represents material at higher redshifts than many catalogs
● arXiv:1309.0382v1
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CIB × Lensing Potential
● The CIB is the remnant of 

star formation, much around 
z~2

● This material lenses the CMB
● A cross-correlation shows 

this:

● Correlations can 
also be done with 
your favorite 
catalog of sources, 
or other tracers of 
mass

ArXiv:
 1303.5078v1

545 GHz × Φ
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Lensing Correlations with the SZ Effect
● Both the SZ and lensing 

effects are “trace” large-
scale structure in the 
Universe. 

● Comparing (and cross-
correlating) the two 
allows us to understand 
both the basic 
constituents of the 
Universe, and the 
astrophysics behind 
“structure formation”Hill & Spergel, 2014

http://arxiv.org/abs/1312.4525
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SPT/Herschel Polarization Lensing
● Using an SPT E-Mode 

map and a Herschel 
map of the CIB, the 
predicted what B-Modes 
should be there and 
found a correlation.

● This is analogous to 
what Planck did using 
maps of temperature 
lensing and its own 545 
GHz channel 
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B-Mode Measurements

Stolen from Jeff Filippini; https://indico.cern.ch/event/296546/session/1/contribution/5
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Inflation

Period of very fast 
expansion

Solves monopole, 
flatness and horizon 

problems
Implies gravitational 

waves, but they may be 
vanishingly small. 
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Relic Gravitational Waves – B-Modes

http://bicepkeck.org/visuals.html
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Inflation
● ns = 0.9603 ± 0.0073
● Tensor-to-scalar ratio: r < 0.11

– With polarization, we hope to be able to reduce this

arXiv:1303.5082
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Polarization of the CMB
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Grav. Waves Convert E Modes to B 

Rai Weiss – 2005 CMB Task Force Update
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Spectra Zoo

r = 0.2

Scalar TT

Tensor TT

Scalar TE

Tensor
TE

Scalar
EE

Tensor
EE

Tensor
         BB

Lens
        BB

Scalar & 
Tensor TT, 
TE, EE & 

BB Spectra

'r' 
quantifies 

the fraction 
of power in 

tensors 
versus 
scalars
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BICEP Saw r ~ 0.2

● “The observed B-mode power 
spectrum is well-fit by a lensed-
LCDM + tensor theoretical model with 
tensor/scalar ratio r=0.20+0.07

-0.05.” -- 
BICEP2 I: Detection of B-mode 

Polarization at Degree Angular 

Scales (2014)

● We were looking for a needle in a 
haystack, but instead we found a 
crowbar. -- Clem Pryke

● “... the fractional contribution of tensor 
modes is limited to r < 0.13 (95% CL)” 
-- Nine-year Wilkinson Microwave 

Anisotropy Probe (WMAP) 

Observations: Cosmological 

Parameter Results (2012)

● “Planck establishes an upper bound 
on the tensor-to-scalar ratio of r < 0.11 
(95% CL).” -- Planck 2013 results. 

XXII. Constraints on inflation.
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Planck 143 GHz Temperature Map

This is a temperature map. Planck has not yet 
released full-sky polarization maps.

BICEP2
Field

Equatorial
Coordinates
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Planck 353 GHz Temperature Map

This is a temperature map. Planck has not yet 
released full-sky polarization maps.

BICEP2
Field

Equatorial
Coordinates
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What Planck is Working on Now
Stokes Q & U at 353 GHz from Planck ● BICEP has more sensitivity 

than Planck in their field at 
150 GHz

● But Galactic dust is much 
brighter at 353 GHz than at 
150 GHz

● Planck finds that at 150 
GHz, dust must be 
carefully addressed, even 
in the cleanest regions of 
the sky

arXiv:1405.0871v1 5 May 2014
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Polarization vs. Optical Depth
● Historically, the CMB 

world has used a 
canonical 5% polarization 
figure for dust

● These are based on the 
only regions we could 
measure – bright regions

● Lower column-depth 
regions are less 
complicated, have less 
depolarization and so 
seem have higher 
polarization fractionarXiv:1405.0871v1 5 May 2014
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B-Mode Spectrum on the BICEP Field
● Measured at 353 GHz 

and extrapolated to 
150 GHz

● Note that there are 
only three bins here...
– The first band is the 

most relevant to the 
primordial B-Modes...

● The filtering and 
processing that BICEP 
has actually done is 
not accounted for here.

Blue: Statistical Uncertainty
Pink: 353-150 Extrapolation

Uncertainty
Cross-Correlations between 

BICEP2 and Planck are 
happening now...
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Planck Polarization Progress
● Planck has released no 

CMB polarization data
– A few papers have been 

written about polarization 
foregrounds, including 
implications for BICEP2 
(which I will discuss)

● Most of the new 
polarization results will be 
shown at the Ferrara 
conference December 1-5

● But...
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Planck's Status
● Not all Planck products 

will be ready by 
December 1st 

● The release has 
therefore been 
postponed to December 
22nd

– LFI will deliver their 
polarization maps

– “Foreground” maps will 
be delivered

● The “Cleaned” CMB 
map will be delivered 
Dec. 22nd, but will have 
the largest angular 
scales filtered or 
otherwise obfuscated. 

● In addition, HFI will 
delay the release of the 
100, 143 and 217 GHz 
polarization maps until 
the Spring of 2015. 
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Near-Term Experiments

PIPER: Primordial Inflation Polarization Explorer
LSPE: Large-Scale Polarization Explorer

CLASS: Cosmology Large Angular Scale
               Surveyor

GroundBird MuSE
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More and more detectors...

From Kyle 
Story's 

March, 2014 
Moriond 

Cosmology 
Presentation 
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Ground-Based Plans

Taken from a pre-BICEP2 presentation by John Carlstrom
Note: 2**(15 years/1.5 year “Moore” doubling time) ~ 1000

O(100) detectors 
==>

O(100000) detectors 
==>

O(1000) detectors 
==>

For reference,
Planck/HFI has 
~50 detectors
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Fig. 8: Best Parts of the Polarized Sky
● Value of BB spectrum at 
ℓ=80, normalized to a 
spectrum with r=1. 
– Deep red is r~10
– Orange/red is r~1
– Blue/cyan is r~0.1
– Deep blue is r~0.01

● Computed from the 353 
GHz data and 
extrapolated to 150 GHz 
using power law above

Signal

Uncertainty
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Neutrinos & the CMB
In addition to 

the Early 
Sachs-Wolfe 

Effect, 
neutrinos 
change 

“small”-scale 
structure 

through free-
streaming, 

which is 
visible through 

weak 
gravitational 

lensing
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Neutrino Limits from Polar. Lensing

● Neutrinos suppress 
structure; This 
changes CMB lensing

● By measuring lensing 
we measure Neff & Σmν 
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● Stolen from J. Bock; see: http://www-conf.kek.jp/cmb/2013/
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● Stolen from J. Bock; see: http://www-conf.kek.jp/cmb/2013/
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Will the CMB Field Split/Change?

CMB Now

“Primordial” CMB:
E.g., Polarized
B-Modes. 
Traditionally 
“aligned”
with fundamental 
physics. May soon 
become even much 
more dependent on 
“Galactic” 
astronomy to 
remove polarized 
foregrounds.

“Late” CMB:
Use the CMB not as 
a probe of the early
Universe, but as a 
well-understood tool 
to probe astro- and 
particle-physics. E.g. 
Understand cluster 
formation and/or
neutrino masses. 

Spectrum?
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Thank you
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