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FIG. 13.— BICEP’s T E, EE, and BB power spectra complement existing data from other CMB polarization experiments (Leitch et al. 2005; Montroy et al.

2006; Piacentini et al. 2006; Sievers et al. 2007; Wu et al. 2007; Bischoff et al. 2008; Nolta et al. 2009; Brown et al. 2009). Theoretical spectra from a ΛCDM

model with r = 0.1 are shown for comparison; the BB curve is the sum of the inflationary and gravitational lensing components. At degree angular scales,

BICEP’s constraints on BB are the most powerful to date.

ing our pipeline recovers an unbiased estimate of r. Only two

of 100 simulations have maximum likelihood r values that fall

below the data; this simple alternative statistic to the Bayesian

95% upper limit suggests at a similar level of confidence that

the BICEP data excludes the r = 0.72 hypothesis.

While limits on r derived from CMB data are still driven

by the WMAP measurement of the T T power spectrum, BI-

CEP’s limits on the amplitude of the BB spectrum are an order

of magnitude more powerful than any previous measurement.

The improvement in the power of BB to constrain r is illus-

trated by repeating the above analysis using WMAP BB data,

where we obtain a limit of r < 6, versus the BICEP constraint

of r < 0.72.

14. CONCLUSIONS

Motivated by the exciting possibility of detecting, albeit in-

directly, the gravitational wave background due to inflation,

many efforts are underway to develop the instrumentation and

methods necessary to search for the B-mode component of

CMB polarization at degree angular scales. In this paper, we

have presented initial results from BICEP, the first experiment

optimized specifically to search for the inflationary B-mode

Chiang et. al. 2010
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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)

φ(n̂) = −2

� χ∗

0
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fK(χ∗ − χ)

fK(χ∗)fK(χ)
Ψ(χn̂; η0 − χ)

n̂ → n̂+∇φ(n̂)





B(n̂) (±2.5µK)

T(n̂) (±350µK)

E(n̂) (±25µK)
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Lensing B-modes are pretty 
much linear in E and Phi:

TEMPLATE (DE)LENSING

Rewrite the first-order expression for
the lensed B-mode as a sum of E-mode

based templates M, weighted by
coefficients:

Blen ≈ Bunl + M

The lensed B-mode can be thought of as a sum of E-mode + geometry
“templates”, weighted by coefficients.

() June 27, 2012 15 / 19

TEMPLATE (DE)LENSING

Rewrite the first-order expression for
the lensed B-mode as a sum of E-mode

based templates M, weighted by
coefficients:

Blen ≈ Bunl + M

The lensed B-mode can be thought of as a sum of E-mode + geometry
“templates”, weighted by coefficients.

() June 27, 2012 15 / 19

TEMPLATE (DE)LENSING

Rewrite the first-order expression for
the lensed B-mode as a sum of E-mode

based templates M, weighted by
coefficients:

Blen ≈ Bunl + M

The lensed B-mode can be thought of as a sum of E-mode + geometry
“templates”, weighted by coefficients.

() June 27, 2012 15 / 19

Blens(�lB) ≈
�

d2 �lE

�
d2�lφW

φ(�lE , �lB ,�lφ)E(�lE)φ(�lφ)

Two ideas:
‣Given E and !, can estimate Blens  for delensing.
‣Given E and B, can estimate !.



TEMPLATE (DE)LENSING

Template-fit for the φ coefficients by minimizing the χ2:

�Blen ≈ �Bunl + M�φ �Bdel = �Bobs − M̂�̂φ

χ2 = �Bdel†(NBdel)−1�Bdel + φ̂†(Cφφ)−1 �̂φ,

�̂φ =
�
M̂†(NBdel)−1M̂ + (Cφφ)−1

�−1
M̂†(NBdel)−1�Bobs.

The matrix inversion for �̂φ is “expensive”. Accuracy of inversion
determines quality of reconstruction–

� Diagonal approximation→ Okamoto and Hu (Quadratic)
� Proper inversion→ Hirata and Seljak (Iterative Max. Like.)

() June 25, 2012 8 / 11

Template EB Lens Reconstruction:
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Planck/HFI 100GHz



Planck/HFI 143GHz



Planck/HFI 217GHz



Planck/HFI 353GHz



Planck/HFI 545GHz



Herschel/SPIRE 600GHz



Herschel/SPIRE 857GHz



Herschel/SPIRE 1200GHz
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try to address a mainly ‘Galactic’ audience/reader as most of the presentations at
the conference were centred around Galactic dust emission. For further reading,
the interested reader is also referred to some excellent reviews in the literature
(e.g., Blain et al. 2002, Ivison 2001, Smail et al. 2002, 2003, Solomon & Vanden
Bout 2005, Smail 2006).

2. The Magic of (Sub–)millimeter

Even with current (sub–)millimeter cameras it is not trivial to map the dust
emission in nearby galaxies (e.g. Guelin et al. 1995, Thomas et al. 2002, Meijer-
ing et al. 2005, Bendo et al. 2006, Weiss et al. 2008). How is it then possible that
dust can be detected out to the highest redshifts with the same instruments?
Together with the fact that some systems at high redshifts are very luminous,
the main reason for this astonishing fact is what people refer to as the ‘magic
of (sub–)millimeter’. This is illustrated in Figure 1: Here the spectral energy
distribution (SED) of the ultraluminous infrared galaxy (ULIRG) Arp 220 (a
template commonly used in extragalactic astronomy) is plotted as a function of
different redshifts (from z=0.1 to 10). Two things are immediately clear from
this plot: (1) The emission gets fainter and (2) the emission is being redshifted
as a function of redshift. However, if one were to observe such an object at
∼ 1mm wavelengths (indicated by the vertical dashed line for a hypothetical
observation with MAMBO), the observed flux density stays roughly constant
for any redshift in the range 0.5<z<10! This is due to the fact that the peak

Figure 1. The observed spectral energy distribution of Arp 220 as a function
of redshift. The horizontal dashed line indicates the observing wavelength at
∼1mm (e.g., using the MAMBO bolometer). The observed flux density at
this frequency is almost independent of redshift for 0.5<z<10 (as indicated by
the circle). This is the reason why high–redshift dust emission can be detected
given current instrumentation (‘magic of (sub–)millimeter’). Short horizontal
bars indicate ∼4 sigma sensitivities for MAMBO and SCUBA, respectively.
Figure adopted from Voss (2003).



Marco Viero

There is 
considerable 

uncertainty in the 
redshift 

distribution of 
the CIB-- but 

fortunately none 
of this matters if 
we just measure 
the lensing-CIB 

correlation.



4

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  / CIB Overlay
(Holder et. al. 2013)



40!+ CIB-Lensing Cross-correlation
(Planck Collaboration 2013 - Doré and Osborne)



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.

Detection of B-mode Polarization in the Cosmic Microwave Background
with Data from the South Pole Telescope
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«B mode view» «Lensing view»



Estimate overall significance from amplitude of EB! bispectrum, 
which is non-zero at 7.7! significance.

Consistent results using:
‣ 90GHz E-modes.
‣ Temperature-derived E-modes.
‣ TT, TE, EE, EB lensing estimators.

No signal seen using:
‣ Curl-mode null test.
‣ E-modes from diff. map.
‣ B-modes from diff. map.



SPTPol x 
Herschel
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