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Outline
• 1: Overview of Primary CMB 

Anisotropies and Polarization
• 2: Primary, Secondary Anisotropies and 

Foregrounds
• 3: CMB Polarization Measurements

• Cartoon version of experiments
• Two exciting new frontiers

– gravitational waves from inflation
» cartoon inflation

– gravitational lensing of the CMB
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Excellent Reviews
• Wayne Hu tutorials:

• http://background.uchicago.edu/index.html

• Kosowsky:
•  http://ned.ipac.caltech.edu/level5/Kosowsky/

Kosowsky_contents.html
• http://arxiv.org/abs/astro-ph/9904102

• Zaldarriaga
• http://arxiv.org/abs/astro-ph/0305272

• Weiss report: 
• http://arxiv.org/abs/astro-ph/0604101

• CMBPol white papers:
• http://arxiv.org/abs/0811.3919
• http://arxiv.org/abs/0811.3916
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r=0.43

r=0.1

r=0.01

Lensing B Modes vs GW 

• on small scales, 
lensing B 
modes always 
dominate
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from CMBPol lensing paper



Measuring Polarization

• need to 
measure the 
relative power 
in E field at 
different 
orientations
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Measuring Polarization
• need to measure 

the relative 
power in E field 
at different 
orientations

• split 
polarizations, 
send to different 
detectors
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Measuring Polarization
• measure at 

different angles 
to get Q, U
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The Experimental Challenge to reach r=0.01
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Table from Weiss Report



Measuring Polarization
• possible extra 

tricks:
– rotate 

experiment so 
that response to 
sky is swapped
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Measuring Polarization
• possible extra 

tricks:
– insert half-wave 

plate or 
something else 
which can rotate 
polarization 
directions

– then spin it to 
modulate pol 
response
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Lensing B Modes vs GW 

• on large scales, 
spectrum 
equivalent to 
white noise with 
rms of 5 uK-
arcmin
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from CMBPol lensing paper

r=0.43

r=0.1

r=0.01

5 uK-arcmin



CMB Polarization Noise
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r=0.43

r=0.1

r=0.01

5 uK-arcmin

High res 
ground-
based

Low res 
ground-based

Planck



The evolution of SPT cameras

2007-2011: SPT
960 detectors

2012-2015: SPTpol
~1600 detectors 2016: SPT-3G

~15,200 detectors

Now with polarization!

slide from S Hoover



CMB Polarization Noise
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r=0.43

r=0.1

r=0.01

5 uK-arcmin

next 
generation

in <3 years several experiments will have sensitivity for r~0.01



Two Expected Sources of B Modes

Gravitational Radiation in Early Universe
(amplitude unknown!) Gravitational lensing of 

E modes 



Gravitational Waves Generate 
E and B
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B modes are a great probe of gravitational radiation in the 
early universe!!



Inflation According to an Astrophysicist      
 (Peacock Chapter 11)

see also  http://ned.ipac.caltech.edu/level5/Sept02/Kinney/Kinney_contents.html)

• early universe period of dark energy 
domination

• some potential energy V at every 
location, which depends on something, 
call it  (the “inflaton” field)

• exponential expansion for many e-
foldings (>60?) solves classic problems

•  has fluctuations from quantum 
mechanics
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Hawking Radiation from a 
Black Hole
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Hawking Radiation from a 
Black Hole Horizon
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In de Sitter, horizon r~cH-1



Fluctuations during inflation

• at a single point, horizon is continuously 
radiating

• fluctuations in  continue to be 
generated

• variance 2 ~ N(t) H2

• inflation ends at some value of , which 
happens at slightly different times 
(randomly)
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Gravitational potential 
fluctuations

• different amounts of expansion mean 
gravitational potential differences

• H ~ H t = H /(d/dt) ~H2/(d/dt)
• slow roll => (d/dt)~(dV/df)/H=V’/H
• H ~ H3/V’
• potential fluctuations depend on slope 

of potential
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Gravitational Radiation from 
Inflation

• Hawking radiation from horizon gives 
gravity waves with T~H

• variance of wave amplitudes ~ H2

• Friedmann equation: H2 ~ V
• gravity waves directly sourced by 

inflation (not via fluctuations in 
“inflaton”)

• tensor/scalar power 2T/2S~(V/V’)2
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Tensor Power

• note tensor power scales as potential 
energy V

• dimensionally:
• energy density~(temperature)4

• tensor power scales as Tinflation4

• GUT scale (1015 GeV): T/S~0.1
• just past LHC (~TeV): T/S~hopeless
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r=0.43

r=0.1

r=0.01

Lensing B Modes vs GW 

• on small scales, 
lensing B 
modes always 
dominate
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• CMB is a unique source for lensing

• Gaussian, with well-understood power spectrum 
(contains all info)

• At redshift which is (a) unique, (b) known, and (c) 
highest

TL(n̂) = TU (n̂ +∇φ(n̂))

CMB Lensing 

∇φ(n̂) = −2
� χ�

0
dχ

χ� − χ

χ�χ
∇⊥Φ(χn̂, χ),

Broad kernel, peaks at z ~ 2

In WL limit, add many 
deflections along line of 

sight

Photons get shifted
n̂

T

n̂ +∇φ



•  We extract ϕ by taking a suitable 
average over CMB multipoles 
separated by a distance L

• We use the standard Hu 
quadratic estimator.

Mode Coupling from Lensing
T

L(n̂) = T
U (n̂ +∇φ(n̂))

= T
U (n̂) +∇T

U (n̂) ·∇φ(n̂) + O(φ2),

• Non-gaussian mode coupling for l1 �= −l2 :

lx

ly

L

lCMB1

lCMB2



CMB Lensing Power Spectrum 

• well 
measured 
with 
Planck, SPT, 
ACT

Planck XVII 2013



Massive Neutrinos in 
Cosmology

–Below free-streaming scale, 
neutrinos act like radiation 
•  drag on growth

–Above free-streaming scale, 
neutrinos act like matter

€ 

Ων ≈ (mi
i
∑ /0.1 eV ) 0.0022 h0.7

−2



Neutrinos & CMB Lensing
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Neutrino masses

• Perturbations are 
washed out on 
scales smaller than 
neutrino free-
streaming scale 

• current upper bounds from 
CMB are WMAP: mnu < 1.3 
eV ; WMAP+BAO+H0: mnu < 
0.56 eV

d ∼ Tν/mν × 1/H

Neutrino masses

• Perturbations are 
washed out on 
scales smaller than 
neutrino free-
streaming scale 

• current upper bounds from 
CMB are WMAP: mnu < 1.3 
eV ; WMAP+BAO+H0: mnu < 
0.56 eV

d ∼ Tν/mν × 1/H

• Peak at l=40 (keq  =[300 Mpc]-1 at z = 2): coherent over degree scales

• RMS deflection angle is only ~2.7’



Upper limits on neutrino 
masses

• CMB experiments 
closing in on 
interesting 
neutrino mass 
range

• CMB lensing adds 
new information
– forecast ~0.05 eV 

sensitivity in ~4 
yrs 30

Planck collaboration 2013



r=0.43

r=0.1

r=0.01

Lensing B Modes vs GW 

• to reach small r, 
must remove 
lensing B 
modes

31
from CMBPol lensing paper



•  We extract ϕ by taking a suitable 
average over CMB multipoles 
separated by a distance L

• We use the standard Hu 
quadratic estimator.

Mode Coupling from Lensing
T

L(n̂) = T
U (n̂ +∇φ(n̂))

= T
U (n̂) +∇T

U (n̂) ·∇φ(n̂) + O(φ2),

• Non-gaussian mode coupling for l1 �= −l2 :

lx

ly

L

lCMB1

lCMB2



Predicting B-Modes
3

FIG. 1: (Left panel): Wiener-filtered E-mode polarization measured by SPTpol at 150GHz. (Center panel): Wiener-filtered

CMB lensing potential inferred from CIB fluctuations measured by Herschel at 500 µm. (Right panel): Gravitational lensing

B-mode estimate synthesized using Eq. (1). The lower left corner of each panel indicates the blue(-)/red(+) color scale.

[23] onboard the Herschel space observatory [24] as a
tracer of the CMB lensing potential φ. The CIB has
been established as a well-matched tracer of the lens-
ing potential [22, 25, 26] and currently provides a higher
signal-to-noise estimate of φ than is available with CMB
lens reconstruction. Its use in cross-correlation with the
SPTpol data also makes our measurement less sensitive
to instrumental systematic effects [27]. We focus on the
Herschel 500 µm map, which has the best overlap with
the CMB lensing kernel [22].

Post-Map Analysis: We obtain Fourier-domain
CMB temperature and polarization modes using a
Wiener filter (e.g. [28] and refs. therein), derived by
maximizing the likelihood of the observed I, Q, and
U maps as a function of the fields T (�l), E(�l), and
B(�l). The filter simultaneously deconvolves the two-
dimensional transfer function due to beam, TOD filter-
ing, and map pixelization while down-weighting modes
that are “noisy” due to either atmospheric fluctuations,
extragalactic foreground power, or instrumental noise.
We place a prior on the CMB auto-spectra, using the
best-fit cosmological model given by [29]. We use a sim-
ple model for the extragalactic foreground power in tem-
perature [19]. We use jackknife difference maps to deter-
mine a combined atmosphere+instrument noise model,
following [30]. We set the noise level to infinity for any
pixels within 5� of sources detected at > 5σ in [31]. We
extend this mask to 10� for all sources with flux greater
than 50mJy, as well as galaxy clusters detected using
the Sunyaev-Zel’dovich effect in [32]. These cuts remove
approximately 5 deg2 of the total 100 deg2 survey area.
We remove spatial modes close to the scan direction with
an �x < 400 cut, as well as all modes with l > 3000. For
these cuts, our estimated beam and filter map transfer
functions are within 20% of unity for every unmasked
mode (and accounted for in our analysis in any case).

The Wiener filter naturally separates E and B con-

tributions, although in principle this separation depends
on the priors placed on their power spectra. To check
that we have successfully separated E and B, we also
form a simpler estimate using the χB formalism advo-
cated in [33]. This uses numerical derivatives to estimate
a field χB(�x) which is proportional to B in harmonic
space. This approach cleanly separates E and B, al-
though it can be somewhat noisier due to mode-mixing
induced by point source masking. We therefore do not
mask point sources when applying the χB estimator.

We obtain Wiener-filtered estimates φ̂CIB of the lensing
potential from the Herschel 500 µm maps by applying an
apodized mask, Fourier transforming, and then multiply-
ing by CCIB-φ

l (CCIB-CIB
l Cφφ

l )−1. We limit our analysis to
modes l ≥ 150 of the CIB maps. We model the power
spectrum of the CIB following [34], with CCIB-CIB

l =
3500(l/3000)−1.25Jy2/sr. We model the cross-spectrum
CCIB-φ

l between the CIB fluctuations and the lensing po-
tential using the SSED model of [35], which places the
peak of the CIB emissivity at redshift zc = 2 with a
broad redshift kernel of width σz = 2. We choose a linear
bias parameter for this model to agree with the results of
[22, 26]. More realistic multi-frequency CIB models are
available (for example, [36]); however, we only require a
reasonable template. The detection significance is inde-
pendent of errors in the amplitude of the assumed CIB-φ
correlation.

Results: In Fig. 1, we plot Wiener-filtered estimates
Ê150 and φ̂CIB using the CMB measured by SPTpol at
150 GHz and the CIB fluctuations traced by Herschel. In
addition, we plot our estimate of the lensing B modes,
B̂lens, obtained by applying Eq. (1) to these measure-
ments. In Fig. 2 we show the cross-spectrum between
this lensing B-mode estimate and the B modes mea-
sured directly by SPTpol. The data points are a good fit
to the expected cross-correlation, with a χ2/dof of 3.5/4
and a corresponding probability-to-exceed (PTE) of 48%.

measured E modes estimated  predicted B

Hanson, Hoover, Crites et al 2013



Source of Lensed B Modes

from Duncan Hanson

Which  modes matter Which E modes matter



E-modes/B-modes
• E-modes vary spatially 
parallel or perpedicular to 
polarization direction

• B-modes vary spatially at 
45 degrees

• CMB
• scalar perturbations only 
generate *only* E

Image of positive kx/positive ky Fourier 
transform of a 10x10 deg chunk of 
Stokes Q CMB map [simulated; nothing 
clever done to it]

E modes

• Lensing of CMB is 
much more obvious in 
polarization! 

kx

ky



“Delensing” Improves GW 
sensitivity

• can’t remove 
what you can’t 
see: delensing 
limited by how 
well you image 
lensing B 
modes

Figure 10: Projected EE (left) and BB (right) constraints from four years of observing with the SPT-3G camera (black
points and error bars). Constraints are from simulated observations including realistic treatment of foregrounds, atmosphere,
instrument 1/f noise, and E-B separaration. Overplotted are projected constraints from Planck (cyan, cf., The Planck
Collaboration, 2006) and SPT-POL (purple). The inset in the EE plot shows amplitude of the low-� EE uncertainties from
the three instruments (same color scheme), showing that SPT-3G is competitive with Planck’s low-� EE constraints down to
� ∼ 200. Model curves in the BB plot (solid lines) are for Σmν = 0, with r = 0 and r = 0.04. The red points and dashed
lines in the BB plot show the added sensitivity to primordial gravitational-wave B modes from delensing. The SPT-3G error
bars are recalculated for a 2.5 reduction in lensed BB power, and the model lines are shown with this reduction for the same
models as the solid lines in the main plot.

of a large telescope aperture, the SPT-3G design addresses other potential sources of systematic error that
could limit the constraint on r. Concerns about large-scale ground contamination are addressed by a care-
fully modeled and constructed shielding system. The polar location of the telescope and the default raster
scanning strategy present no barriers to low-� sensitivity, as demonstrated theoretically (Crawford, 2007)
and in practice (Figure 2, Chiang et al., 2010). In addition, the SPT-3G survey data would contribute signifi-
cantly to the measurement of r through synergy with the SPUD array data. Delensing by a factor of 2.5 using
SPT-3G data would allow the SPUD team to use data in an � range where it would normally be dominated
by the lensing signal, potentially significantly improving the r constraint or detection from that data. This is
only possible for datasets that observe the same part of the sky, so SPT-3G is in a unique position to deliver
this improvement for SPUD.

Finally, the extremely high-fidelity measurement of the E-mode polarization of the CMB will yield
scientific bounty beyond just the delensing of the primordial B modes. Measurements of the E-mode
damping tail are expected to become foreground-limited at much higher � than the temperature damping
tail, because of the expected low polarization of dusty point sources (?). This allows a low-noise, high-
resolution experiment such as SPT-3G to extract information from the E-mode damping tail out to very high
�, with the potential for precision measurements of the number of relativistic particle species, the primordial
helium abundance, and the running of the scalar spectral index.

V.1.3 Epoch of Reionization The epoch of reionization is the second major phase transition of gas
in the Universe (the first being recombination). Reionization occurs comparatively recently, z ∼ 10 instead
of 1100, and marks a milestone in cosmological structure formation. It begins with the creation of the first
objects massive enough to produce a significant flux of UV photons (e.g., stars). We expect ionized bubbles
to form around the initial UV sources with these HII bubbles eventually merging to produce the completely
ionized Universe we see today. Observing the z ∼ 10 Universe is extremely challenging, and as a result
we know very little about the epoch of reionization. From studies of the Lyman-α forest, we know that the
Universe is ionized by z ∼ 6, with some (as yet inconclusive) evidence for a decreasing ionization fraction
at z > 6. Studies of 21 cm emission have also excluded instantaneous reionization models (∆z < 0.06).

The kinetic SZ (kSZ) effect provides a unique means to study reionization. The kSZ effect occurs when
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fig from SPT-3G proposal
see Smith et al 
 http://arxiv.org/abs/1010.0048

http://arxiv.org/abs/1010.0048
http://arxiv.org/abs/1010.0048


Summary

• exciting stuff ahead for CMB polarization
– neutrino mass measurements
– inflationary gravitational radiation B modes

• instruments advancing quickly
– B mode measurements about to become routine


