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Summary

• LSST will be the premier ground-based optical imaging survey 

when it comes on line in late 2022.

• It will provide nearly 1,000 exposures of every part of the 

southern hemisphere of sky, yielding high quality 

measurements of billions of galaxies and nearly one million 

Type 1a supernovae.

• Joint reduction of the LSST and CMB S-4 datasets will address a 

host of important problems in fundamental cosmology.
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Why combine LSST & CMB?

1. Compare initial & final conditions 
Neutrino masses & S8 tension 

2. CMB helps LSST 
Baryonic uncertainty 
Shear validation 

3. LSST helps CMB 
Foreground cleaning 
Detect new CMB secondaries
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Fig. 1.— An exaggerated example of the lensing effect on a 10◦ × 10◦ field. Top: (left-to-right) unlensed temperature field, unlensed
E-polarization field, spherically symmetric deflection field d(n). Bottom: (left-to-right) lensed temperature field, lensed E-polarization field,
lensed B-polarization field. The scale for the polarization and temperature fields differ by a factor of 10.

gravitational waves.

2. LENSING

Weak lensing by the large-scale structure of the Universe
remaps the primary temperature field Θ(n̂) = ∆T (n̂)/T
and dimensionless Stokes parameters Q(n̂) and U(n̂) as
(Blanchard & Schneider 1987; Bernardeau 1997; Zaldar-
riaga & Seljak 1998)

Θ(n̂) = Θ̃(n̂ + d(n̂)) , (1)

[Q ± iU ](n̂) = [Q̃ ± iŨ ](n̂ + d(n̂)) ,

where n̂ is the direction on the sky, tildes denote the un-
lensed field, and d(n̂) is the deflection angle. It is related
to the line of sight projection of the gravitational potential
Ψ(x, D) as d = ∇φ,

φ(n̂) = −2

∫

dD
(Ds − D)

D Ds
Ψ(Dn̂, D) , (2)

where D is the comoving distance along the line of sight in
the assumed flat cosmology and Ds denotes the distance to
the last-scattering surface. In the fiducial cosmology the
rms deflection is 2.6′ but its coherence is several degrees.

We will work mainly in harmonic space and consider suf-
ficiently small sections of the sky such that spherical har-
monic moments of order (l, m) may be replaced by plane
waves of wavevector l. The all-sky generalization will be

presented in a separate work (Okamoto & Hu, in prep).
In this case, the temperature, polarization, and potential
fields may be decomposed as

Θ(n̂) =

∫

d2l

(2π)2
Θ(l)eil·n̂ , (3)

[Q ± iU ](n̂) = −
∫

d2l

(2π)2
[E(l) ± iB(l)]e±2iϕleil·n̂ ,

φ(n̂) =

∫

d2L

(2π)2
φ(L)eiL·n̂ ,

where ϕl = cos−1(x̂ · l̂). Lensing changes the Fourier mo-
ments by (Hu 2000b)

δΘ(l) =

∫

d2l′

(2π)2
Θ̃(l′)W (l′,L) , (4)

δE(l) =

∫

d2l′

(2π)2

[

Ẽ(l′) cos 2ϕl′l − B̃(l′) sin 2ϕl′l

]

W (l′,L) ,

δB(l) =

∫

d2l′

(2π)2

[

B̃(l′) cos 2ϕl′l + Ẽ(l′) sin 2ϕl′l

]

W (l′,L) ,

where ϕl′l ≡ ϕl′ − ϕl, L = l − l′, and

W (l,L) = −[l · L]φ(L) . (5)

Here δΘ = Θ − Θ̃ for example. In Fig. 1, we show a toy
example of the effect of lensing on the temperature and po-
larization fields (see also Benabed et al. 2001). The effect
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FIG. 9. A 1x1 carmap of the simulated moving lens e↵ect

on the extracted objects of the catalog with 16384 nside and

0.1 arcmin resolution. This map is reprojected with lmax of

16383. [AB: I tried going to higher lmax but that kills the

kernel.]

FIG. 10. A 1x1 carmap of the simulated moving lens e↵ect,

when the density is truncated at Rvir, on equal Mvir and z
objects with 8192 nside and 0.1 arcmin resolution.

FIG. 11. A 1x1 carmap of the simulated moving lens e↵ect,

when the density is truncated at Rvir, on equal Mvir and z
objects with shu✏ed velocities and 8192 nside and 0.1 arcmin

resolution.

FIG. 12. A 1x1 carmap of the simulated moving lens e↵ect,

when the density is truncated at Rvir, on equal Mvir with

8192 nside and 0.1 arcmin resolution.
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Massless ! Massive !

~1Mpc ~1Mpc

Cosmology can weigh the neutrinos 
Neutrinos = 0.5% of all matter, but their gravity suppresses LSS 8-fold = 4%



Neutrino masses require Rubin x CMB
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FIG. 3. Left: Forecast error on ⌃m⌫ achievable with CMB-S4 (grey), LSST shear (blue), LSST clustering (red), LSST
clustering and shear (green) and all together (orange), in the presence of an uncertain dark energy equation of state. Center,
right: Forecast error on w0 and wa with di↵erent combinations of probes, revealing the degeneracies with ⌃m⌫ in each case.
The corresponding forecast values are given in Tab. II.

1.85 and 5 redshift bins between z = 0.05 and 0.45 with
bin width �z = 0.1, expected to be achievable by DESI
and the DESI Bright Galaxy Survey respectively covering
14, 000 deg2.

IV. RESULTS

In this section, we study the sensitivity of LSST and
a future CMB-S4 experiment to the sum of neutrino
masses, the dark energy equation of state and cosmolog-
ical curvature. We consider the following combinations:

• Setup 1: Planck + S4 (+ DESI BAO, as in [7])

• Setup 2: Planck + LSST-shear

• Setup 3: Planck + LSST-clustering

• Setup 4: Planck + LSST-clustering + LSST-shear

• Setup 5: Planck + S4 + LSST-shear + LSST-
clustering

We also consider in this section the impact of including
a cosmic variance (CV)-limited measurement of the opti-
cal depth to reionization ⌧ , and describe the e↵ect of in-
cluding BAO measurements from DESI as an additional
tracer of late-time clustering.

A. Forecasts with LSST and CMB-S4

Figure 3 shows forecast constraints for the error on
⌃m⌫ , the dark energy parameters w0, wa and the cos-
mological curvature ⌦k obtainable with shear and clus-
tering measurements from LSST and CMB-S4. These
results are shown in Tab. II. In all these cases Planck
is included as described in Sec III. Individually, CMB-
S4, LSST clustering and LSST shear can achieve forecast

FIG. 4. Achievable constraints on ⌃m⌫ (blue), w0 (bur-
gundy), wa (green) and ⌦k (yellow) as a function of the CMB
noise level in intensity NT . Forecasts are shown as a ratio
to the constraints achievable for a 1µKarcmin experiment.
Although w0, wa and ⌦k do not degrade significantly with
NT , the uncertainty on the sum of neutrino masses could im-
prove by ⇠ 40% from a Stage-3 experiment (⇠ 10µKarcmin)
to S4. Also shown (dotted blue) are the achievable con-
straints on ⌃m⌫ when w0, wa and ⌦k are fixed to their fiducial
⇤CDM values. The relative degradation with increasing CMB
noise level is much more modest in this case.

constraints of 111, 91 and 120 meV respectively, strongly
degraded with respect to the case where the flat ⇤CDM
fixed-w model is assumed (73, 69 and 41 meV respec-
tively). In combination, however, the three probes are
able to achieve an error of �(m⌫) = 28 meV. This would
be an almost 4� measurement of the minimal mass in
the inverted hierarchy, and ⇡ 2� for the normal hier-
archy. By combining these datasets, the degradation is
only ⇠ 20% with respect to the fixed-⇤CDM case.

It is worth pointing out that, while a free equation of
state w 6= �1 represents a more complex extension of the

Mishra-Sharma+18

Look for a 4% power reduction between CMB & LSST…



28

0.747
0.7

Kazantzidis and Perivolaropoulos (2018)
Benisty (2021)

RSD
RSD

0.793
0.785

0.749

Ade et al. (2016d)
Salvati et al. (2018)
Bocquet et al. (2019)

CC Planck tSZ
CC Planck tSZ
CC SPT tSZ

0.77
0.831

0.79
0.65

0.78

Mantz et al. (2015)
Pacaud et al. (2018)
Costanzi et al. (2019)
Abbott et al. (2020d)
Lesci et al. (2021)

CC ROSAT (WtG)
CC XMM-XXL
CC SDSS-DR8
CC DES-Y1
CC AMICO KiDS-DR3

0.784
0.73

0.703
0.729
0.736
0.72
0.751

Krolewski et al. (2021)
White et al. (2022)
Ivanov et al. (2020)
Tröster et al. (2020)
Chen et al. (2021)
Ivanov et al. (2021)
Philcox et al. (2021)

GC+CMBL unWISE+Planck
GC+CMBL DELS+Planck
GC BOSS galaxy power spectrum
GC BOSS DR12
GC BOSS power spectra
GC BOSS+eBOSS
GC BOSS DR12 bispectrum

0.8
0.728

0.773
0.776

0.742
0.766
0.7781
0.795

van Uitert et al. (2018)
Tröster et al. (2020)
Abbott et al. (2018d)
Abbott et al. (2021)
Joudaki et al. (2018)
Heymans et al. (2021)
García-García et al. (2021)
Miyatake et al. (2022)

WL+GC KiDS+GAMA 3x2pt
WL+GC KiDS+VIKING-450+BOSS
WL+GC DES-Y1 3×2pt
WL+GC DES-Y3 3×2pt
WL+GC KiDS-450 3×2pt
WL+GC KiDS-1000 3×2pt
WL+GC+CMBL KiDS+DES+eBOSS+Planck
WL+GC HSC+BOSS

0.74
0.78
0.804

0.782
0.759
0.745

0.651
0.737

0.716
0.762
0.755
0.759

Joudaki et al. (2017)
Hikage et al. (2019)
Hamana et al. (2020)
Troxel et al. (2018)
Amon et al. and Secco et al. (2021)
Hildebrandt et al. (2017)
Kohlinger et al. (2017)
Hildebrandt et al. (2020)
Wright et al. (2020)
Joudaki et al. (2020)
Asgari et al. (2020)
Asgari et al. (2021)

WL CFHTLenS
WL HSC-pseudo-Cl
WL HSC-TPCF
WL DES-Y1
WL DES-Y3
WL KiDS-450
WL KiDS-450
WL KiDS+VIKING-450
WL KiDS+VIKING-450
WL KiDS+VIKING+DES-Y1
WL KiDS+VIKING+DES-Y1
WL KiDS-1000

0.84
0.832
0.834

Aiola et al. (2020)
Aghanim et al. (2020d)
Aghanim et al. (2020d)

CMB ACT+WMAP
CMB Planck TT,TE,EE+lowE+lensing
CMB Planck TT,TE,EE+lowE

Early Universe

Late Universe

0.2 0.4 0.6 0.8 1.0 1.2

S8≡σ8 Ωm /0.3

FIG. 4. Constraints on S8 and its corresponding 68% error (updated from Ref. [50]). We show the nominal reported values
by each study, which may di↵er in their definition of the constraints. The definition S8 = �8(⌦m/0.3)↵ with ↵ = 1/2 has been
uniformly used for all points. In those cases where ↵ 6= 1/2 has been used in some references, the value of S8 with ↵ = 1/2
was recalculated (along with the uncertainties) using the constraints on �8 and ⌦m shown in those references, assuming their
errors are Gaussian. This concerns only 5 CC points where the published value of ↵ was di↵erent from 1/2 and the di↵erence
from the published S8 (with di↵erent ↵) is very small. The rest of the points are taken directly from the published values.

By contrast, in some analyses, the statistics relevant to the full posterior distribution have been adopted, such as
the maximum a posteriori point or the best fitting values and their associated errors. These choices can impact the
estimated values of the parameters, in particular when the posterior distributions are significantly non-Gaussian or
when the parameter estimates are prior dominated (see e.g. Ref. [266]). For simplicity, we will use the nominal values
reported in each analysis, but caution the reader that the methodology used may di↵er from case to case (see Sec. III
for a more detailed discussion).

Abdalla+22
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Fig. 1.— An exaggerated example of the lensing effect on a 10◦ × 10◦ field. Top: (left-to-right) unlensed temperature field, unlensed
E-polarization field, spherically symmetric deflection field d(n). Bottom: (left-to-right) lensed temperature field, lensed E-polarization field,
lensed B-polarization field. The scale for the polarization and temperature fields differ by a factor of 10.

gravitational waves.

2. LENSING

Weak lensing by the large-scale structure of the Universe
remaps the primary temperature field Θ(n̂) = ∆T (n̂)/T
and dimensionless Stokes parameters Q(n̂) and U(n̂) as
(Blanchard & Schneider 1987; Bernardeau 1997; Zaldar-
riaga & Seljak 1998)

Θ(n̂) = Θ̃(n̂ + d(n̂)) , (1)

[Q ± iU ](n̂) = [Q̃ ± iŨ ](n̂ + d(n̂)) ,

where n̂ is the direction on the sky, tildes denote the un-
lensed field, and d(n̂) is the deflection angle. It is related
to the line of sight projection of the gravitational potential
Ψ(x, D) as d = ∇φ,

φ(n̂) = −2

∫

dD
(Ds − D)

D Ds
Ψ(Dn̂, D) , (2)

where D is the comoving distance along the line of sight in
the assumed flat cosmology and Ds denotes the distance to
the last-scattering surface. In the fiducial cosmology the
rms deflection is 2.6′ but its coherence is several degrees.

We will work mainly in harmonic space and consider suf-
ficiently small sections of the sky such that spherical har-
monic moments of order (l, m) may be replaced by plane
waves of wavevector l. The all-sky generalization will be

presented in a separate work (Okamoto & Hu, in prep).
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where ϕl = cos−1(x̂ · l̂). Lensing changes the Fourier mo-
ments by (Hu 2000b)

δΘ(l) =

∫
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W (l,L) = −[l · L]φ(L) . (5)

Here δΘ = Θ − Θ̃ for example. In Fig. 1, we show a toy
example of the effect of lensing on the temperature and po-
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on the extracted objects of the catalog with 16384 nside and

0.1 arcmin resolution. This map is reprojected with lmax of
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FIG. 10. A 1x1 carmap of the simulated moving lens e↵ect,

when the density is truncated at Rvir, on equal Mvir and z
objects with 8192 nside and 0.1 arcmin resolution.

FIG. 11. A 1x1 carmap of the simulated moving lens e↵ect,

when the density is truncated at Rvir, on equal Mvir and z
objects with shu✏ed velocities and 8192 nside and 0.1 arcmin

resolution.

FIG. 12. A 1x1 carmap of the simulated moving lens e↵ect,

when the density is truncated at Rvir, on equal Mvir with

8192 nside and 0.1 arcmin resolution.
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Why care? Cosmology & Galaxy formation

Supernovae and supermassive black holes regulate galaxy formation 
Unknown “feedback” amplitude 
➞ Missing baryon problem 
 
How to analyze 1% precision LSS data when baryons (15% of matter) are missing?

Illustris



Consequence: much of the statistical power is lost
12

FIG. 3: Measured tomographic DES Y3 cosmic shear two-point correlation functions: b+(\) (left) and b� (\) (right), scaled by
the angular separation, \, to emphasize di�erences relative to the best-fit model (upper panels). The correlation functions are
measured for each redshift bin pair, indicated by the label and the error bar represents the square root of the diagonal of the
analytic covariance matrix. The best-fit ⇤CDM theoretical prediction from the cosmic shear-only tomographic analysis is

denoted by a green line. Scales excluded from the analysis, due to their sensitivity to small-scale systematics, are shaded in light
blue for the Fiducial analysis and darker blue for the ⇤CDM-Optimized analysis. The signal-to-noise of the measurement is 40
using all angular scales and 27 (31) using the Fiducial (⇤CDM-Optimized) scale-selection. For comparison, the yellow shaded

region shows the Y1 uncertainty, with a factor of ⇠
p

2 lower signal-to-noise. The lower panels plot the fractional di�erence
between the measurements and best-fit, Xb±/b± =

�
b± � b theory

±
�
/b theory

± . We find that the j2 per e�ective d.o.f of the ⇤CDM
model is 237.7/222.2 = 1.07, and the ?-value is 0.223.

The data vector, ⇡, comprises four auto-correlations, and
six unique cross-correlations between redshift bins for each
b+ and b�. The small angular scales of the measurements are
eliminated from the analysis primarily to mitigate the impact
of baryonic e�ects, indicated by the shaded region, leaving
167 (60) data points for b+ (b�).

We have verified that an independent pipeline produces the
same b± measurements to numerical precision. The data points
shown represent the weighted mean of pair separation, but
the theoretical prediction is averaged over the bin using the
geometric approximation, following equation 10 in Ref. [112].

B. Covariance Matrix

To model the statistical uncertainties of our measurements
of b± we assume a multi-variate Gaussian distribution for our
combined data vector. The modeling of the disconnected four-
point function part of the covariance matrix of that data vector
(also known as the Gaussian part of the covariance) is de-
scribed in [112] and includes analytic treatment of bin aver-
aging and sky curvature. The connected four-point function
part and the contribution from super-sample covariance use
the public code CosmoCov9 [156] based on the CosmoLike
framework [97].

9 https://github.com/CosmoLike/CosmoCov

DES Y3 Amon+22

Localizing the baryons would unleash the constraining power of LSST
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Extended tSZ profile is well resolved!

Gas profiles around galaxies: stacking

Schaan+20



Directly subtract the baryonic contribution!

Shear

gas

DM+gas

SZ

Sadaf Kadir
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Fig. 1.— An exaggerated example of the lensing effect on a 10◦ × 10◦ field. Top: (left-to-right) unlensed temperature field, unlensed
E-polarization field, spherically symmetric deflection field d(n). Bottom: (left-to-right) lensed temperature field, lensed E-polarization field,
lensed B-polarization field. The scale for the polarization and temperature fields differ by a factor of 10.

gravitational waves.

2. LENSING

Weak lensing by the large-scale structure of the Universe
remaps the primary temperature field Θ(n̂) = ∆T (n̂)/T
and dimensionless Stokes parameters Q(n̂) and U(n̂) as
(Blanchard & Schneider 1987; Bernardeau 1997; Zaldar-
riaga & Seljak 1998)

Θ(n̂) = Θ̃(n̂ + d(n̂)) , (1)

[Q ± iU ](n̂) = [Q̃ ± iŨ ](n̂ + d(n̂)) ,

where n̂ is the direction on the sky, tildes denote the un-
lensed field, and d(n̂) is the deflection angle. It is related
to the line of sight projection of the gravitational potential
Ψ(x, D) as d = ∇φ,

φ(n̂) = −2

∫

dD
(Ds − D)

D Ds
Ψ(Dn̂, D) , (2)

where D is the comoving distance along the line of sight in
the assumed flat cosmology and Ds denotes the distance to
the last-scattering surface. In the fiducial cosmology the
rms deflection is 2.6′ but its coherence is several degrees.

We will work mainly in harmonic space and consider suf-
ficiently small sections of the sky such that spherical har-
monic moments of order (l, m) may be replaced by plane
waves of wavevector l. The all-sky generalization will be

presented in a separate work (Okamoto & Hu, in prep).
In this case, the temperature, polarization, and potential
fields may be decomposed as

Θ(n̂) =

∫

d2l

(2π)2
Θ(l)eil·n̂ , (3)

[Q ± iU ](n̂) = −
∫

d2l

(2π)2
[E(l) ± iB(l)]e±2iϕleil·n̂ ,

φ(n̂) =

∫

d2L

(2π)2
φ(L)eiL·n̂ ,

where ϕl = cos−1(x̂ · l̂). Lensing changes the Fourier mo-
ments by (Hu 2000b)

δΘ(l) =

∫

d2l′

(2π)2
Θ̃(l′)W (l′,L) , (4)

δE(l) =

∫

d2l′

(2π)2

[

Ẽ(l′) cos 2ϕl′l − B̃(l′) sin 2ϕl′l

]

W (l′,L) ,

δB(l) =

∫

d2l′

(2π)2

[

B̃(l′) cos 2ϕl′l + Ẽ(l′) sin 2ϕl′l

]

W (l′,L) ,

where ϕl′l ≡ ϕl′ − ϕl, L = l − l′, and

W (l,L) = −[l · L]φ(L) . (5)

Here δΘ = Θ − Θ̃ for example. In Fig. 1, we show a toy
example of the effect of lensing on the temperature and po-
larization fields (see also Benabed et al. 2001). The effect

How? CMB is an LSS probe



LSST shear calibration with CMB lensing

Schaan Krause Eifler+16

4.5. Mitigation of Systematic e↵ects 43

process that galaxy images go through is encapsulated in Figure 4.3. A galaxy is sheared by the
gravitational potential along the line of sight. This sheared galaxy is then further convolved with
a PSF, pixelated and is observed in the presence of noise. The shape measurement problem is to
disentangle the steps subsequent to the shearing process and to measure this shear to a high
accuracy. Members of the EIC WLWG are at the forefront in finding solutions to this problem,
with EIC members having developed a number of shape measurement approaches. These includes
lensfit (Miller et al. 2007; Kitching et al. 2008a), shapelets (Refregier & Bacon 2003; Massey
& Refregier 2005), im2shape (Bridle & et al. 2004). Shape measurement methods have always
met the demands of contemporary weak lensing data. However, this is an area in which further
improvements must be made.

To improve on the current methods, a roadmap of simulations and testing has been developed.
In Bridle et al. (2008, 2009), the first GRavitational lEnsing Accuracy Testing (GREAT) challenge
was launched. These are a set of simulations in which the shear is introduced in a controlled
manner. Shape measurement algorithms can then be used on these simulations and their
performance measured against the input. GREAT08 ran for 6 months during 2008 as a blind
challenge. During this short time, a factor of 2 improvement was gained over existing methods.
In some simulated conditions, the most successful methods met and surpassed the requirements
set by Euclid, but further work is ongoing to broaden this success. The next suite of simulations
in this challenge is GREAT10 (Kitching & et al. 2010), which will increase the complexity over
that of the GREAT08 challenge by introducing variable shear and PSF.

Intrinsic galaxy
(shape unknown)

Gravitational lensing 
causes a shear (g)

Atmosphere and telescope
cause a convolution

Detectors measure
a pixelated image

Image also 
contains noise

The Forward Process.
Galaxies: Intrinsic galaxy shapes to measured image:

Stars: Point sources to star images:

Intrinsic star
(point source)

Atmosphere and telescope
cause a convolution

Detectors measure
a pixelated image

Image also 
contains noise

Figure 4.3: Illustration of the processes that a↵ect galaxy and star images. The intrinsic shape
of a galaxy is gravitationally lensed by intervening matter causing the cosmic shear e↵ect that
we plan to measure. After this, the galaxy image becomes blurred due to the PSF (in space
this would come only from the instrument), pixelated by the detectors. The final image will
also have noise. Star images su↵er from many of these e↵ects but crucially their images are
not gravitationally lensed. We are therefore able to use star images to correct galaxy images to
recover the shear signal. This is discussed in more detail in Chapter 8 (Figure taken from Bridle
et al. 2008)
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Why combine LSST & CMB?

1. Compare initial & final conditions 
Neutrino masses & S8 tension 

2. CMB helps LSST 
Baryonic uncertainty 
Shear validation 

3. LSST helps CMB 
Foreground cleaning 
Detect new CMB secondaries
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Fig. 1.— An exaggerated example of the lensing effect on a 10◦ × 10◦ field. Top: (left-to-right) unlensed temperature field, unlensed
E-polarization field, spherically symmetric deflection field d(n). Bottom: (left-to-right) lensed temperature field, lensed E-polarization field,
lensed B-polarization field. The scale for the polarization and temperature fields differ by a factor of 10.

gravitational waves.

2. LENSING

Weak lensing by the large-scale structure of the Universe
remaps the primary temperature field Θ(n̂) = ∆T (n̂)/T
and dimensionless Stokes parameters Q(n̂) and U(n̂) as
(Blanchard & Schneider 1987; Bernardeau 1997; Zaldar-
riaga & Seljak 1998)

Θ(n̂) = Θ̃(n̂ + d(n̂)) , (1)

[Q ± iU ](n̂) = [Q̃ ± iŨ ](n̂ + d(n̂)) ,

where n̂ is the direction on the sky, tildes denote the un-
lensed field, and d(n̂) is the deflection angle. It is related
to the line of sight projection of the gravitational potential
Ψ(x, D) as d = ∇φ,

φ(n̂) = −2

∫

dD
(Ds − D)

D Ds
Ψ(Dn̂, D) , (2)

where D is the comoving distance along the line of sight in
the assumed flat cosmology and Ds denotes the distance to
the last-scattering surface. In the fiducial cosmology the
rms deflection is 2.6′ but its coherence is several degrees.

We will work mainly in harmonic space and consider suf-
ficiently small sections of the sky such that spherical har-
monic moments of order (l, m) may be replaced by plane
waves of wavevector l. The all-sky generalization will be

presented in a separate work (Okamoto & Hu, in prep).
In this case, the temperature, polarization, and potential
fields may be decomposed as

Θ(n̂) =

∫

d2l

(2π)2
Θ(l)eil·n̂ , (3)

[Q ± iU ](n̂) = −
∫

d2l

(2π)2
[E(l) ± iB(l)]e±2iϕleil·n̂ ,

φ(n̂) =

∫

d2L

(2π)2
φ(L)eiL·n̂ ,

where ϕl = cos−1(x̂ · l̂). Lensing changes the Fourier mo-
ments by (Hu 2000b)

δΘ(l) =

∫

d2l′

(2π)2
Θ̃(l′)W (l′,L) , (4)

δE(l) =

∫

d2l′

(2π)2

[

Ẽ(l′) cos 2ϕl′l − B̃(l′) sin 2ϕl′l

]

W (l′,L) ,

δB(l) =

∫

d2l′

(2π)2

[

B̃(l′) cos 2ϕl′l + Ẽ(l′) sin 2ϕl′l

]

W (l′,L) ,

where ϕl′l ≡ ϕl′ − ϕl, L = l − l′, and

W (l,L) = −[l · L]φ(L) . (5)

Here δΘ = Θ − Θ̃ for example. In Fig. 1, we show a toy
example of the effect of lensing on the temperature and po-
larization fields (see also Benabed et al. 2001). The effect

5

FIG. 9. A 1x1 carmap of the simulated moving lens e↵ect

on the extracted objects of the catalog with 16384 nside and

0.1 arcmin resolution. This map is reprojected with lmax of

16383. [AB: I tried going to higher lmax but that kills the

kernel.]

FIG. 10. A 1x1 carmap of the simulated moving lens e↵ect,

when the density is truncated at Rvir, on equal Mvir and z
objects with 8192 nside and 0.1 arcmin resolution.

FIG. 11. A 1x1 carmap of the simulated moving lens e↵ect,

when the density is truncated at Rvir, on equal Mvir and z
objects with shu✏ed velocities and 8192 nside and 0.1 arcmin

resolution.

FIG. 12. A 1x1 carmap of the simulated moving lens e↵ect,

when the density is truncated at Rvir, on equal Mvir with

8192 nside and 0.1 arcmin resolution.
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New CMB secondaries: Moving lens effect
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1. Compare initial & final conditions 
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Fig. 1.— An exaggerated example of the lensing effect on a 10◦ × 10◦ field. Top: (left-to-right) unlensed temperature field, unlensed
E-polarization field, spherically symmetric deflection field d(n). Bottom: (left-to-right) lensed temperature field, lensed E-polarization field,
lensed B-polarization field. The scale for the polarization and temperature fields differ by a factor of 10.
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Weak lensing by the large-scale structure of the Universe
remaps the primary temperature field Θ(n̂) = ∆T (n̂)/T
and dimensionless Stokes parameters Q(n̂) and U(n̂) as
(Blanchard & Schneider 1987; Bernardeau 1997; Zaldar-
riaga & Seljak 1998)

Θ(n̂) = Θ̃(n̂ + d(n̂)) , (1)

[Q ± iU ](n̂) = [Q̃ ± iŨ ](n̂ + d(n̂)) ,

where n̂ is the direction on the sky, tildes denote the un-
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Ψ(x, D) as d = ∇φ,
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where D is the comoving distance along the line of sight in
the assumed flat cosmology and Ds denotes the distance to
the last-scattering surface. In the fiducial cosmology the
rms deflection is 2.6′ but its coherence is several degrees.

We will work mainly in harmonic space and consider suf-
ficiently small sections of the sky such that spherical har-
monic moments of order (l, m) may be replaced by plane
waves of wavevector l. The all-sky generalization will be
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In this case, the temperature, polarization, and potential
fields may be decomposed as
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ments by (Hu 2000b)
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Here δΘ = Θ − Θ̃ for example. In Fig. 1, we show a toy
example of the effect of lensing on the temperature and po-
larization fields (see also Benabed et al. 2001). The effect
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Summary

• LSST will be the premier ground-based optical imaging survey 

when it comes on line in late 2022.

• It will provide nearly 1,000 exposures of every part of the 

southern hemisphere of sky, yielding high quality 

measurements of billions of galaxies and nearly one million 

Type 1a supernovae.

• Joint reduction of the LSST and CMB S-4 datasets will address a 

host of important problems in fundamental cosmology.
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