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T (n̂) → T (n̂+∇φ(n̂))

φ(n̂) = −2

� χ∗

0
dχ

fK(χ∗ − χ)

fK(χ∗)fK(χ)
Ψ(χn̂; η0 − χ)



• RMS deflection of 2.4’.
• Peak lensing efficiency 
halfway to CMB (z~2, or 
7000Mpc comoving).
• Coherent over ~300Mpc 
comoving (δθ~2° on sky).
• (Relatively) Small 
corrections from non-
linearity.

Weak lensing of the CMB 
by large-scale structure:



CMBpol Lensing White Paper  (2008)

�
mν = 100meV → 5%
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Lensing smooths the accoustic peaks of the CMB Power Spectrum, 
though smoothing is sensitive only to amplitude of Clɸɸ.



CMB LENS RECONSTRUCTION

� We can directly reconstruct the lensing potential φ(n̂).
� Idea: as in Galaxy weak lensing, start by decomposing the lensing

potential into “observable” convergence and shear modes:

−∇ijφ =

�
κ+ γ+ γ− − ω
γ− + ω κ− γ+

�
.

*0.5*0.25

γ+

*0.5*0.25

κ
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CMB LENS RECONSTRUCTION

� Consider taking the power

spectrum of a small patch with

uniform κ.

κ=0+κ −κ

� To first order in κ we have

CTT
l = C̃TT

l + κ∆κ
l , where

∆κ
l =

�
l
∂C̃TT

l
∂l

+ 2C̃TT
l

�
.

� Look for ∆κ
l in (localized)

estimates of power spectrum,

stitch together to get κ(n̂).
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FIG. 2.— Map of the CMB lensing convergence measured with SPT data (contours in all panels) and overlaid on maps of the 500, 350, 250 µm Herschel /SPIRE
data (top right, bottom left, bottom right, respectively). All maps have been filtered to only show scales in the lensing map that are expected to have typical signal
to noise of at least 0.5, which suppresses all features on scales smaller than ∼ 0.5◦. All maps have been masked by the SPIRE coverage. Lensing contours are
spaced by 1σ of noise. Red (blue) indicates regions of increased (decreased) mass or flux.

mology (Story et al. 2012).
The redshift distribution of contributions to the submm

background has been extensively studied in recent years, and
there exist substantial disagreements between authors. We
adopt two recent determinations, presented in Béthermin et al.
(2011) and Viero et al. (2012) that roughly bracket expecta-
tions, to predict the cross-correlation signal. To derive this
signal, we assume that the submm light traces the non-linear
dark matter density field at every redshift, with a single ampli-
tude, the bias b, that we fit to the data. The cross-correlation
will be most sensitive to redshifts z ∼ 0.5 − 3, with lower z
a poor match to CMB lensing, and higher z not having sub-
stantial submm emission. As seen in the insets of Figure 3,
the 500 µm emission is expected to have broader overlap with
the CMB lensing kernel, and should therefore show a stronger
correlation.

Fits are performed using points between L = 100 and
L = 1600, as done in previous SPT lensing studies. The best-
fit bias parameters for each observing wavelength and redshift
distribution choice are shown in Table 2, with best-fit bias pa-
rameters depending on which redshift distribution is assumed.
For the Béthermin et al. (2011) model we find b ∼ 1.8 ± 0.3
while the Viero et al. (2012) model for the CIB intensity gives
b ∼ 1.3 ± 0.2. The uncertainties reflect statistical uncertain-
ties only, and the large difference between the two models in-
dicates that systematic uncertainties are substantial. The dif-
ference in bias factors is largely due to the different integrated
mean intensities in the two models; for example, at 500 µm
the two models predict mean intensities that differ by a factor
of 1.5, while the derived bias factors differ by a factor of 1.4.
This difference in the mean intensity is larger than the ∼ 25%
uncertainty in the FIRAS measurements (Fixsen et al. 1998);

SPT-SZ Mass Map 
(Holder et. al. 2012)

Overlay with Cosmic 
Infrared Background 

(Herschel-SPIRE)



Measurements of the 
lensing power spectrum 
have become possible in 
last two years:

• First ACT in 2011 (4σ)
• SPT in 2012 (6.3σ)
• Planck in 2013 (25σ).

Lensing now a major 
component of all CMB 
experiments.



ACT and SPT temperature measurements are now 
sample/foreground limited. Only way to get more 

information is to cover more sky.

SPT-SZ 2500deg
2 m
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∆Cφφ
l /Cφφ

l

SPT/ACT (~15uK’, 1’)

Planck (30uK’, 1’)

van Engelen et. al. 
(590deg2 )Planck

1/2 sky at ACT/
SPT noise levels.
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The future is polarization: CMB is linearly 
polarized at 10% level by Thompson scattering.



The future is polarization: CMB is linearly 
polarized at 10% level by Thompson scattering.



Breaking polarization into E- and B-modes, lensing has qualitatively 
different behaviour in polarization.

«E-mode» «B-mode»
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10 CF5 Inflation Physics from the Cosmic Microwave Background and Large Scale Structure

Figure 1-2. Expected signal levels for the E-mode (red, solid), inflationary gravitational-wave B-mode

(blue, solid), and lensing B-mode (green, solid) signals. The gravitational-wave B-mode signals are shown

for tensor-to-scalar ratios of r = 0.001 (the Stage-IV goal) and r = 0.01 (the boundary between small-field

and large-field inflation models). The lensing B-mode signal is shown as a band encompassing the predicted

signal for values of the sum of neutrino masses 0 ≤
P

mν ≤ 0.1eV. Delensing by a factor of 4 in amplitude is

shown schematically by the green arrow, with the residual signal at � ≤ 200 (where the delensing is critical

to the constraint on r) shown by the green, long-dashed line. The black, short-dashed line shows the

level of current 95% upper limits on B modes from WMAP at the largest scales, the BICEP experiment at

degree scales, and the QUIET and QUaD experiments at smaller scales. The brown, long-dashed lines

show the expected polarized foreground contamination at 95 GHz for the cleanest 1% and 25% of the sky.

proxy for sensitivity. Stage-I experiments have finished observing, and have roughly ∼ 100 detectors. Stage-
II experiments are currently observing with ∼ 1000 detectors, and Stage-III experiments are currently under
development with ∼ 10000 detectors. A Stage-IV experiment would have yet another order of magnitude
more detectors and would harness the resources and experience of the CMB community to produce a cohesive
suite of experiments targeting some of the most interesting and fundamental questions in the study of the
nature of our universe.

1.2.1.1 Current Experimental Efforts and Upgrades: Stages II and III

The current generation CMB polarization experiments (Stage II) consists of a suite of complementary exper-
iments that employ a variety of experimental approaches to take steps toward searching for an inflationary
B-mode signal. There are a number of experiments that observe the sky on degree angular scales, and are

Community Planning Study: Snowmass 2013

Carlstrom, Lee, ++ «CF5 Inflation Physics from the CMB and LSS»
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Lensing B modes are 
sourced by E and ɸ over a 
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Lens reconstruction in polarization is qualitatively 
different than in temperature; can be thought of as 

a process of template fitting.

Blens(�lB) =

�
d2 �lE

�
d2�lφW

φ(�lE , �lB ,�lφ)E(�lE)φ(�lφ)

φE Blens



Many experiments being built or already operating with 
target noise levels low enough to see lensing B modes:

ABS
BICEP
EBEX

SPIDER
LiteBIRD
PolarBear

SPTpol
ACTpol

} Also measure small 
scale E modes -> can 

reconstruct ɸ.
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Gravitational lensing of the cosmic microwave background generates a curl pattern in the observed
polarization. This “B-mode” signal provides a measure of the projected mass distribution over the
entire observable Universe and also acts as a contaminant for the measurement of primordial gravity-
wave signals. In this letter we present the first detection of gravitational lensing B modes, using
first-season data from the polarization-sensitive receiver on the South Pole Telescope (SPTpol). We
construct a template for the lensing B-mode signal by combining E-mode polarization measured by
SPTpol with estimates of the lensing potential from a Herschel -SPIRE map of the cosmic infrared
background. We compare this template to the B modes measured directly by SPTpol, finding a
non-zero correlation at 7.7σ significance. The correlation has an amplitude and scale-dependence
consistent with theoretical expectations, is robust with respect to analysis choices, and constitutes
the first measurement of a powerful cosmological observable.

PACS numbers: 98.70.Vc 95.30.Sf, 98.62.Sb, 95.85.Sz, 98.80.Cq

Introduction: Maps of the cosmic microwave back-
ground (CMB) [1] polarization anisotropies are naturally
decomposed into curl-free E modes and gradient-free B

modes [2, 3]. B modes are not generated at linear or-
der in perturbation theory by the scalar perturbations
which are the dominant source of CMB temperature and

First measurement of lensing B modes (last week!) using 
three-point EBɸ from SPTpol + Herschel-SPIRE maps of the 

cosmic infrared background.



Lensing B modes now detected at 7.7σ significance.

«B mode view» «Lensing view»



SPTpol 1st season
(10uK’, 1’)

3rd generation expt.. 
(4uK’, 1’, 6% sky)

Stage IV expt. 
(1uK’, 1’, 50% sky) ∆Cφφ

l /Cφφ
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l

Now

~5 years.

~ 10 years.

Next ~3 years, ACTpol, SPTpol, Polarbear


