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a) Suppression of structure formation on scales smaller than the free streaming scale. 
They affect also the Baryon acoustic oscillation (BAO) scales. 
b) Changes to the amplitude of redshift space distortions (RSD) and the scale- 
dependent halo bias.
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release [39, 90] are included. We consider a combina-
tion of the high-` (30  `  2508) TT likelihood, as
well as the low-` (2  `  29) TT likelihood based on
the CMB maps recovered with Commander: we refer to
this combination as PlanckTT . We furthermore include
the Planck polarization data in the low-` (2  `  29)
likelihood, referring to it as lowP . Our baseline model,
consisting of a combination of PlanckTT and lowP, is
referred to as base .

In addition to the above, we also consider the high-`
(30  `  1996) EE and TE likelihood, which we refer
to as highP . In order to ease the comparison of our re-
sults to those previously presented in the literature, we
shall add high-` polarization measurements to our base-
line model separately, referring to the combination of base
and highP as basepol . Due to possible residual system-
atics in the datasets, which are still being analyzed by
the Planck collaboration, the results obtained here with
the inclusion of high-` polarization measurements should
be regarded as less conservative and thus should be in-
terpreted with more caution. For the purpose of clarity,
we have summarized our nomenclature of datasets and
their combinations in Tab. II.

All the measurements described above are analyzed by
means of the publicly available Planck likelihoods [91]. 5

When considering a prior on the optical depth to reion-
ization ⌧ we shall only consider the TT likelihood in
the multipole range 2  `  29. We do so for avoid-
ing double-counting of information, see Sec. III E. Of
course, these likelihoods depend also on a number of nui-
sance parameters, which should be (and are) marginal-
ized over. These nuisance parameters describe, for in-
stance, residual foreground contamination, calibration,
and beam-leakage (see Refs. [39, 91]).

CMB measurements have been complemented with ad-
ditional probes which will help breaking the parameter
degeneracies discussed. These additional datasets in-
clude large-scale structure probes and direct measure-
ments of the Hubble parameter, and will be described in
what follows. We make the conservative choice of not
including lensing potential measurements, despite mea-
suring M⌫ via lensing potential reconstruction is the ex-
pected target of the next-generation CMB experiments.
This choice is dictated by the observation that lensing
potential measurements via reconstruction through the
temperature 4-point function are known to be in tension
with the lensing amplitude as constrained by the CMB
power spectra through the Alens parameter [39] (see also
[92–95] for relevant work).

B. Galaxy power spectrum

Once CMB data is used to fix the other cosmological
parameters, the galaxy power spectrum could in princi-

5 www.cosmos.esa.int/web/planck/pla

ple be the most sensitive cosmological probe of massive
neutrinos among those exploited here. Sub-eV neutri-
nos behave as a hot dark matter component with large
thermal velocities, clustering only on scales below the
neutrino free-streaming wavenumber kfs [24, 26]:

kfs ' 0.018 ⌦1/2
m

✓
M⌫

1eV

◆1/2

h Mpc�1 . (10)

On scales below the free-streaming scale (or, correspond-
ingly, for wavenumbers larger than the free-streaming
wavenumber), neutrinos cannot cluster as their thermal
velocity exceeds the escape velocity of the gravitational
potentials on those scales. Conversely, on scales well
above the free-streaming scale, neutrinos behave as cold
dark matter after the transition to the non-relativistic
regime. Massive neutrinos leave their imprint on the
galaxy power spectrum in several di↵erent ways:

• For wavenumbers k > kfs, the power spectrum in
the linear perturbation regime is subject to a scale-
independent reduction by a factor of (1 � f⌫)2,
where f⌫ ⌘ ⌦⌫/⌦m is defined as the ratio of the
energy content in neutrinos to that in matter [26].

• In addition, the power-spectrum for wavenumbers
k > kfs is further subject to a scale-dependent step-
like suppression, starting at kfs and saturating at
k ⇠ 1 h Mpc�1. This suppression is due to the ab-
sence of neutrino perturbations in the total matter
power spectrum, ultimately due to the fact that
neutrinos do not cluster on scales k > kfs. At
k ⇠ 1 h Mpc�1, the suppression reaches a con-
stant amplitude of �P (k)/P (k) ' �10f⌫ [26] (the
amplitude of the suppression is independent of red-
shift, however see the point below).

• The growth rate of the dark matter perturbations
is reduced from � / a to � / a1�

3
5 f⌫ , due to the

absence of gravitational back-reaction e↵ects from
free-streaming neutrinos. The redshift dependence
of this suppression implies that this e↵ect could be
disentangled from that of a similar suppression in
the primordial power spectrum by measuring the
galaxy power spectrum at several redshifts, which
amounts to measuring the time-dependence of the
neutrino mass e↵ect [26].

• On very large scales (10�3 < k < 10�2), the mat-
ter power spectrum is enhanced by the presence of
massive neutrinos [96].

• As in the case of the EISW e↵ect in the CMB,
the step-like suppression in the matter power spec-
trum carries a non-trivial dependence on the indi-
vidual neutrino masses, as it depends on the time
of the transition to the non-relativistic regime for

each neutrino mass eigenstate [30, 33] (kfs / m
1/2
⌫i ),

and thus is in principle extremely sensitive to the
neutrino mass hierarchy. However, the e↵ect is very

Power suppression 
at small scales
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Figure 2. Same as Fig. 1 but with the bias computed as b2hh(k) = Phh(k)/Pmm(k).

neutrinos (H0 and H0s8 simulations), as expected. We emphasize this by showing with solid lines
in Fig. 4 the bias, b

hm

(k), for the di↵erent cosmological models normalized to the bias of the model
with massless neutrinos and �

8

= 0.832 (simulation H0, reference model). The ratios are shown at
redshifts z = 0, z = 0.5 and z = 1 for the simulations H6 (blue), H3 (green), H6s8 (black) and
H0s8 (magenta). The horizontal dotted lines represent the Tinker prediction along with the cold dark

matter prescription for massive neutrinos. Focusing on the results of the simulations H3 and H6
(sharing the same value of As as the reference model), we find a clear scale-dependent bias trend on
large scales. If we compare the results of the simulation H0s8 (magenta) with the one of the simulation
H6 (blue), both sharing the same value of the parameter �

8

, we find that for the former, the bias is
constant for k . 0.1 h Mpc�1, whereas we find a clear scale-dependent bias in the simulation with
⌃im⌫i = 0.6 eV neutrinos (H6). In our companion paper [39], we show that this e↵ect is due to the

– 10 –

11

FIG. 6: The shift in the Eulerian bias (left column) and Lagrangian bias with respect to the CDM (right column)
relative to the values of the bias factors at very large scales. Precisely, the plotted quantity is b(k)/b(k = 10−4Mpc−1).
The top row is b(M) for M = 1013M⊙ halos and the bottom row shows the shift in the bias for M = 1014M⊙ halos. In
all plots the value of Ωm is fixed, but Ωc and Ων vary. The neutrino free-streaming scale for each hierarchy, Eq. (16),
is shown by the vertical dotted lines of the same color. In both panels the order of the legend matches the order of
the curves.

suppressed on small scales and the amount of suppression increases with increasing neutrino mass fraction
(solid lines). However the net suppression in Pnn(k), including the scale-dependent bias, is smaller than one
would have found if a constant bias factor was assumed (dotted lines). This fact should cause the constraints
on neutrino mass from galaxy surveys to relax slightly. Comparing the two panels in Fig. 7 or 8 one can see
that the change to the neutrino mass constraints from scale-dependent halo bias depends on the population
of galaxies so we do not attempt to quantify this here. A very rough estimate can, however, be obtained
from Eq. (35) and the fact that ∆bLagrangian

c /bLagrangian
c ∼ fν ; in this case the suppression in Pnn is reduced

from −8fν to (−6 + 2(b− 1)/b)fν so for a population of galaxies with b ≈ 2 the sensitivity to fν is decreased
by about 40%. From our numerical calculations for halos of M = 1013M⊙, M = 1014M⊙ with bias factors
roughly b ∼ 1, b ∼ 2 respectively, we find that the suppression in the halo auto-power spectra is decreased
by ∼ 30% relative to the matter power spectrum. For comparable populations of halos, the constraints on fν
from the suppression in the halo autopower spectrum would be expected to relax by a similar amount.

Scale-dependent 
of halo bias

LoVerde, Phys. Rev.,2014
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samples) survey 13, the 6dFGS survey, and the WiggleZ
survey, see Tab. III for more details. The main results of
this section are summarized in Tabs. VI and VII, as well
as Figs. 3 and 4.

Table VI shows the equivalent to the third, fourth,
sixth, eighth and ninth rows of Tab. IV, but with the
shape information from the BOSS DR12 CMASS spec-
trum replaced by the geometrical BAO information from
the BOSS DR11 CMASS measurements. Firstly, we
notice that all the geometrical bounds are, in general,
much more constraining than the shape bounds, as pre-
viously studied and noticed in the literature (see e.g
[143, 219], see also [220, 221] for recent studies on the
subject). These studies have shown that, within the min-
imal ⇤CDM+M⌫ scenario, BAO measurements provide
tighter constraints on M⌫ than data from the full power
spectrum shape. Nevertheless, it is very important to
assess whether these previous findings still hold with the
improved statistics and accuracy of today’s large-scale
structure data (see the recent Ref. [28] for the expecta-
tions from future galaxy surveys).

We confirm that this finding still holds with current
data. Therefore, current analyses methods of large-
scale structure datasets are such that these are still sen-
sitive to massive neutrinos through background rather
than perturbation e↵ects, despite the latter are in prin-
ciple a much more sensitive probe of the e↵ect of mas-
sive neutrinos on cosmological observables. However, as
we mentioned earlier, this behaviour could be reverted
once we are able to determine the amplitude and scale-
dependence of the galaxy bias through CMB lensing,
cosmic shear, galaxy clustering measurements, and their
cross-correlations (see e.g. [100–108]).

Moreover, it is also worth reminding that BAO mea-
surements do include non-linear information through the
reconstruction procedure, whereas the same informa-
tion is prevented from being used in the power spec-
trum measurements due to the cuto↵ we imposed at
k = 0.2 h Mpc�1. In order to fully exploit the constrain-
ing power of shape measurements, improvements in our
analyses methods are necessary: in particular, it is nec-
essary to improve our understanding of the non-linear
regime of the galaxy power spectrum in the presence of
massive neutrinos, as well as further our understanding
of the galaxy bias at a theoretical and observational level.

The addition of shape measurements requires at least
two additional nuisance parameters, which in our case
are represented by the bias and shot noise parameters.
These two parameters relate the measured galaxy power
spectrum to the underlying matter power spectrum, the
latter being what one can predict once cosmological pa-

13 At the time we began this work, the likelihood patches for the
BOSS DR12 BAO measurements [217, 218] were not yet avail-
able.

rameters are known. 14. The prescription we adopted re-
lating the galaxy to the matter power spectrum is among
the simplest choices. However, it is not necessarily true
that more sophisticated choices with more nuisance pa-
rameters would further degrade the constraining power
of shape measurements, particularly if we were to obtain
a handle on the functional form of the scale-dependent
bias [100–108]. On the other hand, it remains true that
the possibility of benefiting from a large number of modes
by increasing the value of kmax (which remains one of
the factors limiting the constraining power of shape in-
formation compared to geometrical one) would require
an exquisite knowledge of non-linear corrections, a topic
which is the subject of many recent investigations par-
ticularly in the scenario where massive neutrinos are
present, see e.g. [98, 99, 222–228]. The conclusion, how-
ever, remains that improvements in our current analyses
methods, as well as further theoretical and modeling ad-
vancements, are necessary to exploit the full constraining
power of shape measurements.
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FIG. 3. Posteriors of M⌫ obtained with baseline datasets
basePK and baseBAO, in combination with additional ex-
ternal datasets. This allows for a comparison of the con-
straining power of shape information in the form of the full
shape galaxy power spectrum, and geometrical information
in the form of BAO measurements, when CMB full temper-
ature and low-` polarization data are used. To compare the
relative constraining power of shape and geometrical informa-
tion, compare the solid and dashed lines for a given color: red
(basePK against baseBAO), blue (basePK+⌧0p055 against
baseBAO+⌧0p055), and black (basePK+H073p02 + ⌧0p055
against baseBAO+H073p02 + ⌧0p055). The dotted line at
M⌫ = 0.0986 eV denotes the minimal allowed mass in the IH
scenario. It can be clearly seen that with our current analyses
methods geometrical information supersedes shape informa-
tion in constraining power.

14 Moreover, at least another nuisance parameter is required in or-
der to account for systematics in the measured galaxy power
spectrum, although the impact of this parameter is almost neg-
ligible, as we have checked (see Refs. [21, 125, 179])

Large scales Small scales
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FIG. 1. Top: Non-linear galaxy power spectrum computed using the Halofit method with the camb code [126] (red line) and
the Coyote emulator (blue line) [130–132] at z=0.57 for the ⇤CDM best-fit parameters from Planck TT 2015 data. Green
triangle data points are the clustering measurements from the BOSS DR12 CMASS sample. The error bars are computed from
the diagonal elements Cii of the covariance matrix. For comparison with previous work [21], purple circles represent clustering
measurements from the BOSS Data Release 9 (DR9) CMASS sample. A very slight suppression in power on small scales (large
k) of the DR12 sample compared to the DR9 sample is visible. Note that the binning strategy adopted in DR9 and DR12 is
di↵erent. Bottom: Residuals with respect to the non-linear model with Halofit. The orange horizontal line indicates the k
range used in our analysis. As it is visually clear, the k range we choose is safe from large non-linear corrections.

rized our nomenclature of datasets (including baseline
datasets) and their combinations in Tab. II.

The 6dFGS data consists of a measurement of
rs(zdrag)/DV (z) at z = 0.106 (as per the discussion
above, rs/DV decreases as M⌫ is increased). The Wig-
gleZ data instead consist of measurements of the acoustic
parameter A(z) at three redshifts: z = 0.44, z = 0.6, and
z = 0.73, where the acoustic parameter is defined as:

A(z) =
100Dv(z)

p
⌦mh2

cz
. (16)

Given the e↵ect of M⌫ on Dv(z), A(z) will increase as
M⌫ increases. Finally, the DR11 LOWZ data consists
of a measurement of Dv(z)/rs(zdrag) (which increases as
M⌫ is increased) at z = 0.32.

Since the BAO feature is measured from the galaxy
two-point correlation function, to avoid double counting
of information, when considering the base and basepol
datasets we do not include the DR11 CMASS BAO mea-
surements, as the DR11 CMASS and DR12 CMASS vol-
umes overlap. However, if we drop the DR12 CMASS
power spectrum from our datasets, we are allowed to add
DR11 CMASS BAO measurements without this leading
to double-counting of information. Therefore, for com-

pleteness, we consider this case as well. Namely, we drop
the DR12 CMASS power spectrum from our datasets,
replacing it with the DR11 CMASS BAO measurement.
This consists of a measurement of Dv(ze↵)/rs(zdrag) at
ze↵ = 0.57.

Baseline combinations of datasets used, and

their definitions, III.

We refer to the combination of the four BAO measure-
ments (6dFGS, WiggleZ, DR11 LOWZ, DR11 CMASS)
as BAOFULL. We instead refer to the combination of
the base CMB and the BAOFULL datasets with the
nomenclature baseBAO . When high � ` polarization
CMB data is added to this baseBAO dataset, the com-
bination is referred to as basepolBAO , see Tab. II. The
comparison between basePK and baseBAO, as well as be-
tween basepolPK and basepolBAO, gives insight into the
role played by large-scale structure datasets in constrain-
ing neutrino masses. In particular, it allows for an assess-
ment of the relative importance of shape information in
the form of the power spectrum against geometrical infor-
mation in the form of BAO measurements when deriving

basePK = Planck TT+lowP+ P(k) 
baseBAO = Planck TT+lowP+BAO

 Recent constraints on Mν

S. Vagnozzi, EG, O. Mena, K. Freese, M. Gerbino, S. Ho, M. Lattanzi 2017, arXiv:1701.08172
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the diagonal elements Cii of the covariance matrix. For comparison with previous work [21], purple circles represent clustering
measurements from the BOSS Data Release 9 (DR9) CMASS sample. A very slight suppression in power on small scales (large
k) of the DR12 sample compared to the DR9 sample is visible. Note that the binning strategy adopted in DR9 and DR12 is
di↵erent. Bottom: Residuals with respect to the non-linear model with Halofit. The orange horizontal line indicates the k
range used in our analysis. As it is visually clear, the k range we choose is safe from large non-linear corrections.
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mation in the form of BAO measurements when deriving
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H0 and ⌦m,0 represent the Hubble constant and the mat-
ter density at present time.

In equation 1 Pmg(k, z) is the matter-galaxy 3D cross-
power spectrum defined as:

Pmg(k, z) = b(k)P (k, z) , (3)

in which P (k, z) is the non-linear matter power spectrum
at redshift z and wavenumber k and b(k) is known as
scale-dependent bias which relates the density of galaxies
to the underlying dark matter density field. In Fourier
space it can be expressed as ( [4, 5]):

b1(k) = b10 +
sb11
s1

k2 , (4)

in which b10 is the scale-independent coe�cient, b11 is the
scale-dependent coe�cient and s/s1 is a normalization
factor that makes dimensionless b1(k). In the previous
equation s = �2

0 is the variance in the smoothed field at
scale R and s1 = �2

1 is the first moment variance at same
scale R. We can generalize the definition of variance as
follows:

sj = �2
j =

Z
dk

k2+2j

2⇡2
P (k)W 2(kR) , (5)

where W (kR) is the Gaussian window function:
W (kR) = exp(�k2R2/2).

In this work we will consider a scale-dependent bias of
the form:

b(k) = abias + cbiask
2 , (6)

where abias is the scale independent factor and cbias is
defined as:

cbias =
s

s1
b11 . (7)

We take into account for a normalization factor of the
order of 14(Mpc/h)2 obtained after considering the
BOSS DR12 CMASS sample.

Methodology and Data The cosmological model we as-
sume is the standard ⇤CDM model, described by the six
usual parameters: the current energy density of baryons
and of cold dark matter (⌦bh

2, ⌦ch
2), the ratio between

the sound horizon and the angular diameter distance at
decoupling (⇥s), the reionization optical depth (⌧), the
scalar spectral index (ns) and the amplitude of the pri-
mordial spectrum As plus two parameters that describe
the scale-independent and scale-dependent bias (abias,
cbias) and the sum of the masses of the three active neu-
trinos (M⌫).

We base our analyses on the measurements of the CMB
temperature, polarization and cross-correlation spectra
from the Planck 2015 release [6, 7]. We consider the full

temperature data combined with the large scale polariza-
tion measurements (i.e low-` polarization measurements
in the range 0 < ` < 29). We refer to this data as base.
Moreover we also add to this combination the small-scale
TE and EE polarization spectra as measured by Planck
High Frequency Instrument (HFI) and we name this data
set as basepol. Notice that, the results obtained with this
combination of data should be regarded as less conser-
vative because of a possible residual systematics in the
polarization spectra at high multipoles.

Together with Planck CMB data, we include the 3D
galaxy power spectrum shape from the Baryon Oscil-
lation Spectroscopic Survey (BOSS) Data Release 12
CMASS sample [8–11], as previously exploited in [12].
We model the theoretical galaxy power spectrum as
P g
th = b(k)Pm

HF⌫(k, z) + P s
HF⌫ , where b(k) is the scale-

dependent bias described by eq. 6, Pm
HF⌫(k, z) is the

non-linear matter power spectrum computed using the
HaloFit method [13, 14] in presence of massive neutri-
nos [15] and P s

HF⌫ is the shot-noise contribution. We
consider the same range of wavenumber used in [12] that
extend from 0.03 h/Mpc to 0.2 h/Mpc.
P g
th = bPm

HF(k, z) + P s

P g
th = b(k)Pm

HF⌫(k, z) + P s

Finally we consider the angular power spectrum mea-
surements as calculated in [16] by combining the CMB
lensing convergence map [17] measurements from Planck
2015 data release with the galaxy distribution from BOSS
CMASS galaxy sample Data Release 11 [18].

For our numerical analyses, we use the Boltzmann
CAMB code [19]and we derive the constraints on cos-
mological parameters using Monte Carlo Markov Chain
(MCMC) analysis based on the publicly available MCMC
package cosmomc [20].

DESCRIBE LIKELIHOOD!!??!?!?!?

Results First we send some simple runs using just
Planck data, together with Cgg

` and Cg
` . For Cg

` , we
remove the first 5 data points as they are clearly a↵ected
by systematics which lead to a reduction of power on
large scales (the whole dataset is still a↵ected to some
extent, but the amount of contamination was particu-
larly severe for the first 5 data points). The results are
shown in Tab. I and Figs. 1, ??.

The fact that Cg
` is a↵ected by residual systematics

leading to a power deficit on large scales is evident on the
results. The paucity of power on large scales is reflected
in a lower value of abias compared to that recovered from
Cgg

` . To accommodate at the same time a lack of power
on large scales but not on small scales, the data is pre-
ferring non-zero and large values of cbias. All of this is
reflected in poor neutrino mass constraints given the de-
generacy between M⌫ and cbias, or in a spurious evidence
for neutrino masses when Cg

` is combined with Cgg
` .

b=scale-independent bias
         =non linear matter power-
spectrum using HaloFit method
Ps=shot-noise 
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H0 and ⌦m,0 represent the Hubble constant and the mat-
ter density at present time.

In equation 1 Pmg(k, z) is the matter-galaxy 3D cross-
power spectrum defined as:

Pmg(k, z) = b(k)P (k, z) , (3)

in which P (k, z) is the non-linear matter power spectrum
at redshift z and wavenumber k and b(k) is known as
scale-dependent bias which relates the density of galaxies
to the underlying dark matter density field. In Fourier
space it can be expressed as ( [4, 5]):

b1(k) = b10 +
sb11
s1

k2 , (4)

in which b10 is the scale-independent coe�cient, b11 is the
scale-dependent coe�cient and s/s1 is a normalization
factor that makes dimensionless b1(k). In the previous
equation s = �2

0 is the variance in the smoothed field at
scale R and s1 = �2

1 is the first moment variance at same
scale R. We can generalize the definition of variance as
follows:

sj = �2
j =

Z
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k2+2j

2⇡2
P (k)W 2(kR) , (5)

where W (kR) is the Gaussian window function:
W (kR) = exp(�k2R2/2).

In this work we will consider a scale-dependent bias of
the form:

b(k) = abias + cbiask
2 , (6)

where abias is the scale independent factor and cbias is
defined as:

cbias =
s

s1
b11 . (7)

We take into account for a normalization factor of the
order of 14(Mpc/h)2 obtained after considering the
BOSS DR12 CMASS sample.

Methodology and Data The cosmological model we as-
sume is the standard ⇤CDM model, described by the six
usual parameters: the current energy density of baryons
and of cold dark matter (⌦bh

2, ⌦ch
2), the ratio between

the sound horizon and the angular diameter distance at
decoupling (⇥s), the reionization optical depth (⌧), the
scalar spectral index (ns) and the amplitude of the pri-
mordial spectrum As plus two parameters that describe
the scale-independent and scale-dependent bias (abias,
cbias) and the sum of the masses of the three active neu-
trinos (M⌫).

We base our analyses on the measurements of the CMB
temperature, polarization and cross-correlation spectra
from the Planck 2015 release [6, 7]. We consider the full

temperature data combined with the large scale polariza-
tion measurements (i.e low-` polarization measurements
in the range 0 < ` < 29). We refer to this data as base.
Moreover we also add to this combination the small-scale
TE and EE polarization spectra as measured by Planck
High Frequency Instrument (HFI) and we name this data
set as basepol. Notice that, the results obtained with this
combination of data should be regarded as less conser-
vative because of a possible residual systematics in the
polarization spectra at high multipoles.

Together with Planck CMB data, we include the 3D
galaxy power spectrum shape from the Baryon Oscil-
lation Spectroscopic Survey (BOSS) Data Release 12
CMASS sample [8–11], as previously exploited in [12].
We model the theoretical galaxy power spectrum as
P g
th = b(k)Pm

HF⌫(k, z) + P s
HF⌫ , where b(k) is the scale-

dependent bias described by eq. 6, Pm
HF⌫(k, z) is the

non-linear matter power spectrum computed using the
HaloFit method [13, 14] in presence of massive neutri-
nos [15] and P s

HF⌫ is the shot-noise contribution. We
consider the same range of wavenumber used in [12] that
extend from 0.03 h/Mpc to 0.2 h/Mpc.
P g
th = bPm

HF(k, z) + P s

P g
th = b(k)Pm

HF⌫(k, z) + P s

Finally we consider the angular power spectrum mea-
surements as calculated in [16] by combining the CMB
lensing convergence map [17] measurements from Planck
2015 data release with the galaxy distribution from BOSS
CMASS galaxy sample Data Release 11 [18].

For our numerical analyses, we use the Boltzmann
CAMB code [19]and we derive the constraints on cos-
mological parameters using Monte Carlo Markov Chain
(MCMC) analysis based on the publicly available MCMC
package cosmomc [20].

DESCRIBE LIKELIHOOD!!??!?!?!?

Results First we send some simple runs using just
Planck data, together with Cgg

` and Cg
` . For Cg

` , we
remove the first 5 data points as they are clearly a↵ected
by systematics which lead to a reduction of power on
large scales (the whole dataset is still a↵ected to some
extent, but the amount of contamination was particu-
larly severe for the first 5 data points). The results are
shown in Tab. I and Figs. 1, ??.

The fact that Cg
` is a↵ected by residual systematics

leading to a power deficit on large scales is evident on the
results. The paucity of power on large scales is reflected
in a lower value of abias compared to that recovered from
Cgg

` . To accommodate at the same time a lack of power
on large scales but not on small scales, the data is pre-
ferring non-zero and large values of cbias. All of this is
reflected in poor neutrino mass constraints given the de-
generacy between M⌫ and cbias, or in a spurious evidence
for neutrino masses when Cg

` is combined with Cgg
` .
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FIG. 1. Top: Non-linear galaxy power spectrum computed using the Halofit method with the camb code [126] (red line) and
the Coyote emulator (blue line) [130–132] at z=0.57 for the ⇤CDM best-fit parameters from Planck TT 2015 data. Green
triangle data points are the clustering measurements from the BOSS DR12 CMASS sample. The error bars are computed from
the diagonal elements Cii of the covariance matrix. For comparison with previous work [21], purple circles represent clustering
measurements from the BOSS Data Release 9 (DR9) CMASS sample. A very slight suppression in power on small scales (large
k) of the DR12 sample compared to the DR9 sample is visible. Note that the binning strategy adopted in DR9 and DR12 is
di↵erent. Bottom: Residuals with respect to the non-linear model with Halofit. The orange horizontal line indicates the k
range used in our analysis. As it is visually clear, the k range we choose is safe from large non-linear corrections.

rized our nomenclature of datasets (including baseline
datasets) and their combinations in Tab. II.

The 6dFGS data consists of a measurement of
rs(zdrag)/DV (z) at z = 0.106 (as per the discussion
above, rs/DV decreases as M⌫ is increased). The Wig-
gleZ data instead consist of measurements of the acoustic
parameter A(z) at three redshifts: z = 0.44, z = 0.6, and
z = 0.73, where the acoustic parameter is defined as:

A(z) =
100Dv(z)

p
⌦mh2

cz
. (16)

Given the e↵ect of M⌫ on Dv(z), A(z) will increase as
M⌫ increases. Finally, the DR11 LOWZ data consists
of a measurement of Dv(z)/rs(zdrag) (which increases as
M⌫ is increased) at z = 0.32.

Since the BAO feature is measured from the galaxy
two-point correlation function, to avoid double counting
of information, when considering the base and basepol
datasets we do not include the DR11 CMASS BAO mea-
surements, as the DR11 CMASS and DR12 CMASS vol-
umes overlap. However, if we drop the DR12 CMASS
power spectrum from our datasets, we are allowed to add
DR11 CMASS BAO measurements without this leading
to double-counting of information. Therefore, for com-

pleteness, we consider this case as well. Namely, we drop
the DR12 CMASS power spectrum from our datasets,
replacing it with the DR11 CMASS BAO measurement.
This consists of a measurement of Dv(ze↵)/rs(zdrag) at
ze↵ = 0.57.

Baseline combinations of datasets used, and

their definitions, III.

We refer to the combination of the four BAO measure-
ments (6dFGS, WiggleZ, DR11 LOWZ, DR11 CMASS)
as BAOFULL. We instead refer to the combination of
the base CMB and the BAOFULL datasets with the
nomenclature baseBAO . When high � ` polarization
CMB data is added to this baseBAO dataset, the com-
bination is referred to as basepolBAO , see Tab. II. The
comparison between basePK and baseBAO, as well as be-
tween basepolPK and basepolBAO, gives insight into the
role played by large-scale structure datasets in constrain-
ing neutrino masses. In particular, it allows for an assess-
ment of the relative importance of shape information in
the form of the power spectrum against geometrical infor-
mation in the form of BAO measurements when deriving

Large scales Small scales
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scale-dependent bias which relates the density of galaxies
to the underlying dark matter density field. In Fourier
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factor that makes dimensionless b1(k). In the previous
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follows:
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where W (kR) is the Gaussian window function:
W (kR) = exp(�k2R2/2).

In this work we will consider a scale-dependent bias of
the form:

b(k) = abias + cbiask
2 , (6)

where abias is the scale independent factor and cbias is
defined as:

cbias =
s
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b11 . (7)

We take into account for a normalization factor of the
order of 14(Mpc/h)2 obtained after considering the
BOSS DR12 CMASS sample.

Methodology and Data The cosmological model we as-
sume is the standard ⇤CDM model, described by the six
usual parameters: the current energy density of baryons
and of cold dark matter (⌦bh

2, ⌦ch
2), the ratio between

the sound horizon and the angular diameter distance at
decoupling (⇥s), the reionization optical depth (⌧), the
scalar spectral index (ns) and the amplitude of the pri-
mordial spectrum As plus two parameters that describe
the scale-independent and scale-dependent bias (abias,
cbias) and the sum of the masses of the three active neu-
trinos (M⌫).

We base our analyses on the measurements of the CMB
temperature, polarization and cross-correlation spectra
from the Planck 2015 release [6, 7]. We consider the full

temperature data combined with the large scale polariza-
tion measurements (i.e low-` polarization measurements
in the range 0 < ` < 29). We refer to this data as base.
Moreover we also add to this combination the small-scale
TE and EE polarization spectra as measured by Planck
High Frequency Instrument (HFI) and we name this data
set as basepol. Notice that, the results obtained with this
combination of data should be regarded as less conser-
vative because of a possible residual systematics in the
polarization spectra at high multipoles.

Together with Planck CMB data, we include the 3D
galaxy power spectrum shape from the Baryon Oscil-
lation Spectroscopic Survey (BOSS) Data Release 12
CMASS sample [8–11], as previously exploited in [12].
We model the theoretical galaxy power spectrum as
P g
th = b(k)Pm

HF⌫(k, z) + P s
HF⌫ , where b(k) is the scale-

dependent bias described by eq. 6, Pm
HF⌫(k, z) is the

non-linear matter power spectrum computed using the
HaloFit method [13, 14] in presence of massive neutri-
nos [15] and P s

HF⌫ is the shot-noise contribution. We
consider the same range of wavenumber used in [12] that
extend from 0.03 h/Mpc to 0.2 h/Mpc.
P g
th = bPm

HF(k, z) + P s

P g
th = b(k)Pm

HF⌫(k, z) + P s

Finally we consider the angular power spectrum mea-
surements as calculated in [16] by combining the CMB
lensing convergence map [17] measurements from Planck
2015 data release with the galaxy distribution from BOSS
CMASS galaxy sample Data Release 11 [18].

For our numerical analyses, we use the Boltzmann
CAMB code [19]and we derive the constraints on cos-
mological parameters using Monte Carlo Markov Chain
(MCMC) analysis based on the publicly available MCMC
package cosmomc [20].

DESCRIBE LIKELIHOOD!!??!?!?!?

Results First we send some simple runs using just
Planck data, together with Cgg

` and Cg
` . For Cg

` , we
remove the first 5 data points as they are clearly a↵ected
by systematics which lead to a reduction of power on
large scales (the whole dataset is still a↵ected to some
extent, but the amount of contamination was particu-
larly severe for the first 5 data points). The results are
shown in Tab. I and Figs. 1, ??.

The fact that Cg
` is a↵ected by residual systematics

leading to a power deficit on large scales is evident on the
results. The paucity of power on large scales is reflected
in a lower value of abias compared to that recovered from
Cgg

` . To accommodate at the same time a lack of power
on large scales but not on small scales, the data is pre-
ferring non-zero and large values of cbias. All of this is
reflected in poor neutrino mass constraints given the de-
generacy between M⌫ and cbias, or in a spurious evidence
for neutrino masses when Cg

` is combined with Cgg
` .
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scale-dependent coe�cient and s/s1 is a normalization
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equation s = �2

0 is the variance in the smoothed field at
scale R and s1 = �2

1 is the first moment variance at same
scale R. We can generalize the definition of variance as
follows:

sj = �2
j =

Z
dk

k2+2j

2⇡2
P (k)W 2(kR) , (5)
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We base our analyses on the measurements of the CMB
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from the Planck 2015 release [6, 7]. We consider the full
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in the range 0 < ` < 29). We refer to this data as base.
Moreover we also add to this combination the small-scale
TE and EE polarization spectra as measured by Planck
High Frequency Instrument (HFI) and we name this data
set as basepol. Notice that, the results obtained with this
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vative because of a possible residual systematics in the
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Together with Planck CMB data, we include the 3D
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lation Spectroscopic Survey (BOSS) Data Release 12
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We model the theoretical galaxy power spectrum as
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dependent bias described by eq. 6, Pm
HF⌫(k, z) is the

non-linear matter power spectrum computed using the
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HF⌫ is the shot-noise contribution. We
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extend from 0.03 h/Mpc to 0.2 h/Mpc.
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Finally we consider the angular power spectrum mea-
surements as calculated in [16] by combining the CMB
lensing convergence map [17] measurements from Planck
2015 data release with the galaxy distribution from BOSS
CMASS galaxy sample Data Release 11 [18].

For our numerical analyses, we use the Boltzmann
CAMB code [19]and we derive the constraints on cos-
mological parameters using Monte Carlo Markov Chain
(MCMC) analysis based on the publicly available MCMC
package cosmomc [20].
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by systematics which lead to a reduction of power on
large scales (the whole dataset is still a↵ected to some
extent, but the amount of contamination was particu-
larly severe for the first 5 data points). The results are
shown in Tab. I and Figs. 1, ??.

The fact that Cg
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leading to a power deficit on large scales is evident on the
results. The paucity of power on large scales is reflected
in a lower value of abias compared to that recovered from
Cgg

` . To accommodate at the same time a lack of power
on large scales but not on small scales, the data is pre-
ferring non-zero and large values of cbias. All of this is
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in which P (k, z) is the non-linear matter power spectrum
at redshift z and wavenumber k and b(k) is known as
scale-dependent bias which relates the density of galaxies
to the underlying dark matter density field. In Fourier
space it can be expressed as ( [4, 5]):
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in which b10 is the scale-independent coe�cient, b11 is the
scale-dependent coe�cient and s/s1 is a normalization
factor that makes dimensionless b1(k). In the previous
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0 is the variance in the smoothed field at
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1 is the first moment variance at same
scale R. We can generalize the definition of variance as
follows:
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j =
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where W (kR) is the Gaussian window function:
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the form:
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where abias is the scale independent factor and cbias is
defined as:

cbias =
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We take into account for a normalization factor of the
order of 14(Mpc/h)2 obtained after considering the
BOSS DR12 CMASS sample.

Methodology and Data The cosmological model we as-
sume is the standard ⇤CDM model, described by the six
usual parameters: the current energy density of baryons
and of cold dark matter (⌦bh

2, ⌦ch
2), the ratio between

the sound horizon and the angular diameter distance at
decoupling (⇥s), the reionization optical depth (⌧), the
scalar spectral index (ns) and the amplitude of the pri-
mordial spectrum As plus two parameters that describe
the scale-independent and scale-dependent bias (abias,
cbias) and the sum of the masses of the three active neu-
trinos (M⌫).

We base our analyses on the measurements of the CMB
temperature, polarization and cross-correlation spectra
from the Planck 2015 release [6, 7]. We consider the full

temperature data combined with the large scale polariza-
tion measurements (i.e low-` polarization measurements
in the range 0 < ` < 29). We refer to this data as base.
Moreover we also add to this combination the small-scale
TE and EE polarization spectra as measured by Planck
High Frequency Instrument (HFI) and we name this data
set as basepol. Notice that, the results obtained with this
combination of data should be regarded as less conser-
vative because of a possible residual systematics in the
polarization spectra at high multipoles.

Together with Planck CMB data, we include the 3D
galaxy power spectrum shape from the Baryon Oscil-
lation Spectroscopic Survey (BOSS) Data Release 12
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We model the theoretical galaxy power spectrum as
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Finally we consider the angular power spectrum mea-
surements as calculated in [16] by combining the CMB
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2015 data release with the galaxy distribution from BOSS
CMASS galaxy sample Data Release 11 [18].

For our numerical analyses, we use the Boltzmann
CAMB code [19]and we derive the constraints on cos-
mological parameters using Monte Carlo Markov Chain
(MCMC) analysis based on the publicly available MCMC
package cosmomc [20].
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` . For Cg
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by systematics which lead to a reduction of power on
large scales (the whole dataset is still a↵ected to some
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larly severe for the first 5 data points). The results are
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The fact that Cg
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leading to a power deficit on large scales is evident on the
results. The paucity of power on large scales is reflected
in a lower value of abias compared to that recovered from
Cgg

` . To accommodate at the same time a lack of power
on large scales but not on small scales, the data is pre-
ferring non-zero and large values of cbias. All of this is
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New approach: CMB lensing convergence-
galaxy density cross-correlation 

2

vational and theoretical side, we believe the time is ripe to
move the exciting research program of astrophysical and
cosmological studies with CMB lensing cross-correlations
one step further, by uncovering the matter distribution
and its relation to the distribution of its luminous trac-
ers more precisely than ever. It is our aim in this Letter
to use CMB lensing-galaxy cross-correlation to constrain
for the first time the scale-dependence of the galaxy bias.

Theory The CMB lensing consists of the gravitational
deflection of the CMB photons by the large scale distri-
bution of matter in the Universe. the mass distribution
along their path through the Large Scale Structure (LSS).
Since the CMB lensing maps contain the integrated in-
formation of the matter distribution in all redshift up to
the last scattering surface, it can be used as a probe of
the matter density of the Universe. In particular, the
calculation of the cross-correlation between CMB lensing
potential and the surveys of galaxy is a unique tool to
constraint cosmology and the evolution of the growth of
structures.

If we assume a ⇤CDM model, we can write the two-
points statistics of the galaxy-CMB lensing correlation in
Limber approximation as:

Ckg
` =

Z z1

z0

dz
H(z)

�2(z)
W k(z)fg(z)Pmg

✓
k =

`

�(z)
, z

◆
, (1)

where �(z) is the comoving distance at redshift z, fg(z)
is the redshift distribution of galaxies and Pmg(k, z) is
the matter-galaxy 3D cross-power spectrum defined as:

Pmg(k, z) = b(k)P (k, z) , (2)

in which P (k, z) is the non-linear matter power spectrum
at redshift z and wavenumber k and b(k) is the scale-
dependent bias. In equation ?? W k(z) is the kernel for
CMB lensing converge for a flat universe [? ? ]:

W k(z) =
3⌦m,0

2c

H2
0

H(z)
(1 + z)�(z)

�CMB � �(z)

�CMB
, (3)

where H(z) is the Hubble parameter at redshift z and H0

and ⌦m,0 represent the Hubble constant and the matter
density at present time. As a comparison, we also con-
sider the galaxy clustering angular auto-spectrum given
by:

Cgg
` =

Z z1

z0

dz
H(z)

c

1

�2(z)
f2
g (z)Pgg

✓
k =

`

�(z)
, z

◆
, (4)

in which Pgg is the galaxy 3D auto-power spectrum de-
fined as:

Pgg(k, z) = b2(k)P (k, z) . (5)

In equation ?? and ?? the quantity b(k) is known as
scale-dependent bias which relates the density of galaxies

to the underlying dark matter density field. In Fourier
space it can be expressed as ( [? ? ]):

b1(k) = b10 +
sb11
s1

k2 , (6)

in which b10 is the scale-independent coe�cient, b11 is the
scale-dependent coe�cient and s/s1 is a normalization
factor that makes dimensionless b1(k). In the previous
equation s = �2

0 is the variance in the smoothed field at
scale R and s1 = �2

1 is the first moment variance at same
scale R. We can generalize the definition of variance as
follows:

sj = �2
j =

Z
dk

k2+2j

2⇡2
P (k)W 2(kR) , (7)

where W (kR) is the Gaussian window function:
W (kR) = exp(�k2R2/2).
In this work we will consider a scale-dependent bias of

the form:

b(k) = abias + cbiask
2 , (8)

where abias is the scale independent factor and cbias is
defined as:

cbias =
s

s1
b11 . (9)

We take into account for a normalization factor of the
order of 14(Mpc/h)2 obtained after considering the
BOSS DR12 CMASS sample.

Data PLANCK + CMASS +CROSS-
CORRELATION FROM ANTHONY ET AL.The
non-linear matter power spectrum of equations ?? and ??
is computed using the HaloFit method with the CAMB
code [? ].
Results First we send some simple runs using just

Planck data, together with Cgg
` and Cg

` . For Cg
` , we

remove the first 5 data points as they are clearly a↵ected
by systematics which lead to a reduction of power on
large scales (the whole dataset is still a↵ected to some
extent, but the amount of contamination was particu-
larly severe for the first 5 data points). The results are
shown in Tab. ?? and Figs. ??, ??.
The fact that Cg

` is a↵ected by residual systematics
leading to a power deficit on large scales is evident on the
results. The paucity of power on large scales is reflected
in a lower value of abias compared to that recovered from
Cgg

` . To accommodate at the same time a lack of power
on large scales but not on small scales, the data is pre-
ferring non-zero and large values of cbias. All of this is
reflected in poor neutrino mass constraints given the de-
generacy between M⌫ and cbias, or in a spurious evidence
for neutrino masses when Cg

` is combined with Cgg
` .

2

vational and theoretical side, we believe the time is ripe to
move the exciting research program of astrophysical and
cosmological studies with CMB lensing cross-correlations
one step further, by uncovering the matter distribution
and its relation to the distribution of its luminous trac-
ers more precisely than ever. It is our aim in this Letter
to use CMB lensing-galaxy cross-correlation to constrain
for the first time the scale-dependence of the galaxy bias.

Theory The CMB lensing consists of the gravitational
deflection of the CMB photons by the large scale distri-
bution of matter in the Universe. the mass distribution
along their path through the Large Scale Structure (LSS).
Since the CMB lensing maps contain the integrated in-
formation of the matter distribution in all redshift up to
the last scattering surface, it can be used as a probe of
the matter density of the Universe. In particular, the
calculation of the cross-correlation between CMB lensing
potential and the surveys of galaxy is a unique tool to
constraint cosmology and the evolution of the growth of
structures.

If we assume a ⇤CDM model, we can write the two-
points statistics of the galaxy-CMB lensing correlation in
Limber approximation as:

Ckg
` =

Z z1

z0

dz
H(z)

�2(z)
W k(z)fg(z)Pmg

✓
k =

`

�(z)
, z

◆
, (1)

where �(z) is the comoving distance at redshift z, fg(z)
is the redshift distribution of galaxies and W k(z) is the
kernel for CMB lensing converge for a flat universe [2, 3]:

W k(z) =
3⌦m,0

2c

H2
0

H(z)
(1 + z)�(z)

�CMB � �(z)

�CMB
, (2)

in which H(z) is the Hubble parameter at redshift z and
H0 and ⌦m,0 represent the Hubble constant and the mat-
ter density at present time.

In equation 1 Pmg(k, z) is the matter-galaxy 3D cross-
power spectrum defined as:

Pmg(k, z) = b(k)P (k, z) , (3)

in which P (k, z) is the non-linear matter power spectrum
at redshift z and wavenumber k and b(k) is known as
scale-dependent bias which relates the density of galaxies
to the underlying dark matter density field. In Fourier
space it can be expressed as ( [4, 5]):

b1(k) = b10 +
sb11
s1

k2 , (4)

in which b10 is the scale-independent coe�cient, b11 is the
scale-dependent coe�cient and s/s1 is a normalization
factor that makes dimensionless b1(k). In the previous
equation s = �2

0 is the variance in the smoothed field at
scale R and s1 = �2

1 is the first moment variance at same
scale R. We can generalize the definition of variance as
follows:

sj = �2
j =

Z
dk

k2+2j

2⇡2
P (k)W 2(kR) , (5)

where W (kR) is the Gaussian window function:
W (kR) = exp(�k2R2/2).
In this work we will consider a scale-dependent bias of

the form:

b(k) = abias + cbiask
2 , (6)

where abias is the scale independent factor and cbias is
defined as:

cbias =
s

s1
b11 . (7)

We take into account for a normalization factor of the
order of 14(Mpc/h)2 obtained after considering the
BOSS DR12 CMASS sample.

Methodology and Data The cosmological model we as-
sume is the standard ⇤CDM model, described by the six
usual parameters: the current energy density of baryons
and of cold dark matter (⌦bh

2, ⌦ch
2), the ratio between

the sound horizon and the angular diameter distance at
decoupling (⇥s), the reionization optical depth (⌧), the
scalar spectral index (ns) and the amplitude of the pri-
mordial spectrum As plus two parameters that describe
the scale-independent and scale-dependent bias (abias,
cbias) and the sum of the masses of the three active neu-
trinos (M⌫).
We base our analyses on the measurements of the CMB

temperature, polarization and cross-correlation spectra
from the Planck 2015 release [6, 7]. We consider the full
temperature data combined with the large scale polariza-
tion measurements (i.e low-` polarization measurements
in the range 0 < ` < 29). We refer to this data as base.
Moreover we also add to this combination the small-scale
TE and EE polarization spectra as measured by Planck
High Frequency Instrument (HFI) and we name this data
set as basepol. Notice that, the results obtained with this
combination of data should be regarded as less conser-
vative because of a possible residual systematics in the
polarization spectra at high multipoles.
Together with Planck CMB data, we include the 3D

galaxy power spectrum shape from the Baryon Oscil-
lation Spectroscopic Survey (BOSS) Data Release 12
CMASS sample [8–11], as previously exploited in [12].
We model the theoretical galaxy power spectrum as
P g
th = b(k)Pm

HF⌫(k, z) + P s
HF⌫ , where b(k) is the scale-

dependent bias described by eq. 6, Pm
HF⌫(k, z) is the

non-linear matter power spectrum computed using the
HaloFit method [13, 14] in presence of massive neutri-
nos [15] and P s

HF⌫ is the shot-noise contribution. We
consider the same range of wavenumber used in [12] that
extend from 0.03 h/Mpc to 0.2 h/Mpc.
Finally we consider the angular power spectrum mea-

surements as calculated in [16] by combining the CMB
lensing convergence map [17] measurements from Planck

Kernel for CMB lensing 
converge 
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responsible for astrometric calibration (Pier et al. 2003),
photometric reduction (Lupton et al. 2001), and photo-
metric calibration (Padmanabhan et al. 2008). Bright
galaxies, luminous red galaxies (LRGs), and quasars
are selected for follow-up spectroscopy (Strauss et al.
2002; Eisenstein et al. 2001; Richards et al. 2002;
Blanton et al. 2003; Smee et al. 2013). The data used
in this survey were acquired between August 1998 and
May 2013.
CMASS (Anderson et al. 2014) (z = 0.43 − 0.7) con-

sists of 690,826 galaxies over an area of 8498 deg2, has
a mean redshift of 0.57, and is designed to be stellar-
mass-limited at z > 0.45. Each spectroscopic sector,
or region covered by a unique set of spectroscopic tiles
(Aihara et al. 2011), was required to have an overall com-
pleteness (the fraction of spectroscopic targets that were
observed) over 70% and a redshift completeness (the
fraction of observed galaxies with good spectra) over
80%. We use these galaxies to construct an overden-
sity map δi = (ni − n̄)/n̄, where i denotes the pixel on
the sky. ni =

!

j∈pixel iwj , where wj is the systematic
weightAnderson et al. (2014) of galaxy j. The map is
given a HEALPix pixelization with Nside = 1024. Note
that we do not weigh the pixels by their observed area
because the HEALPix pixels are much smaller than the
observed sectors for which the completeness is computed,
and we did not want to introduce extra power due to
possible errors in the completeness on small scales. Also,
the BOSS survey, which includes the CMASS sample,
has an average completeness of over 97%, so this should
be a very small effect.

4. ANGULAR POWER SPECTRA

4.1. Theory

We model the theoretical galaxy-CMB lensing con-
vergence angular cross-power spectrum and the galaxy
clustering angular auto-power spectrum using standard
methods. We assume ΛCDM with parameters consistent
with Planck 2013 (Planck Collaboration et al. 2014a)
and BOSS Data Release 11 (Anderson et al. 2012). We
use these models to estimate statistical errors from mocks
and systematic corrections to EG (see Section 5). How-
ever, our measurement of EG along with errors from jack-
knife resampling, which we use in our final result, does
not use our power spectrum models and is independent
of ΛCDM.
Using the Limber approximation for small scales (ℓ !

10) and assuming the ΛCDM model, the galaxy-CMB
lensing convergence angular cross-power spectrum can
be written as

Cκg
ℓ =

3H2
0Ωm,0

2c2

" z2

z1

dzW (z)fg(z)χ
−2(z)(1 + z)

×Pmg

#

ℓ

χ(z)
, z

$

, (4)

where fg(z) is the galaxy redshift distribution,
W (z) = χ(1 − χ(z)/χCMB) is the CMB lensing kernel,
χ(z) (χCMB) is the comoving distance out to redshift
z (the CMB surface-of-last-scattering redshift zCMB =
1100), and Pmg(k, z) is the matter-galaxy 3D cross-
power spectrum as a function of z and wavenumber
k (Hirata et al. 2004). The cosmological parameters

present are the Hubble parameter today H0 and the
current matter density parameter Ωm,0. The galaxy
redshift distribution for CMASS is shown in Fig. 1 of
Anderson et al. (2014). The galaxy clustering angular
auto-power spectrum can be written as

Cgg
ℓ =

" z2

z1

dz
H(z)

c
f2
g (z)χ

−2(z)Pgg

#

ℓ

χ(z)
, z

$

, (5)

where H(z) is the Hubble parameter at redshift z and
Pgg(k, z) is the galaxy 3D auto-power spectrum.

4.2. Mock Galaxy Catalogues from N -body Simulations

We compute the matter power spectra Pmg(k, z) and
Pgg(k, z) using N-body simulations. The N -body sim-
ulation runs using the TreePM method (Bagla 2002;
White et al. 2002; Reid et al. 2014). We use 10 real-
izations of this simulation based on the ΛCDM model
with Ωm = 0.292 and h = 0.69. These simulations
are in a periodic box of side length 1380h−1Mpc and
20483 particles. A friend-of-friend halo catalogue was
constructed at an effective redshift of z = 0.55. This
is appropriate for our measurement since the galaxy
sample used has effective redshift of 0.57. We use a
Halo Occupation Distribution (HOD) (Peacock & Smith
2000; Seljak 2000; Benson et al. 2000; White et al. 2001;
Berlind & Weinberg 2002; Cooray & Sheth 2002) to re-
late the observed clustering of galaxies with halos mea-
sured in the N -body simulation. We have used the HOD
model proposed in Beutler et al. (2014) to populate the
halo catalogue with galaxies.

⟨Ncen⟩M = 1
2

%

1 + erf
&

logM−logMmin

σlog M

'(

⟨Nsat⟩M = ⟨Ncen⟩M

&

M
Msat

'α

exp
)

−Mcut

M

*

, (6)

where ⟨Ncen⟩M is the average number of central galax-
ies for a given halo mass M and ⟨Nsat⟩M is the av-
erage number of satellites galaxies. We use the HOD
parameter set (Mmin = 9.319 × 1013M⊙/h,Msat =
6.729× 1013M⊙/h,σlogM = 0.2,α = 1.1,Mcut = 4.749×
1013M⊙/h) from Beutler et al. (2014). We have popu-
lated central galaxies at the center of our halo. The satel-
lite galaxies are populated with radius (distance from
central galaxy) distributed as per the NFW profile out
to r200 and the direction is chosen randomly with a uni-
form distribution.

5. ESTIMATORS

We estimate Cκg
ℓ and Cgg

ℓ along with errors using
the Planck CMB lensing map and CMASS galaxy map.
Since the lensing field is not Gaussian, least-squares es-
timates of Cκg

ℓ will be slightly biased, but not signif-
icantly compared to our measurement errors. We use
a pseudo-Cℓ estimator of the form (Lewis et al. 2011;
Planck Collaboration et al. 2014b)

Ĉκg
ℓ =

1

(2ℓ+ 1)fκg
sky

ℓ
+

m=−ℓ

gℓmκ
∗
ℓm , (7)

where fκg
sky is the sky fraction common to the galaxy cat-

alog and the CMB lensing convergence map, κℓm is the

= b(k) Pmm(k,z) Matter-galaxy 3D cross- power 
spectrum

Scale-dependent bias
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Scale-Dependence of galaxy bias 

• Bias relates the density of galaxies to the underlying dark matter density 
field.

• It can be expressed as: 

Scale-independent factor
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vational and theoretical side, we believe the time is ripe to
move the exciting research program of astrophysical and
cosmological studies with CMB lensing cross-correlations
one step further, by uncovering the matter distribution
and its relation to the distribution of its luminous trac-
ers more precisely than ever. It is our aim in this Letter
to use CMB lensing-galaxy cross-correlation to constrain
for the first time the scale-dependence of the galaxy bias.

Theory The CMB lensing consists of the gravitational
deflection of the CMB photons by the large scale distri-
bution of matter in the Universe. the mass distribution
along their path through the Large Scale Structure (LSS).
Since the CMB lensing maps contain the integrated in-
formation of the matter distribution in all redshift up to
the last scattering surface, it can be used as a probe of
the matter density of the Universe. In particular, the
calculation of the cross-correlation between CMB lensing
potential and the surveys of galaxy is a unique tool to
constraint cosmology and the evolution of the growth of
structures.

If we assume a ⇤CDM model, we can write the two-
points statistics of the galaxy-CMB lensing correlation in
Limber approximation as:

Ckg
` =

Z z1

z0

dz
H(z)

�2(z)
W k(z)fg(z)Pmg

✓
k =

`

�(z)
, z

◆
, (1)

where �(z) is the comoving distance at redshift z, fg(z)
is the redshift distribution of galaxies and W k(z) is the
kernel for CMB lensing converge for a flat universe [2, 3]:

W k(z) =
3⌦m,0

2c

H2
0

H(z)
(1 + z)�(z)

�CMB � �(z)

�CMB
, (2)

in which H(z) is the Hubble parameter at redshift z and
H0 and ⌦m,0 represent the Hubble constant and the mat-
ter density at present time.

In equation 1 Pmg(k, z) is the matter-galaxy 3D cross-
power spectrum defined as:

Pmg(k, z) = b(k)P (k, z) , (3)

in which P (k, z) is the non-linear matter power spectrum
at redshift z and wavenumber k and b(k) is known as
scale-dependent bias which relates the density of galaxies
to the underlying dark matter density field. In Fourier
space it can be expressed as ( [4, 5]):

b1(k) = b10 +
sb11
s1

k2 , (4)

in which b10 is the scale-independent coe�cient, b11 is the
scale-dependent coe�cient and s/s1 is a normalization
factor that makes dimensionless b1(k). In the previous
equation s = �2

0 is the variance in the smoothed field at
scale R and s1 = �2

1 is the first moment variance at same
scale R. We can generalize the definition of variance as
follows:

sj = �2
j =

Z
dk

k2+2j

2⇡2
P (k)W 2(kR) , (5)

where W (kR) is the Gaussian window function:
W (kR) = exp(�k2R2/2).
In this work we will consider a scale-dependent bias of

the form:

b(k) = abias + cbiask
2 , (6)

where abias is the scale independent factor and cbias is
defined as:

cbias =
s

s1
b11 . (7)

We take into account for a normalization factor of the
order of 14(Mpc/h)2 obtained after considering the
BOSS DR12 CMASS sample.

Methodology and Data The cosmological model we as-
sume is the standard ⇤CDM model, described by the six
usual parameters: the current energy density of baryons
and of cold dark matter (⌦bh

2, ⌦ch
2), the ratio between

the sound horizon and the angular diameter distance at
decoupling (⇥s), the reionization optical depth (⌧), the
scalar spectral index (ns) and the amplitude of the pri-
mordial spectrum As plus two parameters that describe
the scale-independent and scale-dependent bias (abias,
cbias) and the sum of the masses of the three active neu-
trinos (M⌫).
We base our analyses on the measurements of the CMB

temperature, polarization and cross-correlation spectra
from the Planck 2015 release [6, 7]. We consider the full
temperature data combined with the large scale polariza-
tion measurements (i.e low-` polarization measurements
in the range 0 < ` < 29). We refer to this data as base.
Moreover we also add to this combination the small-scale
TE and EE polarization spectra as measured by Planck
High Frequency Instrument (HFI) and we name this data
set as basepol. Notice that, the results obtained with this
combination of data should be regarded as less conser-
vative because of a possible residual systematics in the
polarization spectra at high multipoles.
Together with Planck CMB data, we include the 3D

galaxy power spectrum shape from the Baryon Oscil-
lation Spectroscopic Survey (BOSS) Data Release 12
CMASS sample [8–11], as previously exploited in [12].
We model the theoretical galaxy power spectrum as
P g
th = b(k)Pm

HF⌫(k, z) + P s
HF⌫ , where b(k) is the scale-

dependent bias described by eq. 6, Pm
HF⌫(k, z) is the

non-linear matter power spectrum computed using the
HaloFit method [13, 14] in presence of massive neutri-
nos [15] and P s

HF⌫ is the shot-noise contribution. We
consider the same range of wavenumber used in [12] that
extend from 0.03 h/Mpc to 0.2 h/Mpc.
Finally we consider the angular power spectrum mea-

surements as calculated in [16] by combining the CMB
lensing convergence map [17] measurements from Planck
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vational and theoretical side, we believe the time is ripe to
move the exciting research program of astrophysical and
cosmological studies with CMB lensing cross-correlations
one step further, by uncovering the matter distribution
and its relation to the distribution of its luminous trac-
ers more precisely than ever. It is our aim in this Letter
to use CMB lensing-galaxy cross-correlation to constrain
for the first time the scale-dependence of the galaxy bias.

Theory The CMB lensing consists of the gravitational
deflection of the CMB photons by the large scale distri-
bution of matter in the Universe. the mass distribution
along their path through the Large Scale Structure (LSS).
Since the CMB lensing maps contain the integrated in-
formation of the matter distribution in all redshift up to
the last scattering surface, it can be used as a probe of
the matter density of the Universe. In particular, the
calculation of the cross-correlation between CMB lensing
potential and the surveys of galaxy is a unique tool to
constraint cosmology and the evolution of the growth of
structures.

If we assume a ⇤CDM model, we can write the two-
points statistics of the galaxy-CMB lensing correlation in
Limber approximation as:

Ckg
` =

Z z1

z0

dz
H(z)

�2(z)
W k(z)fg(z)Pmg

✓
k =

`

�(z)
, z

◆
, (1)

where �(z) is the comoving distance at redshift z, fg(z)
is the redshift distribution of galaxies and W k(z) is the
kernel for CMB lensing converge for a flat universe [2, 3]:

W k(z) =
3⌦m,0

2c

H2
0

H(z)
(1 + z)�(z)

�CMB � �(z)

�CMB
, (2)

in which H(z) is the Hubble parameter at redshift z and
H0 and ⌦m,0 represent the Hubble constant and the mat-
ter density at present time.

In equation 1 Pmg(k, z) is the matter-galaxy 3D cross-
power spectrum defined as:

Pmg(k, z) = b(k)P (k, z) , (3)

in which P (k, z) is the non-linear matter power spectrum
at redshift z and wavenumber k and b(k) is known as
scale-dependent bias which relates the density of galaxies
to the underlying dark matter density field. In Fourier
space it can be expressed as ( [4, 5]):

b1(k) = b10 +
sb11
s1

k2 , (4)

in which b10 is the scale-independent coe�cient, b11 is the
scale-dependent coe�cient and s/s1 is a normalization
factor that makes dimensionless b1(k). In the previous
equation s = �2

0 is the variance in the smoothed field at
scale R and s1 = �2

1 is the first moment variance at same
scale R. We can generalize the definition of variance as
follows:

sj = �2
j =

Z
dk

k2+2j

2⇡2
P (k)W 2(kR) , (5)

where W (kR) is the Gaussian window function:
W (kR) = exp(�k2R2/2).
In this work we will consider a scale-dependent bias of

the form:

b(k) = abias + cbiask
2 , (6)

where abias is the scale independent factor and cbias is
defined as:

cbias =
s

s1
b11 . (7)

We take into account for a normalization factor of the
order of 14(Mpc/h)2 obtained after considering the
BOSS DR12 CMASS sample.

Methodology and Data The cosmological model we as-
sume is the standard ⇤CDM model, described by the six
usual parameters: the current energy density of baryons
and of cold dark matter (⌦bh

2, ⌦ch
2), the ratio between

the sound horizon and the angular diameter distance at
decoupling (⇥s), the reionization optical depth (⌧), the
scalar spectral index (ns) and the amplitude of the pri-
mordial spectrum As plus two parameters that describe
the scale-independent and scale-dependent bias (abias,
cbias) and the sum of the masses of the three active neu-
trinos (M⌫).
We base our analyses on the measurements of the CMB

temperature, polarization and cross-correlation spectra
from the Planck 2015 release [6, 7]. We consider the full
temperature data combined with the large scale polariza-
tion measurements (i.e low-` polarization measurements
in the range 0 < ` < 29). We refer to this data as base.
Moreover we also add to this combination the small-scale
TE and EE polarization spectra as measured by Planck
High Frequency Instrument (HFI) and we name this data
set as basepol. Notice that, the results obtained with this
combination of data should be regarded as less conser-
vative because of a possible residual systematics in the
polarization spectra at high multipoles.
Together with Planck CMB data, we include the 3D

galaxy power spectrum shape from the Baryon Oscil-
lation Spectroscopic Survey (BOSS) Data Release 12
CMASS sample [8–11], as previously exploited in [12].
We model the theoretical galaxy power spectrum as
P g
th = b(k)Pm

HF⌫(k, z) + P s
HF⌫ , where b(k) is the scale-

dependent bias described by eq. 6, Pm
HF⌫(k, z) is the

non-linear matter power spectrum computed using the
HaloFit method [13, 14] in presence of massive neutri-
nos [15] and P s

HF⌫ is the shot-noise contribution. We
consider the same range of wavenumber used in [12] that
extend from 0.03 h/Mpc to 0.2 h/Mpc.
Finally we consider the angular power spectrum mea-

surements as calculated in [16] by combining the CMB
lensing convergence map [17] measurements from Planck
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vational and theoretical side, we believe the time is ripe to
move the exciting research program of astrophysical and
cosmological studies with CMB lensing cross-correlations
one step further, by uncovering the matter distribution
and its relation to the distribution of its luminous trac-
ers more precisely than ever. It is our aim in this Letter
to use CMB lensing-galaxy cross-correlation to constrain
for the first time the scale-dependence of the galaxy bias.

Theory The CMB lensing consists of the gravitational
deflection of the CMB photons by the large scale distri-
bution of matter in the Universe. the mass distribution
along their path through the Large Scale Structure (LSS).
Since the CMB lensing maps contain the integrated in-
formation of the matter distribution in all redshift up to
the last scattering surface, it can be used as a probe of
the matter density of the Universe. In particular, the
calculation of the cross-correlation between CMB lensing
potential and the surveys of galaxy is a unique tool to
constraint cosmology and the evolution of the growth of
structures.

If we assume a ⇤CDM model, we can write the two-
points statistics of the galaxy-CMB lensing correlation in
Limber approximation as:

Ckg
` =

Z z1

z0

dz
H(z)

�2(z)
W k(z)fg(z)Pmg

✓
k =
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�(z)
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where �(z) is the comoving distance at redshift z, fg(z)
is the redshift distribution of galaxies and W k(z) is the
kernel for CMB lensing converge for a flat universe [2, 3]:

W k(z) =
3⌦m,0

2c

H2
0

H(z)
(1 + z)�(z)

�CMB � �(z)

�CMB
, (2)

in which H(z) is the Hubble parameter at redshift z and
H0 and ⌦m,0 represent the Hubble constant and the mat-
ter density at present time.

In equation 1 Pmg(k, z) is the matter-galaxy 3D cross-
power spectrum defined as:

Pmg(k, z) = b(k)P (k, z) , (3)

in which P (k, z) is the non-linear matter power spectrum
at redshift z and wavenumber k and b(k) is known as
scale-dependent bias which relates the density of galaxies
to the underlying dark matter density field. In Fourier
space it can be expressed as ( [4, 5]):

b1(k) = b10 +
sb11
s1

k2 , (4)

in which b10 is the scale-independent coe�cient, b11 is the
scale-dependent coe�cient and s/s1 is a normalization
factor that makes dimensionless b1(k). In the previous
equation s = �2

0 is the variance in the smoothed field at
scale R and s1 = �2

1 is the first moment variance at same
scale R. We can generalize the definition of variance as
follows:

sj = �2
j =

Z
dk

k2+2j

2⇡2
P (k)W 2(kR) , (5)

where W (kR) is the Gaussian window function:
W (kR) = exp(�k2R2/2).
In this work we will consider a scale-dependent bias of

the form:

b(k) = abias + cbiask
2 , (6)

where abias is the scale independent factor and cbias is
defined as:

cbias =
s

s1
b11 . (7)

We take into account for a normalization factor of the
order of 14(Mpc/h)2 obtained after considering the
BOSS DR12 CMASS sample.

Methodology and Data The cosmological model we as-
sume is the standard ⇤CDM model, described by the six
usual parameters: the current energy density of baryons
and of cold dark matter (⌦bh

2, ⌦ch
2), the ratio between

the sound horizon and the angular diameter distance at
decoupling (⇥s), the reionization optical depth (⌧), the
scalar spectral index (ns) and the amplitude of the pri-
mordial spectrum As plus two parameters that describe
the scale-independent and scale-dependent bias (abias,
cbias) and the sum of the masses of the three active neu-
trinos (M⌫).
We base our analyses on the measurements of the CMB

temperature, polarization and cross-correlation spectra
from the Planck 2015 release [6, 7]. We consider the full
temperature data combined with the large scale polariza-
tion measurements (i.e low-` polarization measurements
in the range 0 < ` < 29). We refer to this data as base.
Moreover we also add to this combination the small-scale
TE and EE polarization spectra as measured by Planck
High Frequency Instrument (HFI) and we name this data
set as basepol. Notice that, the results obtained with this
combination of data should be regarded as less conser-
vative because of a possible residual systematics in the
polarization spectra at high multipoles.
Together with Planck CMB data, we include the 3D

galaxy power spectrum shape from the Baryon Oscil-
lation Spectroscopic Survey (BOSS) Data Release 12
CMASS sample [8–11], as previously exploited in [12].
We model the theoretical galaxy power spectrum as
P g
th = b(k)Pm

HF⌫(k, z) + P s
HF⌫ , where b(k) is the scale-

dependent bias described by eq. 6, Pm
HF⌫(k, z) is the

non-linear matter power spectrum computed using the
HaloFit method [13, 14] in presence of massive neutri-
nos [15] and P s

HF⌫ is the shot-noise contribution. We
consider the same range of wavenumber used in [12] that
extend from 0.03 h/Mpc to 0.2 h/Mpc.
Finally we consider the angular power spectrum mea-

surements as calculated in [16] by combining the CMB
lensing convergence map [17] measurements from Planck
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vational and theoretical side, we believe the time is ripe to
move the exciting research program of astrophysical and
cosmological studies with CMB lensing cross-correlations
one step further, by uncovering the matter distribution
and its relation to the distribution of its luminous trac-
ers more precisely than ever. It is our aim in this Letter
to use CMB lensing-galaxy cross-correlation to constrain
for the first time the scale-dependence of the galaxy bias.

Theory The CMB lensing consists of the gravitational
deflection of the CMB photons by the large scale distri-
bution of matter in the Universe. the mass distribution
along their path through the Large Scale Structure (LSS).
Since the CMB lensing maps contain the integrated in-
formation of the matter distribution in all redshift up to
the last scattering surface, it can be used as a probe of
the matter density of the Universe. In particular, the
calculation of the cross-correlation between CMB lensing
potential and the surveys of galaxy is a unique tool to
constraint cosmology and the evolution of the growth of
structures.

If we assume a ⇤CDM model, we can write the two-
points statistics of the galaxy-CMB lensing correlation in
Limber approximation as:
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where �(z) is the comoving distance at redshift z, fg(z)
is the redshift distribution of galaxies and W k(z) is the
kernel for CMB lensing converge for a flat universe [2, 3]:

W k(z) =
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in which H(z) is the Hubble parameter at redshift z and
H0 and ⌦m,0 represent the Hubble constant and the mat-
ter density at present time.

In equation 1 Pmg(k, z) is the matter-galaxy 3D cross-
power spectrum defined as:

Pmg(k, z) = b(k)P (k, z) , (3)

in which P (k, z) is the non-linear matter power spectrum
at redshift z and wavenumber k and b(k) is known as
scale-dependent bias which relates the density of galaxies
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space it can be expressed as ( [4, 5]):
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where W (kR) is the Gaussian window function:
W (kR) = exp(�k2R2/2).
In this work we will consider a scale-dependent bias of

the form:
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defined as:
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Since the CMB lensing maps contain the integrated in-
formation of the matter distribution in all redshift up to
the last scattering surface, it can be used as a probe of
the matter density of the Universe. In particular, the
calculation of the cross-correlation between CMB lensing
potential and the surveys of galaxy is a unique tool to
constraint cosmology and the evolution of the growth of
structures.

If we assume a ⇤CDM model, we can write the two-
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Limber approximation as:
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where �(z) is the comoving distance at redshift z, fg(z)
is the redshift distribution of galaxies and Pmg(k, z) is
the matter-galaxy 3D cross-power spectrum defined as:

Pmg(k, z) = b(k)P (k, z) , (2)

in which P (k, z) is the non-linear matter power spectrum
at redshift z and wavenumber k and b(k) is the scale-
dependent bias. In equation 1 W k(z) is the kernel for
CMB lensing converge for a flat universe [2, 3]:
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where H(z) is the Hubble parameter at redshift z and H0

and ⌦m,0 represent the Hubble constant and the matter
density at present time. As a comparison, we also con-
sider the galaxy clustering angular auto-spectrum given
by:
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in which Pgg is the galaxy 3D auto-power spectrum de-
fined as:

Pgg(k, z) = b2(k)P (k, z) . (5)

In equation 2 and 5 the quantity b(k) is known as scale-
dependent bias which relates the density of galaxies to

the underlying dark matter density field. In Fourier space
it can be expressed as ( [4, 5]):

b1(k) = b10 +
sb11
s1

k2 , (6)

in which b10 is the scale-independent coe�cient, b11 is the
scale-dependent coe�cient and s/s1 is a normalization
factor that makes dimensionless b1(k). In the previous
equation s = �2

0 is the variance in the smoothed field at
scale R and s1 = �2

1 is the first moment variance at same
scale R. We can generalize the definition of variance as
follows:

sj = �2
j =

Z
dk

k2+2j

2⇡2
P (k)W 2(kR) , (7)

where W (kR) is the Gaussian window function:
W (kR) = exp(�k2R2/2).
In this work we will consider a scale-dependent bias of

the form:

b(k) = abias + cbiask
2 , (8)

where abias is the scale independent factor and cbias is
defined as:

cbias =
s

s1
b11 . (9)

We take into account for a normalization factor of the
order of 14(Mpc/h)2 obtained after considering the
BOSS DR12 CMASS sample.

Data PLANCK + CMASS +CROSS-
CORRELATION FROM ANTHONY ET AL.The
non-linear matter power spectrum of equations 2 and 5
is computed using the HaloFit method with the CAMB
code [6].
Results First we send some simple runs using just

Planck data, together with Cgg
` and Cg

` . For Cg
` , we

remove the first 5 data points as they are clearly a↵ected
by systematics which lead to a reduction of power on
large scales (the whole dataset is still a↵ected to some
extent, but the amount of contamination was particu-
larly severe for the first 5 data points). The results are
shown in Tab. I and Figs. 2, ??.
The fact that Cg

` is a↵ected by residual systematics
leading to a power deficit on large scales is evident on the
results. The paucity of power on large scales is reflected
in a lower value of abias compared to that recovered from
Cgg

` . To accommodate at the same time a lack of power
on large scales but not on small scales, the data is pre-
ferring non-zero and large values of cbias. All of this is
reflected in poor neutrino mass constraints given the de-
generacy between M⌫ and cbias, or in a spurious evidence
for neutrino masses when Cg

` is combined with Cgg
` .

Scale-dependent factor

M. Musso, A. Paranjape and R. K. Sheth  2012

Desjacques, Jeong, Schmidt 2016

E. Castorina, A. Paranjape and R. K. Sheth 2016
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Measurement: Planck CMB lensing
Planck Collaboration: Gravitational lensing by large-scale structures with Planck

through reionization ⌧ = 0.065. These cosmological parame-
ters also form the basis for the FFP8 Monte Carlo simulation
set. In addition to rescaling the FFP8 maps as already discussed,
we have also adjusted the power spectra of the fiducial model
by rescaling the CMB temperature and polarization spectra by a
factor of 1.01342, and the temperature-lensing cross-correlation
CT�

L by 1.0134. We have not applied any scaling to the fidu-
cial lensing power spectrum. Our reconstruction methodology
(in particular, the renormalization corrections, addition of fore-
ground power, and realization-dependent bias corrections that
we apply, discussed in Appendix C) renders the cosmological
interpretation of our lensing estimates insensitive to errors in the
fiducial model power spectra and simulations.

3. Results

In this section, we provide a summary of the first science re-
sults obtained with the minimum-variance lens reconstruction
from the Planck full-mission data. The lensing potential map is
presented in Sect. 3.1, and this is combined in Sect. 3.2 with
the E-mode polarization measured by Planck to obtain a map
of the expected B-mode polarization due to lensing. We fur-
ther show that this is correlated with the B-modes measured by
Planck at the expected level. In Sect. 3.3, we cross-correlate the
reconstructed lensing potential with the large-angle temperature
anisotropies to measure the CT�

L correlation sourced by the ISW
e↵ect. Finally, the power spectrum of the lensing potential is pre-
sented in Sect. 3.4. We use the associated likelihood alone, and
in combination with that constructed from the Planck temper-
ature and polarization power spectra (Planck Collaboration XI
2016), to constrain cosmological parameters in Sect. 3.5.

3.1. Lensing potential

In Fig. 2 we plot the Wiener-filtered minimum-variance lensing
estimate, given by

�̂WF
LM =

C��, fid
L

C��, fid
L + N��L

�̂MV
LM , (5)

where C��, fid
L is the lensing potential power spectrum in our fidu-

cial model and N��L is the noise power spectrum of the recon-
struction. As we shall discuss in Sect. 4.5, the lensing potential
estimate is unstable for L < 8, and so we have excluded those
modes for all analyses in this paper, as well as in the MV lensing
map.

As a visual illustration of the signal-to-noise level in the lens-
ing potential estimate, in Fig. 3 we plot a simulation of the MV
reconstruction, as well as the input � realization used. The re-
construction and input are clearly correlated, although the recon-
struction has considerable additional power due to noise. As can
be seen in Fig. 1, even the MV reconstruction only has S/N ⇡ 1
for a few modes around L ⇡ 50.

The MV lensing estimate in Fig. 2 forms the basis for a
public lensing map that we provide to the community (Planck
Collaboration I 2016). The raw lensing potential estimate has a
very red power spectrum, with most of its power on large angular
scales. This can cause leakage issues when cutting the map (for
example to cross-correlate with an additional mass tracer over a
small portion of the sky). The lensing convergence  defined by

LM =
L(L + 1)

2
�LM , (6)

�̂WF (Data)

Fig. 2 Lensing potential estimated from the SMICA full-mission
CMB maps using the MV estimator. The power spectrum of
this map forms the basis of our lensing likelihood. The estimate
has been Wiener filtered following Eq. (5), and band-limited to
8  L  2048.

�̂WF (Sim.)

Input � (Sim.)

Fig. 3 Simulation of a Wiener-filtered MV lensing reconstruc-
tion (upper) and the input � realization (lower), filtered in the
same way as the MV lensing estimate. The reconstruction and
input are clearly correlated, although the reconstruction has con-
siderable additional power due to noise.

has a much whiter power spectrum, particularly on large angular
scales. The reconstruction noise on  is approximately white as
well (Bucher et al. 2012). For this reason, we provide a map
of the estimated lensing convergence  rather than the lensing
potential �.

3.2. Lensing B-mode power spectrum

The odd-parity B-mode component of the CMB polarization is
of great importance for early-universe cosmology. At first order
in perturbation theory it is not sourced by the scalar fluctuations
that dominate the temperature and polarization anisotropies, and
so the observation of primordial B-modes can be used as a

4

Planck Collaboration 

• Lensing convergence map related to the matter over-density: 

• Estimated from CMB temperature, E-polarization maps. 
• Covers 70% of sky

2

1. INTRODUCTION

Gravitational lensing of the primordial anisotropies of the
cosmic microwave background (CMB) imprints information
about the density fluctuations between z ⇠ 1100 and the
present day onto the observed CMB fluctuations. This infor-
mation can be extracted by measuring the induced correlation
between initially independent spatial modes of the CMB and
used to construct a map of the lensing convergence field. This
field is closely related to the projected gravitational potential.

The statistics of CMB lensing maps provide powerful con-
straints on cosmological parameters (Lesgourgues et al. 2006;
de Putter et al. 2009). Such maps can also be combined with
other tracers of large-scale structure to test cosmological mod-
els and constrain properties of the tracer population. One such
analysis involves cross-correlating lensing maps with galaxy
catalogs. The correlation measures the average lensing sig-
nal from the dark matter halos that host the galaxies and can
be used to determine the halo bias. These measurements test
models of the time evolution of cosmic density fluctuations
and of primordial non-Gaussianity (Dalal et al. 2008; Jeong
et al. 2009).

CMB lensing is a young field. The first detections—using
lensing-galaxy cross-correlations—were reported relatively
recently (Smith et al. 2007; Hirata et al. 2008). The first de-
tections of lensing in CMB data alone have come from high-
resolution CMB experiments, both through non-Gaussianity
(Das et al. 2011b; van Engelen et al. 2012) and through smear-
ing of the acoustic peaks (Reichardt et al. 2009; Das et al.
2011a; Keisler et al. 2011). Within the next year, further ad-
vances are expected: the Planck satellite (The Planck Collab-
oration 2006) will create all-sky convergence maps (Hanson
et al. 2011), and the now-completed 2500 deg2 South Pole
Telescope (SPT) survey (Carlstrom et al. 2011) will produce
complementary lensing maps that have significantly higher
signal-to-noise per mode than the Planck maps.

Here we present the results of the cross-correlation of sev-
eral galaxy populations with convergence maps from the SPT.
In contrast to previous detections of this cross-correlation that
utilized a large fraction of the sky with low signal-to-noise
lensing maps (Smith et al. 2007; Hirata et al. 2008), we use
convergence maps that have signal-to-noise greater than 1 on
degree scales but significantly less sky area; the results pre-
sented are from two ⇠ 100 deg2 SPT fields. A significant
cross-correlation is detected between the convergence maps
and maps of galaxy density constructed from optical and in-
frared (IR) catalogs in each of the two fields.

The paper is structured as follows. We first discuss the un-
derlying theory and provide a brief overview of the process of
making convergence maps from CMB data. We next describe
the catalogs, real and simulated, that we cross-correlate with
the lensing maps. We conclude with a discussion of the re-
sults and the potential of upcoming large CMB lensing data
sets and large-area galaxy surveys.

2. THEORY

The CMB lensing convergence in a direction n̂ on the sky
is given in terms of the matter fluctuations by a line-of-sight
integration,

(n̂) =

Z
d�W(�)�(�n̂, z(�)), (1)

where �(r, z) is the fractional matter over-density at comov-
ing position r and redshift z, and the distance kernel is

(Cooray & Hu 2000; Song et al. 2003)

W(�) =
3

2
⌦mH2

0
�

a(�)

�CMB � �

�CMB

. (2)

Here, ⌦m is the matter density relative to the critical density
evaluated today, H0 is the Hubble parameter today, a(�) is
the cosmological scale factor, �CMB ' 14Gpc is the comov-
ing distance to the CMB recombination surface, and we have
assumed a spatially flat Universe.

Under the assumption that observed galaxies are biased
tracers of mass fluctuations, the observed fractional galaxy
over-density in a direction n̂ is given by

g(n̂) =

Z
d�W g(�)�(�n̂, z(�)), (3)

where the distance kernel is

W g(�) =
1hR

dz0 dN(z0)
dz0

i dz

d�

dN(z)

dz
b(�). (4)

Here, dN(z)/dz is the distribution of galaxies in redshift and
b(�) is the bias of the galaxies relative to the dark matter den-
sity, assumed here to be independent of scale.

The cross power between the convergence and the galaxy
over-density at a multipole L is given in the Limber approxi-
mation (Limber 1953; Kaiser 1992) by

Cg
L =

Z
dz

d�

dz

1

�2
W(�)W g(�)P

✓
k =

L

�
, z

◆
, (5)

where the matter power spectrum today, P (k, 0) is given by
h�?(k)�(k0)i = (2⇡)3�Dirac(k�k0)P (k, 0) under the assump-
tion of independent Fourier modes k and k0. The amount
of cross-correlation is thus determined by the overlap be-
tween the two kernels, weighted by the matter power spec-
trum. The factors which determine this overlap, namely
1
�W

[g,](z)(P (k, z)d�/dz)1/2, are plotted for the CMB lens-
ing convergence and several galaxy populations in the bottom
panel of Figure 1.

3. CONVERGENCE MAPS FROM CMB LENSING

CMB maps of two fields, one centered at (RA,DEC) =
(23h30m,-55d) and the other at (5h30m,-55d), were con-
structed using 150 GHz data from the SPT survey. These
fields together encompass 185 deg2 and are the deepest SPT
fields to date as they were observed with roughly twice the
time per unit area as the rest of the SPT survey. In addition
to the 2008 data used in van Engelen et al. (2012) (hereafter
V12), the maps used in this analysis include data from the
2010-2011 observing seasons. As such, the resulting lensing
maps are ⇠ 10% lower in noise than the typical maps to be
expected from the rest of the survey.

Convergence maps were constructed using a quadratic es-
timator (Hu & Okamoto 2002), as outlined in V12. Point
sources with signal-to-noise greater than 6 were masked,
while clusters detected via the thermal Sunyaev-Zeldovich
(tSZ) effect were masked if they had a signal-to-noise greater
than 6 in the 2008 data alone. This cross-correlation study
is less sensitive to foreground contamination and offsets in
power than the V12 analysis; therefore, the temperature maps
were filtered to include modes from l = 1200–4000, a larger
range than the l = 1200–3000 used in V12.

CMB Lensing

• We propose measuring EG using cosmic microwave background 
(CMB) lensing. 

• CMB lensing advantages: no intrinsic alignments; precise, well-
defined source plane.

Tyson et al. 1984, Linder 1988 Image Credit: ESA
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Figure 2. Evolution of the BOSS sky coverage from DR9 to DR11. Top panels show our observations in the North Galactic Cap (NGC) while lower panels
show observations in the South Galactic Cap (SGC). Colors indicate the spectroscopic completeness within each sector as indicated in the key in the lower
right panel. Gray areas indicate our expected footprint upon completion of the survey. The total sky coverage in DR9, DR10, and DR11 is 3,275 deg2, 6,161
deg2, and 8,377 deg2, respectively.

design appears in Eisenstein et al. (2011), and a full description, in-
cluding a discussion of the motivation for the targeting criteria, is
provided in Dawson et al. (2012).

2.2 Galaxy Catalogues

BOSS selects two classes of galaxies to be targeted for spec-
troscopy using SDSS DR8 imaging. The ‘LOWZ’ algorithm is de-
signed to select red galaxies at z < 0.45 from the SDSS DR8
imaging data via

r
cmod

< 13.5 + ck/0.3 (1)
|c?| < 0.2 (2)

16 < r
cmod

< 19.6 (3)
r
psf

� r
mod

> 0.3 (4)

where here i and r indicate magnitudes and all magnitudes are cor-
rected for Galactic extinction (via the Schlegel, Finkbeiner & Davis
1998 dust maps), the subscript psf denotes PSF magnitudes, the
subscript mod denotes ‘model’ magnitudes (Stoughton et al. 2002),
the subscript cmod denotes ‘cmodel’ magnitudes (Abazajian et al.
2004), and

ck = 0.7 (g
mod

� r
mod

) + 1.2 (r
mod

� i
mod

� 0.18) (5)

and

c? = r
mod

� i
mod

� (g
mod

� r
mod

)/4.0� 0.18. (6)

The resulting LOWZ galaxy sample has three times the spatial den-
sity of the SDSS-II LRGs, as is shown in Fig. 1, with a similar
clustering amplitude to the CMASS sample (Parejko et al. 2013).

We define the effective redshift, z
e↵

, as the mean redshift of a
sample weighted by the number of galaxy pairs with separations
80 < s < 120h�1Mpc. For the LOWZ sample z

e↵

= 0.32,
slightly lower than that of the SDSS-II LRGs as we place a red-
shift cut z < 0.43 to ensure no overlap with the CMASS sample,
and hence independent measurements. Further details can be found
in Parejko et al. (2013) and Tojeiro et al. (2014). Due to difficulties

during the early phases of the project, the sky area of the LOWZ
sample lags that of the full survey by approximately 1 000 deg

2, as
can be seen in comparison of Tables 1 and 2.

The CMASS sample is designed to be approximately stellar-
mass-limited above z = 0.45. These galaxies are selected from the
SDSS DR8 imaging via

17.5 < i
cmod

< 19.9 (7)
r
mod

� i
mod

< 2 (8)
d? > 0.55 (9)

i
fib2

< 21.5 (10)
i
cmod

< 19.86 + 1.6(d? � 0.8) (11)

where

d? = r
mod

� i
mod

� (g
mod

� r
mod

)/8.0, (12)

and ifib2 is the i-band magnitude within a 2

00 aperture radius.
For CMASS targets, stars are further separated from galaxies by
only keeping objects with

i
psf

� i
mod

> 0.2 + 0.2(20.0� i
mod

) (13)
z
psf

� z
mod

> 9.125� 0.46 z
mod

, (14)

unless the target also passes the LOWZ cuts (Eqs. 1-4) listed above.
The CMASS selection yields a sample with a median redshift

z = 0.57 and a stellar mass that peaks at log
10

(M/M�) = 11.3
(Maraston et al. 2013) and a (stellar) velocity dispersion that peaks
at 240 km s

�1 (Bolton et al. 2012; Thomas et al. 2013). Most
CMASS targets are central galaxies residing in dark matter halos
of ⇠ 10

13 h�1M�, but a non-negligible fraction are satellites that
live primarily in halos about 10 times more massive (White et al.
2011; Nuza et al. 2013). Further discussion can be found in Tojeiro
et al. (2012). Kinematics and emission line properties are described
in Thomas et al. (2013).

Target lists are produced using these algorithms and are then
“tiled” to produce lists of galaxies to be observed with a single
pointing of the Sloan telescope. Not all targets can be assigned

c� 2014 RAS, MNRAS 000, 2–39
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show observations in the South Galactic Cap (SGC). Colors indicate the spectroscopic completeness within each sector as indicated in the key in the lower
right panel. Gray areas indicate our expected footprint upon completion of the survey. The total sky coverage in DR9, DR10, and DR11 is 3,275 deg2, 6,161
deg2, and 8,377 deg2, respectively.

design appears in Eisenstein et al. (2011), and a full description, in-
cluding a discussion of the motivation for the targeting criteria, is
provided in Dawson et al. (2012).

2.2 Galaxy Catalogues

BOSS selects two classes of galaxies to be targeted for spec-
troscopy using SDSS DR8 imaging. The ‘LOWZ’ algorithm is de-
signed to select red galaxies at z < 0.45 from the SDSS DR8
imaging data via
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The resulting LOWZ galaxy sample has three times the spatial den-
sity of the SDSS-II LRGs, as is shown in Fig. 1, with a similar
clustering amplitude to the CMASS sample (Parejko et al. 2013).

We define the effective redshift, z
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, as the mean redshift of a
sample weighted by the number of galaxy pairs with separations
80 < s < 120h�1Mpc. For the LOWZ sample z
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= 0.32,
slightly lower than that of the SDSS-II LRGs as we place a red-
shift cut z < 0.43 to ensure no overlap with the CMASS sample,
and hence independent measurements. Further details can be found
in Parejko et al. (2013) and Tojeiro et al. (2014). Due to difficulties

during the early phases of the project, the sky area of the LOWZ
sample lags that of the full survey by approximately 1 000 deg

2, as
can be seen in comparison of Tables 1 and 2.
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unless the target also passes the LOWZ cuts (Eqs. 1-4) listed above.
The CMASS selection yields a sample with a median redshift

z = 0.57 and a stellar mass that peaks at log
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(Maraston et al. 2013) and a (stellar) velocity dispersion that peaks
at 240 km s
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Target lists are produced using these algorithms and are then
“tiled” to produce lists of galaxies to be observed with a single
pointing of the Sloan telescope. Not all targets can be assigned

c� 2014 RAS, MNRAS 000, 2–39

4 L. Anderson et al.

Figure 2. Evolution of the BOSS sky coverage from DR9 to DR11. Top panels show our observations in the North Galactic Cap (NGC) while lower panels
show observations in the South Galactic Cap (SGC). Colors indicate the spectroscopic completeness within each sector as indicated in the key in the lower
right panel. Gray areas indicate our expected footprint upon completion of the survey. The total sky coverage in DR9, DR10, and DR11 is 3,275 deg2, 6,161
deg2, and 8,377 deg2, respectively.

design appears in Eisenstein et al. (2011), and a full description, in-
cluding a discussion of the motivation for the targeting criteria, is
provided in Dawson et al. (2012).

2.2 Galaxy Catalogues

BOSS selects two classes of galaxies to be targeted for spec-
troscopy using SDSS DR8 imaging. The ‘LOWZ’ algorithm is de-
signed to select red galaxies at z < 0.45 from the SDSS DR8
imaging data via

r
cmod

< 13.5 + ck/0.3 (1)
|c?| < 0.2 (2)

16 < r
cmod

< 19.6 (3)
r
psf

� r
mod

> 0.3 (4)

where here i and r indicate magnitudes and all magnitudes are cor-
rected for Galactic extinction (via the Schlegel, Finkbeiner & Davis
1998 dust maps), the subscript psf denotes PSF magnitudes, the
subscript mod denotes ‘model’ magnitudes (Stoughton et al. 2002),
the subscript cmod denotes ‘cmodel’ magnitudes (Abazajian et al.
2004), and

ck = 0.7 (g
mod

� r
mod

) + 1.2 (r
mod

� i
mod

� 0.18) (5)

and

c? = r
mod

� i
mod

� (g
mod

� r
mod

)/4.0� 0.18. (6)

The resulting LOWZ galaxy sample has three times the spatial den-
sity of the SDSS-II LRGs, as is shown in Fig. 1, with a similar
clustering amplitude to the CMASS sample (Parejko et al. 2013).

We define the effective redshift, z
e↵

, as the mean redshift of a
sample weighted by the number of galaxy pairs with separations
80 < s < 120h�1Mpc. For the LOWZ sample z

e↵

= 0.32,
slightly lower than that of the SDSS-II LRGs as we place a red-
shift cut z < 0.43 to ensure no overlap with the CMASS sample,
and hence independent measurements. Further details can be found
in Parejko et al. (2013) and Tojeiro et al. (2014). Due to difficulties

during the early phases of the project, the sky area of the LOWZ
sample lags that of the full survey by approximately 1 000 deg

2, as
can be seen in comparison of Tables 1 and 2.

The CMASS sample is designed to be approximately stellar-
mass-limited above z = 0.45. These galaxies are selected from the
SDSS DR8 imaging via

17.5 < i
cmod

< 19.9 (7)
r
mod

� i
mod

< 2 (8)
d? > 0.55 (9)

i
fib2

< 21.5 (10)
i
cmod

< 19.86 + 1.6(d? � 0.8) (11)

where

d? = r
mod

� i
mod

� (g
mod

� r
mod

)/8.0, (12)

and ifib2 is the i-band magnitude within a 2

00 aperture radius.
For CMASS targets, stars are further separated from galaxies by
only keeping objects with

i
psf

� i
mod

> 0.2 + 0.2(20.0� i
mod

) (13)
z
psf

� z
mod

> 9.125� 0.46 z
mod

, (14)

unless the target also passes the LOWZ cuts (Eqs. 1-4) listed above.
The CMASS selection yields a sample with a median redshift

z = 0.57 and a stellar mass that peaks at log
10

(M/M�) = 11.3
(Maraston et al. 2013) and a (stellar) velocity dispersion that peaks
at 240 km s

�1 (Bolton et al. 2012; Thomas et al. 2013). Most
CMASS targets are central galaxies residing in dark matter halos
of ⇠ 10

13 h�1M�, but a non-negligible fraction are satellites that
live primarily in halos about 10 times more massive (White et al.
2011; Nuza et al. 2013). Further discussion can be found in Tojeiro
et al. (2012). Kinematics and emission line properties are described
in Thomas et al. (2013).

Target lists are produced using these algorithms and are then
“tiled” to produce lists of galaxies to be observed with a single
pointing of the Sloan telescope. Not all targets can be assigned

c� 2014 RAS, MNRAS 000, 2–39

Measurement: CMASS galaxy survey

NGC SGC

SDSS-BOSS Collaboration 

• CMASS sample consists of 690,826 galaxies over an area 
of 8498 deg^2. It has a mean redshift of 0.57.  

• Redshift range: 0.43-0.7 
• Included systematic effects 
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• ΛCDM model described by the six parameters: Ωbh2, Ωmh2, ns, θ, τ, As
+ abias +cbias 

Results using b(k) 
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• ΛCDM model described by the six parameters: Ωbh2, Ωmh2, ns, θ, τ, As
+ abias +cbias + Mν

• DATA: 
Planck 2015 full temperature data combined with the large scale 

polarization measurements, 0<l<29 (Planck TT+lowP)
CMB lensing-galaxy cross-correlation angular power spectrum     

(        )
3D  galaxy power - spectrum from  BOSS  DR12  CMASS 

sample:                                                 , 0.03 h/Mpc<k< 0.2 h/Mpc

3

FIG. 1: One-dimensional posterior probability for M⌫ ob-
tained with the baseline data Planck TT+lowP in combina-
tion with the galaxy power spectrum of the CMASS sample
from the SDSS-BOSS data release 12 (red line) and with CMB
lensing-galaxy cross-correlation angular power spectrum (blue
line).

2015 data release with the galaxy distribution from BOSS
CMASS galaxy sample Data Release 11 [18].

For our numerical analyses, we use the Boltzmann
CAMB code [19]and we derive the constraints on cos-
mological parameters using Monte Carlo Markov Chain
(MCMC) analysis based on the publicly available MCMC
package cosmomc [20].

DESCRIBE LIKELIHOOD!!??!?!?!?

Results First we send some simple runs using just
Planck data, together with Cgg

` and Cg
` . For Cg

` , we
remove the first 5 data points as they are clearly a↵ected
by systematics which lead to a reduction of power on
large scales (the whole dataset is still a↵ected to some
extent, but the amount of contamination was particu-
larly severe for the first 5 data points). The results are
shown in Tab. I and Figs. 1, ??.

The fact that Cg
` is a↵ected by residual systematics

leading to a power deficit on large scales is evident on the
results. The paucity of power on large scales is reflected
in a lower value of abias compared to that recovered from
Cgg

` . To accommodate at the same time a lack of power
on large scales but not on small scales, the data is pre-
ferring non-zero and large values of cbias. All of this is
reflected in poor neutrino mass constraints given the de-
generacy between M⌫ and cbias, or in a spurious evidence
for neutrino masses when Cg

` is combined with Cgg
` .
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vational and theoretical side, we believe the time is ripe to
move the exciting research program of astrophysical and
cosmological studies with CMB lensing cross-correlations
one step further, by uncovering the matter distribution
and its relation to the distribution of its luminous trac-
ers more precisely than ever. It is our aim in this Letter
to use CMB lensing-galaxy cross-correlation to constrain
for the first time the scale-dependence of the galaxy bias.

Theory The CMB lensing consists of the gravitational
deflection of the CMB photons by the large scale distri-
bution of matter in the Universe. the mass distribution
along their path through the Large Scale Structure (LSS).
Since the CMB lensing maps contain the integrated in-
formation of the matter distribution in all redshift up to
the last scattering surface, it can be used as a probe of
the matter density of the Universe. In particular, the
calculation of the cross-correlation between CMB lensing
potential and the surveys of galaxy is a unique tool to
constraint cosmology and the evolution of the growth of
structures.

If we assume a ⇤CDM model, we can write the two-
points statistics of the galaxy-CMB lensing correlation in
Limber approximation as:

Ckg
` =

Z z1

z0

dz
H(z)

�2(z)
W k(z)fg(z)Pmg

✓
k =

`

�(z)
, z

◆
, (1)

where �(z) is the comoving distance at redshift z, fg(z)
is the redshift distribution of galaxies and W k(z) is the
kernel for CMB lensing converge for a flat universe [2, 3]:

W k(z) =
3⌦m,0

2c

H2
0

H(z)
(1 + z)�(z)

�CMB � �(z)

�CMB
, (2)

in which H(z) is the Hubble parameter at redshift z and
H0 and ⌦m,0 represent the Hubble constant and the mat-
ter density at present time.

In equation 1 Pmg(k, z) is the matter-galaxy 3D cross-
power spectrum defined as:

Pmg(k, z) = b(k)P (k, z) , (3)

in which P (k, z) is the non-linear matter power spectrum
at redshift z and wavenumber k and b(k) is known as
scale-dependent bias which relates the density of galaxies
to the underlying dark matter density field. In Fourier
space it can be expressed as ( [4, 5]):

b1(k) = b10 +
sb11
s1

k2 , (4)

in which b10 is the scale-independent coe�cient, b11 is the
scale-dependent coe�cient and s/s1 is a normalization
factor that makes dimensionless b1(k). In the previous
equation s = �2

0 is the variance in the smoothed field at
scale R and s1 = �2

1 is the first moment variance at same
scale R. We can generalize the definition of variance as
follows:

sj = �2
j =

Z
dk

k2+2j

2⇡2
P (k)W 2(kR) , (5)

where W (kR) is the Gaussian window function:
W (kR) = exp(�k2R2/2).
In this work we will consider a scale-dependent bias of

the form:

b(k) = abias + cbiask
2 , (6)

where abias is the scale independent factor and cbias is
defined as:

cbias =
s

s1
b11 . (7)

We take into account for a normalization factor of the
order of 14(Mpc/h)2 obtained after considering the
BOSS DR12 CMASS sample.

Methodology and Data The cosmological model we as-
sume is the standard ⇤CDM model, described by the six
usual parameters: the current energy density of baryons
and of cold dark matter (⌦bh

2, ⌦ch
2), the ratio between

the sound horizon and the angular diameter distance at
decoupling (⇥s), the reionization optical depth (⌧), the
scalar spectral index (ns) and the amplitude of the pri-
mordial spectrum As plus two parameters that describe
the scale-independent and scale-dependent bias (abias,
cbias) and the sum of the masses of the three active neu-
trinos (M⌫).
We base our analyses on the measurements of the CMB

temperature, polarization and cross-correlation spectra
from the Planck 2015 release [6, 7]. We consider the full
temperature data combined with the large scale polariza-
tion measurements (i.e low-` polarization measurements
in the range 0 < ` < 29). We refer to this data as base.
Moreover we also add to this combination the small-scale
TE and EE polarization spectra as measured by Planck
High Frequency Instrument (HFI) and we name this data
set as basepol. Notice that, the results obtained with this
combination of data should be regarded as less conser-
vative because of a possible residual systematics in the
polarization spectra at high multipoles.
Together with Planck CMB data, we include the 3D

galaxy power spectrum shape from the Baryon Oscil-
lation Spectroscopic Survey (BOSS) Data Release 12
CMASS sample [8–11], as previously exploited in [12].
We model the theoretical galaxy power spectrum as
P g
th = b(k)Pm

HF⌫(k, z) + P s
HF⌫ , where b(k) is the scale-

dependent bias described by eq. 6, Pm
HF⌫(k, z) is the

non-linear matter power spectrum computed using the
HaloFit method [13, 14] in presence of massive neutri-
nos [15] and P s

HF⌫ is the shot-noise contribution. We
consider the same range of wavenumber used in [12] that
extend from 0.03 h/Mpc to 0.2 h/Mpc.
Finally we consider the angular power spectrum mea-

surements as calculated in [16] by combining the CMB
lensing convergence map [17] measurements from Planck

Results using b(k) 
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Results using b(k) 
5

Dataset abias (68% C.L.) cbias (68% or 95% C.L.) M⌫ [eV] (95% C.L.)
base ⌘ PlanckTT+lowP < 0.72

base+Cg
` 1.45± 0.19 2.65± 1.16 0.06

1.52± 0.21 2.95± 1.35 < 0.73
base+P(k) 2.27± 0.05 < �0.69 0.06

2.30± 0.08 < �0.53 < 0.20
base+P(k)+Cg

` 2.27± 0.05 < �0.55 0.06
2.27± 0.06 < �0.55 < 0.16

TABLE I: Constraints on the bias parameters abias and cbias, as well as the sum of the three active neutrino masses M⌫ . The
base dataset denotes measurements of the CMB temperature and large-scale polarization anisotropy from the Planck satellite
2015 data release. These measurements are complemented with measurements of the angular power spectrum of the cross-
correlation between CMB lensing convergence maps from the Planck 2015 data release and galaxies from the SDSS-III BOSS
DR11 CMASS sample [Cg

` ], as well as the galaxy power spectrum as measured from the SDSS-III BOSS DR12 CMASS sample
[P(k)]. Results on rows featuring the symbol 0.06 were obtained fixing the sum of the neutrino masses M⌫ to the minimum
value allowed by oscillation data, 0.06 eV.

FIG. 2: 68% and 95% CL allowed regions in the combined two-dimensional planes for the parameters M⌫ , abias and cbias
together with their one-dimensional posterior probability distributions, arising from the combination of Planck data with the
CMB lensing-galaxy cross-correlation angular power spectrum Cg

` .

[31] Upper row, second panel from the left, cyan lines.
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FIG. 5: 68% and 95% CL allowed regions in the combined two-dimensional planes for the parameters M⌫ , abias and cbias
together with their one-dimensional posterior probability distributions, arising from the combination of Planck data with the
galaxy power spectrum (blue contours) and CMB lensing-galaxy cross-correlation angular power spectrum (red coutours).

P(k) breaks the 
degeneracy 

between b(k) and 
Mν  

Results using b(k) 
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TABLE I: Constraints on the bias parameters abias and cbias, as well as the sum of the three active neutrino masses M⌫ . The
base dataset denotes measurements of the CMB temperature and large-scale polarization anisotropy from the Planck satellite
2015 data release. These measurements are complemented with measurements of the angular power spectrum of the cross-
correlation between CMB lensing convergence maps from the Planck 2015 data release and galaxies from the SDSS-III BOSS
DR11 CMASS sample [Cg

` ], as well as the galaxy power spectrum as measured from the SDSS-III BOSS DR12 CMASS sample
[P(k)]. Results on rows featuring the symbol 0.06 were obtained fixing the sum of the neutrino masses M⌫ to the minimum
value allowed by oscillation data, 0.06 eV.

FIG. 2: 68% and 95% CL allowed regions in the combined two-dimensional planes for the parameters M⌫ , abias and cbias
together with their one-dimensional posterior probability distributions, arising from the combination of Planck data with the
CMB lensing-galaxy cross-correlation angular power spectrum Cg

` .

[31] Upper row, second panel from the left, cyan lines.
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FIG. 1: One-dimensional posterior probability for M⌫ ob-
tained with the baseline data Planck TT+lowP in combina-
tion with the galaxy power spectrum of the CMASS sample
from the SDSS-BOSS data release 12 (red line) and with CMB
lensing-galaxy cross-correlation angular power spectrum (blue
line).
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Results using b(k) 5

Dataset abias (68% C.L.) cbias (68% or 95% C.L.) M⌫ [eV] (95% C.L.)
base ⌘ PlanckTT+lowP < 0.72

base+Cg
` 1.45± 0.19 2.65± 1.16 0.06

1.52± 0.21 2.95± 1.35 < 0.73
base+P(k) 2.27± 0.05 < �0.69 0.06

2.30± 0.08 < �0.53 < 0.20
base+P(k)+Cg

` 2.27± 0.05 < �0.55 0.06
2.27± 0.06 < �0.55 < 0.16

TABLE I: Constraints on the bias parameters abias and cbias, as well as the sum of the three active neutrino masses M⌫ . The
base dataset denotes measurements of the CMB temperature and large-scale polarization anisotropy from the Planck satellite
2015 data release. These measurements are complemented with measurements of the angular power spectrum of the cross-
correlation between CMB lensing convergence maps from the Planck 2015 data release and galaxies from the SDSS-III BOSS
DR11 CMASS sample [Cg

` ], as well as the galaxy power spectrum as measured from the SDSS-III BOSS DR12 CMASS sample
[P(k)]. Results on rows featuring the symbol 0.06 were obtained fixing the sum of the neutrino masses M⌫ to the minimum
value allowed by oscillation data, 0.06 eV.

FIG. 2: 68% and 95% CL allowed regions in the combined two-dimensional planes for the parameters M⌫ , abias and cbias
together with their one-dimensional posterior probability distributions, arising from the combination of Planck data with the
CMB lensing-galaxy cross-correlation angular power spectrum Cg

` .

[31] Upper row, second panel from the left, cyan lines.
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FIG. 1: One-dimensional posterior probability for M⌫ ob-
tained with the baseline data Planck TT+lowP in combina-
tion with the galaxy power spectrum of the CMASS sample
from the SDSS-BOSS data release 12 (red line) and with CMB
lensing-galaxy cross-correlation angular power spectrum (blue
line).
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What is the advantage of  Clkg ?

3

FIG. 1: One-dimensional posterior probability for M⌫ ob-
tained with the baseline data Planck TT+lowP in combina-
tion with the galaxy power spectrum of the CMASS sample
from the SDSS-BOSS data release 12 (red line) and with CMB
lensing-galaxy cross-correlation angular power spectrum (blue
line).

2015 data release with the galaxy distribution from BOSS
CMASS galaxy sample Data Release 11 [18].

For our numerical analyses, we use the Boltzmann
CAMB code [19]and we derive the constraints on cos-
mological parameters using Monte Carlo Markov Chain
(MCMC) analysis based on the publicly available MCMC
package cosmomc [20].

DESCRIBE LIKELIHOOD!!??!?!?!?

Results First we send some simple runs using just
Planck data, together with Cgg

` and Cg
` . For Cg

` , we
remove the first 5 data points as they are clearly a↵ected
by systematics which lead to a reduction of power on
large scales (the whole dataset is still a↵ected to some
extent, but the amount of contamination was particu-
larly severe for the first 5 data points). The results are
shown in Tab. I and Figs. 1, ??.

The fact that Cg
` is a↵ected by residual systematics

leading to a power deficit on large scales is evident on the
results. The paucity of power on large scales is reflected
in a lower value of abias compared to that recovered from
Cgg

` . To accommodate at the same time a lack of power
on large scales but not on small scales, the data is pre-
ferring non-zero and large values of cbias. All of this is
reflected in poor neutrino mass constraints given the de-
generacy between M⌫ and cbias, or in a spurious evidence
for neutrino masses when Cg

` is combined with Cgg
` .
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•       sensitive to the cosmological parameters  which are 
affected by scale-dependent bias of the tracers. 
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CMB lensing powerful at z~1-5We can apply this 
method to future surveys 

of galaxies



Conclusions
✓The cross-correlation between CMB lensing and large-scale 

structure provides a tool to recover the true matter power spectrum 
(constraining b(k)).

✓ It is powerful in constraining cosmological parameters that are 
affected by scale-dependent bias of the tracers, such as massive 
neutrinos.

✓ Test cosmological models:  dark energy, modified gravity…

✓Future CMB lensing + Galaxy spectroscopic surveys (e.g. CMB-
stage IV+DESI) could constrain models of galaxy formation using  
more sophisticated bias modeling.  Modi, White, Vlah 2017 
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Thank you!
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Figure 1. Halo-matter bias, computed as the ratio of the halo-matter cross-power spectrum to the matter
power spectrum, for massless and massive neutrino simulations. We show the bias for haloes with masses,
M200, larger than 2 ⇥ 1013 h

�1M� (left column) and for haloes with masses larger than 4 ⇥ 1013 h

�1M�
(right column) at redshifts z = 0, z = 0.5 and z = 1 (as indicated on each panel). The results are shown
for three di↵erent cosmologies with the same value of ⌦m = 0.2708 and As but di↵erent neutrino masses:
⌃im⌫i = 0.0 eV (red), ⌃im⌫i = 0.3 eV (green) and ⌃im⌫i = 0.6 eV (blue). The points and the error bars
represent the mean value and the standard deviation from the set of 8 independent realizations comprising
each cosmological model. The horizontal lines show the value of the bias on large scales as predicted by the
Tinker [55] fitting formula. We have used two di↵erent prescriptions when using that formula: the matter
prescription (thin dashed lines), consisting in using the linear power spectrum for the whole matter and the
cold dark matter prescription (thick solid lines), in which we use the linear matter power spectrum of the
CDM component. In both prescriptions we take ⇢cdm as the value of ⇢m. Note that the results for the ⌃im⌫i

= 0.3 eV and ⌃im⌫i = 0.6 eV cosmologies have been slightly displaced in the x�axis for clarity.
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Figure 2. Same as Fig. 1 but with the bias computed as b2hh(k) = Phh(k)/Pmm(k).

neutrinos (H0 and H0s8 simulations), as expected. We emphasize this by showing with solid lines
in Fig. 4 the bias, b

hm

(k), for the di↵erent cosmological models normalized to the bias of the model
with massless neutrinos and �

8

= 0.832 (simulation H0, reference model). The ratios are shown at
redshifts z = 0, z = 0.5 and z = 1 for the simulations H6 (blue), H3 (green), H6s8 (black) and
H0s8 (magenta). The horizontal dotted lines represent the Tinker prediction along with the cold dark

matter prescription for massive neutrinos. Focusing on the results of the simulations H3 and H6
(sharing the same value of As as the reference model), we find a clear scale-dependent bias trend on
large scales. If we compare the results of the simulation H0s8 (magenta) with the one of the simulation
H6 (blue), both sharing the same value of the parameter �

8

, we find that for the former, the bias is
constant for k . 0.1 h Mpc�1, whereas we find a clear scale-dependent bias in the simulation with
⌃im⌫i = 0.6 eV neutrinos (H6). In our companion paper [39], we show that this e↵ect is due to the
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From halo-matter cross-power 
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From halo-halo auto-power 
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Figure 1. Halo-matter bias, computed as the ratio of the halo-matter cross-power spectrum to the matter
power spectrum, for massless and massive neutrino simulations. We show the bias for haloes with masses,
M200, larger than 2 ⇥ 1013 h

�1M� (left column) and for haloes with masses larger than 4 ⇥ 1013 h

�1M�
(right column) at redshifts z = 0, z = 0.5 and z = 1 (as indicated on each panel). The results are shown
for three di↵erent cosmologies with the same value of ⌦m = 0.2708 and As but di↵erent neutrino masses:
⌃im⌫i = 0.0 eV (red), ⌃im⌫i = 0.3 eV (green) and ⌃im⌫i = 0.6 eV (blue). The points and the error bars
represent the mean value and the standard deviation from the set of 8 independent realizations comprising
each cosmological model. The horizontal lines show the value of the bias on large scales as predicted by the
Tinker [55] fitting formula. We have used two di↵erent prescriptions when using that formula: the matter
prescription (thin dashed lines), consisting in using the linear power spectrum for the whole matter and the
cold dark matter prescription (thick solid lines), in which we use the linear matter power spectrum of the
CDM component. In both prescriptions we take ⇢cdm as the value of ⇢m. Note that the results for the ⌃im⌫i

= 0.3 eV and ⌃im⌫i = 0.6 eV cosmologies have been slightly displaced in the x�axis for clarity.
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Figure 2. Bias parameters, (bhh00 )
1/2(k) and (bmh

00 )1/2(k) (top), bhh01 (k) (second), b
hh
11 (k) (third), and bhh02−11(k)

(bottom) for halos and LRGs. The light blue lines at z = 0.5 show the results for LRGs, while all the other
lines for halos of different mass bins. In the top panels the bias parameters computed using the auto (P h

00)
and cross (Pmh

00 ) power spectra are plotted as the dashed and dotted lines, respectively.

The bias defined in this way has no angular dependence. The third panels of figure 2 show the bias
bhh11 . We see that bhh11 starts to deviate from linear theory predictions at lower k than bhh01 or bmh

00 and
these deviations are more important for more massive halos. These effects are large: for moderately
biased halos with b = 2 they are nearly a factor of 2 at k = 0.1 h Mpc−1 at z = 0. It is obvious that
halos do not measure velocity-velocity correlations except on very large scales.

At the next order we have P02, which contributes to the µ2 term (P (2)
02 ) and the µ4 term (P (4)

02 )
in P s. The more important µ2 term contains a shot noise contribution σ2

v/n, where σ
2
v is the velocity

dispersion. P (2)
11 also contains the same shot noise term which cancels out that of P (2)

02 , as discussed in
section 4.1. Neither of these terms, nor any of the higher order terms, contain any linear order contri-
butions, so we do not expect them to contain cosmologically useful information, but it is important
to understand them to estimate the nonlinear effects. We will thus combine the two µ2 terms into a
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(bottom) for halos and LRGs. The light blue lines at z = 0.5 show the results for LRGs, while all the other
lines for halos of different mass bins. In the top panels the bias parameters computed using the auto (P h

00)
and cross (Pmh

00 ) power spectra are plotted as the dashed and dotted lines, respectively.

The bias defined in this way has no angular dependence. The third panels of figure 2 show the bias
bhh11 . We see that bhh11 starts to deviate from linear theory predictions at lower k than bhh01 or bmh

00 and
these deviations are more important for more massive halos. These effects are large: for moderately
biased halos with b = 2 they are nearly a factor of 2 at k = 0.1 h Mpc−1 at z = 0. It is obvious that
halos do not measure velocity-velocity correlations except on very large scales.

At the next order we have P02, which contributes to the µ2 term (P (2)
02 ) and the µ4 term (P (4)

02 )
in P s. The more important µ2 term contains a shot noise contribution σ2

v/n, where σ
2
v is the velocity

dispersion. P (2)
11 also contains the same shot noise term which cancels out that of P (2)

02 , as discussed in
section 4.1. Neither of these terms, nor any of the higher order terms, contain any linear order contri-
butions, so we do not expect them to contain cosmologically useful information, but it is important
to understand them to estimate the nonlinear effects. We will thus combine the two µ2 terms into a
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Ωm = 0.292 and h = 0.69. Although these parameters dif-
fer from those from the joint Planck/BOSS analysis, this
should not affect the results because P (k) is not so sen-
sitive to the cosmic parameters relative to Cℓ. These sim-
ulations are in a periodic box of side length 1380h−1Mpc
and 20483 particles. A friend-of-friend halo catalogue was
constructed at an effective redshift of z = 0.55. This is ap-
propriate for our measurement since the galaxy sample used
has effective redshift of 0.57. We use a Halo Occupation
Distribution (HOD) (Peacock & Smith 2000; Seljak 2000;
Benson et al. 2000; White et al. 2001; Berlind & Weinberg
2002; Cooray & Sheth 2002) to relate the observed clus-
tering of galaxies with halos measured in the N-body
simulation. We have used the HOD model proposed in
Beutler et al. (2014) to populate the halo catalogue with
galaxies.
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where ⟨Ncen⟩M is the average number of central galaxies for
a given halo mass M and ⟨Nsat⟩M is the average number of
satellites galaxies. We use the HOD parameter set (Mmin =
9.319 × 1013M⊙/h,Msat = 6.729 × 1013M⊙/h, σlogM =
0.2,α = 1.1,Mcut = 4.749 × 1013M⊙/h) from Beutler et al.
(2014). We have populated central galaxies at the center of
our halo. The satellite galaxies are populated with radius
(distance from central galaxy) distributed as per the NFW
profile out to r200 and the direction is chosen randomly with
a uniform distribution.

5 ESTIMATORS

We estimate Cκg
ℓ and Cgg

ℓ along with errors using the Planck
CMB lensing map and CMASS galaxy map. We estimate
both angular power spectra in 11 flat band-powers that com-
prise the range 62 ≤ ℓ ≤ 400, with each band containing the
minimum-variance estimate of the power spectrum over that
band. Note that this angular scale range is equivalent to the
range 23 Mpc/h < R⊥ < 150 Mpc/h, where R⊥ = 2πχ(z)/ℓ
is the linear scale on the sky corresponding to the angular
scale ℓ at redshift z. We do not use angular scales ℓ > 400
(R⊥ < 23 Mpc/h) because the CMB lensing convergence
at these scales is likely to be contaminated by Gaussian
and point-source bias corrections in the lensing estimator
(Planck Collaboration et al. 2014b). We do not use angular
scales ℓ < 62 (R⊥ > 150 Mpc/h) because measurements by
the BOSS collaboration of Pgg(k) at larger scales were shown
to be inconsistent between the north and south Galactic caps
(Ross et al. 2012), suggesting the larger-scale measurement
could be plagued by systematics.

We estimate Cκg
ℓ using a pseudo-Cℓ estimator of the

form (Lewis et al. 2011; Planck Collaboration et al. 2014b)
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where fκg
sky is the sky fraction common to the galaxy catalog

and the CMB lensing convergence map, κℓm is the spherical
harmonic transform of the CMB lensing convergence field,

and gℓm is the spherical harmonic transform of the galaxy
overdensity field. The error in Ĉκg

ℓ is estimated as
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where D̂κκ
ℓ and D̂gg

ℓ are estimators of the κ and galaxy angu-
lar auto-power spectra with statistical noise included, given
by
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where fκ
sky and fg

sky are the sky fractions for the CMB lensing
convergence map and galaxy catalog, respectively. We can
then use Ĉκg

ℓ and σ(Ĉκg
ℓ ) to bin the angular cross-power

spectrum. Note since the lensing field is not Gaussian, least-
squares estimates of Cκg

ℓ will be slightly biased, but not
significantly compared to our measurement errors.

We estimate Cgg
ℓ using a quadratic minimum-variance

estimator, a method which has been used in previous esti-
mates (Tegmark 1997; Padmanabhan et al. 2003; Ho et al.
2008). Note we do not estimate Cκg

ℓ using this method be-
cause the required covariance matrix for the CMB lensing
convergence is not well-defined. We estimate Cgg

ℓ in the same
11 ℓ-bins used for Cκg

ℓ . We construct a parameter vector p

that contains all the band-powers for Cgg
ℓ , whose minimum-

variance estimator is given by p̂ = F−1q, where
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are the Fisher matrix and quadratic estimator vector, re-
spectively, x is the galaxy overdensity map, C =

*

xxT
+

is the covariance matrix, and C,i = ∂C/∂pi. Note that x

and C are given in pixel space. The iterative and stochas-
tic methods used for matrix inversion and trace estimation
are described in Hirata et al. (2004); Padmanabhan et al.
(2007).

The measurement of the redshift space distortions
(RSD) parameter β is one of the key requirements to
measure EG. We estimate β by fitting the monopole and
quadruple moments of the galaxy auto-correlation function.
We use the Landy-Szalay estimator (Landy & Szalay 1993)
to compute a two-dimensional galaxy auto-correlation. We
project the galaxy auto-correlation onto the Legendre ba-
sis in order to obtain the monopole and quadrupole mo-
ments. We fit the monopole and quadrupole moments of
the correlation function using Convolution Lagrangian Per-
turbation Theory (CLPT) and the Gaussian Streaming
Model (GSM) (Carlson et al. 2013; Wang et al. 2014). We
measure fσ8 and bσ8 using scales between 30 h−1Mpc to
126 h−1Mpc following Alam et al. (2015b), where f is the
logarithmic derivative of the growth factor and b is lin-
ear galaxy bias. We tested our RSD model against var-
ious systematics and mocks as described in Alam et al.
(2015b). We run a Markov Chain Monte Carlo(MCMC)
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measure EG. We estimate β by fitting the monopole and
quadruple moments of the galaxy auto-correlation function.
We use the Landy-Szalay estimator (Landy & Szalay 1993)
to compute a two-dimensional galaxy auto-correlation. We
project the galaxy auto-correlation onto the Legendre ba-
sis in order to obtain the monopole and quadrupole mo-
ments. We fit the monopole and quadrupole moments of
the correlation function using Convolution Lagrangian Per-
turbation Theory (CLPT) and the Gaussian Streaming
Model (GSM) (Carlson et al. 2013; Wang et al. 2014). We
measure fσ8 and bσ8 using scales between 30 h−1Mpc to
126 h−1Mpc following Alam et al. (2015b), where f is the
logarithmic derivative of the growth factor and b is lin-
ear galaxy bias. We tested our RSD model against var-
ious systematics and mocks as described in Alam et al.
(2015b). We run a Markov Chain Monte Carlo(MCMC)
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ℓ and σ(Ĉκg
ℓ ) to bin the angular cross-power

spectrum. Note since the lensing field is not Gaussian, least-
squares estimates of Cκg

ℓ will be slightly biased, but not
significantly compared to our measurement errors.

We estimate Cgg
ℓ using a quadratic minimum-variance

estimator, a method which has been used in previous esti-
mates (Tegmark 1997; Padmanabhan et al. 2003; Ho et al.
2008). Note we do not estimate Cκg

ℓ using this method be-
cause the required covariance matrix for the CMB lensing
convergence is not well-defined. We estimate Cgg

ℓ in the same
11 ℓ-bins used for Cκg

ℓ . We construct a parameter vector p

that contains all the band-powers for Cgg
ℓ , whose minimum-

variance estimator is given by p̂ = F−1q, where

Fij =
1
2
tr
(

C,i C
−1

C,j C
−1) , (11)

and

qi =
1
2
x
T
C

−1
C,i C

−1
x , (12)

are the Fisher matrix and quadratic estimator vector, re-
spectively, x is the galaxy overdensity map, C =

*

xxT
+

is the covariance matrix, and C,i = ∂C/∂pi. Note that x

and C are given in pixel space. The iterative and stochas-
tic methods used for matrix inversion and trace estimation
are described in Hirata et al. (2004); Padmanabhan et al.
(2007).

The measurement of the redshift space distortions
(RSD) parameter β is one of the key requirements to
measure EG. We estimate β by fitting the monopole and
quadruple moments of the galaxy auto-correlation function.
We use the Landy-Szalay estimator (Landy & Szalay 1993)
to compute a two-dimensional galaxy auto-correlation. We
project the galaxy auto-correlation onto the Legendre ba-
sis in order to obtain the monopole and quadrupole mo-
ments. We fit the monopole and quadrupole moments of
the correlation function using Convolution Lagrangian Per-
turbation Theory (CLPT) and the Gaussian Streaming
Model (GSM) (Carlson et al. 2013; Wang et al. 2014). We
measure fσ8 and bσ8 using scales between 30 h−1Mpc to
126 h−1Mpc following Alam et al. (2015b), where f is the
logarithmic derivative of the growth factor and b is lin-
ear galaxy bias. We tested our RSD model against var-
ious systematics and mocks as described in Alam et al.
(2015b). We run a Markov Chain Monte Carlo(MCMC)

MNRAS 000, 1–12 (2016)

4 A. Pullen et al.

Ωm = 0.292 and h = 0.69. Although these parameters dif-
fer from those from the joint Planck/BOSS analysis, this
should not affect the results because P (k) is not so sen-
sitive to the cosmic parameters relative to Cℓ. These sim-
ulations are in a periodic box of side length 1380h−1Mpc
and 20483 particles. A friend-of-friend halo catalogue was
constructed at an effective redshift of z = 0.55. This is ap-
propriate for our measurement since the galaxy sample used
has effective redshift of 0.57. We use a Halo Occupation
Distribution (HOD) (Peacock & Smith 2000; Seljak 2000;
Benson et al. 2000; White et al. 2001; Berlind & Weinberg
2002; Cooray & Sheth 2002) to relate the observed clus-
tering of galaxies with halos measured in the N-body
simulation. We have used the HOD model proposed in
Beutler et al. (2014) to populate the halo catalogue with
galaxies.

⟨Ncen⟩M = 1
2

!

1 + erf
"

logM−logMmin
σlogM

#$

⟨Nsat⟩M = ⟨Ncen⟩M

"

M
Msat

#α

exp
%

−Mcut
M

&

, (6)

where ⟨Ncen⟩M is the average number of central galaxies for
a given halo mass M and ⟨Nsat⟩M is the average number of
satellites galaxies. We use the HOD parameter set (Mmin =
9.319 × 1013M⊙/h,Msat = 6.729 × 1013M⊙/h, σlogM =
0.2,α = 1.1,Mcut = 4.749 × 1013M⊙/h) from Beutler et al.
(2014). We have populated central galaxies at the center of
our halo. The satellite galaxies are populated with radius
(distance from central galaxy) distributed as per the NFW
profile out to r200 and the direction is chosen randomly with
a uniform distribution.

5 ESTIMATORS

We estimate Cκg
ℓ and Cgg

ℓ along with errors using the Planck
CMB lensing map and CMASS galaxy map. We estimate
both angular power spectra in 11 flat band-powers that com-
prise the range 62 ≤ ℓ ≤ 400, with each band containing the
minimum-variance estimate of the power spectrum over that
band. Note that this angular scale range is equivalent to the
range 23 Mpc/h < R⊥ < 150 Mpc/h, where R⊥ = 2πχ(z)/ℓ
is the linear scale on the sky corresponding to the angular
scale ℓ at redshift z. We do not use angular scales ℓ > 400
(R⊥ < 23 Mpc/h) because the CMB lensing convergence
at these scales is likely to be contaminated by Gaussian
and point-source bias corrections in the lensing estimator
(Planck Collaboration et al. 2014b). We do not use angular
scales ℓ < 62 (R⊥ > 150 Mpc/h) because measurements by
the BOSS collaboration of Pgg(k) at larger scales were shown
to be inconsistent between the north and south Galactic caps
(Ross et al. 2012), suggesting the larger-scale measurement
could be plagued by systematics.

We estimate Cκg
ℓ using a pseudo-Cℓ estimator of the

form (Lewis et al. 2011; Planck Collaboration et al. 2014b)
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vational and theoretical side, we believe the time is ripe to
move the exciting research program of astrophysical and
cosmological studies with CMB lensing cross-correlations
one step further, by uncovering the matter distribution
and its relation to the distribution of its luminous trac-
ers more precisely than ever. It is our aim in this Letter
to use CMB lensing-galaxy cross-correlation to constrain
for the first time the scale-dependence of the galaxy bias.

Theory The CMB lensing consists of the gravitational
deflection of the CMB photons by the large scale distri-
bution of matter in the Universe. the mass distribution
along their path through the Large Scale Structure (LSS).
Since the CMB lensing maps contain the integrated in-
formation of the matter distribution in all redshift up to
the last scattering surface, it can be used as a probe of
the matter density of the Universe. In particular, the
calculation of the cross-correlation between CMB lensing
potential and the surveys of galaxy is a unique tool to
constraint cosmology and the evolution of the growth of
structures.

If we assume a ⇤CDM model, we can write the two-
points statistics of the galaxy-CMB lensing correlation in
Limber approximation as:

Ckg
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where �(z) is the comoving distance at redshift z, fg(z)
is the redshift distribution of galaxies and Pmg(k, z) is
the matter-galaxy 3D cross-power spectrum defined as:

Pmg(k, z) = b(k)P (k, z) , (2)

in which P (k, z) is the non-linear matter power spec-
trum at redshift z and wavenumber k and b(k) is the
scale-dependent bias. In equation ?? W k(z) is the ker-
nel for CMB lensing converge for a flat universe (REFs
:1207.4543, PhysRevD.86.083006, 1507.05551):

W k(z) =
3⌦m,0
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H2
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where H(z) is the Hubble parameter at redshift z and H0

and ⌦m,0 represent the Hubble constant and the matter
density at present time. As a comparison, we also con-
sider the galaxy clustering angular auto-spectrum given
by:
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in which Pgg is the galaxy 3D auto-power spectrum de-
fined as:

Pgg(k, z) = b2(k)P (k, z) . (3)

MAYBE HERE: EXPRESSION FOR THE SCALE-
DEPENDENT BIAS.

Data PLANCK + CMASS +CROSS-
CORRELATION FROM ANTHONY ET AL.The
non-linear matter power spectrum of equations ?? and ??
is computed using the HaloFit method with the CAMB
code (ref 9911177)
Normalization Factor Galaxies populate highly dense

regions, called halos, which in turn are dominated by
dark matter. Since halo and galaxies are connected, we
can define the halo overdensity field in Fourier space as
follows:

�h(k) = b1(k)�m(k)W (kR) , (4)

where �m(k) is the matter overdensity field, b1(k) is the
scale-dependent bias and W (kR) is the Gaussian window
function given by:

W (kR) = e�
k2R2

2 . (5)

Using the excursion-set theory, the scale-dependent can
be expressed as:

b1(k) = b10 +
sb11
s1

k2 . (6)

in which b10 is the scale-independent coe�cient, b11 is the
scale-dependent coe�cient and s/s0 is a normalization
factor that makes dimensionless b1(k). The k2 appeared
because of the requirement that both the smoothed field
and its first derivative satisfy certain constraints when
defining haloes. If we had set the requirement that the
second derivative of the smoothed field satisfy certain
constraints as well, a k4 term would have appeared. Even
power of k cannot appear because of the requirement of
isotropy and galaxy formation being a localized process
in real space. In the above equation s = �2

0 is the variance
in the smoothed field at scale R (in our case this is the
“radius” of the CMASS sample? Yes) and s1 = �2

1 is the
first moment variance at same scale R. We can generalize
the definition of variance as follows:

sj = �2
j =

Z
dk

k

k3P (k)

2⇡2
k2jW 2(kR) , (7)

in which P (k) is the linear matter power spectrum.
Moreover, there relation between b10 and b11 is given

by:

b11 =
⌫2

�c
� b10 , (8)

with:

⌫2 =
�2c
s
, (9)

In Eq. ??, �c is the critical overdensity threshold to be
crossed for a halo to form, �c = 1.686. Therefore equa-
tion ?? can be rewritten as :

b11 =
�c

s
� b10 . (10)
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