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• Lensing maps can come from:

• CMB temperature - κ(ΤΤ)

• Polarization - κ(EB)

• Εxternal tracers  
     - 
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Figure 12. Top left: Mean lensing power spectrum reconstructions over five mock CORE observations
at 150 GHz, including realistic noise, with no dust contamination. The lensing power spectrum (black

solid line) is recovered in an unbiased fashion (see also Table 1). Dashed lines show the N (0)

L Gaussian

noise power in the reconstructions, and dotted lines are the small N (1)

L biases. The measured spectra
are corrected for both such biases. The lensing detection significance of the EB reconstruction has
about twice the power of TT in the no-dust case. Top right: As top left, but with the dust field added
before reconstruction, and including the dust power in the lensing filters. The bias from dust is clear
by eye in the temperature reconstruction (red points). With this filtering for CORE, we expect a
roughly 15 % bias for the TT estimator and negligible bias for EB. Note that these results are specific
to this bright dust field, and assume no Galactic foreground removal. It can be seen that uncertainties
are inflated relative to the no-dust case due to the additional variance of the dust component. Bottom:
As top right, but without including the dust power in the filtering. In this case the EB reconstruction

is highly sub-optimal (the N (0)

L Gaussian noise power is o↵ the scale of the plot) and biased. There
is little change in the TT reconstruction as the dust power is subdominant to the CMB power. In

all panels, the error bars are analytic estimates from N (0)

L and C��
L and have been scaled to reflect

f
sky

= 0.7. The same CMB and noise realisations are used in all panels.

biased and sub-optimal reconstructions (see Table 1). The minimum CMB multipole used is
lmin = 12 corresponding to the longest non-constant mode supported on the patch. The mean
auto-power spectra of the TT and EB reconstructions are shown in Fig. 12. The realisation-

dependent N (0)
L bias and an analytic approximation of the sub-dominant N (1)

L bias have been
subtracted from the raw power spectrum to obtain an unbiased estimator (in the absence of
non-Gaussian foregrounds) of the underlying lensing power.
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Bias to lensing autospectra
from Planck FFP8 sims

CORE lensing paper (Challinor, Allison++2017) arXiv:1707.02259

No dust Bright dust field Bright dust field
(inc. dust power in filters)

TT ⇥ TT A = 1.002 ± 0.008 A = 1.169 ± 0.008 A = 1.158 ± 0.008
EB ⇥ EB A = 0.997 ± 0.004 A = 1.615 ± 0.030 A = 0.999 ± 0.006

Table 1. Fits to the lensing power spectrum amplitude A for mock CORE observations at 150GHz
(see Fig. 12). Fits are performed over the multipole range 2  L < 3000 for the recovered lensing
power spectrum from the TT and EB estimator. The central value quoted is the mean over five
simulations, while the error is appropriate to a single realisation and has been scaled to reflect a full-
sky analysis (f

sky

= 0.7). The standard error on the mean of A is a factor 3.1 larger than the errors
shown. We see that without dust the input amplitude can be recovered to high accuracy. Performing
the reconstruction over a dusty region induces bias in both estimators and additional variance for EB.
When including the dust power in the lensing filters, the bias in the power from the EB estimator
is removed, but a 15 % bias remains for the TT estimator since including the dust power makes only
a small change to the temperature filter on the (small) scales that dominate the TT reconstruction.
Note that no foreground removal is assumed in this analysis.

We note that here we scale the 353GHz dust emission to an e↵ective 150 GHz observing
channel using a modified black body spectrum with temperature Tdust = 21 K and spectral
index �dust = 1.5. We add this scaled dust component to noisy, lensed CMB maps with noise
level appropriate to the combination of CORE ’s CMB channels, i.e., the six channels in the
range 130–220 GHz, used for forecasts throughout this paper. This procedure is more akin
to how a ground-based experiment with sensitivity around 2 µK arcmin at 150 GHz would
observe and analyse the CMB sky. Since dust emission rises strongly with frequency, the
actual level of dust emission in the six-channel combination, based on inverse-noise-variance
weighting, would be around a factor of 1.5 higher than at 150GHz assuming no component
separation.

We distill the e↵ect of the dust bias by fitting a lensing amplitude parameter A, which
scales the amplitude of the fiducial lensing power spectrum, to the estimated power spectrum.
Any statistically-significant deviation from unity in this parameter (A 6= 1) represents biasing
from the dust emission which, if unmodelled, would directly impact any cosmological inference
from the lensing measurement. For example, the e↵ect of neutrino mass is to suppress the
lensing power spectrum (Sec. 5); a bias in the lensing amplitude A would therefore directly
propagate into crucial cosmological parameters. To keep the bias well below the statistical
error on a measurement of the lensing amplitude, we require biases below O(0.1) % for an
EB-based analysis.

The principal results of this analysis are shown in Table 1. For this region of the sky,
with its atypically bright dust emission, the bias to CORE observations is around 15 % in the
temperature reconstruction, but much smaller for EB (below the approximately 2 % level to
which we have sensitivity with only the five simulations used here). This clarifies the need for
CORE to perform lensing reconstruction on foreground-subtracted temperature maps. The
addition of dust has little e↵ect on the lensing detection significance for the TT estimator
since the dust power is small compared to the CMB power. For the same reason, including
dust power in the lensing filters is ine↵ective in mitigating the dust bias for temperature
reconstructions. In this case, explicit high-pass filtering of the data may be more e↵ective.
In contrast, the dust power is comparable to, or larger than, the CMB polarization power
across a wide range of scales, and therefore has a stronger e↵ect on the lensing reconstruction

– 29 –
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• Dust 4-point function is uncertain and might be 
important!

• For models analyzed so far (all at one frequency, scaled 
to 150 GHz):

• <κ(TT)κ(TT)> is biased from dust.  

• Polarization: CORE+ on PlanckFFP8 found bias that 
can be removed by down weighting (assumes uniform 
power over patches!)

Takeaways
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Lensing noise vs. instrumental noise
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Figure 47. Noise per mode in the lensing field for di↵erent lensing estimators at L = 300. Left panel is for
1 arcmin resolution, and right panel is for 3 arcmin resolution. For a 1 and 3 arcmin resolution experiment,
the EB polarization estimator yields lower noise than the temperature estimator, below 4µK-arcmin and
5µK-arcmin noise in temperature respectively.

7.2.2 Lensing Power Spectrum

The power spectrum of reconstructed CMB lensing maps is a measure of the matter power spectrum
integrated over redshift. The lensing power spectrum has a broad redshift response kernel, with most of
the contribution coming from z ⇠ 1 � 5, with a peak at z ⇠ 2 (see Figure 50). Most of the scales probed
by the lensing power spectrum are on su�ciently large scales that they are mainly in the linear regime. As
such, the lensing power spectrum is sensitive to physics which a↵ects the growth of structure on large scales
and at high redshift, such as the mass of the neutrinos.

The latest measurements of the CMB lensing autospectrum, as of early 2016, are shown in Figure 48. The
first detections were obtained by the Atacama Cosmology Telescope (ACT; [529]) and South Pole Telescope
(SPT; [530]) teams, who analyzed maps of several hundreds of square degrees yielding precisions on the
lensing power spectrum of approximately 25% and 18% respectively. The Planck collaboration has since
provided all-sky lensing maps whose precision on the power spectrum amplitude is approximately 4% in the
2013 data release and 2.5% in the 2015 data release. The first detections of the lensing autospectrum using
CMB polarization, which is ultimately a more sensitive measure of lensing for low-noise maps, have also
been obtained [531, 532, 533].

There has been rapid improvement in these measurements over the period of just a few years. Early detections
of the CMB lensing autospectrum were not sample variance limited over a broad range in L and were only
covering a relatively small sky area; the power spectrum of the noise in the CMB lensing reconstruction
in the 2015 Planck data release is approximately equal to the lensing power spectrum only at its peak of
L ⇠ 40, but smaller scales are noise-dominated. Lensing reconstructions from current ground-based surveys
(like SPTpol, ACTPol, POLARBEAR) are strongly signal-dominated below L ⇠ 200 and noise-dominated
on smaller scales. However, they have been obtained over relatively small sky areas of several hundreds
of square degrees. A ground-based survey such as CMB-S4, with wide sky coverage, low-noise, and high
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Foregrounds in CMB temperature-based lensing

van Engelen, Bhattacharya, Sehgal, Holder, Zahn, Nagai 2014
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FIG. 14.— Summary of fractional CMB lensing bias levels from our simulations, as a function of lensing multipole, L. Each colored region indicates the range
of mean biases from the simulations we used. Green spans the thermal SZ four-point biases, red spans the CIB four-point bias, blue spans the bias from the
tSZ- correlation, and pink spans the bias from the CIB- correlation. The range of total biases is bounded by the grey region, including the tSZ-CIB correlation
found in the simulations, which slightly reduces the total bias. A 1% error band is indicated by the dotted lines. The left panel corresponds to masking sources
above 5mJy and clusters above M

vir

= 5⇥1014 M�. The right panel corresponds to aggressive masking, with sources masked above 1 mJy and clusters above
M

vir

= 1014 M�. In the right panel, we also reduce the maximum temperature multipole used in the reconstruction to l
max

= 2500. The region where the
total is within 1%, L < 1400, accounts for more than 99.9% of the total squared lensing signal-to-noise ratio.

average, out to the higher effective maximum multipole l

max

.
However, at high l

max

, foreground fluctuations also become
increasingly important, to the point that they dominate the ob-
served power spectrum at l & 3000. To date, the analysis of
temperature maps from ACT (Das et al. 2011, 2013) and SPT
(van Engelen et al. 2012) has yielded lensing detections at low
enough significance that these biases could be neglected, with
the smallest uncertainty on the lensing amplitude to date be-
ing the 16% of van Engelen et al. (2012). However, current
and upcoming analyses will map sky areas which are larger
by factors of several than these, and possibly with lower noise
levels (in the case of a wide survey with ACTpol). With statis-
tical uncertainties of a few percent on the lensing amplitude,
systematic effects need to be understood and controlled, ide-
ally to a percent or better.

Point sources can be detected to the relatively low flux
levels of several mJy in maps such as those from ACT and
SPT, particularly with the inclusion of data at multiple wave-
lengths. If point sources are uncorrelated, a nonzero trispec-
trum impacts the inferred lensing amplitude, but this bias is
sub-percent after applying standard masking thresholds. In
addition, the fact that the trispectrum is constant in multipole
space for these sources means that this bias can be treated
with other approaches, such as projecting it out of the recon-
structed map (Namikawa & Takahashi 2013).

To treat other types of non-Gaussian foregrounds, particu-
larly those with a different shape in multipole space, we an-
alyzed two independent, realistic sets of simulations (S10,
B13). For the CIB portions of these simulations, we first
rescaled the amplitudes of the maps to match the observed
power spectra. We then estimated the bispectra for these

simulations, finding reasonable agreement with recent mea-
sures from SPT (Crawford et al. 2013) and Planck (Planck
Collaboration et al. 2013e). Performing lensing reconstruc-
tions on these fields, we isolated two types of bias; the first
originates from the connected four-point function of the CIB,
and the second originates from the correlation of the squared
CIB with the lensing field. Since these biases are of opposite
sign there is some degree of cancellation. We found that both
sources of bias can impact the lensing amplitude at the level
of several percent, with the latter type of bias being larger. If
masking is chosen as the method to treat this bias, we find that
masking to ⇠ 1mJy achieves percent-level biases.

Fluctuations from the thermal Sunyaev-Zel’dovich effect
can also lead to substantial biases, even when masking objects
that are confidently detected. We computed the biases from
the tSZ simulations of S10 and B13, both of which contain
updated gas models designed to match the recent measure-
ments of the power spectrum of tSZ fluctuations. Again we
found that for standard masking levels, biases of a few per-
cent can remain, though there is some cancellation between
the two types.

We explored the uncertainty in the tSZ trispectrum, orig-
inating from its dependence on the details of the cluster
gas profiles and the cosmological model. Using an analyti-
cal model of the tSZ trispectrum on the scales of relevance
for CMB lensing, we calculated the four point-induced bias.
We then perturbed in the space of cosmological and cluster-
physics parameters, the parameters which most affect the in-
ferred lensing bias, leading to a large uncertainty. It thus
seems necessary to use either aggressive cluster masking, in-
put from other frequencies, or an estimation of the tSZ trispec-

• Biases of several percent at one frequency

• Here 20 uK-amin noise(!)

• Spectral cleaning  
(not kSZ - Hill&Ferraro 17)

• Spatial cleaning

• Also, impact of κ non-Gaussianity (Boehm
+16)

tSZ-tSZ-tSZ-tSZ
CIB-CIB-CIB-CIB

tSZ-tSZ-κ
CIB-CIB-κ



To-do for TT lensing — test both spectral and spatial 
cleaning with full end-to-end simulation analysis

• CIB/tSZ/kSZ/κ bi/trispectra are measurable and interesting

• Is bias-hardening feasible?

• Is spectral cleaning feasible? tSZ/CIB bispectrum/trispectrum 
residuals — comparable to kSZ?



2

Halo Catalogue Mapmaking Code+
* Many Peak Patch Full-sky catalogues available *Available to the collaboration

see Marcelo or George

= CIB tSZ HI Lensing Optical kSZ

George Stein - AdvACT Collaboration meeting                                                                                                                                Princeton, Feb 2nd-5th, 2017

Validated with N-body at HMF+2point+visual

cross correlations automatically included!

CITA peak-patch simulation
 Alvarez, Stein, Bond, Battaglia, van Engelen, Pham, +++



Lensing noise vs. instrumental noise
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Figure 47. Noise per mode in the lensing field for di↵erent lensing estimators at L = 300. Left panel is for
1 arcmin resolution, and right panel is for 3 arcmin resolution. For a 1 and 3 arcmin resolution experiment,
the EB polarization estimator yields lower noise than the temperature estimator, below 4µK-arcmin and
5µK-arcmin noise in temperature respectively.

7.2.2 Lensing Power Spectrum

The power spectrum of reconstructed CMB lensing maps is a measure of the matter power spectrum
integrated over redshift. The lensing power spectrum has a broad redshift response kernel, with most of
the contribution coming from z ⇠ 1 � 5, with a peak at z ⇠ 2 (see Figure 50). Most of the scales probed
by the lensing power spectrum are on su�ciently large scales that they are mainly in the linear regime. As
such, the lensing power spectrum is sensitive to physics which a↵ects the growth of structure on large scales
and at high redshift, such as the mass of the neutrinos.

The latest measurements of the CMB lensing autospectrum, as of early 2016, are shown in Figure 48. The
first detections were obtained by the Atacama Cosmology Telescope (ACT; [529]) and South Pole Telescope
(SPT; [530]) teams, who analyzed maps of several hundreds of square degrees yielding precisions on the
lensing power spectrum of approximately 25% and 18% respectively. The Planck collaboration has since
provided all-sky lensing maps whose precision on the power spectrum amplitude is approximately 4% in the
2013 data release and 2.5% in the 2015 data release. The first detections of the lensing autospectrum using
CMB polarization, which is ultimately a more sensitive measure of lensing for low-noise maps, have also
been obtained [531, 532, 533].

There has been rapid improvement in these measurements over the period of just a few years. Early detections
of the CMB lensing autospectrum were not sample variance limited over a broad range in L and were only
covering a relatively small sky area; the power spectrum of the noise in the CMB lensing reconstruction
in the 2015 Planck data release is approximately equal to the lensing power spectrum only at its peak of
L ⇠ 40, but smaller scales are noise-dominated. Lensing reconstructions from current ground-based surveys
(like SPTpol, ACTPol, POLARBEAR) are strongly signal-dominated below L ⇠ 200 and noise-dominated
on smaller scales. However, they have been obtained over relatively small sky areas of several hundreds
of square degrees. A ground-based survey such as CMB-S4, with wide sky coverage, low-noise, and high
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Figure 47. Noise per mode in the lensing field for di↵erent lensing estimators at L = 300. Left panel is for
1 arcmin resolution, and right panel is for 3 arcmin resolution. For a 1 and 3 arcmin resolution experiment,
the EB polarization estimator yields lower noise than the temperature estimator, below 4µK-arcmin and
5µK-arcmin noise in temperature respectively.

7.2.2 Lensing Power Spectrum

The power spectrum of reconstructed CMB lensing maps is a measure of the matter power spectrum
integrated over redshift. The lensing power spectrum has a broad redshift response kernel, with most of
the contribution coming from z ⇠ 1 � 5, with a peak at z ⇠ 2 (see Figure 50). Most of the scales probed
by the lensing power spectrum are on su�ciently large scales that they are mainly in the linear regime. As
such, the lensing power spectrum is sensitive to physics which a↵ects the growth of structure on large scales
and at high redshift, such as the mass of the neutrinos.

The latest measurements of the CMB lensing autospectrum, as of early 2016, are shown in Figure 48. The
first detections were obtained by the Atacama Cosmology Telescope (ACT; [529]) and South Pole Telescope
(SPT; [530]) teams, who analyzed maps of several hundreds of square degrees yielding precisions on the
lensing power spectrum of approximately 25% and 18% respectively. The Planck collaboration has since
provided all-sky lensing maps whose precision on the power spectrum amplitude is approximately 4% in the
2013 data release and 2.5% in the 2015 data release. The first detections of the lensing autospectrum using
CMB polarization, which is ultimately a more sensitive measure of lensing for low-noise maps, have also
been obtained [531, 532, 533].

There has been rapid improvement in these measurements over the period of just a few years. Early detections
of the CMB lensing autospectrum were not sample variance limited over a broad range in L and were only
covering a relatively small sky area; the power spectrum of the noise in the CMB lensing reconstruction
in the 2015 Planck data release is approximately equal to the lensing power spectrum only at its peak of
L ⇠ 40, but smaller scales are noise-dominated. Lensing reconstructions from current ground-based surveys
(like SPTpol, ACTPol, POLARBEAR) are strongly signal-dominated below L ⇠ 200 and noise-dominated
on smaller scales. However, they have been obtained over relatively small sky areas of several hundreds
of square degrees. A ground-based survey such as CMB-S4, with wide sky coverage, low-noise, and high
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