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 Cross-correlation among dark matter 
tracers 

• The measurement can be used to isolate and analyze a small redshift range 
in one observable if the other source is limited in redshift 

• Measurement is not prone to systematics that are not correlated among 
datasets ~> a strong signal even in presence of strong contamination in each 
dataset 

• The cross-correlation between tracers A and B can be modeled as:
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Parameter DES + SPT-SZ DES + SPT-SZ
No Planck prior Planck Prior

b
0

1.05e-01 3.37e-02
b
1

7.92e-02 4.02e-02
b
2

7.16e-02 5.07e-02
b
3

7.55e-02 4.78e-02

TABLE 1
Fractional errors on the linear galaxy biases forecasted

at L
max

= 3000 for DES SV and SPT-SZ.

is a photometric survey measuring weak lensing and
galaxy density over 5000 sq. deg. in the redshift range
z 2 [0.0; 1.3] 11. Currently, DES has completed the
science verification run (SV) covering 150 sq. deg. at
full depth. For CMB lensing we consider two cases:
the current run of the South Pole Telescope (SPT-SZ),
which has already generated CMB lensing maps for 2500
sq. deg., and a hypothetical next generation polarization
experiment (CMB-X) with specifications similar to ACT-
Pol or a shallower version of SPT-3G and covering 4000
sq. deg.

2. OBSERVABLES

Supplementing cosmic shear and galaxy density data
with information from CMB lensing should provide a way
to constrain the biases characterizing the formers and
thus should lead to improved constraints on the cosmo-
logical parameters (Vallinotto 2012). We consider three
observables: the convergence field extracted from the
CMB experiment (obs) using optimal quadratic estima-
tors (Hu & Okamoto 2002; Hirata & Seljak 2003), the
average convergence field measured by the galaxy survey
using cosmic shear in the i-th redshift bin (̄obs

i ) and the
galaxy density field measured by the galaxy survey in the
same redshift bin (�obsi ). We choose the pixelization in
Fourier space, so that

obs

lm =lm + N
lm, (1)

̄obs

i,lm=(1 +mi) ̄i,lm + ̄N
i,lm, (2)

�obsi,lm= �i,lm + �Ni,lm, (3)

where mi represents the shear multiplicative bias and
the superscript “N” denotes the noise contributions. As-
suming that weak lensing and galaxy density are mea-
sured in n redshift bins, for each set of {l,m} there are
2n+1 observables {obs

lm , ̄obs

1,lm, ..., ̄obs

n,lm, �obs
1,lm, ..., �obsn,lm}.

The total number of observables N
tot

is thus

N
tot

= a

l
maxX

l=1

(2l + 1), (4)

where a = 2n (a = 1) for the region observed only by the
galaxy (CMB lensing) survey and a = (2n + 1) for the
region where these overlap.

3. GENERAL TREATMENT OF CORRELATORS

Using Limber’s approximation, it is straightforward to
show that all auto and cross spectra between two of the

11 https://www.darkenergysurvey.org/reports/proposal-
standalone.pdf.

Fig. 1.— Fractional error forecasted for the linear bias measured
in each of the four redshift bins z = 0 � 0.5 � 0.8 � 1 � 1.3 as a
function of the maximum multipole L

max

included in the analysis.
The solid curves show results for DES + SPT-SZ lensing. The
dashed curves show the e↵ect of including also a Planck prior on
the cosmological parameters.

above physical observables (denoted by A and B) take
the generic form
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where � denotes the comoving distance and P�(k,�) the
matter power spectrum. The g functions encode how
each observable is tied to the underlying density field
and contributes to the correlation signal. The window
function for the CMB lensing, weak lensing convergence
and galaxy density fields (denoted by respectively by g,
g̄,i and g�,j) are given by
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Z 1

0
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), (9)

where �
CMB

denotes the comoving distance to the last
scattering surface and ⇧(�;�i,�i+1

) is a top hat window
function for the i-th redshift bin stretching from �i to
�i+1

. Furthermore, D(�) denotes the comoving angular
diameter distance, bj represents the galaxy bias in the
j-th redshift bin and ⌘(�) ⌘ dNg(�)/d⌦ is the galaxy
number density per unit of solid angle observed by the
survey at comoving distance �.
Next, consider the auto and cross-spectra of the noise

terms. Because the physical observables are measured
with di↵erent techniques or by di↵erent experiments alto-
gether, it is reasonable to assume the noise cross-spectra
to be uncorrelated with respect to one another,

hN
lm ̄N

i,lmi = h̄N
i,lm �Nj,lmi = h�Nj,lm N

lmi = 0 8i, j.
(10)

The noise auto spectra depend on the characteristics
of the respective experiments. For the observables mea-

g is the source term: encodes how each observable is related to the dark matter field 
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• CMB lensing:

• galaxy/CIB fields:
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ABSTRACT

We measure the cross-power spectra between Luminous Red Galaxies (LRGs) from SDSS-III Data Release Eight (DR8) and Cosmic
Infrared Background (CIB) anisotropies from Planck and IRIS at 353, 545, 857 and 3000 GHz (corresponding to 850, 550, 350 and
100 µm, respectively) in the multipole range 100 < l < 1000. Using approximately 6.5 · 105 photometrically determined LRGs in
7760 deg2 of the Northern Hemisphere in the redshift range 0.45 < z < 0.65, and modeling the CIB anisotropies with an extended
version of the halo model, we confirm the basic picture obtained from recent analyses of CIB anisotropies with Herschel and Planck
with a most e�cient halo mass at hosting star forming galaxies having the value log(Me↵/M�) = 12.84 ± 0.15. We also estimate the
percentage of CIB anisotropies correlated with LRGs as approximately 11.8%, 3.9%, 1.8% and 1.0% of the total at 3000, 857, 545
and 353 GHz, respectively. At redshift z ⇠ 0.55, the bias of CIB galaxies with respect to the dark-matter density field has the value
bCIB ⇠ 1.45, and mean dust temperature of CIB galaxies is Td=26 K.

Key words. Galaxies: star formation - Galaxies: statistics - Galaxies: halos - Dark Matter - Infrared: galaxies

1. Introduction

⌘(�) =
dNg(�)

d⌦
(1)

⌘(�) / d j⌫(�)
d⌦

(2)

The Cosmic Infrared Background (CIB), detected with both
FIRAS (???) and DIRBE (??), is due to thermal emission
from warm dust enshrouding star-forming regions in galaxies.
Spatial CIB fluctuations were discovered by the Spitzer Space
Telescope (?), the BLAST balloon experiment (?) and the
Herschel Space Observatory (?); in the same period, di↵er-
ent CMB experiments extended these detections to longer
wavelengths (???). The Planck early results paper ? measured
angular power spectra of CIB anisotropies from arc-minute to
degree scales at 217, 353, 545 and 857 GHz and the recent
paper ? represents its extension and improvement in terms of
analysis and interpretation, establishing Planck as a powerful
probe of the CIB clustering.
The sources making up the CIB are thought to trace the un-
derlying dark-matter field and this implies a certain degree of
correlation with any other tracer of the dark-matter distribution,
provided that both tracers have overlapping redshifts.
A useful property of such cross-correlation studies is that the
measurement can be used to isolate and analyze a small redshift

? Based on observations obtained with Planck (http://www.esa.
int/Planck), an ESA science mission with instruments and contribu-
tions directly funded by ESA Member States, NASA, and Canada.

range in one signal (e.g. the CIB) if the other population is
limited in redshift (e.g. the LRGs). In addition, the measurement
is not prone to systematics that are not correlated between the
two datasets, giving thus a strong signal even if each dataset is
contaminated by other physical e↵ects. As shown in ? for exam-
ple, foreground Galactic dust severely limits CIB measurements
at the high frequency channels (⌫ � 545 GHz) while Cosmic
Microwave Background (CMB) anisotropies contaminate the
CIB signal at frequencies ⌫  353 GHz; possible approaches
to deal with these foregrounds include their inclusion in the
likelihood analysis (e.g., as a power law) or their removal using
a tracer of dust and possibly selecting very clean regions of the
sky, but either way, the presence of foreground and background
contamination greatly complicates the analysis of CIB data.
This limitation disappears when cross-correlating CIB maps
with catalogs of dark matter tracers not directly correlated with
Galactic dust or CMB (e.g., ?); in this case the presence of
uncorrelated contaminants only appears in the computation of
the uncertainties associated to the measurement. In this paper
we perform a measurement of the cross-correlation between
CIB maps from Planck and IRIS and a galaxy map of Luminous
Red Galaxies (LRG) from SDSS-III Data Release 8 (DR8).
Fixing both the LRG redshift distribution and their bias with
respect to the dark-matter field, we will be able to constrain the
mean value of the dark-matter halo mass which is most e�cient
at hosting star formation.
In general, a measurement of the cross-correlation between CIB
sources and other tracers of the dark-matter field at high redshift
will be extremely important in order to constrain the early star-
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 Lensing Power spectrum from PRISM 

• Auto-power spectrum: Science case already very rich: constraints on 
neutrino masses, and not only that

• Cross-power spectra: Map is a weighted projection of the gravitational field 
over the visible universe with peak sensitivity in 1<z<3  ~> significant 
correlation with many other tracers of the dark matter field,  with possibility of 
tomographic studies

Figure 9. Reconstruction noise on the lensing deflection power spectrum forecast for the full Planck mission
(four surveys; left) and PRISM (right) using temperature alone (red) and temperature and polarization (blue).
For Planck we also show the approximate noise level for the temperature analysis of the nominal-mission data
(red dashed) [163], and forPRISM, we also show the approximate noise level (green) for an improved iterative
version of the reconstruction estimator. The deflection power spectrum is plotted based on the linear matter
power spectrum (black solid) and with non-linear corrections (black dashed).

6.1 Probing the dark universe with CMB lensing

Gravitational lensing of the CMB temperature and polarization anisotropies provides a clean probe of the
clustering of matter integrated to high redshift (see Ref. [126] for a review). The power spectrum of this
lensing signal can be used to probe the late-time growth of structure and so access information, such as spatial
curvature, dark energy and sub-eV neutrino masses, that are otherwise degenerate in the primary CMB spectra
imprinted at recombination [103]. Moreover, by cross-correlating CMB lensing with other tracers of large-
scale structure, one can calibrate the astrophysical and instrumental bias relations between the tracers and the
underlying density field, which is critical to maximise the returns from future surveys (see e.g. Ref. [211]).

Gravitational lensing can be reconstructed from the CMB anisotropies via subtle distortions imprinted
on the statistics of the CMB by the lenses [102, 220]. This approach has been demonstrated recently for the
temperature anisotropies by ACT [58, 59], SPT [214] and Planck [163], with the latter detecting the lensing
power spectrum at the 25� level. Lensing reconstruction is statistical, with cosmic variance of the primary
anisotropies giving rise to a statistical noise. With only the temperature anisotropies, the lensing S/N cannot
exceed unity for multipoles ` > 300. However, CMB polarization measurements can greatly improve the
S/N since polarization has more small-scale structure than the temperature, and the B-modes of polarization
are much less limited by cosmic variance of the primary CMB fluctuations [104]. With CMB polarization
measurements fromPRISM, at a sensitivity of a fewµKarcmin and resolution of a few arcmin, it is possible to
reconstruct with S/N > 1 up to multipoles ` = 600–800, corresponding to scales of about 15–20 arcmin (see
Fig. 9), over nearly the full sky. Significantly,PRISM can extract all of the information in the deflection power
spectrum on scales where linear theory is reliable. Polarization-based lensing reconstructions have recently
been demonstrated for the first time by the SPTpol team [86]; cross-correlating an E-B reconstruction with
CIB measurements at 500µm from Herschel-SPIRE, they report a 7.7� detection. Significantly, their analysis
represents the first detection of the B-modes induced by gravitational lensing of the CMB.

The recent ACT, SPT andPlanck lensing analyses have further demonstrated the ability to constrain dark
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FIG. 1: The effect of the modified gravity parameters
on the temperature, B-mode polarization, and lensing po-
tential power spectra for the best fit ΛCDM model from
WMAP5+ACBAR [18]; we also show the measurement
error for B-mode polarization measurements with Planck
and CMBpol and the CMBpol noise for lensing reconstruc-
tion (up to l = 700).

bin statistic [30] to model fit the data. The post-GR
parameters are allowed to take values −5 < !0 < 10
and 0 < S < 10. In addition, we implement the flat
ΛCDM cosmological model with six standard parame-
ters: baryon density Ωbh2; dark matter density Ωch2;
reionization optical depth τ ; ratio of the sound hori-
zon to the angular diameter distance at the decoupling
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FIG. 2: Two-dimensional contours at 1σ (dark) and 2σ

(light) in the plane "0-S for WMAP+ACBAR (top panel)
and CMBpol (bottom panel).

measured by θ; amplitude of the curvature perturba-
tion As (with flat prior on log(As); spectral index ns.
These two last parameters are defined with respect to
a pivot scale at 0.002 h/Mpc, as in Ref. [31].

Results—We first use the combination of WMAP
5-year [18] and ACBAR data [19] (both tempera-
ture and temperature-polarization cross-correlation).
To avoid complications due to overlapping of the
datasets, we use WMAP data out to $ < 900 and
then ACBAR data in the range 900 < $ < 2000. The
constraint on !0 is !0 = 1.67+3.07

−1.87 at the 2σ confi-
dence level, but S remains unconstrained. As shown
in the upper panel of Fig. 2, there is a clear correlation
between S and !0: when S goes to 0 only very small
values of !0 are allowed and when S ∼ 5, values of
!0 ∼ 6 are allowed at the 2σ confidence level.

By including the post-GR parameterization, we find
that cosmological parameters from WMAP+ACBAR
change by less than 1σ; for example, with post-GR
effects, σ8 = 0.814 ± 0.044 and ns = 0.954 ± 0.014
while σ8 = 0.803 ± 0.034 and ns = 0.964 ± 0.014 [18]
without post-GR effects.

To study the extent to which future CMB data im-
prove these constraints, we create mock datasets for
both Planck and CMBpol. For Planck we create a
mock temperature and polarization dataset with noise
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The constraints on departures from general relativity (GR) at cosmological length scales due to
cosmic microwave background (CMB) data are discussed. The departure from GR is measured by
the ratio, parameterized as 1 + !0(1 + z)−S , between the gravitational potentials conventionally
appearing in the geodesic equation and the Poisson equation. Current CMB data indicate !0 =
1.67+3.07

−1.87 at the 2σ confidence level, while S remains unconstrained. The departure from GR affects
the lensing conversion of E-mode into B-mode polarization. Hence, the lensing measurements from
a future CMBpol experiment should be able to improve the constraints to !0 < 0.30 for a fiducial
!0 = 0 model and independent of S.

Introduction—The quest for the source of the cosmic
acceleration has led to speculation that the proper
theory for gravitation departs from general relativity
(GR) on cosmological length scales (e.g. Ref. [1]).
There are numerous theoretical examples that intro-
duce new gravitational degrees of freedom and that
are capable of producing a late-time acceleration, with
wide-ranging implications for observable phenomena
(e.g. Refs. [2, 3]). Given this possible abundance
in new physics, it is important to identify tests that
can distinguish between the effects of dark energy and
those of modified gravity. Though late-time acceler-
ated cosmic expansion is the principal indicator that
a new “dark” physics is needed, it is not the only
test such physics must satisfy. A successful cosmol-
ogy must also agree with measurements related to the
behavior of inhomogeneities as probed by the cosmic
microwave background and large-scale structure.

To understand the extent to which cosmological
data support GR, we make use of an approach mo-
tivated by the post-Newtonian parameterization of
the gravitational field within the Solar system and in-
troduce a post-GR parameterization for cosmological
perturbations. Such a parameterization is also moti-
vated by the common feature within a broad range
of gravity theories of a decoupling of the perturbed
Newtonian-gauge gravitational potentials φ and ψ, de-
fined by the perturbed Robertson-Walker line-element

ds2 = a2
[

− (1 + 2ψ) dτ2 + (1 − 2φ) d$x2
]

, (1)

using the notation and convention of Ref. [4].
Whereas GR predicts ψ = φ in the presence of

non-relativistic matter, a gravitational slip, defined as
ψ "= φ, occurs in modified gravity theories. For ex-
ample, this inequality means that the gravitational
potential of a galaxy cluster is not the same poten-
tial traced by the geodesic motion of the constituent
galaxies. Hence, a new relation between these poten-
tials is a launching point for investigations of cosmo-
logical manifestations of modified gravity [6, 7]. For
primordial cosmological perturbations, the potentials

are not completely free, however, as there exists a con-
straint equation in the long-wavelength limit [5].

We consider an alternative theory of gravitation
that predicts an expansion history indistinguish-
able from ΛCDM, accompanied by post-GR effects
whereby

ψ(τ, $x) = [1 +%(τ, x)] × φ(τ, $x), (2)

following Refs. [8, 9]. If the new gravitational phe-
nomena is to mimic the effects of Λ by changing the
amount of spacetime curvature produced by the cos-
mic matter density, then we expect % to grow to order
unity at late times on large scales. Looking for clues
to such a scenario, CMB temperature anisotropies
alone provide a weak constraint to % as the departure
from GR is primarily manifest in the integrated Sachs-
Wolfe effect [10, 11], as illustrated in Fig. 1. However,
CMB lensing is also sensitive to % because the lensing
deflection of CMB photons by foreground large-scale
structure depends on the sum of the potentials ψ + φ
[12, 13, 14, 15]. In this Letter, we show that the ex-
pected conversion of E-mode to B-mode polarization
through lensing [16], shown in Fig. 1, allows a new
probe of departures from GR that will be accessible
to future CMB B-mode polarization experiments.

The lensing of the CMB affects temperature per-
turbations at the level of a few percent at arcminute
angular scales, which is on the damping tail of CMB
anisotropies [17]. Using temperature anisotropy data
from WMAP [18] and ACBAR [19] we can only put
weak constraints on the post-GR parameterization at
present. On the other hand, B-modes at tens of ar-
cminute angular scales are mainly due to the lensing
conversion from E-modes. Using the combination of
E- and B-modes one can reconstruct the lensing signal
in CMB data by using quadratic statistics [20, 21, 22]
and likelihood methods [23]. The projected lensing
potential power spectrum out to the last scattering
surface can then be used to extract %. As we find,
upcoming high sensitivity CMB polarization experi-
ments, such as CMBpol [24, 25] of NASA’s Beyond

Serra et al. (2009)
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Fig. 17. Cross-spectra of the Planck MV lensing potential with several galaxy catalogs, scaled by the signal-to-noise weighting
factor Ag�

L defined in Eq. (52). Cross-correlations are detected at approximately 20� significance for NVSS, 10� for SDSS LRGs
and 7� for both MaxBCG and WISE.

the Planck MV lensing potential: the NVSS quasar catalog, the
MaxBCG cluster catalog, an SDSS LRG catalog, and an infrared
catalog from the WISE satellite. The error bars for each correla-
tion are measured from the scatter of simulated lens reconstruc-
tions correlated with each catalog map, and are in generally good
agreement (at the 20% level) with analytical expectations. These
catalogs are discussed in more detail below.

1. NVSS Quasars: The NRAO VLA Sky Survey (NVSS)
(Condon et al. 1998) is a catalog of approximately two mil-
lion sources north of � = �40� which is 50% complete at
2.5mJy. Most of the bright sources are AGN-powered ra-
dio galaxies and quasars. We process this catalog follow-
ing Smith et al. (2007), pixelizing the catalog at HEALPix
Nside = 256 and projecting out the azimuthally symmetric
modes of the galaxy distribution in ecliptic coordinates to
avoid systematic striping e↵ects in the NVSS dataset. We
model the expected cross-correlation for this catalog using
a constant b(z) = 1.7 and a redshift distribution centered at
z0 = 1.1 given by

dN
dz
/
8>><
>>:

exp
⇣
� (z�z0)2

2(0.8)2

⌘
(z  z0)

exp
⇣
� (z�z0)2

2(0.3)2

⌘
(z � z0).

(54)

For this model, in the correlation with the MV lens recon-
struction we measure an amplitude of Âg�

NVSS = 1.03 ± 0.05.
2. SDSS LRGs: We use the LRG catalog of Ross et al. (2011);

Ho et al. (2012) based on Sloan Digital Sky Survey Data
Release 8 (SDSS DR8), which covers 25% of the sky. After
cutting to select all sources with photometric redshift 0.4 
z  0.8, and pgal > 0.2, we are left with approximately 1.4 ⇥
106 objects with a mean redshift of z = 0.55 and a scatter
of ±0.07. Apart from the cut above, we do not perform any
additional weighting on pgal. We model this catalog using
dN/dz taken from the histogram of photometric redshifts,

and take b(z) = 2. We measure Âg�
LRGs = 0.96 ± 0.10, very

consistent with expectation.
3. MaxBCG Clusters: The MaxBCG cluster catalog (Koester

et al. 2007) is a collection of 13, 823 clusters over approx-
imately 20% of the sky selected from the SDSS photomet-
ric data, covering a redshift range 0.1  z  0.3. It is be-
lieved to be 90% pure and more than 85% complete for
clusters with M � 1 ⇥ 1014M�. To simplify the sky cover-
age, we have discarded the three southern SDSS stripes in
the catalog, which reduces the overall sky coverage to ap-
proximately 17%. There are accurate photometric redshifts
(�z ⇠ 0.01) for all objects in the catalog, and so we can
construct dN/dz directly from the histogram of the redshift
distribution. Although these clusters are at very low red-
shift compared to the typical structures which source the
CMB lensing potential, they are strong tracers of dark mat-
ter, with an e↵ective bias parameter of b(z) = 3 (Huetsi
2009). We obtain a similar average bias parameter hb(M, z)i
for the MaxBCG clusters if we combine the mass-richness
relation of Bauer et al. (2012) and the halo bias prescription
of Tinker et al. (2010). Here measure a correlation with the
Planck lensing potential of Âg�

MaxBCG = 1.54 ± 0.21. This
is significantly larger than expected given the simple model
above, although as can be seen in Fig. 17 the shape of the
correlation is reasonable agreement.

4. WISE Catalog: The Wide Field Survey Infrared Explorer
(WISE) satellite (Wright et al. 2010) has mapped the full
sky in four frequency bands W1—W4 at 3.4, 4.6, 12, and
22 µm respectively. We start from the full mission catalog,
which contains over five hundred and sixty million objects.
To obtain a catalog with roughly uniform sensitivity over
the full sky and to eliminate stellar contamination we fol-
low Kovacs et al. (2013), selecting all sources with W1 mag-
nitudes less than 15.2 at galactic latitudes greater than 10� ,
and require W1 � W2 > 0.2 and W2 � W3 > 2.9. We cut

22
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Fig. 17. Cross-spectra of the Planck MV lensing potential with several galaxy catalogs, scaled by the signal-to-noise weighting
factor Ag�

L defined in Eq. (52). Cross-correlations are detected at approximately 20� significance for NVSS, 10� for SDSS LRGs
and 7� for both MaxBCG and WISE.

the Planck MV lensing potential: the NVSS quasar catalog, the
MaxBCG cluster catalog, an SDSS LRG catalog, and an infrared
catalog from the WISE satellite. The error bars for each correla-
tion are measured from the scatter of simulated lens reconstruc-
tions correlated with each catalog map, and are in generally good
agreement (at the 20% level) with analytical expectations. These
catalogs are discussed in more detail below.

1. NVSS Quasars: The NRAO VLA Sky Survey (NVSS)
(Condon et al. 1998) is a catalog of approximately two mil-
lion sources north of � = �40� which is 50% complete at
2.5mJy. Most of the bright sources are AGN-powered ra-
dio galaxies and quasars. We process this catalog follow-
ing Smith et al. (2007), pixelizing the catalog at HEALPix
Nside = 256 and projecting out the azimuthally symmetric
modes of the galaxy distribution in ecliptic coordinates to
avoid systematic striping e↵ects in the NVSS dataset. We
model the expected cross-correlation for this catalog using
a constant b(z) = 1.7 and a redshift distribution centered at
z0 = 1.1 given by

dN
dz
/
8>><
>>:

exp
⇣
� (z�z0)2

2(0.8)2

⌘
(z  z0)

exp
⇣
� (z�z0)2

2(0.3)2

⌘
(z � z0).

(54)

For this model, in the correlation with the MV lens recon-
struction we measure an amplitude of Âg�

NVSS = 1.03 ± 0.05.
2. SDSS LRGs: We use the LRG catalog of Ross et al. (2011);

Ho et al. (2012) based on Sloan Digital Sky Survey Data
Release 8 (SDSS DR8), which covers 25% of the sky. After
cutting to select all sources with photometric redshift 0.4 
z  0.8, and pgal > 0.2, we are left with approximately 1.4 ⇥
106 objects with a mean redshift of z = 0.55 and a scatter
of ±0.07. Apart from the cut above, we do not perform any
additional weighting on pgal. We model this catalog using
dN/dz taken from the histogram of photometric redshifts,

and take b(z) = 2. We measure Âg�
LRGs = 0.96 ± 0.10, very

consistent with expectation.
3. MaxBCG Clusters: The MaxBCG cluster catalog (Koester

et al. 2007) is a collection of 13, 823 clusters over approx-
imately 20% of the sky selected from the SDSS photomet-
ric data, covering a redshift range 0.1  z  0.3. It is be-
lieved to be 90% pure and more than 85% complete for
clusters with M � 1 ⇥ 1014M�. To simplify the sky cover-
age, we have discarded the three southern SDSS stripes in
the catalog, which reduces the overall sky coverage to ap-
proximately 17%. There are accurate photometric redshifts
(�z ⇠ 0.01) for all objects in the catalog, and so we can
construct dN/dz directly from the histogram of the redshift
distribution. Although these clusters are at very low red-
shift compared to the typical structures which source the
CMB lensing potential, they are strong tracers of dark mat-
ter, with an e↵ective bias parameter of b(z) = 3 (Huetsi
2009). We obtain a similar average bias parameter hb(M, z)i
for the MaxBCG clusters if we combine the mass-richness
relation of Bauer et al. (2012) and the halo bias prescription
of Tinker et al. (2010). Here measure a correlation with the
Planck lensing potential of Âg�

MaxBCG = 1.54 ± 0.21. This
is significantly larger than expected given the simple model
above, although as can be seen in Fig. 17 the shape of the
correlation is reasonable agreement.

4. WISE Catalog: The Wide Field Survey Infrared Explorer
(WISE) satellite (Wright et al. 2010) has mapped the full
sky in four frequency bands W1—W4 at 3.4, 4.6, 12, and
22 µm respectively. We start from the full mission catalog,
which contains over five hundred and sixty million objects.
To obtain a catalog with roughly uniform sensitivity over
the full sky and to eliminate stellar contamination we fol-
low Kovacs et al. (2013), selecting all sources with W1 mag-
nitudes less than 15.2 at galactic latitudes greater than 10� ,
and require W1 � W2 > 0.2 and W2 � W3 > 2.9. We cut

22
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Fig. 17. Cross-spectra of the Planck MV lensing potential with several galaxy catalogs, scaled by the signal-to-noise weighting
factor Ag�

L defined in Eq. (52). Cross-correlations are detected at approximately 20� significance for NVSS, 10� for SDSS LRGs
and 7� for both MaxBCG and WISE.

the Planck MV lensing potential: the NVSS quasar catalog, the
MaxBCG cluster catalog, an SDSS LRG catalog, and an infrared
catalog from the WISE satellite. The error bars for each correla-
tion are measured from the scatter of simulated lens reconstruc-
tions correlated with each catalog map, and are in generally good
agreement (at the 20% level) with analytical expectations. These
catalogs are discussed in more detail below.

1. NVSS Quasars: The NRAO VLA Sky Survey (NVSS)
(Condon et al. 1998) is a catalog of approximately two mil-
lion sources north of � = �40� which is 50% complete at
2.5mJy. Most of the bright sources are AGN-powered ra-
dio galaxies and quasars. We process this catalog follow-
ing Smith et al. (2007), pixelizing the catalog at HEALPix
Nside = 256 and projecting out the azimuthally symmetric
modes of the galaxy distribution in ecliptic coordinates to
avoid systematic striping e↵ects in the NVSS dataset. We
model the expected cross-correlation for this catalog using
a constant b(z) = 1.7 and a redshift distribution centered at
z0 = 1.1 given by

dN
dz
/
8>><
>>:

exp
⇣
� (z�z0)2

2(0.8)2

⌘
(z  z0)

exp
⇣
� (z�z0)2

2(0.3)2

⌘
(z � z0).

(54)

For this model, in the correlation with the MV lens recon-
struction we measure an amplitude of Âg�

NVSS = 1.03 ± 0.05.
2. SDSS LRGs: We use the LRG catalog of Ross et al. (2011);

Ho et al. (2012) based on Sloan Digital Sky Survey Data
Release 8 (SDSS DR8), which covers 25% of the sky. After
cutting to select all sources with photometric redshift 0.4 
z  0.8, and pgal > 0.2, we are left with approximately 1.4 ⇥
106 objects with a mean redshift of z = 0.55 and a scatter
of ±0.07. Apart from the cut above, we do not perform any
additional weighting on pgal. We model this catalog using
dN/dz taken from the histogram of photometric redshifts,

and take b(z) = 2. We measure Âg�
LRGs = 0.96 ± 0.10, very

consistent with expectation.
3. MaxBCG Clusters: The MaxBCG cluster catalog (Koester

et al. 2007) is a collection of 13, 823 clusters over approx-
imately 20% of the sky selected from the SDSS photomet-
ric data, covering a redshift range 0.1  z  0.3. It is be-
lieved to be 90% pure and more than 85% complete for
clusters with M � 1 ⇥ 1014M�. To simplify the sky cover-
age, we have discarded the three southern SDSS stripes in
the catalog, which reduces the overall sky coverage to ap-
proximately 17%. There are accurate photometric redshifts
(�z ⇠ 0.01) for all objects in the catalog, and so we can
construct dN/dz directly from the histogram of the redshift
distribution. Although these clusters are at very low red-
shift compared to the typical structures which source the
CMB lensing potential, they are strong tracers of dark mat-
ter, with an e↵ective bias parameter of b(z) = 3 (Huetsi
2009). We obtain a similar average bias parameter hb(M, z)i
for the MaxBCG clusters if we combine the mass-richness
relation of Bauer et al. (2012) and the halo bias prescription
of Tinker et al. (2010). Here measure a correlation with the
Planck lensing potential of Âg�

MaxBCG = 1.54 ± 0.21. This
is significantly larger than expected given the simple model
above, although as can be seen in Fig. 17 the shape of the
correlation is reasonable agreement.

4. WISE Catalog: The Wide Field Survey Infrared Explorer
(WISE) satellite (Wright et al. 2010) has mapped the full
sky in four frequency bands W1—W4 at 3.4, 4.6, 12, and
22 µm respectively. We start from the full mission catalog,
which contains over five hundred and sixty million objects.
To obtain a catalog with roughly uniform sensitivity over
the full sky and to eliminate stellar contamination we fol-
low Kovacs et al. (2013), selecting all sources with W1 mag-
nitudes less than 15.2 at galactic latitudes greater than 10� ,
and require W1 � W2 > 0.2 and W2 � W3 > 2.9. We cut

22
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Fig. 17. Cross-spectra of the Planck MV lensing potential with several galaxy catalogs, scaled by the signal-to-noise weighting
factor Ag�

L defined in Eq. (52). Cross-correlations are detected at approximately 20� significance for NVSS, 10� for SDSS LRGs
and 7� for both MaxBCG and WISE.

the Planck MV lensing potential: the NVSS quasar catalog, the
MaxBCG cluster catalog, an SDSS LRG catalog, and an infrared
catalog from the WISE satellite. The error bars for each correla-
tion are measured from the scatter of simulated lens reconstruc-
tions correlated with each catalog map, and are in generally good
agreement (at the 20% level) with analytical expectations. These
catalogs are discussed in more detail below.

1. NVSS Quasars: The NRAO VLA Sky Survey (NVSS)
(Condon et al. 1998) is a catalog of approximately two mil-
lion sources north of � = �40� which is 50% complete at
2.5mJy. Most of the bright sources are AGN-powered ra-
dio galaxies and quasars. We process this catalog follow-
ing Smith et al. (2007), pixelizing the catalog at HEALPix
Nside = 256 and projecting out the azimuthally symmetric
modes of the galaxy distribution in ecliptic coordinates to
avoid systematic striping e↵ects in the NVSS dataset. We
model the expected cross-correlation for this catalog using
a constant b(z) = 1.7 and a redshift distribution centered at
z0 = 1.1 given by

dN
dz
/
8>><
>>:

exp
⇣
� (z�z0)2

2(0.8)2

⌘
(z  z0)

exp
⇣
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⌘
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(54)

For this model, in the correlation with the MV lens recon-
struction we measure an amplitude of Âg�

NVSS = 1.03 ± 0.05.
2. SDSS LRGs: We use the LRG catalog of Ross et al. (2011);

Ho et al. (2012) based on Sloan Digital Sky Survey Data
Release 8 (SDSS DR8), which covers 25% of the sky. After
cutting to select all sources with photometric redshift 0.4 
z  0.8, and pgal > 0.2, we are left with approximately 1.4 ⇥
106 objects with a mean redshift of z = 0.55 and a scatter
of ±0.07. Apart from the cut above, we do not perform any
additional weighting on pgal. We model this catalog using
dN/dz taken from the histogram of photometric redshifts,

and take b(z) = 2. We measure Âg�
LRGs = 0.96 ± 0.10, very

consistent with expectation.
3. MaxBCG Clusters: The MaxBCG cluster catalog (Koester

et al. 2007) is a collection of 13, 823 clusters over approx-
imately 20% of the sky selected from the SDSS photomet-
ric data, covering a redshift range 0.1  z  0.3. It is be-
lieved to be 90% pure and more than 85% complete for
clusters with M � 1 ⇥ 1014M�. To simplify the sky cover-
age, we have discarded the three southern SDSS stripes in
the catalog, which reduces the overall sky coverage to ap-
proximately 17%. There are accurate photometric redshifts
(�z ⇠ 0.01) for all objects in the catalog, and so we can
construct dN/dz directly from the histogram of the redshift
distribution. Although these clusters are at very low red-
shift compared to the typical structures which source the
CMB lensing potential, they are strong tracers of dark mat-
ter, with an e↵ective bias parameter of b(z) = 3 (Huetsi
2009). We obtain a similar average bias parameter hb(M, z)i
for the MaxBCG clusters if we combine the mass-richness
relation of Bauer et al. (2012) and the halo bias prescription
of Tinker et al. (2010). Here measure a correlation with the
Planck lensing potential of Âg�

MaxBCG = 1.54 ± 0.21. This
is significantly larger than expected given the simple model
above, although as can be seen in Fig. 17 the shape of the
correlation is reasonable agreement.

4. WISE Catalog: The Wide Field Survey Infrared Explorer
(WISE) satellite (Wright et al. 2010) has mapped the full
sky in four frequency bands W1—W4 at 3.4, 4.6, 12, and
22 µm respectively. We start from the full mission catalog,
which contains over five hundred and sixty million objects.
To obtain a catalog with roughly uniform sensitivity over
the full sky and to eliminate stellar contamination we fol-
low Kovacs et al. (2013), selecting all sources with W1 mag-
nitudes less than 15.2 at galactic latitudes greater than 10� ,
and require W1 � W2 > 0.2 and W2 � W3 > 2.9. We cut

22
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Fig. 17. Cross-spectra of the Planck MV lensing potential with several galaxy catalogs, scaled by the signal-to-noise weighting
factor Ag�

L defined in Eq. (52). Cross-correlations are detected at approximately 20� significance for NVSS, 10� for SDSS LRGs
and 7� for both MaxBCG and WISE.

the Planck MV lensing potential: the NVSS quasar catalog, the
MaxBCG cluster catalog, an SDSS LRG catalog, and an infrared
catalog from the WISE satellite. The error bars for each correla-
tion are measured from the scatter of simulated lens reconstruc-
tions correlated with each catalog map, and are in generally good
agreement (at the 20% level) with analytical expectations. These
catalogs are discussed in more detail below.

1. NVSS Quasars: The NRAO VLA Sky Survey (NVSS)
(Condon et al. 1998) is a catalog of approximately two mil-
lion sources north of � = �40� which is 50% complete at
2.5mJy. Most of the bright sources are AGN-powered ra-
dio galaxies and quasars. We process this catalog follow-
ing Smith et al. (2007), pixelizing the catalog at HEALPix
Nside = 256 and projecting out the azimuthally symmetric
modes of the galaxy distribution in ecliptic coordinates to
avoid systematic striping e↵ects in the NVSS dataset. We
model the expected cross-correlation for this catalog using
a constant b(z) = 1.7 and a redshift distribution centered at
z0 = 1.1 given by

dN
dz
/
8>><
>>:

exp
⇣
� (z�z0)2

2(0.8)2

⌘
(z  z0)

exp
⇣
� (z�z0)2

2(0.3)2

⌘
(z � z0).

(54)

For this model, in the correlation with the MV lens recon-
struction we measure an amplitude of Âg�

NVSS = 1.03 ± 0.05.
2. SDSS LRGs: We use the LRG catalog of Ross et al. (2011);

Ho et al. (2012) based on Sloan Digital Sky Survey Data
Release 8 (SDSS DR8), which covers 25% of the sky. After
cutting to select all sources with photometric redshift 0.4 
z  0.8, and pgal > 0.2, we are left with approximately 1.4 ⇥
106 objects with a mean redshift of z = 0.55 and a scatter
of ±0.07. Apart from the cut above, we do not perform any
additional weighting on pgal. We model this catalog using
dN/dz taken from the histogram of photometric redshifts,

and take b(z) = 2. We measure Âg�
LRGs = 0.96 ± 0.10, very

consistent with expectation.
3. MaxBCG Clusters: The MaxBCG cluster catalog (Koester

et al. 2007) is a collection of 13, 823 clusters over approx-
imately 20% of the sky selected from the SDSS photomet-
ric data, covering a redshift range 0.1  z  0.3. It is be-
lieved to be 90% pure and more than 85% complete for
clusters with M � 1 ⇥ 1014M�. To simplify the sky cover-
age, we have discarded the three southern SDSS stripes in
the catalog, which reduces the overall sky coverage to ap-
proximately 17%. There are accurate photometric redshifts
(�z ⇠ 0.01) for all objects in the catalog, and so we can
construct dN/dz directly from the histogram of the redshift
distribution. Although these clusters are at very low red-
shift compared to the typical structures which source the
CMB lensing potential, they are strong tracers of dark mat-
ter, with an e↵ective bias parameter of b(z) = 3 (Huetsi
2009). We obtain a similar average bias parameter hb(M, z)i
for the MaxBCG clusters if we combine the mass-richness
relation of Bauer et al. (2012) and the halo bias prescription
of Tinker et al. (2010). Here measure a correlation with the
Planck lensing potential of Âg�

MaxBCG = 1.54 ± 0.21. This
is significantly larger than expected given the simple model
above, although as can be seen in Fig. 17 the shape of the
correlation is reasonable agreement.

4. WISE Catalog: The Wide Field Survey Infrared Explorer
(WISE) satellite (Wright et al. 2010) has mapped the full
sky in four frequency bands W1—W4 at 3.4, 4.6, 12, and
22 µm respectively. We start from the full mission catalog,
which contains over five hundred and sixty million objects.
To obtain a catalog with roughly uniform sensitivity over
the full sky and to eliminate stellar contamination we fol-
low Kovacs et al. (2013), selecting all sources with W1 mag-
nitudes less than 15.2 at galactic latitudes greater than 10� ,
and require W1 � W2 > 0.2 and W2 � W3 > 2.9. We cut

22

b(z) = 1.7 ! Âg�
NVSS = 1.03± 0.05 (⇡ 20�)

b(z) = 2 ! Âg�
LRGs = 0.96± 0.10 (⇡ 10�)

b(z) = 3 ! Âg�
MaxBCG

= 1.54± 0.21 (⇡ 7�)

b(z) = 1 ! Âg�
WISE = 0.97± 0.13 (⇡ 7�)

No particular effort here to optimize the model for the external survey
There is an untapped astrophysical treasure in the Planck Lensing Map

zmean = 1.1

zmean = 0.55

0.1 < z < 0.3

zmean = 0.18

Constraints on the bias(z), at the percent level for multiple sources in multiple redshift bins is important 
per se (tests of galaxy formation theories, f_NL, etc…) but also useful to break degeneracies in future 
surveys (see Vallinotto (2013))

Planck collaboration XVII 
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CMB lensing - CIB correlations

Planck collaboration: PIR. IV: The CMB lensed by star-forming galaxies

Fig. 3. Angular cross-spectra between the reconstructed lensing map and the temperature map at the six HFI frequencies. The error
bars correspond to the scatter within each band. The solid line is the expected result based on the PER model and is not a fit to
these data (see Fig. 16 for an adjusted model), although it is already a satisfying model. In each panel we also show the correlation
between the lens reconstruction at 143 GHz and the 143 GHz temperature map in grey. This is a simple illustration of the frequency
scaling of our measured signal and also the strength of our signal as compared to possible intra-frequency systematics. [DS: These
panels will need smaller fonts if this figure is to be 2 column. Also the units on the y-axis should be roman.]

and CIB-� cross-spectra, from which we create CIB realiza-
tions that are correctly correlated with � in each HFI band. The
PER model that we use describes the CIB clustering at HFI fre-
quencies using a halo approach, and simultaneously reproduces
known number count and luminosity function measurements. At
each frequency we add a lensed CMB realization to each of the
CIB realizations and then smooth the maps using a symmetric
beam with the same FWHM as the beam described in Sect. 2.1.
Once this set of realizations has been generated we apply the re-
construction procedure described above to produce an estimate
of the lensing potential map, and then calculate the cross-power
spectrum using our measurement pipeline. The normalization of
the lens reconstruction is generated using half of the � realiza-
tions, with the other half used to estimate the mean-field (de-
scribed in Appendix A.3).

These simulations will miss some complexities inherent in
the Planck mission. They do not take into account inhomoge-
neous and correlated noise, and we do not simulate asymmetric
beam e↵ects. In addition, we do not simulate any foreground
components, and we instead take a di↵erent approach to deter-
mine their contribution. While simplistic, we believe that our
simulations are good enough for the purposes of this particular
measurement. In Sect. 5 we will discuss possible limitations, as
well as how we test for systematic e↵ects that are not included
in the simulations.

We use the simulated maps to check that our pipeline cor-
rectly recovers the cross-spectrum that was used to generate the
simulations. We find a bias of . 1� in the lowest two ` bins at
353–857 GHz, which we attribute to a mean-field e↵ect that we
discuss further in Sect. 5. We therefore remove these bins from
our analysis. In all other `-bins we find that the recovered spec-
trum is unbiased (to within the precision achievable with 300
simulations), and with a noise level consistent with expectations.
The noise in the recovered spectrum is discussed in Sect. 5.1.

4. A strong signal using Planck HFI data

We now describe the result of applying our pipeline to our nom-
inal data set, i.e., the lens reconstruction at 143 GHz and the
foreground reduced Planck HFI temperature maps with a 40 %
Galactic mask, which when combined with the point source
mask and H i mask leaves 30.4 % of the sky unmasked. The re-
sults are presented in Fig. 3. The error bars correspond to the
naive scatter measured within each bin. The thin black line cor-
responds to the expected CIB-lensing correlation predicted us-
ing the PER CIB model. As can be seen from these plots, the
noise is strongly correlated across frequencies, especially at the
lowest frequencies where the CMB dominates the error budget.
A detailed analysis of the uncertainties and potential systematics
attached to this result is presented in Sect. 5.

5

Constraints on the CIB bias x emissivity j(z) 

detected at more than 50  σ
Planck collaboration XVIII 
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Constraints on high-z Star Formation 
History

Planck Collaboration: CIB anisotropies with Planck

Fig. 14. Marginalized constraints on the star formation rate
density, as derived from our extended halo model described in
Sect. 5.5 (red continuous line with ±1 and ±2⇤ orange dashed
areas). It is compared with mean values computed imposing the
condition �(z⇤ 2) = 0 (black long-dashed line), or the com-
bined conditions �(z⇤ zbreak) = 0 and T (z= zbreak) = T (zbreak),
where zbreak is found to be 4.2 ± 0.5 (blue dashed line). The vi-
olet points with error bars are the SFR density determined from
the modelling of the CIB-CMB Lensing cross correlation by
Planck Collaboration XVIII (2013).

surements for all channels. The linear model gives a higher pre-
diction at 217 and 353 GHz (although compatible with the data
points at the 1⇤ level).

6. Discussion

6.1. The 143 GHz case

Removing the CMB anisotropy at 143 GHz is very problematic,
since the CMB power spectrum is about 5000 higher than the
CIB at ⌃ = 100. However, thanks to the exceptional quality of
the Planck data, and the accuracy of the 100 and 143 GHz rela-
tive photometric calibration, we can obtain significant measure-
ments, using the same method to clean the maps and measure
the power spectra as for the other channels. We show the mea-
surements in Fig. 16, together with the best-fit CIB model. This
estimate has been obtained by correcting the measurements for
the SZ and spurious CIB (induced by the use of the 100 GHz
map as a CMB template). Those corrections are important, es-
pecially for power spectra at low frequencies. For example, for
143�217, the SZ-related corrections decrease the measurements
by 10–20%, while the correction for the spurious CIB increases
the measurements by 30–60%. Since these corrections are large,
we have not attempted to include the 143 GHz measurements
when constraining the model.

We show in Fig. 16 a comparison between extrapolation of
the halo best-fit model to the 143 GHz cross-power spectra and
our CIB power-spectrum estimates. The 143 � ⇥ cross-power
spectra agree quite well for ⌃ < 1000, at least for ⇥ ⇤ 353 GHz.
The 143 � 217 CIB power spectrum lies about 2⇤ above the
prediction at intermediate scales (⌃ = 502 and 684). This CIB
overestimate increases for the 143� 143 power spectrum, which
is certainly the most di�cult to obtain; this is in excess with re-
spect to the prediction for 300 < ⌃ < 1000. At this frequency,

Fig. 15. Comparison between the measurements of the
CIB and gravitational potential cross-correlation given in
Planck Collaboration XVIII (2013) (diamonds), with the predic-
tions from our best-fit models of the CIB cross-power spectra
(red and blue solid lines for the linear and extended halo model,
respectively). The other curves are the two variants of the ex-
tended halo model with: (i) a break in the global normalization
of the L–M relation fixed at redshift z = 2 (blue 3-dot-dashed
curve); and (ii) a break in both the temperature evolution and
normalization of the L–M relation, found at redshift z = 4.2±0.5
(blue long-dashed curve).

however, the CIB auto-power spectrum measurements have to

27

CIB-lensing 

CIB-CIB

 CMB lensing x CIB allows to constrain (bias x CIB emissivity) 

• PRISM great frequency coverage and sensitivity will allow to strongly constrain CIB models and 
especially the star formation history at high redshift 

• Strongest constraints might come from CIBxCIB data, while CMB lensing x CIB will give a 
complementary probe of CIB clustering and emissivity

Planck collaboration XXX 
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CMB lensing - Clusters correlation 

• Prism will find about 10^6 clusters (through tSZ effect), 10 times more than eROSITA and 
Euclid, many thousands at z > 2, all clusters in the Universe with M>5x10^13 M⊙. Main 
problem in is to calibrate the mass-observable relation

• Correlation of cluster detections through tSZ with CMB lensing will allow to:                        
1) calibrate cluster scaling laws (also possible synergies with Euclid’s to measure cluster masses 
up to z~1) ~>Strong constraints on dark energy models (sensitive to dN/dM/dV/dz  through a 
combination of geometrical and clustering effects)                                                                                                                                                                  
2) Compton Ymap x CMB lensing to constrain cluster bias and  physics of the ICM                                                   

Figure 3. Extraction of thermal SZ emission from a set of simulatedPRISM maps. Most of the clusters in the
original map are clearly visible after separation of the tSZ component with a straightforward multiscale ILC.
Hundreds of SZ clusters are detectable on this very small patch (0.025% of sky).

channel) are then computed from all maps at frequencies above 160 GHz. We subtract from these 14 maps
the corresponding 3.8’ resolution maps, to obtain 14 maps with structure on scales ranging from 3.2 to 3.8
arc-minutes. An ILC on these 14 maps is performed to produce a map of thermal SZ emission on scales 3.2-
3.8 arc-minutes, which is added to the lower resolution tSZ map. The process is iterated using each time only
observations in the highest frequency channels until a tSZ map at 1.3’ resolution, corresponding to the beam
of the 395 GHz channel, is obtained. Considering that the process is localized in pixel space by being applied
to a small patch of sky, this implements an ILC that is localized in both pixel space and across scales, similar
to the needlet LC method successfully used for CMB extraction on WMAP data [8, 9, 62].

Figure 3 illustrates the outcome of this processing. Several hundred clusters matching the input simu-
lation are visible in the recovered tSZ maps, demonstrating that a straightforward component separation pro-
cedure makes it possible to observe most of the original clusters. The number of clusters extracted from the
recovered tSZ map in this simulation confirms the predicted cluster number counts obtained with the MMF
method, supporting the estimated number of 106 clusters or more observed byPRISM. In addition, the recov-
ered map can also be exploited by stacking regions centered on various targets: very faint candidate optical
clusters not individually detected, expected filaments of the cosmic web between pairs of detected clusters, very
distant candidate massive proto-clusters detected by the infrared red emission of their dust emission, distant
quasars, HI galaxies, etc.

3.3 Cluster counts as a cosmological probe
As an example of the cosmological constraints that can be obtained from the expected cluster catalog, we per-
formed a standard Fisher analysis with the results shown in Fig. 4. The bottom right panel, in particular, shows
constraints on the dark energy equation-of-state parameters w

0

and w
1

for a four-parameter run, marginalized
over ⌦

m

and �
8

in a standard flat ⇤CDM model. The one-dimensional constraints on the dark energy parame-
ters are w

0

= �1±0.003 and w
1

= 0±0.1. The Figure-of-Merit (FoM) quantifying the constraining power on
the dark energy equation-of-state parameters is (Det(Cov[w

0

, w
1

]))�1/2 = 992 from the cluster counts alone.
Structure evolution is sensitive to neutrino mass, which dampens growth at late times due to free-

streaming and reduces the amplitude of matter perturbations as measured by �
8

. Cluster counts are therefore

– 6 –
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Dark matter tracers - cluster correlations 
through kSZ

Planck Collaboration: Peculiar velocity constraints from Planck data

expansion (see the review of, e.g., Strauss & Willick 1995). By
averaging the peculiar velocity field on scales corresponding to
galaxy groups and clusters today it is possible to obtain linear
theory predictions for the root mean square (rms) of the radial
peculiar velocity of those structures. These predictions typically
amount to about 230 km s−1, (see, e.g., Hernández-Monteagudo
& Sunyaev 2010), with a weak dependence on the galaxy clus-
ter/group mass. If instead one looks at the velocity amplitude
for extended or correlated motion of matter on larger scales, one
finds that it decreases when larger volumes are considered, but
should still be at the level of 50–100km s−1 for radii of a few
hundred Mpc (see, e.g., figure 2 in Mak et al. 2011). The de-
tection of these large-scale, coherent flows of matter (hereafter
referred to as bulk flows) has been the subject of active investi-
gation for several decades (e.g., Tonry & Davis 1981; Aaronson
et al. 1982; Dressler et al. 1987; Dekel et al. 1993; Lauer &
Postman 1994; Hudson et al. 1999; Willick 1999; Riess 2000,
to cite just a few). One crucial problem that most of those works
encounter is related to the need to accurately determine distances
to galaxies in order to subtract the Hubble flow-induced velocity.

During the nineties Lauer & Postman (1994),Willick (1999),
and Hudson et al. (1999) claimed that there are large-scale bulk
flows with amplitudes of 350–700km s−1 in local spheres of
radii 60–150h−1 Mpc, with somewhat discrepant directions. At
the turn of the millennium, however, Riess (2000) and Courteau
et al. (2000) reported the lack of any significant local bulk flow
up to depths of about 150 h−1 Mpc, in apparent contradiction to
the previous works. More recently, claims of the presence of a
large-scale, large amplitude peculiar velocity dipole have been
raised again by various authors. While some works (Hudson
et al. 2004; Watkins et al. 2009; Feldman et al. 2010) find ev-
idence for a peculiar local velocity dipole of about 400 km s−1
(and in tension with ΛCDM predictions), others find lower am-
plitudes for the local bulk flow, (e.g., Itoh et al. 2010; Nusser
& Davis 2011; Nusser et al. 2011; Ma & Scott 2013; Branchini
et al. 2012; Courtois et al. 2012).

For greater depths (up to z∼ 0.2–0.3) there are also claims
(Kashlinsky et al. 2008, 2010; Abate & Feldman 2012) of yet
higher amplitude bulk flows (∼ 1000–4000km s−1). These can-
not be accommodated within a ΛCDM context, since the theory
predicts that bulk flows are negligible on the very largest scales.
Moreover, these results are in contradiction with other works,
(e.g., Keisler 2009; Osborne et al. 2011; Mody & Hajian 2012).

Some of the most recent results for bulk flows extending to
large distances are based on the study of the kinetic Sunyaev-
Zeldovich effect (hereafter kSZ; Sunyaev & Zeldovich 1980).
This effect is due to the Doppler kick that CMB photons ex-
perience in Thomson scattering off free electrons moving with
respect to the CMB rest frame. This process introduces inten-
sity and polarization anisotropies in the CMB along the direc-
tion of massive clouds of ionized material, such as galaxy clus-
ters and groups, but produces no distortion of the CMB spec-
trum. The kSZ effect has been theoretically exploited to char-
acterize the growth of velocity perturbations (e.g., Ma & Fry
2002; Hernández-Monteagudo et al. 2006; Zhang et al. 2008),
to search for missing baryons (DeDeo et al. 2005; Hernández-
Monteagudo & Sunyaev 2008; Ho et al. 2009; Hernández-
Monteagudo & Ho 2009; Shao et al. 2011), and to study bulk
flows in the local Universe (Kashlinsky et al. 2008, 2010; Keisler
2009; Osborne et al. 2011; Mak et al. 2011; Mody & Hajian
2012; Lavaux et al. 2013). Very recently, Hand et al. (2012) have
claimed a detection of the kSZ effect when combining spec-
troscopic galaxy data from the Baryonic Acoustic Oscillation
Survey (BOSS) with CMB data from the Atacama Cosmology

Telescope (ACT), after searching for the kSZ pairwise mo-
mentum (e.g., Groth et al. 1989; Juszkiewicz et al. 1998). On
subcluster scales, as predicted by, e.g., Inogamov & Sunyaev
(2003), some weak evidence of kSZ has also been reported by
the Bolocam instrument (Mroczkowski et al. 2012).

In this paper we shall focus on the constraints that Planck1
can set on the kSZ-induced temperature anisotropies. These are
given by the line-of-sight integral

δT
T0
(n̂ ) = −

∫

dlσT ne
ve · n̂
c
, (1)

whereσT is the Thomson scattering cross-section, ne is the phys-
ical electron number density, ve denotes the electron peculiar ve-
locity, c the speed of light, and n̂ the direction of observation on
the sky. We are adopting here a reference frame centred on the
observer’s position, and hence infalling electrons will have nega-
tive radial velocities. Note that, unlike in other approaches based
upon galaxy redshift surveys, the distance to the cluster is irrel-
evant to its peculiar velocity estimation. Since the expected kSZ
signal coming from an individual cluster is smaller than the typi-
cal level of intrinsic CMB temperature fluctuations, we shall ap-
ply various filters which attempt to minimize the impact of other
signals on the angular positions of a sample of galaxy clusters,
and use these to extract statistical constraints on the kSZ signal
in those sources. In the standard ΛCDM scenario one expects to
have matter at rest with respect to the CMB on the largest scales,
and hence roughly the same number of clusters with positive and
negative radial velocities. This means that the mean ormonopole
of kSZ estimates should be consistent with zero, although there
are inhomogeneous scenarios (addressed in Sect. 4.3) in which
the average velocity of clusters may differ from zero. Likewise it
is possible to set constraints on the kSZ-induced variance in the
CMB temperature anisotropies measured along the direction of
galaxy clusters. This is a direct probe of the rms peculiar velocity
of those objects with respect to the CMB, and can be compared
to theoretical predictions. In this context, it has been mentioned
above that the motion of matter is predicted to occur in bulk
flows with coherence on scales of about 30 h−1Mpc. If these bulk
flows are local and the observer is placed inside them, then they
should give rise to a dipolar pattern in the kSZ measurements of
individual clusters (Kashlinsky &Atrio-Barandela 2000). If they
are instead distant, then the projection of the coherence length of
kSZ measurements on the sky should shrink down to a few de-
grees (Hernández-Monteagudo et al. 2006). Therefore it is pos-
sible to use the set of individual kSZ estimates from galaxy clus-
ters to place constraints on the monopole (mean), variance, and
dipole of the peculiar velocities of the cluster population. While
some of our statistical tools target the kSZ signal in each clus-
ter separately, others are particularly designed to probe the local
bulk blow and set constraints on the kSZ dipole at the positions
of clusters, as will be shown below.

This paper is organized as follows. In Sect. 2 we describe
the data used, both for the CMB and large-scale structure. The
statistical tools we use for the kSZ detection are described in
Sect. 3, and the results obtained from them are presented in
Sect. 4. We examine the robustness of our results in Sect. 5.
Finally, in Sect. 6, we discuss the cosmological implications

1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

2

• Prism will obtain velocity measurements for 2~10^5 clusters out to the highest redshift

• in GR the velocity - mass relation is fixed but it is violated in modified gravity theories

• Comparing velocities with mass concentrations from Euclid lensing and other tracers of the 
dark matter filed will allow strong tests of GR

Figure 1. Left panel: Lower mass limits for detection of the labeled SZ effects at signal-to-noise S/N > 5 as a
function of redshift. Right panel: The completeness of the detection for all three effects, as a function of mass.
Objects more massive than 4 ⇥ 1013M� are detected at more than 5� at all redshifts, a limit extending well
down into the relatively unexplored group range (red line). PRISM is able to measure peculiar velocities over
most of the cluster range, i.e., for M > 2 ⇥ 1014M� (dashed blue line), and relativistic effects, giving access
to cluster temperature, for the more massive systems (dot-dashed green line), both out to high redshift. Note
that in practice, the detection depth will be lower close to the galactic plane, where a fraction of the clusters
will inevitably be missed (although this should be only a very small fraction of the total).

all redshifts (Fig. 1), and extrapolating from the observed Planck counts, we predict more than 106 clusters,
with many thousands at z > 2. The primary source of uncertainty in this prediction lies in the adopted SZ
signal–mass scaling relation, Y –M . Fortunately, this is more clear than prior to Planck. We now know from
Planck SZ observations [171, 173] that the SZ signal scales with mass according to our adopted relation down
to much smaller masses in the local universe, leaving as our main uncertainty the presently poor knowledge of
its redshift dependence. PRISM will determine this evolution, through its mass measurement capabilities (see
below), and constrain cosmology from the observed cluster evolution.

One of the notable strong points ofPRISM is its ability to measure cluster masses at all redshifts through
gravitational lensing of the CMB anisotropies. Using detailed lensing simulations, we estimate that a cluster
mass of 2 ⇥ 1014M� will be detected by PRISM at all redshifts with a signal-to-noise of unity (Melin &
Bartlett 2013, in preparation). We will therefore be able to measure individual masses for the more massive
systems. More importantly however, we can measure the mean mass of clusters through binning as a function
of SZ signal (or other observable) and redshift. This gives us the essential capability to determine the scaling
relations with cluster mass necessary for cosmological interpretation of the cluster counts and for structure
formations studies. It is important to note thatPRISM is self-sufficient in this critical aspect of cluster science.

PRISM will surpass all current and planned cluster surveys, including eROSITA and Euclid—not just in
total number, but most importantly in number of objects at z > 1.5. Because optical/NIR cluster searches suffer
from high contamination rates, especially at redshifts beyond unity, cluster identification and the construction
of a precise selection function will be vastly more robust for PRISM than for Euclid. Only PRISM can find a
significant number of clusters in the range 2 < z < 3, the critical epoch that current observations identify as
the emergence of the characteristic cluster galaxy population on the red sequence. PRISM will also enable us
to explore the abundance of the intra-cluster medium (ICM) through the Y –M relation and its relation to the
galaxy population at these key redshifts.

At the time of operation, large imaging (e.g., DES, LSST, HSC) and spectroscopic surveys (e.g., 4MOST,
PFS, WEAVE, BigBOSS/MS-DESI, SKA) will have covered the entire extragalactic sky. We can therefore easily
obtain redshifts, spectroscopic or photometric, for all objects up to z = 2, and the two micron cutoff of Euclid’s
IR photometric survey (H band) will be sufficient to detect the 4000Å break in brighter cluster galaxies at higher
redshifts. Follow-up with ALMA or CCAT can provide additional information (e.g., redshift, structure, object
population) of the most interesting objects.

– 4 –
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• CMBxCIB: using PRISM IR galaxy catalog 
for detection of  ISW at high z ~> 
constraints on early dark energy models

• CIBxLSS: constraints on IR models and 
bias. Cross check results coming from  
CIBxCIB only

• CMB lensing x Ly-α

• you name it...
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• The end
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ISW from CIB-CMB cross-correlations
• Redshift distribution of CIB peaks at z ~2.5. The ISW detection obtained from the cross-

correlation of the extragalactic IR catalog with PRISM CMB maps will allow to dark energy/
modified gravity models at high redshifts.

• HI galaxies from SKA will also be cross-correlated with Prism CMB maps to detect ISW
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Constraints on massive neutrinos and 
modified gravity models 
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Lensed Cosmic Microwave Background Constraints on Post-General Relativity
Parameters

Paolo Serra1, Asantha Cooray1 Scott F. Daniel2, Robert Caldwell2, Alessandro Melchiorri3
1Center for Cosmology, Department of Physics and Astronomy, University of California, Irvine, CA 92697

2Department of Physics and Astronomy, Dartmouth College, Hanover, NH 03755 USA and
3Physics Department and Sezione INFN, University of Rome,

“La Sapienza,” P.le Aldo Moro 2, 00185 Rome, Italy
(Dated: January 22, 2009)

The constraints on departures from general relativity (GR) at cosmological length scales due to
cosmic microwave background (CMB) data are discussed. The departure from GR is measured by
the ratio, parameterized as 1 + !0(1 + z)−S , between the gravitational potentials conventionally
appearing in the geodesic equation and the Poisson equation. Current CMB data indicate !0 =
1.67+3.07

−1.87 at the 2σ confidence level, while S remains unconstrained. The departure from GR affects
the lensing conversion of E-mode into B-mode polarization. Hence, the lensing measurements from
a future CMBpol experiment should be able to improve the constraints to !0 < 0.30 for a fiducial
!0 = 0 model and independent of S.

Introduction—The quest for the source of the cosmic
acceleration has led to speculation that the proper
theory for gravitation departs from general relativity
(GR) on cosmological length scales (e.g. Ref. [1]).
There are numerous theoretical examples that intro-
duce new gravitational degrees of freedom and that
are capable of producing a late-time acceleration, with
wide-ranging implications for observable phenomena
(e.g. Refs. [2, 3]). Given this possible abundance
in new physics, it is important to identify tests that
can distinguish between the effects of dark energy and
those of modified gravity. Though late-time acceler-
ated cosmic expansion is the principal indicator that
a new “dark” physics is needed, it is not the only
test such physics must satisfy. A successful cosmol-
ogy must also agree with measurements related to the
behavior of inhomogeneities as probed by the cosmic
microwave background and large-scale structure.

To understand the extent to which cosmological
data support GR, we make use of an approach mo-
tivated by the post-Newtonian parameterization of
the gravitational field within the Solar system and in-
troduce a post-GR parameterization for cosmological
perturbations. Such a parameterization is also moti-
vated by the common feature within a broad range
of gravity theories of a decoupling of the perturbed
Newtonian-gauge gravitational potentials φ and ψ, de-
fined by the perturbed Robertson-Walker line-element

ds2 = a2
[

− (1 + 2ψ) dτ2 + (1 − 2φ) d$x2
]

, (1)

using the notation and convention of Ref. [4].
Whereas GR predicts ψ = φ in the presence of

non-relativistic matter, a gravitational slip, defined as
ψ "= φ, occurs in modified gravity theories. For ex-
ample, this inequality means that the gravitational
potential of a galaxy cluster is not the same poten-
tial traced by the geodesic motion of the constituent
galaxies. Hence, a new relation between these poten-
tials is a launching point for investigations of cosmo-
logical manifestations of modified gravity [6, 7]. For
primordial cosmological perturbations, the potentials

are not completely free, however, as there exists a con-
straint equation in the long-wavelength limit [5].

We consider an alternative theory of gravitation
that predicts an expansion history indistinguish-
able from ΛCDM, accompanied by post-GR effects
whereby

ψ(τ, $x) = [1 +%(τ, x)] × φ(τ, $x), (2)

following Refs. [8, 9]. If the new gravitational phe-
nomena is to mimic the effects of Λ by changing the
amount of spacetime curvature produced by the cos-
mic matter density, then we expect % to grow to order
unity at late times on large scales. Looking for clues
to such a scenario, CMB temperature anisotropies
alone provide a weak constraint to % as the departure
from GR is primarily manifest in the integrated Sachs-
Wolfe effect [10, 11], as illustrated in Fig. 1. However,
CMB lensing is also sensitive to % because the lensing
deflection of CMB photons by foreground large-scale
structure depends on the sum of the potentials ψ + φ
[12, 13, 14, 15]. In this Letter, we show that the ex-
pected conversion of E-mode to B-mode polarization
through lensing [16], shown in Fig. 1, allows a new
probe of departures from GR that will be accessible
to future CMB B-mode polarization experiments.

The lensing of the CMB affects temperature per-
turbations at the level of a few percent at arcminute
angular scales, which is on the damping tail of CMB
anisotropies [17]. Using temperature anisotropy data
from WMAP [18] and ACBAR [19] we can only put
weak constraints on the post-GR parameterization at
present. On the other hand, B-modes at tens of ar-
cminute angular scales are mainly due to the lensing
conversion from E-modes. Using the combination of
E- and B-modes one can reconstruct the lensing signal
in CMB data by using quadratic statistics [20, 21, 22]
and likelihood methods [23]. The projected lensing
potential power spectrum out to the last scattering
surface can then be used to extract %. As we find,
upcoming high sensitivity CMB polarization experi-
ments, such as CMBpol [24, 25] of NASA’s Beyond

3

102

103

104

101 102 103
l(l

+1
)C

lTT
/(2
π)

 (µ
K2 )

Multipole l

ϖ0=0
ϖ0=10,  S=3
ϖ0=10,  S=1

10-6
10-5
10-4
10-3
10-2
10-1
100
101

101 102 103

l(l
+1

)C
lBB

/(2
π)

 (µ
K2 )

Multipole l

CMBpol pol. noise
Planck pol. noise

10-8

10-7

10-6

101 102 103

l4 C
lψ

Multipole l

noise for CMBpol

FIG. 1: The effect of the modified gravity parameters
on the temperature, B-mode polarization, and lensing po-
tential power spectra for the best fit ΛCDM model from
WMAP5+ACBAR [18]; we also show the measurement
error for B-mode polarization measurements with Planck
and CMBpol and the CMBpol noise for lensing reconstruc-
tion (up to l = 700).

bin statistic [30] to model fit the data. The post-GR
parameters are allowed to take values −5 < !0 < 10
and 0 < S < 10. In addition, we implement the flat
ΛCDM cosmological model with six standard parame-
ters: baryon density Ωbh2; dark matter density Ωch2;
reionization optical depth τ ; ratio of the sound hori-
zon to the angular diameter distance at the decoupling
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FIG. 2: Two-dimensional contours at 1σ (dark) and 2σ

(light) in the plane "0-S for WMAP+ACBAR (top panel)
and CMBpol (bottom panel).

measured by θ; amplitude of the curvature perturba-
tion As (with flat prior on log(As); spectral index ns.
These two last parameters are defined with respect to
a pivot scale at 0.002 h/Mpc, as in Ref. [31].

Results—We first use the combination of WMAP
5-year [18] and ACBAR data [19] (both tempera-
ture and temperature-polarization cross-correlation).
To avoid complications due to overlapping of the
datasets, we use WMAP data out to $ < 900 and
then ACBAR data in the range 900 < $ < 2000. The
constraint on !0 is !0 = 1.67+3.07

−1.87 at the 2σ confi-
dence level, but S remains unconstrained. As shown
in the upper panel of Fig. 2, there is a clear correlation
between S and !0: when S goes to 0 only very small
values of !0 are allowed and when S ∼ 5, values of
!0 ∼ 6 are allowed at the 2σ confidence level.

By including the post-GR parameterization, we find
that cosmological parameters from WMAP+ACBAR
change by less than 1σ; for example, with post-GR
effects, σ8 = 0.814 ± 0.044 and ns = 0.954 ± 0.014
while σ8 = 0.803 ± 0.034 and ns = 0.964 ± 0.014 [18]
without post-GR effects.

To study the extent to which future CMB data im-
prove these constraints, we create mock datasets for
both Planck and CMBpol. For Planck we create a
mock temperature and polarization dataset with noise

Figure 10. Simulated deflection power spectrum from PRISM assuming a minimal-mass inverted hierarchy
(
P

m⌫ ⇡ 0.1 eV). In the upper panel, the solid lines are the theory power spectrum for this scenario (lower)
and for three massless neutrinos (upper). The difference between these spectra is plotted in the lower panel
illustrating howPRISM can distinguish these scenarios with its lensing power spectrum in the range ` > 200.

parameters from the CMB alone via lensing. For example, in models with spatial curvature, the combination
of thePlanck temperature and lensing power spectra measure ⌦

⇤

at 4% precision, and ⌦K to around 1% [161].
As an illustration of the constraining power of the lensing measurements from PRISM alone, we consider
constraints on the mass of neutrinos. Oscillation data imply that neutrinos must be massive, but the data are
insensitive to the absolute mass scale. For a normal hierarchy of masses (m

1

,m
2

⌧ m
3

), the mass summed
over all eigenstates is at least 0.06 eV, while for an inverted hierarchy (m

3

⌧ m
1

,m
2

) the minimal summed
mass is 0.1 eV. The individual masses in these hierarchical limits are well below the detection limit of current
and future laboratory �-decay experiments, but can be probed by cosmology. Massive neutrinos suppress
gravitational clustering on scales below the horizon size at the non-relativistic transition, reducing the lensing
power spectrum (as well as galaxy clusters number counts—see Sec. 3). We illustrate the capabilities ofPRISM
to distinguish the minimal-mass inverted hierarchy from a model with three massless neutrinos via its lensing
power spectrum in Fig. 10. Combining the anisotropy and lensing power spectra ofPRISM, we forecast a 1�
error of 0.04 eV for the summed mass, comparable to the hierarchical target masses. This constraint can be
improved further by combining with near-future BAO measurements, for example by a factor of two using
BOSS, at which point it becomes possible to distinguish between the normal and inverted hierarchies (in the
hierarchical limits) [84].

The cosmological constraints from lensing with PRISM would be highly complementary to those from
upcoming cosmic shear surveys in the optical, such as Euclid. For example, the systematic effects are quite
different with non-linearities being much less of an issue for CMB lensing with its peak sensitivity to large-
scale structures around z = 2. Moreover, there are no intrinsic alignments of galaxy ellipticities to worry
about. The combination of the two probes of mass is particularly promising, since it allows calibration of
multiplicative bias effects such as due to PSF corrections in the optical (e.g. Ref. [211]).

The high S/N reconstruction of the lensing potential byPRISM is illustrated in Fig. 11. The left panel
is a simulated map of the filtered lensing potential (in Fourier space, the image is `�(`) with �(`) the Fourier
transform of the lensing potential, so has the same dimensions as the deflection field) over a small patch of
the sky. The middle and right panels illustrate the fidelity of the lensing reconstructions expected from the full
Planck mission and PRISM, respectively. A similar quality reconstruction will be obtained with PRISM over
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Fig. 8.— SZ, optical, and  data for SPT-CL J0516-5430. See the Appendix for a description.

Fig. 9.— Shear and aperture mass profiles of SPT-CL J0516-5430. See the Appendix for a description.
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Fig. 8.— SZ, optical, and  data for SPT-CL J0516-5430. See the Appendix for a description.

Fig. 9.— Shear and aperture mass profiles of SPT-CL J0516-5430. See the Appendix for a description.
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