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OVERVIEW
➤ Intro: cosmology from CMB lensing cross-correlations 

➤ unWISE as ideal sample for a high-S/N measurement 

➤ highest CMB lensing cross-correlation S/N to date           
(S/N~80) 

➤ Examples of systematics: 

➤ Measuring the unWISE redshift distribution 

➤ Leakage from low ℓ & mask deconvolution 

➤ Nonlinearities & towards cosmological parameter constraints 
(preliminary): what is our take on the S8 tension?
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Fig. 1 Left: lensed CMB realization. Middle: difference map between lensed and unlensed CMB. Right:
realization of ψ for the lensing, and an overlay of its gradient, the deflection angle.

analyses to obtain unbiased constraints. Perhaps more importantly, lensing effects
generate a curl-like (B mode) polarization pattern on the sky which acts as a limiting
source of confusion for low-noise polarization experiments targeting the signal from
primordial gravitational waves [3,4]. This confusion can be reduced with an accurate
cleaning of the lensing-induced signal, which we will discuss in Sec. 5.

Apart from being a nuisance for traditional observables, the lensing of the CMB
can act as an additional source of information.A typical analysis of the CMB assumes
Gaussianity and statistical isotropy, in which case the power spectrum is the only
quantity of interest. As we shall discuss, lensing can be thought of as introducing into
the CMB small amounts of non-Gaussianity (when marginalized over realizations of
the lenses) or statistical anisotropy (for a fixed distribution of lenses). This effectively
introduces information into the CMB, contained in the higher-order statistics (for
the non-Gaussian viewpoint) and the off-diagonal elements of its covariance matrix
(for the anisotropy viewpoint). With only one CMB sky to observe and interpret,
both these viewpoints are useful. The additional information from lensing probes the
state of the Universe at intermediate redshifts (z ∼ 2). This can be used to break
parameter degeneracies and place improved constraints on quantities that affect the
geometry or density perturbations at late times, such as the dark energy equation of
state and portion of the energy budget in massive neutrinos. An optimal analysis of
lensing effects with the data from the Planck satellite, for example, will enable us
to measure the sum of neutrino masses to ∼ 0.1eV, while lens reconstruction with a
next-generation polarization mission such as EPIC/CMBPol can constrain the sum to
0.05eV or better [5,6,7]. This is an interesting limit, close to the minimum value for
the sum of the masses suggested by terrestrial oscillation measurements in the normal
hierarchy.

CMB LENSING
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Hanson, Challinor, Lewis 2010

➤ Alternative to galaxy lensing (no source z uncertainty, no 
shape measurement)

Hu & Okamoto 2002



CMB LENSING TOMOGRAPHY
➤ CMB lensing cross-correlation + galaxy 

autocorrelation breaks b-σ8 degeneracy
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➤ Lensing tomography probes power spectrum at different 
redshifts: primarily sensitive to σ8 and Ωm

CONSTRAINING ΛCDM FROM CMB LENSING 
TOMOGRAPHY
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S8 TENSION IN WEAK LENSING

➤ Can we use CMB lensing-LSS cross-correlations to address 
the S8 tension from KiDS and other weak lensing probes? 

➤ KiDS: S8 = 0.766 vs 0.834 from Planck: requires 70σ 
detection to validate or disprove tension at 5σ

Heymans et al. 2020
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PREVIOUS CMB-LSS CROSS CORRELATIONS

Constraining Gravity through CMB Lensing 7

scales than the theoretical prediction. SpeciÞcally, we Þnd
a cross-correlation amplitude of A = 0 .754 ± 0.097, which
is low but consistent with the value reported in Kuntz
(2015), A = 0 .85+0 .15

! 0.16 , for Planck cross-correlated with
the CFHTLens 1 galaxy sample. Note that this low value
of A is also inconsistent with values of A > 1 favored
by the Planck CMB temperature and polarization maps
alone (Planck Collaboration et al. 2015a ,g). We also per-
form jackknife resampling for the RSD parameter, Þnding
! = 0 .368± 0.046. The full results for ! , including the like-
lihood and the measurements of b" 8 and f " 8, are shown in
Fig. 5.

We considered whether the deÞcit in C! g
" at large scales

could be due to a systematic e! ect introduced in the latest
lensing map. Recent work has suggested there may be ten-
sion between the Planck CMB lensing maps from 2013 and
2015 (Omori & Holder 2015 ; Liu & Hill 2015 ; Kuntz 2015).
In particular, the galaxy cross-correlation with the Planck
2015 CMB lensing map appears to measure a smaller clus-
tering bias than the 2013 map, suggesting that the 2013
CMB lensing map may have produced a cross-correlation
more consistent with our C! g

" model on these scales. We
test this by taking the di ! erence map between thePlanck
2015 and 2013 CMB lensing maps and cross-correlating
with the CMASS map, the Planck 545 GHz map (dust-
dominated), and the Sunyaev-Zeldovich (SZ) Compton- y
map (Planck Collaboration et al. 2015h ). In all three cases
(see Figs. 6-8) we Þnd the cross-correlations are consistent
with zero, suggesting that the Planck 2015 and 2013 CMB
lensing maps are equivalent, and that any contamination
must be common to both maps. It is possible that C! g

"
could be correlated with the scanning direction, and that
lensing convergence maps for separate surveys with di! er-
ent scanning strategies could reveal a discrepancy. Testing
this would require constructing lensing convergence maps
for partial surveys, which we leave for future work.

Previous work has also shown (Giannantonio et al.
2016) that the large-scale C! g

" deÞcit is also present in
the cross-correlation between the Dark Energy Survey
(The Dark Energy Survey Collaboration 2005 ) Science Ver-
iÞcation galaxy sample and the South Pole Telescope CMB
lensing map (Story et al. 2015), which suggests the source of
this deÞcit is not unique to the Planck CMB maps. Thus, it
appears that the source of this deÞcit may very well be astro-
physical or cosmological. The deÞcit could be caused by ther-
mal SZ contamination, in that the SZ increases the variance
in the CMB map, which the lensing estimator interprets as
an Òanti-lens.Ó Unfortunately, thermal SZ was not removed
from the Planck SMICA maps ( Planck Collaboration et al.
2015f). Recent work ( van Engelen et al. 2014) showed that
the CMB lensing-galaxy cross-correlation could be biased
due to contamination from thermal SZ and the cosmic in-
frared background (CIB), though the predicted magnitudes
of the biases (! 4" 6%) are too small to explain the deÞcit.
Also, the lack of evidence for contamination could be due to
a lack of power spectrum sensitivity instead of a lack of con-
tamination. Of course, a combination of causes could also
explain the discrepancy. In addition, other analyses have
claimed an excess (A > 1) galaxy-CMB lensing correlation

1 http://cfhtlens.org

[t!]

Figure 4. Observed angular power spectra (crosses) for galaxy-
CMB lensing ( top) and galaxy clustering ( bottom ) with 1 ! errors
using the CMASS galaxy sample and the Planck CMB lensing
map. In both panels, we show " on the lower horizontal axis and
R" , the corresponding linear scale projected onto the sky, on t he
upper horizontal axis. The errors were derived using jackkn ife re-
sampling of 37 equally weighted regions in the CMASS survey.
Our galaxy angular power spectrum measurement is consisten t
with theoretical models (solid lines) derived from N-body s imu-
lations, while our galaxy-CMB lensing angular cross-power spec-
trum is low yet consistent with other measurements, e.g. Kuntz
(2015). We discuss possible causes for this deÞcit in Sec. 6.

(Bianchini et al. 2015b,a) in contradiction to the deÞcit seen
in the previously mentioned claims. More research is needed
to determine the nature of this deÞcit; however, we consider
this beyond the scope of our investigation and leave this for
future work.

The power spectra, C! g
" and Cgg

" , and ! are combined
using Eq. 3 to compute EG (#) within 11 #-bins comprising
the angular modes # = 62 " 400 (23 < R " < 150 Mpc/ h),
which we present in Fig. 9. Note that we probe scales
much larger than the previous measurements using galaxy
lensing (Reyes et al. 2010; Blake et al. 2016). The range in

MNRAS 000 , 1Ð12 (2016)
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Figure 3. Cross-spectrum C! g
" for the 18 .0 < i AB < 22.0, 18.0 < i AB < 23.0, 18.0 < i AB < 24.0 galaxy samples cross-correlated with

Planck convergence (Þlled bars: 2015, empty bars: 2013) (upper row) and the auto-spectrum using the same galaxy samples (lower row).
The points with errorbars shown are the coarsely binned calculations for displaying purposes, and the ! 2 are the Þts to the 20 bins shown
in the background.

Figure 4. Correlation matrices between bins for cross-correlation and auto-correlation.
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DES x SPT-Planck, 20σ

Omori et al. 2019

Omori & Holder 2015

CFHT x Planck, ~6σ

Herschel x Planck, 10σ

Bianchini et al., 2015
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Figure 7. The CMB convergence-galaxy density cross-spectrum
as measured from Planck and Herschel data. The data points
are shown in blue, with error bars computed using the full covari-
ance matrix obtained from Monte Carlo realizations of convergence
maps. The theoretical spectra calculated with the bias values in-
ferred from the likelihood analysis (as described in text) using the
cross-correlation data only (solid red line) and the cross-correlation
together with the galaxy autocorrelation data (dot-dashed green
line) are also shown; we Þx ! = 3 in this analysis. The null (no
correlation) hypothesis is rejected at the 20 " level.
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Figure 8. Error estimates for the cross-power spectrum band
powers. The Monte Carlo estimates associated with estimated
band powers are shown in orange (500 simulated lensing maps
correlated with the real galaxy Þeld). Blue bars represent errors
obtained by correlating 500 simulated galaxy maps with the real
convergence Þeld, and the green bars represent the analytical ap-
proximation to these errors. Error estimates obtained by correlat-
ing the real galaxy Þeld with the 100 lensing simulated maps by
the Planck collaboration are shown in red.

very noisy and C!! ,tot
" Cgg,tot

" ! (C! g
" )2. We have also

estimated the errors from cross-correlations of 500 MC
realizations of simulated H-ATLAS galaxy density maps
with the real Planck CMB convergence map. The former
approach yields slightly smaller error bars, yet slightly
larger than those estimated analytically (see Figure 8).
These error estimates were checked by cross-correlating
the publicly available set of 100 simulated lensing maps,
which accurately reßect thePlanck noise properties, with
the real H-ATLAS map. The derived error bars are com-
parable with those found with our baseline approach, and
there is no sign of systematic under- or overestimation.

We have exploited the simulations to build the covari-
ance matrix, used to evaluate the probability that the
measured signal is consistent with no correlation (our

Figure 9. Correlation matrix Corr[ öC! g
L

öC! g
L ! ] built from the covari-

ance matrix obtained by correlating 500 simulated lensing maps
with the real H-ATLAS galaxy map.

null hypothesis). As can be seen in Figure 9, the covari-
ance matrix is dominated by the diagonal components;
however, o! -diagonal components are nonnegligible and
have to be taken into account. The! 2 was calculated as

! 2
null = öC! g

L (Cov! g
LL ! )! 1 öC! g

L ! . (29)

For the analysis performed with the whole H-ATLAS
sample we obtained! 2

null = 83.3 for " = 7 degrees of
freedom (dof), corresponding to a probability that the
null hypothesis holds of p = 2 .89 " 10! 15. Because
the ! 2 distribution has mean " and variance 2" , the
null hypothesis is rejected with a signiÞcance of about
(83.3 # 7)/ (141/ 2) $ 20#. This is the sum in quadra-
ture of the signiÞcance of the correlation in each band
power, taking into account the correlations between dif-
ferent bins. The results of the! 2 analysis for each patch
are reported in Table 2.

5.2. Galaxy Autocorrelation

We also performed an analysis of the autocorrelation
of Herschel galaxies on the di! erent patches. The shot
noise subtracted autopower spectrum measured for the
complete H-ATLAS data set is shown in Figure 10. The
error bars on the data points are evaluated from the di-
agonal part of the covariance matrix built from galaxy
simulations with bias b = 3. The detected signal is highly
signiÞcant (40#).

5.3. Null Tests

In order to verify our pipeline and the reconstructed
spectra against the possibility of residual systematic er-
rors, we performed a series of null tests, which consist of
cross-correlating the real map of one Þeld with simulated
maps of the other Þeld. Because there is no common
cosmological signal, the mean correlation must be zero.

We cross-correlated our 500 simulated CMB lensing
maps (containing both signal and noise) with the real
H-ATLAS galaxy density contrast map and our 500 sim-
ulated galaxy maps constructed usingb = 3 with the
true Planck CMB convergence map. The error bars on
the cross-power spectra were computed using the covari-

CMASS x Planck, ~8σ

Pullen et al., 2016
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FIG. 3. Measured auto- and cross-correlation functions between theredMaGiC galaxy sample described in Sec.III A and CMB lensing from
[15]. The faint angular bins have been excluded from the Þts, consistently with [39] and with [30]. The theory modeling shown uses the mean
bias and cross-correlations amplitudes found in Sec.VI and TableIII , assuming the Þducial cosmology listed in TableII . The error bars shown
are the diagonal elements of the covariance matrix

!
Cii , and therefore, the correlations between the bins are ignored. In contrast, the best-Þt

amplitudes are calculated including the o! -diagonal elements and therefore the best-Þt lines and data points may not match visually in certain
bins.
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