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Independent probes
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However it involves some unknowns: 

• dark energy? 

• dark matter? 

• inflation? 

⇒ we need to track more information/data

Combination of independent probes 

• breaks degeneracies 

• shows that the Universe is flat ΛCDM

‣ new experiments: LSST, Euclid, WFIRST, CMB-S4, DESI 
AND 

‣ exploiting cross-correlationsMatter density Ωm
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Correlated cosmological probes
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Joint CMB and Galaxy Lensing 5

Figure 1. Density of tracer galaxies derived from the DES SV
benchmark catalog plotted across the benchmark mask region.
The density map is shown at Healpix Nside = 2048 resolution
(corresponding to a pixel size of ∼ 1.7′). Note that although we
plot the pixelized galaxy density here, wκg(θ) and wγT g(θ) are
computed using the un-pixelized tracer galaxy coordinates. Grey
regions are either masked or outside the SV footprint. The grid
lines are spaced 2.5 degrees apart in both R.A. and Dec. The
coordinates (74.6,−52.7) indicate the position of the map center
in R.A. and Dec.

skynet2 computes the redshift probability distribution func-
tions, p(z), for each galaxy, given the photometric col-
ors of that galaxy. Several photometric redshift estima-
tion codes have been applied to DES SV galaxies. In this
work we use the skynet2 code as it performed the best
in tests (Bonnett et al. 2015) and because this matches
the choice made for the cosmic shear analysis of DES
SV data by The Dark Energy Survey Collaboration et al.
(2015). Bonnett et al. (2015) showed that skynet2 was
able to recover the mean redshift of samples of DES SV
‘Gold’ galaxies to typically better than 0.04. In general,
though, DES SV science results have been shown to be
quite robust to the choice of photo-z estimation code (e.g.
Giannantonio et al. 2016; Crocce et al. 2016). Tracer and
source galaxies are selected on the basis of the z value at
which p(z) peaks, zp. For the tracers, we restrict the analy-
sis to galaxies with 0.4 < zp < 0.8. The final tracer catalog
contains approximately 1.3 million galaxies. A map of the
tracer galaxy density across the benchmark mask is shown
in Fig. 1.

The normalized N(z) for the entire tracer catalog (i.e.
the sum of all the individual p(z)) is shown in Fig. 2. The cor-
responding W g(χ), gs(χ) and gCMB(χ) are shown in Fig. 3

Figure 2. The normalized photometric redshift distributions,
N(z), for the tracer and source galaxy samples. The tracers are
selected using a 0.4 < zp < 0.8 cut, where zp is the redshift
that maximizes the photometrically-determined redshift proba-
bility distribution for an individual galaxy, p(z). The sources are
selected using a 0.8 < zp < 1.3 cut.

(note that we have transformed these quantities into func-
tions of redshift for plotting purposes). It is clear from Fig. 3
that the tracer galaxy W g(χ) peaks in a redshift range for
which both gs(χ) and gCMB(χ) are large. Using higher red-
shift tracer galaxies would increase the amplitude of wκg(θ),
but would decrease the amplitude of wγT g(θ). Similarly, us-
ing somewhat lower redshift tracer galaxies would increase
the amplitude of wγT g(θ), but would decrease the ampli-
tude of wκg(θ). We note here that the measured N(z) for
the tracer catalog enters into the modeling of wκg(θ) and
wγT g(θ) through W g(χ); as we will discuss more in §5.2.3,
the dependence of wκg(θ) and wγT g(θ) on N(z) makes the
joint measurement of these quantities a potentially powerful
probe of galaxy redshift distributions.

3.1.2 Source galaxy shear catalog

The shear catalog used in this work to measure wγT g(θ) is
also derived from DES SV data2. Two shear catalogs were
produced and tested extensively in Jarvis et al. (2015) (here-
after J15): the ngmix3 (Sheldon 2014) and the im3shape4

(Zuntz et al. 2013) catalogs. We use only the ngmix cata-
log in this work because they have a higher source num-
ber density. Shear estimation with ngmix was carried out
using images in r, i, z bands. See J15 for more details and
various tests of the shear pipeline. These choices are con-
sistent with other analyses of DES SV data, including the
cosmology analysis of the cosmic shear two-point func-
tion (The Dark Energy Survey Collaboration et al. 2015).
J15 performed many comparisons of the two shear pipelines,
finding generally good agreement.

2 The shear catalog is available at
http://des.ncsa.illinois.edu/releases/sva1.
3 https://github.com/esheldon/ngmix
4 https://bitbucket.org/joezuntz/im3shape
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Figure 3. The W g, gCMB and gs factors (and the relevant prod-
ucts of these factors) that enter into the computation of wκg(θ)
(Eqs. 6 and 5) and wγT g(θ) (Eq. 8). The figure is intended to
illustrate the redshift ranges that contribute most to wκg(θ) and
wγT g(θ). All curves have been normalized to the same maximum
value.

Particularly relevant for our purposes is the J15 com-
parison of the im3shape and ngmix tangential shear measure-
ments. J15 measured tangential shears around luminous red
galaxies using both pipelines over an angular range similar
to that used here. J15 found that the ratio of the im3shape to
ngmix tangential shear measurements is consistent with ex-
pectations from the application of these two shear pipelines
to simulated data. The two pipelines can therefore be con-
sidered consistent with each other in their measurements of
tangential shear. Note, though, that this ratio test does not
preclude the possibility that both shear catalogs are biased
by a similar multiplicative factor; we will consider how the
joint measurement of wκg(θ) and wγT g(θ) can be used to
constrain such multiplicative biases in §5.2.2.

We restrict the source catalog to galaxies with 0.8 <
zp < 1.3. This redshift cut and the various benchmark se-
lections yield ∼ 947, 000 total source galaxies with a num-
ber density of 1.9/arcmin2. The photometrically-determined
N(z) for the source galaxies is shown in Fig. 2.

3.2 Data from the South Pole Telescope

The CMB κ maps used in this work were derived from
CMB temperature data taken as part of the 2500 square
degree South Pole Telescope Sunyaev-Zel’dovich (SPT-SZ)
survey (Story et al. 2013). Many observations at 150 GHz
of the SPT-E region were combined using inverse-variance
weighting to generate a 25◦×25◦ CMB temperature map. A
CMB κ map was then derived from the CMB temperature
map following the methods outlined in van Engelen et al.
(2012), which rely on the quadratic estimator of Hu (2001)
and Hu & Okamoto (2002). The CMB κ map was pixelized
using a Healpix (Górski et al. 2005) grid with Nside = 2048.
The processed SPT CMB lensing maps used here are iden-
tical to those used in Giannantonio et al. (2016) and we
refer the reader to that work for more details. The same
maps were also used in the cross-correlation of CMB lensing
with galaxy lensing measurement of Kirk et al. (2015). As

Figure 4. The filtered lensing convergence, κ, derived from SPT
CMB data across the benchmark mask region. As described in the
text, the κ map is high-pass filtered to ℓ > 30 and is smoothed
with a Gaussian beam with θFWHM = 5.4′. For this plot we have
also applied a Gaussian beam with θFWHM = 10′ to improve
the visualization. The map is shown at Healpix Nside = 2048
resolution. Note that although we have applied the benchmark
mask in making this plot, the full SPT-derived κ map is used
when measuring wκg(θ). Coordinate system and gridlines are the
same as those in Fig. 1.

in Giannantonio et al. (2016), we filter the pixelized CMB κ
map to remove modes with ℓ < 30 and also apply Gaussian-
beam smoothing with θFWHM = 5.4′. The κmap is plotted in
Fig. 4 (with additional smoothing for better visualization).

Planck Collaboration et al. (2015a) have also released
a CMB-lensing-derived κ map that could be used to mea-
sure wκg(θ). As demonstrated in Giannantonio et al. (2016),
the signal-to-noise of wκg(θ) measured using the benchmark
galaxies and the Planck κ map is only slightly lower than
the signal-to-noise of the same measurement using the SPT
κ map. However, because this work is intended as a “proof of
concept” for the joint wκg(θ) and wγT g(θ) measurement, we
postpone a joint measurement of wκg(θ) and wγT g(θ) with
Planck and DES data to future work based on a larger DES
sample.

4 wκg(θ) AND wγT g(θ) MEASUREMENTS

We measure wκg(θ) using the CMB κ map described in §3.2
and the galaxy tracer catalog described in §3.1.1. We esti-
mate wκg(θ) with

ŵκg(θα) = κ̄α − κ̄rand
α , (11)

MNRAS 000, 1–17 (2016)

Baxter+16

‣ cosmic probes mapping the same matter volume are correlated 
⟶ ex: galaxy density/velocities, CMB/galaxy lensing, 2nd CMB anisotropies 

‣ cross-correlations hold extra information
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We applied the pipeline described above to our set of
simulations in order to recover the input cross- and autopower
spectra used to generate such simulations. The extracted
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We also show, for comparison, the theoretical error bars
obtained from Equation (10), modified to take into account the
binning. They are in generally good agreement with the MC
error estimates, which, however, are slightly larger (by up to
~25%).

5. POWER SPECTRA

5.1. CMB Convergence–Galaxy Cross-correlation

The recovered cross-spectrum is shown in Figure 9. To
compute it we have applied to both maps masks that select the

five H-ATLAS patches of interest. The error bars are estimated
by cross-correlating 500 MC realizations of simulated CMB
convergence maps (consisting of both signal and noise) with
the true H-ATLAS galaxy density map, as described in Section
5.3. This method assumes that the two maps are uncorrelated;
our error estimates are a good approximation because both
maps are very noisy and kk k�C C C( )ℓ ℓ

gg
ℓ

g,tot ,tot 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 10). These error estimates

Figure 5. Convergence maps (upper row) and galaxy overdensity maps (lower row) in the H-ATLAS fields: multipoles >ℓ 400 for which 1(S N) 0.3ℓ have been
filtered out. Galactic longitude and latitude (l, b) of patch centers are provided in brackets. The grid overlay has a spacing of 3° in each box.

Figure 6. Upper panel: cross-power spectrum of simulated galaxy and lensing
maps constructed with b = 3. The points connected by the solid blue line
represent the binned input cross-spectrum, and the average reconstructed
spectrum from 500 simulations is shown by the orange points. Lower panel:
fractional difference between the input and extracted cross-spectra. Error bars
obtained with the simulation covariance matrix (orange points) and with the
analytical approximation (blue points) are shown for comparison.
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obtained from Equation (10), modified to take into account the
binning. They are in generally good agreement with the MC
error estimates, which, however, are slightly larger (by up to
~25%).

5. POWER SPECTRA

5.1. CMB Convergence–Galaxy Cross-correlation

The recovered cross-spectrum is shown in Figure 9. To
compute it we have applied to both maps masks that select the
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by cross-correlating 500 MC realizations of simulated CMB
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Figure 6. Upper panel: cross-power spectrum of simulated galaxy and lensing
maps constructed with b = 3. The points connected by the solid blue line
represent the binned input cross-spectrum, and the average reconstructed
spectrum from 500 simulations is shown by the orange points. Lower panel:
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obtained with the simulation covariance matrix (orange points) and with the
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Figure 1. Density of tracer galaxies derived from the DES SV
benchmark catalog plotted across the benchmark mask region.
The density map is shown at Healpix Nside = 2048 resolution
(corresponding to a pixel size of ∼ 1.7′). Note that although we
plot the pixelized galaxy density here, wκg(θ) and wγT g(θ) are
computed using the un-pixelized tracer galaxy coordinates. Grey
regions are either masked or outside the SV footprint. The grid
lines are spaced 2.5 degrees apart in both R.A. and Dec. The
coordinates (74.6,−52.7) indicate the position of the map center
in R.A. and Dec.

skynet2 computes the redshift probability distribution func-
tions, p(z), for each galaxy, given the photometric col-
ors of that galaxy. Several photometric redshift estima-
tion codes have been applied to DES SV galaxies. In this
work we use the skynet2 code as it performed the best
in tests (Bonnett et al. 2015) and because this matches
the choice made for the cosmic shear analysis of DES
SV data by The Dark Energy Survey Collaboration et al.
(2015). Bonnett et al. (2015) showed that skynet2 was
able to recover the mean redshift of samples of DES SV
‘Gold’ galaxies to typically better than 0.04. In general,
though, DES SV science results have been shown to be
quite robust to the choice of photo-z estimation code (e.g.
Giannantonio et al. 2016; Crocce et al. 2016). Tracer and
source galaxies are selected on the basis of the z value at
which p(z) peaks, zp. For the tracers, we restrict the analy-
sis to galaxies with 0.4 < zp < 0.8. The final tracer catalog
contains approximately 1.3 million galaxies. A map of the
tracer galaxy density across the benchmark mask is shown
in Fig. 1.

The normalized N(z) for the entire tracer catalog (i.e.
the sum of all the individual p(z)) is shown in Fig. 2. The cor-
responding W g(χ), gs(χ) and gCMB(χ) are shown in Fig. 3

Figure 2. The normalized photometric redshift distributions,
N(z), for the tracer and source galaxy samples. The tracers are
selected using a 0.4 < zp < 0.8 cut, where zp is the redshift
that maximizes the photometrically-determined redshift proba-
bility distribution for an individual galaxy, p(z). The sources are
selected using a 0.8 < zp < 1.3 cut.

(note that we have transformed these quantities into func-
tions of redshift for plotting purposes). It is clear from Fig. 3
that the tracer galaxy W g(χ) peaks in a redshift range for
which both gs(χ) and gCMB(χ) are large. Using higher red-
shift tracer galaxies would increase the amplitude of wκg(θ),
but would decrease the amplitude of wγT g(θ). Similarly, us-
ing somewhat lower redshift tracer galaxies would increase
the amplitude of wγT g(θ), but would decrease the ampli-
tude of wκg(θ). We note here that the measured N(z) for
the tracer catalog enters into the modeling of wκg(θ) and
wγT g(θ) through W g(χ); as we will discuss more in §5.2.3,
the dependence of wκg(θ) and wγT g(θ) on N(z) makes the
joint measurement of these quantities a potentially powerful
probe of galaxy redshift distributions.

3.1.2 Source galaxy shear catalog

The shear catalog used in this work to measure wγT g(θ) is
also derived from DES SV data2. Two shear catalogs were
produced and tested extensively in Jarvis et al. (2015) (here-
after J15): the ngmix3 (Sheldon 2014) and the im3shape4

(Zuntz et al. 2013) catalogs. We use only the ngmix cata-
log in this work because they have a higher source num-
ber density. Shear estimation with ngmix was carried out
using images in r, i, z bands. See J15 for more details and
various tests of the shear pipeline. These choices are con-
sistent with other analyses of DES SV data, including the
cosmology analysis of the cosmic shear two-point func-
tion (The Dark Energy Survey Collaboration et al. 2015).
J15 performed many comparisons of the two shear pipelines,
finding generally good agreement.

2 The shear catalog is available at
http://des.ncsa.illinois.edu/releases/sva1.
3 https://github.com/esheldon/ngmix
4 https://bitbucket.org/joezuntz/im3shape
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Figure 3. The W g, gCMB and gs factors (and the relevant prod-
ucts of these factors) that enter into the computation of wκg(θ)
(Eqs. 6 and 5) and wγT g(θ) (Eq. 8). The figure is intended to
illustrate the redshift ranges that contribute most to wκg(θ) and
wγT g(θ). All curves have been normalized to the same maximum
value.

Particularly relevant for our purposes is the J15 com-
parison of the im3shape and ngmix tangential shear measure-
ments. J15 measured tangential shears around luminous red
galaxies using both pipelines over an angular range similar
to that used here. J15 found that the ratio of the im3shape to
ngmix tangential shear measurements is consistent with ex-
pectations from the application of these two shear pipelines
to simulated data. The two pipelines can therefore be con-
sidered consistent with each other in their measurements of
tangential shear. Note, though, that this ratio test does not
preclude the possibility that both shear catalogs are biased
by a similar multiplicative factor; we will consider how the
joint measurement of wκg(θ) and wγT g(θ) can be used to
constrain such multiplicative biases in §5.2.2.

We restrict the source catalog to galaxies with 0.8 <
zp < 1.3. This redshift cut and the various benchmark se-
lections yield ∼ 947, 000 total source galaxies with a num-
ber density of 1.9/arcmin2. The photometrically-determined
N(z) for the source galaxies is shown in Fig. 2.

3.2 Data from the South Pole Telescope

The CMB κ maps used in this work were derived from
CMB temperature data taken as part of the 2500 square
degree South Pole Telescope Sunyaev-Zel’dovich (SPT-SZ)
survey (Story et al. 2013). Many observations at 150 GHz
of the SPT-E region were combined using inverse-variance
weighting to generate a 25◦×25◦ CMB temperature map. A
CMB κ map was then derived from the CMB temperature
map following the methods outlined in van Engelen et al.
(2012), which rely on the quadratic estimator of Hu (2001)
and Hu & Okamoto (2002). The CMB κ map was pixelized
using a Healpix (Górski et al. 2005) grid with Nside = 2048.
The processed SPT CMB lensing maps used here are iden-
tical to those used in Giannantonio et al. (2016) and we
refer the reader to that work for more details. The same
maps were also used in the cross-correlation of CMB lensing
with galaxy lensing measurement of Kirk et al. (2015). As

Figure 4. The filtered lensing convergence, κ, derived from SPT
CMB data across the benchmark mask region. As described in the
text, the κ map is high-pass filtered to ℓ > 30 and is smoothed
with a Gaussian beam with θFWHM = 5.4′. For this plot we have
also applied a Gaussian beam with θFWHM = 10′ to improve
the visualization. The map is shown at Healpix Nside = 2048
resolution. Note that although we have applied the benchmark
mask in making this plot, the full SPT-derived κ map is used
when measuring wκg(θ). Coordinate system and gridlines are the
same as those in Fig. 1.

in Giannantonio et al. (2016), we filter the pixelized CMB κ
map to remove modes with ℓ < 30 and also apply Gaussian-
beam smoothing with θFWHM = 5.4′. The κmap is plotted in
Fig. 4 (with additional smoothing for better visualization).

Planck Collaboration et al. (2015a) have also released
a CMB-lensing-derived κ map that could be used to mea-
sure wκg(θ). As demonstrated in Giannantonio et al. (2016),
the signal-to-noise of wκg(θ) measured using the benchmark
galaxies and the Planck κ map is only slightly lower than
the signal-to-noise of the same measurement using the SPT
κ map. However, because this work is intended as a “proof of
concept” for the joint wκg(θ) and wγT g(θ) measurement, we
postpone a joint measurement of wκg(θ) and wγT g(θ) with
Planck and DES data to future work based on a larger DES
sample.

4 wκg(θ) AND wγT g(θ) MEASUREMENTS

We measure wκg(θ) using the CMB κ map described in §3.2
and the galaxy tracer catalog described in §3.1.1. We esti-
mate wκg(θ) with

ŵκg(θα) = κ̄α − κ̄rand
α , (11)

MNRAS 000, 1–17 (2016)
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Figure 3. 2500 deg2 SPT lensing convergence map with contours showing the fractional overdensity of quasars, both smoothed with a 1◦ Gaussian kernel. The color
scale runs from blue→red for regions with negative to positive relative convergence (see Section 3). Contours span −0.5 ! δ ! 0.5 in steps of δ = 0.1; δ < 0
contours are dashed. The CMB lensing convergence map and the quasar number density field are correlated at the 7σ level.
(A color version of this figure is available in the online journal.)

Figure 4. 5◦ thumbnail stacks showing (top) bins of fractional quasar density where we have stacked the δ map in bins spanning −0.5 ! δ ! 0.5; (bottom) equivalent
stacks evaluated at the same positions in the lensing convergence map. Contours show the significance in levels of 1σ , based on simulations (Section 2). Dashed
contours indicate the significance in regions of κ < 0. A clear, significant transition from negative to positive CMB lensing convergence for lines of sight to low→high
relative quasar density is evident, graphically illustrating the strong cross-correlation signal.
(A color version of this figure is available in the online journal.)

and taking the variance for each bin. Figure 4 presents the
stacked images, showing a significant transition from mean
negative convergence in regions of low quasar density to positive
convergence in regions of high quasar density. This is clear
evidence that WISE-selected quasars are tracing mass that is
lensing the CMB.

4.1. Cross-power Spectrum

The cross-correlation is comprehensively measured through
the cross-power spectrum (Equation (5)). Since the redshift dis-
tribution of the quasar population is reasonably well constrained
(Section 2.2.2), this allows us to estimate the bias of the popu-
lation. In Figure 5 we present the cross-power spectrum of the
convergence map, Mκ , and quasar density map Mg:

C
κg
l =

〈
Re(F(Mκ )F∗(Mg))|l∈l

〉
(7)

where l ∈ l describes the binning, such that the average power
is calculated over all pixels in 2d Fourier space with coordinate
l within the bin defined by l. As in Bleem et al. (2012), we
mask bright stars identified by Two Micron All Sky Survey.
When evaluating C

κg
l in bins of l, we correct for the transfer

function described in Section 2.1, corresponding to a factor of
≈ 10%–30% for the bins shown.

Uncertainties are derived by repeating the calculation with
40 realistic noise simulations (Section 2.1) in place of the real

Cl
κg theory (non−linear power spectrum)

WISE  quasars: bfixed = 1.61 ± 0.22
WISE  quasars: bevo = 1.75 ± 0.23
Dark matter: b = 1
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Figure 5. Cross-power spectrum of the WISE-selected quasar density and the
CMB lensing convergence. The curves show (a) dark matter (b= 1, dotted), (b)
the best-fit (to SPT) Equation (5), (solid), with constant bias and (c) evolving
bias (dashed, Section 5).
(A color version of this figure is available in the online journal.)
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Fig. 4. Temperature maps of size 1 deg2 at 545 and 857 GHz stacked on the 20 000 brightest peaks (left column), troughs (centre column) and
random map locations (right column). The stacked (averaged) temperature maps is in kelvin. The arrows indicate the lensing deflection angle
deduced from the gradient of the bandpass-filtered lensing potential map stacked on the same peaks. The longest arrow corresponds to a deflection
of 6.300, which is only a fraction of the total deflection angle because of our filtering. This stacking allows us to visualize in real space the lensing
of the CMB by the galaxies that generate the CIB. A small and expected o↵set (around 10) was corrected when displaying the deflection field.

using the following stacking technique. We first mask the 545
and 857 GHz temperature maps with our combined mask (that
includes the 20% Galaxy mask), and identify 20 000 local max-
ima and minima in these maps. We also select 20 000 random
locations outside the masked region to use in a null test. We then
bandpass-filter the lens map between ` = 400 and 600 to remove
scales larger than our stacked map as well as small-scale noise.
We stack a 1 deg2 region around each point in both the filtered
temperature map and lensing potential map, to generate stacked
CIB and stacked lensing potential images. We take the gradient
of the stacked lensing potential to calculate the deflection angles,
which we display in Fig. 4 as arrows. The result of the stack-
ing over the maxima, minima and random points is displayed
from left to right in Fig. 4. The strong correlation seen already
in the cross-power spectrum is clearly visible in both the 545
and 857 GHz extrema, while the stacking on random locations
leads to a lensing signal consistent with noise. From simulations,
we expect a small o↵set ('10) in the deflection field. This o↵set
was corrected for in this plot. We have verified in simulations
that this is due to noise in the stacked lensing potential map that
creates a random miscentring, even after stacking 20 000 points.
This e↵ect is not present when we consider noise-free simula-
tions. It wouldt thus disappear were we to increase this num-
ber, but it is obviously not possible given the size of our patch
(1 deg2). As expected, we see that the temperature maxima of

the CIB, which contain a larger than average number of galax-
ies, deflect light inward, i.e., they correspond to gravitational
potential wells, while temperature minima trace regions with
fewer galaxies and deflect light outward, i.e., they correspond
to gravitational potential hills.

5. Statistical and systematic error budget

The first pass of our pipeline suggests a strong correlation of
the CIB with the CMB lensing potential. We now turn to in-
vestigate the strength and the origin of this signal. We will first
discuss the di↵erent contributions to the statistical error budget
in Sect. 5.1, and then possible systematic e↵ects in Sect. 5.2.
Although the most straightforward interpretation of the signal is
that it arises from dusty star-forming galaxies tracing the large-
scale mass distribution, in Sect. 5.3 we consider other potential
astrophysical origins for the observed correlation.

5.1. Statistical error budget

In this section we discuss any noise contribution that does not
lead to a bias in our measurement. The prescription adopted
throughout this paper is to obtain the error estimates from
the naive Gaussian analytical error bars calculated using the

A18, page 7 of 24

Planck13 : CIB x lensing
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Table 1
Field Parameters and Correlation Statistics

Field Area Density A n χ2 ∆χ2(0) Bias
(deg2) ( sources

deg2 ) (CL × 10−7) (Best fit)

WISE (5h) 68.1 6.9 × 103 0.19 ± 0.05 −1.2 ± 0.3 8.8 19.6 0.9 ± 0.2
BCS (5h) 27.0 2.5 × 104 0.27 ± 0.06 −1.8 ± 0.3 11.3 23.5 1.2 ± 0.3
BCS (23h) 16.9 2.35 × 104 0.24 ± 0.07 −1.7 ± 0.3 9.6 17.5 1.1 ± 0.3
Spitzer (23h) 29.8 1.4 × 104 0.33 ± 0.07 −1.6 ± 0.2 13.7 28.9 1.7 ± 0.3

Notes. Galaxy catalog properties and results of power-law fits to lensing-galaxy cross-spectra. For each catalog, we report the best-fit
amplitude and power-law index, χ2 of the best fit, the difference in χ2 from best fit to a model with zero cross-correlation, and the
bias. Note: we report the weighted area of the galaxy density maps multiplied by the lensing apodization mask.
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Figure 2. Top four panels show fractional galaxy overdensity maps smoothed
to 6′ resolution. The bottom two panels show the lensing maps smoothed to 1◦

resolution. At this scale, the signal-to-noise in the lensing maps is slightly greater
than 1. While the lensing maps shown here have been smoothed to highlight
real mass fluctuations, it is clear from the cross-spectra there is substantial
information at smaller scales as well. The color scale is ±80% of the maximum
deviation from the mean in each map.
(A color version of this figure is available in the online journal.)

modifications to produce maps with the proper lensing kernel
at the redshift of the CMB. Thermal SZ was included in the
simulation as in Biesiadzinski et al. (2012): tSZ profiles were
generated at the location of the halos using the Arnaud et al.
(2010) model and projected along the line of sight to create a
simulated tSZ map.

Owing to the finite size of the simulation box, the mock
catalogs and the CMB lensing map only extend to z ∼ 1.3. For
optical catalogs, this is not a serious limitation but there could
be substantial cross-correlation coming from higher redshifts

BCS 5h

BCS 23h

WISE 5h

Spitzer 23h
mock catalog
linear
non−linear

Figure 3. Cross-spectra of galaxy number density maps with SPT lensing
convergence maps. Spectra are calculated in 14 bins from L = 150–1450,
but are shown combined into 3 bins for display purposes. The solid blue line is
calculated using the mock catalogs and convergence maps. The dashed and
dotted lines are obtained using the Limber approximation and the redshift
distribution from the mock catalogs for the nonlinear and linear power spectrum,
respectively. The upper and lower curves for each model correspond to a redshift-
independent galaxy bias of 1.0 and 1.5, respectively. For clarity we only plot
models for the optical catalogs. Predictions for the IR samples are within 15%
of the plotted curves.
(A color version of this figure is available in the online journal.)

in the IR-selected catalogs. Also, these mock catalogs do not
include active galactic nuclei (which could enhance the cross-
correlation), stars (which would not be correlated with a CMB
lensing map), or the effects of source confusion (which would
depress the cross-correlation).

The simulated galaxy catalogs were constructed using the
same selection criteria used for the real optical catalog. Maps
of the fractional galaxy overdensity were created and cross-
correlated with the associated lensing convergence map.

6. RESULTS AND DISCUSSION

We calculate cross-power spectra between the CMB lensing
maps and the maps of fractional galaxy overdensity from each
of the galaxy catalogs. Given the high source density in the
galaxy catalogs and the cuts designed to enhance uniformity in
source selection, we expect the noise in these correlations to
be dominated by the lensing reconstruction. Noise estimates are
obtained by cross-correlating the galaxy maps with 50 simulated
lensing maps (including realistic noise). Results are shown in
Figure 3.

4

Bleem+12 : SPT x WISE 
& Spitzer
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Exploiting combinations of probes

6

Joint CMB and Galaxy Lensing 5

Figure 1. Density of tracer galaxies derived from the DES SV
benchmark catalog plotted across the benchmark mask region.
The density map is shown at Healpix Nside = 2048 resolution
(corresponding to a pixel size of ∼ 1.7′). Note that although we
plot the pixelized galaxy density here, wκg(θ) and wγT g(θ) are
computed using the un-pixelized tracer galaxy coordinates. Grey
regions are either masked or outside the SV footprint. The grid
lines are spaced 2.5 degrees apart in both R.A. and Dec. The
coordinates (74.6,−52.7) indicate the position of the map center
in R.A. and Dec.

skynet2 computes the redshift probability distribution func-
tions, p(z), for each galaxy, given the photometric col-
ors of that galaxy. Several photometric redshift estima-
tion codes have been applied to DES SV galaxies. In this
work we use the skynet2 code as it performed the best
in tests (Bonnett et al. 2015) and because this matches
the choice made for the cosmic shear analysis of DES
SV data by The Dark Energy Survey Collaboration et al.
(2015). Bonnett et al. (2015) showed that skynet2 was
able to recover the mean redshift of samples of DES SV
‘Gold’ galaxies to typically better than 0.04. In general,
though, DES SV science results have been shown to be
quite robust to the choice of photo-z estimation code (e.g.
Giannantonio et al. 2016; Crocce et al. 2016). Tracer and
source galaxies are selected on the basis of the z value at
which p(z) peaks, zp. For the tracers, we restrict the analy-
sis to galaxies with 0.4 < zp < 0.8. The final tracer catalog
contains approximately 1.3 million galaxies. A map of the
tracer galaxy density across the benchmark mask is shown
in Fig. 1.

The normalized N(z) for the entire tracer catalog (i.e.
the sum of all the individual p(z)) is shown in Fig. 2. The cor-
responding W g(χ), gs(χ) and gCMB(χ) are shown in Fig. 3

Figure 2. The normalized photometric redshift distributions,
N(z), for the tracer and source galaxy samples. The tracers are
selected using a 0.4 < zp < 0.8 cut, where zp is the redshift
that maximizes the photometrically-determined redshift proba-
bility distribution for an individual galaxy, p(z). The sources are
selected using a 0.8 < zp < 1.3 cut.

(note that we have transformed these quantities into func-
tions of redshift for plotting purposes). It is clear from Fig. 3
that the tracer galaxy W g(χ) peaks in a redshift range for
which both gs(χ) and gCMB(χ) are large. Using higher red-
shift tracer galaxies would increase the amplitude of wκg(θ),
but would decrease the amplitude of wγT g(θ). Similarly, us-
ing somewhat lower redshift tracer galaxies would increase
the amplitude of wγT g(θ), but would decrease the ampli-
tude of wκg(θ). We note here that the measured N(z) for
the tracer catalog enters into the modeling of wκg(θ) and
wγT g(θ) through W g(χ); as we will discuss more in §5.2.3,
the dependence of wκg(θ) and wγT g(θ) on N(z) makes the
joint measurement of these quantities a potentially powerful
probe of galaxy redshift distributions.

3.1.2 Source galaxy shear catalog

The shear catalog used in this work to measure wγT g(θ) is
also derived from DES SV data2. Two shear catalogs were
produced and tested extensively in Jarvis et al. (2015) (here-
after J15): the ngmix3 (Sheldon 2014) and the im3shape4

(Zuntz et al. 2013) catalogs. We use only the ngmix cata-
log in this work because they have a higher source num-
ber density. Shear estimation with ngmix was carried out
using images in r, i, z bands. See J15 for more details and
various tests of the shear pipeline. These choices are con-
sistent with other analyses of DES SV data, including the
cosmology analysis of the cosmic shear two-point func-
tion (The Dark Energy Survey Collaboration et al. 2015).
J15 performed many comparisons of the two shear pipelines,
finding generally good agreement.

2 The shear catalog is available at
http://des.ncsa.illinois.edu/releases/sva1.
3 https://github.com/esheldon/ngmix
4 https://bitbucket.org/joezuntz/im3shape

MNRAS 000, 1–17 (2016)
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Figure 3. The W g, gCMB and gs factors (and the relevant prod-
ucts of these factors) that enter into the computation of wκg(θ)
(Eqs. 6 and 5) and wγT g(θ) (Eq. 8). The figure is intended to
illustrate the redshift ranges that contribute most to wκg(θ) and
wγT g(θ). All curves have been normalized to the same maximum
value.

Particularly relevant for our purposes is the J15 com-
parison of the im3shape and ngmix tangential shear measure-
ments. J15 measured tangential shears around luminous red
galaxies using both pipelines over an angular range similar
to that used here. J15 found that the ratio of the im3shape to
ngmix tangential shear measurements is consistent with ex-
pectations from the application of these two shear pipelines
to simulated data. The two pipelines can therefore be con-
sidered consistent with each other in their measurements of
tangential shear. Note, though, that this ratio test does not
preclude the possibility that both shear catalogs are biased
by a similar multiplicative factor; we will consider how the
joint measurement of wκg(θ) and wγT g(θ) can be used to
constrain such multiplicative biases in §5.2.2.

We restrict the source catalog to galaxies with 0.8 <
zp < 1.3. This redshift cut and the various benchmark se-
lections yield ∼ 947, 000 total source galaxies with a num-
ber density of 1.9/arcmin2. The photometrically-determined
N(z) for the source galaxies is shown in Fig. 2.

3.2 Data from the South Pole Telescope

The CMB κ maps used in this work were derived from
CMB temperature data taken as part of the 2500 square
degree South Pole Telescope Sunyaev-Zel’dovich (SPT-SZ)
survey (Story et al. 2013). Many observations at 150 GHz
of the SPT-E region were combined using inverse-variance
weighting to generate a 25◦×25◦ CMB temperature map. A
CMB κ map was then derived from the CMB temperature
map following the methods outlined in van Engelen et al.
(2012), which rely on the quadratic estimator of Hu (2001)
and Hu & Okamoto (2002). The CMB κ map was pixelized
using a Healpix (Górski et al. 2005) grid with Nside = 2048.
The processed SPT CMB lensing maps used here are iden-
tical to those used in Giannantonio et al. (2016) and we
refer the reader to that work for more details. The same
maps were also used in the cross-correlation of CMB lensing
with galaxy lensing measurement of Kirk et al. (2015). As

Figure 4. The filtered lensing convergence, κ, derived from SPT
CMB data across the benchmark mask region. As described in the
text, the κ map is high-pass filtered to ℓ > 30 and is smoothed
with a Gaussian beam with θFWHM = 5.4′. For this plot we have
also applied a Gaussian beam with θFWHM = 10′ to improve
the visualization. The map is shown at Healpix Nside = 2048
resolution. Note that although we have applied the benchmark
mask in making this plot, the full SPT-derived κ map is used
when measuring wκg(θ). Coordinate system and gridlines are the
same as those in Fig. 1.

in Giannantonio et al. (2016), we filter the pixelized CMB κ
map to remove modes with ℓ < 30 and also apply Gaussian-
beam smoothing with θFWHM = 5.4′. The κmap is plotted in
Fig. 4 (with additional smoothing for better visualization).

Planck Collaboration et al. (2015a) have also released
a CMB-lensing-derived κ map that could be used to mea-
sure wκg(θ). As demonstrated in Giannantonio et al. (2016),
the signal-to-noise of wκg(θ) measured using the benchmark
galaxies and the Planck κ map is only slightly lower than
the signal-to-noise of the same measurement using the SPT
κ map. However, because this work is intended as a “proof of
concept” for the joint wκg(θ) and wγT g(θ) measurement, we
postpone a joint measurement of wκg(θ) and wγT g(θ) with
Planck and DES data to future work based on a larger DES
sample.

4 wκg(θ) AND wγT g(θ) MEASUREMENTS

We measure wκg(θ) using the CMB κ map described in §3.2
and the galaxy tracer catalog described in §3.1.1. We esti-
mate wκg(θ) with

ŵκg(θα) = κ̄α − κ̄rand
α , (11)

MNRAS 000, 1–17 (2016)

MOTIVATIONS 

‣ Combinations of probes ⇒ break degeneracies 

‣ Cross-correlations of correlated probes 

⟶ contain free extra information ⇒ sharper constraints  

⟶ they are less prone to systematics (noise uncorrelated)

Kowalski+08

Baxter+16



Cyrille Doux  |  LSST webinar  |  Nov 20th 2017

Outline

‣ INTRODUCTION 

⟶ Why and how combine cosmological probes? 

‣ JOINT ANALYSIS OF PLANCK & BOSS DATA 

⟶ Planck and BOSS 

⟶ Methodology 

⟶ Results 

‣ LY-A FOREST × CMB LENSING BISPECTRUM 

‣ THESIS CONCLUSIONS 

‣ LOW-LEVEL COMBINATION OF WEAK LENSING SURVEYS

7



Cyrille Doux  |  LSST webinar  |  Nov 20th 2017

Planck

8

‣                full sky CMB satellite, launched in 2009, orbiting at L2 

‣ two instruments on board : 

๏ LFI (30, 44, 77 GHz) 

๏ HFI (100, 143, 217, 353, 545, 857 GHz) 

‣ CMB maps : SMICA 

‣ CℓTT likelihood : low-ℓ (commander) + high-ℓ (Plik) 

‣ CMB lensing map, SZ clusters, foreground maps, 
polarization, dust, magnetic field…

⬇
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‣ Remapping of CMB (2’ deflection, coherent on patches 2°) : 

‣ Lensing potential and convergence : 

‣ κCMB weighs matter along the l.o.s. ⇒ correlated with LSS tracers

CMB lensing

9

Tobs (n̂) = T (n̂+∇ϕ (n̂))

κCMB = −
1
2
∇2ϕ

Planck Collaboration, 2013

Lensing convergence
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SDSS-III/BOSS
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SDSS ⌀=2.5m telescope at Apache Point Observatory, NM 

BOSS = 1,000-fiber spectrograph, R~2000, λ=360-1100 nm 

• 1M galaxies (LRGs), 200k quasars (with Lyα forest) 

• large-scale structure : P(k), BAO, RSD, etc.
1772 A. J. Cuesta et al.

Figure 1. Monopole (top) and quadrupole (bottom) of the CMASS and LOWZ correlation functions assuming our fiducial cosmology. Left-hand panels show
the CMASS correlation function, whereas right-hand panels present the LOWZ correlation function. In all panels, the dashed line indicates the correlation
function pre-reconstruction. The lighter shade is the DR11 version for comparison. Error bars represent the square root of the diagonal elements of the
covariance matrix.

estimator (Landy & Szalay 1993), with a random catalogue2 gener-
ated by the MKSAMPLE code (see Reid et al. 2016, companion paper)
to match the geometry, redshift distribution, and completeness of
the survey. These functions include the corrections for systematic
effects described in Ross et al. (in preparation), which account for
correlations between the observed galaxy density of the CMASS
sample and stellar density in the sky and seeing. We also include
weights that correct for close pairs (fibre collisions) and redshift fail-
ures in these samples. A detailed description of the observational
systematic weights and their effect on the measured clustering will
be provided in Ross et al. (in preparation). As shown in Ross et al.
(2012), these weights compensate for the systematic effect by inter-
polating the observed deficit in the number density of galaxies as a
function of the systematic, and weighting by the inverse of this
deficit. The systematic that has a larger effect in the measured corre-
lation function is stellar density, with seeing providing a more mod-
est correction. Fibre collision weights are very significant at small
scales, although their contribution to the clustering is negligible at
the BAO scale. Redshift failure weights also show a rather small
effect in the measured clustering. Again, this topic will be revisited

2 The size of the random catalogue is 50 times the size of the data samples,
and in the case of the QPM mocks we use 20 times the size of the mock
catalogues.

in the context of the DR12 samples in Ross et al. (in preparation),
where any impact on the measured BAO scale is found to be negligi-
ble. The resulting correlation functions for CMASS and LOWZ are
shown in Fig. 1, where we display the pre-reconstruction correlation
functions with a dashed line. As in Anderson et al. (2014), we also
apply density field reconstruction (Padmanabhan et al. 2012) to our
samples, which we test on mock galaxy samples in Section 3. The
resulting post-reconstruction correlation functions are plotted with
a solid line. Also displayed for reference is the correlation function
from the previous Data Release 11 (re-computed using the fiducial
cosmology used in this paper) with a fainter line.

3 M E T H O D O L O G Y

The mock catalogues and error estimates are computed with a fidu-
cial cosmology that is close to the best-fitting Planck+BOSS cos-
mology, such that they faithfully produce the covariances and fitting
errors of the data. Our fiducial cosmology is given by the follow-
ing set of cosmological parameters:3 !m = 0.29, !" = 0.71, !k

= 0, !bh2 = 0.02247, !νh2 = 0.0, w = −1, wa = 0, h = 0.7,
ns = 0.97, and σ 8 = 0.8. The choice of this cosmology is motivated

3 This is a slightly different choice from that of the Final Data Release paper
in which !m = 0.31, !" = 0.69, !k = 0, !bh2 = 0.022, !νh2 = 0.000 64,
w = −1, wa = 0, h = 0.676, ns = 0.97, and σ 8 = 0.8.

MNRAS 457, 1770–1785 (2016)

Cuesta+16
Anderson+12
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Spectroscopic samples

11

LOWZ  

0 ≤ z ≤ 0.4, Ngal = 392432 
‣ LRG in massive haloes ⟨Mhalo⟩≃ 5.2 x 1013 h-1 M☉ 

‣ almost constant number density
LOWZ

CMASS

QSO

CMASS 

0.4 ≤ z ≤ 0.8, Ngal = 811194 
‣ massive LRG with old stellar pop°, Mstellar > 1013 M☉ 

‣ close to (stellar) mass-limited sample

QSO 

2.15 ≤ z ≤ 3.5, NQSO = 94971 
‣ “CORE” sample, uniformly selected by XDQSO 

‣ high shot-noise

Re
ds

hi
ft

 z

δ(θ) =
ρ(θ)
ρ̄ − 1

‣ Projected overdensity‣ 3 samples

Doux+17
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Why Planck × BOSS ?

12

‣ AREA 

⟶ large area: fsky(Planck)=67% fsky(BOSS)=25% 

⟶ largest spectroscopic sample available 

⟶ ~ full overlap 

‣ S/N of κCMB × BOSS tracers 

⟶ 4.6σ, 13σ, 9.5σ for κ × LOWZ, CMASS, QSO 

‣ Complementarity 

⟶ CMB ⇒ primordial Universe 

⟶ CMB lensing ⇒ weighs l.o.s. DM 

⟶ galaxies/quasar at z~0.25, 0.57, 2.2 
• redshift distribution perfectly known

LOWZ

CMASS

QSO

CMB lensing convergence
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Pipeline
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‣ 4 different masks ⇒ maximize area (overlap) + aℓm’s S/N, but some difficulties 

‣ NumCosmo xcor module: general framework for joint analyses of multiple probes 
@ numcosmo.github.io 

MCMC chains 
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http://numcosmo.github.io
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Angular power spectrum: theory
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Angular power-spectrum of projected observables a and b (Limber approx):

kernels
matter power 

spectrum

comoving 
distance

Cabℓ = ⟨aℓmb∗ℓm⟩ =
∫ z∗

0
dz
H(z)
c

1
χ(z)2 Δ

a
ℓ (z)Δ

b
ℓ (z)P

(
k =
ℓ+ 1/2
χ(z) , z

)
+O

(
1
ℓ2

)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

z

0

2

4

6

8

10

12

W
a
(z

)

CMB(⇥10)

LOWZ

CMASS

QSO

0 1000 2000 3000 4000
Comoving distance [Mpc/h]

Δκ(z) =
3Ωm

2
H20
H(z)(1+ z)χ(z)

χ∗ − χ(z)
χ∗

bias redshift 
distribution

Δg� (z) = b(z)
dn
dz

(+ lensing effects)Δ
a (

z)

Doux+17



Cyrille Doux  |  LSST webinar  |  Nov 20th 2017

Angular power spectrum: estimators
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• Partial sky ⇒ pseudo angular power spectra : 

• Estimator : 

• Noise pseudo-spectrum  

• For cross-spectra, noise is uncorrelated, so Ñℓ  = 0 

• For auto-spectra, Ñℓ estimated from MC simulations 

• Galaxies : shot-noise (pure Poisson) realizations with Nℓ = 1/n̅ 

• Lensing : Planck’s 100 reconstruction simulations for κ
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Auto- & cross-power spectra
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Likelihood
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• Gaussian likelihood : 

• Semi-analytical covariance (Efstathiou’s approx., see Brown+05) :  
 
 
 
 
where

L
(
C̃obsℓ |bg,Θcosmo

)
=

1
(2π)n/2|Cov|1/2

exp

[
−
1
2

(
C̃obsℓ −Mℓℓ′Cthℓ′

)T
Cov−1

(
C̃obsℓ −Mℓℓ′Cthℓ′

)]
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Wrapping up
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‣ Parameters 
⟶ Cosmology: flat ΛCDM, 6 base params H0, ωb, ωc, As, ns, zre, then mν and w 

⟶ BOSS samples: 3 biases + 2 nuisance params (shot noise) 

‣ Computations 
⟶ NumCosmo:xcor module: free object-oriented C library (with GObject), on GitHub 

⟶ Power spectrum from CLASS + halofit (reimplemented) 

‣ Data 
⟶ “Planck TT” = Planck CMB temperature CℓTT (high + low ℓ) 

⟶ “Planck TT + lensing” = Planck TT + Planck κCMB C̃ℓ 

⟶ “Planck TT + lensing ⊗ LSS” = Planck TT + (Planck κCMB⊗BOSS samples) C̃ℓab
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Outline

‣ INTRODUCTION 

⟶ Why and how combine cosmological probes? 

‣ JOINT ANALYSIS OF PLANCK & BOSS DATA 

⟶ Planck and BOSS 

⟶ Methodology 

⟶ Results 

‣ LY-A FOREST × CMB LENSING BISPECTRUM 

‣ THESIS CONCLUSIONS 

‣ LOW-LEVEL COMBINATION OF WEAK LENSING SURVEYS
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Contraints from lensing⊗LSS only
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Cκκ� � Ω2mAs
Cκg� � ΩmbAs
Cgg� � b2As

‣ Multiple probes to break degeneracies 

‣ Cross-correlations improve constraints by 10-20%
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Constraints on ΛCDM
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‣ 10-20% improvement on H0, ωc, ns 

⟶ ~ +50% survey size/sensitivity 

⟶ even though more parameters 

⟶ FoM≡|det{Cov(Θcosmo)}|-1/2 
• CMB TT:      1.34×1012 

• + lensing:   2.73×1012 

• ⊗ LSS:          3.89×1012 

‣ 2% constraints on biases 

‣ 2σ tension in σ8-Ωm CMB vs LSS 
⟶systematics? 

⟶new physics?
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Significant correlations/degeneracies :

CONCLUSIONS 

‣ Joint analysis needed for wCDM + mν 

‣ Consistent with ΛCDM (w = –1) 

‣ neutrino mass mν < 0.28 eV [68%] 

‣ b/w correlation : an issue for DE? 

‣ H0 from SNIa, τ from 21cm or TE+EE
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Conclusion I

Results 

‣ Method + code for joint statistical analysis of CMB, LSS tracers & weak 
lensing 

‣ Significant improvement on H0, w, ωc and mν (depends on small scales) 

‣ Constraints on 8-params model wCDM + mν + biases ⟶ impossible 
independently !

25
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Conclusion I

26

In the future 

‣ Likelihood/covariance 

⟶ covariance noisy and expensive (size ~ ℓmax × Nobs4/4) but takes care of masks 

⟶ non-gaussianities (bi- & tri-spectrum terms) or super-sample variance 

‣ Theory 

⟶ non-linear power spectrum, neutrinos, baryons ? 

⟶ Limber approximation (Angpow), relativistic effects (lensing & RSD mostly)
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Outline

‣ INTRODUCTION 

⟶ Why and how combine cosmological probes? 

‣ JOINT ANALYSIS OF PLANCK & BOSS DATA 

⟶ Planck and BOSS 

⟶ Methodology 

⟶ Results 

‣ LY-A FOREST × CMB LENSING BISPECTRUM 

‣ THESIS CONCLUSIONS 

‣ LOW-LEVEL COMBINATION OF WEAK LENSING SURVEYS
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‣ neutral hydrogen HI Ly-α transition, λ=1216 Å 

‣ spectra of quasars carved by many Hi absorption lines 

⟶ Ly-α forest = a core sample probing HI in IGM at z~2-4 

⟶ used as a tracer of the large-scale structure ⇒ BAO, P(k)

Lyman-α forest

28

n=1

n=2

n=3

HI cloud 
(absorber)

QSO 
(emitter)

1216 Å
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Position-dependent power spectrum

29
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Position-dependent power spectrum
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δL̅OCAL > δU̅NIVERSE

δ̅LOCAL < δ̅UNIVERSE
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Position-dependent power spectrum
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k

P(k)

δL̅OCAL > δU̅NIVERSE δL̅OCAL < δU̅NIVERSE

k

P(k)
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Position-dependent power spectrum

CONCLUSION 

‣ measured P(k) depends on the local mean density δ ̅! 

‣ denser regions have more fluctuations, i.e. 

‣ fully non-linear process

32

δL̅OCAL > δU̅NIVERSE

δL̅OCAL < δU̅NIVERSE

∂P(k)
∂δ̄

> 0

small-scale modes

LARGE-scale mode : δ ̅= δ(k≈0) 

k

P(k)

k

P(k)
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CMB

δ̄LOCAL > δ̄UNIVERSE

δ̄LOCAL < δ̄UNIVERSE

κCMB>0

κCMB<0
QSO

QSO

Lyα forest

Lyα forest
P1D(k)

P1D(k)

Ly-α × CMB lensing
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Theoretical bispectrum

34

Bκ,Lyα(k�) =̂ *Qp
�
κ,P1dLyα(k�)

�
URV

=
1
Δχ

�
dχWκ(χ)

�P1dLyα(k�, χ)
�δ σ2(χ) UkV

κ =
∫
dχWκ(χ)δ(χ)

① linear bias ② RSD ③ baryons & grav. non-linearities

P3dLyα(k∥, k⃗⊥) = b21
(
1+ βμ2

)2
D(k, μ)PHBM(k)

JCAP05(2014)048

Figure 6. The linear response functions computed from the SPT 1-loop power spectrum with various
cosmological parameters at z = 2. The fiducial cosmology (⌦m = 0.27, �8 = 0.7913, and ns = 0.95)
is shown in green solid lines. The red dotted and green dashed lines represent the cosmologies with
±5% of the fiducial parameters, ⌦m (left), �8 (middle), and ns (right).

we obtain a measurement of a certain moment of the bispectrum (integrated bispectrum)
without having to actually measure three-point correlations in the data. The integrated
bispectrum is dominated by the squeezed-limit bispectrum, which is much easier to model
than the full bispectrum for all configurations. This is evidenced by figures 4–5, where we
show model predictions accurate to a few percent using existing techniques and without
tuning any parameters.

A further, key advantage of this new observable is that both the mean density fluctu-
ation and the power spectrum are significantly easier to measure in actual surveys than the
bispectrum in terms of survey selection functions. In particular, the procedures developed
for power spectrum estimation can be directly applied to the measurement of the position-
dependent power spectrum. Additionally, the position-dependent power spectrum depends
on only one wavenumber (at fixed size of the subvolume) rather than the three wavenumbers
of the bispectrum. Consequently, the covariance matrix also becomes easier to model.

We have measured the position-dependent power spectrum in 160 collisionless N -body
simulations with Gaussian initial conditions, and have used two di↵erent approaches —
bispectrum modeling and the separate universe approach — to model the measurements. All
of the approaches work well on large scales, k . 0.2 hMpc�1, and at high redshift. On small
scales, where non-linearities become important, the separate universe approach (section 4.2)
applied through the Coyote emulator prescription performs best at redshifts z < 2, while
the SPT 1-loop predictions perform equally well at z � 2. Both show agreement to within a
few percent up to k = 0.4 hMpc�1. Accurate predictions for the position-dependent power
spectrum on these and even smaller scales can be obtained by applying the separate universe
approach to dedicated small-box N -body simulations of curved cosmologies [20]. We shall
study this in an upcoming paper.

The normalized integrated bispectrum is relatively insensitive to changes in cosmological
parameters (section 4.3), and we do not expect that it will allow for competitive cosmology
constraints. On the other hand, this property can also be an advantage: since this observable
can be predicted accurately without requiring a precise knowledge of the cosmology, it can
serve as a useful systematics test for example in weak lensing surveys. As an example,
consider eq. (2.12) applied to shear measurements. A constant multiplicative bias 1 + m

in the shear estimation contributes a factor (1 +m)3 on the left hand side of the equation,
and a factor (1 +m)4 on the right hand side. Thus, by comparing the measured normalized

– 18 –

∂P1dLyα(k∥)
∂δ =

∫
d2k⃗⊥
(2π)2

P3dLyα (⃗k)
(
∂lnPHBM
∂δ + beff2 (k, μ)

)

→ 

→ 

→ 

Arinyo-i-Prats+15

Chiang+15
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Analysis method

35

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

kk [h/Mpc]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

P
1d Ly

↵
(k

k)
[M

pc
/h

]

hzi = 2.20

hzi = 2.33

hzi = 2.48

hzi = 2.63

hzi = 2.78

hzi = 2.92

hzi = 3.06

hzi = 3.22

hzi = 3.35

hzi = 3.50

‣ for each Ly-α forest, measure: 

• κCMB in the direction of the quasar ( -⟨κ⟩QSO ) 

•    

‣ measure linear bias b1(z)

⟨κ⟩QSO removed 

(QSO contribution)
P̂1dLyα(k, z) =

〈
P̂rawi (k)− Pnoisei
W2
spectro(k,Ri)

〉

i∈z
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Ly-α × CMB lensing bispectrum

‣ bispectrum Bκ,Lyα(k∥) = response of linear PS + non-linear 

‣ linear bias measured from PLyα(k∥)  

‣ effective non-linear bias b2 measured from Bκ,Lyα(k∥) 
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Conclusion II

Results 

‣ First correlation of Ly-α and CMB lensing 

‣ Denser regions (κCMB >0 ) ⟹ higher PLy-α(k) = more fluctuations 

Beyond 

‣ Calibration of hydrodynamical simulations (Chiang+17 agrees) 

‣ Similar correlation found with the CIB-545 GHz map (CIB-CMB lensing xcor)

37
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Conclusion II

38

In the future 

‣ eBOSS and DESI will have more data : observe redshift dependence ? 

‣ Better resolution with CMB-S3/4 : angular dependence ? 

‣ Probe of small-scale power spectrum : neutrino masses, dark matter 
models, baryons ?
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Outline

‣ INTRODUCTION 

⟶ Why and how combine cosmological probes? 

‣ JOINT ANALYSIS OF PLANCK & BOSS DATA 

⟶ Planck and BOSS 

⟶ Methodology 

⟶ Results 

‣ LY-A FOREST × CMB LENSING BISPECTRUM 

‣ THESIS CONCLUSIONS 

‣ LOW-LEVEL COMBINATION OF WEAK LENSING SURVEYS
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Thesis conclusions

‣ Combinations of cosmological probes can 

1. reveal new physical phenomenon 

2. improve cosmological constraints 

3. calibrate astrophysical uncertainties (e.g., biases) and instrumental 

systematics 

‣ Results 

⟶ General framework in NumCosmo for joint statistical analyses

⟶ Constraints on wCDM + mν + biases at once 

⟶ Detection Ly-α forest × CMB lensing ⟶ indep. test + hydro sim calibration

40
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Thesis conclusions

‣ Joint analysis of future surveys 

⟶ combinations of probes and experiments to boost science impact 

⟶ full multi-probe, multi-survey analysis + cross-calibration 

⟶ radial decomposition adapted to spectro/photo survey + 2D fields 

⟶ going further: low-level data combination, e.g., multi-band, multi-

resolution image analysis for weak lensing surveys (LSST, Euclid, WFIRST)

41
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Outline

‣ INTRODUCTION 

⟶ Why and how combine cosmological probes? 

‣ JOINT ANALYSIS OF PLANCK & BOSS DATA 

⟶ Planck and BOSS 

⟶ Methodology 

⟶ Results 

‣ LY-A FOREST × CMB LENSING BISPECTRUM 

‣ THESIS CONCLUSIONS 

‣ LOW-LEVEL COMBINATION OF WEAK LENSING SURVEYS
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Weak lensing 101
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Weak lensing 101

44

δ>0 δ<0
SHAPES ⟶ MASS :
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Mass mapping

45

NASA/ESA Hubble Space Telescope 
COSMOS field



Cyrille Doux  |  LSST webinar  |  Nov 20th 2017

The forward process

46

‣ IDEA : same galaxy observed with different PSFs (no atmosphere in space!)  
and color filters

Bridle+09
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Astrophysical/instrumental uncertainties

47

Consolandi+16
Dawson+16

‣ PSF anisotropies ‣ color gradients

‣ blending
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What will LSST data look like?

48

A lot like HSC data (hsc-release.mtk.nao.ac.jp/hscMap2/) !

http://hsc-release.mtk.nao.ac.jp/hscMap2/
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What will LSST data look like?
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A lot like HSC data (hsc-release.mtk.nao.ac.jp/hscMap2/) !

http://hsc-release.mtk.nao.ac.jp/hscMap2/
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What will LSST data look like?

50

A lot like HSC data (hsc-release.mtk.nao.ac.jp/hscMap2/) !

http://hsc-release.mtk.nao.ac.jp/hscMap2/
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The deblending problem

51

‣ Is it an issue ? 
⟶ Yes ! 
⟶ deep survey: maybe up to 40% of blended objects (so says R. 

Lupton !) 
⟶ depends on your definition of “blended” 

‣ Why ? 
⟶ it affects all measurements : 

• fluxes of extended objects per band > colors > redshift 
• shapes > cosmic shear 
• morphology 
• …
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What can you do about it?

52

neural networks can do that very well!

Ground : HSC Space : HST

• Use colors (ugrizy bands) 

• Use space observations (Euclid, WFIRST !) ⇒ diffraction-limited PSF 

• Learn what real galaxies look like vs symmetries
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What can you do about it?
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neural networks can do that very well!

Ground : HSC Space : HST

• Use colors (ugrizy bands) 

• Use space observations (Euclid, WFIRST !) ⇒ diffraction-limited PSF 

• Learn what real galaxies look like vs symmetries
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GENERATING REALISTIC GALAXY IMAGES

54

©François Lanusse

→learn what real galaxies look like : (conditional) variational auto encoders

latent 

variables

→draw z~𝒩(0,𝟙) to produce new realistic images
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Deblending galaxies

55

input 
(blended)

desired output 
(deblended)

output 
(deblended)

+

+

+

+

+

+

deep neural networks to perform deblending 

‣ adapted VAE-type networks ? preliminary work : monochromatic, shape only 

‣ hierarchical networks using pre-trained encoders ? 

‣ use latent variables encoding shear ?
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The case for ground × space

56
DES data - deliberately stolen from Peter Melchior’s slides
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The case for ground × space
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CLASH WFC3/IR data - deliberately stolen from Peter Melchior’s slides
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Asking the good questions

58

cosmic shear needs both!

‣ Deblending is a necessity, not a purpose 

‣ Scientific goal(s) sets the deblending score 

• shape 

• colors/redshift 

• morphology 

• ? 

‣ How to proceed ? 

⟶ define the question: what task should NN learn? 

• do you care about single objects ? or statistical measurements ? 

• where can they outperform good ol’ algorithmic? see Alpha Go 

⟶ build a test data base (COSMOS field?) 

⟶ test algorithms for different scores (RAMP ?)
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Research products

Publications 

1. Doux, C. et al. First detection of cosmic microwave background 
lensing and Lyman-α forest bispectrum. Phys. Rev. D 94, 103506 
(2016). + synopsis in APS’s Physics 

2. Doux, C. et al. Cosmological constraints from a joint analysis of 
cosmic microwave background and large-scale structure. 
arXiv.org 1706, arXiv:1706.04583 (2017). 

3. Vitenti, S. D. P., Penna-Lima, M. & Doux, C. NumCosmo: 
Numerical Cosmology library. 

Code 

• NumCosmo library: xcor module on numcosmo.github.io 
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http://numcosmo.github.io
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General conclusion

THANK YOU!
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