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Current CMB

Planck Collaboration: The cosmological legacy of Planck
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Fig. 6. The Planck CMB sky. The top panel shows the 2018, SMICA temperature map. The middle panel shows the polarization field
as rods of varying length, superimposed on the temperature map, when both are smoothed at the 5� scale. This smoothing is done
for visibility purposes, but the enlarged region presented in Fig. 7 shows that the Planck polarization map is dominated by signal at
much smaller scales. Both these CMB maps have been masked and inpainted in regions where residuals from foreground emission
are expected to be substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution
temperature map. The bottom panel shows the Planck lensing map (derived from r�, i.e., the E mode of the lensing deflection
angle), specifically a minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the
unmasked area covers 80.7 % of the sky, which is larger than that used for cosmology.
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Planck also measured 
polarization across the sky

SZ effect: ~1000
galaxy clusters

gravitational lensing

Much ground-based data too



(Some) current Large-Scale Structure
Photometric surveys:
HSC (1400 deg2), KiDS (1400 deg2), DES (5000 deg2)
Map the density and lensing of galaxies

Spectroscopic: BOSS
Galaxy clustering, redshift-space distortions

Show the DES lensing map
Look at Naomi/Andrina ACT talks
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FIG. 1. Galaxy distribution of the redMaGiC Y1 sample used in this analysis. The fluctuations represent the raw counts,
without any of the corrections derived in this analysis. We have restricted the analysis to the contiguous region shown in the
figure. The area is 1321 square degrees.

FIG. 2. Redshift distribution of the combined redMaGiC

sample in 5 redshift bins. They are calculated by stacking
Gaussian PDFs with mean equal to the redMaGiC redshift
prediction and standard deviation equal to the redMaGiC

redshift error. Each curve is normalized so that the area of
each curve matches the number of galaxies in its redshift bin.

The redMaGiC algorithm produces a redshift predic-
tion zRM and an uncertainty �z which is assumed to be
Gaussian. This sample was chosen instead of other DES
photometric samples because of its small redshift uncer-
tainty, which is obtained at the expense of number den-
sity.

The redMaGiC algorithm makes use of an empiri-

cal red-sequence template generated by the training of
the redMaPPer cluster finder [34, 35]. As described in
[35], training of the red-sequence template requires over-
lapping spectroscopic redshifts, which in this work were
obtained from SDSS in the Stripe 82 region [36] and the
OzDES spectroscopic survey in the DES deep supernova
fields [37].

For the redMaGiC samples in this work, we make
use of two separate versions of the red-sequence training.
The first is based on SExtractor MAG AUTO quantities from
the Y1 coadd catalogs, as applied to redMaPPer in
[38]. The second is based on a simultaneous multi-epoch,
multi-band, and multi-object fit (MOF) (see Section 6.3
of Y1GOLD), as applied to redMaPPer [39]. In gen-
eral, due to the careful handling of the point-spread func-
tion (PSF) and matched multi-band photometry, the MOF
photometry yields lower color scatter and, hence, smaller
scatter in red-sequence photo-zs. For each version of the
catalog, photometric redshifts and uncertainties are pri-
marily derived from the fit to the red-sequence template.
In addition, an afterburner step is applied (as described
in Section 3.4 of [13]) to ensure that redMaGiC photo-
zs and errors are consistent with those derived from the
associated redMaPPer cluster catalog [13].

As described in [13], the redMaGiC algorithm com-
putes color-cuts necessary to produce a luminosity-
thresholded sample of constant co-moving density. Both
the luminosity threshold and desired density are inde-
pendently configurable, but in practice higher luminos-
ity thresholds require a lower density for good perfor-
mance. We note that in [13] the co-moving density was
computed with the central redshift of each galaxy (zRM).

plus 21cm, IR, X-ray…

DES, Chang et al 2018

DES, Elvin-Pooley et al 2018
Tinker for SDSS-III



What’s coming in next decade?
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Figure 3. Anticipated coverage (lighter region) of the SATs (left) and LAT (right) in Equatorial coordinates, overlaid on a map of Galactic
dust emission. For the SATs the e↵ective sky coverage is 10%; we consider a non-uniform coverage shown in Sec. 3. For the LAT, we
currently assume uniform coverage over 40% of the sky, avoiding observations where the Galactic emission is high (red), and maximally
overlapping with LSST and the available DESI region. This coverage will be refined with future scanning simulations following, e.g., De
Bernardis et al. (2016). The survey regions of other experiments are also indicated. The LSST coverage shown here represents the maximal
possible overlap with the proposed SO LAT area; while this requires LSST to observe significantly further to the North than originally
planned, such modifications to the LSST survey design are under active consideration.

goals.
A limited sky fraction of 10% would, for example, pro-

vide maximal overlap between the SATs and LAT, which
would be optimal for removing the contaminating lens-
ing signal from the large-scale B-mode polarization, as
discussed in Sec. 5. However, we find in Sec. 3 that the
impact of limiting the LAT sky coverage on our mea-
surement of the tensor-to-scalar ratio is not significant,
which is why we do not anticipate performing a deep LAT
survey. In Secs. 4–7 we show how our science forecasts
depend on the LAT area, and conclude that SO science
is optimized for maximum LAT sky coverage, and maxi-
mum overlap with LSST and DESI. We show a possible
choice of sky coverage in Fig. 3, which will be refined in
further studies.

2.4. Foreground model

Our forecasts all include models for the intensity and
polarization of the sky emission, for both extragalac-
tic and Galactic components, and unless stated other-
wise we use the common models described in this sec-
tion. In intensity, our main targets of interest are the
higher-resolution primary and secondary CMB signals
measured by the LAT. In polarization our primary con-
cern is Galactic emission as a contaminant of large-scale
B-modes for the SATs. We also consider Galactic emis-
sion as a contaminant for the smaller-scale signal that
will be measured by the LAT. We use map-based sky
simulations in all cases, except for small-scale extragalac-
tic and Galactic polarization for which we use simulated
power spectra.

2.4.1. Extragalactic intensity

We simulate maps of the extragalactic components
using the Sehgal et al. (2010) model, with modifications
to more closely match recent measurements. The
extragalactic contributions arise from CMB lensing,
the thermal and kinematic SZ e↵ects (tSZ and kSZ,
respectively), the cosmic infrared background (CIB),
and radio point source emission. The components
are partially correlated; the sources of emission are
generated by post-processing the output of an N -body
simulation.

Lensed CMB: We use the lensed CMB T map from
Ferraro and Hill (2018), generated by applying the
LensPix

8 code to an unlensed CMB temperature map
(generated at Nside = 4096 from a CMB power spectrum
extending to ` = 10000 computed with camb

9) and a
deflection field computed from the CMB map derived
from the Sehgal et al. (2010) simulation.

CIB: We rescale the Sehgal et al. (2010) CIB maps
at all frequencies by a factor of 0.75, consistent with
the Dunkley et al. (2013) constraint on the 148 GHz CIB
power at ` = 3000. These simulations fall short of the
actual CIB sky in some ways. The resulting CIB power
spectrum at 353 GHz is low compared to the Mak et al.
(2017) constraints at lower `. The spectral energy dis-
tribution (SED) of the simulated CIB power spectra is
also too shallow compared to recent measurements (e.g.,
van Engelen et al. 2012), in the sense that the model
over-predicts the true CIB foreground at frequencies be-
low 143 GHz. The CIB fluctuations in the simulation
are correlated more strongly across frequencies than in-
dicated by Planck measurements on moderate to large
angular scales (Planck Collaboration 2014e; Mak et al.
2017). However, few constraints currently exist on cross-
frequency CIB decorrelation on the small scales rele-
vant for tSZ and kSZ component separation. The tSZ–
CIB correlation (Addison et al. 2012) has a coe�cient
(35% at ` = 3000) a factor of two higher in the simula-
tion than the SPT constraint (George et al. 2015) and
Planck (Planck Collaboration 2016i).
While not perfect, this CIB model is plausible and

has realistic correlation properties with other fields in
the microwave sky. The original simulated CIB maps
are provided at 30, 90, 148, 219, 277, and 350 GHz; to
construct maps at the SO and Planck frequencies, we
perform a pixel-by-pixel interpolation of the flux as a
function of frequency using a piecewise linear spline in
log-log space.

tSZ: We rescale the Sehgal et al. (2010) tSZ map by
a factor of 0.75 to approximately match measurements

8 http://cosmologist.info/lenspix/
9 http://camb.info

LSS:
Deeper photo and spectro surveys

DESI ~2019-24
LSST ~2022-32
Euclid ~ 2022 launch
SPHEREx ~2023 launch, WFIRST launch ~2025, plus more

CMB: 
Ground-based from Chile and South Pole
Higher resolution and sensitivity than Planck

ACT: data thru 2021, ~16000 deg2

SPT: ~ 2500 deg2

Simons Observatory: starts in 2022
S4: late 2020s Region visible from Chile
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Figure 3. Anticipated coverage (lighter region) of the SATs (left) and LAT (right) in Equatorial coordinates, overlaid on a map of Galactic
dust emission. For the SATs the e↵ective sky coverage is 10%; we consider a non-uniform coverage shown in Sec. 3. For the LAT, we
currently assume uniform coverage over 40% of the sky, avoiding observations where the Galactic emission is high (red), and maximally
overlapping with LSST and the available DESI region. This coverage will be refined with future scanning simulations following, e.g., De
Bernardis et al. (2016). The survey regions of other experiments are also indicated. The LSST coverage shown here represents the maximal
possible overlap with the proposed SO LAT area; while this requires LSST to observe significantly further to the North than originally
planned, such modifications to the LSST survey design are under active consideration.
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Fig. 1.— The cumulative ACTPol coverage shown in equatorial coordinates for observations between 2013–2016. Each observation region
is labeled. The background is Planck 353 GHz intensity map. The x-axis (y-axis) shows the RA (dec.) coordinates in degrees.

TABLE 1

ACT night-time observation summary showing field names, arrays, and frequencies for each year.

Array Frequency 2013 2014 2015 2016 2017 2018
PA1 149 GHz deep1/deep5/deep6 deep56 deep56/deep8 BOSS
PA2 149 GHz deep56 deep56/deep8/BOSS AdvACT
PA3 97/149 GHz deep56/deep8/BOSS AdvACT
PA4 149/226 GHz AdvACT AdvACT AdvACT
PA5 97/149 GHz AdvACT AdvACT
PA6 97/149 GHz AdvACT AdvACT

each for TT/EE/BB and 122 for TE/TB/EB, exclud-
ing (s13–s15)⇥(s16) cross-spectra as described in Ta-
ble 2. There are more spectra for TE, TB, and EB
cross-array spectra as each component can come from
either of the two arrays (e.g., T from PA1 and E from
PA2, and vice versa). A total of 252 power spectra (in-
cluding TT/TE/EE, 97⇥97/97⇥149/149⇥149 frequency
combinations, and single-array/cross-array) are used for
cosmology.
Unbiased estimates of the power spectra and their co-

variances are needed to construct the likelihood function
for sampling of the model parameter space. Here we
outline the steps we take to estimate the power spec-
tra from the ACTPol maps, compute their covariance
matrices, and separate out foregrounds to arrive at the
foregrounds-cleaned CMB power spectra for cosmology.

3.1. Angular Power Spectrum Estimation

The core of the angular power spectrum estimator code
used in this paper comes from that originally written for
Choi & Page (2015). The code1 uses the standard curved
sky pseudo-C` approach to account for the incomplete
and nonuniform coverage of the sky and beam smoothing
(Hivon et al. 2002; Kogut et al. 2003; Brown et al. 2005).

1 The code uses libsharp, HEALPix, enlib, and SLATEC

Fortran subroutine DRC3JJ.F9.

This is an independently-developed code from the flat-
sky estimator code used in N14 and L17.
The past ACTPol maps were made using the cylindri-

cal equal-area (CEA) projection, which was suitable for
pixelizing maps near the equator. The Advanced ACT-
Pol survey covers a large extent in declination (�61� <
� < 21�), and we start adopting the plate carrée (CAR)
pixelization for all maps analyzed in this paper. With
CAR, pixels are equispaced in latitude, and pixels in
each latitude ring are equispaced in longitude. There
are same number of pixels present in each of the lati-
tude rings. Thus the physical space di↵erence between
pixels for rings near the equator is greater than that for
the rings away from the equator. And hence Fourier
transforming the map and simply binning the Fourier
modes at the same ` as in the usual flat-sky approxima-
tion causes a bias as the physical spacing in longitude
changes across the latitude. We use spherical harmonic
transforms (SHT) with the Clenshaw-Curtis quadrature
using the libsharp library, which gives unbiased esti-
mate of the SHT for maps at any declination (Reinecke
& Seljebotn 2013).

3.2. Spatial and Fourier Window Functions

As described in Aiola et al. (in prep.), the ACTPol
maps are made from the list of selected time-ordered
data (TOD) excluding regions of contamination from the

More area - in practice (CMB)

Coverage (colour = depth) of the Atacama Cosmology Telescope from 2013-16. 
Since 2016 have gone deeper on the largest swathe.

Fig: Simone Aiola, Sigurd Naess for ACT

ACTPol Collaboration(2014): 
Official Logo Banner (Alphabetical)
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Black = cluster search area; Pink = HSC (s18a); Blue = DES; Green = SDSS; Yellow = ESO/VST

■ Find clusters through thermal Sunyaev Zel’dovich effect: hot electrons
■ Atacama Cosmology Telescope data taken through 2018 (at 90, 150 GHz)
■ 2634 confirmed clusters with redshifts to date.  Also see SPT talk.

The field is moving: SZ clusters

Preliminary, from Matt Hilton for ACT



S18: 2634 clusters to date

A larger SZ cluster sample than ever before

Preliminary, from Matt Hilton for Atacama Cosmology Telescope



(1) Weighing SZ clusters using weak lensing
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This shift preserves the blackbody spectrum of the CMB
to first order, and therefore is independent of frequency
in thermodynamic units. The optical depth is defined as
an integral along the line of sight of the electron density
ne,
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2

◆
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As shown in Eqs. 24–26, both tSZ and kSZ contain infor-
mation about the thermodynamic properties of the IGM
and ICM since their magnitudes are proportional to the
integrated electron pressure (tSZ) and momentum (kSZ)
along the line of sight. For ensemble statistics of clusters
or galaxies the tSZ and kSZ e↵ects contain cosmological
information as they depend on the abundance of clusters
or the velocity correlation function. In the following sub-
sections we explore some of the information that we can
extract from the anticipated SO SZ measurements:

• Cosmological parameters from the abundance of
tSZ-detected clusters and statistics of component-
separated tSZ maps.

• Thermodynamic properties of galaxies, groups,
and clusters from combined tSZ and kSZ cross-
correlation measurements.

• Measurements of peculiar velocities, which are
powerful cosmological probes on large scales,
through the kSZ e↵ect.

• Patchy reionization which imprints the CMB
through higher order moments of the kSZ e↵ect.

7.1. Cosmology from tSZ cluster counts

Galaxy clusters can be identified across the electromag-
netic spectrum, from microwave to X-ray energies. The
tSZ e↵ect is emerging as a powerful tool to find and count
galaxy clusters. Among the many ways to find clusters,
the tSZ e↵ect is unique because the detection e�ciency is
nearly independent of redshift as long as the beam size is
about arcminute scale. Measuring cluster abundances as
a function of redshift allows us to probe the physical pa-
rameters that govern the growth of structure, including
the sum of neutrino masses and the dark energy equa-
tion of state. Tests of dark energy and gravity can be
sharpened by distinguishing geometric information (via
the distance-redshift relation) from growth of structure.
Cluster abundances and power spectrum observables (see
Sec. 7.2) contain a combination of both: these can be dis-
tinguished via forward modeling, or using techniques to
separate information on geometry and growth relative to
a fiducial model.
The ability to use cluster abundances to constrain cos-

mological parameters is limited by uncertainties in the
observable-to-mass scaling relation (e.g., Vikhlinin et al.
2009; Vanderlinde et al. 2010; Sehgal et al. 2011; Ben-
son et al. 2013; Hasselfield et al. 2013b; Planck Collab-
oration 2014c; Mantz et al. 2014; Planck Collaboration
2016j; Mantz et al. 2015; de Haan et al. 2016). An ac-
curate and precise calibration of the observable-to-mass
relation is therefore essential for any future cosmolog-
ical constraint from clusters. SZ-selected cluster sam-
ples have well-behaved selection functions that make it
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Figure 33. The forecast SZ cluster abundances as a function of
redshift for the SO baseline and goal configurations with fsky = 0.4
in bins of redshift with width �z = 0.1 and a S/N > 5. We
forecast approximately 16,000 clusters with baseline noise levels
and approximately 24,000 clusters with the goal noise levels.

straightforward to calibrate observable-to-mass relations
and constrain cosmological parameters.
We forecast cluster abundances, and associated cos-

mological parameters, following previous methods (Louis
and Alonso 2017; Madhavacheril et al. 2017). The details
of the methods and assumptions we use are described in
Madhavacheril et al. (2017), which include a matched fil-
ter technique that exploits the unique spectral shape of
the tSZ signal (Herranz et al. 2002; Melin et al. 2006)
and empirical calibrations of the tSZ signal-to-mass rela-
tions via optical weak lensing and CMB halo lensing.
We do not use the component-separated noise curves
from Sec. 2.5.1, but instead apply our method directly to
the per-frequency noise curves described in Sec. 2. We
use these to compute the noise levels obtained by the
matched filter technique, which provides the cluster se-
lection function.
We include additional noise from the following CMB

secondary anisotropies in the matched filter: a Poisson
radio point source term, a Poisson and clustered term
for the CIB, the kSZ signal, the unresolved tSZ signal,
and the tSZ–CIB cross-correlation term. We estimate
that half of the total tSZ auto-spectrum power is coming
from clusters with masses ⇠ 1014M� (e.g., Komatsu and
Seljak 2002; Trac et al. 2011; Battaglia et al. 2012), which
are expected to be detected by SO (see Fig. 33). There-
fore, when we model the unresolved tSZ contribution,
we reduce the amplitude of the auto-spectrum power to
account for the contribution from these clusters, for the
purposes of additional secondary anisotropy noise. We
use the functional forms and parameters for these sec-
ondary anisotropies presented in Dunkley et al. (2013).
This foreground model is consistent with the model used
in Sec. 2.
In Fig. 33 we show the number of clusters expected to

be detected as a function of redshift for the SO baseline
and goal configurations with the value of fsky = 0.4 in
bins of redshift with width �z = 0.1 and a S/N > 5.
With baseline noise levels and fsky = 0.4, we forecast
approximately 16,000 clusters; with goal noise levels we
forecast approximately 24,000 clusters. This is roughly

Higher neutrino mass —> fewer massive clusters
CMB needs optical data: calibrate masses

Planck/ACT w HSC  - Miyatake et al 2018
ACT w KiDS  - Robertson et al in prep, 20σ 
SPT w Magellan/HST - Boquet et al 2019

Dark energy above z=1
Neutrino mass
(also galaxy evolution)

+ more if reach 
lower noise with S4 
from late 2020s

~20k SZ clusters coming from SO!

SO+LSST: measure neutrino mass sum 
σ(ΣMν) = 0.03 eV,  and σ8 to 2% at z=1-2 

(SO Collaboration 2019)



(2) Tracing matter with CMB lensing and galaxy densities

Make density maps in redshift bins, correlate 

Non-Gaussian fluctuations predict a scale-
dependent bias at large scales. 
Measure fNL to σ~1 from SO x LSST (Schmittfull & 
Seljak 2018).

galaxy bias 
fNL
dark energy above z=1
neutrino mass

B Leistadt

Planck(Collaboration(2015

Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ⇤CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

In addition to the priors above, we adopt the same sampling
priors and methodology as Planck Collaboration XIII (2015),†
using CosmoMC and camb for sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ⇤CDM
model, as well as ⌦bh

2 and ns, we sample As, ⌦ch
2, and the

(approximate) acoustic-scale parameter ✓MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of ⌦m, H0, and �8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck

CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ✓MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the ⌦m–�8 plane.

The lensing-only constraint defines a band in the ⌦m–�8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

�8⌦
0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ⇤CDM model is discussed in detail in
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
P

m⌫ = 0.06 eV, by default.

Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ⇤CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ⇤CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ⌘ aeqHeq / ⌦mh

2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth  lens become smaller. Theoretical ⇤CDM
models that keep `eq ⌘ keq �⇤ fixed will therefore have the same
number (proportional to keq �⇤) of lenses of each depth along
the line of sight, and distant lenses of the same depth will also
maintain the same angular correlation on the sky, so that the
shape of the spectrum remains roughly constant. There is there-
fore a shape and amplitude degeneracy where `eq ⇡ constant,
As ⇡ constant, up to corrections from sub-dominant changes in
the detailed lensing geometry, changes from late-time potential
decay once dark energy becomes important, and nonlinear ef-
fects. In terms of standard ⇤CDM parameters around the best-fit
model, `eq / ⌦

0.6
m h, with the power-law dependence on ⌦m only

varying slowly with ⌦m; the constraint `eq / ⌦
0.6
m h = constant

defines the main dependence of H0 on ⌦m seen in Fig. 7.

The argument above for the parameter dependence of the
lensing power spectrum ignores the e↵ect of baryon suppres-
sion on the small-scale amplitude of the matter power spectrum
(e.g., Eisenstein & Hu 1998). As discussed in Appendix E, this
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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 (§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.

is converted to lensing convergence using spherical harmonic
transforms, then projected onto the SPT survey area. Figure
5 shows the excellent agreement between SPT and Planck
cross-power spectra. Without realistic Planck simulations it
is difficult to accurately estimate uncertainties, so the Planck
error bars are derived from the l bin variance, which we have
verified (using the SPT power spectrum) is a good estimate of
the uncertainty derived from noise simulations. Generally, un-
certainties in the Planck spectrum are ∼20% larger than SPT,
however note that shot-noise in the quasar catalog is a signif-
icant contribution in the errors of both spectra. Furthermore,
the strongly anisotropic noise in the lensing map (van Engelen
et al. 2012) is not included in the cross-spectrum estimation,
leading to sub-optimal power spectrum estimates, and there-
fore more similar error bars for Planck and SPT than might be
naively expected.

5. INTERPRETATION
In ΛCDM, one can relate galaxy populations to dark mat-

ter halos of characteristic mass Mh (e.g., Peebles 1993), in
the simplified case in which all objects in a given sample
reside in halos of the same mass. Mh is related to the
bias through the parameterization b = f(ν) where ν is the
ratio of the critical threshold for spherical collapse to the
r.m.s. density fluctuation for a mass M : ν = δc/σ(M).
Here we apply the fitting function of Tinker et al. (2010)33,
yielding log10(Mh/[h−1M⊙]) = 12.3+0.3

−0.2 for our measured
b = 1.61± 0.22, at ⟨z⟩ = 1.1.
Sherwin et al. (2012) used galaxy-CMB lensing

cross-correlation to measure the linear bias of SDSS
photometrically-selectedType 1 quasars, finding b = 2.5±0.6
at z ≈ 1.5. The bias of Type 1 quasars is observed to evolve
over our redshift range (Croom et al. 2005; Ross et al. 2009),
and indeed Sherwin et al. (2012) assume a fiducial model
for b(z) in their fit. The evolution of the bias of Type 1
and 2 quasars combined is not known; but if we assume a
fiducial evolution model for b(z) appropriate for Type 1,
bevo = 0.53 + 0.289(1 + z)2 (Croom et al. 2005) and fit
for the normalization of that model, b = b0bevo, we find
b0 = 0.97 ± 0.13, corresponding to b = 1.75 ± 0.23 at
⟨z⟩ = 1.1 (log(Mh/[h−1M⊙]) = 12.4+0.2

−0.3) (Fig. 5). This
is in excellent agreement with that of clustering analyses of
Type 1 quasars (b = 1.83± 0.33 at z ≈ 1, Ross et al. 2009).
Evolving this model for bias evolution to z ≈ 1.5, we obtain
b = 2.27, consistent with Sherwin et al. (2012).
The key difference between previous studies and ours is the

fact that the WISE selection includes both Type 1 and Type

33 assuming halos are all 200 times the mean density of the universe

2 quasars. Due to the current paucity of deep optical data
across the SPT footprint, we are unable to split our sample
into Type 1 and 2 (Hickox et al. 2007). However, using our
identical Boötes selection (§2.2.2), where a Type classifica-
tion can be made (which is generally at z > 0.7), we find
similar dn/dz, with ⟨z⟩ = 1.21 and ⟨z⟩ = 1.11 for Type 1
and 2 quasars (with similar mean bolometric luminosities of
log(Lbol/erg s−1) = 46.18 and 46.16) respectively (Hickox
et al. 2011). Assuming the similarity in the redshift distribu-
tion of Type 1 and 2 quasars persists to z < 0.7, then our
result implies that Type 1 and 2 quasars trace the matter field
in a similar way, given the similarity with the bias measured
for Type 1 quasars alone.
The relative abundance of Type 1 and 2 quasars in our selec-

tion is ∼70:30, however, intrinsically they are thought to be
approximately equally abundant (Ueda et al. 2003, Hopkins
et al. 2007). This is explained through our bright cut in W2
(and strict W1 −W2 selection), introducing incompleteness
that preferentially affects the obscured quasars. The conclu-
sions that follow make the assumptions that (a) Type 1 and 2
quasars are equally abundant and have similar redshift distri-
butions, and (b) our bias measurement is representative of the
population as a whole, at the bolometric luminosities sampled
here.

6. CONCLUSIONS
Our result shows that the bias of a combined Type 1 and

2 quasar sample is consistent with that found for a Type 1
sample alone at z ∼ 1. This is in agreement with Hickox et
al. (2011), who conclude that Type 2 quasars must be at least
as strongly clustered as Type 1 quasars. This is important
for quasar evolution and unification schemes. In the unifica-
tion model, Type 1 and 2 quasars are fundamentally the same
population, but the geometry of the material obscuring the op-
tically bright accretion disc results in an optical depth that is
strongly dependent on viewing angle. In unification we would
expect to find that the bias of a mixture of Type 1 and Type 2
quasars is the same as a Type 1-only sample selected from the
same redshift distribution.
An alternative hypothesis is that obscured quasars become

unobscured through a process that removes the optically thick
nuclear screen (e.g., Hopkins et al. 2008). The relative bias
of the populations can be related to the physics of the tran-
sitionary process. The similar bias parameters imply similar
masses for the host halos, and therefore a comparable host
halo number density. If the intrinsic abundances of obscured
and unobscured quasars are roughly equal, and their bolomet-
ric luminosities similar, then this implies that the obscured
and unobscured evolutionary phases must be of similar dura-
tion.
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Figure 5. Cross-power spectrum of the WISE-selected quasar density and
the CMB lensing convergence. The curves show (i) dark matter (b = 1,
dotted), (ii) the best-fit (to SPT) equation 5, (solid), with constant bias and
(iii) evolving bias (dashed, §5).

The technique of galaxy–CMB lensing cross-correlation is
an exciting and powerful new tool for examining the complex
relationship between luminous galaxies and the dark matter
field they inhabit.
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Smith, K. M.; Zahn, O.; Doré, O., 2007, PRD, 76, 4, 043510
Stern, D., et al., 2005, ApJ, 631, 163
Story, K. T., et al., arXiv1210.7231
Tinker, J. L., Robertson, B. E., Kravtsov, A. V., Klypin, A., Warren, A. S.,
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Fig. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ⇤CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

In addition to the priors above, we adopt the same sampling
priors and methodology as Planck Collaboration XIII (2015),†
using CosmoMC and camb for sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ⇤CDM
model, as well as ⌦bh

2 and ns, we sample As, ⌦ch
2, and the

(approximate) acoustic-scale parameter ✓MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of ⌦m, H0, and �8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck

CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ✓MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the ⌦m–�8 plane.

The lensing-only constraint defines a band in the ⌦m–�8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

�8⌦
0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ⇤CDM model is discussed in detail in
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
P

m⌫ = 0.06 eV, by default.

Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ⇤CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ⇤CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ⌘ aeqHeq / ⌦mh

2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth  lens become smaller. Theoretical ⇤CDM
models that keep `eq ⌘ keq �⇤ fixed will therefore have the same
number (proportional to keq �⇤) of lenses of each depth along
the line of sight, and distant lenses of the same depth will also
maintain the same angular correlation on the sky, so that the
shape of the spectrum remains roughly constant. There is there-
fore a shape and amplitude degeneracy where `eq ⇡ constant,
As ⇡ constant, up to corrections from sub-dominant changes in
the detailed lensing geometry, changes from late-time potential
decay once dark energy becomes important, and nonlinear ef-
fects. In terms of standard ⇤CDM parameters around the best-fit
model, `eq / ⌦

0.6
m h, with the power-law dependence on ⌦m only

varying slowly with ⌦m; the constraint `eq / ⌦
0.6
m h = constant

defines the main dependence of H0 on ⌦m seen in Fig. 7.

The argument above for the parameter dependence of the
lensing power spectrum ignores the e↵ect of baryon suppres-
sion on the small-scale amplitude of the matter power spectrum
(e.g., Eisenstein & Hu 1998). As discussed in Appendix E, this
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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 (§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.

is converted to lensing convergence using spherical harmonic
transforms, then projected onto the SPT survey area. Figure
5 shows the excellent agreement between SPT and Planck
cross-power spectra. Without realistic Planck simulations it
is difficult to accurately estimate uncertainties, so the Planck
error bars are derived from the l bin variance, which we have
verified (using the SPT power spectrum) is a good estimate of
the uncertainty derived from noise simulations. Generally, un-
certainties in the Planck spectrum are ∼20% larger than SPT,
however note that shot-noise in the quasar catalog is a signif-
icant contribution in the errors of both spectra. Furthermore,
the strongly anisotropic noise in the lensing map (van Engelen
et al. 2012) is not included in the cross-spectrum estimation,
leading to sub-optimal power spectrum estimates, and there-
fore more similar error bars for Planck and SPT than might be
naively expected.

5. INTERPRETATION
In ΛCDM, one can relate galaxy populations to dark mat-

ter halos of characteristic mass Mh (e.g., Peebles 1993), in
the simplified case in which all objects in a given sample
reside in halos of the same mass. Mh is related to the
bias through the parameterization b = f(ν) where ν is the
ratio of the critical threshold for spherical collapse to the
r.m.s. density fluctuation for a mass M : ν = δc/σ(M).
Here we apply the fitting function of Tinker et al. (2010)33,
yielding log10(Mh/[h−1M⊙]) = 12.3+0.3

−0.2 for our measured
b = 1.61± 0.22, at ⟨z⟩ = 1.1.
Sherwin et al. (2012) used galaxy-CMB lensing

cross-correlation to measure the linear bias of SDSS
photometrically-selectedType 1 quasars, finding b = 2.5±0.6
at z ≈ 1.5. The bias of Type 1 quasars is observed to evolve
over our redshift range (Croom et al. 2005; Ross et al. 2009),
and indeed Sherwin et al. (2012) assume a fiducial model
for b(z) in their fit. The evolution of the bias of Type 1
and 2 quasars combined is not known; but if we assume a
fiducial evolution model for b(z) appropriate for Type 1,
bevo = 0.53 + 0.289(1 + z)2 (Croom et al. 2005) and fit
for the normalization of that model, b = b0bevo, we find
b0 = 0.97 ± 0.13, corresponding to b = 1.75 ± 0.23 at
⟨z⟩ = 1.1 (log(Mh/[h−1M⊙]) = 12.4+0.2

−0.3) (Fig. 5). This
is in excellent agreement with that of clustering analyses of
Type 1 quasars (b = 1.83± 0.33 at z ≈ 1, Ross et al. 2009).
Evolving this model for bias evolution to z ≈ 1.5, we obtain
b = 2.27, consistent with Sherwin et al. (2012).
The key difference between previous studies and ours is the

fact that the WISE selection includes both Type 1 and Type

33 assuming halos are all 200 times the mean density of the universe

2 quasars. Due to the current paucity of deep optical data
across the SPT footprint, we are unable to split our sample
into Type 1 and 2 (Hickox et al. 2007). However, using our
identical Boötes selection (§2.2.2), where a Type classifica-
tion can be made (which is generally at z > 0.7), we find
similar dn/dz, with ⟨z⟩ = 1.21 and ⟨z⟩ = 1.11 for Type 1
and 2 quasars (with similar mean bolometric luminosities of
log(Lbol/erg s−1) = 46.18 and 46.16) respectively (Hickox
et al. 2011). Assuming the similarity in the redshift distribu-
tion of Type 1 and 2 quasars persists to z < 0.7, then our
result implies that Type 1 and 2 quasars trace the matter field
in a similar way, given the similarity with the bias measured
for Type 1 quasars alone.
The relative abundance of Type 1 and 2 quasars in our selec-

tion is ∼70:30, however, intrinsically they are thought to be
approximately equally abundant (Ueda et al. 2003, Hopkins
et al. 2007). This is explained through our bright cut in W2
(and strict W1 −W2 selection), introducing incompleteness
that preferentially affects the obscured quasars. The conclu-
sions that follow make the assumptions that (a) Type 1 and 2
quasars are equally abundant and have similar redshift distri-
butions, and (b) our bias measurement is representative of the
population as a whole, at the bolometric luminosities sampled
here.

6. CONCLUSIONS
Our result shows that the bias of a combined Type 1 and

2 quasar sample is consistent with that found for a Type 1
sample alone at z ∼ 1. This is in agreement with Hickox et
al. (2011), who conclude that Type 2 quasars must be at least
as strongly clustered as Type 1 quasars. This is important
for quasar evolution and unification schemes. In the unifica-
tion model, Type 1 and 2 quasars are fundamentally the same
population, but the geometry of the material obscuring the op-
tically bright accretion disc results in an optical depth that is
strongly dependent on viewing angle. In unification we would
expect to find that the bias of a mixture of Type 1 and Type 2
quasars is the same as a Type 1-only sample selected from the
same redshift distribution.
An alternative hypothesis is that obscured quasars become

unobscured through a process that removes the optically thick
nuclear screen (e.g., Hopkins et al. 2008). The relative bias
of the populations can be related to the physics of the tran-
sitionary process. The similar bias parameters imply similar
masses for the host halos, and therefore a comparable host
halo number density. If the intrinsic abundances of obscured
and unobscured quasars are roughly equal, and their bolomet-
ric luminosities similar, then this implies that the obscured
and unobscured evolutionary phases must be of similar dura-
tion.
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Figure 5. Cross-power spectrum of the WISE-selected quasar density and
the CMB lensing convergence. The curves show (i) dark matter (b = 1,
dotted), (ii) the best-fit (to SPT) equation 5, (solid), with constant bias and
(iii) evolving bias (dashed, §5).

The technique of galaxy–CMB lensing cross-correlation is
an exciting and powerful new tool for examining the complex
relationship between luminous galaxies and the dark matter
field they inhabit.
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Yepes, G., Gottlöber, S., 2010 ApJ, 724, 878

Ueda, Y., Akiyama, M., Ohta, K., Miyaji, T., 2003, ApJ, 598, 886
van Engelen, A., et al. 2012, ApJ, 756, 142
Vega, O., Clemens, M. S., Bressan, A., Granato, G. L., Silva, L., Panuzzo,
P., 2008, A&A, 484, 631

Wright, E. L., et al., 2010, AJ, 140, 1868
Yan, L., et al., 2013, AJ, 145, 55

SPTPol,(Geach(et(al(2013

Cross^correlations((many(others(too)



(3) … and including galaxy lensing too 7
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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), combined with Planck primary CMB data as described in Sec. IIIA, 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.

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.

that an improved measurement of ⌧ is vital to break
the degeneracy with the amplitude of scalar perturba-
tions, not only for CMB-based measurements as found
in Allison et al. [7], but also for large-scale structure
surveys aiming to constrain neutrino mass. We also note
that, in the absence of S4, LSST alone would benefit
less from a better measurement of ⌧ , projecting only
a minimal improvement on �(⌃m⌫). Finally, we find
that improving the optical depth measurement has little
impact on the w0, wa and ⌦k forecast constraints.

Setup �(⌃m⌫) �(⌃m⌫) �(⌦k) �(w0) �(wa)
[meV] [meV] [⇥10�3]

S4 73 111 0.79 1.14 2.46
( + DESI BAO) 29 76 0.48 0.13 0.41
LSST-clustering 69 91 3.33 0.42 1.22
LSST-shear 41 120 2.99 0.19 0.57

LSST-shear+clust 32 72 2.06 0.11 0.33
S4+LSST 23 28 0.49 0.10 0.26

- 24 0.49 - -

TABLE II. Forecast constraints on ⌃m⌫ from various combi-
nations of probes combined with Planck primary CMB data as
described in Sec. IIIA. The first column assumes the ⇤CDM
model. The second allows for degeneracies with the spa-
tial curvature and a two-parameter dark energy equation of
state. The minimal mass sum in a normal hierarchy is ⌃m⌫ ⇡
60 meV, and ⌃m⌫ ⇡ 100 meV in an inverted hierarchy.

Setup �(⌃m⌫) �(⌃m⌫) �(⌦k) �(w0) �(wa)
(+CV-⌧) [meV] [meV] [⇥10�3]

LSST-clustering 69 91 3.3 0.42 1.20
LSST-shear 31 117 2.82 0.18 0.55

LSST-shear+clust 24 72 1.99 0.11 0.31
S4+LSST 14 21 0.49 0.10 0.26

- 15 0.49 - -

TABLE III. Forecast constraints on ⌃m⌫ as in Tab. II but
including a cosmic variance-limited ⌧ measurement matching
LiteBIRD sensitivity.

Additional BAO measurements

Primordial oscillations in the baryon-photon fluid im-
print characteristic geometric information in the distri-
bution of galaxies, known as Baryon Acoustic Oscilla-
tions (BAO). Massive neutrinos are sensitive to the BAO
scale through the angular diameter distance dA(z) and
expansion rate H(z). While galaxy clustering as mea-

Galaxy lensing and density maps in redshift 
bins, correlated with CMB lensing 
e.g.  Abbott et al 2018 for DES/SPT.

With multiple redshifts and probes can disentangle neutrino mass, w 
and curvature.

and constrain biases, intrinsic alignment, photo-z uncertainty

Increased confidence in w
Disentangling neutrino 
mass, dark energy, curvature

Mishra-Sharma et al 2018

LSST-LSS

LSST-WL

LSST+SO

SO+BAOLSST
5

FIG. 1. Galaxy distribution of the redMaGiC Y1 sample used in this analysis. The fluctuations represent the raw counts,
without any of the corrections derived in this analysis. We have restricted the analysis to the contiguous region shown in the
figure. The area is 1321 square degrees.

FIG. 2. Redshift distribution of the combined redMaGiC

sample in 5 redshift bins. They are calculated by stacking
Gaussian PDFs with mean equal to the redMaGiC redshift
prediction and standard deviation equal to the redMaGiC

redshift error. Each curve is normalized so that the area of
each curve matches the number of galaxies in its redshift bin.

The redMaGiC algorithm produces a redshift predic-
tion zRM and an uncertainty �z which is assumed to be
Gaussian. This sample was chosen instead of other DES
photometric samples because of its small redshift uncer-
tainty, which is obtained at the expense of number den-
sity.

The redMaGiC algorithm makes use of an empiri-

cal red-sequence template generated by the training of
the redMaPPer cluster finder [34, 35]. As described in
[35], training of the red-sequence template requires over-
lapping spectroscopic redshifts, which in this work were
obtained from SDSS in the Stripe 82 region [36] and the
OzDES spectroscopic survey in the DES deep supernova
fields [37].

For the redMaGiC samples in this work, we make
use of two separate versions of the red-sequence training.
The first is based on SExtractor MAG AUTO quantities from
the Y1 coadd catalogs, as applied to redMaPPer in
[38]. The second is based on a simultaneous multi-epoch,
multi-band, and multi-object fit (MOF) (see Section 6.3
of Y1GOLD), as applied to redMaPPer [39]. In gen-
eral, due to the careful handling of the point-spread func-
tion (PSF) and matched multi-band photometry, the MOF
photometry yields lower color scatter and, hence, smaller
scatter in red-sequence photo-zs. For each version of the
catalog, photometric redshifts and uncertainties are pri-
marily derived from the fit to the red-sequence template.
In addition, an afterburner step is applied (as described
in Section 3.4 of [13]) to ensure that redMaGiC photo-
zs and errors are consistent with those derived from the
associated redMaPPer cluster catalog [13].

As described in [13], the redMaGiC algorithm com-
putes color-cuts necessary to produce a luminosity-
thresholded sample of constant co-moving density. Both
the luminosity threshold and desired density are inde-
pendently configurable, but in practice higher luminos-
ity thresholds require a lower density for good perfor-
mance. We note that in [13] the co-moving density was
computed with the central redshift of each galaxy (zRM).

DES



(4) Measuring the motion of electrons (kinetic SZ) located 
using a galaxy survey
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Figure 2: Left: Illustration of (approximate) mass and redshift ranges that tSZ/kSZ (red), X-ray (gray),

FRB (green), and absorption line (blue) probes of the CGM and ICM will cover over the next decade. We

focus on properties near r200 here, but most probes will also yield radial information. The sensitivities assume

the existence of large halo catalogs, as will be extracted from LSST data (and via tSZ out to high redshifts).

Right: Forecast S/N for the next decade of kSZ measurements using the “projected-field” estimator (21; 30).

These new tSZ and kSZ measurements encode information on the effects of assembly
history and feedback processes that shape galaxy and cluster formation. In particular, they
will provide critical information on the nature of feedback mechanisms in the CGM and
ICM, which is required to narrow down the space of structure formation models. They will
directly test the sub-grid feedback models used in state-of-the-art cosmological hydrodynamic
simulations and inform phenomenological semi-analytic prescriptions for galaxy formation,
which both reproduce the optical properties of galaxies as currently measured.

Moreover, these measurements will play a crucial role in pinning down a major source
of theoretical uncertainty for upcoming cosmological weak lensing surveys, namely, baryonic
effects on the small-scale matter power spectrum (e.g., 61). Upcoming cosmological surveys,
including LSST, will use measurements of weak lensing (e.g., 62) into the mildly non-linear
regime, where there is ambiguity between the impact of cosmological parameters and physical
processes that govern baryons in galaxies and clusters. Understanding these systematic
effects from galaxy formation, and disentangling them from cosmological signals, is a major
challenge, in which tSZ and kSZ observations are poised to play a key role.

These new tools are enabled by arcminute-resolution, Stage-3 CMB experiments on the
sky now (AdvACT and SPT-3G 26; 27), as well as new telescopes coming online at the start
of the decade (SO and CCAT-prime 63; 28; 64), CMB-S4 (29) starting in the middle of the
decade, and a possible Probe-class space mission starting late in the decade, e.g., PICO (48).
In addition, there are prospects for tSZ and kSZ measurements with even higher angular res-
olution using & 30m-scale telescopes like AtLAST(65; 66), LST(67), or CSST(68; 69), and in
smaller fields-of-view with NIKA2(70) and ALMA(71; 72). Vast cosmological and astro-
physical information will be obtained from these transformative measurements.
We recommend broad support for the range of experimental, observational, and
theoretical work in this area in the coming decade.

5

Motion of electrons  —> Doppler shift of CMB.

Growth rate
fNL
Finding the baryons

SO x DESI forecast to constrain growth 
rate to 10% (Victoria Calafut for SO Collab 2019).

WebSky simulations
(George Stein, Marcelo Alvarez, Dick Bond ++)

Astro2020 White Paper



(5) ‘Delensing’ of CMB B-mode polarization
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Figure 1: (Top) Planned sky coverage of the Small Aperture Telescopes (SATs, left) and Large Aperture
Telescope (LAT, right, targeting maximal overlap with LSST and DESI), in Equatorial coordinates. (Bottom)
CMB temperature and polarization angular power spectra, showing projected SO-Nominal errors compared
to current data from Planck [10] and the BICEP/Keck array [11], and projected errors for the LiteBIRD
0.4 m satellite. Other current ground-based data are in Fig. 18 of [10]. SO will increase angular resolution
compared to Planck, and will improve the sensitivity of the divergence-like E-mode and curl-like B-mode
polarization signals. Other key SO statistics include the TE primary spectrum, the CMB lensing power
spectrum, the bispectrum, the kinematic Sunyaev-Zel’dovich (kSZ) effect, and the number of clusters seen
via the thermal Sunyaev-Zel’dovich (tSZ) effect.

in those channels. These measurement requirements are described in [1]. The anticipated sky
coverage and CMB power spectra uncertainties are shown in Fig. 1. In the following we quote
projections for baseline noise levels, with goal noise in braces {}.

2

A key goal: measure ‘r’.

CMB lensing contaminates: SO 
needs to remove ~50% of lensing 
power.

‘External’ delensing combines CIB, 
WISE, LSST clustering to make a 
template lensing map.

Could remove up to 70% of lensing 
power (see work by Baleato, 
Namikawa ++) - important for 
σ(r)~0.001 regime.

SO APC White Paper 2019, figure: E Calabrese tensor-to-scalar ratio



CMB and LSS: we are better together!
But these are all joint analyses, so need commonality in:

 
Simulations

Data formats
Theory codes

Likelihoods

For this science, new CMB maps in coming decade will cover half the sky, 
and come from ground-based data combined with Planck.

LSS surveys in coming decade: LSST, DESI, Euclid, SPHEREx, WFIRST, 
eROSITA plus radio and more.

Using data together will improve constraints on dark energy, neutrino 
mass, spatial curvature, fNL, tensor-to-scalar ratio

and probably more importantly, will give confidence that systematic errors 
are not driving our cosmology.


