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CMB LENSING TOMOGRAPHY
➤ Tomography: lensing by galaxy 

samples at different redshifts 
probes growth of structure 

➤ Need gg and kg to break b-σ8 
degeneracy

more deflection 
= more matter

less deflection
= less matter
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S8 TENSION IN WEAK LENSINGResults obtained beyond these assumptions will be briefly discussed at the end of
this Section.

Figure 1: Left panel : The posterior distribution for the late-Universe parameters
H0,⌦m and �8 obtained with priors on !b from Planck (gray contours) and BBN (blue
contours). For comparison we also show the Planck 2018 posterior (red contours) for
the same model (flat ⇤CDM with massive neutrinos). Right panel : The monopole
(black dots) and quadrupole (blue dots) power spectra moments of the BOSS data for
high-z (upper panel) and low-z (lower panel) north galactic cap (NGC) samples, along
with the best-fit theoretical model curves. The corresponding best-fit theoretical
spectra are plotted in solid black and blue. H0 is quoted in units [km/s/Mpc].

The outcome of our analyses is shown in Fig. 1, where we display the final triangle
plot (left panel) and best-fit spectra for two BOSS data samples with the biggest
volume4 (right panel). The inferred cosmological parameters are given in Table 1.
Note that we only display the parameters whose limits are not prior-dominated.
Our constraints on ⌦m and H0 are competitive with the Planck measurements for
the same cosmological model with varied neutrino masses.5 Moreover, the use of

4These are high-z and low-z north galactic cap (NGC) samples.
5There are several caveats that should be mentioned at this point. First, we approximate the

neutrino sector with one massive eigenstate, which should be contrasted with the approximation
of three degenerate eigenstates used in Planck 2018. The difference between these two approaches
is a few percent at the matter power spectrum level, and hence can be neglected for our purposes.
Second, the Planck Legacy contours that we show roughly correspond to the variation of the total
neutrino mass in the range (0� 0.24) eV, which is somewhat different from our prior (0.06� 0.18)
eV. However, the effect of weighting the Planck posterior with our prior on

P
m⌫ is marginal. We

show the original Planck contours for clarity.
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Fig. 5. Marginalized posterior contours in the ⌦m-�8 plane (left) and in the ⌦m-S8(↵ = 0.45) plane (right), where S8(↵) ⌘ �8(⌦m/0.3)↵, in the fiducial
⇤CDM model. Both 68% and 95% credible levels are shown. For comparison, we plot cosmic shear results from KiDS-450 with correlation function (CF)
estimators (Hildebrandt et al. 2017) and with quadratic estimators (QE) (Köhlinger et al. 2017) and DES Y1 (Troxel et al. 2018b) with the same set of
cosmological parameters and priors as adopted in this paper, as well as WMAP9 (Hinshaw et al. 2013) (yellow) and Planck 2015 CMB constraints without CMB
lensing (Planck Collaboration et al. 2016) (purple).

Fig. 6. The 68% credible interval on S8(↵ = 0.5) from the HSC first-year data in the ⇤CDM model as well as from several literature.

shear are known to be degenerate in the ⌦m-�8 plane. Cosmic
shear can tightly constrain a combination of cosmological pa-
rameters S8(↵) ⌘ �8(⌦m/0.3)

↵, which we adopt to quantify
cosmological constraints from the HSC first year data. By car-
rying out a linear fit of the logarithm of the posterior samples
of ⌦m and �8, we find that the tightest constraints for S8 are
obtained with ↵ = 0.45. However, the previous studies by
DES (Troxel et al. 2018a) and KiDS (Hildebrandt et al. 2017;
Köhlinger et al. 2017) have presented constraints on S8 with
↵ = 0.5. To present best constraints as well as constraints that
can be directly compared with these previous cosmic shear re-
sults, in this paper we present our results of S8 both for ↵=0.45

and ↵ = 0.5.

In Figure 5, we show our marginalized constraints in ⌦m-
�8 and ⌦m-S8(↵ = 0.45) planes. As expected, there is no
strong correlation between ⌦m and S8. We find S8(↵=0.45)=

0.800
+0.029
�0.028 and ⌦m = 0.162

+0.086
�0.044. Our HSC first-year cos-

mic shear analysis places a 3.6% fractional constraint on S8,
which is comparable to the results of DES (Troxel et al. 2018a)
and KiDS (Hildebrandt et al. 2017). For comparison, we find a
slightly degraded constraint on S8(↵ = 0.5) = 0.780

+0.030
�0.033 for

↵ = 0.5. We compare our constraints in the ⌦m-�8 and ⌦m-
S8(↵ = 0.5) planes with cosmic shear results from DES Y1
(Troxel et al. 2018b) and also from KiDS-450 with two differ-
ent methods, correlation functions (CF; Hildebrandt et al. 2017)
and quadratic estimators (QE; Köhlinger et al. 2017). Note that
the plotted results from DES Y1 use the same set of cosmo-
logical parameters and priors as adopted in this paper, and are
different from the fiducial constraints in Troxel et al. (2018b).
For the KiDS results, we show the same constraints as shown in
the literature but not corrected for the noise covariance (Troxel
et al. 2018b). We also note that there are also some differences

Chikage et al. 2018
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⌦m➤ Weak lensing surveys find  

~ 10% (~2-3σ) lower than Planck (+ also 
some galaxy clustering analyses) 

➤ CMB lensing cross-correlation: test of the 
lensing tension with different systematics



➤ Advantages of WISE: 

➤ All-sky satellite mission 

➤ Infrared survey (3.4, 4.6 μm): negative K-correction for old 
stellar populations—measure galaxies out to z~2

unWISE: BUILDING THE BEST CMB-LSS CORRELATION

2B galaxies publicly available at 
catalog.unwise.me 
catalog paper: Schlafly et al. (2020), 
1901.03337 
coadd paper: Meisner et al. (2020), 
1909.05444

See all the unWISE 
galaxies at: 

legacysurvey.org/viewer 
(credit to Dustin Lang)

500 million 
galaxies!

http://catalog.unwise.me
http://catalog.unwise.me
http://legacysurvey.org/viewer
http://legacysurvey.org/viewer


➤ Define 3 samples using 
unWISE colors and remove 
stars using GAIA 
photometry (1% residual 
stellar contamination)

unWISE GALAXY SAMPLES
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Selecting unWISE galaxies

Sample <z> Number density 
(deg-2)

Blue 0.6 3409

Green 1.1 1868

Red 1.5 144



unWISE SKY DISTRIBUTION
Green: z~1.0 sample

Krolewski, Ferraro, White, Schlafly 2020



CMB LENSING FROM PLANCK
➤ Planck 2018 minimum-variance lensing maps + masksPlanck Collaboration: Planck 2018 lensing

Fig. 1. Mollweide projection in Galactic coordinates of the lensing-deflection reconstruction map from our baseline minimum-
variance (MV) analysis. We show the Wiener-filtered displacement-like scalar field with multipoles ↵̂MV

LM
=
p

L(L + 1)�̂MV
LM

, corre-
sponding to the gradient mode (or E mode) of the lensing deflection angle. Modes with L < 8 have been filtered out.

Our baseline lensing reconstruction map is shown in Fig. 1.
In Sect. 2 we explain how this was obtained, and the changes
compared to our analysis in PL2015. We also describe the new
optimal filtering approach used for our best polarization anal-
ysis. In Sect. 3 we present our main results, including power-
spectrum estimates, cosmological parameter constraints, and a
joint estimation of the lensing potential using the CIB. We end
the section by using the estimates of the lensing map to delens
the CMB, reducing the B-mode polarization power and sharpen-
ing the acoustic peaks. In Sect. 4 we describe in detail a number
of null and consistency tests, explaining the motivation for our
data cuts and the limits of our understanding of the data. We also
discuss possible contaminating signals, and assess whether they
are potentially important for our results. In Sect. 5 we briefly de-
scribe the various data products that are made available to the
community, and we end with conclusions in Sect. 6. A series of
appendices describe some technical details of the calculation of
various biases that are subtracted, and derive the error model for
the Monte Carlo estimates.

2. Data and methodology

This final Planck lensing analysis is based on the 2018 Planck

HFI maps as described in detail in Planck Collaboration III
(2018). Our baseline analysis uses the SMICA foreground-
cleaned CMB map described in Planck Collaboration IV (2018),
and includes both temperature and polarization information. We
use the Planck Full Focal Plane (FFP10) simulations, described
in detail in Planck Collaboration III (2018), to remove a num-
ber of bias terms and correctly normalize the lensing power-
spectrum estimates. Our analysis methodology is based on the

previous Planck analyses, as described in PL2013 and PL2015.
After a summary of the methodology, Sect. 2.1 also lists the
changes and improvements with respect to PL2015. Some de-
tails of the covariance matrix are discussed in Sect. 2.2, and de-
tails of the filtering in Sect. 2.3. The main set of codes applying
the quadratic estimators will be made public as part of the CMB
lensing toolbox LensIt.2

2.1. Lensing reconstruction

The five main steps of the lensing reconstruction are as follows.

1. Filtering of the CMB maps. The observed sky maps are cut
by a Galactic mask and have noise, so filtering is applied to
remove the mask and approximately optimally weight for the
noise. The lensing quadratic estimators use as input optimal
Wiener-filtered X = T , E, and B CMB multipoles, as well as
inverse-variance-weighted CMB maps. The latter maps can be
obtained easily from the Wiener-filtered multipoles by divid-
ing by the fiducial CMB power spectra C

fid
` before projecting

onto maps. We write the observed temperature T and polariza-
tion (written as the spin ±2 combination of Stokes parameters
±2P ⌘ Q ± iU) pixelized data as

0
BBBBBBBBBBBB@

T
dat

2P
dat

�2P
dat

1
CCCCCCCCCCCCA
= BY

0
BBBBBBBBBBBB@

T

E

B

1
CCCCCCCCCCCCA
+ noise, (1)

2
https://github.com/carronj/LensIt

3

Planck 2018, arxiv: 1807.06210



unWISE REDSHIFT DISTRIBUTION
➤ Spectroscopic-photometric cross-correlation gives b(z) * dN/

dz (uncertainty is propagated to cosmological constraints) 

➤ Fully consistent with dN/dz from deep-field photometric 
surveys (given plausible bias evolution)

0 1 2
°0.5

0.0

0.5

1.0

1.5

C
ro

ss
-c

or
re

la
tio

n
b s

m
ld

N
/d

z

Blue

0 1 2 3

Green

0 1 2 3

Red

0 1 2
0

0.5

1.0

1.5

C
ro

ss
-m

at
ch

dN
/d

z

0 1 2 3 0 1 2 3

Redshift

Redshift



➤ Hybrid PT/empirical model: linear bias times Halofit, plus higher bias terms 

➤ Fix cosmology & b2(z)/bs(z) in higher bias terms 

➤ Magnification bias also included, with 10% prior on the slope (s) 

➤ Redshift distribution measured from cross-correlations with spectroscopic 
galaxies: linear bias evolution automatically included

THEORY MODEL

Pgg = b2
1
Pmm,Halofit + higher bias + Shot Noise

Pgm = b1Pmm,Halofit + higher bias
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RECOVERING UNBIASED COSMOLOGY ON MOCKS
➤ Goal: plausible mocks to test theory model (not to calibrate model or covariances) 

➤ Match the number density, bias evolution, and b(z) * dN/dz (i.e. from clustering redshifts) 

➤ Can recover unbiased cosmology to ℓmax = 300 for blue, green (250 for red)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Redshift

11.5

12.0

12.5

13.0

13.5

14.0

M
cu

t
(lo

g
h°

1 M
Ø

)

Blue
Green
Red

unWISE halo mass Angular power spectra

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Redshift

0

1

2

3

4

b s
m

l

Blue
Mock

0.0 0.5 1.0 1.5 2.0 2.5
Redshift

0

4

8

12

b s
m

l

Green
LOWZ £ unWISE
CMASS £ unWISE
DR14Q £ unWISE

0.0 0.5 1.0 1.5 2.0 2.5
Redshift

°2

2

6

10

Red

Bias evolution



IMPACT OF REDSHIFT UNCERTAINTY
➤ Marginalize over redshift 

distribution uncertainty by 
sampling noise-realizations of 
b(z) * dN/dz 

➤ <15% impact on 
marginalized Ωm and σ8 

➤ 20-50% impact on S8 (largest 
for blue)



RESULTS
➤ Vary Ωm, logA; fix ns and Ωb to 

Planck values; fix Ωmh3 = 0.09633 
➤ unWISE constraints: 

➤ Ωm = 0.295 ± 0.017 (P18: 0.315 ± 
0.017) 

➤ σ8 = 0.783 ± 0.028 (P18: 0.811 
± 0.006) 

➤ S8 = 0.776 ± 0.017 (P18: 0.832 
± 0.013)



RESULTS
➤ We find ~2.6σ tension with Planck in S8 for our fiducial 

blue+green combined constraint (similar to KiDS, DES-Y1, 
DES-Y3 results)



STATUS OF THE LENSING TENSION
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